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Dependence of single event upsets sensitivity of low energy proton on

test factors in 65 nm SRAM*

Yin-Yong Luo(¥' F*4I)", Feng-Qi Zhang(#K A1), Xiao-Yu Pan(if 5 %),
Hong-Xia Guo(¥84L.F%), and Yuan-Ming Wang(F [& )

State Key Laboratory of Intense Pulsed Radiation Simulation and Effect, Northwest Institute of Nuclear Technology, Xi’an 710024, China
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In order to accurately predict the single event upsets (SEU) rate of on-orbit proton, the influence of the proton energy
distribution, incident angle, supply voltage, and test pattern on the height, width, and position of SEU peak of low energy
protons (LEP) in 65 nm static random access memory (SRAM) are quantitatively evaluated and analyzed based on LEP
testing data and Monte Carlo simulation. The results show that different initial proton energies used to degrade the beam
energy will bring about the difference in the energy distribution of average proton energy at the surface and sensitive region
of the device under test (DUT), which further leads to significant differences including the height of SEU peak and the
threshold energy of SEU. Using the lowest initial proton energy is extremely important for SEU testing with low energy
protons. The proton energy corresponding to the SEU peak shifts to higher average proton energies with the increase of
the tilt angle, and the SEU peaks also increase significantly. The reduction of supply voltage lowers the critical charge of
SEU, leading to the increase of LEP SEU cross section. For standard 6-transitor SRAM with bit-interleaving technology,
SEU peak does not show clear dependence on three test patterns of logical checkerboard 55H, all “1”, and all “0”. It should
be noted that all the SEUs in 65 nm SRAM are single cell upset in LEP testing due to proton’s low linear energy transfer

(LET) value.

Keywords: low energy proton, energy distribution, tilt angle, supply voltage, test pattern
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1. Introduction

Proton is the main particle source that induces the single
event effect (SEE) in electronics devices in space radiation en-
vironment. SEE is usually caused by the nuclear interaction
of middle-high energy protons with material atoms. As the
feature size of devices shrinks to nanometer scale, low energy
protons (LEP) can give rise to single event upsets (SEU) with
high cross section through direct ionization, which leads to a
significant increase of on-orbit SEU rate, thus causing great
concern from the researchers of radiation effect.

In 2007, Rodbell et al.!! first reported LEP-induced SEU
in 65 nm silicon on insulator (SOI) latch and static random ac-
cess memory (SRAM) through direct ionization. Later, a large
number of investigations about proton direct ionization (PDI)-
induced SEE were carried out involving 90 nm to 25 nm SOI
and body complementary metal oxide semiconductor (CMOS)
latches, SRAMs, and flash memories.>~!7] The point was fo-
cused on the testing of SEU sensitivity due to PDI using LEP
radiation sources. LEP SEUs are usually from single cell up-
set because of low linear energy transfer (LET) value of pro-
ton. As the feature size shrinks, LEP-induced MCUs were also
observed in SRAM below 65 nm.-8! In order to acquire the
height and the width of the SEU peak to accurately predict
the PDI-induced SEU rate, the impact of proton incident an-

gle and supply voltage on LEP SEU was further studied.!'~!!

DOI: 10.1088/1674-1056/27/7/078501

Because LEP SEU peak occurs in a narrow energy range, a
small change in proton energy can induce large increase in
SEU cross section, and the proton energy should be relatively
monoenergetic to test the SEU cross section. However, mo-
noenergetic protons below 1 MeV are difficult to acquire in
practical proton testing. People usually use degraders with
different thicknesses to get lower energy protons, so it is in-
evitable to introduce energy straggle. Moreover, the top over-
layers or the back substrate of devices will also result in fur-
ther energy straggle. A lot of debates have focused on how to
make accurate characterization testing for PDI-induced SEE
using degraded LEP beams with energy straggle.[’~4! There-
fore, proton energies at the device surface and sensitive re-
gion must be estimated accurately using simulations based on
the interaction between protons and material atoms in order to
give the quantitative assessment.

In this paper, the influence of test factors on LEP SEU in
65 nm SRAM is investigated based on experiment with LEP
accelerator and Monte Carlo simulations, including proton en-
ergy spectrum, proton incident angle, test pattern, and supply
voltage. The effect of different test factors on LEP SEU peak
is quantified and specified, and the root mechanism is revealed
through combining the LEP testing data and the device process
information with beam characteristics at the surface and sensi-
tive region of device. This work has a practical significance for
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developing a more scientific proton single event test method
and assessing the ability of hardness assurance of space PDI
SEE in nanometer devices effectively.

2. Experimental details

The device under test (DUT) is SRAM fabricated in a
65 nm bulk CMOS process. The SRAM uses a standard 6-
transistor cell. The nominal supply voltages are 1.2 V for core
circuits. The thickness of the overlayers is about 5.7 pm with
six copper-interconnection layers.

LEP SEU testing was performed in the vacuum at the
EN tandem accelerator in the Institute of Heavy Ion Physics
at Peking University. Proton energy of the accelerator can
be continuously tuned from 1 MeV to 10 MeV. The protons
with initial energy of 3 MeV and 1.2 MeV were degraded after
passing through Al foils with different thicknesses, producing
lower energy protons with a minimum energy of 0.20 MeV.
Table 1 shows average proton energies at the DUT surface af-
ter 3 MeV and 1.2 MeV protons passing through Al foil. It
should be noted that the initial proton energy is determined by
adjusting the terminal voltage of EN tandem accelerator, so it
is considered to be quasi-monoenergetic.

Table 1. Average proton energies at the DUT surface after 3 MeV and
1.2 MeV protons passing through Al foils with different thicknesses.

Average The thickness Average The thickness

energy/MeV  of Al foil/um  energy/MeV  of Al foil/pm
3 0 1.2 0
1.2 62 0.98 5
1.0 67 0.88 7
0.9 69 0.83 8
0.85 70 0.77 9
0.80 71 0.72 1
0.75 72 0.67 11
0.69 73 0.60 12
0.63 74 0.54 13
0.50 76 0.48 14
0.43 77 0.40 15
0.30 79 0.32 16
0.20 80 0.23 17

Due to the limitation of the minimum thickness of Al foil
available, it is difficult to acquire completely identical average
proton energy with different initial proton energy. Figures 1(a)
and 1(b) show the energy distributions of several typical aver-
age proton energies after 1.2 MeV and 3 MeV protons travers-
ing Al foil, respectively. SEU testing in 65 nm SRAM written
with logical checkerboard 55H was carried out at 1.2 'V, us-
ing a dynamic read mode during the irradiation period. DUTs
were irradiated at normal incidence and tilt incidence of 60°
along the well with the initial proton energy of 1.2 MeV. After
acquiring the average proton energy corresponding to the peak
of LEP SEU cross section with normal incidence, SEU testing

was further performed at variable voltages ranging from nom-
inal —10% (1.08 V) to +10% (1.32 V) with three test patterns
of all “0”, all “1”, and logical checkerboard 55H.
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Fig. 1. (color online) Energy distributions of several typical average proton
energies after 1.2 MeV and 3 MeV protons passing through Al foil. (a) The
initial proton energy of 1.2 MeV; (b) the initial proton energy of 3 MeV.

3. Results and discussion

3.1. The dependence of LEP SEU on energy distribution
of proton energy

Figure 2 shows proton single event upsets cross section
versus proton energy with different initial proton energy. The
x-axis is plotted as the average proton energies at the DUT sur-
face after passing through Al foils. At proton energies below
1 MeV, a sharp increase is observed in SEU cross section.
The increase is caused by upsets from LEP direct ionization.
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Fig. 2. (color online) Proton SEU cross section versus the average pro-
ton energy with different initial proton energies.
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The position of the SEU peak is about between 0.65 MeV
and 0.85 MeV, located at a narrow energy range of 0.2 MeV.
The SEU peak values with the initial energy of 3 MeV and
1.2 MeV are 6.4 x 1072 cm?/bit and 1.18 x 101 cm?/bit,
respectively. Cross sections of SEU peak are both 3 orders
of magnitude higher than that of 8 MeV protons, which indi-
cates a transition from upsets due to nuclear events to direct
ionization.

The maximum LET value of proton Bragg peak in sili-
con is 0.55 MeV-cm?/mg at 55 keV protons. The LET value
tends to decrease, and PDI capability weakens as proton en-
ergy on both sides of the Bragg peak increases or decreases
(as shown in Fig. 3). The SEU LET threshold is around
0.28 MeV-cm?/mg for 65 nm SRAM with the standard 6-
transistor cells.['® When the proton energy at the sensitive
region is between 8 keV and 400 keV, proton LET is above
0.28 MeV-cm?/mg, thus SEU will be caused. Nanoscale de-
vices have multiple metal-interconnection layers. Protons will
slow down when they pass through degrader and metallization
layers. Not all protons lose the same amount of energy, which
will introduce the energy straggle. Figure 4 presents energy
distribution of 1.2 MeV protons with normal incidence after
passing through 12 um Al foil and metallization layers simu-
lated with SRIM-2013.8 SEU can occur as the proton energy
at the DUT sensitive region is decreased between 8 keV and

400 keV.
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Fig. 3. (color online) Proton LET in silicon as a function of proton
energy.
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Fig. 4. (color online) Energy distributions of 1.2 MeV normal incidence
beam after passing through the 12 um Al foil and metallization layers.

Figure 5 plots proton LET as a function of penetration
depth after protons penetrating through Al foils of different
thicknesses and DUT multiple metallization layers with the
initial proton energy of 1.2 MeV. The vertical dashed line
corresponds to the position of DUT sensitive region. After
1.2 MeV protons passing through 14 pm Al foil, the average
proton energy at the DUT surface is 0.48 MeV. The 0.48 MeV
protons will lose all of their energy during traversing multiple
metallization layers, and the range of protons is too short to
reach the sensitive region, thus SEU cannot be caused.
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Fig. 5. (color online) Proton LET as a function of penetration depth
after protons penetrating through Al foils of different thicknesses and
DUT multiple metallization layers with the initial proton energy of
1.2 MeV.

With the decrease of the thickness of Al foil, the average
proton energy incident at the DUT surface increases, the en-
ergy and number of protons reaching the sensitive region also
increase accordingly. Figure 6(a) plots the normalized integral
probability counts versus proton energy reaching the sensitive
region after 1.2 MeV protons passing through aluminum foils
of different thicknesses and metallization layers. Note that the
rising edge or the peak of PDI Bragg curves with 9 um and
10 um Al foils just lies within the sensitive region, over 98.5%
protons can get to the sensitive region, and the energy reach-
ing the sensitive region is from 8 keV to 400 keV, which induce
the highest SEU cross section and lead to the occurrence of the
SEU peak.

As the thickness of Al foil further decreases, the average
proton energy at the DUT surface continues to increase, and
the proton energy reaching the sensitive region gets larger,
even exceeding 400 keV. The LET value of some protons is
below the SEU threshold, and the effective proton number be-
tween 8 keV and 400 keV which can cause SEU decreases.
Taking 5 um Al foil as an example, the average proton energy
at the DUT surface is 0.98 MeV, and almost all the proton can
reach the sensitive region. However, the energy of over 99%
protons exceeds 500 keV and cannot bring about SEU. Only
a tiny amount of protons below 400 keV can induce extra low
SEU cross section in Fig. 2.
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Fig. 6. (color online) Normalized integral probability count versus proton
energy reaching the sensitive region after protons with different initial ener-
gies passing through Al foils of different thicknesses and metallization lay-
ers. (a) The initial proton energy of 1.2 MeV; (b) the initial proton energy of
3 MeV.

It can be seen that the SEU peak value with the initial
proton energy of 3 MeV is 6.4 x 10712 cm?/bit, while the
SEU peak value with the initial proton energy of 1.2 MeV is
1.18 x 107! c¢m?/bit, which is about two times larger than
that of 3 MeV. The average proton energy corresponding to
the SEU peak in both cases is selected, a variety of informa-
tion, including the energy distribution of the average proton
energy, the energy and number of protons reaching the sen-
sitive region, is analyzed. The average proton energy at the
DUT surface corresponding to the SEU peak is 0.77 MeV with
the initial proton energy of 1.2 MeV and 9 um Al foil. The
proton beam has a tight energy distribution with 31 keV stan-
dard deviation in Fig. 1(a). The dispersed degree of energy
spread is smaller than 5%. Over 98.5% of the total protons
can reach the sensitive region, and the proton energy is from
8 keV to 400 keV after protons passing through the metal-
lization layers, which induces the highest SEU cross section.
The average proton energy corresponding to the SEU peak is
0.75 MeV with the initial proton energy of 3 MeV and 72 pm
Al foil. Using 72 um Al foil makes a significant energy spread
of proton beam at the DUT surface. The proton beam has
a broadened energy distribution with 145 keV standard de-
viation in Fig. 1(b). The dispersed degree of energy spread
approaches 20%. As the energy spread is severe, the energy
distribution has a low energy tail. These lower energy protons
have shorter range and cannot get to the sensitive region af-
ter protons traversing the metallization layers, indicating flux
attrition. Those higher energy protons in energy distribution
can reach the sensitive region, but the proton energy is over

400 keV and LET value is too low to cause SEU. Only 85%
protons in Fig. 6(b) can reach the sensitive region, and the pro-
ton energy is between 8 keV and 400 keV. The effective proton
number is obviously less than that with the initial proton en-
ergy of 1.2 MeV in Fig. 6(a), so the SEU peak cross section is
lower than that of 1.2 MeV protons.

It can be seen further in Fig. 2 that not only the SEU
peak value decreases, but the energy threshold of SEU also
decreases with the initial energy of 3 MeV compared with that
of 1.2 MeV. When the initial proton energy is 3 MeV, there is
still a low SEU cross section at the average proton energy of
0.43 MeV incident at the DUT surface. However, the average
energy below 0.6 MeV cannot induce SEU with the initial pro-
ton energy of 1.2 MeV. Combined with the energy distribution
in Fig. 1(b), the average energy of 0.43 MeV with the initial
proton energy of 3 MeV has a wide energy distribution with
190 keV standard deviation, and the dispersed degree of en-
ergy spread reaches 44%. The 0.43 MeV protons themselves
do not have enough energy to traverse the metallization layers
and get to the DUT sensitive region. But a small quantity of
protons above 0.6 MeV in the high energy tail of energy dis-
tribution can reach the sensitive region to induce a low SEU
cross section (as shown in Fig. 2). The different initial proton
energy brings energy distribution difference of average proton
energy at the DUT surface, which leads to obvious differences
in the height of SEU peak and the threshold energy of SEU.

3.2. The dependence of LEP SEU on proton incident angle

Generally, proton SEU testing is carried out only at nor-
mal incidence, since it is believed that the proton incident
angle has no impact on proton SEU. When SEUs are from
PDI, the dependence of SEU on proton incident angle will
show different characteristic. Figure 7 plots the proton SEU
cross section versus the average proton energy at normal in-
cidence and 45° tilt incidence with the initial proton energy
of 1.2 MeV. The data of Fig. 7 are plotted as effective SEU
cross sections, meaning that SEU cross section is scaled by
1/ cos(angle) to account for the reduction in flux as the inci-
dent angle is changed. With the increase of the tilt angle, the
SEU peak shifts to higher average proton energy. The SEU
peak is located between 0.80 MeV and 1 MeV. The SEU peak
value with tilt angle of 45° is 2.72 x 10~ 1 cm?/bit and is two
times higher than that with normal incidence.

Figure 8 presents proton LET as a function of penetration
depth after protons with different average energies penetrat-
ing through DUT multiple metallization layers at 45° tilt in-
cidence. Tilt incidence increases protons penetration length
through DUT metallization layers, thus higher energy pro-
tons are required to penetrate the effectively thicker materials.
Only when the average proton energy is between 0.80 MeV
and 1 MeV, the peak and rising edge of PDI Bragg curves lie
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within the sensitive region, causing the highest SEU cross sec-
tion. Moreover, the increase in the penetration length through
the DUT sensitive region increases the equivalent LET value,
leading to the increase in SEU peak cross section compared
with that at normal incidence.
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Fig. 7. (color online) Proton SEU cross section versus the average pro-
ton energy with the normal incidence and tilt incidence of 45° with the
initial proton energy of 1.2 MeV.
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Fig. 8. (color online) Proton LET as a function of penetration depth
after protons with different average energies penetrating through DUT
multiple metallization layers with tilt angle of 45°.

As the energy of the incident proton at the DUT surface
increases to 1.2 MeV, the energy of the vast majority of pro-
tons reaching the sensitive region exceeds 400 keV. Only very
few protons between 8 keV and 400 keV induce low cross sec-
tion SEU through direct ionization, but the SEU cross section
is still one order of magnitude higher than that at normal in-
cidence. This difference comes from different proton physical
mechanism. The proton energy reaching the sensitive region
exceeds 700 keV after 1.2 MeV protons passing through DUT
multiple metallization layers at normal incidence. Proton LET
is too low to cause SEU, only recoil nuclei coming from elas-
tic collision of protons with material atoms can induce SEU.
Because the reaction cross section of elastic collision is much
smaller than that of direct ionization, SEU cross section of
1.2 MeV protons at normal incidence is much smaller than
that at tilt incidence as well.

The logical addresses and data of flipped memory cells
are recorded at each test cycle. Through building the rela-
tionship between the logical addresses and the physical ad-

dresses, SEU physical bitmap can be acquired. The unifor-
mity of proton beam can be judged based on SEU physical
distribution from a period of irradiation time, and relative lo-
cations of flipped memory cells are analyzed in order to iden-
tify if multiple cells upsets (MCU) occur. Figure 9 shows SEU
physical bitmap from several test cycles at 45° tilt incidence of
0.88 MeV protons. Even at the proton energy corresponding
to SEU peak, low energy proton cannot cause double MCU or
higher order of MCU in 65 nm SRAM due to low PDI LET.
All the SEUs come from single cell upset.

Fig. 9. (color online) SEU physical bitmap from several test cycles at
tilt incidence of 0.88 MeV protons.

3.3. The dependence of LEP SEU on test pattern and sup-

ply voltage

Figure 10 plots LEP SEU peak cross section versus sup-
ply voltage with three test patterns in 65 nm SRAM. SEU
peak value increases obviously with the decrease of sup-
ply voltage. With the memory cells written with 55H, SEU
peak cross section increases by an order of magnitude, from
2.67 x 10712 cm?/bit to 3.5 x 10~ ! cm?/bit, while supply volt-
age decreases from 1.32 V to 1.08 V, which will make on-orbit
SEU rate increase sharply. Lowering the voltage leads to the
reduction of noise margin and SEU critical charge in SRAM.
When the proton energy is the same, only the protons inci-
dent at the center of off-state drain region can deposit enough
charge to induce SEU at higher voltage. With the decrease
of the voltage, the protons incident at the outer area of off-
state drain can also deposit an amount of charge to trigger
SEU. Therefore, SEU sensitive area, i.e., SEU cross section
increases at lower voltage.
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Fig. 10. (color online) Low energy proton SEU peak cross section ver-
sus supply voltage with three test patterns in 65 nm SRAM.
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The relative locations of SEU sensitive nodes are usually
affected by test patterns filled into memory cells due to the
design of device layout, so SEU cross section, MCU percent-
age, and topological patterns would also be influenced. But
SEU cross sections with three different test patterns of logical
checkerboard 55H, all “1”, and all “0” have no clear differ-
ence at the same voltage in Fig. 10. Owing to the use of bit-
interleaving technology in 65 nm SRAM, the successive bits
of logical words are separated, all memory cells are divided
to large regions with “1” and “0” when the memory cells are
filled with 5SH. The width of these regions is 16 cells accord-
ing to the layout design. All the cells are the state of “1” or
“0” when filled with all “1” or all “0” pattern. Actually the po-
sition of the adjacent sensitive nodes with all “0” is the same
as all “1”, so there is no physical difference of sensitive nodes
among these patterns of logical checkerboard, all “1” and all
“0”. Therefore, LEP peak SEU with three test patterns is the
same as shown in Fig. 10.

4. Conclusion

Low energy protons SEE in nanometer devices have at-
tracted more and more attention. In order to get the height and
the width of the PDI SEU peak with LEP radiation sources to
predict proton space SEU rate, the dependence of LEP SEU
peak on test factors including proton energy distribution, inci-
dent angle, supply voltage, and test pattern was quantitatively
evaluated and analyzed based on LEP testing data and Monte
Carlo simulation. The results indicate that using the lowest
initial energy allows the minimum thickness degrader used
in LEP testing, which minimize the energy spread of proton
beam striking the DUT. It is recommended that the dispersed
degree of energy spread incident at the DUT surface should be
smaller than 10% in order to get accurate SEU peak to predict
on-orbit SEU-rate.

As the feature size of devices shrinks and the critical
charge of SEU decreases, LEP SEU will also caused by low
energy protons above 400 keV. It can be foreseen that the
width of LEP SEU peak will further increase, and MCU will
also occur, thus proton SEU rate will increase accordingly.
LEP SEUs exhibit a strong dependence on the incident angle
and supply voltage. The increase of protons incident angle and
the reduction of DUT supply voltage will lead to the increase
of SEU peak. The influence of test pattern on LEP SEU peak
depends on the device layout design. For standard 6-transitor

SRAM with bit-interleaving technology, LEP SEU peak has
no clear dependence on three test patterns of 55H, all “1”, and
all “0”. With the above study, it can be known that the impact
of various test factors on LEP SEU must be considered care-
fully when predicting the proton SEU rate, which is different
from traditional prediction method of proton SEU rate.
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