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This paper presents a simulation study of the impact of energy straggle on a proton-induced single event upset (SEU)
test in a commercial 65-nm static random access memory cell. The simulation results indicate that the SEU cross sections
for low energy protons are significantly underestimated due to the use of degraders in the SEU test. In contrast, using
degraders in a high energy proton test may cause the overestimation of the SEU cross sections. The results are confirmed
by the experimental data and the impact of energy straggle on the SEU cross section needs to be taken into account when
conducting a proton-induced SEU test in a nanodevice using degraders.
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1. Introduction

When a proton-induced single event upset (SEU) experi-
ment is carried out, it is very important how the required pro-
ton energies are gained. There are usually two options: one
is adjusting the parameters of the accelerator, and the other
method is changing the thickness of the degraders. The first
method can gain a more monochromatic proton beam, how-
ever it will take a certain amount of time to adjust the acceler-
ator (generally it takes at least an hour, compared with a few
minutes to change the degrader) and reduce the experiment
efficiency greatly. Besides, some required proton energies are
not available by adjusting the accelerator due to the design lim-
itations of the facility. Therefore, a degrader has been exten-
sively used to obtain the required proton energies on the basis
of a certain initial energy of proton beam. The most commonly
used degraders are aluminum (Al) and copper (Cu).

In 2008, Heidel et al. used 148-MeV primary proton
beam energy at the Francis H. Burr Northeast Proton Therapy
Center and obtained a wide proton energy range from 30 MeV
to 148 MeV through adding degraders.!' In 2011, Loveless
et al. also used only one primary proton beam energy to gain
various proton energies from 1 MeV to 100 MeV through a
degrader block positioned at a variable distance away from the
beam port.!?] There are also many other examples that use the
degrader to obtain different proton energies from the primary
proton beam.*~1% However, the use of degraders will cause
the range and energy to straggle and then have an influence on
the result of the SEU test, but not enough attention has been
paid to the impact of the degrader on proton-induced SEU ex-
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periments. Therefore, this paper examined the applicability
of a degrader and the impact of energy straggle on a proton-
induced SEU test. In this paper, SRIM-2008!"!" simulated
results on proton range straggle for different degraders were
presented. In addition, the geometrical model has been estab-
lished based on the real nano-SRAM device. The impact of en-
ergy straggle on the deposited charge in sensitive volume (SV)
and SEU cross section was investigated by CREME-MC!!?]
simulation.

2. Simulation of SRAM cell

In this paper, the CREME-MC Monte Carlo simulation
method was used to calculate the deposited charge in SV. Fig-
ure 1(a) shows the cross-section scanning electron microscopy
(SEM) diagram of the static random access memory (SRAM)
device fabricated in CYPRESS 65-nm process. A multi-layer
cubic model (10 pm x 10 wm x 10 pm) was constructed in
CREME-MC according to the SEM picture and elemental
analysis of the chip. The 8-layer structure contained 3 SiO,
layers, 3 copper layers, and 1 tungsten layer, as shown in
Fig. 1(b).

Heavy ion experiment result!!3 shows that the threshold
linear energy transfer (LET) of an SRAM cell fabricated in
CYPRESS 65-nm process is 0.13 MeV-cm?/mg. So, we chose
the critical charge (Q.) of the device as 1.35 fC according to
the following formula

Q. (fC) = 10.35 x LETy, x Dsy (pm). (1
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Fig. 1. (color online) (a) The SEM view of the passivation and metallization layers. (b) Schematic chart of the multilayer structure and weighted SV model
used in CREME-MC simulation of the device, with a cubic surface area of 10 pm x 10 pm. Not drawn exactly in accordance with the scale.

The SEU occurs if and only if the deposited charge exceeds
the Q., the LETy, represents the threshold LET to cause an
SEU, and the Dgy(um) is the depth of the SV. As shown in
Fig. 1(b), a weighted SV model!'*!>] was constructed and
used to model the response of the 65-nm SRAM chip to pro-
ton irradiation. The weighted SV model contains four SVs
(SVi, SV,, SV3, and SV,), the sizes of these SV models
are 0.2 um x 0.2 um x 0.1 wm, 0.5 pm x 0.5 pm x 0.2 pum,
I pum x 1 wm x 0.5 pm, and 2.2 pm X 2.2 pm x 1 pum, re-
spectively. The charge collected at device node i is to sum the
energy deposited in NV; sensitive volumes scaled by a weight
o; ; for (0 < j < N;) and the mean jonization potential /(Z)
of the material (3.6 eV/ehp in silicon). The value of « is ob-
tained from Ref. [14] and the size of each SV is gained by fit-
ting based on the experimental results. The following physical
processes were included in the simulation: HadronElastic, De-
cay, EmStandardScreened, NucleonHadronic, Hadronlnelas-
tic, particles, PiKInelastic, and IonlnelasticLAQGSM. The
chip was irradiated by proton beam from the surface of it as
shown in Fig. 1(b). More than 107 particles are used to pene-
trate into the chip for each simulation. In order to verify the ef-
fectiveness of the model presents here, experiment results are
also carried out to compare with the simulated results. Details
of the experiment facilities and the energies used are given in
Table 1.

Table 1. Test facilities and beam energies used in the experiments.

Facility Initial proton energy/MeV Proton energy at chip surface/MeV

EN-18 1~8 0.3~8

PSI-PIF 200 16~200

At EN-18 tandem accelerator (Peking University), the
primary beam energy is from 1 MeV to 8 MeV. Low energy

proton beams (down to 0.3 MeV) were obtained by using an
aluminum degrader in the beam path. The experiment of SEU
induced by high proton energy (16 MeV-200 MeV) was con-
ducted using the Proton Irradiation Facility in the Paul Scher-
rer Institute (PSI-PIF).
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Fig. 2. (color online) The tested (red triangle symbols) and simulated
(black circle symbols) SEU cross section as a function of proton energy
at the chip surface for the 65-nm SRAM. Simulated SEU cross section
are calculated directly by CREME-MC except for the proton energy is
16 MeV and 39 MeV. Error bars in this figure are smaller than the data
symbols.

Figure 2 gives the tested and simulated SEU cross sec-
tions versus proton energy at the chip surface for the 65-nm
SRAM. The CREME-MC tool cannot be used to calculate the
SEU cross section for the initial proton energy of 200 MeV
with the 43-mm Cu degrader (16 MeV at the chip surface) due
to the existence of some defects in this tool, so all simulated
SEU cross sections are calculated directly by CREME-MC ex-
cept for the proton energy which is 16 MeV. The SEU cross
section for the proton energy 16 MeV is calculated based on
the energy spectrum (calculated by SRIM-2008) for the initial
proton energy 200 MeV with the 43-mm Cu degrader. The
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impact of degraders is also considered in the test and simu-
lation, and it is clear that the simulated results are in good
agreement with the experiment results. For instance, the SEU
cross sections both reach the maximum value when the pro-
ton energy is up to 0.68 MeV (caused by direct ionization!'!),
and drop rapidly with the increase of proton energy, finally the
SEU cross sections increase again and reach saturation as the
proton energy goes up to 200 MeV. The SEU cross sections
resulting from low energy proton direct ionization are about
three orders of magnitude than from high energy proton indi-
rect ionization. It should to be emphasized that degraders are
employed in both the testing and the simulation. The use of
a degrader will cause energy straggling, and the detailed anal-
ysis of the impact of energy straggle on proton-induced SEU
will be summarized below.

3. Physics of energy straggling

The incident protons in the device will no longer be at
the same position, but will be spread over a certain volume.
This is due to a large number of uncorrelated random colli-
sions along the track, and the protons range and energy will

have a Gaussian distribution!16-17]

_ 1 (x—n)?
f(x) - \/EG exXp <_ 2(72 ) ) (2)

where the parameter y represents the mean value of the pro-

ton range or energy distribution, and ¢ is the root-mean-square
(r.m.s.) deviation, given by

0> = (v = [(x= D r(0)dx. 3)

The quantity f(a)dx represents the probability that x takes a
value between a and (a + dx), so equation (2) has the follow-
ing property
~+oo
fx)dx=1. 4)

The width of such a distribution is often characterised by its
full width at half maximum (FWHM). The FWHM of the dis-
tribution is used to quantify the absolute straggling

S, =FWHM = 6/8In2 = 2.3550, (5)

and the relative straggling is given by

FWHM

S =+ x 100% . (6)
4. Discussion

4.1. Energy straggling after different thicknesses of de-
graders

When protons penetrate into the device, the linear energy
transfer (LET) and the deposited charge usually increase up to

the end of the range and reach a maximum before the proton
energy drops to zero. Figure 3 shows how the LET increases
while the 1-MeV proton traverses in silicon. As shown in the
figure, when protons with a certain energy enter the device, the
following three cases exist: (i) the proton range in the device is
not enough to reach the SV of the device; (ii) the Bragg peak
of the proton is located in the SV of the device exactly; (iii) the
proton range is greater than the position of the SV. By chang-
ing the incident proton energy, one can increase or decrease the
range of the proton in the device. For a mono-energetic pro-
ton beam incidenting the SV, only one of the above three cases
can happen. However, all three cases are likely to present at
the same time in the actual situation because of energy strag-
gle.
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Fig. 3. (color online) Bragg curve of 1.0-MeV proton penetrating into sil-
icon. The inset shows the three possible cases for proton incident to the
chip: (i) the proton range is not enough to reach to the SV of the device;
(ii) the Bragg peak of the proton is located in the SV of the device exactly;
(iii) the proton range is larger than the position of the SV.

Number of protons as a function of proton energy after the
different thickness of degraders and proton range in the device
is shown in Fig. 4 and Fig. 5, respectively. The comparison
of different initial proton beams reveals that the use of a de-
grader will have a great impact on the proton energy straggle
and range straggle. The trend of energy straggling for differ-
ent thicknesses of aluminum is further studied. The absolute
straggling and the relative straggling of the proton range were
calculated from Fig. 5 and plotted as a function of the thick-
nesses of the aluminum degrader in Fig. 6.

As depicted in Fig. 5, the proton range in the chip is
very concentrated in the SV and the number of protons ex-
hibit a sharp peak for the case of initial proton energy which
is 0.68 MeV (without degrader), the absolute and relative
range straggling is also very low. The peak of proton counts
broadened and the value of range straggle increased (as shown
in Fig. 6) as the initial proton energy becomes higher. The
0.68-MeV energy on the surface of the chip is right to make
the proton reach the SV, so if the peak of counts spread,
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Fig. 4. (color online) Number of protons as a function of proton energy
after different thicknesses of degraders. The mean value of proton ener-
gies after degraders are the same (0.68 MeV). The higher the initial proton
energy, the thicker the added degrader.
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Fig. 5. (color online) The distribution of proton range in the chip (sim-
ulated by SRIM-2008). Each energy represents the initial proton energy,
and through adding different thicknesses of aluminum degrader, the ener-
gies at the chip surface are the same (0.68 MeV).
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Fig. 6. (color online) Absolute range straggling (red down-triangle sym-
bols) and relative range straggling (blue circle symbols) of proton range
in the device as a function of the thickness of aluminum degrader. The
proton energies at the chip surface are the same (0.68 MeV).

that means less protons could induce SEU for this device. Sim-
ilarly, when we use degraders to make the proton energy on
the device be 0.3 MeV, it is not a highly monoenergetic beam
but a distribution. This phenomenon explained why the pro-
ton range seems not deep enough to reach the SV but we still
detected SEU in this device (see Fig. 2).

4.2. Impact of energy straggle on the device response

As shown in Fig. 7, the number of protons as a func-
tion of the deposited charge in SV has been obtained by us-
ing CREME-MC. There are four peaks existing on each curve
of the deposited charge which are caused by the weighted SV
that contained four different SVs.
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Fig. 7. (color online) The CREME-MC simulated number of protons as a
function of the deposited charge in the SV of the device. Through adding
a certain thickness of degrader, the proton energy at the chip surface is the
same (0.68 MeV).

As depicted in Fig. 8, different SVs have a great impact on
the deposited charges calculation. The curve in Fig. 7 demon-
strates that the initial proton energy with a certain thickness
of degrader has a significant impact on the counts of the de-
posited charge. In addition, the SEU cross section of the de-
vice (Fig. 9) induced by different initial protons with a certain
thickness of Al degrader is also calculated. As can be seen
from Fig. 9, the differences of SEU cross sections of different
initial proton energies are obvious and it indicates that about
one order of magnitude difference appears as the initial proton
energy goes up from 0.68 MeV to 2 MeV. In our experiments,
the initial proton energy of 1 MeV has been used (with a 6-pum
aluminum degrader). The simulated SEU cross section for ini-
tial proton energy of 1 MeV is about 2.4 x 10~12 cm?/bit, and
this result is in good agreement with our experimental result
(2.9 x 10712 cm?/bit).

As depicted in Fig. 2, a slight increase of the experimental
SEU cross section appears when the proton energy is around
16 MeV (200-MeV initial proton energy with 43-mm Cu
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Fig. 8. (color online) The impact of weighted SVs on the deposited charge
in the SV for the initial proton energy on the chip surface is 0.68 MeV.

107" ¢ 2 >

[ ®

[ =

= [ without degrader ° ~
3 v 2.15-um Al &
~ v B
B 6.11-um Al ® 00
g ¥ 10.56-um Al 2
< v =
g 15.54-um Al ®
-§ 10-12 | b4 21—%m Al 11 b>13
$ s . 26.95-um Al g
] L] v @
) 42.51-um Al Q
5 o ° v B
o I _ 2
g v SEU cross section 2

® absolute energy straggling
10-13 L ! L 0
0.5 1.0 1.5 2.0

Initial proton energy/MeV

Fig. 9. (color online) The simulated SEU cross section (red down-triangle
symbols) of the device and the absolute energy straggling (blue circle sym-
bols) as a function of initial proton energy, the proton energy at the chip
surface is the same (0.68 MeV).

degrader). To explore this abnormal phenomenon, the proton
energy distributions and the absolute proton energy straggling
(FWHM) are calculated, as illustrated in Fig. 10. The proton
primary beam energy in the experiments is 200 MeV, and the
other proton energies used in the test are obtained by adding
different thicknesses of copper degraders. It is demonstrated
that the energy distribution is widened and the absolute energy
straggling increases with the increase of the thickness of the
copper degraders. When the proton energy drops to 16 MeV
by adjusting the copper degrader with thickness of 43 mm, the

proton energy distribution shows that some of the protons en-
ergies are less than 1 MeV. This means that these protons can
induce SEU in this device through direct ionization. Moreover,
as figure 2 shows, the cross section of SEU induced by the low
energy proton direct ionization can be three orders of magni-
tude than that of the high-energy proton. This explains why
the SEU cross section is shown to slightly increase when the
energy drops to 16 MeV through adding the copper degrader.
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Fig. 10. (color online) The energy distribution on the device surface and
the absolute energy straggling (red up-triangle symbols) of the proton en-
ergy with different thicknesses of copper. Initial proton energies are the
same (200 MeV).

5. Conclusion

In this work, the impact of energy straggle on proton-
induced SEU in nanodevices has been investigated by using
SRIM and CREME-MC. Under the condition of the same pro-
ton energy on the chip surface but with different initial pro-
ton energies and degraders, the simulated results show that
the influence of energy straggle on proton-induced SEU test
needs to be further considered. Simulated results showed that
the proton range and energy straggle increases with degrader
thickness increase. Detailed studies with low energy proton
and high energy proton indicate that when conducting an SEU
test on a nanodevice, the impact of energy straggle is mainly
reflected in the following three aspects. First, the energy strag-
gle will result in erroneous threshold energy of proton-induced
SEU. Second, the energy straggle will significantly lower the
peak value of the proton-induced SEU cross section through
direct ionization. Third, it may change the SEU cross section
curve trend for high energy proton.
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