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In this paper, the low-energy proton-induced single event effect sensitivity of multiple feature size NAND flash
memories has been investigated. Under 0.41 MeV proton, the single event effect cross-section peak appeared
in 25 nm and 16 nm flash devices. SRIM simulation revealed the primary reason of this phenomenon. Single
event upsets caused by direct ionization of low-energy proton could be several orders of magnitude higher
than those caused by high-energy proton nuclear reactions. Moreover, the influence of cumulative dose on the

single event effect sensitivity of flash device was investigated. As the cumulative dose increased, the single
event upset cross-section was increased considerably. This phenomenon appears due to the threshold voltage
shift induced by the combination of the proton and the cumulative dose.

1. Introduction

NAND flash memories have many advantages such as high density,
low power consumption, and low cost. They have been widely used
in the commercial non-volatile storage market. NAND flash memories
manufactured through the floating gate (FG) technology, they can
be classified into single-level cell (SLC) and multilevel cell (MLC).
MLC further increases storage density by increasing its complexity but
sacrificing its reliability. Advanced NAND flash memories have been
used in many space applications [1-3].

Unfortunately, the single event effect (SEE) caused by charged
particles in the space radiation environment is a severe challenge for
the potential space applications of NAND flash memories. Particle irra-
diation reduces the conductivity of FG tunnel oxide layers and causes
to FG charge leakage. Then, the reliability of NAND flash memories
is reduced. With the scaling of the FG technology, the linear energy
transfer (LET) threshold of SEE is diminished, and the SEE sensitivity
of the device is enhanced greatly [4].

The heavy-ion induced SEE of flash memories has been extensively
studied [5-11]. The SEEs on the flash memories with multiple feature
sizes under heavy ion irradiation were described, and the influences
of technology scaling on the LET threshold and saturated cross-section
were discussed. The effects of test patterns and ion incidence angles
on SEE were also discussed [5-8]. In real space applications, flash
devices can accumulate a part of doses, which will affect the SEE cross-

* Corresponding authors.

section. The heavy-ion induced SEE sensitivity of flash devices with
different cumulative doses was studied, and the physical mechanism
of SEE sensitivity change was explained [9-11].

Given that the LET value of the proton is small, proton is gen-
erally considered incapable of depositing sufficient energy by direct
ionization to produce SEE. Rodbell found that low-energy proton direct
ionization can lead to single event upset (SEU) on static random access
memory [12]. Since then, low-energy proton SEE has attracted wide
attention in the field. As feature size decreases, low-energy proton di-
rect ionization can cause a large number of upsets in flash devices. The
low-energy proton-induced SEE of advanced flash memories was re-
ported [13]. There are a large number of protons in the space radiation
environment. When the protons pass through the spacecraft overlayers,
protons deposit most of their energy and stop in the device, which
may produce a large number of single event upsets [14]. Ignoring low-
energy protons may result in the severe underestimation of the on-orbit
error rates of devices. The study on low-energy proton-induced SEE
of advanced flash devices are limited, and relevant experimental and
theoretical mechanisms need to be supplemented and improved. The
sensitivity of flash devices to low-energy proton SEE must be evaluated
for their space application.

This work aims to study the low-energy proton-induced SEE sen-
sitivity differences in flash devices of multiple feature sizes down to
16 nm. The paper is organized in the following way. First, the features
of devices under test (DUTs) and the experimental details are presented.
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Parameter information of micron NAND flash memories used in the test.

Part number Date code Feature size (nm) Capacity (Gb) Standard voltage (V)

29F1GO8AAC 0940 1-2 120 1 3.3

29F4G0O8AAC 1010 1-2 72 4 3.3

29F8GOSAAA 0918 1-2 51 8 3.3

29F32G0SABAAA 1329 2-2 25 32 3.3

29F32G08CBACA (MLC) 1244-2-7 25 32 3.3

29F64G08CBEFB (MLC) 1538 2-2 16 64 3.3
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Fig. 1. Energy spectral distribution of multiple initial energy protons after passing through aluminum foils with different thicknesses, (a) initial energy 1.2 MeV; (b) initial energy

8 MeV.

The test results on FG errors induced by low-energy protons are de-
scribed. Then, the transport of protons in the device is simulated by
the SRIM program, and the physical mechanism of low-energy proton-
induced SEE is analyzed. Finally, the effect of cumulative dose on the
SEE of low-energy protons is explored, and the results are discussed.

2. Device details and experimental setup

In this work, NAND flash memories of multiple feature sizes with
SLC and MLC architecture were used. All DUTs were manufactured by
Micron Technology. Information on DUTSs is shown in Table 1.

The SEE experiments under 50 and 90 MeV protons were performed
on the 100 MeV proton cyclotron at the China Institute of Atomic
Energy in previous work. A low-energy proton irradiation test was
conducted at the EN tandem accelerator of the Institute of Heavy
Ion Physics, Peking University. The EN tandem accelerator provided
1.2-10 MeV protons, the vacuum was 10~3 Pa in the chamber and
the test at room temperature. According to the requirements of the
test, multiple proton energies were selected, which were shown in
Table 2. LETs corresponding to proton energy calculated using SRIM
was also listed. Given that the minimum proton energy of the EN
tandem accelerator was 1.2 MeV, aluminum foils were used to obtain
the protons with energy lower than 1.2 MeV. Aluminum foils with
different thicknesses were selected to degrade proton energy (Table 2).
To save experimental time, 3.9 MeV protons were also obtained by
using aluminum foils to degrade 8 MeV protons. SRIM was used to
calculate the proton energy spectrum distribution after 1.2 and 8 MeV
protons passing through different thicknesses aluminum foils, as shown
in Fig. 1.

Given that low-energy protons have short ranges, the experiments
were performed in vacuum environment. The DUTs were exposed to
the proton beam and plastic packaging was removed by etching the
DUTs. The SEE sensitivity of the device FG array was examined with
normal proton incidence on all unpowered devices. The DUTs were
placed on the irradiation board and were programmed to checkerboard
“55” before the test. All the test samples were detected immediately
after proton irradiation, and the number and address locations of FG
upsets were recorded.

Table 2

Average proton energy and LET for various aluminum foil degrader settings.
Initial energy The thickness Average energy  LET Range in Si
(MeV) of Al foil (pm) (MeV) (MeV cm?/mg) (um)
8 0 8 0.041 482.01
8 300 3.91 0.070 142.82
1.2 0 1.2 0.157 21.48
1.2 4 1.02 0.174 16.82
1.2 9 0.78 0.202 11.32
1.2 12 0.61 0.230 7.93
1.2 15 0.41 0.283 4.56
1.2 17 0.24 0.364 2.28

Owing to the time limitation of the proton beam, the influence of
cumulative dose on low-proton SEE sensitivity was only explored in 32
G SLC devices. During the experiment, 1.2 MeV protons were used to
accumulate different total doses in devices. Then, the unpowered device
was irradiated under low-energy proton, and the SEE cross-sections
with different cumulative doses were tested. All samples were detected
after irradiation in a few minutes, and the annealing effect was not
considered. In order to have more visibility on low-proton induced SEE,
Error-correcting code (ECC) was not applied in the test devices.

3. Results and discussion
3.1. Low-energy proton-induced single event upsets

The low-energy proton SEE experiment was performed on SLC and
MLC flash devices and a self-developed flash memory test system was
used. The data were detected after irradiation of 4x108-1x10° p/cm?
protons. A few inherent errors in MLC devices were deducted when
their SEU cross-sections were calculated.

Results showed that no error was detected in the 1, 4, and 8 G
samples under proton irradiation when the energy of protons was lower
than 1.2 MeV. For these flash devices whose feature sizes larger than
25 nm, no SEU was observed due to the high LET threshold of SEE in
the devices.
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Fig. 2. SEU cross-section of DUTs vs. energy under low-proton irradiation. The downward arrow indicates that no SEU was detected. (a) 32 G SLC; (b) 32 G MLC; (c) 64 G MLC.
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Fig. 3. Proton SEU cross-section vs. proton energy for the SLC and MLC devices. The downward arrow indicates that no SEU was detected.

However, a large number of SEUs were produced in the 32 G SLC,
32 G MLC, and 64 G MLC devices under proton irradiation, the feature
sizes of devices were 25 nm and 16 nm. Fig. 2 shows the variation
in SEU cross-section with proton energy. The error bars are ~2 sigma
(95%) and result from Poisson statistics. The SEU cross-section peak
appeared in all devices under 0.41 MeV proton irradiation. For the
32 G SLC device, the SEU cross-section was 2.11x1071¢ ¢cm?/bit under
0.41 MeV proton irradiation and 3.75x10~'® cm?/bit under 8 MeV pro-
ton irradiation. The SEU cross-section at the peak was approximately
two orders of magnitude higher than the cross-section under 8 MeV
proton irradiation. The 25 nm and 16 nm flash devices were highly
sensitive to low-energy protons. Low-energy proton irradiation can
cause many SEUs in devices.

The proton-induced SEU cross-section curves from low-energy to
high-energy were drawn to compare with those of SEU caused by high
energy protons. Fig. 3 shows the proton SEU cross-section as a function
of proton energy for the SLC and MLC devices with multiple feature
sizes, including the SEE test results of the high-energy proton (50 and
90 MeV) at the China Institute of Atomic Energy [15]. MLC samples
had a higher SEE cross-section than SLC samples at the same feature
size due to the smaller error margins between adjacent levels. Under
0.41 MeV proton irradiation, the SEE cross-section at the peak of the
16 nm device was approximately an order of magnitude higher than
that of the 25 nm device. Compared with the 25 nm device, the charges
stored in the FG cell of the 16 nm device was less. Owing to the critical
charge required for SEE and error margins between adjacent levels
reduced, the SEE sensitivity of the device was enhanced. In addition,
the 16 nm device had a larger capacity than the 25 nm device, and the
FG cells had a higher density and smaller clearance. Proton irradiation
produces ionization in a particular track area of the device. There were
more substantial cells in the track area due to the smaller feature size,
and the probability of device producing multiple bit upsets increased.
Finally, as the feature size was scaled down, the devices became more

sensitive. As proton energy increased to the high-energy region, the
SEE cross-section of the device gradually became saturated. Compared
with the cross-section peak at low-energy proton, the cross-section at
high-energy proton was substantially lower.

Longitudinal anatomy analysis of the device was performed to
study the effect of low-energy proton on the device. The hierarchical
structure, elemental composition, location depth, and other information
of the device were obtained, as shown in Fig. 4. The polymetallic layer
changes the energy of the incident protons, thereby reducing the energy
and broadening the energy spectrum. The SRIM program was used to
simulate the transport of protons in an approximate cell structure, so
as to correctly evaluate the energy loss in the multi-metal layer above
the FG electrode.

Fig. 5 shows the LET value distribution of protons in Si versus
energy. When proton energy was close to 55 keV, the LET reached
the highest value (Bragg peak). Fig. 6 shows that the energy spectrum
distribution and LET value varied with incident depth after protons
passing through the polymetallic layer. For these devices, the 0.24 MeV
proton had lost all energy before it penetrated the polymetallic layer;
hence, the energy spectrum distribution curve of 0.24 MeV proton
incident could not be formed. In Fig. 6b, d, and f, the black vertical
line is the sensitive area, the left side of the black vertical line was the
polymetallic layer area, and the right side was the Si substrate. Protons
deposited a certain amount of energy in the FG sensitive area by direct
ionization. The main effect of protons was to discharge the FG cells,
which can lead to the SEU of the device. After the proton penetrates
the polymetallic layer, the higher the LET value of the proton reaches
the sensitive area, the more energy is deposited, and the larger the SEE
cross-section of the device.

When the energy was 0.41 MeV, the end of the proton range was
mainly concentrated in the device sensitive area. After passing through
the polymetallic layer of the device, the proton energy was mainly
distributed between 0.01 and 0.1 MeV. The energy was located near
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Fig. 4. Longitudinal sections of several flash devices.
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the Bragg peak, and its LET reached the maximum value. The sufficient
energy could be deposited in the FG sensitive region by protons direct
ionization, which can generate a large number of SEUs. When the
energy was lower than 0.41 MeV, a large number of protons could not
effectively deposit energy in the FG sensitive area due to its limited
range. It is noted that the 0.24 MeV proton was obtained by degrading
1.2 MeV protons through aluminum foil, and the energy spectrum was
broadened (Fig. 1a). The high-energy proton in the energy spectrum
can also deposit a part of the energy into the sensitive area to generate
SEUs. However, owing to its low flux, the SEU cross-section caused
by 0.24 MeV protons was lower considerably than that caused by
0.41 MeV protons. When the energy reached 0.61 MeV, the protons
with a greater range directly passed through the sensitive region of the
FG cell. After the protons passed through the polymetallic layer, the
energy spectrum was broadened. Some protons had lower energy in the
energy spectrum, and the corresponding LET value exceeded the SEU
threshold of the device, leading to SEU in the device. As the energy
increased, the LET value of proton in the sensitive area and the SEU
cross-section are both decreased.

When the energy of the protons less than 1.2 MeV, the SEU of the
device was caused by low-energy proton direct ionization. When the
energy exceeded 3 MeV, SEU was mainly caused by secondary particles
generated by the collision of protons with the FG material atomic
nucleus. Owing to the direct ionization LET value and the nuclear
reaction probability were small, the SEU cross-section caused by more
than 3 MeV protons is lower than that caused by low-energy protons.
Thereafter, as the proton energy increased, the cross-section of the
high-energy proton nuclear reaction was getting stable, and the SEU
cross-section of the device was gradually saturated.

3.2. Influence of cumulative dose on single event effect

After a specific total dose was accumulated (10, and 20 krad in Si)
by 1.2 MeV protons, the device was reprogrammed to checkerboard
“55”. The low-energy proton SEE test was performed after ensuring that
the device had no hard function error. The test was not performed at all
energies due to the time limitation of the proton beam. The relationship
between proton irradiation dose, proton fluence (®) and LET can be
expressed as

TID (rad ( Si)) = 1.6 X 107> x @(cm™2) x LET(MeV - cm? /mg) 1

Fig. 7 shows the device SEU cross-section with different doses as a
function of proton energy. Obviously, the higher the dose accumulated
before the SEE test, the higher the SEU cross-section of the device
would be. When the dose was 10 krad (Si) and the proton energy were
0.41, 0.61, and 0.78 MeV, the enhancement factors of the device SEU
cross-section were 1.42, 1.42, and 2.23, respectively. When the dose
was 20 krad (Si) and the proton energy were 0.41, 0.61, and 0.78 MeV,
the enhancement factors of the device SEU cross-section were 2.53,
2.70, and 5.34, respectively.

After a specific dose was accumulated, a large number of electron—
hole pairs were generated in the tunnel oxide layer of the FG cell, and
some electron-hole pairs were recombined immediately. The electrons
in the unrecombined electron-hole pair quickly escaped from the oxide
layer, and the holes slowly drifted toward the FG and neutralized with
the FG electrons [16]. In addition, when FG electrons gain sufficient
energy from impinging radiation, some electron emissions jump over
the tunnel oxide barrier [17]. Charge neutralization and electron emis-
sion can reduce the number of electrons stored in the FG. Moreover,
some defects are produced by irradiation in an FG cell tunnel oxide, and
the defects will trap the charge generated by irradiation [18,19]. The
mechanisms, such as charge trapping, electron emission, and charge
neutralization, are identified as the cause of the total dose effect (TID).
However, the device was reprogrammed after accumulating a given
dose, and the FG charges were replenished. Consequently, electron
emission and charge neutralization by TID were not considered in the
subsequent SEE tests. The charge trapping shifts the threshold voltage
V,;, of the FG cell to the left. TID usually deposits a uniform dose in all
cells of the device.

The device was performed SEE tests after accumulating a given
dose. When the device is irradiated, the transient carrier current of
tunnel oxide, the transient conductive path, and electron emission are
formed by particle incidence in the FG cell [20,21]. These factors
lead to instantaneous leakage loss of FG charges, which can cause a
remarkable shift of the threshold voltage V,;,. The mechanisms, such as
transient carrier current and transient conductive path, are identified
as the cause of the SEE [8,22]. If the threshold voltage V;, of the FG
cell is lower than the read voltage, the device will generate data upsets.
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Fig. 6. Energy spectrum distribution and the LET value vary with incident depth after protons passing through the polymetallic layer, (a) energy spectrum of 32 G SLC; (b) LET
vs. proton incident depth in 32 G SLC; (c) energy spectrum of 32 G MLC; (d) LET vs. proton incident depth in 32 G MLC; (e) energy spectrum of 64 G MLC; (f) LET vs. proton

incident depth in 64 G MLC.

Fig. 8a is the schematic diagram of charge trapping, charge neutral-
ization and transient leakage current inside the programmed FG cell
during irradiation. Fig. 8b shows the shift of the FG cell threshold volt-
age V,, by low-energy proton irradiation after accumulated different
doses. The threshold voltage V,;, of all FG cells shifted to the left as a
whole by the cumulative dose. The more dose was accumulated, the
more considerable the threshold voltage shift. However, only a portion
of the FG cell threshold voltage V,, shifted to the left under proton irra-
diation, forming a threshold voltage tail. The threshold voltage V;,, shift
caused by dose and proton irradiation was cumulatively superposed.

The total threshold voltage shift /\V,;, can be approximately expressed
as follows:

AVip = AViprip + AV see (2)

where AV, r;p is the threshold voltage V;, shift caused by TID, and
AV, seg is the threshold voltage shift caused by proton irradiation.
The total number of errors [9] is obtained from the following formula:

Viead Veead tAVin 11D
#error = / Vinp(V)dV + /
—o0 v,

read

Vinp(V)dV 3
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where V,;, p (V) represents the threshold voltage V;,, distribution before
irradiation. Two items are on the right side of formula (3); the first item
I1 is the SEUs caused by proton irradiation and the second item 12 is the
SEU increment generated by the irradiation dose. The larger the irradi-
ation dose, the larger the threshold voltage shift AV}, r;p. Ultimately,
the increment I2 of the proton SEU caused by the irradiation dose was
also greater. The 20 krad (Si) dose used in the present study represents
the typical dose level in aerospace space. The experimental results show
that neglecting the influence of dose can severely underestimation of
the proton-induced SEU rate.

4. Conclusion

In this study, the SEEs on flash devices with multiple feature sizes
were examined using low-energy protons. The experimental results
showed that 25 nm and 16 nm NAND flash memory were sensitive
to low-energy protons. The SEU caused by low-energy proton direct
ionization can be several orders of magnitude higher than that caused
by high-energy proton nuclear reactions. Ignoring the effect of low-
energy proton may result in underestimation of the device’s spatial SEU
rate.

Electronic devices are simultaneously affected by multiple irradi-
ance effects in space applications. The influence of cumulative dose
on SEE of 25 nm flash device was investigated. The experimental
results showed that the cumulative dose could substantially increase
low-energy proton-induced SEU cross-section of the 25 nm SLC flash
device. As the cumulative dose increased, the SEU cross-section of the
device increased considerably. This phenomenon is attributed to the
combined shift of FG cell threshold voltage V;, caused by the proton
and the cumulative dose.
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