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Abstract

Based on the meV-GeV wide-energy neutron beam from the China Spallation
Neutron Source (CSNS), this study investigates the direction dependence of
single-event upsets (SEUs) in 128-layer dual-deck CT 3D NAND Flash memo-
ries. Irradiation tests were performed from the front, side, and back of the chip.
By mapping SEU addresses into 3D distributions, multiple-cell upset (MCU)
patterns and formation mechanisms were analyzed. Results show the front di-
rection is the “worst case” , with SEU cross-section 27.3% higher and MCU
count 52.5% greater than side/back incidence. MCUs are mainly double-bit up-
sets(DBUs), with a maximum size of 7 bits, and primarily exhibit “string-like”
patterns along through-holes, along with some L-shaped distributions along
word lines(WL). Neutron transport simulations further reveal that secondary
particles in the sensitive region are predominantly nitrogen and silicon ions; side
and back incidence additionally yields minor high-Z species (Er, Yb, Ta, Lu, W)
owing to tungsten layers. The frontal incidence produces 13.77% of secondary
particles with LET > 5 MeV e cm? e mg™!, markedly higher than side (4.87%)
and back (9.96%) incidence. This explains the elevated SEU cross-section for
frontal incidence and the experimentally observed directional sensitivity vari-
ation. The work clarifies the directional dependence of atmospheric neutron
sensitivity in CT 3D NAND Flash, supporting accurate reliability prediction
and radiation-hardening design.
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neutron beam from the China Spallation Neutron Source (CSNS), this study
investigates the direction dependence of single-event upsets (SEUs) in 128-layer
dual-deck CT 3D NAND Flash memories.

Irradiation tests were performed from the front, side, and back of the chip.
By mapping SEU addresses into 3D distributions, multiple-cell upset (MCU)
patterns and formation mechanisms were analyzed. Results show the front
direction is the “worst case” , with SEU cross-section 27.3% higher and MCU
count 52.5% greater than side/back incidence. MCUs are mainly double-bit
upsets(DBUs), with a maximum size of 7 bits, and primarily exhibit “string-
like” patterns along through-holes, along with some L-shaped distributions along
word lines(WL).

Neutron transport simulations further reveal that secondary particles in the sen-
sitive region are predominantly nitrogen and silicon ions; side and back incidence
additionally yields minor high-Z species (Er, Yb, Ta, Lu, W) owing to tungsten
layers. frontal particles with LET >5MeV - cm? - mg~!, markedly higher than
side (4.87%) and back (9.96%) 13.77% of secondary incidence produces inci-
dence. This explains the elevated SEU cross-section for frontal incidence and
the experimentally observed directional sensitivity variation. The work clarifies
the directional dependence of atmospheric neutron sensitivity in CT 3D NAND
Flash, supporting accurate reliability prediction and radiation-hardening design.
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1 Introduction

vertical density. employs limitation, architecture planar NAND technology con-
tinues to scale according to Moore’ s law, key reliability metrics such as charge
retention and endurance have significantly degraded[1]. To overcome stacking
technology has been introduced into flash memory architectures[2]. Among
these developments, charge-trapping 3D NAND flash memory cell design and
vertical cylindrical substantially structure, channel increasing storage gate-all-
around greatly enhances interference immunity, leading to a systematic improve-
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ment in data retention under radiation exposure[3-6].

However, charge-trapping memory cells shrinks further, electrons number rep-
resenting a single bit of information decreases considerably. This reduction
sharply increases sensitivity of modern flash memory to single-event Conse-
quently, ionization compared with earlier technology nodes, contemporary ex-
perience single-event upsets induced lower ionization energy. flash memory par-
ticles with relatively effects. feature effects research been made In recent years,
significant progress single-event in flash (SEE) memory devices, with multiple
teams systematic conducting worldwide studies across various flash memory
types[7-16]. heavy-ion Regarding irradiation, charge-trapping (CT) 3D NAND
flash memory by Yang Jiao et al. analyzed the correlation between the number
and size of multiple-bit upsets and the linear energy transfer (LET) of heavy
ions[17]. experimental work influence examined susceptibility currently latch-up
(SEL) In studies of irradiation mechanisms, M.

Bagatin et al. observed significant threshold voltage shifts in floating-gate (FG)
3D NAND flash memory under irradiation[18]. neutron atmospheric Through
irradiation heavy-ion experiments, Xuesong Zheng et al. revealed single-event
in the peripheral circuits of commercial CT 3D NAND flash memory [19]. Fur-
thermore, D. Peyronel et al. investigated the sensitivity of 3D NAND flash
memory to broad-spectrum neutron-induced SEE multi-chip architectures and
memory management data structures on device rates[20]. To error knowledge,
there reported studies on the irradiation effects of atmospheric neutrons on CT
3D NAND flash memory. With expanding application of CT 3D NAND avia-
tion, fields automotive communications, neutron electronics, induced SEE may
pose a serious threat therefore to system reliability. imperative characteristics
atmospheric neutron-induced SEE in this memory technology. Moreover, as
these devices are often integrated into systems with complex three-dimensional
layouts and may be exposed to radiation from various angles in real operating
environments, understanding the angular dependence of their neutron sensitiv-
ity reliability evaluation effective radiation-hardening design. investigate and
mechanisms atmospheric accurate essential This study employs a combined ex-
perimental Carlo simulation approach to investigate the and Monte influence
of different incident directions neutron-induced atmospheric single-event upsets
in 128-layer CT dual-deck stacked 3D NAND flash memory. The addresses of
soft errors were converted into three-dimensional spatial distribution maps to
analyze the formation mechanisms of multiple-cell upsets with different physical
shapes. incident direction on The impact of single-event upsets in CT 3D NAND
flash memory was systematically examined. Monte Carlo simulations were used
to reveal how the key secondary particles characteristics of including particle
type, linear energy transfer value, and range generated from neutron interac-
tions with the sensitive volume (SV) under varying incident angles influence the
SEU mechanisms. the spatial The results indicate that distribution particles
produced by neutron irradiation within the three-dimensional memory array
is a critical factor in determining both the shapes of MCUs and the physical
number of across different incident directions. single-bit upsets secondary
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2.1 Device under Test

This study used commercial CT 3D NAND flash memory chips (X2-9060) from
Yangtze Memory Technologies (YMTC) as test samples. Atmospheric neutron
beams were directed onto the device under test (DUT) from different incident
angles. As shown in Fig.1: (a) Schematic neutron beams irradiating the DUT
at various angles; (b) The device under test; (c) atmospheric Cross-sectional
SEM image showing the chip’ s typical three-layer structure, which consists
from top to bottom of a passivation layer, a 128-layer stacked memory array
(dual-deck structure, total thickness 8.7 um), and a CMOS circuit layer; (d)
The memory cell features a Macaroni structure design. angle incident (a) The
Fig.1 atmospheric neutrons on DUT (b) Device under test (c¢) SEM view of the
128-layer 3D NAND flash memory (d) 3D CT architecture All tested chips were
configured in single-level cell (SLC) mode, providing a total usable capacity of
23 GB. The memory architecture consists of 1980 blocks, each containing 768
pages.

Every 6 pages constitute one physical layer, resulting in a total of 128 layers.

Before irradiation, consecutive read operations were performed to screen and
select 10 blocks free of random errors, establishing a baseline for subsequent
error statistics. The final test sample size was 1006632906 bits. three study em-
ployed sealed-package test scheme to ensure the device operated under realistic
working conditions. Prior memory cells in the device under test to irradiation,
25°C. were programmed with an initial data pattern of “AA” . The experiment
was performed under static bias at a constant Neutron temperature irradiation
lasted for 30 minutes, during which the device was supplied with its and boron
rated operating voltage, carbide shielding was used to suppress thermal neutron
interference. As shown the neutron beam spot in Fig. 1 Figure 1: see original
paper, measured fully 2.5 cm x 2.5 cm, covering the chip surface.

2.2 Neutron source

neutron Atmospheric using irradiation study were experiments the Atmospheric
performed Neutron Irradiation Spectrometer (ANIS) at the China Spallation
Neutron Source .

As shown in Fig.2 [Figure 2: see original paper], ANIS generates a broad-
spectrum neutron beam by tungsten target with bombarding a high-energy
protons[21-23].

Its neutron energy spectrum, ranging from meV to atmospheric environment
neutron defined by the JEDEC standard[24]. With a flux intensity approxi-
mately 10° times higher than the natural atmospheric flux, ANIS enables ac-
celerated simulation of neutron-induced effects. closely matches Comparison
Fig.2 Neutron Differential Energy Spectra between ANIS and JEDEC]|24] The
neutron fluence rate employed in this experiment was approximately conditions:
results indicate 1$x107{6}$ cm~2 - s1. Test that the single-event upset cross-
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section of the device remained stable under two 1.09$x107{6}$ different cm=2 -

st and 1.21$x107{6}$ cm~2 - s71. To ensure

experiment

fundamental principle of maintaining an error statistical preventing effectively
deviation caused by error accumulation. reliability, adhered statistical strictly
occurrence of <1

3.1 MCU Screening

number After each irradiation, the chip was immediately read back three con-
secutive upsets times. The occurring in the pre-selected error-free blocks was
counted for each read cycle.

The median value from these three measurements was then taken as the effective
number of upsets for that test run. Accurate identification of MCUs is especially
critical, given the inherent structural characteristics of 3D NAND flash memory.

Identification Methodology:1)The logical addresses of all experimentally ob-
tained soft errors were converted into physical addresses using table, yielding
the three-dimensional physical coordinates of each upset.Multiple soft errors oc-
curring in spatially adjacent memory cells were classified as a single MCU .2)
For 3D NAND flash memory, an MCU is specifically defined as a fault in which
multiple cells located event ion trajectory and along the physically within three-
dimensional undergo simultaneous logic state flips. address mapping adjacent
array In contrast to the planar MCU distributions typically observed in 2D
NAND, MCUs in 3D NAND exhibit pronounced vertical propagation along the
stacking direction. Such events are defined by three key criteria: 1) a common
underlying bit-flip mechanism; 2) spatial adjacency in physical layout; 3) induc-
tion by a single high-energy particle. Notably, 3D NAND architecture, each WL
corresponds to an independent page. As a result, bit flips single occurring ver-
tically along a string—though physically adjacent—are mapped to different byte
addresses at the logical level, and thus are registered and counted as single-bit
upsets (SBUs).

3.2 Experimental Results

logical Through physical address mapping relationship, this study constructed
the SEU spatial distribution maps with three dimensional coordinates for differ-
ent incident direction.

String String Front direction Side direction String Fig.3 Three-dimensional dis-
tribution of SEUs under different incident direction[17] Back direction Heavy
ion Fig.3 [Figure 3: see original paper], illustrated characteristic distribution
patterns of atmospheric neutron-induced SEU are observed within the three-
dimensional memory array: 1) randomly distributed discrete upsets, 2) “string-
like” clusters aligned along ion trajectories. Physically, during programming
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operations, the gate field driven electron injection leads to localized charge trap-
ping within the charge trapping layer. When incident neutrons undergo nuclear
reactions in the memory secondary array, particles generated can cause ioniza-
tion.

The resulting ionization charge may be shared among adjacent sensitive nodes,
giving rise to MCU. In contrast to the dense “string-like” clusters produced
by irradiation (LET =11.4MeV - cm? - mg™!), as shown in Fig.3(d)[17], the
sparser “string-like” features in Fig. 3(a),(c) suggest that only secondary small
atmospheric particles neutrons interacting with the memory layers are high-
LET, long range heavy ions. fraction of generated As shown in Fig. 3, at-
mospheric neutron-induced MCU display diverse three-dimensional distribution
patterns[25,26]. Based on the classification spatial and statistical analysis of
MCU events of varying sizes, the key qualitative characteristics summarized in
Table 1 were derived in this study.

Table 1 Logical sizes and shapes of different MCUs 2-bit MCU 3-bit MCU 4-bit
MCU 5-bit MCU 6-bit MCU 7-bit MCU As summarized in Table 1, maximum
observed neutron-induced MCU is 7 bits, and the spatial distribution of MCUs
shows a pronounced dependence on the incident direction. MCU events pre-
dominantly extend along the direction of incoming neutrons. Under both front
and back incidence, the MCU shapes are mainly “string-like,” with only a few
exhibiting “L-type” distributions. This pattern alignment between the neutron
beam and the bit-line (BL) direction, which causes most secondary particles
to travel along the BLs, with only a minor fraction deviating from this path.
contrast, when neutrons are incident from the side (parallel to the word-line, ex-
plained direction), proportion “L-type”MCUs increases relative to the front /back
cases. Since charge transfer in 3D NAND flash memory occurs primarily along
the bit-line direction, “string-like” remain patterns three dominant morphology
across all irradiation angles. their proportion MCU events show a distinct range
dependence: significantly lower than that of SBUs.

This distribution characteristic correlates strongly with the atmospheric neu-
tron energy spectrum, which is dominated by neutrons with energies below 10
MeV, while those above 10 MeV are relatively particles scarce. Most produced
by neutron interactions with the memory cells possess low LET and secondary
cannot traverse short ranges. Owing to their low LET and limited penetration
depth, these adjacent particles their memory layers. Consequently, energy depo-
sition is effectively confined to individual cells, making them the primary cause
of SBUs. Conversely, a small fraction of secondary particles with high LET
values and long ranges constitute the main mechanism inducing MCU events.
Furthermore, all observed MCUs are randomly distributed within the memory
array, confirming their neutron from atmospheric origin interactions.

Calculate the SEU cross-section and MCU cross-section atmosphere using the
following formula: upset SEU j the number of In the equations, cSEU represents
the SEU cross-section of the device; Nupset denotes single-event upsets; ¢ is
the total neutron fluence, the total number of neutrons received by the device
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during the experiment; Nb is the test sample size; cMCU represents the MCU
cross-section of the device; and NMCU is the number of MCU events.

Front Incident direction Fig.4 The number of SEUs and MCUs at different in-
cident direction and the proportion of MCUs in SEUs Front Incident direction
Fig.5 The cross sections of SEU and MCU under different incident direction
number incidence represents As shown in Fig.4 and Fig.5, the front “worst-
case” direction in terms of susceptibility. Under frontal irradiation, atmospheric
neutron-induced SEUs is 25% higher than under side or back incidence, the SEU
cross-section is 26.9% greater, and the number of MCUs is 50% higher. In con-
trast, the SEU and MCU counts side and back incidence are under comparable.
directional primarily dependence differences in neutron interactions with mate-
rials outside the sensitive volume: first side incidence, neutrons under interact
with material, whereas under back incidence, they interact mainly with copper
(Cu) the metal Because interconnect layers. reactions with probability of nu-
clear tungsten and copper is higher than with silicon, sensitive volume in the
side and back directions. Consequently, both SEU and these MCU counts are
lower under tungsten-based neutrons tungsten fewer stems reach orientations in-
cidence. compared frontal Pre-rad E > 1MeV Post-rad E > 1MeV Vth-Vref/mV
Fig.6 Vth distribution before and after irradition at atmosphere neutron before
circuit, current integrated Figure 6 [Figure 6: see original paper] illustrates the
shift threshold voltage (Vth) before and after irradiation. As the tested device is
a fully direct packaged voltage measurement characteristics after feasible. From
the irradiation is not perspective effect single-event mechanisms, when high en-
ergy neutrons strike the memory array, the secondary particles generated along
their tracks induce a shift in the Vth of the affected memory cells. A bit flip
occurs when this shift exceeds the read reference voltage[24]. In the figure, the
horizontal axis represents the voltage offset relative to Vref, and the vertical
axis indicates the number of read errors at each voltage level. The experimental
results reveal a threshold leftward shift voltage distribution after irradiation,
accompanied by an increase in the error energy confirms count. This deposited
generated secondary particles within the memory cell region leads to the flipping
of cell states. in the overall neutron Fig.7 Schematic diagram of the sources of
MCU of different sizes Fig.7 schematically illustrates the origins of MCUs of
different sizes, where the red cells represent upset memory cells. Notably, due
to the high aspect ratio of the via etching process, each via exhibits a tapered
profile. This results in non-uniform charge-trapping characteristics across differ-
ent memory layers, so that not all cells along the same ion trajectory experience
an upset.

As shown in Fig.7, most secondary particles generated under front and back
neutron incidence propagate along the BL direction. Spatially, they follow the
the vias, creating axial direction of continuous that penetrate multiple mem-
ory layers and giving rise ion tracks to large, vertically (Z-axis) aligned MCUs.
For side incidence, secondary particles travel mainly along the WL direction.
Compared with 2D NAND flash, where transfer occurs charge predominantly
along BLs, these particles readily induce upsets in neighboring cells along the
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BL direction, forming large MCUs oriented vertically along the Z-axis. A small
fraction of secondary particles deviate from the incident characterized by lower
LET values, direction; these ranges, and a limited spatial short influence region.

Mechanism analysis reveals that large-size MCUs formation of depends primarily
on two key factors: (1) the proximity of the ion track to the center of the sensitive
volume,when a secondary particle passes close to the sensitive region center,
the induced Vth shift becomes large enough to overcome the critical-charge
variation caused by fluctuations; process the secondary particles properties of
themselves—only those with sufficiently high LET and long ranges are likely
to produce large MCUs. blocking layer. The 10 nm polysilicon channel, an
8 nm SiO, tunneling layer, an 8 nm SizN, charge trapping layer, and an 8
nm device Al,O5 back-end includes 17 layers of metal interconnects. In the
simulations, 1$x107{9}$ neutrons were incident from the front, side, and back
directions, following the measured atmospheric neutron energy spectrum shown
in Fig.2. A single charge-trapping layer was defined as the SV, with geometric
dimensions of 92 nm (outer nm (inner diameter) x 34 nm (thickness). diameter)
x 76 These experimental observations align well with theoretical expectations.
neutron Because spectrum contains a relatively small fraction of neutrons with
energies above atmospheric

10 MeV (Fig.2), the yield of high-LET

secondary ions is low, which directly large explains the low proportion of MCUs
observed. Moreover, neutrons undergo nuclear reactions more readily with tung-
sten (W) and copper (Cu) than incidence, a with silicon. Under front larger
number of neutrons interact directly within the sensitive region, generation fur-
ther secondary particles that can induce upsets. favoring

3.3 Monte Carlo Simulation

Based references[27,28] reverse-engineering data, a simulation model of a 128-
layer 3D NAND flash memory cell was constructed in this study. As shown
in Fig. 8 [Figure 8: see original paper|, the structure Its A-A cylindrical via.
features cross-section, from inside to outside, comprises: a 20 nm oxide filling
layer, a Fig.8 Model of the NAND Flash device Front a Li BC N O F Na Mg Al
Si Er Tm Yb Lu Hf Ta W Secondary ion species in the SV Fig.9 Atmospheric
neutrons induced secondary particle distribution in the device SV (E > 1MeV)
Fig. 9 [Figure 9: see original paper| presents the distribution of secondary
particle species (with E >1 atmospheric generated incidence, neutrons within
the SV. For front, side, dominant secondary ions are silicon and nitrogen.

Since the sensitive volume consists of nitride material, the primary interaction
mechanism is elastic scattering between neutrons and the sensitive region, which
produces particles.

Notably, under side and back incidence, particles secondary secondary generated
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these include a small fraction of high-Z ions, being higher reactions with both
the variety and quantity of incidence. This difference arises from nuclear that
occur before neutrons reach the sensitive volume: in side incidence, neutrons
interact mainly with tungsten based gate material, whereas in back incidence
they traverse multiple metal layers (containing W and Cu). The longer path
in the back layers through metal direction leads to a greater diversity and in-
terconnect The simulation results in Fig.10 show that most secondary particles
have low LET values (<5 MeV + cm? - mg~!) and short ranges (<100 nm), which
are the primary cause of SBUs. A small fraction of ions, however, exhibit high
characteristics MeV « cm? - mg™!). The maximum LET of secondary particles
within the sensitive volume reaches 12.11 MeV -+ cm? - mg™!.

In the memory cell studied here (Fig.8), such particles can penetrate up to seven
adjacent cells along the via direction, thereby inducing large-size MCU events.

The proportion of secondary particles with LET >5 MeV « cm? - mg ™! is 13.77%
significantly incidence, under higher than under side (4.87%) or back incidence.
Although more (9.96%) front high-Z secondary particles generated in side and
back incidence, the number of neutrons that actually reach the SV is reduced
due to absorption and abundance high-Z secondary scattering in the side-gate
structures and particles. back-end metal layers. Furthermore, some high-Z
particles produced in these explain why directions cannot reach the SV because
limited range. These factors their total collectively front number of SEUs is
higher incidence incidence. is worth noting that although secondary particles
predominantly strike the active layers vertically, a small fraction near the center
produce oblique which trajectories, fundamentally the variety of MCU accounts
physical shapes observed in Tablel. The agreement between simulation close
Fig.10 LET and range of secondary ions in the SV induced by incident neutrons
with various energies(E > 1MeV) results and experimental data confirms the
validity of the adopted physical model.

Based on Fig.10, the critical charge for SEU generation in the 3D NAND calcu-
lated. flash memory secondary

analysis

Statistical particles within the same critical charge interval is equivalent to de-
termining the particles distribution within that interval. Using equation (5)
from reference [29], the critical charge is derived. secondary Where QC is the
critical charge (fC), LETth is the LET threshold for inducing an SEU (MeV -
em? -mg~1), pSi is the density of silicon material (mg/cm?), d is the thickness of
the sensitive volume (cm). neutron irradiation Due to the significant mismatch
between the sensitive volume area and probability charge distribution deposited
by secondary particles within the sensitive volume was normalized using Equa-
tion (4). area, total Where WLET the distribution probability of the deposited
charge from secondary particles, N is the number of incident neutrons within a
specific deposited charge range, Ntotal is the total number of incident secondary
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particles, SSV is the incident area of neutrons on the sensitive volume, and SSi
is the incident area of neutrons on silicon.

Front Chare deposited in the SV(fC) Fig.11 Probability of charge deposited
in the SV by secondary ions induced by incident various neutrons energies(E
> 1MeV) small deposited Fig.11 shows the distribution of charge atmospheric
neutron-generated secondary particles within the device’ s sensitive volume.

Owing geometric cross-section of the sensitive volume, the effective neutron flux
reaching this region is relatively low. Simulations reveal the maximum charge
deposited by secondary particles in the 4.26 fC. sensitive Further critical charge
associated with secondary particles produced under side incidence is generally
lower than that for front and back incidence. This difference explains why the
deposited charge proportion of large-size MCUs to the total SEU count for side
incidence is only 0.44%, which is markedly lower than the proportions for front
incidence (1.18%) and back incidence (0.83%). reaches indicates

analysis

volume

4 Conclusion

Using meV-GeV broad-spectrum neutron beam from the Irradiation Neutron
Atmospheric the China Spallation Spectrometer at study Neutron Source, that,
contrast different directions systematically investigates the influence incident at-
mospheric neutron-induced SEUs in 128-layer CT dual-deck stacked 3D NAND
flash memory. The

results

indicate that the dominant failure modes neutron broad-spectrum under irradi-
ation are SBUs and MCUs. By reconstructing three-dimensional spatial SEU
events, we distributions observed characteristic “string-like” distribution induced
by heavy ions, neutron-induced SEUs exhibit a predominantly random spatial
distribution, with only a limited number showing of MCU events “string-like”
patterns. Both SEU and MCU counts are higher under front incidence than
under side or back incidence. The MCU patterns are mainly “string-like” ; with
a fraction appearing as “L” -shaped clusters. The maximum number of upset
bits within a single MCU event was found to be 7 bits. small Based on experi-
mental data and reverse-engineering analysis, a device model developed neutron-
transport simulations were performed. The simulation results show that under
front incidence, the secondary particles generated by neutrons within the sensi-
tive volume are predominantly nitrogen and silicon ions. In contrast, incidence,
and backside under high-Z particles such as Er, Yb, Ta, Lu, and W are also pro-
duced in addition to nitrogen and silicon ions, with the variety and abundance
of these high-Z backside incidence. This outcome is mainly attributed to nuclear
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reactions that occur between the incident neutrons and the tungsten-based gate
material or the copper and tungsten containing layers before the metal neutrons
reach the SV. interconnect front under incidence, Further simulation analysis
shows proportion of secondary particles with LET greater

5MeV « cm? » mg !

reaches 13.77%, markedly higher than that under side incidence (4.87%) or
back incidence (9.96%). This higher yield of high-LET particles results in a
significantly larger SEU cross-section incidence compared to the other two ori-
entations, which explains the experimentally observed directional dependence
of SEU sensitivity. front Author contributions:
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