) 32 % 3R Acta Phys. Sin. Vol. 75, No. 3 (2026) 030817

KEHRFAEBEEZEHRE 3D NAND NEH5| £
BN TR R R

Fumv) K2 g§Y HFIEY #EwY FED
B EEDT K A2

1) (ZBORZFYBRE S1E BHARITERE, &L 230601)
2) (TP FME BT T2 I ST BT, Ha Fooas TStk R 2 M E G500, M 511370)
3) (P EBFEBEATCHERIIZERN, 22 730000)
(2025 4£ 8 1 20 HUkH; 2025 4 11 A 27 HURE B k)

FHe T E R P PR R TR RS ALY meV-GeV SERE IS H T3, XF 128 /2 H i 74K 5 (charge
trap, CT) 3D NAND [N A7 JF & rh -7 4 B S2 56 M B AF58 & 31, CT A 3D NAND [N A7 76 58 8 1% b 75 I T
B 32 B e A5 5k B Bl A% (single bit upset, SBU). £ HIGHI %% (multiple cell upset, MCU), HH SBU 5§ Lt
A 82.6%. i i 4 d Bk F BHFE (single event upset, SEU) {4 () = 425 8] 0 A R & B, AR F 5 & F SEU B
ALY oA, T SEU R B 1 35 R BE AL A 8] 43 A5 4 L, AUAETE D o <H AU J3 A 1 MCU . 72 MCU 5
P, 2 £ MCU (& Hodieimi, 182 MCU $04 89 83.6%, # T 2 67 (9 KR SF MCU (5 He 2l 16.4%, fie KB MCU fif
R 7. MCU BRI AST 7 0 4040 o . i — 2P Wb Fhnis g5 a5 R R, h FES U R I N ™
R TR T RN N BT S F. Hod ) ke %% (linear energy transfer, LET) /NF 10 MeV-cm? mg ™
FREE BT 5 £, Bk SBU IWERERF K. D& LET AKX, KN ZKALT 2 MCU 7= L7 .

S&417: 3D NAND [N17, RAUH T, ok 7RI, 2 5o

DOI: 10.7498/aps.75.20251123

1 5 =

B P 1] NAND 5% {F 38 15 B /R 7E HE 5 25 13
A, A7 EICHY HLAT DRAF AE ) 5 TR B2 1k 458 ] A
PR BN R BOX — R, T EES T2
FIATNAE 2. b B A 3884 3D NAND [N A7
R IR AE AR BT R EA I 45 F R IR S T T
PERITR 9 S S N B g AR T R L 7 N
J1, (RSP T RS RS B R Gk ek
NN EP SNy i R R IR R e vt S (AN )

CSTR: 32037.14.aps.75.20251123

ANWTAR /N, BT BRI Y HE B0 3
BT A DA A7 X6 B~ Fi, 1 800 ) e 2 i 48
SR, 3K — AR RN A TR T2 5,
AR IR AT R SR B B8 ) AR 15 K
B,

AR, INAF & 14 B R 200 (single-event
effects, SEE) W53 iufs 7 & Bk, W21
AF 5 AT BT %5 AN ] 2 U [N A7 25 0 I e T R Ge Pk
G001, A B 4 BRSO B9 5 T, Jiao S5 061 %
CT % 3D NAND [NAF#EAT T 529 5E, =Rl oA
T Z A B A AR R R S B R A

* ERARRIERES (S 12175045) FE K E SRR T (EHES: 2023YFF0616600) %5 B4 RS

t BfE1E#E . E-mail: luguog@126.com
i iBfE1E#E. E-mail: zhangangzhang@163.com
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

030817-1


http://doi.org/10.7498/aps.75.20251123
https://cstr.cn/32037.14.aps.75.20251123
mailto:luguog@126.com
mailto:luguog@126.com
mailto:zhangangzhang@163.com
mailto:zhangangzhang@163.com
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 3 (2026) 030817

(linear energy transfer, LET) {H /) JCIBRRA:. 7E4R
HERE VLR SE )7 1, Bagatin 45 07 R B FG %! 3D
NAND [NAFFE RS H 746 BT & BLEA 1Y) B (8
HUR RS AL, Zheng 45 18] 3 10 & i 14 R SC 0 48
7R TRIH CT % 3D NAND [NAE4 M Ha 8% %) Bk
-4 (single event latch-up, SEL) %00 ELA 5 i 1)
e, SR, F AT E A S R A TR T
CT %Y 3D NAND [N f7 58 BAL N A FE i . Bl
CT #4 3D NAND [NFFTEMTS | BAF VR4 SR Y
KAENH, R FAEHFEL N SEE o] fgxt i A
AT P ™ E R, 2T CT %4 3D NAND
NI KRS T SEE SR AHLERIFSE.

AMWFFER S50 5 SRR B AR S & 1 7
2, WF5E T 128 2 CT BIXUEHER 3D NAND AT
H KA T & B Bk B SO0 . R A R
il 2721 Rt e 517 i < A I N G L 7/ B e AL
JC B A T L] . 38 i SRR B 5 ELE s
F 5 AR SO AR AR T ORL T B G RR
P (Fh2& | LET (B 5 S8 ) Xt Boki 1 B85S 1 52 il
il WFFEEE A, rp A AR I OB T
YEAE At R 51 e i) 23 8] 0 A SRR S e MCU 3
FEARFFAE B I

2 LIS

2.1 #EEE

A B 5% 2R A VL AE 6 BB A BR 524 A ]
(YMTC)X2-9060 7 F§ CT % 3D NAND [N 77 .5
FAE R SRR, B 1(a) MR PR EA
Shts R 3R B 1(b) M F B EE (scanning
electron microscope, SEM) # i &, &8 AR
A =258, A BN )2 /)8 )2 | 128
JZHEBAFAE 48] (W deck £5 4, B 8.7 pm)

(b)

F1 CMOS HLH)Z; E 1(c) & 3D NAND [N 7R
"N Macaroni Z5¥1%1t.

A I R YL A B ZE BROT (single-level
cell, SLC) A5 GA T, Wl g F4E SLC R
SR 23 GB, HAMEAM AL 1980 MF itk
(block), #E4~ block H1 768 4~ 1T (page) # i, % 6
> page AW — WAL Z (layer), 2 128 4
layer. SCIGH % 22 — UK [B1E07 % 10 > TR LS
1A block 1 A48 H i, A MREEA 2
1006632906 bits.

ARHIF 5 R P 2 Ry 8 AR UE B &
SETARIRE. SCEORT, FRLE I A% OTS A
UWAEEE AA. FRIRSCIIGHE 25 °C fEIRIREE R, R
FE SRR, 48 EHE S 30 min, 4% A
[t e TAR I RN 2 cm 1 fRALTN
B 4. Kl 1(a) FraR, 2.5 ecmx2.5 cm
4 T SRUBE 5 4 7 508 R T

2.2 HFiE

A5 HEE T EECEE 7R (China Spallation
Neutron Source, CSNS) K H T4 Y (atmo-
spheric neutron irradiation spectrometer, ANIS)
TFRRA TR BRI, ik 2 s, ANIS i#id
o BB ST S i B A 7 A W RE R b o D021 g
I3 (meV-GeV) 5 JEDEC FRufEZy Ay ELSE K
AP INEHGE B H AR T 100 £, TS
KA TRV A A,

SRR R ERA R 13100 cm 27
R 25 F R, 7E 1.09x 100 A1 1.21x10° cm 2.5
PR R, A A SOk R B PR A5 AR
SE. ARG AT SRV, S AR I B 1R A
Rl st BYFEAEN, ARk TR R DR R AR
g 2.

(e) 518

g )z
HUPAERRZ
— BHP2

T2l 2

GO ST

M/ WL
JZ )k )2

K1 (a) # B (b) 128 2 3D NAND (N7 SEM LI ; () 3D NAND [N 17 =2 7l
Fig. 1. (a) Device under test; (b) SEM view of the 128-layer 3D NAND flash memory; (c) three-dimensional model of 3D NAND flash memory.
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Fig. 2. Comparison of neutron differential energy spectra
between ANIS and JEDECP.
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Fig. 3. (a) Three-dimensional spatial distribution map of SEU under atmospheric neutron irradiation conditions; (b) under the condi-

tion of heavy ion fluence rate of 1x10° ions/cm?, the three-dimensional spatial distribution of SEU with LET of 11.4 MeV-cm?mg 0],
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Fig. 4. Schematic diagram of the sources of MCU of different sizes.
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Fig. 5. Model of the NAND flash device.
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Fig. 6. Sensitivity volume and its position.
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Fig. 7. Atmospheric neutrons induced secondary particle
distribution in the device SV (E > 1 MeV).
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Fig. 8. The LET value and range of secondary particles

generated by atmospheric neutrons in the device SV (E >
1 MeV).
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Fig. 9. Deposition charge of atmospheric neutrons in the
device SV (E > 1 MeV).
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Abstract

In this work, an experimental study on the atmospheric neutron single-event effects in 128-layer charge

trapping (CT) 3D NAND flash memory is conducted by using the atmospheric neutron irradiation spectrometer

(ANIS) at the China Spallation Neutron Source (CSNS). By integrating irradiation experiments, reverse

analysis, and Monte Carlo neutron transport simulations, the influence of atmospheric neutron irradiation on
the multiple-cell upset (MCU) susceptibility of CT 3D NAND flash memory is investigated and the underlying
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mechanisms, including the distribution of secondary particles within the sensitive volume and the characteristics
of deposited charge are analyzed.

The results indicate that under broad-spectrum neutron irradiation, the primary failure modes in CT 3D
NAND flash memory are single-bit upsets (SBU) and MCU, with SBU accounting for 82.55% of the total events.
By constructing a three-dimensional spatial distribution map of single-event upset (SEU), it is observed that
compared with the dense “string-like” distribution formed by ™Kr ion irradiation (LET = 11.4 MeV-cm?>mg!),
the spatial distribution resulting from neutron-induced SEU is much more random, with the former having only
a small number of MCU showing a “string-like” pattern. Among the MCU events, 2-bit MCUs are dominant,
accounting for 83.6% of all MCUs, while larger sized MCUs (>2 bits) makes up 16.4%. The maximum observed
MCU size is 7 bits. Furthermore, the spatial distribution of MCUs is primarily aligned along the direction of
neutron incidence.

By using the reverse analysis results, a device model is constructed, and Monte Carlo neutron transport
simulations are performed. The simulation results reveal that secondary particles generated in the sensitive
volume (SV) of the device by neutrons with energy E > 1 MeV are predominantly silicon ions (37.98%) and
nitrogen ions (27.95%). Since the SV material is nitride, the interaction between neutrons and the SV is mainly
elastic scattering, during which secondary particles are produced. Among the secondary particles generated in
the SV, most propagate along the direction of neutron incidence, while a small number of secondary particles in
the central region produce oblique tracks. The majority of secondary particles generated in the SV have low
LET values (<5 MeV-cm?>mg!) and short ranges (<100 nm), and these secondary particles are the primary
cause of SBU. However, approximately 1.2% of the ions exhibit high linear energy transfer (LET) values
(>10 MeV-cm?mg?), with the maximum LET value of secondary particles in the SV reaching 12.05 MeV-
cm?mg!. A small number of secondary particles with high LET values and long ranges are responsible for

generating MCUs.
Keywords: 3D NAND Flash, atmospheric neutron, single event upset, multi cell upset
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