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Table 1. 55 nm MOS transistor process parameters.

K NMOS (nfet) PMOS (pfet)
HHL /nm 60 60
R E AL RS /m 2.6x107 2.8x10°¢
Pt /IR 25T /m 1.0x10°7 1.0x10°8
Z AR IR R B /em ™ 1.0x10% 2.6x10%0
EBARE /cm ™ 3.2x10"7 2.0x1018
V5t /TR AB A fem 1.0x10% 1.0%10%

3 H#ER 536
3.1 3EMEHIFE TS DICE mEDifFER
JTHI SEU #f3%%

DICE £5#4 S5& g7 s oot te, 38 im0
KNS T &M 5, 59 F A DA, DB,

066103-2


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. 73, No. 6 (2024) 066103
10L& - TCAD 1.0 L(b) —— TCAD
' — SPICE ’ — SPICE
< <
S 05} S 05)
Al —
< >
~ ~
0F Or
0 0.50 1.00 0 0.50 1.00
Va/V Vo/V
0 | (c) —=— TCAD 0 | (d) —— TCAD
—— SPICE —— SPICE
< <
T2t 7ot
S S
= >
~ ~
4+ 4}
—1.00 —0.50 0 —1.00 —0.50 0
Va/V Ve/V

1 MOS & - R AL ESS R (a) nfet 837 [V BHEMZE; (b) nfet 83 1F [-V, KeHENZR; () pfet avff [V, R HEMNZL;

(d) pfet 1 Iy- V, B EHZE

Fig. 1. Current-voltage characteristics calibration results of MOS tube: (a) The I;-V4 calibration curve of nfet device; (b) the I3-V,

calibration curve of nfet device; (c) the Ij- V; calibration curve of pfet device; (d) the Iy-V, calibration curve of pfet device.
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SEA B AR AR R INV, #4558 d g an & 2 i 3
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{45 F1 DICE Jin[& 45 5 b DP4 1 DN3 S R4 3
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NMOS (Nhit, NMOS hit) 4% PMOS (Phit, PMOS
hit), HL#Y % L SEU H LET B ARG, Hop,
MN1 ¥ LET B{H{L N 0.6 MeV-cm?2/mg, MP2 ()
LET B{E{L M 0.5 MeV-cm?/mg.

£ DICE HL A BLrfr, 51 A [R] 8 % BR 2 1
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DC, DD 5 i LR 128 4k, 5 FLE5E SR AN 1A 5 P,
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(b) VDD

D1

VDD VDD

—o| MP3 o]

—| MN3

VSS VSS

2 BRESUE BT L R B (VDD, LI VSS,
HEMbS L IR : CLK1/CLK2, AR5 %) (a) bR BI77 20 TE
FH HORE 35 i MINL s (b) s v 877 50 0 H 8% rpok £
Fili MP2 itk

Fig. 2. Circuit diagram of standard latch cell: (a) Particle
bombards the drain of MN1 in the standard latch cell cir-
cuit; (b) particle bombards the drain of MP2 in the stand-
ard latch cell circuit. VDD, power voltage; VSS, ground ter-
minal voltage; CLK1/CLK2, clock signal.
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T.ZF DICE #it SEU MR85 A G 2 Z [H] (1) %
R, Horp R8RSR B R AR, R
1R SIS LT R 2, R ELIG S A RS EL AR
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JE N B, H A MOS 572K H Hi A

SR FH = 4 B0(E A5 40 T 3k R T A B R R
NMOS 5 PMOS Jithk, 38BN RS54 T MOS
#) LET BI{E, 23Fr A6 LET {8 A5 B MOS
)] BE X SEU SHUBE B 520, 45 ELAE R an g 2
e 3 ). Ho—, Bl fb A Tl ] R A B AR B A
SRS R, LET B{E 5220 B N ks, ar il
51% SEU MU AGHRLT LET {54 5%, th5 A4t
AR LA K& MOS & RIAIEA ¢, 7E/NA S L K
MOS ERIBIFEMSAE T, #84HT SEU Mgk E]
e, JREAE T MOS 45 [l [R1RE A/, 1 il 4

(a)
VDD
—o| DP1
DB|
— [ DN1
VSs
VDD VDD
—] [DP2 4 [DPs
DD|
I N9 CLKl—ol DP6
VSS CLK2—| DN5
—— [DNe
Vss DC

(b) vDD DA
—— 4 [Dpp3
INV
CLK1—] DP4
CLK2 DN3
VDD —
| [DN4
—c| DP1
DB| VsS
—1 [ DN1
VSS
VDD VDD
— [ DP2 9
DD|
| [DN2 CLK1—
VvSS CLK2—|
VSS DC

¥ 3 DICE &5 i) i i Ji 2 5]

(a) ¥iF35 i DICE Hi B+ DN3 stk ; (b) #7137 DICE Hi %+ DP4 itk

Fig. 3. Circuit diagrams of DICE structure: (a) Particle bombards the drain of DN3 in DICE circuit; (b) particle bombards the

drain of DP4 in DICE circuit.
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Time/ns

K4 kR d bR EBUF T T MN1 s AR D1, D2 19 s F
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Fig. 4. Transient voltage change of D1 and D2 nodes when
particle bombards the drain of MNI in the standard latch
cell circuit.

FLff B RS AR /N (AR A X6 [T R oS 4 FL 1y 1Y)
MR AR, MOS 45 [a] ¥ far JE 2200 3 585 BT A
AR EE RSN, AR AE R T T AR R Y L S
BRI, DL R ZE i B B ARG K MOS 45 (1]
Ffr RN IR, e T B U X Bl L g
MR TF-2 7O 2. 2 /MR (<30°) AT
ZFF, Nhit B4 5T Phit 89 LET B{E, 28 H
HAIL SEU fUsetE. {H Bl 2 i f 3% K, Nhit 9 LET

1.00

Z 0.50 +

]

&

&

=

o

> 0 -
T WEASIKTE/ns

_osol DA 0.300
DB 0.275
4.50 5.00 5.50 6.00

Time/ns

¥l 5 DICE Hi & ol 735 i DN3 Il 2% 15 i i R A2 Ak
Fig. 5. Voltage variation of each node when particle bom-
bards the drain of DN3 in the DICE circuit.

B {E AR PR, BE A H Phit B9 LET BI{EEAR, 7]
Ul Nhit XA S A 0 BUSMEE KT Phit. JRRET
0 F RN, E 5 R A R R TR R
345 F N EERI & 4 SEU. HESIR T, KB4
REMPEL D, B R IE R R 2 G R A A
A%, {45 Nhit WS F T IEERCR L Phit AR
25 N AE R B, L Nhit §9 LET B T FE
P B, A Ta) [a] I A0 Rl s 1 T I LA Y
PR 25, RIGEMIEE R IXES L, Xt DICE
BAFHITHL SEU MEREHT R B K.

(a)
INV
CLK1 — [DP4
CLK2 DN3
VDD —
|
—o| DP1 '
DB|
— [ DN1
VSS
VDD VDD
—q [ DP2 4 [DP5
s INV
I N2 CLKl—cl DP6
VSS CLK2—| DN5
—— [DNe
VSS DC

(b) vpp DA
—— 4 [Dpp3
INV
cLK1—] DP4
CLK2 DN3
VDD —
| [DN4
—c| DP1
DB. VSS
—1 [ DN1
VSS
VDD VDD
— [ DP2
| [ DN2
VSS
VSS DC

% 6 DICE Hi % 5 31 %]

(a) #i¥3%ifi DICE Hi %t DN3 it ; (b) K ¥ 3%l DICE H %t DP4 Itk

Fig. 6. Circuit diagrams of DICE: (a) Particle bombards the drain of DN3 in DICE circuit; (b) particle bombards the drain of

DP4 in DICE circuit.
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2 DICE i NMOS (B R (i ASHL TR Bk b, 24K F LA 30 MeV-cm?/mg ) LET

zil;le 2. Toggle threshold of NMOS in DICE cir- (455 DP4 JEHLIF, DA 15 A H M HL 25 S

NMOS AL /pn L BRI AR, B R A e A R i Sk 1

ARE/C) — 5 15 Ll 50 MeV-cm?/mg [ LET % i DN3 U % i,

0 14 504+  50++ DA 5 5™ Az /N R ko5 P 52 R v L, T AL

LETH/ 30 0 2 50+ MOS 4 [H 84 0.8 pm H 7 5 A G, P45
(MeV-cm*mg ') 45 5 13 30 LET H{H/NT N %, N HHATEPL SEU e

60 4 6 10 AGPRET LET B, SRS R SEU Sl

%3 DICE e PMOS HyBH (i . R R R LET A S, 80k 778 d 1 ¢

Table 3. Toggle threshold of PMOS in DICE cir- RS Tl X IR TR I 2| P A 2T

cuit. P T, A AT YR et B I, Bt

At/ (¢) —— OV EII un Jo N AP ARG, [ I SE A BT R

04 08 12 (single event transient, SET) ik #f 58 & . %% MOS

0 0z 50 L ff ISCHE B KT DICE B I S ey, 65 | & i

o 22 Z 1‘; ‘Z’z FFHUIE % E SEU. R, 05 E & B PMOS i

o . o F14) B 27 1 A2 B TA] e NMLO'S K & i} ] K: | DICE #a.

JGAE Phit 5% F 3 5 & 4= SEU. JFIRAE T Nhit
A SR LET {8 1 5 1% 42 52 i) HL -2 7% T B Ry S AL S AR RN W 4R FL AT
Xf AR R B R, A SRR 7 A0 LET 11 Phit & A A far 252 AL 3224000 75 A2 DU R
{8, 43914 10.0, 15.0, 20.0, 30.0, 37.0, 40.0, 50.0 RO B LA 1), B RS H B LET M3 K, B /4t
MeV-cm?/mg, % & MOS 4 i [[{] 5 4 0.8 pm, % e B 2, i1 MOS 45 1 A AL RN
T3 % 54 DN3 3¢ DP4 Il e, U 5 A TR G, RSO R R0 B A 7, {45 PMOS
| DA S H Rk AR an &l 7 B, B 7(a) Tl (2 R B TR &2 3 i PMLOS Jir s 1) i
ATLAE ), 7€ 5 ns BHZIRF A G RS, Rk PR A H NMOS Pk iRl LU ES5ie 524
LA R A O, G R MY LSS B, FHAR T 2575 55, 200 PRI S SR PR — B

FEL AT 8 T A RTI JE A B S Bl PN &5 R i 4 19, K8 25t TR AR S SR, DL
HL Ay e DURR 31— 5 R E I MOS 48 Tl o = A — o U e AR PO O AR, BRI 0°, 30°, 45°, 60°

LET/(MeV-cm?>mg~1!)
—s+ LET 10.0 —e LET 15.0 -4~ LET 20.0 —v LET 30.0 -+ LET 37.0 < LET 40.0 —» LET 50.0

(a) (b)
e -
1.00 | 1.50 -
LET{#/ RASHKIE
= 0.50f > 1.00 (MeV-em>mg™')  pg
~ = N >
g LETgﬁ/ N5 g 0.300
g (MeV-cm?>mg=1) g £ 0.275
2 10 0.20 S 0
(U 15 0.24 0.50 F
20 0.26
30 0.31
37 0.34
—0.50 | 40 0.35 o
50 0.38
4.80 500 520 540 560  5.80  6.00 480 5.00 520 540 560 580  6.00
Time/ns Time/ns

K7 A LET fHASHE DA S5 il 8K E (a) 3% DN3 S A I DA 9 s i B A8 KR (b) SR i DP4 A8 I DA 39
S LA AE AL

Fig. 7. Voltage variation diagram of DA node when particle incidents by different LET value: (a) Voltage variation diagram of DA

node when bombarding DN3 transistor; (b) voltage variation diagram of DA node when bombarding DP4 transistor.
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Fig. 8. Diagram of particle incidents from different angles.
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Fig. 9. Voltage variation diagrams of master and slave devices when particle incidents from different angles: (a) Voltage variation

diagram of the master device when particle bombards the drain of DN3; (b) voltage variation diagram of the slave device when

particle bombards the drain of the DN3; (c) voltage variation diagram of the master device when particle bombards the drain of the

DP4; (d) voltage variation diagram of the slave device when particle bombards the drain of DP4.
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Fig. 10. Device model schematic: (a) 2D cross-sectional

view; (b) 2D top view.
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Fig. 11. Influence of the distance between the drain of MOS
tubes on the transient pulse: (a) Slave device voltage
change diagram when bombarding the drain of the DN3
tube; (b) slave device voltage change diagram when bom-
barding the drain of the DP4 tube.
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Three-dimensional numerical simulation of single event
upset effect based on 55 nm DICE latch unit”
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Abstract

With the development of nanoscale circuit technology, the on-track error rate of digital circuit and the
effect of single event upset have become more pronounced. The radiation resistance research on DICE SRAM or
DICE flip-flop device has been carried out extensively, including 65 nm, 90 nm, and 130 nm. However, the
research on 55 nm DICE latch has not been reported. Using a three-dimensional device model of the 55 nm bulk
silicon process established by the simulation tool TCAD, we verify the reinforcement performance of the DICE
circuit, and clarify the effects of different incident conditions on DICE circuits. At the same time, we carry out
a comparison of anti-SEU performance between NMOS transistor and PMOS transistor in the 55 nm process
through comparative simulation experiments and quantitative analysis. The result shows that one of the
important factors is the LET value which affects the generation rate of electron-hole pairs. A higher LET value
will extend the upset recovery time of device and increase the peak of voltage. In addition, the difference in
charge-sharing mechanism between transistors leads to the recovery time of PMOS higher than that of NMOS.
As the angle of incidence increases, the charge-sharing mechanism between adjacent devices is enhanced, and
electron-hole pairs ionized in sensitive regions increase. Due to the difference in charge mobility, the sensitivity
of the angle of incidence of Nhit in DICE is much greater than that of Phit. Therefore, strict tilt angle incident
test evaluation is required for DICE device before practical application. Finally, the large distance between
adjacent MOS tubes will weaken the charge-sharing mechanism and reduce the charge collection of adjacent
MOS tubes. Simulation result shows that the distance between the MOS transistors in the 55 nm process
cannot be less than 1.2 um. The relevant simulation results can provide a theoretical basis and data for
supporting the study of the physical mechanism of SEU and reinforcement technology, thereby promoting the

application of memory devices to the aerospace field.

Keywords: double interlocked inverter structure, numerical simulation, single event upset effect, charge

sharing effect
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