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Fig. 1. (a) Schematic and (b) three-dimensional TCAD model of the 4-stage inverter chain.
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g. 2. Calibration of I-V characteristics of the NMOS transistor: (a) Iy Vg curves; (b) Iy Vg curves.
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Fig. 3. Calibration of I-V characteristics of the PMOS transistor: (a) Iy Vys curves; (b) Iy Vg curves.
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Fig. 4. Density of electron-hole pairs generated by
23 MeV-n ! Kr ion incidence into silicon vs. the radial scale
of ion track, which are calculated by Geant4. The calcu-
lated data of our work and Ref. [30] are compared.
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Table 1.  Detail information of the heavy ions.
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A M /(MeVa!) /(MeV-em?mgt) =1

e Si 5.3 8.8 58
Sl
Kr 83.3 8.8 1940
Ti 3.8 21.3 38
i) Xe 66.7 21.3 1150
Ta 150.3 21.3 3520
P Br 3.4 414 36
=
Ta 50.3 414 684
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B AT FSJLGOK IR RN, SRR
TR AR -2 O TREE R T EaA R
H5 3k [5] 33 Geantd TS 2 1Y S ALAE R T
TR R FE A R A 3 R — 2.
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Fig. 5. Density of electron-hole pairs generated by ion inci-
dence into silicon vs. the radial scale of ion track: (a) The
first group of ions; (b) the second group of ions; (c) the

third group of ions.
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Fig. 6. Schematic diagram of ion strike locations, where *

indicates the ion strike locations.
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Fig. 7. Distribution of the transient pulse width differences
at various strike locations for the second group of ions:
(a) Low- and high-energy ions are Ti and Xe respectively;
(b) low- and high-energy ions are Ti and Ta respectively.

Kl 8 . Hoh s 2B T3 Ti Fl Xe BT, LA
PRAE S IR RE 2 7 S e i R S & S I A
e, ST —4HE T (LET = 8.8 MeV-cm?mg '),
ZARANILE T B IR S8 25 50 0 ps; X T55 41
B (LET = 21.3 MeV-cm2mg '), Z XA 17
BT ABAEAE K B8 25 5, (H K 9 25 55 1 48 X E 3
/NTF 50 ps; X T4 =4 F (LET = 41.4 MeV-
cm?mg 1), FEARFIA AL E AR K 58 25 5
HDk 98 22 7 ) 4 X {H B K AT 3R ) 262 ps. 1A, =
2H KRR B 1 1 Bk B 25 S 7 O R X430 Dy
6832, 14796 1 153339. HItt, k& LET {HRYH K,
FHIF] LET ., A [W) BE it F1AP 28 1 25 BT 3 300 ik 5
2B . KRR T R R LR A
— B B ASTREA R A B F -2 O
JE B B TR A% ] ROE B b5 —n T’ 9, il L

126102-6

A, AR RE b, BEE LET (HR9H KR, &
AERBE RS 177 A A L 123 7O 4 B 1) 22 S i
R (AR A X EARAR), SR S BRRAE R T 7E
SRR DX R g v O 2 S BRI Ak
k=S WR TS

Wk 3E2E5/ ps
1
+

JikSE£5+/ ps

JkSE£5+/ ps

K8 = A ARAEE T BB Ik 98 22 AR AN WA
P& LA (a) 5B —HBEF SIMKr W HE; b)
HE T Ti F Xe M ELEL; (o) 8 =4 # T Br A Ta 1 LA

Fig. 8. Distribution of the transient pulse width differences
at various strike locations: (a) Comparison of Si and Kr
ions in the first group; (b) comparison of Ti and Xe ions in

the second group; (c¢) comparison of Br and Ta ions in the
third group.
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A B R -2 7 ON R B ARl AR ) RUBE Y 81k
Fig. 9. Density of electron-hole pairs generated by ion inci-
dence into silicon vs. the radial scale of ion track. The
energy per nucleon ratios of high-energy ion to low-energy
ion are similar for the three groups.

3.3 BTFAGRERNZMN

& 10 fr s M EE =410 Br il Ta & T1E A [H
ANEHEET (WEBED5 1 30° A5, WY B 7 1] 60°A

300,
250|(a)' '

200 | A
150[_.__. L

[k e 25+ / ps

Jik$EZE 5/ ps
|
Se
8

B 10 55 =41/ Br Al Ta B 26 A RS E T 5 2800 BEAS bk
60° AS; (c) I E BF 5 1A 30° A8t (d) T BB 18] 60° A5

TE 22 S WA o B 1A AL

St 3 BB 1] 300 A S T BB T 1) 60° A G /Y
WKTE2E 5200, 32 2 et T AP B TAEAN R A ST A
FE N B 58 25 S A0-F 7 AL sl ) He & B, WY BIE T
] b S A Jok i 2 5 He A B BRIy ) b A BB A ok
255 BN . T B RAG, FEE AT AR
30°HE N %] 60°, XM 13765 A5 N 14131, Pi#& %
SRR SR, W B ) RSB, Bl A A B
M 30088 Jin & 60°, X {H M 93602 3 Jin ] 161159,
PO 22 5B e, LB 1) 60°RF A S 51 B I 1)
30O ST B, FEBE Z I A B H LT S fE
BT IS RIE (6 /NF 0). ikt TCAD
D5 LTS UT B I7 1) 30°F1 60°RFA ST 25 5.

K 11 Fis ok Br f Ta B FIEBE ) 300 A ST
55— 2 I A A% NMOS T #% BfF 3z 47 % (0.51 pm,
0.77 um) B, S AH &5 8 45 P i 1) SET I JE
& 12 fr7s iy Br Fl Ta & 1B 5 1) 60° A28 —
KA NMOS it fE i # (0.51 pm, 0.77 pm)
B, SOFHAREE £ Im ) SET B, WTLAE

JikTE2 5/ ps

Jik Vi 5/ ps
2

(a) WY BIETT 1) 30° A 4E; (b) HyBIF 7 1)

Fig. 10. Distribution of the transient pulse width differences at various strike locations for the Br and Ta ions in the third group at
different ion incidence angles: (a) 30° along the well; (b) 60° along the well; (c) 30° across the well; (d) 60° across the well.
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FEYBESIK 2 7 F O
Table 2. Square sum of the transient pulse width

differences at various strike locations for the Br and

Ta ions in the third group at different ion incidence

angles.
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Fig. 11. Transient waveforms for N*-drains of the inverter
chain, which are induced by Br and Ta ions in the third
group. The ion incidence angle is 30° along the well. The
strike location is with the coordinate of (0.51 um, 0.77 pm).
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Fig. 12. Transient waveforms for N*-drains of the inverter
chain, which are induced by Br and Ta ions in the third
group. The ion incidence angle is 60° along the well. The
strike location is with the coordinate of (0.51 um, 0.77 pm).
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Fig. 13. Transient pulse width differences under different
supply voltages vs. the strike location for the Ti and Xe

ions in the second group.
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Abstract

Ions with the same linear energy transfer (LET) value, but different energies and species have various ion
track characteristics, and thus induce different single event transient (SET) responses in combinational logics.
As the technology feature size shrinks, this issue continues to be serious. The research of the relationship
between ion track characteristics and SETs in the nanometer combinational logic circuits is of great significance
for accurately predicting the soft error rates of nanometer devices used in spacecraft. The combinational logic
circuit investigated in this paper is a 65 nm bulk silicon complementary metal oxide semiconductor (CMOS)
technology inverter chain. The three-dimensional TCAD model of the inverter chain is established, and the
particle transport program for the ion track in bulk silicon is developed by Geant4. The track characteristics of
high- and low-energy ions (the energy of low-energy ions is less than 10 MeV-n!, the energy of high-energy ions
ranges from tens of MeV-n! to hundreds of MeV-n!) which have the same LET value are compared with each
other. Based on the coupled simulation of TCAD and Geant4, the difference in SET pulse widths, induced by
ions with the same LET value but different energies, are investigated. It is found that when the energy per
nucleon ratio of high-energy ion to low-energy ion increases, the difference in electron-hole pair densities near
the center axis of the ion track is more significant, and thus the difference in SET pulse widths is larger. If the
energy per nucleon ratio is similar, raising the LET value of ions can increase the difference in electron-hole pair
densities on the same radial scale of the ion tracks, and make the SET pulse width difference more obvious. For
the high- and low-energy ions with the same LET value, the single event charge generations are different. On
the other hand, the change of the ion incident angle results in different charge collections. The coupling of these
two factors makes the difference in SET pulse widths dependent on the incident angle of ions. In addition, the

influence of ion track characteristics on SET has a weak correlation with the bias voltage of the inverter chain.

Keywords: single event transients, ion track, combinational logic circuit, linear energy transfer
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