Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BB FERER B IR RERA
kit FaE BFF FEM KRR BMESGE WEX B KRR

Transport process and energy loss of heavy ions in silicon carbide

Zhang Hong  Guo Hong-Xia  Pan Xiao-Yu Lei Zhi-Feng  Zhang Feng-Qi  Gu Zhao-Qiao
Ju An-An  Ouyang Xiao-Ping

5] Fi{i &, Citation: Acta Physica Sinica, 70, 162401 (2021)  DOI: 10.7498/aps.70.20210503

TELR T2 View online: https://doi.org/10.7498/aps.70.20210503

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

JFAERR AR AP A [RIERBE A9 L Y A R 0

Non—ionization energy loss of proton in different regions in SiC

PyFE2EAR. 2018, 67(18): 182401  https:/doi.org/10.7498/aps.67.20181095

P AT A R AT LY 2S5 R RE

Preparation and properties of spodumene/silicon carbide composite ceramic materials

PIBR2A4R. 2020, 69(11): 117701 hitps:/doi.org/10.7498/aps.69.20200232

Jo BERH v T 04 2K 4 2 o A
Density reconstruction based on energy loss in proton radiography

YrHE2A 4. 2018, 67(20): 206101  hitps:/doi.org/10.7498/aps.67.20181039

BRI o LTI AR A R A SO R AR Y SR 5T

Single event effect and total dose effect of GaN high electron mobility transistor using heavy ions and gamma rays

YIBR2A AR, 2021, 70(11): 116102 hitps:/doi.org/10.7498/aps.70.20202028

ST S5 B 071 94H-SIC(0001) I 3R I 5 BT i A AL 3
Formation of step bunching on 4H-SiC (0001) surfaces based on kinetic Monte Carlo method
Y2 2019, 68(7): 078101  https:/doi.org/10.7498/aps.68.20182067

I FH B~ e A A AR XA A 28 B 1 S B Y
Experimental investigation on diagnosing effective atomic density in gas—type target by using proton energy loss

Y27, 2018, 67(4): 044101 https://doi.org/10.7498/aps.67.20172028

Liu Yi-Tian


http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.70.20210503
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181095
https://doi.org/10.7498/aps.69.20200232
https://doi.org/10.7498/aps.67.20181039
https://doi.org/10.7498/aps.70.20202028
https://doi.org/10.7498/aps.68.20182067
https://doi.org/10.7498/aps.67.20172028

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 16 (2021) 162401

ERTHEBRUETFRRIEIEREERK

K FaFUV O FFFY FXEY KR
Y WEXY ELLY BB
1) QR RAARIBLE 5 TARSERE, W 411105)
2) (PEALAEEARWETEIN, PE% 710024)
3) (Tl A5G BALEB 55 B IT AT, B FooasPFml St B W B AR B R S0z, )M 510610)

(2021 4E 3 A 16 HY#; 2021 4£ 4 A 17 HEMENHR)

FUISEHE R 2 07k, BT T R R 2 MERE f A4 4 (liner energy transfer, LET) A 5 8 1 76 i AL ik b (9
RETEAI R, BUUEE SRR W] 5 1 Fe i AL il v B0 TR JEE 1 RE SR 4012k 2 1 1 RE A MDA B3 TR B L R] 52 ) R4 401
REZ RIS EE T HREHR T4, AFR B R B AN SRR EAR 0 1% 247 BiH LET 934K, IR
FL B0 B L R R AR 20 A BOR R s B 1 S A A R A LRI R A R AR P, AR TR BT
NSO Ty ) b 5 e S RN 3 A R R DR R AT Bk fE fE MOSFET HUbL 158 Beil 3, 4545 TCAD KLl 4%
FUA ) U A Fi T A A AR L S 23 A, 722 T8 B A T 9 52 R B AUl b & B B ik MOSFET 41 E J= 1)

FL 3706 L O, S 52 L A AR A S T2 2 2l Y B AR B | URRRE BB 2 | YR R A 5 fi 1) #2375 7 1)

128 2 HUR TR RE R U .

KR FRRP I, wibhk, E8T, fERERUK, 1Y

PACS: 24.10.Lx, 61.80.-x, 61.80.Jh, 61.82.Fk

1 5

BEE e o T AN RGN, TR A R
PR H 5 5, ) A f 1SR A3 L R
ARG A N 32 B 22 R i TR A R
AT R AR R TR T
Mo RAERF L, WRALREAR PFAE R0, K D)5 B 48k
BHATHE BP0, i Al e —Fh S A8 A
B, FESA SR A RERRII = A5 2247 PO, X4
(AR 2 O il B RE Ay, R BEE
B ARt LA B A PR PR RE . ARk, AR fL Ak
T F 2 Wt A U, JE R BT K

ail%

*ER HRBIARES (S 11875229) W BhAYIRAL.
t iBfE1E# . E-mail: guohongxia@nint.ac.cn
©2021 HEHEFS Chinese Physical Society

DOI: 10.7498/aps.70.20210503

Ji&, WRACRE DD RT3 430 ) KRG e Rk
A Z . M T REFEED PR, TEMZS AR T
B AT A Bk AL Ak Dl 8 2 RE T S8 b Dl % H 1
WA AR E i, H ] DU G € 79

235 [A] FREE FP AR B 45 T R, 48 R ]
RS H IR & I IE R TAE, mHENE RS2
LA A K ARG AK, SRR R A5 (4 AT S v Al
. BLF48 B — 7 TS TE M Rk ™ A H 2 e
#17k (ionizing energy loss, IEL), f= 4 pyH F-%5
FOMTEM B A L 155, SRR RHR AR R 1
[ AT BE S TERR AL R E LR rh o S RS Bk . R
TEM B Y BE B 40 2 AR Ml T 4k P R A%
(line energy transfer, LET) #£17#RAE. 53— J7 M

http://wulixb.iphy.ac.cn

162401-1


http://doi.org/10.7498/aps.70.20210503
mailto:guohongxia@nint.ac.cn
mailto:guohongxia@nint.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

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 16 (2021) 162401

4R BRTE AT R 5 R By AFE LB RE S K (non-
ionizing energy loss, NIEL) 27E#4 4} i = A ] i
Ji - AR, BB TR R A 2 S B R
B Al 2B R R AR R 10101, AR SR AE S g R R
e R 1 4 B s R Ak R E AR PR RBIR AL,
IfEL 2 2 SRR -1 HL AR IR S kA
REAT R 5 (0L ) R B 3135 RS0 60k
i RO R AL R R 2 I AT OE Y, U — 2L
RN Sy AR Ve 6 SRS S (L L i
WAL AE Iz S B S A R B BRI A5 17 B
5y T3 11507 Bl T 4H-SiC FHRHE IR TR Y
IR SRR, A IR A R 1 RE i S kTR
Hh2s 57 RS P 5 RN 25 (] 43 A G PR AR G FR i
S5 U8 F ] Geantd BAFITHEL T 7 7ERR AL Ak A [A]
TREE ) NIEL, & B AbrE i i B i 2k G 158 T
fik, LB Rt 0 A oS R i e ) 62 %
77 ) | DR EOa] T 2052 S C R R T+ (AN 1
BAW S RERE. B BT kb k& 2k
R BRI R RE 7™ AR B 70 B S -, (H )™ AR AR IR
REHL 251, AN LUK e e £ ) B B - TE B ALk
T RE R R R B IR R IR AL RE 2547
TE 7T () PR T M 28 (single event gate rupture,
SEGR) IR F5E% (single event burnout, SEB)
), FLkALRE MOSFET Rl A% 777 Bk 155
S8 65 {0 F 1 (10231, 9 A A P T K T 58 B I
ML B, B ARk SRR SMME R AE R 37, B 1
TERRACRE S IME )22 T 1912 Bl 23 52 3158 FL 3 1 52
el A A T Ak 5 25428 190 5 A RRL I g AN ]
T, PRITH B T AER A g i dnd AR AN R H 4
RBAAHEEE L.

EEXTRACRESEER DTS, 1T LA S AE AE RS
Al RO 5T 0515, Geant4 & B O £ 0
FRIF RN R R, 7 LA AR 78
MR R Iz, B2 T A [RIERI | 3 )4
SR ST ST AR SO e ISR R 2 7 A
AT LET 098 2 ek b ik b iz, Xk it
Fe B S A R BN ) R0 25 T) 93 A A5 A T AR, i

B At R AR E AR R T2 R e B B S AR R
B RER IR AR/ SR 5 i i i RS AT TCAD
RRALLAF B AN [F] P A PR B A i MOSFET Y
L300 A, K FL 7 AR A SRS R DR, B4
Fo AT AR X R G 197 A S A (R 5

2 ERTERMEYFEHRGHE
R B A

2.1 fEBEST

AT ARACEE AL, R Geantd 3K FXF
SR SRR B R | R il R A
Bt AT g e, AP B T e AL RE b s S A
R A 3 TRk P B RE AR SRR A, BT =
BT (NRIFZERIBER). BRACEEREATRI Y% B 15
H 3.2 g/em?. HET WA Lm0 EAGT,
WA EERE B R 5, DAGRAIE R 3 12 g i 2452 1k
FERRALRE . A SCHEIUAY A S BB Tl an sk 1 fr
HI|, B TR A SRR 4 i SRIM £
29 F Geantd XA £ 1 T LI F,
i ] Geantd BAFHYIHAE S5 R S SRIM Wit 45
A B0 — Bk, KM 22 14.1%. SRR 22591
FEOK A A E B T e B KA Geantd Al SRIM
T FH ) AR () 2 S [24-28],

AR AR B BN — A AR D74, an
K1 R, B e =R LET (H0E 8 7, 78
[]— 0 A =AM R A . B R R )
HE T HLE, HA SR v he AR Tk
SR AR AR AR = A A RE R . £ (Bl
KL T 13B s, B PR G T W9 T
TR = AL P BT RN 3Z 3 B R
FEIR. AR N P A i D B y B, R A
SR ) 2R . PR B RS R O T RE AR
R STRRIIG AT 32 5, Bl BE 2 b T
T2 T I IR I 55 L2 7 7] B & R i AR5 1k

izg).

* 1 R EE TR R AR

Table 1. Selected heavy ion, energy and range of heavy ions in silicon carbide.

FET fef/MeV SICHHTE/um@SRIM - SiCHHHE /um@Ceantd  SiCHLET /(MeV-cm2mg!) SifILET /(MeV-cm?mg!)

Bl (Cut) 212 22.01 21.5
R’ (Brt) 218 19.97 18.5
il (1) 270 19.21 16.5

34.08 32.2
44.73 42
69.72 65
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B 1 AF LET W5 B F A BRACE: 2L 5 (a) 34.08 MeV-cm?/mg; (b) 44.73 MeV-cm?/mg; (c) 69.72 MeV-cm?/mg
Fig. 1. Track distribution of heavy ions with different LET incident on silicon carbide: (a) 34.08 MeV-cm?/mg; (b) 44.73

MeV-cm?/mg; (c) 69.72 MeV-cm?/mg.
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Fig. 2. The energy loss of heavy ions with different LET
changes with the depth of incidence.
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Fig. 3. Variation of energy deposition caused by different
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Fig. 4. Spatial distribution of total energy loss under different LET: (a) 34.08 MeV-cm?/mg; (b) 44.73 MeV-cm?/mg; (c) 69.72

MeV-cm?/mg.
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Fig. 5. Spatial distribution of electron tracks under different LET: (a) 34.08 MeV-cm?/mg; (b) 44.73 MeV-cm?/mg; (c) 69.72
MeV-cm?/mg.
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Fig. 6. The initial kinetic energy and angle distribution of secondary electron under different LET: (a) 34.08 MeV-cm?/mg;
(b) 44.73 MeV-cm?/mg; (c) 69.72 MeV-cm?/mg.
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Fig. 7. Time distribution of total energy loss in SiC as a
function of LET.
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Fig. 10. Distribution of charge deposition perpendicular to the direction of heavy ion tracks under different LET.
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Fig. 11. Single event effect test circuit diagram.
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Transport process and energy loss of heavy
ions in silicon carbide’

Zhang Hong?  Guo Hong-Xia?! Pan Xiao-Yu?  Lei Zhi-Feng?)
Zhang Feng-Qi?  Gu Zhao-Qiao!  Liu Yi-TianV
Ju An-An"Y  Ouyang Xiao-Ping?
1) (School of Material Science and Engineering, Xiangtan University, Xiangtan 411105, China)
2) (Northwest Institute of Nuclear Technology, Xi’an 710024, China)
3) (State Key Laboratory of Science and Technology on Reliability Physics and Application of

Electronic Component, CEPREI, Guangzhou 510610 China)

( Received 16 March 2021; revised manuscript received 17 April 2021 )

Abstract

Using the Monte Carlo method, the energy losses in silicon carbide of heavy ions with different linear
energy transfers (LETs) are simulated and calculated. The simulation results show that the energy loss per unit
depth of heavy ions in silicon carbide is affected by both the ion energy and the incident depth. Primary heavy
ions and secondary electrons mainly cause energy loss, and the non-ionization energy loss only accounts for
about 1% of the total energy loss. With the increase of LET, the initial angle and energy distribution of the
secondary electrons become more and more concentrated. The peak position of the generated charge deposition
is in the center of the heavy-ion track, and the distribution is linearly decreasing in Gaussian form in the
direction perpendicular to the incident depth. In the californium source experiment of SiC MOSFET, when the
drain voltage is 480 V, the device has a single event burnout, and the breakdown voltage of SiC MOSFET is
less than 1 V after burnout has occurred. With the experimental results, we carry out the TCAD simulation of
SiC MOSFET and obtain the electric field distribution inside the device under different drain voltages. The
electric field parameters are used in the Monte Carlo simulation of SiIC MOSFET with considering the metal
layer. It is found in the Monte Carlo simulation that the greater the electric field of the epitaxial layer, the
longer the path of heavy ions moving on the epitaxial layer is and the more the deposited energy, and that the
secondary electrons are more likely to move in the direction of the electric field as the electric field increases,

resulting in excessive energy deposition in local areas.

Keywords: Monte Carlo method, silicon carbide, heavy ion, energy loss, electric field
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