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Abstract

Silicon is known as a hard material against swift heavy ion irradiation. Any monoatomic swift heavy ions with any
energy do not form ion tracks in Si. It was reported that only Ceo ions with tens MeV have formed the tracks. The electronic
stopping power (Se) threshold of ~30 keV/nm for the track formation was determined from an extrapolation from the track
radii formed by 20-40 MeV Cg ions. Nevertheless, we have observed track formation in Si under 6 MeV Cg ions (Se =
18 keV/nm), which is much lower than the extrapolated threshold. To clarify the mechanism of the track formation in Si
much lower than the threshold, we have carried out following studies: We have irradiated Si with 200 MeV Xe ions and
3 MeV Cg ions, both of which provide almost the same Se of 14 keV/nm. Nevertheless, the tracks were formed under 3
MeV Cg irradiation but not under 200 MeV Xe irradiation. According to past inelastic thermal spike (i-TS) calculations,
the track formation cannot be explained by the melting transition but the vaporization transition. Since Si has quite high
recrystallization susceptibility, tracks formed by the melting transitions are soon or later recrystallized and disappear. The
vaporization transitions leave severe damage which cannot easily be recovered by the recrystallization. On the other side,
the tracks formed under several MeV Csy irradiations by us well match with the calculated tracks by the melting transition.
The tracks formed by the melting remain due to the high concentration of point defects induced by the relatively high
nuclear stopping power of the MeV Cg ions.
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Figure 1. Bright field TEM images of Si crystals
irradiated with (a) 3 MeV Cg" and (b) 200 MeV
Xe'*" ions. Both the irradiations provide the same Se
of 14.0 keV/nm but the different Sn, as shown in the
figure. The fluence was 5 x 10'° ions/cm? for both
the samples.



2021 FFHE HOKJEF- AT ERR JEREAE - BB EA T I8 B FE B i iR LRI e

[21012]

N7 v 7 YA REDEBOIILIRITIIRTZAT > TR
WS, — R LT 6 MeV Cgo A A > BEET L7z n BUGCEL
THHIEIO p B EFR UL IIC ST v 7 PRI NI,
SFEVHIEER L7z p BB OENE L ENS T2
72012, AR Z > TUIWIT W T v 7T i
ToTLESTZEW) AREMIZIEVWSELS oo Te &
Bbons,

32 AL Se & &2 Coo & mIHE A A 2 D LLHL

S S AZHGEEH Uz p BUECERNE £ Silz 2T
WESNTE T v 7Bk E RO ZEE) 2R )
L) MERGEET < 200 MeV Xe!* A A D RS &
1Tole, WMEOMBIZLD L, FWMSilzEnLk 7%
TRNF—DOHJF-EHEA A ORBIZH LT
AF N T T EER LR, —J, fEEREDFEL
SHEWSI RSN (~IRIFEMER) TIE R T7 v 7R
FERR ST 0N 5 50, RICFH 2 OFREFNRZE L <
HETHIEZ, FT7 v 7 BERESTLE D iTREME
HLEETE R, T2 TEDOREERNCEE LT,

200 MeV Xe A A > B L7238 TEM 14 % Fig.
1R, BHIOFFIZB W CHER N T v 7 5
L& DI TX o 7=, SifTm200MeV Xe
A F @D Se X 14.0 keV/nm TH D73, 3 MeV Ceo A
F IR CED Se 2525728, LLE D 7= D W&t
BAT o THriz, #EF% Fig. 1(@IZ”T, R Se/2d
2, HETEEEA A ThHD 200 MeV Xe A A
TIE N7 v Z I3 ST, 3 MeV Coo A A HRGT
TR SN2, b LIx O MeV O Ceo 1 AR
HTHMNT v 7 BDEMRINTZEBANREOENE L
HENhoTelzHTHIUX, bT v 71X 200 MeV Xe A
FUBE LB ESNDITTTHDS, L LELT Se
WHBb LT, B ElEA A BE TN T >
BB ST, Coo A AV BETORNT v 70
BN D FERAERIE, Tx DB L7ZSiTO N7
v Z IR NREL O & o AR R Tid e <
AKERRBLTHDHZ a2 RELTWS, L Se
THHFAEHEA AL C60 A A TIENT v
TERRMN B2 D & D 3EWE, Fox M 2 B 545k
TR BEREEL B LR,

L2 L Figl@MIZR LI b7 v 7 B ED
AN =R LEHHTHICHTZD . FHEDREEZBETT
HUENRH D, 200 MeV Xe A A2 DFFH 3 MeV Ce
AT L OEREHRTH Y | (KA A DOFMRE T
Se TH M7 v 7 EICAFNCE <, Ll 331TmR
T IEFMEB A A 7 (i-TS) BLEROFHFE G, WEF D
HEVITHEE SR TITFHATERWIEEREVW LN
TREND, BAxIFH LAZD NI v VRO EL
ShnDEWE LTEZLD, bHbAAMT U T v I IB
BUTKE 72 Se fHIC L DR TH DN, Sn NEER
THZIZZZLTWA EEZ D,

3.3 FERHMEBAAR XA 7 BHE L EBR & DR

Figure 2 [Z & S E oA A VRN LV SifEfmic
B LIz N T v 7 O &2 B IR Se 2% L
T7ry bLEMTH S, (b7 v 7RSSR

— R IEFERTIE AR

WAt LTy F L, ) BBV O
CATEOT — X ITHEFEFOEEEA 4 A RE L
BAT, St THFEFA 4TI b7 v 7 B S
2RVDT, BECHEREeoREICHD, BiLo 3o
DT — % Orsay ffigk C/TH472 Sill Ceo 1 A %
20, 30, 40 MeV THRE L7ZSBAICERESND b T v
JONRETHD, ANOT =X X5 OFK L DT —
2 THhDHM, AOEE . AIXER L Ta LU,
B FERR, R, AR, — S8R IX. Chettah
SNBEAEB=ZAOT —H @1+ 57201772
PR XA 7 (I-TS) FHEORETH H,
(AMDOT —=HTHxDERFTOLOTHY | 4K
Chettah & 23FH LA F LIRS TIEIHFEEL TV R
Mmol-, ) #EHE. i-TS BERTIX N7 v 7 OFEMN
BEANA J RN L0 E ISR N X DS
ELTWD, ZOREETHRE LI FNT v 7 2D Se
KA, 3R & — RBHRIC e D, FRIFA A
J£ 0.07 MeV/u, — S8BT 5 MeV/u 2 0E L7=5HEA
FERTH D, HUWE, Fox OAIORERBZIFEL22D
ST-OT, FHEEEITY O R (B LB =m)
EELERLRAVWEDOTH- T,
ZTZTHBIE N T v VRS 2 BAASA T 2h R
IZ L 2WE O CIIR, ]AEBREZDHEEE L
THRELELZON, e SR Thd, EBER
SRR & B —8T 5, RITE A Al 0.04
MeV/u ZRGE L TWAN, BIDOT —H fiE 20-40
MeV @D Ceo A AN X D720, FHREICHWZEOA
F B IFHSEICHAI L TV D,

T T T T T T T
Si i-TS calc.
r Experimental track size
I ® Cg; @Orsay
10 (E = 20 MeV)
[ @ Cg @Takasaki
(E = 9 MeV)
& monomer SHI

Rmen (0.07 MeV/iu

Radius (nm)

5- ¥ o
W Y
A i
\R“W*Wi /7 - B

0 .an A A
0 20 40 60 80

Se (keV/nm)

Figure 2. Electronic stopping power (Se) dependence of
radii of the melting and of the vaporized regions calculated
by the inelastic thermal spike (i-TS) model from Ref. [7).
The mean radii of the tracks formed in Orsay and those in
Takasaki (this work) are indicated by closed and open
circles, respectively. Closed triangles indicate the results
of monoatomic swift heavy ion (SHI) irradiation.
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