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Sputtering by Cluster Ions (Previous Works)
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Derivation of Sputtering Yield
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Energy Dependence of Sputtering Yield
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Comparison with Single-atomic Ions by Sigmund
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FEEAH . RARNVBITIZHTERNBITIRE

©0.042a(M,/M,)S,(E,Z,,Z,)

Y
NU,

AdMy/M)): ASTHFEZHDBEE L TRESEL. 0.456 for M,/M, = 2.33
S, #MIMELLAE. SRIM2008 T:tE

N: BRIDRFEE. 4.9770x1022 atoms/cm3 for Si

Uy: BRIDFEIRILF— 4.67 eV forSi
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11

Comparison with Single-atomic Ions by Sigmund
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CGO+? 0602+ = Sl(lOO) : . E—aﬁzﬁ
. ® C., ETRILF—RIIZS Tk
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@ 10F o ® 1 RRvBYLTINE
2 s o Ces@ 1.3 keV: ~10
< g Sigmund@ 1.3 keV: ~0.8
2 BRE IR
L 5k e =
2 < O
0 i Sigmund
°
; !
0—.._l.l f g sy g o} L g gooefonige gobgige]
10" 10° 10!
Energy (keV/atom)
12
Summary
v 20-400 keV Cyy 142 EREILLT- SiRAICRSIL

BEDRINYR) T IREEFHELT-.
v Z\ANUSIRE L 100 ke V IEBIZE—9%EE . COR
Ceo 14> 1 EHZET=Y 600 BEDEIZ2S,

v ZOMEIX. Sigmund DEBMNSB/BONT-FED CA4AD
RINYRYGIRED 700 BIREIZLES,
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Surface Swelling of Siby Cg, Ion Bombardment
AFM 2k B HR 5T - KRR 5t FE IS 45 57 O B 2= D 5

] 50 keV Cg*, 2.7x10M Jem? 400 keV Cgy?*, 3.4x101 /em?
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3.6 MR T T/ BERR»LREL DL BMEMEH D
I IR —AF U HAEEHEROEEFM

TONER R %{W¥ L SUECRI Y 2

AT R HE - B RS . TN MR R R AR R

1. IXL»IC

T RV — ﬂ?ﬁ(%ﬁ/t~b)%”“
T OERBI AR S, RN To A A N T
v 7 D I T OLEKE G & 'T/T%Lﬂ:/ﬁk WZF
AT 22N HRICATRETH D, BEHE, b &

D & 57 1 DS AR 70 A BR VR I\ T B (e & 4T
RN HJ440>§§m%pq CBWCRBRIG N E Z -
TR WIS R M L, R BB BRrE
SNTWL DB, A4 T v 7 N TERE G
AR Z U72EArix. S ki KA R\biz e b
TRV AR T 2 HER S L CER EICEBES
%, [1-6]

NS F 2 B —" DR 7 TR DT D
EAKRELIEEA, BRSNDHEERO Y A
X FBRRIZED LSBT HTHA D, K
HTE., mOFMEBEHCH LT T AF—A F
Wi+ Z2WE45 2 LT/ HEREERL,
DY A XEWE L7=K -0 LET & O\ FEEE
WZOWTCRHE 21T - 7=,

2. FEB

AFM mlcmgraphs of polycarbosﬂane

Fig. 1.
nanowires on Si substrate produced by C; — Cyg
cluster ion beam at ion fluences of 3.0 x 10°~
5.0 x 10° ions cm?, followed by development

in benzene. Images (a) - (h) were observed for the
nanowires produced by 1.2 MeV C, (a), 1.8 MeV
Cs (b), 2.4 MeV Cy (c), 3.0 MeV C; (d), 3.6 MeV
Cs (e), 4.2 MeV C; (f), 4.8 MeV Cs (2), 5.4 MeV
Cy (2), and 6.0 MeV Cy (h), respectively.

RGOMEE LTI, T TICEWIERTH /EEREERNHER SN WD ED B E LT
BB TWD poly(carbosilane) Z AV [7-10], = » &4y 1% W Y) 70 6 i ALFE % i S 7= Si
FME BB U, BRI W50 RS . Sl & IS AR ERT o 2 7 2 nsg 6 C,
M@&?x& A — LB 21T o7, BIH%, H% diethylether (CRIESE S 2 L TR
BEREE oy 2 bR L, g BIC T 2 Mk 2 BLEE L 72 7% . isopropylalcohol THEH L7, F / #hiE
W@ﬁ4XiE%Wﬁﬁﬁﬁ(MN)%WWT%%E%%ﬁOKO*ﬁT SU-8[11,12] /% i J&&
EORRGEIE R ST omnT AT MftEEZ AT 5MEE LTI AL TEY | AL TIXZ

DEDFHBEIZONTH, C, Al DY TAX—AFrE— LM 2T, MKEH%, BEx
diacetonealcohol (ZiZiE S5 Z & TREBH v E2REL, BB Lo BEKRLBHEEL %,
isopropylalcohol CTHEH L7z, T/ &K O Y1
RUEIE U< R D BEMEE (AFM) % HWTF

R g =R

BTEEY{T-o 12,

3. MREELBE
1IZAFE Al 7 7 AZ —Ri 7% HWTIER
L 7= SU-8F / Ktk AFM G %~ L=, F /
WRIZARE R —RTEIRE &> TRV, EBHEE
SFFT /U AY—ITRETDI T AX—hi+BEIZ
BWTBREIN. T/ VA Y —DOREREE T
Al BENCIBWTITMSL L7z Al A F v 0¥ % L6
WML TV A8, Al,—Al, ORBS TIlZ. ARZ
?x/}' BT & ER->TWD, Ziux, MEFAS
WD 7 T AZ =R+ REEOW B, ThEih
FIIUAY—%HEZTWVWBIZEREBLTWVWS, AL
IBWTEBERENY —RTFT /U4 — Ll L,

Fig. 2. SU-8ILV T AX —AF bl -T2 2
LizE o Tl LT/ HEERO AFM B, () -
(D% ~0.3um ® SU-8 DfiE(Z 1.5 MeV/atom @ Al —
Auu%&oa)zon&mmd%ml7Wm/zf
R4t E1To 72,
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AL, ALDOH 25T /7 U4 — (K 1-c,d) OWRERIIRE AL ed, K 1-dFIZBITFAF /U4
=02 LR/ EDO L DI, l-a B2 —REBLS =T D, ThiE, 7 I7AZ—RT0DL3
ELZALWRICEDZ T /U A v —AREHER S5, BEIC XD SU-8 TOLMEMKIG T L F g AR
ERDI-D. BESE (Gr) 1FEFICEL . Gx)~ 3-5(100eV)'[11,12] L@ESNTWD, Gk
W AL —Ri 1O LET b Pl S DF ) VA Y —RILFHET S L 9.0nm (Al) ~18nm (Al,) T
H DD, FEEICER SN 7 &R Wm0, AL 2D Al OJEIZ 10, 13, 18, 25nm & 72
D, DI KRERIEE 2o, BOEINEYZ 7 A X =k +H ORI % L CURIEERAISEEN L
TWbd, ZHE7 7 A% —ki 1O LET OHEEMA, MO LET OfXk v @< 725 &R L
W5,

Fig. 2 IZI3&H C 7 7 A ¥ —hi+ % H\TIEAL L 72 poly(carbosilane) 7~ / # & A& D AFM 4
B Uiz, 7/ BEERITAME —RooBIRE L > TR BEBEES 7/ VA4 Y—12C %
fR<BTD7 FAZ =R FREFICEBWNTEBEZE IR, C I8V TIX, 144D LET
OFELTHAELEESEL, 7/ VA Y—OREN & 72D =RV X — (5 E 27z LT
BOHT, INLORFIZBWTTH ) VA Y —ERPHERIN W L3R4 THDH, T/ V7
A Y —ORMPFE L, Coy BMIHZBWTIIMNL LIy T A X —Fi O % EMEIZ B L T
WDMN, Csg DIRFITIZ, ARIY T 2% —hi 1% EFR->TWD, Ziud, MEAGHZHES 7
T AR =R B OB RN, TN TENT ) IOA Y —%2 52 TWAHZLERBLTNS, H—
Wit 7 IMTIEORRORGEIX, 20F 794 Y—D&EN, ¥—7 v LR HEE% EE
WCKMT D THDLN., KR CuBHICBWTEBN SN T /UL Y—1k, bz oaeE
N—EE LTEASNRY, ZEXY—Fy NEZEBRPIZEIZESNDE 7 T AY—hi
DROFER, 7/ 94 Y —HRICEREIND C, 7 T AX—D LET &%= 25 7=
WEZZ LN, EROMKEHFEHMA S, PCS @EREFIZEIT 57 7 A X —Ki 1 O AAEH EBED
BELZE90mm & AL bz,
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Ton Beams Particle
Ultra-high LET (Linear Energy Transfer) Beam

Core

Ion Beams

Ion Track
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\Applied Chemistry

» Parameters determining the thickness of

nanowires

A) Radial dose distribution in an ion track
B) Molecular weight of polymers

C) Crosslinking efficiency

D) Conformation of macromolecules

-1
LET 7
Radial dose distribution in penumbra: o= T[Zﬂ?‘ : hl[em —PJ]

400704 7.

(4

-1
LET -G(x)mk| . (€"r,
Molecular weight of polymers == s fm [In[ 2 ]]
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Toq (N, Observed) Shape of Macromolecules

Fizure. Comelation between 1 valies estimated
axpearimentally and those calculated using the ag,

é:.,l Prope

Applied Chemistry

» Plausible Applications

A) Electronic conductive wires

B) Nano-gels
C) Holding of Metals and Other Materials
D) Self-Assembly of the Nanowires
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Anplfed Chermistry

}
Hydrophilic (PHS)

¥
P

200 nm

500 nm 100 e
Figure. AFM micrographs of double decker nanowires prepared by 320 MeV Ru 1on beam irradiation at 2.8 x

10° 1ons/cm? to the PHS/PMPS thin film Development were performed using toluene - IPA mixtures at a
variety of ratio.

> g e
LET )N W% 4
0ot |

)

Applfed Chemistry

Fig. AFM micrographs of PHS-PMPS-PHS triple decker nanowires on Si
substrate produced by 454 MeV 2Xe?®* jon beam at ion fluences of

1.1 x 10° followed by development in toluene/TPA solution (2:1). Tmages
(a) and (b) were observed in Air and H,O buffer solution at pH 7, 25 C.
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St
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Fig. AFM mucrographs of nanowires with ultra-high aspect ration based on
SU-8 produced by SPNT. Images (a) — (c) were observed in the films of
SU-8 at ~10 pm thick after irradhation of 400 MeV Kr 1on beam at the
fluence of 1.0 % 102 ions cm2.

15 nm

Ultra-high aspect ration ~ 800

*:n‘u" NisAN

Applfed Chemistry

Fig. AFM micrographs of nanowires with ultra-high . § rplcement fho) )
aspect ration based on SU-8 produced by SPNT. Images Fig. Cross—sec’mmal profiles of the nanowires
(a) — (c) were observed in the films of SU-8 at ~12 um on Si substrate based on SU-8 produced by
thick after irradiation of 400 MeV Ar ion beam at the  SPNL. The profile was measured at the
fluence of 1.0% 10° 1ons cmr?. Development was carried position indicated by an amow i the
out in diacetonealcohol for 10 min. corresponding micrograph.
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Figure. AFM micrographs of nanowires formed by 500 MeV 7Au’' ion beam irradiation to human
albumin films with 3-4 yum thick. (a) — (d) are recorded in albumin films with the fluence of 1.0 x 10% 2.9 x
10°. 6.7 x 10°.and 1.0 x 10° ions em™, respectively.

& -‘
LET )N I".' 1

Applied Chemistry

[==——=4
2 um

Figure. AFM micrographs of nanowires based on bovine serum albmin with ultra-high
aspect ratio produced by 450 MeV Xe particles. Thickness of the target films varies from 10
um (a) to 400 nm (h), respectively. Development was carried out by water for 2-5 min.
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Applied Chemistry

Figure. AFM micrographs of bovine serum albumin nanowires on Si
substrate produced by 454 MeV '2Xe?* ion beam at ion fluences of
1.6 x 10°, followed by development in water. Images (a) (b). and (c) were
observed after development (a), after immersing into trypsin aqueous
buffer solution at pH 7.5. 30 C for 2 min (b) and 15 min (c), respectively.

anowires by sin:

Applied Chemistry

* Cluster Particles

A) Carbon cluster particles
B) Aluminum cluster particles
C) Cluster particles consisted with heavy atoms
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250nm . " 250nm

250nm

250nm

[13] [16] [19]

X" Cluster Be

Applfed Chemistry

cluster ion particle irradiation. Images (a) — (d) were observed in the films
of SU-8 at ~0.3 um thick after irradiation of 1.5 MeV/atom Al;, — Al,
particles, respectively at the fluence of 0.50 ~ 2.0 X 10° particles cm-2.
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£X* Cluster B

\ Applied Chemistry

Figure. AFM micrograpl } — Cy cluster 1on
beam at 1on fluences of 3. enzene. Images (a)
- (h) were observed for the na¥e e e 24 MeV C, (c), 3.0
MeV Cs (d), 3.6 MeV C (e), 4.2 MeV cT (f) 48 MeV C; (g) 5.4 MeV Cy (a) and 6.0 MeV C,p (),
respectively.

£X* Cluster B

\ Applied Chemistry

Figure. AFM micrographs of nanostructures
based on SU-8 produced by cluster ion
particle uradiation. Images (a) — (d) were
observed in the films of SU-8 at ~0.3 pm thick
after irradiation of 1.5 MeV/atom Al — Al,
particles, respectively at the fluence of 0.50 ~
2.0 X 10° particles con?. Images (e) — (f) were
observed in the films of SU-8 at ~0.3 pm thick
after irradiation of 1.5 MeV/atom Al3 particles,
at the fluence of 1.0 X 10° particles cor?.
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* Non-homogeneous field of chemical reactions in an ion track leads

— Cylindrical nano-structures based on crosslinking reactions of the target
polymeric materials.

* The present technique realizes tailoring of nanowires with sub-nm
(molecular size) resolution.

— The sizes of nano-wires are completely under control
+ Thickness, Length. Number density. Structures, etc.

— Orientation control of nano-wires by an use of the “planted” nanowires on
the substrate.

* Simple model of radial distribution of crosslinks in an on track
provides good interpretation to the size of the nanowires

— Applicability of the present technique to a variety of polymeric materials.

We can obtain nanostructures of
any materials we want !
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Magnetic moment [emu/g]
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Magntic moment [emu/g]
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Sn [eV/Ang./ion]
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Results and Discussion
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Magnetization[emu/cc]
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Nonlinear Effect of electric excitation in a target by swift cluster ion irradiation
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Non-hnear effect n electron excitation
mduced by fast cluster ion beams
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energy loss of ions

PRIEHE ( Stopping Power)
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Fig.5.3. The calculated ground-siale geometrics of Cy-Cyq. Bond lengths are shown in
Angstroms and bond angles In degrees. For C,, Cy and Cy, low-lying linear structures
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Cluster Effect

Y (n): yield under bombardment of a cluster
Y : energy-loss, average charge, secondary electron yield(e-/ion)

Y(n)

B = nxY(1)

R, =Y/ n-Y()

Sub-linear ( R1<1, R2 <0)

over-linear ( R1>1 , R2>0)

& Average charge
sub-linear

& Energy-loss

¢ SE emission

Brunelle et al. (1999)

sub-linear ( at lower speed )

sub-linear ( at lower speed ) Kudo et al.(2008)
over-linear ( at higher speed ) Baudin et al.(1994)

over-linear ( at higher speed )

Kudo et al.(2006)
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Energy transfer and momentum transfer
to conduction electons
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Self-consistent average charge model

Electric field produced by surrounding
ions makes the binding force stronger

4 .
Vb,i=(1.09zzﬁ+ > 2Q )%v0

Q; iyt A

Qi 1 i 2 3%V
2 (Yt exp(- = (2y2
e T ety 5=t

1 .
,1

@ charges of individual ions should be determined

@ spatial structure of a cluster is included

R, average charge ( 1 MeV/atom Cnin C and Al)

o
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Nucl.Instr.Meth. in Phys.Res.B 258 (2007) 57
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R, Average charge (size dependence)

2. 0MeV/ atom Cn+ = 2.2 pg/ em2carbon foil
Exp) Brunelle et al., P.R.A 59(1999)4456
Cal) P.R.A 66(2002) 052901

1 = I
o ’ Structure dependence
§ 0.9
~ 8
foo,,
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R, KEE energy spectra in vacuum
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Sublinear effect is obtained. Experimental data show
more suppression and narmower spectra.

gl Bias voltage effect? |
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R, Ratio of Energy spectra
14 14
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??7? lowerenergycase ??°7?

Theoretical study of inelastic energy-loss in carbon
foil by carbon cluster ions with 0.5 MeV/ atom

€ V=1.3v0 (sub-linear region in energy-loss )

@ linear structures of clusters are assumed

€ Sub-linear effect in energy-loss will appear ???

€ Sub-linear effect in average charge will appear ???
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MODEL

Projectiles
— ensemble of partially stripped isolated ions
— charges are determined using self-consistent cluster
average charge theory
Targets
— Electron gas (neglection cores)
Interactions
(1) Tnafoil
— Repulsive Coulomb force
— Polarization force ( dissipative + conservative )

(2) Out of a foil

— Repulsive Coulomb force (keep average charges )

BT D RER

& Kudo et al (University of Tsukuba)
0.5 MeV/atom kFRITAS— % Carbon EE ITBBIET.
IRILX—EBE (TB1TE TADISRI—HR1ZEHH

Il

CHOEIRILFE—TDARIEXEILHT!

1

FUBEBLIRIILE—EBEOFTMNALE
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BEFAERTUOvIL(RER

@ Inclusion of polarization force

v=2(atomic units) DA A MW I 2 724 7 RF > v LD
EHEHD, A4 > RBEDOENSHEAEBL TS,

Force acting onj - th ion (excluding coulomb foirce)
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Initial orientation

vs Injected direction

Carbon foil
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C2 cluster

499.4 keV/at C2 ——> C (400a0) 499.4 keV/at C2 ——> C (400a0)
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Average Energy Loss and Average charge ratio
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Cluster energy loss experiment by Tsukuba group

0.50 MeV/atom Cn —p C-foil

1.02 . . . .

Toil { 1390

1.00 * ‘

ool | { {385
W 098 ] %J
Yol . {380 x
Q [m]
S sl I T £
LLI: 095 . 4375 Lu:
< oeal i <

L (o]

0931 w present data I A

092 o calculation (ring) . "nn

0o1[ o calculation (insar) Negative clblster effect!!!!

0.90 L L L : J

1 2 3 4
size n
Conclusion

Energy losses and Average charges are calculated for 0.5 MeV/atom
clusterion (linear structure ) passing through carbon foil

(400 a0).

@ Ihitial orientation dependences are found in cluster energy-
loss and cluster average charge.
& In cluster average charge, sub-linear cluster effect was

found.

@ Inenergy-loss, sub-linear cluster effect was found.

agreement with Tsukuba data
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