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Collision of Energetic lons with Atoms Iin Solids
1.Resulting in energy deposition

Elastic Collision (& T4 &3E)
[atom knock-on (IZLZEHL)]
collisions without electronic excitation
dpa (displacement per atom) Is
a measure of elastic collisions

Inelastic Collision (FE7E 4 1&73€ )
electronic excitation & ionization,
usually no effects, however, in some cases
leading to atomic displacement




* (A VE—LICLSPEHRE

1. Energy Deposition (TR J)LFXF—{15)

2. Reaction of Ions with Atoms (/A > &MBE EDILER )
3. Reaction between lons (/A BlLERE)

BF - [RFEEWHE: Electronic & Atomic

TnITII

Structure Modification

BT, LFEE LR BRETEOWRE

Characteristic Effects by Ion Impact?

*E NP IEFE : Non-thermal processing

*

1515 (damage) ELND A A—T i D i A




*lon Beam Analysis (non—destructive)

AAVE—LGH (FERRIE)

FHRE . A8, FIERDES (composition,

impurities, film thickness)

R (I H, C, N, OXBETH, light

impurities)

2009 brings with it the 100th anniversary of the
first Rutherford Backscattering Spectroscopy
experiment performed by H. Geiger and E.
Marsden (a student) under the supervision of
Ernest Rutherford at the University of Manchester.



lon Beam Analysis (474> E — L5 #T)

TARGET

AN

Single scattering approximation in IBA
AZBELATIEIC BT 1 B S ELE R

7

k (kinematic factor) ---> m, (&)
AE=(KE, - E,) =[dE/dx]*x ---> depth x (RE)

[dE/dx]: stopping power factor (RE1EBEEF)

AE=K|dx(dE/dx)in/cos0, +
Jdx(dE/dx)in/cos6,
For small x (surface approximation, R E L),
[dE/dX] ={k(dE/dX) /cos0, +
(dE/dX) g, /c0s0,}

RBS: Rutherford Backscattering Spectroscopy
(THI+—FRARELE)

NRA: Nuclear Reaction Analysis
(% R I 5341 i%)

ERD: Elastic Recoil Detection (BEif¥ & Bki%)



Samples (mainly Polycrystalline Thin Films)

Oxides; ZnO, ZnO(Al, In, Mn), Cu,0, CuO, TiO,, SiO,,
WO, Fe, 0,4, SrCeO,, High Tc superconductors etc.

Nitrides; Si;N,, AIN, (TiN), Cu,;N, WN etc

Others:; C(graphite, graphene), Si, Sapphire, MgO, W, SiC

Equipments
In campus; Accelerators 2 MV AN VG,
KNVG (shut down March 2013)
200kV Ion accelerator
XRD. RF-sputter film deposition
Off campus; optical. AFM(AIST)
Plasma-Material Interaction (NIFS. JAEA)
High-energy ion. RF-sputter depo. (JAEA)




Energy; ~ 200 MeV
lon; H— Au
10 eV/u - 2 MeV/u

Low energy < 10 keV,

mainly elastic energy deposition
High energy >1 MeV

mainly inelastic energy deposition
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Ph. D. Thesis: Uses of Channeling Technigque for
Determination of Defect Concentration and
Structures in Crystals (1976)

C 33 Surface
& “'Q”Q\ o b &6 ¢ 0 O ©
“ﬁ& 3 O 0 0 0 6 0 0 'ﬂ'
R © 0 0 0 00 O
e O 0O 60 0O 0 0 O

A. Nearly perfect crystal

;-..4.-‘\"&
| ' ‘

Chu, Mayer, Nicolet,

Backscattering Spectrometry, Tesmer et al. ed. Handbook of modern ion
Academic Press, 1978 beam material analysis , MRS, 1995



Location of Pb impurities in Pb-
Cl interstitials in KCI

W @ For Al-0.1%Mn,
(K — —F@} location of Mn

5 E solute in Mn Al-

/@““ S i I Interstitial (mixed
‘@/ o dumbbell, <100>

split configuration).

Pb is located near face

center within 0.04 nm. Matsuanmi, Swanson, Howe,
Can. J. Phys. 56(1978)1057.

Matsuanmi, Yokoyama, Itoh, Phys.
Stat. Sol. b75(1976)483.
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1976~1978,

Solid State Science Branch, Chalk River
Nuclear Laboratories, Atomic Energy of
Canada Limited (AECL), Chalk River, Ontario,
Canada
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Surface relaxation of Pt(111)
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Fig. 6. Angular scan of the (110) surface peak on Pt(111) at 120 K using a 2.0 MeV He beam
The upper (- — —) curve is a Monte Carlo simulation, based on Somorjai’s [21] anisotropic sur:

face vibration value (i.e. 6; = 111 K) and assuming Ad = 0. The other curves are based on the
same set of assumptions, as in fig. 5.

Outward relaxation by 0.003 nm

Davies, Jackson, Matsunami, Norton, Andersen, Surf. Sci. 78(1978)274.



18

Unpublished data,

Explanation is difficult to the observations.



Proton Energy Loss Spectroscopy 19

|
Accelerator
Tube |

T L ey i 100 keV Proton

|
I
I
I
|
|
I
|
|
| Eiréel
|
|
|
|
|
|

: o Energy resolution ~20 eV,
. NEgee gdequate to resolve
- surface monolayer.

Electrostatic
Analyzer

EEEEEE T e e e Matsunami, Scanning
Microscopy 1(1987)1593.
Fig. 1. A sketch of the high-resolution

proton energy-loss spectrometer (after
Oku et al., 1986).
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Fig. 2. Energy loss spectra of 100 keV H* on a W(111) surface
obtained by PELS-I (open circles). Incoming and outgoing
angles are 6° from the surface (scattering angle =12°), and
the azimuthal angle ¢ = 30° means the direction along (211).
The dashed curves are the multi-Gaussian fit to the data, and
each contribution is indicated by a dot-dashed line. Histo-
grams are the results of computer simulations for a surface
contraction of ~5 pm and a reduced Debye temperature 200
K of the normal component of surface atom vibration. The
scattering intensity from each layer is indicated by (/%) for
the first, (\\) for the second, and (== ) for the third layer,

respectively.

3

20

100 keV P on W(111)
surface

Monolayer resolution

*Layer spacing

Lattice vibration of
surface layer

Matsunami, Kitoh, Knasaki, Itoh,
NIM B45(1990)412.

Au on Si(111),

Pd on Si(111), Pd-
silicide formation

Kanasaki, Itoh, Matsunami,
Appl. Phys. Lett. 51(1987)1072.
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Energy loss in Carbon films with PELS; 100 keV Proton
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Fig.7 Energy loss spectra(ELS) for 100 keV H* transmitted through b i
carbon film, showing the normal energy loss peak around 2 keV with g - I\ 2]
the full width of 800 eV and the zero energy loss peak with the full o
width of 25 eV. Notice that the horizontal scale Is different for the ; %
two peaks and x1/500 means that the yield of the normal energy -6
loss peak is larger by 500 than that of the zero energy loss peak. 10 | I 1
The solid lines are the Gaussian fit. TH]CK]!\(J)ESS( ) 20
nm

FIG.8 Normalized zero energy loss peak intensity vs thickness in nm

Zero energy l0ss; e o s o S 2
No collisions with electrons Vatsunami, NIM B115(19996)14

: sunami, _
(no pin hole) HAE. B C(Ha-5)
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Inelastic mean free path (IMFP)

No collisions
with electrons

Matsunami, NIM
B115(1996)14.
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Fig. 3. Energy dependence of inelastic mean free path; present
results for HY (O) and He™ (a), calculated results for positrons
(solid line) and electrons (dashed line) [17]. E and E, are the
energies of H, He™ (per nucleon) and electron (or positron)
having the same velocities. The dot-dashed and double dot-dashed
lines show the calculated result for electrons including extension
to low energies and protons, respectively, without the exchange
effect after Ref. [19). Experimental data source: v = Ref. [21];
X =Ref. [22]; + =Ref. [23].
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Energy loss of 100 o
keV Protons in C film
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Fig. 2. Energy spectra of H™ transmitted through thin carbon v oo _z" , \,\
films; (a) and (c) for 100, and (b) and (d) for 120 keV. The ‘f e e T o R,
solid lines around the energy loss of 1 keV are the asymmetric ol 0 & : > . S ol : : T
Gaussian fit to the data. The spectra around 1 keV indicated [ T T 4 T T T
by crosses and open circles are obtained for the as prepared (@) 2
sample and after bombardment of H™ to a dose of ~0.1 6F v ¥ XS0 7
wC/mm?, respectively. The numbers are the half-width at ol R ,x N |
half maximum in eV. The solid lines around 210 eV are the 7 \ y ' X
. . . . ~ . /
single or double Gaussian fit to the data with the full width at ) IS n 4 440 SOO___;\‘I, J
half maximum indicated in the figure. _ 5 Lo e K N
O(L MRS ¢ 2 i f A x L JEe 1“*
Matsunami, Kitoh, NIM 0 100 200 300 1000 2000

B85(1985)1994)556 s ki Al
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Ag Nano cluster formation in SiO,-glass
150 keV Ag ion into SiO,-glass

Interactions

between

. )

implanted Ag’s

Matsunami, Hosono, FIG. 3. X-TEM photographs of Ag implanted SiO, glasses for doses
Appl. Phys. Lett. 63 2% 10'/cm? and 7.6 X 10'%/cm?, showing small and large colloids for t

(1993)2050. small and large doses, respectively.



RESISTIVITY MODIFICATION of High Tc Cu

oxide superconductors by ion impact

;go%"ﬁ)ygcoma p_ (mQcm) d(nm) DPA(10'%/cm?)
.- o 120 keV He 0.61 134  0.0122
YBCO e 120 keV Ne 0.85 90  0.727
x 300 keV H 0.000423
B, ws DPA o 600 keV Ar (014 150) 404

unpublished

25



Low energy ion irradiation effects on HTc ”
spuerconductor (YBaCuO-1237, BiSrCaCu0-222310)

Irrad. Unirrad.

unpublished

5 keV Ne, ~16 cm~2,

Projected range ~7 nm << film thickness ~100 nm

How ion irradiation effects beyond the projected
range?

Low energy ions (<10 eV) in solids ?
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lon irradiation effects on
catalytic activity of TiO,

27
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TiO, Film Characterization

INTENSITY (a.u.)

Rutherford backscattering

X-ray diffraction spectroscopy (RBS)

40 L L T T T T L ] 0-8&' T T T T T T T T 1
T aqoy Ti(101) 2. [%L8MeV He — TiO, /i |
NN . Y 1 38 Pangse, .
[ Ti(002) ] £ w11 (INnterface)
20 r(110) a(200)y1 co4r T i .
\ U o *JTi (S)1
10 § | | - = 0.2F \\¢ -
i, | \ ]
| | kbl ol —1t 00,1 A
20 30 40 50 04 06 0.8 1 1.2 1.4
20 (degree) ENERGY (MeV)
Structure Thickness 120 nm
a:Anatase, Composition O/Ti=2.0%0.1

r:Rutile was not observed.
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Enhancement of photocatalytic activity of
anatase—TiO, by N ion irradiation

spr——————————— 100 keV N ion
irradiation=>
enhancement by 2

N
(O
I
—@—
|

(10* cc/em®h)
N
|
—@—
]

=
gl
AR | ]
| o S— —
—@—

Factors of enhancement

oValency modification

H_EVOLUTION
[EN
]

2
o
o ol
- T
_.
.I

(Ti*4 -> Ti*3 )
O 02 04 06 08 1 12
100keV N IRRADIATION (10'° /cn) e Problems o
Area modification ?
H2 evolution vs N ion fluence Carbon contamination

Matsunami, Uebayashi, Hirooka, Shimura,
Tazawa, NIM B267 (2009)1654.



Similar enhancement (a factor of 1.5)
was observed for Ni-loaded Rutile-
TIO,

Optimization of NI concentration by N
lon Irradiation

30



Dopant replacement by ion impact: In-doped ZnO

10°
6% In doped ZnO _ HO0 Mevxe
Unirrad. :5~0.03 Ohmcm g 10° zc3q 7
2 kg

-Conductivity:increase by Elol !
4 order of magnitude 5[5 moag
»Main factor is the carrier g A
(electron) conc. increase Olo_l o

due to dopant replacement.~

m
|
o
o

PRIZX5aXea6a

In into Zn sites S 100 MeV xe 12X5a ° —~
S 10 2
Non-thermal effect > - MOBILITY 3 §
—_ | ~
. . 2 a1f! >
- Direct evidence of dopant E =
replacement? * 01 T CARRIER DENSITY 2
T O =
Matsunami, Fukushima, Sataka, = 0.01
Okayasu, Kakiuchida, NIM © 001 01 1 10 100 1000

B268(2010)3071. 100 MeV Xe FLUENCE(10° cm™)



Similarly dopant-replacement
iInduced by lon impact, I.e.,
conductivity increase was
observed for Al-doped ZnO, Mn-
doped ZnO.

*Direct evidence of dopant-
displacement by ion impact

XEAFS

32



Reaction of N ions with
nitride films near film to
substrate interface (Interface
reaction)

33



Interface reaction: non-thermal (AIN/Al,O,)

34

ENENRGY (MeV)

0.4 0.6 0.8 1 1.2
r——T T 7T T T 1 T T T T T T ]
PPRBAN98aN2b 2k6.9.3 =
1.8 MeV He -> AINR-Al O_
~ N(int.)
0 6 B irrad. -
z ° = |
D %
Q [
O %
% 4 F o N(surt) g, i
S, | T 100 keV N Al(surf.)
Iy %, 1.5x10Y cm?
a NGNE) Mo, ¥ |
— : Aot SR RIS,
w 5 L unirrad. ok eI o -
>.
/ 3 ]
unirrad. H ]
O 'R T TR N N TR TN NN T NN TN SN NN SN NN S N Kl L
100 200 300 400 500 600
CHANNEL NUMBER
Interface reaction
AIN [\ ALO,
was also observed N ions |
for Si;N, (amorphous, >N/ reaction-

~0.2 pm) /SiO,.

\ formed AIN

N\

TRIM Simulation

L (b) -
1- 100keV"™N =~ - .
[ 100 kev -
08 | .
0_6 - n _
ot
0.4 * s
.-'
02 Py i
0 :-Q'P“-P’I | | .'-_I
0 0.1 0.2 0.3 0.4
DEPTH (pm)

*Increase of film
thickness by 100 keV
N 1on irradiation

* Optical reflectivity
also shows film
thickness increase

*N-Al(Al,O) reaction,
growth of AIN layer
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Optical reflectivity Refractive index
30:|(;)|||||||||||I|IIII|IIII|IIII||||||||||: 23;”(6)' ||||||||| ||“;“;Tir

5 4 {5 225F. A 1E17cm-2

3?25 F é . {SE170m-2 | : é 22 3 i —_—

~ 20 % E1 unirrad. ' 1 wu “F unirrad.

a8 \ g 1 2 ok 7 unirrad. : fit=2.09+ ]

s HY 3 5 “PE . 0.022/WAVELENGTH’

E ARk ] % 21F 8a -g E

140 E - A .

5 10 g \irrad. i 2050 & 6 8 &

= s B 100 keV N E - -

: 1.5 x10"" cm? : 2 _"'0_'5' """" ‘II """" ',“5"" '
vy v vv v Pevvn BPvvr v b v v by by v Py a0
%2 03 04 05 06 07 08 09 1 WAVELENGTH (um)
WAVELENGTH ( pm) U H
Oscillations: Interference of photon beams d} _[J AN

between directly reflected and reflected from

AIN-Al, O, well-defined interface _ N
The shift of the wavelength | at which the Ay =_4dn/J;tLeﬂectl\_/ltty _
reflectivity takes their maxima & minima mgryi%%vwith%vfé‘ i'r'?teeg?eerr jl
towards longer wavelength, with the for n(AIN) > n(Al,0;)~1.8

.. S d : film thickness
measured refractive index => Increase of * refractive index
film thickness

Al20s




X-ray diffraction

3 I | I | I | I
(b)

unirrad. g S

:
T

RO INTENSITY (a. u.)

| T

3
», XXX&‘ /
%%

X

S,

-~

o

3!'\)

|

0 (DEG.)

FWHM of XRD rocking curve
decreases by N ion
iIrradiation => alignment of
grain-orientation

36

Under ion irradiation,
e Degradation of XRD
Intensity,

does not become
amorphous

but disordered state

e Decrease of a-axis
parameter

e No diffraction peak other
than AIN & Al,O,

Matsunami et al, NIM
B257(2007)433.
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Plasma Surface Dynamics with
lon Beam Analysis for study of
dynamic retention of H isotopes
under plasma exposure

PS-DIBAZRHW =S XYHEHE TIZHIT
HIKZR BIRLIAW B D Z D i5aT Al

Yamagiwa, Nakamura, Matsunami, Ohno, Kajita, Takagi, Tokitani,
Masuzaki, Sagara, Nishimura, Phys. Scr. T145(2011)014042.
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Plasma Surface Dynamics with lon Beam Analysis (PS-DIBA)

DC Plasma

Gas

Coils Source l Inlet

Cu
B \ Anode

Fast scanning
Langmuir probe

LaB6
Detector
Cathode (RBS, NRA)

Multichannel
Analyzer

Multichannel
Analyzer

Ion Beam

5 [I/s Detector
T™P %(RBS)
Iq
” il 1)
0«
)

(1.0 MeV 3He)

accelerator

Rotatable TRCAK 2 — 1
sample , N / _ L — - Van de Graaff
X=Y Slits
Yasonssl Y 210 [i/s]
TMP TMP
Y 330 [1/s]
TMP

) EEEISATEHTTOAAFUE—LEHRA A

i) EFHERICEO>TIAUE—LIEHZREVaAN de GraaffiliERzs & {R:%
il TSR TEE FTE— LRSI EEE=4Y2Y

iv) SEEDESICE - THELR E HIE
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TV IARM—ETEKRTIAT RS
R UNRAGHRIBAE (FHERER)

FAMERIMETRAUE

D retention [10'® cm™]

TR e I -
121 >\ \.\ | SREREEHELEHND,

\ o, | EE~omARENEmE

10 \ N N | -

N, Total] X | BEEEESSOKMDZRIZLY
81 \ | sokmrcEEETICRBERR
§) i \'namic * 1 JS5 A EEET

| Nds:entior Py od T uEI= 5.7 x10% Dcm2
4| . o’ g - B OREEN,

| State | | Fsx~<matEitrs
2 7 “retentjon 1 — EEE 1.8x10% Dcm™
gL 2P K yo00 K %QK 0K | - BHIRBEN,

0) 50 100 150 200 250 RIBY7E iR D )
Time [min] 3.9x 101 Dcm-

BB BN, = N, - N,



ELECTRONIC SPUTTERING
(in collaboration with JAEA)

High energy ions

136Xe 200, 100 MeV Reiiii

8N  90MeV

OAr 60 MeV
Gl |
(0.73 ~ 1.5 MeV/u) Collector |
Al

40

J1 _Sample

~

Analysis of sputtered atoms: 1.8 MeV He RBS

Calibration of C-film Collection Efficiency




Samples: 15 Oxides & 3 Nitrides

MgO, SrTiO,, TiO,, CeO,, Cu,0, CuO, WO,, ZrO,,

Cu,N, AIN, Si;N,

e Nearly stiochiometric

e From the linear relationship between sputtered
atoms In Carbon-foil and i1on fluence with the
collector efficiency, the sputtering yields are
evaluated.

e Sputtering yields Y are non linear with the
electronic stopping power; Yoc Se" with n>1.

41



Electronic Sputtering Yield Y

(Electronic excitation effects)

CuO, WO, & Cu;N,

The erosion yields are

much larger than
the suggested

bandgap dependence.

Electronic excitation

Into atomic
displacement

"0 SVaTAbIe e

uoTebB 5i?£ %I:ef}é%n
*Efficiency factor ?

e energy

42

10 g
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SPUTTERING YIELD

L]
E PYSPEGe8gc 2k12.10.20

[EEY
Q
[N
_I'I'I'I'I'I'II“ T 1111

O

Se:15 keV/nm

- Egh ]

WO, asio,
E e CO""¢-sio,
C‘O._\ SC-OO’
N CQ%O YO-Q'S‘i3N4
2700
O, sfc AN
Cuz% .68-S'TO
L 7Gel, OAI203
Ay O MgAl,0,
O
Z10,(YS2) g0

3

5

BAND GAP Eg (eV)

10

WO,, NIM B268(2010)3167. Cu;N, NIMB267
(2009) 2653. Cu,O, NIM B266(2008)2986.
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Mechanism of electronic sputtering?

Energy transfer from electronic
system into atoms?



lon impact effects on graphene “

©  Rho(mOhmcm) v RHO"
0 Rho(mOhmcm) & RHO™
A RHO' + RhoCor.(Ohmcm)
: 1 IIIIIII 1 IIIIIII 1 IIIIIII 1 IIIII|'| LI IIIIIII | L IIIIIII I:
_ PRGra#5c ion irrad. ]
B ceased l 7
i 30 keV N i
0 ng %@O %
—~ 10" F Graphen #5 ¥ ﬂq%% =
g C 7.54 nm ¥ jﬁ; Tin Air Z
<) [ 2012.9.30 g . oy % 7
- Sp.(0.407/ion) @ T < .
s - cor. 2 Towm
> T
— 10" F § =
2, C N 1day 3
n | = -
H:J _lg @ -
| @ P @@@ @® a
O o o 99
10° F e
: L1 ||||||I 11 ||||||I L1 ||||||I L1 ||||||I L1 IIIIIII Ll IIIIIII I:
0.001 0.01 0.1 1 10 100 1000

+ 15 -2
30 keV' N* FLUENCE (10 cm™) Matsunami, Tsuchiya, Mizuno,

Bandoh, 2013



magnetic property of 6%Mn-doped ZnO

Temperature dependence

Below150K : Curie’s law -> Para-magnetic

Susceptibility (emu/cm’)

I

Mn-doped ZnO (as depo) |

I
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lon impact effect on magnetic property
of 6%Mn-doped ZnO, 100 MeV Xe

2
g-JJ+1) 10|OMeV-|Xe onanZnO - 5‘32 -
Susceptibility 30r -
follows Curie . | 4= 42 Mpn*3
law (para-— 20F -
magnetic) : . o ¢ 32 Mn*
10r o ° 1 4= 212
' | €1
Yo7 10™ 10T 107 10 10% 10%°
®, ions/cm®

Matsunami, Okayasu, Sataka, et al. 2013



N ion energy deposition & implantation effects:
Mn(6%)-doped ZnO

100 keV N N JA
Rp=160nm >>film & "T * ° * ***' 30kevn 1
thickness 55 nm £ 10F unirad ? E
energy deposition S "F 2

= [ ) -

effect S "0F \ 3

= qo0k % '
‘% ] " lon(139nm) ;A ]
o - v N Ion nm) ; % ]

30 keV N % 10? e N'lon (55nm) H&&T ‘» ?
Rp=47nm < film ‘E 100kev N 3
N ion implantation ION FLUENGE (X 10"°cm™)

effect

ltoh, Matsunami, 2013
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Concluding remarks, future problems

-Challenge

Valency modification by ions & its effects
lon Implantation (inclusion) effects
 Displacement threshold energy for dpa

 Mechanism of electronic excitation into
atomic displacement

Thank you for your attention!



