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Overview

1. Introduction to IBA
2. RBS/channeling for ion tracks

3. RBS/c @ RBI
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The first ion beam analysis:
Rutherford experiment

Scattered
Flourescent screen  a-particles

Plum Pudding Model
of Atomic Structure

Flourescent screen

Transmitted
Gold fail a-particles
ERNEST RUTHERFORD
* 1909 — a-particle scattering experiment

on gold foil
* 1911 — theory of nuclear atom

ION BEAM ANALYSIS (IBA) =
material analysis using (MeV) ion beams



Accelerators today

Aprox. 20.000 accelerators:

*  90% medicine & industry
« Medicine
. Diagnostics (isotope production)
. Radiation treatment
 Industry
. lon implanters
. Electron accelerators for
radiation processing (e.g.
polimer crosslinking,
sterilisation...)

« 10% research and education
Large scale facilities (e.g.CERN,
GSl, etc.)

Synchrotron light sources
Cyclotrons

Electrostatic accelerators
(including implanters)




RBI accelerator facility (RBI-AF)

Direct extraction Sputtering ion
duoplasmatron source
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RBI accelerator facility (RBI-AF)

1.0 MV HVE Tandetron 6.0 MV EN Tandem Van
accelerator de Graaff accelerator
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spectrometer . *  reactions

Detector
testing
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Elastic scattering of
incoming ion
— Rutherford
backscattering
spectrometry - RBS
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b

lon beam analysis (IBA) techniques

Nuclear reaction —
emission of reaction
product (particle;
gamma ray) — PIGE
and NRA techniques

Energy loss of
incoming ions —
Scanning
transmission ion

YWY [ YV VYY

5@

Inner shell ionization
— emission of x-ray
— PIXE spectroscopy

microsopy - STIM
< L

Elastic scattering —
recoil of target nuclei
— ERDA depth
profiling technique



Rutherford Backscattering Spectrometry (RBS)

N Nuclear reaction —

Elastic scattering of emission of reaction
incoming ion product (particle;

— Rutherford gamma ray) — PIGE

backscattering and NRA techniques

\spectrometry - RBS y ,.\J
\‘\ Energy loss of

incoming ions —

Scanning
transmission ion
microsopy - STIM

. >

YWY [ YV VYY
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Inner shell ionization
— emission of x-ray
— PIXE spectroscopy

Elastic scattering —
recoil of target nuclei
— ERDA depth
profiling technique

T




Rutherford Backscattering Spectrometry (RBS)

k - Escattered _
Eincigent 1+ —

For a given scattering angle © , known projectile energy
E,.. and mass M, (eg. 2 MeV a), E.. can be measured
and therefore unknown mass M, can be determined

T




Rutherford Backscattering Spectrometry (RBS)
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Rutherford Backscattering Spectrometry (RBS)
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Rutherford Backscattering Spectrometry (RBS)
Depth profiling
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Rutherford Backscattering Spectrometry (RBS)
Depth profiling

-

Sample:
thin film a-Si solar cell
(amorphous silicon)

3 MeV protons

5.1 MeV Li*" beam
®=170°

500

400 +

300

200 +

AlSi SnO,, SIO, 100l




Temperature (°C)

Rutherford Backscattering Spectrometry (RBS)

In situ analysis

Effect of high temperature deposition on CoSi2 phase formation
C. M. Comrie, et al. J. Appl. Phys. 113 (2013)
- Identification of phase transition from CoSi to CoSi,
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Elastic scattering of
incoming ion
— Rutherford
backscattering
spectrometry - RBS
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Elastic Recoil Detection Analysis (ERDA)

Nuclear reaction —
emission of reaction
product (particle;
gamma ray) — PIGE
and NRA techniques

Energy loss of
incoming ions —
Scanning
transmission ion
microsopy - STIM

. >

YWY [ YV VYY

5@

Inner shell ionization
— emission of x-ray
— PIXE spectroscopy

(" Elastic scattering —
recoil of target nuclei
— ERDA depth
profiling technique




Elastic Recoil Detection Analysis (ERDA)

Experimental setup:

Stopping foil — by selection of
appropriate thickness, system is ® -
optimized for one particular element

(e.g. Hydrogen using He ion beam) f
E

AE, E detector: - scattered and
recoiled particles are discriminated by PS
different dE/dx! (energy straggling ?)

TOF, E detector: AE %E
- scattered and recoiled particles are

discriminated by measurement of time
of flight (with minimal straggling) —

best depth resolution f
+ Magnetic spectrometer (expensive) T‘&‘ E

7




ToF — ERDA @ RBI-AF

Acc.
grid

A =) :"""'M.irror grid

10n > Y ]
c \ &

Z. Siketi¢, PhD thesis (2010)



ToF — ERDA @ RBI-AF

Heavy ion beam —e.g. 20 MeV lodine ions

* sensitivity 101 /cm?

* 5 nm depth resolution, up to 500 nm probe depth
 all elements are resolved simultaneously

Sample:
20 nm multilayers TiN/AIN
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ToF — ERDA
@ RBI-AF
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RBS in
channeling
(RBS/c)

Secondary
electrons

SE imaging

lonolumine
scence (IL)

High
resolution
HR-PIXE

Other IBA techniques... important for us ?

Elastic scattering of
incoming ion
— Rutherford
backscattering
spectrometry - RBS

i

Y

Nuclear reaction —
emission of reaction
product (particle;
gamma ray) —» PIGE
and NRA techniques

[ MeV-SIMS ]

Y W il v

Inner shell ionization
— emission of x-ray
— PIXE spectroscopy

is7
N\ N
Energy loss of lon beam
incoming ions — .
Scanning induced
transmission ion cha rge
microsopy - STIM IBIC
L 2 ' k ( ) J
N
Elastic scattering —»
recoil of target nuclei _ _
— ERDA depth P P & C C
profiling technique ) scattering




Resources - books

Y. Wang, M. Nastasi, Handbook of Modern lon Beam
Materials Analysis (MRS 2009)

W.K. Chu, W.J. Mayer, M.A. Nicolet, Backscattering
Spectrometry (AP 1978)

LC Feldman, JW Mayer, ST Picraux:
Materials Analysis by lon Channeling (Elsevier 1982)

W.R. Leo, Techniques for Nuclear and Particle Physics
Experiments: a How-to Approach (Springer 1987)
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SWIFT HEAVY ION BEAMS FOR MATERIALS MODIFICATIONS

= SWIFT (>1 MeV/amu)
= HEAVY (>20 amu)

£ P
009909‘0 o

c000aoafs E E » JON TRACK: permanent
cocoo oo damage after passage of
00000 oeooo SWIFT HEAVY ION

o oo o/clfels v as = THRESHOLD (melting):
ceclBMliceces relevant is dE/dXc, g, not E !

il | ol ool = FISSION FRAGMENTS
» LARGE ACCELERATOR
FACILITIES




= SWIFT (>1 MeV/amu)
= HEAVY (>20 amu)

= JON TRACK: permanent
damage after passage of
SWIFT HEAVY ION

= THRESHOLD (melting):
relevant is dE/dxg g, not E !

Zollondz (2004): 1GeV U = DLC

= FISSION FRAGMENTS
= LARGE ACCELERATOR

Vetter (1998): FACILITIES
2.4 GeV Pb = mica

i



ccV Magn
5 .00 KV 900x

F. Watt et al., Mat. Today (2007)
Lindenberg et al.,

Microsys. Techn. 2004



lon track analysis using RBS/channeling

* Applicable for any type of damage (nuclear/electronic dE/dx)
* Possible to analyse greater number of samples than TEM
* Applicable for single crystal targets |
LC Feldman, JW Mayer, ST Picraux:
Materials analysis by lon Channeling (1982)
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lon track analysis using RBS/channeling
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lon track analysis using RBS/channeling
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lon track analysis using RBS/channeling
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energy loss (keV/nm)

1

For 1 data point,
~ 5 samples measured
with RBS/c



lon track analysis using RBS/channeling

| I
SiO, quartz
} B
. o
T 2
T 1o s & ,
Ll 2
! 3
—<_— C-RBS 2 2 T 00 @ ®

1 1 1
20 30 40 50
dE/dx (keV/nm)

® TEM %o

E XRD
l \ Meftah PRB (1993)

10 15 20
energy loss (keV/nm) But close to threshold ion

Toulemonde MM (2006) tracks are discontinuous

RBS/c measures effective ion

Overall good agreement _
track cross section

RBS/c with other techniques
(amorphizable materials)

Different but perhaps more
| E appropriate than TEM!



lon track analysis using RBS/channeling

100

75 [
50 |-

25 [

Relative Disorder (%)

0 B |3 6 9 12 0 2 | 4 | | 6 | l 8
Fluence (x10'* cm?) (dE/dx)_ (keV.nm'?)

FIGURE 4 Relative disorder in LiNbO; versus the chlorine fluence. Irradiations : .
performed at two different energies: 10MeV (circles) and 7MeV (squares). The :‘t})GpllDJillllng(S)weljvolutlon of the exponent n, fitted from Eq. (4), versus the electronic

continuous lines correspond to the best fits of experimental data by using the
AVRAMI model (Eq. (4): a= l—cx?(—(d:/cpc)")). The ¢, valu{es obtained for these two
energies were 4.6 x 10'% and 7.5 x 10'2cm™2, respectively.

SMM Ramos et al., REDS (1998) For 1 data point,
5+ samples measured

a=1-—exp(—(¢/d:)") with RBS/C

| a Avrami equation: sigmoidal shape, incubation fluence
D

7




lon track analysis using RBS/channeling
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Avrami formalism is useful extension of the Poisson law,
but many measurements are necessary for 1 data point
In situ RBS/c is an excellent solution for saving beamtime!
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lon track analysis using RBS/channeling

Table 1
Main irradiation parameters and some of the swelling and C-RBS results

Beam Au Au Au Au Au Au Pb Pb

Energy (MeV) 0.5 1 24 3.5 5.5
Range (um)* 0.15 0.25 0.56 0.81 1.3
Total dE/dx (keV/nm)* 4.23 43 43 4.3 4.5
Nuclear dE/dx (keV/nm)* 3.3 3.1 24 2.1 1.7
Avrami exponent® 3.5 3.7 2.5 2.0 1.35
Nuclear cross-section a, 23.5 19 (16)¢ (14) (12)

(107" cm?)

Electronic dE/dx (keV/nm)* 0.93 1.2 1.9 By 2.8 3.6 22 28
Electronic cross-section a. - — 0.95 1.2 5.9 6.6 109 105
(107" cm?)

Mean dE/dx (keV/nm)? 4.3 4.2 4.5 15.6 21.3

Ramos, NIMB (2000)




Fig. 3. Schematics of the physical process underlying the multi-impact model, with
N =2. Amorphized areas (one core or two halo impacts) are shown in black, whereas
pre-amorphized areas (one halo impact) are shown in grey.

Garcia et al., NIMB (2011)

lon track analysis using RBS/channeling

0.6 [

04

N=2, h/c=1.0

0.2

ho

Fig. 6. Fractional amorphized area S, calculated according to the impact-overlap-
ping model with the values indicated in the graph for the parameters N, g, as a
function of the fluence normalized to the inverse area of a halo h (black circles N=5,
g =0; red squares N =2, ¢ = 0; blue triangles N =2, ¢ = h). The solid lines show the
result of an Avrami fit to each of these three cases. (For interpretation of the
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lon track analysis using other techniques

ToF ERDA of hydrogen loss from Al,O; film
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lon tracks on the surfaces: GaN, TiO,
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RBS/C @ RBI-AF
(DUAL BEAM END STATION)
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RBS/C @ RBI-AF
(DUAL BEAM END STATION)

6 MV Tandem Van de Graaff
1 MV Tandetron

RBS/c yield
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.’ Hrvatska zaklada za znanost

—— virgin
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— random
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5 MeV Si = SiO, quartz
RBS/c: 1 MeV protons

M. Karlusic et al.,
Materials (2018)




RBS/c yield
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SHIBIEC: SiC

ANTI-SHIBIEC: SrTiO,

LI B B
L4

Si pre-damaged level
Ni Annealing 10 nm™

Amorphous level
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lon tracks in PRE-damaged GaN
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SUMMARY

lon track threshold: depends on dE_/dx, not E!
Complementary to higher energy accelerator facility
IBA (RBS/C, ERDA) available for track measurements
Higher fluences can be achieved (simulate n, y)

RBS/c - used for structural analysis of single crystals
Avrami model useful for distinguishing nuclear and

electronic stopping damage
Avrami model also useful for other techniques






