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l;_— Introduction

RBS - Rutherford Backscattering Spectrometry

® Widely used for near-surface layer analysis of solids

® Elemental composition and depth profiling of individual elements
® Quantitative without reference samples (# SIMS, sputter-XPS,...)
® Non-destructive (# SIMS, sputter-XPS,...)

® Analysed depth: 2 um (He-ions); 20 pym (protons)

® Very sensitive for heavy elements: ~ ppm

® Less sensitive for light elements = NRA




l:_- Introduction (2) m

Rutherford Backscattering (RBS) is
® Elastic scattering of protons, *He, 67Li, ...

# Nuclear Reaction Analysis (NRA): Inelastic scattering, nuclear reactions
# Detection of recoils: Elastic Recoil Detection Analysis (ERD)

# Particle Induced X-ray Emission (PIXE)

# Particle Induced y-ray Emission (PIGE)

® RBS is a badly selected name, as it includes:




l;_— History

Sir Ernest Rutherford (1871 - 1937)
® 1911: Rutherford’s scattering experiments: “He on Au

— Atomic nucleus, nature of the atom

RBS as materials analysis method
® 1957: S. Rubin, T.O. Passell, E. Bailey, “Chemical Analysis of
Surfaces by Nuclear Methods”, Analytical Chemistry 29 (1957) 736

“Nuclear scattering and nuclear reactions induced by high energy protons and deuterons




I:— History (2)

® 1970’s: RBS becomes a popular method due

to invention of silicon solid state detectors

® 1977: H.H. Andersen and J.F. Ziegler
Stopping Powers of H, He in All Elements

®1977: JW. Mayer and E. Rimini
lon Beam Handbook for Materials Analysis

® 1979: R.A. Jarjis
Nuclear Cross Section Data for Surface Analysis




I:— Index

® History

¢ Scattering geometry and kinematics
® Rutherford cross section and limitations
® RBS spectra from thin and thick films

® Stopping power and energy loss




o— Scattering Geometry

IBM geometry

Incident beam, exit beam,
surface normal in one plane
= a+p+6=180°

Advantage: Simple

Cornell geometry

Incident beam, exit beam,
a: incident angle rotation axis in one plane
B: exit angle = cos(P) = — cos(a) cos(B)
0: scattering angle Advantage:
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l:— Scattering Kinematics

od 0 =165°
Primed quantities in E, Bcatter “°o—_—
C.M. system.
0.8} i
E
0
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(s) !
Incident
¥
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—1H
0.2 —4He _
Elastic scattering: E,=E, + E 7




I:— Scattering Kinematics: Example (1) W

Energy [keV]
12,000_0 2(|)0 4(|)0 6(|)0 8(|)0 1OIOO 12|00 14|00 16|00 18|00 2000 2000 keV 4He, e = 1650
o _: Au: 197
o backscattered from
10,000—: C, O, Fe, MO, Au
. 3x10"® Atoms/cm? each
8,000—:
| on Si substrate
7,000—_

Counts
o
o
S

= light elements may overlap

C:12 0O: 16 Si: 28
Mo: 96

Fe: 56

——T T T T T T T
200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Channel




l:— Scattering Kinematics: Example (2)

2000 keV “*He, 0 = 165°
Energy [keV]

0 200 400 600 800 1000 1200 1400 1600 1800 2000
20’00c Il Il Il Il Il Il Il Il Il

19,000+
18,000

17,000 Au Hg
10.000° 197 201

15,000
14,000 //
13,000 e

12,000+

@ 11,000
§ 10,000 Au Hg
[e]

O 9,000 1971l 201

8,000

7,000 Cr Fe
6,000-] C @) 52 56

5.0 12 16

4,000
5000 Cr Fe
2000 52 56

1,000 m
0

) ) ) ) ) ) ) ) )
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000
Channel

————




l:— Mass Resolution m

=
AE, = Eod_K AM, SM éE[ dK j 5M,: Resolvable mass difference

= =—
M, > E,\dM,

OE: Energy resolution of the system

2000 = Improved mass resolution
1800 with increasing M,
1600 |
~ 1400F But: For surface barrier detectors
%“1200: OE = SE(M,)
2 1000 SE(1): 12 keV

0: r [P BRI S EEES EFEFIPES B T RS SN N |
0 20 40 60 80 100 120 140 160

M,
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l:_— Rutherford Cross Section

® Neglect shielding by electron clouds

¢ Distance of closest approach large enough
Moving ion

that nuclear force is negligible

) = Rutherford scattering cross section
y, ———

ZZ~e? 2
e
3 GR(E,9)=( 14;: ]
M

2 ap2 2 a\? ?
\& 4 (Mz—Ml sin G) + M, cos 6
Target atom Recoil

I
|
m
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I
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‘nn\\\\\\\\\\
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Nucleus

X
atom

M, sin? (M% ~M?sin? 0
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l:— Rutherford Cross Section: Example m

Energy [keV]
12‘000-0 2(|)0 4(|)0 6(|)0 8(|)0 1OIOO 12|00 14|00 16|00 18|00 2000 2000 keV 4He, e = 1 650
| Au: 79

backscattered from
C, O, Fe, Mo, Au
3x101% Atoms/cm? each

on Si substrate

Counts

= Increased sensitivity for
2

Mo: 42

Fe: 26

—— S e
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800 2,000

Channel




l;— Shielded Rutherford Cross Section W

Shielding by electron clouds gets important at
® low energies

® low scattering angles

® high Z,

Shielding is taken into account by a shielding factor F(E, 6)

o(E,0)=F(E,0)0,(E,0) F(E, 6) close to unity

F(E, 6) is obtained by solving the scattering equations
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l:— Shielded Rutherford Cross Section (2)

L’Ecuyer et al. (1979)

o 0.049 7,7"
Opr Ecy

For 90° <0 <180°:

Wenzel and Whaling (1952)

o _,_0.0326 zZ7)”?
Or Ecy

For all 6: Andersen et al. (1980)

4He backscattered from Au 1.00

2000 keV

0.95

1000 kev
1 500 keV




l:— Non-Rutherford Cross Section m

Cross section becomes non-Rutherford if nuclear forces get important
® high energies

® high scattering angles 16 ——T————T

® low Z, 14

12

Energy at which the cross section deviates
by > 4% from Rutherford at 160° < 6 < 180°
Bozoian (1991)

H: ENR , =0.12Z,-0.5

sy
o

NR
ELap (MeV)
[« <]

[>2]

[MeV]

=Y

N

0 P | L 1 I 1 1
0 10 20 30 40 50
Target atomic number (Z5)
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l:— RBS-Spectrum of a thin layer

A layer is thin, if:
® Energy loss in layer < experimental energy resolution
® Negligible change of cross section in the layer

Energy E of backscattered particles:
E=KE,

Number Q of backscattered particles:

300

Ax 250




l:_— RBS-Spectrum of a thin layer (2) W

Convolution with experimental energy resolution

Assume Gaussian energy resolution function f{x) with standard deviation w

1 _ (x—x )2

f(x)zmwe .

Count density function n(E) =




I:— RBS-Spectrum of a thick layer

L

® Target is divided into thin sublayers (“slabs”)

¢ Calculate backscattering from front and back
side of each sublayer taking energy loss

m
N

E,
E
into account (‘;\1\_,//
Energy at front side E,=Ey- AE, <
<

Starting energy from front side E," = K E, T

/'_""“\ \ ut out
Energy at surface E,out=E, - AE, ot S~ B4 2 E,
Energy at back side E,=E,-AE

NI

Counts / ene




l:— RBS-Spectrum of a thick layer (2)

b

Ax
cosa

Area Q of the brick: | @=N,Qo(E)

m
N

= /
<_‘rn
N

O: Number of counts (‘

N,: Number of incident particles
Q. Detector solid angle

o(E): Differential scattering cross section

Ax: Thickness of sublayer (in Atoms/cm?) a5
a: Angle of incidence

(N

\\NW”‘
VAN

ray

Counts / ene




l:— RBS-Spectrum of a thick layer (3)

b

Shape of the brick: £
® Height of high energy side « o(E,) (‘f\ E, / a
® Height of low energy side o 6(E,) |~
® use linear interpolation 4::_\_‘_<\
TN
VE\\NM“

Better approximations:
® Height of high energy side « 6(E;)/S«(E)

NI

Counts / ene




l;— RBS-Spectrum of a thick layer (4)

b

Convolution of brick with energy broadening (—Eﬁ\ E, / E,

® Detector resolution ﬁ._is\‘—"/

® Energy straggling 4;;<

® Depth dependent /“\EMN

NI

Counts / ene




I:— RBS-Spectrum of a thick layer: Example W

2000 keV “He, 6 = 165° backscattered from Au on Si substrate

Au-thickness

4 [[x10" at/em?]
1
11—4

— 8
30000 + 4 [——— 12
— 16
1[—20

40000

nts




l:— RBS-Spectra: Example (1)

800 . T . . ;
2.2 MeV °Li b
- !
600 |- Co )\ X Nb
N\ :
*2 400 - ) Co
§ Nb
200 | Co
Nb
0 : : : : :
" 2.0 MeV “He /Nb\ ' Nb: 1.0x10'" at/cm?
B c oo w i Co: 2.2x10'" at/cm?




I:_— RBS-Spectra: Example (2) W

3980 keV 4He, 6 = 165°

Sl 1 I—— =< T 1 oe10"
 Inital m “~TiN 1.0x10""
- 650°C A9 :

1500 |- Simulation ) Si substrate

s 1000 R
o o[




l:— RBS-Spectra: Example (3)

1.9 MeV “He, 170° backscattered from ceramic glass

8000 T - T - T - T
Og4Na1SizHK,Zn,Cdg g4

6000 - O

ts

4000
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— Stopping Power

® Electronic stopping power:

= Andersen, Ziegler (1977):
H, He in all elements

- Ziegler, Biersack, Littmarck (1985):
All ions in all elements

- Several SRIM-versions since then

- Additional work by Kalbitzer, Paul, ...

- Accuracy: 5% for H, He

4He in Ni

SOLID CURVE = (S[LOW]) (S[HIGH]) / ( S[LOW] + S[HIGH] ) TARGET NI28]
0.457 ATOMIC DENSITY = 9.126E22 ATOMS / CM3

S[LOW] - 4652 (ENERGY ) -
S[HIGH]= (8.073E4 / ENERGY) LN 1+(2.2E4 / ENERGY) + (0.004952 ENERGY)| RS DENSITREE S jCRAMS o

FOR STOPPING [KEV/MICROMETER] MULTIPLY GRAPH BY: 9.126
FOR STOPPING [EV/(MICROGM/CM2)] MULTIPLY GRAPH BY: 10.26

FOR PRECISION VALUES ABOVE 10 MEV USE HIGH ENERGY FIT

=) NI [28]
—_ K DATA REFERENCES
(S PLOT REF. 11
> o C SYMB. NUMB. YEAR
(i) F A 110 1928
H H B 248 1959
wn c 20 1%0 H
> [3 F D 250 191
S H| B 362 1962
= R F 580 1963
< g G 37 196 |
@® | 0y H 274 196
I 389 1969
'p] 38 1969
e K 41 1969
L e w72
L‘:l c M 434 1972
- N 501 1713
L o 91 i
N 2 P04 1974
N Q W1 1975
It R 98 1977
—_ J
&} ﬁsﬁ
Z R 5 i
— 3
a j,/ \s
% L1 1T bc‘\
o ]
[=) - = .
ao 1000 E4 1ES

SOLID CURVE IS ELECTRONIC STOPPING

DOTTED CURVE IS ELECTRONIC PLUS NUCLEAR STOPPING 4HE ENERGY [ KEV :l N I E 28 ]




l;— Stopping Power (2)

Stopping in compounds:

consider compound A B,,, withm + n =1
S, is stopping power in element A

Sg is stopping power in element B

What is stopping power S,g in compound?

Bragg'’s rule (Bragg and Kleeman, 1905):
Spg =M S, +n Sy

Bragg'’s rule is accurate in: Other models for compounds




l;— Evaluation of Energy Loss

b

Question: Energy E(x) in depth x?
— Taylor expansion of E(x) at x = O:

2 3
E(x):E(O)+xd—E +lx2d Ij +lx3d f E
dx|_, 2 dx"|_, 6 dx'|_
dE
T -8 S: Stopping power

2




Reference

o— Evaluation of Energy Loss (2)
s
3 MeV 4He in Pt
3000 T I 0 T T T
2800 |
2600 | -2 T e, 1% order .
QL) — 4., —
T 2400} 5 N\k\‘ DR IE TS
é g \.\kk 2nd d
32200 i 1™ order §_4 .\“_&*\or ¢ |
E 2™ order =
L 3 order o
o
Rs!

| 1

0.5 . t.0
Depth (cm™2)

Machine precision e S

1

!
0.5 1.0 1.5
logyq # sublayers
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I:— Silicon Detector Resolution

Principle of operation:

® Creation of electron-hole pairs by charged particles

¢ Separation of electron-hole pairs by high voltage V
= Number of electron-hole pairs o« Particle energy

= Charge pulse « Particle energy

Limited energy resolution due to: V
¢ Statistical fluctuations in energy transfer to electrons and phonons




b

l:— Silicon Detector Resolution (2)

Typical values (FWHM):
*H 2 MeV: 10 keV
®* He 2 MeV: 12 keV
®*Li 5MeV: 20 keV

Ad-hoc fit to experimental data:

FWHM resolution (keV)

= C1(Z)F(In Exey)® = C4(Z)° /(I Eyey)®

C, = 0.0999288, 1.1871, 1.94699, 0.18, 2.70004,
9.29965

Si Detector Resolution (keV)

1000

100

Si Detector Resolution for Heavy lons
T 4 LI | T T T 3 1 T 1 1

Shown are Partlcla Namss
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Energy Straggling W

Slowing down of ions in matter is accompanied by a spread of beam energy
= energy straggling

® Electronic energy loss straggling due to statistical fluctuations in the transfer
of energy to electrons

® Nuclear energy loss straggling due to statistical fluctuations in the
nuclear energy loss




l:— Electronic Energy Loss Straggling m

Due to statistical fluctuations in the transfer of energy to electrons

— statistical fluctuations in energy loss

Energy after penetrating a layer Ax: <E>=E; - S Ax
<E> mean energy
S stopping power

= only applicable for mean energy of many particles

E

T [( § INCIDENT ION
|
LN

/////‘///////E(//:(// | YA e
' 1

N, /\ SAMPLE
e =

- -Depth x,
) E;’ E

AN

'E-----Depfh X2

e o = mmewmee o= - -

1 "Cepth x4
'



o —
e

Electronic Energy Loss Straggling (2)

Shape of the energy distribution?

AE/E,

< 10% Vavilov theory

10% — 20% Bohr theory

20% — 50% Symon theory

50% — 90%

Payne, Tschalar
theory

N4

A& § INCIDENT ION

Low number of ion-electron collisions
Non-Gaussian

Large number of ion-electron collisions
Gaussian

Non-stochastic broadening due to stopping
Almost Gaussian

Energy below stopping power maximum
Non stochastic squeezing due to stopping
Non-Gaussian

/4/9(/3/79(/9’

v

T
T

i, “Bepth x3

Y/ S

-~ Depth x;

SAMPLE

=t -Depth x, Vav

Gau



l;— Vavilov Theory

Vavilov 1957
P.V. Vavilov, Soviet Physics J.E.T.P. 5 (1957) 749

Valid for small energy losses
— Low number of ion-electron collisions
— Non-Gaussian energy distribution with tail towards low energies




l;— Bohr Theory

Bohr 1948
N. Bohr, Mat. Fys. Medd. Dan. Vid. Selsk. 18 (1948)

Valid for intermediate energy losses
= Large number of ion-electron collisions
= Gaussian energy distribution

Approximations in Bohr’s theory:
® lons penetrating a gas of free electrons

® lons are fully ionised

® |on velocity >> electron velocit = stationary electrons




I:— Bohr Theory: Example

2.5 MeV “He in Si
80 ' | ' | ' | ' |
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I:— Improvements to Bohr Theory

Chu 1977

J.W. Mayer, E. Rimini, lon Beam Handbook for Material Analysis, 1977

Approximations in Chu’s theory:

® Binding of electrons is taken into account
® Hartree-Fock electron distribution

¢ Stopping power effects are neglected

E
O-éhu = H(ﬁ b ZZ J O-lzi'ohr

1

H(EM, Z,)

1.2

1.0 B

T

T T T T T

EM |
[keV/amufti
5000 f

3000 |

2000 |

\ 1500

Treeenesseeee. 1000
()




l:— Straggling in Compounds

Additive rule proposed by Chu 1977
J.W. Mayer, E. Rimini, lon Beam Handbook for Material Analysis, 1977

consider compound AB,, withm +n =1
c,? is variance of straggling in element A
cg? is variance of straggling in element B

2 —

= GA2 + GBZ

GaB




l;— Propagation of Straggling in Thick Layers

b

Consider particles with energy distribution e L

®* Energy above stopping power maximum
higher energetic particles = smaller stopping

= non-stochastic broadening

® Energy below stopping power maximum
higher energetic particles = larger stopping
= non-stochastic squeezin

Stopping Power

20




l:— Propagation of Straggling in Thick Layers (2)

s, s
E,=E, +6E ' ’

E, = E,— [ S(E()dy - [ S(E())dy

~ [ S(E(y)dy |

=E, E*E*
sc~ OF Select & so, that
S, E, decreases to E, & x—

A x



l:— Propagation of Straggling in Thick Layers (3) W

80 .
Smax
60 L S oA
>1 Broadening

5 S; _
§
S, 40t
£
Q. g
= | <1 Squeezing
D 0p

0

L | L | L | L | L
0 1000 2000 3000 4000 5000




l;— Propagation of Straggling: Examples

4, : o 4y -
2.5 MeV 'He in Si 1.0 MeV He in Au
80 I T l T l L} l L} l 80 l L} l L} l L} l L) l l
—— Chu + Propagation i | — Chu + Propagation
= | Bohr = | Bohr
é 60 |- - é 60 |- -
L L
2 40 |- - 2 40 |- -
= 2 I Max 20% 50% 90%
= o S 20 i 5 : o
8 10% 20% 50% Max 8 A : ;
© : : : ; ©
wd wd
(70} n




l;— Multiple and Plural Scattering

L

il
/

Multiple small angle deflections \

® Path length differences on ingoing and outgoing paths
= energy spread

® Spread in scattering angle

= energy spread of starting particles

P. Sigmund and K. Winterbon, Nucl. Instr. Meth. 119 (1974) 541

E. Szilagy et al., Nucl. Instr. Meth. B100 (1995) 103 500 keV “He, 100 nm Au on Si, 0 = 165°
Energy (keV)
100 200 300 400 500
Large angle deflections (Plural scattering) 1900 Expermenta &
ual scattering .

------ Single scattering
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I:— Threshold for Non-Rutherford Scattering

L

16 — T T T T T T

Thresholds for non-Rutherford scattering [MeV]

14
®*For'™H: E~0.12Z7,-0.5

®* For4He: E~0.25Z,+ 0.4 12

10

-]

Z, for Non-Rutherford scattering

NR
ELap (MeV)

(=2}

=Y

N

0 P | L 1 I 1 1
0 10 20 30 40 50
Target atomic number (Z5)




o— Non-Rutherford Scattering: Example

1.5MeV H, 0 = 165°
6x10'7 at/cm? Be, C, O on Si

q . E k
Typical problem for light elements: o w0 w0 w0 e e w0 oo

Overlap with thick layers of heavier elements so] C
— High cross sections wishful

I I I I I I I I I I I I I I I I I
160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
Channel



l;— Cross Section Data Sources

L

® Many non-Rutherford scattering cross sections were
measured in the years 1950 - 1970 for nuclear physics research
— goal was nuclear physics, not materials analysis
— most data published only in graphical form

® Since 1980 - to now non-Rutherford scattering cross sections are
measured for RBS analysis
= some data published in graphical form and tabular form
— for typical angles of RBS




Cross Section Data Sources (2) m

® Data compilation by R.P. Cox et al. for J.R. Tesmer and M. Nastasi,
Handbook of Modern lon Beam Analysis, MRS 1995
Digitised (or tabulated) data from original publications in RTR file format

® These data are available at SigmaBase:
ibaserver.physics.isu.edu/sigmabase/ or www.mfa.kfki.hu/sigmabase/
Also included in the computer code SIMNRA

® Data compilation by M. Mayer since 1996
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B~ cemc

b

High to very high cross section
above 500 keV

Typical energies for RBS:
® 1500 or 2500 keV

— smooth cross section

— easy data evaluation, thick layers
® ~ 1740 keV

[Ratio to Rutherford]

100

(o]
o

(@)
o

(o) B |
o O

1N
o

C(p,p)C, 6 =165° - 170°

(&)
o

Amirikas 170°

—— Amirikas Fit 170°

Mazzoni 170°
Liu 170°
Rauhala 170°
Jackson 168.2
Amirikas Fit 165°
Mazzoni 165°
Gurbich 165°




B “Nep™N

14 14
: . . N(p,p) N
High to very high cross section 80 ———
[ | —— Ramos 178° I

but: large scatter of data = 70 | —e—Rauhala 170° 7
o . | —®— Guohua 170°
= 60 L | —®Olness 167° .
i —& Lambert 165°
45' L
X 50} d
e | .
S 40} 1 -
& '.
— i




B opp)eo

b

"°O(p,p)'°0

~
o

High to very high cross section o Ramos 178°

® Amirikas 170° _
Gurbich 165°

(o2}
o
T T

Typical energies for RBS:
® 1500 or 2500 keV
— smooth cross section
= together with C
® ~ 3470 keV
= maximum sensitivity

o)
o

T T T
1

w

o

T T
]

ction [Ratio to Rutherford]
I
o

N

o

T T
1
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B-  7AppPA

2774 (p,p)27 Al
Small cross section r ' ' ' ' ' ' ' ' '
Many resonances T aunals 170" g
— complicated spectrum | Lo Chantes |

Not useful for RBS with protons

ion [Ratio to Rutherford]

N
I
°
== T 5]
O e————=C-0
5 By =0
o S 'S; O—0
] .OG__._(?’____.-GC'
ro——e =TT
O )




B sieps 3

. i ® Amirikas 170°
Small cross section 4l Amirikas Fit

® Rauhala 170°

® Vorona 167.2°

® Salomonovic 160°
® Salomonovic 170°
Gurbich 165°

— advantageous if used as substrate

Typical energies for RBS:

w
T

® 1500 - 1600 keV
= small background from substrate

N
T

® 1670 or 2090 keV

ction [Ratio to Rutherford]
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B-  Clawrc

® Small cross section at E < 3000 keV
= not suitable for RBS
¢ High and smooth cross section around 4000 keV

® Maximum sensitivity at 4270 keV

120 2 ——

Clo,0)C 6LaB = 165°

90 |

"'{:.'.'.P % o S e we oo

1500 2500
Alpha lab energy (keV)

Alpha lab energy (keV)



14N (o, 01) 14N

¢ Small cross section at E < 3000 keV
= not suitable for RBS
¢ Several useful resonances at higher energies

12—y 20 —————1— ————r———r—r———
' N(o,0)N OLag = 165° N(o,0)N OLaB = 165°
®
ol . 15| ‘. N
. t ' 2 od
&9 *9
s . . e ey
o ® o [ ® . °
g 6 > g 10 3 1 ¢ °
. ' K1 .
e o
. o
3fF ?‘ * .
L U [
-oooooouo....‘ .*
0 ""
2000 3000 4000 5000 6000

Alpha lab energy (keV)

Alpha lab energy (keV)




B 00

® Widely used resonance at 3040 keV

20—t
O(0, )0 6 aB = 165°

Alpha lab energy (keV)




— 2TAl(o, o )27 Al natSi(o, o0 )"atSi

® Many resonances and small cross sections
= not suitable for RBS

e 10 e
27 Al 0) 27 Al fag = 165° | " Si(o0)Si BLap = 170° :
w 81 )
[ '.
6} ]
o T e
e 1 © .
S | S L1

|

1 PRSI S W M

4000 4000

Alpha lab energy (keV) Alpha lab energy (keV)
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l;— Computer Simulation Codes

Spectrum
simulator

<

Program
 RUMP

RBX

- SIMNRA

Author

M. Thompson

Cornell University
USA

E. Kotai

Research Institute for
Particle and Nuclear Physics
Hungary

M. Mayer

Max-Planck-Institute
for Plasma Physics

Since
1983

1985

1996
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