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lon Beam Analysis: General eeen]

Low energy i Medium energy High energy regime
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CH -Channeling PIGME -Particle Induced Gamma-ray Emission
ERA  -Elastic Recoil Analysis SIMS -Secondary lon Mass Spectrometry
RBS  -Rutherford Backscattering MEIS -Medium Energy lon Scattering
NRA -Nuclear Reaction Analysis LEIS -low energy ion scattering
PIXE -Particle Induced X-ray Emission HFS -hydrogen forward scattering
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MeV lon Beam Techniques

Particle induced x-ray emission Rutherford backscattering spectrometry
(PIXE) (RBS)

hv MeV H*, “He*
n.E, \J E,=k(m,M,0)E,
Particle induced y-ray emission

e
(PIGE) K/\’\.\\ : .om, E1

Elastic recoil detection
I_I (ERA)

—

§ Hydrogen forward scattering (HFS)
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lon Beam techniques
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Technique [ Typical Applications Elements | Depth Depth lateral Detection Quanti- | Depth
detected probed resolution | resolution | limit tative profiling
RBS «thin film composition and | B-U 1-2um 20-200A 0.5-1mm 1-10 at.% Yes Yes
thickness Z<20
simpurity profiles 0.01-1 at.%
sthin film interactions and 0.01-0.001at.%
interdiffusions Z>70
PIXE eelement identification Al-U up to poor 0.5-1mm 0.001 at.% Yes No
eimpurity analysis 10um
HFS *hydrogen or deuteriumin | H, d 1um 500A 2-3mm 0.01 at.% Yes Yes
thin films
non-RBS *Composition of thin B,C,N, up to 200A 0.5-1mm | 0.1at% Yes Yes
oxide, nitride, carbide O, Si 10um
films
NRA eprofiling of light H, B, C, uptoa 500- 0.5-1mm 0.001-1 at.% Yes Yes
elements in heavy matrix | N, O, F few um 1000A
Channeling | ecrystalline quality of thin | B-U 1-2um 20-200A 0.5-1mm 0.0001 at.% Yes Yes
films
e|attice location of
impurity in single crystal
estrains in pseudomorphic
thin films
eimplantation damage
analysis

6
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Experimental Setup

///'\ = -
- | ~
o '\-_-;J—"____——_— == /// I \\\
- = P | e
ey - | // |
- |
....... i |
|
|
r |
Sample :
|
~ - |
> |
~
/ >
-~
-~
-~
-~
-
> | \
« N LA -
= | ~ L/I -~
T~ T | e
4 - | [
1 ~ I/
~ -~
A TN
Detector }\\\ ///l Vacuum pump
; I~ 770
. Display <~z
Preamplifier o~
Muitichannei
anclyzer
/e
! L Detector
1 | Incident supply
beam
‘ ’
\

meesssssssssssssm L AWRENCE BERKELEY NATIONAL L ABORATORY
7 K. M. Yu November 2008



An Ideal IBA Laboratory eeey]

Arizona State University
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A compact RBS System
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NEC MAS1000
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Rutherford Backscattering
Spectrometry (RBS)
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Rutherford Backscattering /\I \
Spectrometry (RBS)-a brief history

. T ,,. T e ‘q

TN Zam | _The original experiment_

4200 vihoull|

Alpha particles at a thin gold foil experiment by
Hans Geiger and Ernest Marsden in 19009.

el
-

3-P1-IECT D /
PE3EPdOPA A/

........................

1) Almost all of the alpha particles went through the gold foil

2) Some of the alpha particles were deflected only slightly, usually 2° or less.

3) A very, very few (1 in 8000 for platinum foil) alpha particles were turned
through an angle of 90° or more.

"We shall suppose that for distances less that 10-12 cm the central charge
and also the charge on the alpha particle may be supposed to be
concentrated at a point." (1911)
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RBS: The Surveyor V experiment ceceec?] i
yor V exp

g Surveyor V, first of its spacecraft
Bl family to obtain information about the
S chemical nature of the Moon's surface,
) landed in Mare Tranquillitatis on

y September 11, 1967.

s

Y ¢ il

ALPHA DETECTORS (2) IDENTIFY LUNAR SURFACE
ATOMS BY MEASURING ENERGY OF ALPHA PARTICLES

REFLECTED FROM NUCLE! OF ATOMS —\

"Surveyor V carried an instrument

PRRTICLES to determine the principal chemical

elements of the lunar-surface

material," explained ANTHONY

roron erEcTons TURKEVICH, Enrico Fermi institute

"~ pemeweswnce  gnd Chemistry Department,

NUGLEIGF RrouS &Y University of Chicago. "After landing,
upon command from Earth, the
instrument was lowered by a nylon

cord to the surface of the Moon ...”

W
ALPHA PARTICLES PENETRATE SURFACE ~ 25 pm
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General applications of RBS ceecced]
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Quantitative analysis of thin films

» thickness, composition, uniformity in depth
= Solid state reactions

* interdiffusion

Crystalline perfection of homo- and heteroepitaxial
thin films

Quantitative measurements of impurities in
substrates

Defect distribution in single-crystal samples
Surface atom relaxation in single crystals
Lattice location of impurities in single crystals
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Strengths of RBS

= Simple in principle
= Fast and direct
= Quantitative without standard

= Depth profiling without chemical or physical
sectioning

= Non-destructive
= Wide range of elemental coverage
= No special specimen preparation required

= Can be applied to crystalline or amorphous
materials

* Simultaneous analysis with various ion beam
techniques (PIXE, PIGE, channeling, etc.)
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Radiation Damage of RBS

2 MeV 4He" in Si
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Basic concepts of RBS ceceer?]

BERKELEY LAB

= Kinematic factor: elastic energy transfer from a projectile to a
target atom can be calculated from collision kinematics

> mass determination

= Scattering cross-section: the probability of the elastic
collision between the projectile and target atoms can be
calculated

» quantitative analysis of atomic composition

= Energy Loss: inelastic energy loss of the projectile ions
through the target

» perception of depth

These allow RBS analysis to give quantitative depth distribution
of targets with different masses
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Kinematic factor: K ‘:n

BERKELEY LAB

|
/ - M
;T“__i__'?? R MeV He ION
"L Mz =0
2
Eo
Conservation of energy : Conservation of momentum:

1

L S T mV =m,v, C0S& +m,V, COS ¢

myV, sin@ = m,v, Sin ¢

) 2 2 =2 |

ms; —m; Sin“ @) + m, cos @
Km _ El _ \/( 2 1 ) 1 :K(e,mz,ml)
0 (m2+m1)
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Kinematic Factor eeeee?]
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B 12
« _E_ \/(mg—mfsin29)+mlcosé’
" E, (my +my)
i ) 2
m, —m
K, (0=180°%) = (M, — M)
A (m, +my)
nm
Km2(¢9=900):( 2 ~M)
E (my +my)

When m,>>m,:

K, (6=180°) ~1
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Element identification ceceesd] f

2.5 MeV He ion with 6=170°

ENERGY, E, (Mav}

|.8 1.9 2.0 a.l 2.2 e.3 2.4
- _ oy I i i | a |
q_ > S |on—Cu, Ag, Au 2.5 MeV *He % -
_ .
K(197Au) = 0.923 | & 00| . g i
9

K(%9Ag) = 0.864 | @ X = Fo | ..

o -t.I,:l 200 - P E, L _
K(107Ag) =0.862 E ,:E E3. &5 " FWHM —" ——

— = 200k Cu ""Cu i (14,8 kev) -
K(®Cu) =0.783 | == — —AE=17 kev .- L

o £, .
K(3Cu) =0.777 | 5= 1G0F s, ;o L -

=L ] g g =

(N a = - 3 a .

'DE ] LA ¢ 1, L.
QG 200 200 S00

CHAMNEL MUMBER
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Mass Resolution, om,
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A
I

2
For 180° scattering: K _ = E_ {(mz — ml):|
2
E, | (m,+m,)
3
OE, _ o(m-m)’ o (m,+m)’  SE,
E, (m1+m2)2 4m1(m2_m1) E,
25 ——
mass resolution
20__ prReTs For a fixed 8E,/E, (~0.01), heavier
151 :‘jg*; projectiles result in better mass
£ . resolution

10

However, dE, for heavier projectiles
IS higher

0 50 100 150 200
Target mass, m 5
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Normalized Yield
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Mass Resolution: Examples
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With system energy resolution 6E = 20keV and E,=2MeV

For

(40+4)° 20

m,=40 om, = ¢

 4x4(40—4) 2000

(70+4)°

20

= = o
rorme =10 A T a(70-4) - 2000

Isotopes of Ga (68.9 and 70.9 a.m.u.) cannot be resolved

=1.48a.m.u.

= 3.84a.m.u.

Energy (MeV) 500 As
0.0 0.5 1.0 1.5 2.0 2.5 Ao
1 I 1 I I _
2MeV He** g soor 900 as 1200 as 2400
= Scattering angle 171° 7] a
g 300
o 600) soo} 1600}
n z
7] &
- 200-
E Ga
a - 2 a 300} <00 800t
; 100 & Ga
B T (s] 1 O 1 (o) 1 O [
Be B C NOMg Al Si PS Pt Au Hg Tl Pb 32504 2.438 1825 0.813
\ \ | | | *~\:rwlﬁ¢/f *-h;hkkgz;af {a) {b)  ENERGY (Mev) () (d)
1 I I I I
0 100 200 Chaoo l 400 500 600 4 MeV 3 MeV 2 MeV 1 MeV
anne
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RBS Quantification B, S
Q

- Backscattering Yield

» For a given incident number
Target: Ng atoms/cm2  Ng=N't

- of particles Q, a greater
+ thickness
: _t_ number density (atoms!cmS) amount Of an element
/NS Incident present (N,) should result in
/- Particles a greater number of particles
Scattered scattered.
Particle = Thus we need to know how
Scattering Angle often scattering events
should be detected (A) at a
= Detector characteristic energy (E =

KE,) and angle 6, within our

detector’s window of solid
A = ocQNgQ
angle Q.
# of particles el T \‘\Z\
detected ‘average Cross\ atoms/cm total number of
section’  yatector incident particles
solid angle

meassssssssssssmm L. AWRENCE BERKELEY NATIONAL L ABORATORY
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Scattering cross-section

Rutherford cross-section:

do [lezezjz [cos 0 + (1 - A?sin 2(9)“2]2

do. A
= 0 —
dQ 2E0 S|n4(?)(l_ AZSin29)1/2 mz
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Scattering Yield reece)

2 .
i 77 a2 Y [cos«9+(1—Azsin26’)m} Example-
YIeId,Y (X:O'(e):( 12 2 J 7] — 5 __l T T T :NI
E sin“z(l— A’ sinze) ..
JAVARY; S | N
< ( E, )" ~1072*cm?[barn] : el
5 s b e @ 2MeV He'
= 7t
Iﬁ m E > 4 | 3 ’;.1015cm~2
*Hi™, 2 MaV Ta s | , 1
hm R . .Es (Mev)1.6 1.8 20
10t Fe Mixed Si and W target analzed by a 2MeV
; Ca He ion beam at 165° scattering angle.
i al o(Si)=2.5x10-%>cm?/str
8 o(W)=7.4x102%cm?/str
10 o Total incident ions Q=1.5x10# ions
Q=1.8mstr
Es Area under Si, A(Si)=200 counts
l Area under W, A(W)=6000 counts
0 Bba— BB T8 1B 20 (Nt)g;=3x10%>atoms/cm?
E (MeV) (Nt),,=3x10%>atoms/cm?
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Deviation from Rutherford scattering ;m

Correction factor F, which
describes the deviation from
pure Rutherford scattering
due to electron screening for
He™* scattering from atoms,
Z,, at variety of incident
kinetic energies.

1.00

0.98

0.96

0.94

0.92

0.90

CORRECTION FACTOR F

0.88

0.86

Zo

At very high energy and very low energy, scattering will deviate from the
Rutherford type.

At low energy : screening of e- must be considered
At high energy : nuclear short range force will enhance the cross-section, the
so-called “resonance scattering.”
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Stopping in Silicon

Electronic

Ll

Energy (MeV/amu)

-

. A
rreeerer ‘m

Electronic d_E
stopping  dx|,,

Nuclear

dE

Stopping gy -

When an He or Hion moves through matter, it loses energy through

» interactions with e by raising them to excited states or even ionizing them.
= Direct ion-nuclei scattering
Since the radii of atomic nuclei are so small, interactions with nuclei may be neglected

d_E
dx

total

_dE

dE

- 4+ —
dX|ge OX

nucl

GE
dx ele
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How to read a typical RBS spectrum  ceceeery
yP P

» Most projectile ions experience
electronic stopping that results in
a gradual reduction of the
particle’s kinetic energy (dE/dx).

= At the same time a small fraction
of projectile ions come close
enough to the nucleus for large-
angle scattering (KE).

» A detected backscattered particle
has lost some energy during
initial penetration, then lost a
large fraction of its remaining
energy during the large-angle
scattering event, then lost more
energy in leaving the solid.

A thin film on a light substrate

C(x)
Small Z Large Z

Scattered Beam

S
He** Beam

meassssssssssssmm L. AWRENCE BERKELEY NATIONAL L ABORATORY
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Depth Scale ceceesd] f

0.3 Oi2 OR

“DEPTH (MICRONS) El = K(EO _AEin) _AEOUt
TARGET dE E,=K(Eg—— e)-(- )
nE, | SEn | DER== |-t X|E, dX [cg, cOSO
—_————2e - E E
[T ke, ° Total energy loss AE=KE,-E,
} /_\EQ‘,:{““\*E1 Ey=Eo—-AE;,
et —
AE =(1-K)E, AE = ( K .d_E i 1 od_E )ot:[So]o’[
N N Ap ~GE |t cosg dx|g cosd, dX|
N E out™ 4x cosé@
1 AE KE, £ [S,] is the effective stopping power
—P
Stopping cross-section
v g_idE eV cm®  eVem?
N dx cmatom  atom
> AE = K o Ng, + L *Neg,, [ot=N[g,]ot
E cos 6, cos o,
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Depth scale: thin film

|IBERKELEY LAE]

A
I

1800-6 Thickness of film:

RSN e—
dE

dx

< > 1 dE KE
AE = (K— et =[S.]et
; ( dx|g, ~ cosd Jot=151
E, KE, _AE__AE
A l [SO] N[EO]
AE ¢ obtained from TRIM code or empirical

energy loss data fitting

> E
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Example: layer thickness ceceee?]

10 , 1 ' consider the Au markers
oL ] AE=Enir - Ene
= [K,, dE/dx | eo t 1/ (cos10°) « dE/dx | eaul ® 1
~ 6 1 dE/dx| amev = Na 8A|| 3MeV
o = 6.02x1022 » 36.56x1015
>= Al | = 2.2x10%Vcm1?
dE/dx | eas = Na&p | 2.57MeV
L . = 6.02x1022 x 39.34x1015
| = 2.37x10° eVcm?
5 | . AEA t = 3945A
.5 2.0 2.5
ENERGY (MeV)
AE, = 165keV consider the Al signals

_ o .
AE,, = 175keV AE = [Ky dE/dX | o+ 1/ (cos109) « dE/dx | o] ot

K, = 0.5525
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Energy Loss: Bragg’s rule cecee?]

For a target A,,B,, the stopping cross-

—~ 200
) ) o i T T T 7T 7T 1T 1 I LR T 17T 1 T T LI | i
section is the sum of those of the 5 ool )
constituent elements weighted by the N, ]
IQ i -
abundance of the elements. < ol (51022 ¢Si 4 p 0 )
§ 20 €302 -
cAMBN = m €A + N &B 5 00f-  Bragg's Rule -
2 ool :
© i €S 7
Example: o eor /\
the stopping cross-section gA203 of Al,O,. % aor /—\60
Given:  ¢A'=44 x 101%Vcm? g 20r ]

80 =35 x 10'15eVCm2 ; P VS T S S T T HT AT SR S TN S G B G

0
02 04 06 08 10 12 14 16 18 20
A203 — Al 0

€ =2/5x e +3/5xe *He ENERGY (MeV)

= (2/5 x 44 + 3/5 x 35) x 1015
= 38.6 x 10 -5 eV-cm?/atom
dE/dx(Al,O4)=NeA?03=(1.15x1022)(38.6x101%)eV/cm
=44.4 eVIA
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Quantitative analysis: /\I A
composition and thickness \

—t A, =G ,eQ2eQe(Nt),

,*x._mns atE, Ag=ceQeQe(Nt),
(5 92“_
A B,

_

o (aya (T8 - (Cayz

& Q Ag og (Nt)g" Zg
Detector
m A Z
—=( e (B
2000 | B EA R n Ag A
1 1 0
0 RN __(AE), _ (AB)g
1000 [ B B
£ 10 [SoIA [Solgn™
o .
R 1 Y (- N
0 500 1000 N[£, 1A N[g,1gm"

Channel number
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Example: As implanted Si ceece?] p

ENERGY (MeV)

| 1 1 1 | T
e 2MeV *He"
- .
T . T
© As 13
> &E.&s!
0 3
= > -
z .
S 3r Sl' :
p‘~
g - - ® —42
L -
= 1 As
et FWHM —* |
E ——
_J -\-:I‘—-
E * . .
)_ . ] "i
| =
- [ 2
- =
“ ,a" 1
-y L \1 L | I AP.
Ll .2 1.3 1.4 1.5 1.6 1.7

YIELD, As (COUNTS x 10°%)

~

BERKELEY LAB

K,=0.809; K4=0.566
[go]gi = 92.6x10 eV —cm?/atom
[eo];i'iS = 95.3x10 eV —cm?/atom

AE3L = 68keV
(FWHM) 5, = 60keV

Si
Rp = LASSJ =1420A
N[eo]as
AR = (FWAM )ASS. = 540A
2.3550 N[, ]
Total As dose:
(Nt) s = Ans
(0ps ©QeQ)

meesssssssssssssm L AWRENCE BERKELEY NATIONAL L ABORATORY
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Quantitative Analysis

BERKELEY LAB

St When Y (t) corresponds to the yield for
t - :
fe—— one energy division in the RBS spectrum:

Y (t)=H(E)
H(E)=ceQeQeNeot
=cedeQeNeSE/[S ]
=ce)eQeNeSE/N[e ]
where SE is the energy/channel in the RBS
spectrum

A
I

KE, Consider the As implanted Si example:
Y () Aps=0 ps*C20Qe(N1) 5

Hgi = o5 #QeQe N —>

N[go]gg
ASps _ (Zasy2, (NE)as
Hsi Zsi”  oEll&ld

v

SE Independent of Q and Q

meassssssssssssmm L. AWRENCE BERKELEY NATIONAL L ABORATORY
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Thin film analysis cececer] i
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RBS simulation ceceerd] i
EERKEL.EY LAB
"IE{HJ_'I"'I"'I"'I"'I"'IIII
: La-Sr-Mn-O on Si n
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Example: silicide formation ceceesd] f

2MeV “He*

— Eo .
Si ;N_Z\ Si
4
= : = Before
: | reaction - o e
z AEl : Pd on Si Pd ]
w fﬁ—f— > 3000 + W -
e I 4
2 Si Hsi Ni } i 1
8"‘!" ¥l /;I " [t : H :
ENERGY — KsiEg  KniEg  Eg : —g?j-dse:posned [\‘] ]
PRSI S | — i :
Si 25008  Ni 10004 g b & 2000 F 2 L .
= - | —Pdsi ( ik HiE
o [ ]
A - . o ;
2 My i s ;
i i After 108 :
= . - .
AL . reaction :
S Si I
i ,HSi 4 L — oL+ v vy PR S T T T T 1 AT B
ENERGY —  KgiEg KniEo Eo 700 900 1100 1300 1500 1700
moRl isednE e o Backscattered Energy (keV)

Figure 3.10 Schematic backscattering spectra for MeV *He ions incident on 1000 A Ni
film on Si (top) and after reaction to form Ni,Si (bottom). Depth scales are indicated
below the energy axes.
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RBS application: silicide formation  rceceeerpp
PP

—, T T 11T o 1T 17 101 11 . . .
B _ Reaction kinetics:
12— . =
& I T(°C)
& ol NiSi o 325300 275 250 225 200
< , 109 —T T T T T ]
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€ —e=250°C, 1 hour o -4
8 8- —==250°C, 4 hours t ]
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E i ® Si (Il
E x Si (100)
8 O Poly Si -
103k ~—Si (100)/Ni by Tu et al. 4
! 4 Ni,Si+NiSi in Amorphous Si/Ni ]
| L i
0.4 06 0.8 1.0 | N/--s i
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ST 08 10 12 14 3 18

ENERGY (MeV) . -
K. N. Tu et al. Japn, J. Appl. Phys. Suppl. 2 Pt 1 669 (1974). J. O. Olowolafe et al. Thin Solid film 38, 143 (1976).
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RBS Application: impurity profile

Ge inplanted region

1.95 MeV “He*

Si | SiO, \J
1000 LA L L rrrorTT 0'08 T T T T T
L ‘ . 74 . . i L
| multi-energy = "Ge implantation | ; multi-energy "*Ge implantation
800} as-implanted - ' —e— as-implanted
900°C 16hr.inair| ] DL ~-5--900°C 16hr. i air |
- 0 . | C Py ’ ]
-— Q L : T
= 2 004 ;
o E L
S 400f 1 & ;
0.02 ;
200+ - i
0 I | | | Mg = v"H‘ O | ! ]
400 600 800 1000 1200 1400 160 50 100 150 200 250
energy (keV) depth (nm)

I. Sharp et al., LBNL (2004)
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Pitfalls in IBA cecee?]

» Charge Integration

= Accurate charge integration is important for absolute
guantitative measurements

» Good faraday cup design

Entrance aperture
Faraday cup (area A)

\ \

e N

|
|

Target
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Pitfalls in IBA (cont.) ;N

= Deviation from Rutherford cross-section:

/ 1.0

— 0.98
0.96
: - 094
0.92
0.90
0.88

— . — 2 0.86 ] ] 1 L ] 1 | |
b=distance of closest approach=2,Z,e?/E 0 10 20 30 40 50 60 70 80 90

r,= nuclear radius=1.4Z,3x10° )
rK:atomiC K-shell radius=0. 5/Z2 FIG. 12.5. Screening-correction factor, F, to the Rutherford

cross section for 4He backscattering as a function of Z, and
F T Bruver 2i ol 19704

db 5
7S

Y

NUCLEUS

In order to miminize electron screening and

maintain a point charge approximation: For typical RBS: Rutherford
0.5r,>b>3r, cross section is valid (~4%)
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Pitfalls in IBA (cont.) H’m

* |nsulating samples: charging effect

Energy (MeV)
0.4 0.5 0.6 0.7

800 | | 1 [
= 600 1 Severely distort the RBS spectrum
S * Provide a supply of low-E electrons
% 400 Grounded 1 from a small, hot filament located
Q
= nearby
2
> 200 _ . . .
Ungrounded » Coating the surface with a very thin
layer of conducting material
0 | | | P
100 150 200 250 300 350

Channel

FIG. 12.8. Surface charging effect. Comparison of RBS spectra from a quarkz target using 1
MeV #He: a) ungrounded; b} grounded via a thin conductive surface layer of graphite by
rubbing a pencil lightly across the surface (Almeida and Macauley-Newcombe, 1991,
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Pitfalls in IBA (cont.)

= Target non-uniformity

» Surface roughness and interface
roughness cannot be
distingusihed

= Target non-uniformity will
resemble diffusion

Backscattering yield {x 10° counts)

~

. A
rreeerer ‘m

{a

]
o E %
a 4
2.0 MaV He* S A e
2
a &
£
500A 4. o Pb
a
& &
a L o
m= BO° a a
.m.,\\-“ﬂ A A
“‘*‘-\._\ o ;
o -;“1..

P (b
Annealed at 280°C
{20 min,)

rf’b
80

] 20° o]
I y
. o 5
Moo R ™ g
i VY .
Hgy| * ..o'
PRGN H
et Ne=r g
: . S
1.0 15 2.0
Energy (MeV)

Campisano et al., 1978
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Weaknesses of RBS ceeece?] fi

BERKELEY LAB

= Poor lateral resolution (~1mm)

= Moderate depth resolution (~100A)
= No microstructural information

= No phase identification

= Poor mass resolution for target mass
heavier than 70amu

= Detection of light impurities in a heavy
matrix difficult (e.g. C, O, B in Si)
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Particle Induced X-ray Emission (PIXE)
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BERKELEY LAB

Paricle Induced X-ray Emission (PIXE)

Incident Protaon
]

e d-ﬂ"'-'j
B s =
2000 ———— c y e '
Cu-Fe-Nion YAIO (110)
Ni-Ka
1500 ——random
—<110>
R
5 1000
K-raly o
500
o

Atom in the Sample

46

!
55 60 65 70 75 80 85 90 95

Energy (keV)
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PIXE: Light impurity in heavy matrix ’\| i

GaAs
RBS Ga, ,Mn,As
2000 Mn 1
- . . | 100 nm
1500} s e Ga ]
% :
% | i
S 1000} As]
O B i
500 ]
1000 1200 1400 1600
Energy (keV)
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4.0

BERKELEY LAB

2 MeV 4He*

PIXE

y—‘ As-K |

AL

6.0 8.0 10.0 12.0
Energy (keV)
K. M. Yu et al. 2002,
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PIXE Application: Geology, Art, /“\I

r

A
Archeology, Biolo

External Beam

Final Collimation -

k|
¥ £ Beam
= Charge
a Integration
Me¥ lon Beam —= | 2

Insulater ———— = - ¥ -

Faraday Cup ——— %= |— —

Graphite Window
Support

Yacuum

D-Ring

Surface Barrier
Detector

5i{Li) Detector —=

X-ray Absorber
Filter Holder

Yacuum

Polymer Beam
Exit ¥Window

Purged Environment
at Atmospheric
Pressure.

Fiqure 1. Exlernal PIXE sel-up at 10P.

HARVARD PIXE SYSTEM
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Hydrogen Forward Scattering (HFS)
(Elastic Recolil Detection Analsyis ERDA)
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Hydrogen Forward Scattering (HFS) %

Generally known as Elastic Recoil Detection (ERD)

KBS Detector

Transmitted
Hydrogen

(W)

HFS Detector

Backscatterad

Helium
Stopping Foil
Incident Helium .
@ Forward Scattered

Helium

(4

Forward
Hydrogenated Film Scattered
Hydrogen
Substrate

Charles Evans and Assoc., RBS APPLICATION SERIES NO. 3

* Quantitative hydrogen and deuterium profiling

* Good sensitivity (~0.01at% of H)

e Can be perform simultaneously with RBS and PIXE

* Profiling with any light element in solid (using heavy ion beam, ERD)
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HFS: H implanted Si N
P

Channeling-RBS
600_| LA I N I Y Y I O O HFS
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HFES: a-Si:H film S
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HFS: a-SIN:H film

Energy (MeV)
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Non-Rutherford Scattering and Nuclear
Reaction Analysis
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Non-Rutherford Scattering ceeeeed] f

BERKELEY LAB

Non-Rutherford elastic scattering cross sections appear when the ion
energy is so high that the ion starts penetrate the Coulomb barrier of
the target atom. When the ion penetrates the Coulomb barrier of the
target atom, the scattering is from the target atom’s nuclear potential
and the effect of the nuclear forces for the scattering then become
significant.

= For MeV ion beams, this phenomenon can be observed in low Z
projectile/target system where the Coulomb barrier is small.

» The cross-section for such nuclear resonance scattering can be
many times greater than the Rutherford values.

= Such non-Rutherford scattering has been used to some extent
for the detection of light elements (C, N, O, Si) in heavy matrixes
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Non-Rutherford Cross-Sections cecceed] i

Summary of Literature on Proton Elastic Scattering Cross Sections Relevant to
Low-MeV Proton Backscattering Analysis

Target Energy Scattering

nucleus range angle Ref. Cross section, remarks
H 2.0—-28 165 ¢ 51 alo, = 130—260; data at intervals of 100 keV
‘He 1.7—=3.0 168 ¢ 51 aiog = 100-300; data at intervals of 250 keV
*Li 1.2—3.1 164 | 52 aiag = 1.2 and 15 at 1.2 and 3.0 MeV: a broad peak in
the excitation curve (width I' = 500 keV, a/o, ~ 30) at
E, = 1.§ MeV
"Li 0.5—14 160 ¢ 53 o/oy =~ 4—8 and 45—70 in the smooth regions of the ex-
0.9-3.7 164 | 51 citation curve at energies E, = 1.2—1.8 and 2.4—3.0
1.3—-3.0 167 1 54 MeV; broad peak (I' = 200 keV o/ay, = 40) at 2.05
MeV; good agreement between data
*Be 0.2—1.7 161 ¢ 55 ofog = 1—2 and 10—11 in the smooth regions below 0.9
|.6—3.0 146 ¢ 55 and 1.4—2.0 MeV, respectively; the data of Ref. 55 are
0.8—-2.6 160 ¢ 56 significantly lower than those of Ref. 56; a broad peak (I’
= 300 keV o/oy, = 40™ or aioy = 30" for the peak, see
also Ref. 57
"B [.0—3.0 156 ¢ 58 o/t increases smoothly from 2—7 for energies 1.0—2.0

MeV; a broad peak (I' =~ 200 keV o/oy, = 12) at 2.2
MeV; smooth increase of o/o, from 6 (at 2.4 MeV) 1o 13
— (at 3.0 MeV) —
56 K. M. Yu November 2008



Non-Rutherford Cross-Sections (cont.)  eeceeey ;

Target Energy Scattering

nucleus range

IIB

e

IIN

I"F

S7

0.6—2.0

0.7—2.5
0.3—4.0
0.4-—43

1.4—2.3
0.9—4.0
1.0—4.]
0.6—1.8
1.9—3.0
0.8—2.5
0.8—2.0
0.6—4.5
0.6—2.0

1.4—38
1.0—-2.0
0.8—1.9
0.5—1.8
0.5—2.1

angle  Ref.
153 ¢ 59
170 1 46
164 | 60
169 ¢ 61
170 1 46
161 ¢ 62
168 ¢ 63
160 ¢ 64
166 ¢ 65
170 1 45
172 ¢ 66
169 | 67
160 | 68
168 ¢ 17
150 1 78
165,1531 42,70
160 ¢ 71
160 ¢ 72

-~

BERKELEY LAB

Cross section, remarks

o/oy, decreases from = 2 to 6 in the smooth region above
0.8 MeV

o non-Rutherford at least above 0.3 MeV; a/o, = 2.4—10
and 2.4—135 in the smooth regions at 0.7—1.6 and
1.8—4.3 MeV, respectively. a/oy, = 10 at 2.5 MeV; the
strong resonance peak (I' = 40 keV, /o, = 60) at 1.74
MeV has been used for carbon detection; a low o/oy, = 2
minimum at 1.69 MeV

o non-Rutherford at least above 0.6 MeV; o/ag, = 4—4.5
and 4—9 in the smooth regions at 1.58—1.73 and
1.85—2.3 MeV; strong narrow isolated resonances at
1.74 MeV (I" = 5 keV, o/, = 10) and at 3.2 MeV (I" =
10 keV, o/, = 50)

o non-Rutherford above 0.7 MeV, o/o, increases smoothly
from 1.0 at 0.7 MeV 10 5.7 at 2.5 MeV; another smooth
region where o/a, = 6.6—10 between 2.7 and 3.4 MeV,
resonances at 2.66 and 3.48 MeV; for angular distribu-
tions and the 2.66 MeV resonance, sec Ref. 69

Another smooth region where o/oy, decreases from = 1.8
to 0.5 at 2.15—2.8 MeV; natural Si target in Ref. 46

a/gg = 1.4 and 2—1.3 in the smooth regions at 1.0—1.3
and 1.5—1.65 MeV; a resonance at 1.45 MeV
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Non-Rutherford Cross-Sections (cont.)  eeceeedy

Target Energy Scattering

nucleus range angle Ref. Cross section, remarks
“Na 0.6—1.5 158 ¢ 73 oigg = 0.9—1.1 in the smooth region at 1.0—1.4 MeV;™
0.5—1.0 160 | 56 the data from Ref. 56 are signmificantly lower than those of
Ref. 73
“Mg 0.7—2.5 170 1 47 o non-Rutherford above 0.8 MeV; a/oy, = 1.05—1.1 and
0.4—3.9 164 | 74 1.3—1.5 in the smooth regions at 0.85—1.4 and

1.66—1.85 MeV,; resonances at 0.83, 1.48, 1.62, and
above 1.9 MeV; natural Mg used as target in Ref. 47
7Al 1.0—2.4 170 1 48 o non-Rutherford at least above 1.0 MeV; many sharp
|.4—-2.3 164 1 75 overlapping resonances, no smooth regions wider than 50
keV above 1.2 MeV; a/a, << 3 up 10 2.4 MeV; vield
curve without absolute cross section scale in Ref. 75

*Si 1.5—-2.2 170 1 46 o non-Rutherford at least above 1.5 MeV; a/o, decreases
2.0—-5.0 165 ¢ 76 smoothly from =2.2 to 1 for energies from 1.7 w 2.05
MeV

(I'=15 keV), isolated resonance at E,,, = 4.79 MeV; see
also Refs. 118 o 120
p 1.0-2.0 165 1 m o non-Rutherford at least above 1.0 MeV; ofo, =~ 1.05
and 1.2 in the smooth regions at 1.0—1.2 and 1.3—1.45
MeV. Resonances at 1.25, 1.52, 1.59, 1.72—1.74, and
1.90 MeV
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Non-Rutherford cross sections eeer]

14, 14,
N N
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Non-Rutherford scattering: S

- A
Example 1: SiO
xample 1: SiO,
Si(p,p)Si ENERGY (MaV)
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Non-Rutherford scattering:

Examgle 1: SIC

C(p,p)C, 6 = 165°- 170°
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Fig. 5. Backscattering spectra with 2.0 MeV He particles (a)
and 1.50 MeV protons (b) from a sample of 2um SiC film on

Si substrate.
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Nuclear Reaction Analysis (NRA)

14N (d’p) 15N H -

| I|
+
H'® e
T._.li v\ |_] '
@8 -8
£ r*. -
i, . 16
L= Fd] N
|‘ "'. J 15
v O

= When the incident beam energy exceeds a certain threshold
value, other energetic particles appear in the spectrum.

» The detection of these particles usually provide information
which is not obtainable from RBS.

» The NRA technique is very useful as atool for the detection
and profiling of light elements in heavy matrix.

= In many cases such particle-particle NRA can be carried out
In a RBS setup with only minor modifications.

2

meassssssssssssmm L. AWRENCE BERKELEY NATIONAL L ABORATORY
62 K. M. Yu November 2008



Some useful particle-particle reactions — reecery ‘:h

BERKELEY LAB

Nucleus Reaction Incident Energy Emitted Energy Approx. cross
(MeV) (MeV) section (mb/sr)
’H ’H (d,p) ®H 1.0 2.3 5.2
’H ’H (3He,p) “He 0.7 13.0 61
OLi SLi (d,a) *He 0.7 9.7 35
Li Li (p,a) “He 1.5 7.7 9
11 1B (p,a) 8Be 0.65 5.57 (a0) 0.7
0.65 3.70 (al) 550
12C 12C (d,p) 13C 1.2 3.1 35
BN BN (p,a) 2C 0.8 3.9 15
180 180 (p,a) N 0.73 3.4 15
BF BF (p,a) 10O 1.25 6.9 0.5
23Na 23Na (p,a) *°Ne 0.592 2.238 4
3ip 31p (p,a) 28Si 1.514 2.734 16
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NRA Example: GaNAs dilute nitride  ccececry i
P

B0 250

oo (# O[T 1.3 MeV deuterium ions

600! WesyNtl | 1T :
oo “ofap) ™0 179] ﬁw%mﬁ “N(d,p)**N and **N(d,a)**C reactions
8 4001 //D [ *Nidip ) N [1.96] | | mi:

00+ ‘Ii’ o | #'%0p,) "0 [257'00 a i

“NEd.Pai”N[E.Eﬂlé b
s s GaNAs film with ~4% N

22 24 26

1601 (d)

140
1
A o

FIG. 1. Expermmental NEA vields from GalNAs ({100} and random dirse-
tion) and N implanted Ta. Triangles and rings denote {100} and random
vields, respectively. The values in the square brackets are the imtial particle
energies in mega-elecron-velts before the mylar foil in front of the detector.
Figures (&), (b}, (c), and (d) corresponds to the reaction yield in different
regions of particle ensrgy

ol

Yield

Energy (MeV) T. Ahlgrena et al., Appl. Phys. Lett. 80, 2314 (2002).
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lon Channeling
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lon Channeling
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lon Channeling: e
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minimum vield and critical angle

Two important parameters to
characterize channeling
results:

1. Minimum vyield:

\ A Y
Random z __ 'channeled
™ o Amin = Y
o random
3 ‘I’I/Z .; 3
<
>“_:’ Tilt angle o 2% /2 o ~0.02-0.06
. 2
3/a¥1/2 2
v2¥i/2 3 2. Critical half-angle, vy,
0 ;' , ‘ > T
% KEe a0 912 indicates presence of
ENERGY TILT ANGLE defects responsible for

) o) beam dechanneling
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lon Channeling: /\l
minimum xield and critical angle

Minimum Yield, %, Critical half-angle, y,,,
(- ®- ® "min
MMW == — _”.rOZ _____ . /;l/ A
i N RN B B
W \\‘_11 \\ Trfr%in 4’0__1}7 - _
WW o o - }/
1 27,7 ,€° Ca 2
Y Ye=—=(—r )%{llﬂ[(—)2 +1]}
i = channeled ﬁ Ed )
Yrandom where d is the distance of atoms in a row,
7zl’2 a is the Thomas-Fermi screeing distance, r
Yimin = ﬂ;nén ~0.02-0.05 is rms thermal vibration
0 2212, 2 0
P ~ e ~ ( )" ~05-1

meassssssssssssmm L. AWRENCE BERKELEY NATIONAL L ABORATORY
70 K. M. Yu November 2008



Dechanneling by defects ecen]

Small angle dechanneling-

—_—— T T ] line defects
/
Dechanneled ® "
MeV
- 4y, .+
Channeled He Perfect crystal
LT P77 P AT 7 77 77XV 77 77 7 A channeling
Backscattered w
. A

\ Direct scattering-

L7 77 7 A 77722 AT 777 77 7 A point defects

W\’\ \/\v/\
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Homo- and Heteroepitaxy ;%
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FIG. 10.24. Random and <111> channeling spectra for a 72 am NiSi; epitaxial film on a {111}
(d) AMORPHOUS LAYER E i substrate (from Chiu ef al., 19800,
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Channeling: Heteroepitaxy ceceer?]
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~530nm InN on 210 nm GaN

Z. Liliental-Weber

K. M. Yu et al., LBNL 2004.
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Amorphous layer analysis cecee?]
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Channeling: Impurity Lattice Location .,

0
0 v 0

a. Substitutional b. Small displacement

0

0 v
c. Large displacement
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Experimental techniques :
C

ombined channeling RBS/PIXE
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Rutherford backscattering (RBS) 2000} M
Thin film Noen-aligned A random
,.:(random) 1500 Ga
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Channeling: Gal_x_yBeyMnXAS

Channeling RBS/PIXE:
-presence of interstitial Mn in GaAs
-[Mn|] increases with Be doping

@ @ -Mn, reduces T
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K. M. Yu et al. 2003.
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Examples of applications for IBA ceeeny]

= Thin film analysis: composition and thickness

= Multilayer analysis: identification of reaction products; obtaining
reaction kinetics, activation energy, and moving species

= Composition analysis of bulk garnets

= Depth distribution of heavy ion implantation and/or diffusion in a light
substrate

= Surface damage and contamination

* Providing calibration samples for other instrumentation such as
secondary ion mass spectroscopy and Auger electron spectroscopy

» Defect depth distribution due to ion implantation damage or residue
damage from improper annealing

= Lattice location of impurities in single crystal
= Surface atom relaxation of single crystal
= Lattice strain measurement of heteroepitaxy layers or superlattices
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