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CHY7. lon-Based Methods of Materials Characterization

+ Secondary lon Mass Spectroscopy (SIMS)*
» Rutherford Backscattering spectroscopy (RBS)

* SIMS: Common tool for fast surface chemical imaging
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CH7-1. Secondary lon Mass Spectroscopy (SIMS)*
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What is SIMS¢

Principle of SIMS

excitation: O analytical signal
‘ primary ion beam: secondary ions:
o*, Ar*, O, Cs”* . X X, XY XY
@@
" not used:

0000p %0000 0000 i
0000009 Q0000000
00000 @®000000
Q0000 0500900000

7\ collision cascade, mixing

« SIMS is a surface analysis tfechnique used to characterize the surface and sub-surface region of materials.

« |t effectively employs the mass spectrometry of ionized particles which are emitted when a solid surface is
bombarded by energetic primary particles.

« High detectivity (down to Tppm).
Applied Nanomaterials & Dévices LAB.
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Overview

Alias: Secondary lon Mass Spectroscopy

Modes: static and dynamic, imaging

Probe: lons (Ar*, O,*, Cs*, Ga*, Xe*, etc.), 0.5-20 keV

Signal: Secondary lons (from sample)

Information: Elemental and Molecular Composition

Sample: Any that can withstand ultra-high vacuum

Principle: Bombardment ions liberate secondary particles from
the surface, secondary ions can be detected for mass

Depth: 10 A (more in dynamic mode)

Spatial Resolution: less than 1 mm?

Sensitivity: “very high” (ppb-ppm for most elements including H)

Relative Cost: Expensive

Other: Semi-quantitative to quantitative

Can resolve isotopes

Imaging modes

Applied Nanomaterials & Dévices LAB.
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Processes

_ _ * A primary ion beam will generate a variety of

primary ions secondary ion species

= backscattered primaries

=>» neutral host atoms

= charged host ions

= neutral impurity atoms

= charged impurity ions

* lon species can be mass-analyzed

« Asthe primary ion beam removes material from the
surface (sputtering) the depth at which the ions

emerge will change = depth profiling

CO00000000
OOO00000000 This is a (by design) desfructive technique...
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Main Components of SIMS Experiment
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Main Components of SIMS
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« Pulses of secondary ions are accelerated to a given potential (3-8 keV) such that all ions

possess the same K.E.; they are then allowed to drift through a field-free space before

reaching the detector

Applied Nanoriiteridis & Devicé LAB.
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SIMS Analysis Modes

« Static SIMS are used to determine surface concentrations of elements and
molecules without significantly altering the analyte.

* Imaging SIMS like static SIMS does not alter the analyte appreciably. This
mode is used to generate images or maps of analytes based upon
concentrations of one secondary ion representing either an element or
molecule.

« Dynamic SIMS involves the use of a much higher energy primary beam
(larger amp beam current). The higher ion flux used in dynamic SIMS eats
away at the surface of the analyte, burying the beam steadily deeper into
the sample and generating secondary ions that characterize the

composition at varying depths (depth profiles).

Applied Nanomaterials & Devices LAB.

Electronics & Probes by Materials Engineerifig

>l
E
i

]

ot
=



Types of SIMS

Primary 'Onsx\/ /; Secondary ions

Dynamic SIMS

Primary ions
.\/ /\. /\. /’ Secondary ions

Topmost
atomic layer

Static SIMS

Applied Nanomaterials & Dévices LAB.
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Dynamic SIMS

Static SIMS

Range of elements

H to U (all isotopes)

Quantification Not possible, in most cases
Possible for limited cases with appropriate standards
Chemical bonding information Yes
Detection limits Ippb~1ppm Few %
Destructive? Yes. Not generally.
Materials are removed during Yes. if sputtered long
sputtering. enough.

Information depth

0.3~3nm

Sputtering rate 0.5~5nmy/sec ~10* ML/sec
Depth profiling Yes. by the sputtering process No.
Pressure 107 Torr UHV
Main uses Measurement of composition | Surface chemical analysis,

and of trace-level impurities
as a function of depth with
excellent detection limits and
good depth resolution.

particularly organics and
polymers
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Static SIMS: PMMA

« Fragmentation and subsequent ion formation of the sample can reveal the

overall structure of the molecule through mass spectrometry.
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Static SIMS: PS

.

CH2\ /CHz\ /CHz\ /CHz\ /CHz\ W

CH
many polymerization i i i i f

styrene
x 107
N
d @) c;un 9 L
6 " |
5- ; |
£
547 | L
o ) i
21 @CHH ||
I ‘ 11 , 77 I
0+ L . 1‘|‘ .|'x ) J‘_] : bl ‘I 'Ir-’
0 020 30 40 50 60 70 80 90 100
miz
CHy=C*
/57«&1;) O Hy'
/'O@l y
15000 I" 115 L
b
! (CisHy'
o t0000{1 | @ 5 Cl_© 13 Hy")
E | 1ok
§ = 128 @@(Lubu )
50001 | " ; " L‘/]:[B&Cnnb ies = |
; I e y
1 1 | .
% f il . i 1
0 1 : ,.'II' .l‘w!ll I:[“ :.||,¢ . ,I! y "Lél' l}I:q

100 110 120 130 140 150 160 170 180 190 200
miz

Electronics & Probes by Materials Engineering

polystyrene

X 10¢

CHs

‘ X1 [
| ‘ { |
1 \ o
| I I ’
‘ 1 ‘ ‘ 60 70 80 90 |
[ |
2 l \‘ ‘1 b
0 ‘ T 111 l :‘ o lu' ‘J‘_. . e . |
0 10 20 30 40 50 60 70 80 90 100

Figure 8.15
D Briggs, Surface A
) 1998 Cambridge University Press.)

ion ToF SIM

Neg:

11

S spectrum of pol

sis of Polymer ’)‘ XPS

miz

S and Static SIV

yrene. (Reprodu

S, Cambridge University

Press, C




Imaging Modes for SIMS

primary ion gun

local mass spectrum

intensity

X,y raster

stage scan, vertebra
o~ i

500 x 500 um?, trabeculae
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Dynamic SIMS
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Characteristics of SIMS
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« Strength of SIMS

- Excellent detection sensitivity (ppm) for dopants
and impurities.

- Can detect all elements and isotopes, including H
- Chemical bonding information

- Imaging with small probe size (0.02~1 um )

- Depth profiling

- Can analyze insulators, semiconductors and
conductors

 Weakness of SIMS

- Usually not quantitative, because of the strong
sensitivity of an element on the composition of the
martrix

- For some samples, organic information can be
limited

- Destructive (dynamic SIMS)
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Infroduction. Principle of RBS

Mass information

* RBS is a well-established technique in thin film characterization in which a beam of high energy (2
MeV) helium ions is directed at a sample.

* The helium ions that are elastically scattered by nuclei in the sample are detected.

* The higher the mass of an atom that is hit by a helium ion, the higher the energy of the ion will be after
backscattering. This results in mass discrimination.

* By counting the helium ions as a function of energy, the number of atoms of each element present
can be determined.

Depth information

* During the flight path through the sample the ions lose energy. This energy loss infroduces a depth
scale in the RBS spectrum.

* Anion that is scattered at a certain depth experiences an additional energy loss on the way in and
out of the target.

* Thus, it ends up with a kinetic energy lower than that of an ion, which experiences a similar

Applied Naoiométerios & B8vicés LAB. ple surface.
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Infroduction

Rutherford backscattering spectroscopy (RBS) is an analytical technique used in materials science. Sometimes
referred to as high-energy ion scattering (HEIS) spectroscopy, RBS is used to determine the structure and
composition of materials by measuring the backscattering of a beam of high energy ions impinging on a sample.
1. RBSis a nondestructive method of analysis.

2. It allows quantitative analysis of all elements simultaneously except for hydrogen.

3. RBS has a depth resolution typically of about 10 nm, which can be improved up to monolayer resolution in the

surface region with special equipment.
4. The measurement time is typically as short as several minutes.

5. Sensitivity of RBS is about 100 ppm for heavy elements although it is not so good for light elements.

17
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Instrumentation

* An RBS instrument generally includes three essential

Magne
(He™" b‘:tl:&.tur
components: N sl n.b
« Anion source, usuadlly alpha particles (He* ions) - b F]—’ i TI—IU
ectrostatic
Tandem Accelerator Beam Steering
or, less commonly, protons. RF Source
Rubidium Slits
« A linear particle accelerator capable of Vapour Source Quadrupole :l
"ocusing
. . . . . . Magnet
accelerafing incident ions to high energies, T
Detector
usually in the range 1-3 MeV. Z[ \
Mobile /72
- A detector capable of measuring the energies i %’/
\
of backscattered ions over some range of N

angles.

Applied Nanomaterials & Dévices LAB.
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RBS Spectrum
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Figure 1 RBS spectrum for a two-element compound film (A,,B,) on a low-mass substrate. The inset shows the schematic set-up

of RBS.

Applied Nanomaterials & Dévices LAB.
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RBS Spectrum
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Figure 6 RBS spectrum of a high-7, superconductor thin film
Bi;Sr; 6CageCuy 4O7 deposited on a Si substrate. Signals of Bi,
Sr. Cu, and Ca are seen as separated peaks. (Reproduced by
o o . . n o . —_ )
permission of Elsevier Science B.V. from Climent-Font et al."*")
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Figure 7 RBS spectrum of 2-MeV He ions backscattered from
Si implanted with 1.2 x 10" As ions ecm™ at 200keV. The:
arrows indicate the energy of ions scattered from surface Si and
As atoms. (Reproduced by permission of Plenum Press from
Mayer ct al.®)
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Physical Concepfs

1. The kinematic factor of the elastic scattering which describes the reduction of incident
energy in a collision between the probe ion and the target atom. The resulting energy of
the scattered ion increases with target atom mass. This allows identification of the target
atom by measuring the scattered ion energy.

2. The differential scattering cross-section which gives the probability of scattering. This
allows basic quantitative analysis without a standard sample.

3. The stopping power which is defined by the energy loss of the ion per unit path length
inside the target. The energy of the backscattered ion depends on the depth from which
the ion was scattered because the path length is proportional to the depth. This allows the

depth profiling of elements in the target.

Applied Nanomaterials & Devices LAB.
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Basic Principles: Kinematics of lon—-Atom Collisions

Rutherford backscattering as an elastic hard-sphere collision between a high kinetic

energy particle from the incident beam and a stationary particle located in the sample.

1.0 [ T 1 T T T 1 T T

€ Elastic scattering! L

ion out T = 0.9 N
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K, called the kinematic factor, [
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== A BOE R s | = ] B0 Figure 2 Kinematic factor K as a function of the ratio of the
(M + Mp)* M, target mass to the ion mass M>/M,.
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Kinematic Factor
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Basic Principles: Cross-Section of the Backscattering

« The scattering cross-section w is an effective area associated with the colliding
particles.
« To describe the angular distribution of the backscattering probability, we need

the differential cross-section of the backscattering:

dw _ (212262)2 ! dQ: a finite acceptance solid angle
) 1E, ) (sinf/2)" | g o

« The cross-section is proportional to Z,2, indicating high sensitivity for heavy

elements in RBS.

Applied Nanomaterials & Devices LAB.
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Basic Principles: Stopping Power

100 T T T T T T T T T T T

Stopping power (eV/A)

Energy (MeV)

Figure § Stopping powers of Si and Au for H and He 10ns as a
function of the ion energy.

Applied Nanomaterials & Dévices LAB.
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Structural Measurements: Channeling

« The ion experiences a series of correlated small angle collisions with crystal
atoms and cannot approach to the atomic row or plane over a certain
distance. This phenomenon, called channeling.

« This canresult in a drastic reduction of the observed backscattered signal

when the incident beam is oriented along a one of the symmetry directions,

allowing determination of a sample's regular crystal structure.
« Channeling works best for very small blocking radii, i.e. for high-energy low-

atomic-number incident ions such as He+.

Applied Nanomaterials & Devices LAB.
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Channeling Eftect

0000 ions Channeling orientation O o o o o o
oocoo e
000 O :;n‘
0000 = ~ & o oy o o
0000 b O ) C ) O g
Q000
crystal IS O ® O ®) (®) o)
Energy o) . _—
] Q @] @ @) Q

Random orientation

;

A

CooQoOO00
COCRQO0O00
op\0 00
o}
Intensity
\\
o
O

oo O O O O O @]
Energy
Visible fraction
0000 Random orientation ] O A
—
00 o=
0oo0o0 = 1) 0% 50% 100%
-] c
000 b-o- (1) 0% 100% 0%
goo‘ﬂ:::-’ = | heavy atoms on
COe light substrate ” Figure 9 Two-dimensional model illustrating how the channel-
ing effect can be used to locate foreign atoms in a crystal.
Energy
Applied Nanomaterials & Devices LAB. A HMErUs
. : L & 27 /\'I I:H [e) |’_,
Electronics & Probes by Materials Engineering Lo : —|_LL




Elecirons vs lons

« When an ion collides with electron clouds in the solid, it does not loose much energy and its

direction of motion is hardly change, in a contrast with electrons colliding with electrons.
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18keV e~ and 18 keV He" striking a Si;N, layer with a SiO, substrate
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Calculated lon Trajectories
2MeV He* in Si m_‘SOkeV He* in Si +m_‘50keV Au* in Si

Depth vs. Y-Axis Depth vs. Y-Axis Depth vs. Y-Axis
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