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Preface

The surface of a solid interacts with its environment. It may be changed by the sur-
rounding medium either unintentionally (for example by corrosion) or intentionally
due to technological demands. Intentional changes are made in order to refine or
protect surfaces, i.e., to generate new surface properties. Such surface changes can
be made by ion implantation, deposition of thin films or epitaxially grown layers,
among others. In all these cases, it is necessary to analyze the surface, the layer or
system of layers, the grain boundaries, or other interfaces in order to control the pro-
cess which finally meets the technological requirements for a purposefully changed
surface. A wealth of analytical methods is available to the analyst, and the choice of
the method appropriate for the solution of his problem requires a basic knowledge
on the methods, techniques and procedures of surface and thin-film analysis.

Therefore, this book is to give the analyst — whether a newcomer wishing to acquaint
themself with new methods or a materials analyst needing to inform themself on
methods that are not available in their own laboratory — a clue about the principles,
instrumentation, and applications of the methods, techniques, and procedures of
surface and thin-film analysis. The first step into this direction was the chapter Sur-
face and Thin Film Analysis of Ullmanw’s Encyclopedia of Industrial Chemistry (Vol. B6,
Wiley-VCH, Weinheim 2002) in which practitioners give briefly outline the methods.

The present book is based on that chapter. It has essentially been extended by new
sections dealing with electron energy loss spectroscopy (EELS), low-energy electron diffrac-
tion (LEED), elastic recoil detection analysis (ERDA), nuclear reaction analysis (NRA), en-
ergy dispersive X-ray spectroscopy (EDXS), X-ray diffraction (XRD), surface analysis by la-
ser ablation (LA), and ion-beam spectrochemical analysis (IBSCA). Thus, the book now
comprises the most important methods and should help the analyst to make deci-
sions. Except for atomic force microscopy (AFM) and scanning tunneling microscopy
(STM), microscopic methods, as essential as they are for the characterization of sur-
faces, are only briefly discussed when combined with a spectroscopic method. Meth-
ods of only limited importance for the solution of very special problems, or without
availability of commercial equipment, are not considered or only briefly mentioned
in the sections entitled Other Detecting Techniques without updating or giving exam-
ples of their applications.

Furthermore, the objective was not to issue a voluminous book but a clearly arranged
one outlining the methods of surface and thin film analysis. For a deeper under-

Xl
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Preface

standing of any of these topics, the reader is referred to the special literature given in
the references.

The editors are gratefully indebted to all contributors who were ready to redirect
time from their research, educational, and private activities in order to contribute to
this book. They also wish to thank Mrs Silke Kittel for her tireless help in developing
our editorial ideas.

Autumn 2001 Henning Bubert
Holger Jenett
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]
Introduction

John C. Riviére and Henning Bubert

Wherever the properties of a solid surface are important, it is also important to have
the means to measure those properties. The surfaces of solids play an overriding
part in a remarkably large number of processes, phenomena, and materials of tech-
nological importance. These include catalysis; corrosion, passivation, and rusting;
adhesion; tribology, friction, and wear; brittle fracture of metals and ceramics; mi-
croelectronics; composites; surface treatments of polymers and plastics; protective
coatings; superconductors; and solid surface reactions of all types with gases, li-
quids, or other solids. The surfaces in question are not always external; processes oc-
curring at inner surfaces such as interfaces and grain boundaries are often just as
critical to the behavior of the material. In all the above examples, the nature of a pro-
cess or of the behavior of a material can be understood completely only if informa-
tion about both surface composition (i.e. the types of atoms present and their con-
centrations) and surface chemistry (i. e. the chemical states of the atoms) is available.
Occasionally, knowledge of the arrangement of surface atoms (i.e. the surface struc-
ture) is also necessary.

First of all, what is meant by a solid surface? Ideally the surface should be defined as
the plane at which the solid terminates, that is, the last atom layer before the adja-
cent phase (vacuum, vapor, liquid, or another solid) begins. Unfortunately such a de-
finition is impractical because the effect of termination extends into the solid beyond
the outermost atom layer. Indeed, the current definition is based on that knowledge,
and the surface is thus regarded as consisting of that number of atom layers over
which the effect of termination of the solid decays until bulk properties are reached.
In practice, this decay distance is of the order of 5-20 nm.

By a fortunate coincidence, the depth into the solid from which information is pro-
vided by the techniques described here matches the above definition of a surface al-
most exactly. These techniques are, therefore, surface-specific, in other words, the in-
formation they provide comes only from that very shallow depth of a few atom
layers. Other techniques can be surface sensitive, in that they would normally be re-
garded as techniques for bulk analysis, but have sufficient sensitivity for certain ele-
ments that can be analyzed only if they are present on the surface only.

Why should surfaces be so important? The answer is twofold. Firstly, the properties
of surface atoms are usually different from those of the same atoms in the bulk and,
secondly, because in any interaction of a solid with another phase the surface atoms

1
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1 Introduction

are the first to be encountered. Even at the surface of a perfect single crystal the sur-
face atoms behave differently from those in the bulk simply because they do not
have the same number of nearest neighbors; their electronic distributions are altered
and hence their reactivity. Their structural arrangement is often also different. When
the surface of a polycrystalline or glassy multielemental solid is considered, such as
that of an alloy or a chemical compound, the situation can be very complex. The pro-
cesses of preparation or fabrication can produce a material the surface composition
of which is quite different from that of the bulk, in terms of both constituent and im-
purity elements. Subsequent treatment (e.g. thermal and chemical) will almost cer-
tainly change the surface composition to something different again. The surface is
highly unlikely to be smooth, and roughness at both micro and macro levels can be
present, leading to the likelihood that many surface atoms will be situated at corners
and edges and on protuberances (i.e. in positions of increased reactivity). Surfaces
exposed to the atmosphere, which include many of those of technological interest,
will acquire a contaminant layer 1-2 atom layers thick, containing principally carbon
and oxygen but also other impurities present in the local environment. Atmospheric
exposure might also cause oxidation. Because of all these possibilities the surface re-
gion must be considered as a separate entity, effectively a separate quasi-two-dimen-
sional phase overlaying the normal bulk phase. Analysis of the properties of such a
quasi phase necessitates the use of techniques in which the information provided
originates only or largely within the phase - i.e., the surface-specific techniques de-
scribed in this article.

Nearly all these techniques involve interrogation of the surface with a particle probe.
The function of the probe is to excite surface atoms into states giving rise to emis-
sion of one or more of a variety of secondary particles such as electrons, photons, po-
sitive and secondary ions, and neutrals. Because the primary particles used in the
probing beam can also be electrons or photons, or ions or neutrals, many separate
techniques are possible, each based on a different primary—secondary particle combi-
nation. Most of these possibilities have now been established, but in fact not all the
resulting techniques are of general application, some because of the restricted or
specialized nature of the information obtained and others because of difficult experi-
mental requirements. In this publication, therefore, most space is devoted to those
surface analytical techniques that are widely applied and readily available commer-
cially, whereas much briefer descriptions are given of the many others the use of
which is less common but which — in appropriate circumstances, particularly in ba-
sic research — can provide vital information.

Because the various types of particle can appear in both primary excitation and sec-
ondary emission, most authors and reviewers have found it convenient to group the
techniques in a matrix, in which the columns refer to the nature of the exciting parti-
cle and the rows to the nature of the emitted particle [1.1-1.9]. Such a matrix of tech-
niques is given in Tab. 1.1., which uses the acronyms now accepted. The meanings
of the acronyms, together with some of the alternatives that have appeared in the lit-
erature, are given in Listing 1.
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Tab. 1.1.  Surface-specific analytical techniques* using particle or photon excitation. The acronyms
printed in bold are those used for methods discussed in more details in this publication.

Detection Excitation**
Electrons, e~ lons, Neutrals, A*, A-, A° Photons, hy
e AES SAM IAES XPS UPS
AEAPS INS
EELS MQS
EFTEM
LEED RHEED
A" AL A° ESD ESDIAD SIMS SNMS
GDMS FABMS
RBS LEIS
ERDA NRA
hv EDXS GD-OES TXRF
SXAPS DAPS IBSCA XRD
IPES BIS LA LIBS
RAIRS SERS
SHG SFG
ELL

* For meanings of acronyms, see Listing 1.
** Some of the techniques in Tab. 1.1 have angle-resolved variants, with the prefix AR, e.g. ARUPS, or
use Fourier transform methods, with the prefix FT, e.g. FT-RAIRS.

Tab. 1.2. Surface-specific analytical techniques* using non-particle excitation.

Detection Excitation
Heat, kT High electrical field, F Mechanical force
A" TDS APFIM
POSAP
A TDS
e IETS
STM, STS
(Displacement) AFM

* For meanings of acronyms, see Listing 1.
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Listing 1. Meanings of the surface analysis acronyms, and their alternatives, that ap-
pear in Tabs 1.1. and 1.2.

1 Electron Excitation

AES
AEAPS
BIS

DAPS
EDXS
EELS
EFTEM
ESD

ESDIAD
IPES
LEED
RHEED
SXAPS

SAM

Auger electron spectroscopy

Auger electron appearance potential spectroscopy
Bremsstrahlung isochromat spectroscopy

(or ILS: ionization loss spectroscopy)
Disappearance potential spectroscopy
Energy-dispersive X-ray spectroscopy

Electron energy loss spectroscopy

Energy-filtered Transmission Electron Microscopy
Electron-stimulated desorption

(or EID: electron-induced desorption)
Electron-stimulated desorption ion angular distribution
Inverse photoemission spectroscopy

Low-energy electron diffraction

Reflection high-energy electron diffraction

Soft X-ray appearance potential spectroscopy

(or APS: appearance potential spectroscopy)
Scanning Auger microscopy

2 Ion Excitation

ERDA
GDMS
GD-OES
IAES
IBSCA

INS
LEIS
MQS
NRA

RBS

SIMS

SNMS

Elastic Recoil Detection Analysis

Glow discharge mass spectrometry

Glow discharge optical emission spectroscopy

Ion (excited) Auger electron spectroscopy

Ion beam spectrochemical analysis

(or SCANIIR: surface composition by analysis of neutral and ion impact
radiation or BLE: bombardment-induced light emission)
Ion neutralization spectroscopy

Low energy ion scattering

(or ISS: Ion scattering spectroscopy)

Metastable quenching spectroscopy

Nuclear Reaction Analysis

Rutherford back-scattering spectroscopy

(or HEIS: high-energy ion scattering)

Secondary-ion mass spectrometry

(SSIMS: static secondary-ion mass spectrometry)
(DSIMS: dynamic secondary-ion mass spectrometry)
Secondary neutral mass spectrometry
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3 Photon Excitation

ELL Ellipsometry
LA Surface Analysis by Laser Ablation
LIBS Laser-induced breakdown spectroscopy

(or LIPS: Laser-induced plasma spectroscopy)
RAIRS Reflection-absorption infrared spectroscopy
(or IRRAS: Infrared reflection-absorption spectroscopy)
(or IRAS: Infrared absorption spectroscopy)
(or ERIRS: External reflection infrared spectroscopy)

SERS Surface-enhanced Raman scattering
SFG Sum Frequency Generation
SHG Optical Second harmonic generation
TXRF Total reflection X-ray fluorescence analysis
UPS Ultraviolet photoelectron spectroscopy
XPS X-ray photoelectron spectroscopy
(or ESCA: electron spectroscopy for chemical analysis)
XRD X-ray diffraction

4 Neutral Excitation

FABMS  Fast-atom bombardment mass spectrometry
5 Thermal Excitation

TDS Thermal desorption spectroscopy

6 High Field Excitation

APFIM  Atom probe field-ion microscopy

IETS Inelastic electron tunneling spectroscopy
POSAP  Position-sensitive atom probe

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

7 Mechanical Force
AFM Atomic force microscopy

A few techniques, one or two of which are important, cannot be classified according
to the nature of the exciting particle, because they do not employ primary particles
but depend instead on the application either of heat or a high electric field. These
techniques are listed in Tab 1.2.
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Electron Detection

2.1
Photoelectron Spectroscopy

Henning Bubert and John C. Riviére

X-ray photoelectron spectroscopy (XPS) is currently the most widely used surface-analy-
tical technique, and is therefore described here in more detail than any of the other
techniques. At its inception by Siegbahn and coworkers [2.1] it was called ESCA (elec-
tron spectroscopy for chemical analysis), but the name ESCA is now considered too gen-
eral, because many surface-electron spectroscopies exist, and the name given to each
one must be precise. The name ESCA is, nevertheless, still used in many places, par-
ticularly in industrial laboratories and their publications. Briefly, the reasons for the
popularity of XPS are the exceptional combination of compositional and chemical in-
formation that it provides, its ease of operation, and the ready availability of commer-
cial equipment.

2.1.1
Principles

The surface to be analyzed is irradiated with soft X-ray photons. When a photon of
energy hv interacts with an electron in a level X with the binding energy Ep (Ep is
the energy Fx of the K-shell in Fig. 2.1), the entire photon energy is transferred to
the electron, with the result that a photoelectron is ejected with the kinetic energy

Ein (hv, X) = hv — Ep — &5 (2.1)

where ®g is a small, almost constant, work function term.

Obviously hv must be greater than E. The ejected electron can come from a core le-
vel or from the occupied portion of the valence band, but in XPS most attention is fo-
cused on electrons in core levels. Because no two elements share the same set of
electronic binding energies, measurement of the photoelectron kinetic energies en-
ables elemental analysis. In addition, Eq. (2.1) indicates that any changes in Ey are
reflected in Ey;,, which means that changes in the chemical environment of an atom
can be followed by monitoring changes in the photoelectron energies, leading to the
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Auger electron (KLyLy;) Photoelectron (1s)
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I, Vacuum level.-
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Fig. 2.1. Schematic diagram of elec- electron process. Electrons involved in

tron emission processes in solids. Left  the emission processes are indicated by
side: Auger process, right side: photo-  open circles.

provision of chemical information. XPS can be used for analysis of all elements in
the periodic table except hydrogen and helium.

Although XPS is concerned principally with photoelectrons and their kinetic ener-
gies, ejection of electrons by other processes also occurs. An ejected photoelectron
leaves behind a core hole in the atom. The sequence of events following the creation
of the core hole is shown schematically in Fig. 2.1 (right side). In the example, the
hole has been created in the K-shell, giving rise to a photoelectron, the kinetic energy
of which would be (hv — Ex), and is filled by an electronic transition from the unre-
solved L,; shell. The energy Ex — E  associated with the transition can then either
be dissipated as a characteristic X-ray photon or given up to an electron in the same
or a higher shell, shown in this example also as the L,3. The second of these possibi-
lities is called the Auger process after its discoverer [2.2], and the resulting ejected
electron is called an Auger electron and has a kinetic energy given by:

Exin (KL1Lps) = Ex — By, — Er, = Einter (L1L23) + Er — @5 (2.2)

where Ejner (L1L23) is the interaction energy between the holes in the L; and L3 shell
and Eg is the sum of the intra-atomic and extra-atomic relaxation energies. X-ray
photon emission (i.e. X-ray fluorescence) and Auger electron emission are obviously
competing processes, but for the shallow core levels involved in XPS and AES the
Auger process is far more likely.

Thus in all X-ray photoelectron spectra, features appear as a result of both photo-
emission and Auger emission. In XPS, the Auger features can be useful but are not
central to the technique, whereas in AES (see Sect. 2.2), Eq. (2.2) forms the basis of
the technique.

At this point the nomenclature used in XPS and AES should be explained. In XPS
the spectroscopic notation is used, and in AES the X-ray notation. The two are
equivalent, the different usage having arisen for historical reasons, but the differen-
tiation is a convenient one. They are both based on the so-called j—j coupling scheme
describing the orbital motion of an electron around an atomic nucleus, in which the
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total angular momentum of an electron is found by summing vectorially the indivi-
dual electron spin and angular momenta. Thus if | is the electronic angular momen-
tum quantum number and s the electronic spin momentum quantum number, the
total angular momentum for each electron is given by j = + s. Because l can take the
1 .1 35 .
values 0, 1, 2, 3,4, ...and s =% ) clearly j = ERERE] etc. The principal quantum
number n can take values 1, 2, 3, 4, ... In spectroscopic notation, states with I =0, 1,
2,3, ... are designated s, p, d, f, ..., respectively, and the letter is preceded by the num-
ber n; the j values are then appended as suffixes. Therefore one obtains 1s, 2s, 2p; /2

2p3/2.
In X-ray notation, states with n =1, 2, 3, 4, ... are designated K, L, M, N, ..., respec-
.1 35
tively, and states with various combinations of I =0, 1, 2, 3, ... and j = 5050 5 are

appended as the suffixes 1, 2, 3, 4 .... In this way one arrives at K, Ly, L, L3, My, M,,
M3, etc. The equivalence of the two notations is set out in Tab. 2.1.

Tab. 2.1. Spectroscopic and X-ray notation.

Quantum numbers

Spectroscopic X-ray state

n I j state

1 0 1/2 ls K
2 0 1/2 2s Ly
2 1 1/2 2 P12 L,
2 1 3/2 2 p3j2 L;
3 0 1/2 3s M;
3 1 1/2 3pip M,
3 1 3/2 3p3p M;
3 2 3/2 3ds, M,
3 2 5/2 3dsp, Ms
etc. etc etc. etc. etc.

In X-ray notation the Auger transition shown in Fig. 2.1 would therefore be labeled
KL,L;. In this coupling scheme, six Auger transitions would be possible in the KLL
series. Obviously, many other series are possible (e.g., KLM, LMM, MNN). These are
discussed more fully in Sect. 2.2, dealing with AES.

The reasons why techniques such as XPS and AES, which involve measurement of
the energies of ejected electrons, are so surface-specific should be examined. An elec-
tron with kinetic energy E moving through a solid matrix M has a probability of tra-
veling a certain distance before losing all or part of its energy as a result of an inelas-
tic collision. On the basis of that probability, the average distance traveled before
such a collision is known as the inelastic mean free path (imfp) Ay (E). The imfp is a
function only of M and of E. Figure 2.2 shows a compilation of measurements of 1
made by Seah and Dench [2.3], in terms of atomic monolayers as a function of ki-
netic energy. Note that both /1 and energy scales are logarithmic. The important con-
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Fig. 2.2. Compilation by Seah and
Dench [2.3] of measurements of in-
elastic mean free path as a function of
electron kinetic energy. The solid line is
a least-squares fit.
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sequence of the dependence of 4 on kinetic energy is that in the ranges of secondary
electron kinetic energies used in XPS and AES, the values of 4 are very small. In
XPS, for example, typical energy ranges are 250-1500 eV, corresponding to a range
of A from about four to eight monolayers, whereas in AES, the energy range is typi-
cally 20 to 1000 eV, in which case 4 would range from about two to six monolayers.
What this means in practice is that if the photoelectron or the Auger electron is to es-
cape into a vacuum and be detected, it must originate at or very near the surface of
the solid. This is the reason why the electron spectroscopic techniques are surface-
specific.

2.1.2
Instrumentation

2.1.2.1 Vacuum Requirements

Electron spectroscopic techniques require vacuums of the order of 107 Pa for their
operation. This requirement arises from the extreme surface-specificity of these tech-
niques, mentioned above. With sampling depths of only a few atomic layers, and ele-
mental sensitivities down to 10~ atom layers (i.e., one atom of a particular element
in 10° other atoms in an atomic layer), the techniques are clearly very sensitive to
surface contamination, most of which comes from the residual gases in the vacuum
system. According to gas kinetic theory, to have enough time to make a surface-ana-
lytical measurement on a surface that has just been prepared or exposed, before con-
tamination from the gas phase interferes, the base pressure should be 107 Pa or
lower, that is, in the region of ultrahigh vacuum (UHYV).

The requirement for the achievement of UHV conditions imposes restrictions on
the types of material that can be used for the construction of surface-analytical sys-
tems, or inside the systems, because UHV can be achieved only by accelerating the
rate of removal of gas molecules from internal surfaces by raising the temperature
of the entire system (i.e. by baking). Typical baking conditions are 150-200 °C for
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several hours. Inside the system, any material is permissible that does not produce
volatile components either during normal operation or during baking. Thus, for ex-
ample, brass that contains the volatile metal zinc could not be used. The principal
construction material is stainless steel, with mu-metal (76% Ni, 5% Cu, 2% Cr)
used occasionally where magnetic screening is needed (e.g. around electron-energy
analyzers). For the same reasons, metal seals, not elastomers, are used for the de-
mountable joints between individual components — the sealing material is usually
pure copper, although gold is sometimes used. Other materials that can be used be-
tween ambient atmosphere and UHV are borosilicate glass or quartz for windows,
and alumina for electrical insulation for current or voltage connections.

2.1.2.2 X-ray Sources

The most important consideration in choosing an X-ray source for XPS§ is energy re-
solution. Eq. (2.1) gives the relationship between the kinetic energy of the photoelec-
tron, the energy of the X-ray photon, and the binding energy of the core electron. Be-
cause the energy spread, or line-width, of an electron in a core level is very small, the
line-width of the photoelectron energy depends on the line-width of the source, if no
undue broadening is introduced instrumentally. In XPS the analyst devotes much ef-
fort to extracting chemical information by means of detailed study of individual ele-
mental photoelectron spectra. Such a study needs an energy resolution better than
1.0 eV if subtle chemical effects are to be identified. Thus the line-width of the X-ray
source should be significantly smaller than 1.0 eV if the resolution required is not to
be limited by the source itself.

Other considerations are that the source material, which forms a target for high-en-
ergy electron bombardment leading to the production of X-rays, should be a good con-
ductor - to enable rapid removal of heat — and should also be compatible with UHV.

Table 2.2 lists the energies and line-widths of the characteristic X-ray lines from a
few possible candidate materials. In practice Mg Ko and Al Ko are the two used uni-
versally because of their line energy and width and their simple use as anode
material.

For efficient production of X-rays by electron bombardment, exciting electron ener-
gies that are at least an order of magnitude higher than the line energies must be
used, so thatin Mg and Al sources accelerating potentials of 15 kV are employed. Mod-

Tab. 2.2. Energies and line-widths of some characteristic low-energy X-ray lines.

Line Energy [eV] Width [eV]
Y M{ 132.3 0.47
Zr M{ 151.4 0.77
Nb M(¢ 171.4 1.21
Mg Ko 1253.6 0.70
Al Ko 1486.6 0.85
Si Ko 1739.5 1.00
Y Lo 1922.6 1.50

Zr Lo 2042.4 1.70
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ern sources are designed with dual anodes, one anode face being coated with magne-
sium and the other with aluminum, and with two filaments, one for each face. Thus, a
switch from one type of X-irradiation to the other can be made very quickly.

To protect the sample from stray electrons from the anode, from heating effects, and
from possible contamination by the source enclosure, a thin (~2 pm) window of alu-
minum foil is interposed between the anode and the sample. For optimum X-ray
photon flux on the surface (i.e. optimum sensitivity), the anode must be brought as
close to the sample as possible, which means in practice a distance of ~2 cm. The en-
tire X-ray source is therefore retractable via a bellows and a screw mechanism.

The X-radiation from magnesium and aluminum sources is quite complex. The prin-
cipal Ko lines are, in fact, unresolved doublets and should correctly be labeled Ko 5.
Besides the Ko , lines a series of further lines, so-called satellite lines, also exist of
which the most important ones are Ku; 4. The energy separations of the satellite lines
for Mg and Al together with their intensities, related to Ku, ,, are given in Tab. 2.3.

Tab. 2.3. Satellite lines* of magnesium and aluminum.

Mg Al

X-ray Separation Relative intensity [%] Separation Relative intensity [%]
line from Ka; ; [eV] (Ka; , =100%) fromKa; 2 [eV]  (Kaq,=100%)

Ko’ 4.5 1.0 5.6 1.0

Koi; 8.4 9.2 9.6 7.8

Koty 10.0 5.1 11.5 33

Koss 17.3 0.8 19.8 0.4

Kog 20.5 0.5 234 0.3

Kp 48.0 2.0 70.0 2.0

* Data of Krause and Ferreira in: Briggs and Seah [2.4]

Removal of satellites, elimination of the bremsstrahlung background, and separation
of the Ko, , doublet can be achieved by monochromatization, shown schematically
in Fig. 2.3. The X-ray source is positioned at one point on a spherical surface, called
a Rowland sphere and a quartz crystal is placed at another point. X-rays from the
source are diffracted from the quartz and, by placing the sample at the correct point
on the Rowland sphere, the Ko; component can be selected to be focused on it.
Quartz is a very convenient diffracting medium for Al K«, because the spacing be-
tween the 1010 planes is exactly half the wavelength of the X-radiation. Because the
width of the Al Ko line is <0.4 eV, the energy dispersion needed around the surface
of the sphere implies that the Rowland sphere should have a diameter of at least
0.5 m. Although an XPS spectrum will be much “cleaner” when a monochromator
is used, because satellites and background have been removed, the photon flux at
the sample is much lower than that from an unmonochromatized source operating
at the same power. Against this must be set the greatly improved signal-to-back-
ground level in a monochromatized spectrum.
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Quartz Fig. 2.3. Schematic diagram of X-ray
crystal CHA monochromatization to remove satel-

lites, eliminate bremsstrahlung back-
ground and separate the Al Ko, ,
doublet. Courtesy of Kratos Analytical.
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2.1.2.3  Synchrotron Radiation

The discrete line sources described above for XPS are perfectly adequate for most ap-
plications, but some types of analysis require that the source be tunable (i.e. that the
exciting energy be variable). The reason is to enable the photoionization cross-sec-
tion of the core levels of a particular element or group of elements to be varied,
which is particularly useful when dealing with multielement semiconductors. Tun-
able radiation can be obtained from a synchrotron.

In a synchrotron, electrons are accelerated to near relativistic velocities and con-
strained magnetically into circular paths. When a charged particle is accelerated, it
emits radiation, and when the near-relativistic electrons are forced into curved paths
they emit photons over a continuous spectrum. The general shape of the spectrum
is shown in Fig. 2.4. For a synchrotron with an energy of several gigaelectronvolts
and a radius of some tens of meters, the energy of the emitted photons near the max-
imum is of the order of 1 keV (i.e., ideal for XPS). As can be seen from the universal
curve, plenty of usable intensity exists down into the UV region. With suitable mono-
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chromators on the output to select a particular wavelength, the photon energy can
be tuned continuously from approximately 20 to 500 eV. The available intensities are
comparable with those from conventional line sources. The main advantage is the
small beam diameter of the synchrotron radiation, which enables high spatial resolu-
tion.

2.1.2.4 Electron-energy Analyzers

In electron spectroscopic techniques — among which XPS is the most important —
analysis of the energies of electrons ejected from a surface is central. Nowadays uni-
versally employed is the concentric hemispherical analyzer (CHA).

Energy analyzers cannot be discussed without discussion of energy resolution,
which is defined in two ways. Absolute resolution is defined as AE, the full width at
half-maximum (FWHM) of a chosen peak. Relative resolution is defined as the ratio
R of AE to the kinetic energy E of the peak energy position (usually its centroid), that
is, R = AE/E. Thus absolute resolution is independent of peak position, but relative
resolution can be specified only by reference to a particular kinetic energy.

In XPS, closely spaced peaks at any point in the energy range must be resolved,
which requires the same absolute resolution at all energies.

The CHA is shown in schematic cross-section in Fig. 2.5[2.5]. Two hemispheres of ra-
dii 4 (inner) and r, (outer) are positioned concentrically. Potentials —V; and -V, are ap-
plied to the inner and outer hemispheres, respectively, with V, greater than V;. The
source S and the focus Fare in the same plane as the center of curvature, and ry is the
radius of the equipotential surface between the hemispheres. If electrons of energy
E=eVjareinjected at S along the equipotential surface, they will be focused at Fif:

Va=Vi=Vo (r2/r1—11/12) (2.3)

If electrons are injected not exactly along the equipotential surface, but with an an-
gular spread Ao about the correct direction, then the energy resolution is given by:

AE/E = (ws + wg) /4 1o + (Aa)? (2.4)
where wg and wr are the respective widths of the entrance and exit slits. In most in-
struments, for convenience in construction purposes, ws = wg = w, whereupon the re-

solution becomes:

AE/E=w[2 1o + (Ax)? (2.5)

5 F
Entrance width wy Exit width we
Fig. 2.5. Schematic diagram of a concentric

hemispherical analyzer (CHA) [2.5].
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CHA Fig. 2.6. Typical configuration of an XPS spectrometer.
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In XPS the photoelectrons are retarded to a constant energy, called the pass energy,
as they approach the entrance slit. If this were not done, Eq. (2.5) shows that to
achieve an absolute resolution of 1 eV at the maximum kinetic energy of approxi-
mately 1500 eV (using Al Ko radiation), and with a slit width of 2 mm, would require
an analyzer with an average radius of about 300 cm, which is impracticable. Pass en-
ergies are selected in the range 20-100 eV for XPS, which enables the analyzer to be
built with a radius of 10-15 cm.

Modern XPS spectrometers employ a lens system on the input to the CHA, which
has the effect of transferring an image of the analyzed area on the sample surface to
the entrance slit of the analyzer. The detector system on the output of the CHA con-
sists of several single channeltrons or a channel plate. Such a spectrometer is illu-
strated schematically in Fig. 2.6.

2.1.2.5 Spatial Resolution

A principal disadvantage of conventional XPS was lack of spatial resolution; the
spectral information came from an analyzed area of several square millimeters and
was, therefore, an average of the compositional and chemical analysis of that area.
Many technological samples are, on the other hand, inhomogeneous on a scale
much smaller than that of conventional XPS analysis, and obtaining chemical infor-
mation on the same scale as the inhomogeneities would be very desirable.

One of the first steps to improve XPS spatial resolution was done by making use of
the focusing properties of the CHA described above; this led to the development of
the Escascope now developed into the present Escalab 250 (VG Scientific, East Grin-
stead, UK) that acts as an XPS microscope. Here, a Fourier-transformed image is
generated at the entrance slit of the CHA by introducing a third lens into the trans-
ferring lens system. The CHA disperses this image energetically, so that a Fourier-
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transformed image exists at the exit slit, but only for the energy selected by the set-
ting of the CHA. This image is then inverted into a real image, which can be de-
tected in the plane of a channel plate and a spatial resolution of approximately 3 pm
is obtained. A further development using the focusing properties of the transfer lens
system is realized in the Axis instruments (Kratos Analytical, Manchester, UK).
Here, the principle plane of the first lens is moved in direction to the specimen by
introducing a magnetic lens below the specimen holder. The spatial resolution
reached is reduced to approximately 15 um without loss of intensity because of the
simultaneously enhanced angle of acceptance, and is improved during the mean-
time. Such a magnetic lens was also introduced in the present Escalab from VG. A
third development is realized in the Quantum 2000 (Physical Electronics, Eden
Prairie, USA). Here, high-energy electrons of an electron gun are scanned over the
surface of an Al anode, thereby generating an X-ray beam. This beam is then focused
on to the specimen surface by an ellipsoidal monochromator and scans the speci-
men surface with the same rhythm as the electron beam is scanned. The X-ray beam
is less than 10 um in diameter and the scanned area is 1.4 x 1.4 mm?.

The thrust of development is toward ever better spatial resolution, which means the
smallest possible spot size on the sample compatible with adequate signal-to-noise
ratio, for acquisition within a reasonable length of time.

213
Spectral Information and Chemical Shift

Figure 2.7 shows a wide-scan or survey XPS spectrum, i.e. one recorded over a wide
range of energies, in this instance 1000 eV. The radiation used was unmonochroma-
tized Al Ko, at 1486.6 eV, and the surface is that of almost clean copper. Such a spec-
trum reveals the major, or primary, features to be found, but to investigate minor or
more detailed features, spectra are acquired over much more restricted energy
ranges, at better energy resolution; the latter are called narrow-scan spectra.

The primary features in Fig. 2.7 are peaks arising from excitation of core-level elec-
trons according to Eq. (2.1). At the low-energy end, two intense peaks are found at
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Fig. 2.7. Wide-scan spectrum from
almost clean copper using Al Ko radia-

tion.

Photoelectron yield, arbitrary units
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approximately 553 and 533 eV, corresponding to photoelectrons from the 2p;,, and
2p1 ), levels of copper, respectively, the separation of 20 eV being the spin—orbit split-
ting. At the high kinetic energy end, are three other copper photoelectron peaks at
approximately 1363, 1409, and 1485 eV, which arise from the 3s, 3p, and 3d levels, re-
spectively. The other primary features associated with copper are the three Auger
peaks L3MysMy s, LsM; 3My s, and L3M; 3M,; 5 appearing at 919, 838, and 768 €V, re-
spectively. As pointed out in Sect. 2.1.1, the creation of a core hole by any means of
excitation can lead to ejection of an Auger electron, so that in XPS Auger features
make a significant contribution to the spectrum. If Auger and photoelectron peaks
happen to overlap in any spectrum, they can always be separated by changing the ex-
citation (e.g. from Al Ko to Mg Ko, or vice versa) because the Auger peaks are invar-
iant in energy (Eq. 2.2) whereas the photoelectron peaks must shift with the energy
of the exciting photons according to Eq. (2.1).

In addition to primary features from copper in Fig. 2.7 are small photoelectron peaks
at 955 and 1204 eV kinetic energies, arising from the oxygen and carbon 1s levels, re-
spectively, because of the presence of some contamination on the surface. Secondary
features are X-ray satellite and ghost lines, surface and bulk plasmon energy loss fea-
tures, shake-up lines, multiplet splitting, shake-off lines, and asymmetries because
of asymmetric core levels [2.6].

Chemical shift is the name given to the observed shift in energy of a photoelectron
peak from a particular element when the chemical state of that element changes.
When an atom enters into combination with another atom or group of atoms, an al-
teration occurs in the valence electron density; this might be positive or negative ac-
cording to whether charge is accepted or donated, causing a consequent alteration in
the electrostatic potential affecting the core electrons. The binding energies of the
core electrons therefore change, giving rise according to Eq. (2.1) to shifts in the cor-
responding photoelectron peaks. Tabulation of the chemical shifts experienced by
any one element in a series of pure compounds of that element thus enables its che-
mical state to be identified during analysis of unknown samples. Many such tabula-
tions have appeared; a major collection is found in Ref. [1.2]. The identification of
chemical state in this way is the principal advantage of XPS over other surface-analy-
tical techniques.

An example of a spectrum with a chemical shift is that of the tin 3d peaks in Fig. 2.8.
A thin layer of oxide on the metallic tin surface enables photoelectrons from both
the underlying metal and the oxide to appear together. Resolution of the doublet
3 ds2, 3 d3; into the components from the metal (Sn°) and from the oxide Sn™" is
shown in Fig. 2.8 B. The shift in this instance is 1.6—1.7 eV. Curve resolution is an
operation that can be performed routinely by data processing systems associated
with photoelectron spectrometers.
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Fig. 2.8. Example of a chemical shift in
the Sn 3d peak for a very thin layer of Sn
oxide in Sn metal. (A) spectrum after

linear background subtraction, (B) spec- @
trum resolved into its respective compo-
nents. (a) Sn™, (b) Sn°.
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2.1.4
Quantification, Depth Profiling and Imaging

2.1.4.1 Quantification
If an X-ray photon of energy hv ionizes a core level X in an atom of element A in a
solid, the photoelectron current I, from X in A is:

In (X) = Koa (h,X) Ba (h9,X) Np Ay (Ea) cos 0 (2.6)

where g5 (hv,X) is the photoelectric cross-section for ionization of X (binding energy
Eg) by photons of energy hv; fia (hv,X) the asymmetry parameter for emission from
X by excitation with photons of energy hv; N the atomic density of A averaged over
depth of analysis; Ay (Ea) the inelastic mean free path in matrix M containing A, at
kinetic energy En, where E5 = hv — Eg; and 0 is the angle of the emission to the sur-
face normal. K is a constant of proportionality that contains fixed operating condi-
tions such as incident X-ray flux, transmission of analyzer at kinetic energy E,, and
efficiency of detector at kinetic energy Ea, kept fixed during any one analysis.

Values of the total cross-section a5 for Al K, radiation, relative to the carbon 1slevel,
have been calculated by Scofield [2.7], and of the asymmetry parameter S5 by Reil-
man et al. [2.8]. Seah and Dench [2.3] have compiled many measurements of the in-
elastic mean free path, and for elements the best-fit relationship they found was:
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I (E) = 538 E + 0.41 (dr, E)'/? monolayers (2.7)

where d,,, is the monolayer thickness in nanometers.

In principle, therefore, the surface concentration of an element can be calculated
from the intensity of a particular photoelectron emission, according to Eq. (2.6). In
practice, the method of relative sensitivity factors is in common use. If spectra were
recorded from reference samples of pure elements A and B on the same spectro-
meter and the corresponding line intensities are I5° and Iy, respectively, Eq. (2.6)
can be written as

In IR (iM(EA)iB(EB)><$)<NA N?) )8

/Ty~ Un(Es)ia(En) )\ R )\ N3 N (2:8)
where RZ’ and Ry are factors for the reference samples, depending on the rough-
ness of the surfaces, and NX° and N~ are the atomic densities of the reference sam-
ples. From the above equation the ratio N5/Ny can be obtained from the measured
intensity ratio Ia/I. The accuracy of quantitative results is, however, only as good as
the accuracy of the in-going parameter and the intensity values I, and Ip. These in-
tensities are simply the areas under the line peaks after background subtraction.
Three different procedures are commonly in use — straight line subtraction, Shirley’s
method and Tougaard’s method. With the last mentioned method, the measured
spectrum is deconvoluted into the primary (true) excited spectrum by taking into ac-
count that the emitted electrons suffer an energy loss because of scattering during
travelling in the solid.

A further critical point are the intensities I correlated to spectra of the pure ele-
ments. Calculated and experimentally determined values can diverge considerably,
and the best data sets for I measured on pure reference samples still show a scatter
of up to 10%. The use of an internal standard or a simultaneously measured external
standard seems to be the most successful way to reducing the inaccuracy below

10%. (For a more detailed discussion of background subtraction and quantification
see, e.g., Seah [2.9].)

2.1.42 Depth Profiling

Very often, in addition to analytical information about the original surface, informa-
tion is required about the distribution of chemical composition to depths considerably
greater than the inelastic mean free path. Non-destructive methods such as variation
of emission angle or variation of exciting photon energy are possible, but they are lim-
ited in practice to evaluation of chemical profile within depths of only ca. 5 nm. To ob-
tain information from greater depths requires destructive methods, of which the one
used universally is removal of the surface by ion bombardment, also called sputtering.
The combination of removal of the surface by sputtering and of analysis is termed
depth profiling. Instrumentally, this is performed by means of ion guns which are de-
scribed elsewhere (see Sect. 3.1, SIMS). Depth profiling in XPS is usually performed
using noble gas, to minimize chemical effects. In compounds, preferential sputter-
ing, e.g. O from TiO, surfaces and Be from Cu-Be alloys, can occur. This is readily
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comprehensible with regard to different surface binding energies and different mo-
menta transferred to atoms with different masses. Preferential sputtering frequently
causes a chemically modified surface even if the primary ion from the ion gun is not
chemically reactive after its (immediate) neutralization in the solid.

The depth resolution achievable during profiling depends on many variables, and
the reader is referred to a comprehensive discussion [2.9].

In XPS, chemical information is comparatively slowly acquired in a stepwise fashion
along with the depth, with alternate cycles of sputtering and analysis. Examples of
profiles through oxide films on pure iron and on Fe-12Cr-IMo alloy are shown in
Fig. 2.9, in which the respective contributions from the metallic and oxide compo-
nents of the iron and chromium spectra have been quantified [2.10]. In these exam-
ples the oxide films were only ~5 nm thick on iron and ~3 nm thick on the alloy.

Current practice in depth profiling is to use positively charged argon ions at energies
between 0.5 and 10 keV, focused into a beam of 2-5-um diameter, which is then ras-
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tered over the area to be profiled. The area bombarded by the, typically, finely fo-
cused and rastered primary ion beam should be significantly greater than the ana-
lyzed area so that only the flat bottom of the sputtered crater is analyzed. Ion current
densities are variable between 5 and 50 WA cm™. Uniformity of sputtering and,
therefore, the depth resolution of the profile, can be improved by rotating the sample
during bombardment.

During the sputtering process, many artifacts are introduced that can affect quantifi-
cation; some of these are derived from the nature of the sample itself (e.g. rough-
ness, crystalline structure, phase distribution, electrical conductivity), and others are
radiation-induced (e. g. atomic mixing, preferential sputtering, compound reduction,
diffusion and segregation, sputter-induced topography). This is an extensive subject
in its own right; a discussion of all aspects is given elsewhere [2.11].

State-of-the-art for data evaluation of complex depth profile is the use of factor analy-
sis. The acquired data can be compiled in a two-dimensional data matrix in a manner
that the n intensity values N(E) or, in the derivative mode dN(E)/dE, respectively, of a
spectrum recorded in the ith of a total of m sputter cycles are written in the ith column
of the data matrix D. For the purpose of factor analysis, it now becomes necessary that
the (n x m)-dimensional data matrix D can be expressed as a product of two matrices,
i.e. the (n x k)-dimensional spectrum matrix R and the (k x m)-dimensional concen-
tration matrix C, in which R in k columns contains the spectra of k components, and
Cin k rows contains the concentrations of the respective m sputter cycles, i.e.:

D=-R-C+E (2.9)

E is an error matrix taking errors of measurement (e.g. random noise) into consid-
eration. The term component describes such chemical or physical states the spectra
of which cannot be generated by a linear combination of the other components.
Thus, components can be elements, chemical compounds — stoichiometric or non-
stoichiometric — or even states induced by physical processes, provided that the spec-
tra differ significantly, e.g. in line shapes or line shifts.

Since the introduction of factor analysis for evaluation of depth profile data by
Gaarenstroom [2.12], many papers have been published [e.g. 2.13-2.20]. With the
help of factor analysis, three results can directly be obtained:

(1) the number k of the relevant components necessary to create the data matrix

(2) the so-called abstract spectrum matrix R* and the abstract concentration matrix
C*; and

(3) a new data matrix D*, which can be generated from R* and C* by leaving out
the so-called noise components.

If the spectra of the k relevant components are known, the abstract matrices can be
transformed into interpretable spectra and concentration matrices, respectively, and
as a final result, one obtains the required component depth profile. If one or more of
the spectra of the k relevant components are not known, a quantified component
depth profile cannot be constructed.
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New developments which have still to be checked for their usability in data evalua-
tion of depth profiles are artificial neural networks [2.16, 2.21-2.25], fuzzy clustering
[2.26, 2.27] and genetic algorithms [2.28].

2.1.43 Imaging

As already mentioned in Sect. 2.1.2.5 the Escalab acts as an XPS microscope and the
result is called an elemental map or image. An example of chemical state imaging is
given in Fig. 2.10 [2.29]. The material is a contaminated fluoropolymer, the contami-
nation being in the form of dark spots 10-80 um in size. Both images in Fig. 2.10 are
in the C 1s photoelectron peak, but of different chemical states, i.e. different binding
energies. The upper is in that contribution arising from carbon bound to fluorine,
and the lower from carbon bound to carbon (i.e. graphitic). The complementarity of
the images indicates that the contamination is graphitic in nature.

If the analyzer is set to accept electrons of an energy characteristic of a particular ele-
ment, and if the incident X-ray beam is rastered over the surface to be analyzed, a vi-
sual display the intensity of which is modulated by the peak intensity will correspond
to the distribution of that element over the surface. The result is also an image and
this technique is realized with the Quantum 2000.

Fig. 2.10. Chemical state images ob-
tained with the Escascope in Fig. 2.9,
from a contaminated fluoropolymer
[2.29]. (A) image in contribution to C 1s
from C—F bonding, (B) image in contri-
bution to C 1s from C-C bonding.
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When the whole sample surface is irradiated by the exciting X-rays, an image can be
obtained in a different way: The spot accepted by the transferring lens system in
front of the input of the CHA is rastered by introducing deflector plates in front of
the lens system. Again, only electrons of a characteristic energy can pass the analy-
zer. This technique is realized with the Axis series.

Tonner et al. have taken scanning XPS microscopies at the Advanced Light Source
Synchrotron Radiation Center of Lawrence Berkeley National Laboratory [2.6]. They
investigated a polished and sputter-cleaned surface of mineral ilmenite with the
nominal composition FeTiOs, and used the Fe 3p and Ti 3p lines for imaging. Using
synchrotron radiation they demonstrated spatial resolution of approximately
0.25 um.

Care must be taken in interpreting the intensity distribution, because the electron in-
tensity depends not only on the local concentration of the element but on the topo-
graphy also, because surface roughness can affect the inelastic background under-
neath the line. Therefore elemental maps are customarily presented as variations of
the ratio of peak intensity divided by the magnitude of the background on both or
one side of the line; this can easily be performed by computer.

215
The Auger Parameter

Section 2.1.3 shows that in an XPS spectrum, X-ray excited Auger peaks are often as
prominent as the photoelectron peaks themselves. For many elements, the chemical
shifts in Auger peaks are actually greater than the shifts in photoelectron peaks. The
two shifts can be combined in a very useful quantity called the Auger parameter o*,
first used by Wagner [2.30] and defined in its modified form [2.31] as

o0 = Eyin (XYZ) + Eg (W) (2.10)

where Ey;, (XYZ) is the kinetic energy of the Auger transition XYZ, and Ep (W) is the
binding energy of an electron in an arbitrary level W. The Auger and photoelectron
peak energies must be measured in the same spectrum.

o* is independent of photon energy and has the great advantage of being indepen-
dent of any surface charge. It is, therefore, measurable for all types of material from
metals to insulators. Extensive tabulations of o have appeared, based on a large num-
ber of standard materials; the most reliable data have been collected by Wagner [2.32].

As defined in Eq. (2.10), «* is purely empirical; any prominent and conveniently si-
tuated Auger and photoelectron peaks can be used. If o* is defined slightly more rig-
orously, by replacing Ep (W) by Ep(X) in Eq. (2.10), it is related closely to a quantity
called the extra-atomic relaxation energy , because Ax* can be shown to be equal to
2AER (X). In other words, the difference between the Auger parameters of two che-
mical states is equal to twice the change in the extra-atomic relaxation energies of
the two states, associated with the hole in the core level X. Thus o* has an important
physical basis as well as being useful analytically.
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2.1.6
Applications

XPS has been used in almost every area in which the properties of surfaces are im-
portant. The most prominent areas can be deduced from conferences on surface
analysis, especially from ECASIA, which is held every two years. These areas are ad-
hesion, biomaterials, catalysis, ceramics and glasses, corrosion, environmental pro-
blems, magnetic materials, metals, micro- and optoelectronics, nanomaterials, poly-
mers and composite materials, superconductors, thin films and coatings, and tribol-
ogy and wear. The contributions to these conferences are also representative of actual
surface-analytical problems and studies [2.33a,b]. A few examples from the areas
mentioned above are given below; more comprehensive discussions of the applica-
tions of XPS are given elsewhere [1.1, 1.3-1.9, 2.34-2.39].

2.1.6.1 Catalysis

An understanding of the basic mechanisms of catalysis has been one of the major
aims of XPS from its inception. To this end the technique has been used in two
ways:

(1) in the study of “real” catalysts closely resembling those used industrially; and
(2) in the study of “model” catalysts, for which the number of variables has been re-
duced by use of well-characterized crystal surfaces.

For industrial catalysts the chemical information obtainable from XPS is all impor-
tant, because the course and efficiency of the catalyzed reaction will be governed by
the states of oxidation of the elements at the surface. Thus XPS is used to analyze
both elemental and chemical composition as a function of bulk composition, of sur-
face loading where the active material is deposited on a support, of oxidation and re-
duction treatments, and of the time in reactor under operating conditions.
Figure 2.11 shows the effect of composition on the chemical state of molybdenum in
the surface of Mo—Sm-O catalysts [2.40]. For the highest molybdenum concentration
(spectrum d) the Mo 3d doublet is very similar to that of MoOs3, but for the samar-
ium-rich composition (spectrum a), it is more like that of a molybdate or a mixed
oxide. The effect of successive reduction on a cobalt-molybdenum-alumina catalyst
is shown by changes in the Mo 3d spectra in Fig. 2.12 [2.41]. The air-fired catalyst in
spectrum a contains entirely Mo(VI) at the surface, but with repeated hydrogen re-
duction the spectrum changes radically and can be curve-resolved into contributions
from Mo(VI), Mo(V), and Mo(IV). The chemical state of the surface in spectrum f
contains approximately equal proportions of these three oxidation states.

In a recent paper Pijpers et al. [2.42] have reviewed the application of XPS in the field
of catalysis and polymers. Other recent applications of XPS to catalytic problems
deal with the selective catalytic reduction of NO, using Pt- and Co-loaded zeolites.
Although the Al 2p line (Al from zeolite) and Pt 4f line interfere strongly, the two
oxidation states Pt and Pt** can be distinguished after careful curve-fitting [2.43].
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Fig. 2.12. Changes in the Mo 3d XPS spectrum
from a cobalt-molybdenium—-alumina catalyst
during successive reduction treatments in hydro-
gen at 500 °C [2.41]. (a) air-fired catalyst, (b) re-
duction time 15 min, (c) 50 min, (d) 60 min,

(€) 120 min, (f) 200 min.

The influence of Zn-deposition on Cu(111) surfaces on methanol synthesis by hy-
drogenation of CO, shows that Zn creates sites stabilizing the formate intermediate
and thus promotes the hydrogenation process [2.44]. Further publications deal with
methane oxidation by various layered rock-salt-type oxides [2.45], poisoning of vana-
dia in VO,/TiO, by K;O0, leading to lower reduction capability of the vanadia, because
of the formation of V** [2.46], and interaction of SO, with Cu, Cu,0, and CuO to
show the temperature-dependence of SO, absorption or sulfide formation [2.47].
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2.1.6.2 Polymers

Polymers have been the most prominent objects of investigation since XPS became
commercially available at the end of the nineteen-sixties. Nowadays XPS is still the
most widely applied method for characterizing polymer surfaces. “Bibles” of high re-
solution XP spectra of more than hundred different organic polymers have been
published by Beamson and Briggs [2.48] and Briggs [2.49]. A crucial problem is the
X-ray degradation that occurs in a more or less pronounced manner on almost all
polymer surfaces. One must, therefore, exercise caution when investigating, and
quantifying, polymer-surface reactions; in practice that means reducing time of irra-
diation with the exciting X-rays.

Because polymers are typically non-conductive, sample charging can occur and has
to be compensated carefully, e.g. by use of a low-energy electron-flood gun, to avoid
line-shape distortion and misinterpretation of the measurements.

The photoelectron line of main interest is Cls. Different bonding in the environ-
ments of the carbon atoms leads to very small chemical shifts of this line. High-reso-
lution XPS is, therefore, required and monochromatic radiation should be used to
prevent overlap with satellite lines.

Many publications appear every year dealing with the analysis of polymers; a few ex-
amples will be given here. Butyl rubbers are mainly used in tire production and, to
study the influence of different polymers on the surface chemistry and to determine
the dependence of the adhesion of bromobutyl blends on temperature, valence-band
XPS has been applied to a variety of pure polymers and different butyl-elastomer
blends. These investigations show the value of valence-band XPS for polymers which
are not easy to analyze by core-level XPS [2.50]. In other work dealing with enhance-
ment of the adhesion strength of the Cu—polyimide interface, polyimide surfaces
were subjected to plasma treatment, and the modified surfaces were studied by com-
bining TOF-SIMS/XPS [2.51]. In the last five years more than eighty review articles
have appeared dealing with special problems in polymer analysis, e.g. polymer
membranes [2.52], polymeric biomedical and optoelectronic applications [2.53], or
the current status of XPS instrumentation in polymer analysis [2.54].

2.1.6.3 Corrosion and Passivation

Apart from the application of XPS in catalysis, the study of corrosion mechanisms
and corrosion products is a major area of application. Special attention must be de-
voted to artifacts arising from X-ray irradiation. For example, reduction of metal oxi-
des (e.g. CuO — Cu,0) can occur, loosely bound water or hydrates can be desorbed
in the spectrometer vacuum, and hydroxides can decompose. Thorough investiga-
tions are supported by other surface-analytical and/or microscopic techniques, e.g.
AFM, which is becoming increasingly important.

Corrosion products formed as thin layers on metal surfaces in either aqueous or gas-
eous environments, and the nature and stability of passive and protective films on
metals and alloys, have also been major areas of XPS application. XPS has been
used in two ways, one in which materials corroded or passivated in the natural envir-
onment are analyzed, and another in which well-characterized, usually pure metal
surfaces are studied after exposure to controlled conditions.
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Fig. 2.13. Schematic diagram of the type of information obtainable
from XPS spectra from an Fe—Cr alloy with oxide film underneath a
contaminant film [2.57].

More effort has probably been devoted to study of the corrosion and passivation
properties of Fe-Cr—Ni alloys, e.g. stainless steel and other transition-metal alloys,
than to any other metallic system [2.42, 2.44, 2.55, 2.56]. The type of spectral infor-
mation obtainable from an Fe-Cr alloy of technical origin, carrying an oxide and con-
taminant film after corrosion, is shown schematically in Fig. 2.13 [2.57].

Corrosion-inhibiting organic films on steel have been studied by XPS [2.58] as have
inhibiting films formed in seawater [2.59]; the latter work showed the stability of
these films, i.e. no pitting corrosion was observed. Protection layers, frequently TiN,
deposited on different materials, are of major interest. Investigation of TiN coatings
exposed to different humid SO,-aggressive environments has shown that the most
aggressive atmosphere can penetrate through pores toward the TiN-Fe interface and
cause corrosion [2.60]. The corrosion behavior of sandwich-structured TiN/Ti layers
was recently a subject of interest [2.61].

Biocorrosion of stainless steel is caused by exopolymer-producing bacteria. It can be
shown that Fe is accumulated in the biofilm [2.62]. The effect of bacteria on the cor-
rosion behavior of the Mo metal surface has also been investigated by XPS [2.63].
These last two investigations indicate a new field of research in which XPS can be
employed successfully. XPS has also been used to study the corrosion of
glasses [2.64], of polymer coatings on steel [2.65], of tooth-filling materials [2.66], and
to investigate the role of surface hydroxyls of oxide films on metal [2.67] or other pas-
sive films.
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2.1.6.4 Adhesion

The adhesion of metal and ink to polymers, and the adhesion of paint and other
coatings to metal, are of vital importance in several technologies. Aluminum-to-alu-
minum adhesion is employed in the aircraft industry. The strength and durability of
an adhesive bond are completely dependent on the manner in which the adhesive
compound interacts with the surfaces to which it is supposed to adhere; this, in
turn, often involves pretreatment of the surfaces to render them more reactive. The
nature and extent of this reactivity are functions of the chemical states of the adher-
ing surfaces, states that can be monitored by XPS.

In electronic packaging technology, metal-polymer adhesion has been important for
some years. Many studies have been devoted to the interactions between metals and
polymers; that of Chin-An Chang et al. [2.68] is a good example. They deposited 200-
nm-thick films of copper, chromium, titanium, gold, and aluminum on a variety of
fluorocarbon polymer films, and found that adhesion, in terms of peel strength, was
highest for titanium. Fig. 2.14 shows the C 1s spectra after deposition of metal on
the perfluoroalkoxy polymer tested; it is apparent from the peak at 282-283 eV that
for titanium, and to a lesser extent for chromium, a strong carbide bond is formed.
With the other metals, very low adhesion was found, and no carbide-like peaks oc-
curred.

The path of failure of an adhesive joint can give information about the mechanism
of failure if analysis of the elemental and chemical composition can be conducted
along the path. Several authors have performed such analyses by loading the adhe-
sive joint until it fractures and then using XPS to analyze each side of the fracture.

Photoemission intensity, arbitrary units

Fig. 2.14. The C 1s XPS spectra recorded by
Chin—An Chang et al. [2.68] from perfluoroalkoxy
polymer (PFA). (a) before deposition, (b) depo- ST T T | T
sition of copper, (c) deposition of chromium, 296 292 288 286 280

(d) deposition of titanium. Binding energy, eV ——=
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Two recently published works demonstrate the complementary use of XPS and
TOF-SIMS. Fitzpatrick et al. and Watts et al. [2.69, 2.70] studied the failure of hot-
dipped galvanized steel pretreated with a zinc phosphate conversion coating and
joined by means of epoxy resin. They found that electrochemical activity resulting
from degradation at the zinc—polymer interface was responsible for the ingress of ag-
gressive substances. Wolany et al. [2.71] investigated the adhesion of untreated and
plasma-modified polyimide by XPS and static SIMS. They showed that the number
and kind of functional groups available for adhering bonds were enhanced by
plasma treatment and that the adhesion strength for Cu deposition was improved.
This was also corroborated by SIMS.

Other topics recently studied by XPS include the effects of thermal treatment on the
morphology and adhesion of the interface between Au and the polymer trimethylcy-
clohexane—polycarbonate [2.72]; the composition of the surfaces and interfaces of
plasma-modified Cu-PTFE and Au-PTFE, and the surface structure and the im-
provement of adhesion [2.73]; the influence of excimer laser irradiation of the poly-
mer on the adhesion of metallic overlayers [2.74]; and the behavior of the Co-rich
binder phase of WC—-Co hard metal and diamond deposition on it [2.75].

2.1.6.5 Superconductors

Since the discovery of high-T. superconducting oxides in 1986 many papers have
been published describing the application of XPS to superconductors. One reason
for this frenzied activity has been the search for the precise mechanism of supercon-
ductivity in new materials. An essential piece of information is the chemical states
of the constituent elements, particularly copper, which is common to all of the mate-
rials. Some theories predict that small but significant amounts of the Cu®* state
should occur in superconductors, other models do not. Comparison by Steiner et
al. [2.76] of the Cu 2p;, spectra from copper compounds containing copper as Cu’
(metal), Cu®, Cu®*, and Cu®* with the spectra from the superconducting oxide
YBa,Cu30; and from the base material La,CuQO,, showed conclusively that the con-
tribution of Cu’* to the superconducting mechanism must be negligible. Some of
their comparative spectra are shown in Fig. 2.15. The positions of the Cu 2p;/, peak
in YBa,Cu30; and La,CuO,, along with the satellite structure, are very similar to
those in CuO (i.e. Cu®*) rather than those in NaCuO, (which contains Cu**).

Recent effort in superconductor research has been devoted mostly to attempts to fab-
ricate thin films with the same superconducting properties as the bulk material, and
to prepare suitable electrical contact to the surfaces of superconductors. XPS has
been of great use in both areas because of its ability to monitor both composition
and chemical state during the processes either of thin superconducting film forma-
tion, or of the deposition of thin conducting and semiconducting films on to a super-
conducting surface. Typical of the latter studies is that of Ziegler et al. [2.76], who de-
posited increasing amounts of silicon on to epitaxial films of YBa,Cu30;.,.
Figure 2.16, from their paper, shows the Si 2p and Ba 4d spectra obtained during de-
position of silicon and after heating the films in oxygen at 250 °C when 6 nm of sili-
con had accumulated. The Ba 44 spectrum at the bottom can be resolved into three
4 ds5 3/, doublets, corresponding — with increasing energy — to barium in the bulk
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Fig. 2.15. Comparison of the Cu 2ps,
and satellite XPS spectra from several
copper compounds with the spectrum
from the superconducting oxide
YBa,Cus0, [2.76].

(2) CuO, I' =3.25 eV,

(b) La,CuO,, I'=3.30 eV,

() YBa,CusOy, I'=3.20 &V,

(d) NaCuO,, I' = 1.60 eV,

(e) Cu** satellites.
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superconductor, in the surface of the superconductor, and as the carbonate. With in-
creasing silicon thickness the barium spectrum attenuates but does not change in
character, but silicon does not appear in the spectrum until nearly 5 nm has been de-
posited, suggesting migration into the superconductor at room temperature. When
the thickness is 6 nm, the Si 2p spectrum can be separated into suboxide contribu-
tions, indicating reaction of silicon with the YBa,Cu30;_, surface. After heating in
oxygen the Si 2p spectrum changes to that characteristic of SiO, and silicates; the
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Ba 4d spectrum also changes by increasing in intensity and conforming mostly to
that expected of a barium silicate. As a result of the latter changes the superconduct-
ing properties of the film were destroyed. The Y 3d and Cu 2p spectra establish that
yttrium and copper oxides are also formed.

Other surface reactions studied have been those of gold [2.78] and silver [2.79] with
Bi,Sr,CaCu,0s,,, of niobium with YBa,Cu3O;_, [2.80], and of lead with
YBa,Cu30;_, [2.81, 2.82]. Characteristics of superconductors in the form of thin
films prepared in different ways have been recorded by XPS for YBa,Cu;O;_,
[2.83-2.87], GdBa,Cu;05_, [2.88], Nd,,Ce,CuO,, [2.89], Rb,Ba;_,BiO; [2.90],
(Big.oPDg.1)2.3 S12Ca1.9Cu3010.x [2.91], and T1,Ca,BaCus04¢ [2.92]. Detailed electronic
studies have been made of the bulk superconductors Bi,Sr,Ca;_Nd,Cu,0, [2.93,
2.94], Nd,_,Ce,CuO,_, [2.95-2.99], Er-Ba,Cu,Og [2.100], and TI,Ba,CaCu,Og [2.101].

In several applications depth profiles were recorded to check the extent of reaction of
various materials with superconductors, or to analyze uniformity and concentration
during preparation of superconductors. Such investigations have been performed by
both XPS and AES.

2.1.6.6 Interfaces

The chemical and electronic properties of elements at the interfaces between very
thin films and bulk substrates are important in several technological areas, particu-
larly microelectronics, sensors, catalysis, metal protection, and solar cells. To study
conditions at an interface, depth profiling by ion bombardment is inadvisable, be-
cause both composition and chemical state can be altered by interaction with ener-
getic positive ions. The normal procedure is, therefore, to start with a clean or other
well-characterized substrate and deposit the thin film on to it slowly at a chosen tem-
perature while XPS is used to monitor the composition and chemical state by record-
ing selected characteristic spectra. The procedure continues until no further spectral
changes occur, as a function of film thickness, of time elapsed since deposition, or of
changes in substrate temperature.

A good example is the study of the reaction at the interface of the rare-earth element
thulium with the silicon (111) surface performed by Gokhale et al. [2.102].
Figure 2.17 shows the Si 2p spectrum from the substrate as thulium is deposited on
it at room temperature. With the Mg Ku, radiation used for the analysis, the kinetic
energy of the Si 2p electrons is approximately 1155 eV, corresponding to an inelastic
mean free path of approximately 2 nm. The Si 2p peak is still plainly detectable after
12.5 nm of thulium have been deposited, and in addition a new feature appears on
the low binding-energy side of the peak, increasing in magnitude and shifting to
lower energy with thickness. Increasing the temperature, in stages, of the thickest
film and use of X-ray diffraction established that the energetic final position, labeled
R;, corresponded to TmsSis, and the initial energetic position, found at a thickness
of 0.5-1.0 nm, to TmSi,. The magnitude of the residual Si 2p peak was, however, too
great at all stages to be accounted for by compound formation alone, indicating the
formation of thulium clusters followed by their coalescence into islands. Measure-
ment of the Tm 4ds, binding energy during the interaction also showed that the va-
lence of thulium was 3+ at all temperatures and coverages.
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Fig. 2.17. The Si 2 p XPS spectra with Mg Ko excitation Ry
during deposition of thulium to a thickness of 12.5 nm at
room temperature [2.102]. (a) clean silicon, (b) 0.2 nm
Tm, (c) 0.5 nm Tm, (d) 2 nm Tm, (e) 4 nm Tm, (f) 6.5 nm
Tm, (g) 12.5 nm Tm.
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Recent XPS studies of interfaces have been performed on U/Si(111)-7 x 7 face
[2.103], on interfaces forming during the oxidation of Ti; ALN (x = 0.2-0.65)
[2.104], on ZrO,-Y,0; on steel [2.105], on naphthalocyanine on Si(111)-7 x 7 and
Si(100)-2 x 1 faces [2.106], and on (phenylacetylene—p-nitrophenylacetylene) copoly-
mer on Cr [2.107]. The five examples given are only to show that in the different
areas of application discussed so far interfaces play a dominant role, because they
determine the chemical and electronic properties of the effectiveness of adhesive,
the adhesion of protective or decorative coatings, the functionality of microelectro-
nics and sensors, and the behavior of catalysis.

Other important areas of application of XPS have included lubricating films [2.108,
2.109], glasses [2.110-2.114], ion implantation [2.115-2.119], and cleaning [2.120-
2.122] and passivation [2.123, 2.124] of semiconductor surfaces.
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2.1.7
Ultraviolet Photoelectron Spectroscopy (UPS)

In its principle of operation, UPS is similar to XPS, in that a surface is irradiated
with photons and the energies of the ejected photoelectrons are analyzed. The physi-
cal relationship involved is the same as that of Eq. (2.1) for XPS, but in UPS the en-
ergy hv of the exciting photons is much lower, because the photons are derived from
a gaseous discharge that produces hard UV radiation. The gas normally used is he-
lium, which, depending on pressure conditions in the discharge, will provide line
sources of energy 21.21 eV (He I) or 40.82 eV (He II) with very narrow line-widths
(~20 meV). Because of these low exciting energies, the binding energies Fp that ap-
pear in Eq. (2.1) do not refer to core levels, as in XPS, but to shallow valence-band le-
vels and to other shallow levels, such as those for adsorbates, near the valence band.
For energy analysis, the CHA is again used, but the pass energies employed for UPS
are much lower than in XPS, because better energy resolution is required.

UPS is not an analytical technique in the sense that it can provide quantified ele-
mental concentrations on a surface, as can XPS and AES, but it is a powerful tool in
basic research. It is used in two ways. In its angle-integrated form it has been very ex-
tensively employed to study the interactions of gaseous molecules with surfaces,
usually in combination with other techniques, e.g. XPS, AES, LEED, and TDS. The
other way in which it has been used is in angle-resolved UPS (ARUPS). In this form
the energy analyzer, a CHA of small radius, is mounted mechanically in such a way
that it can traverse the space around the sample in both polar and azimuthal direc-
tions, while the angle of photon incidence is kept constant. The angle of incidence is
then changed by rotation of the sample. If the sample is a single crystal with a clean
surface, the dispersion of spectral features (i.e. their movement along the energy
axis and their increase or decrease in magnitude) can be used theoretically to plot
the band structure in the surface region. The changes in surface-associated band
structure during reaction with gaseous molecules can then be followed, leading to
additional information about the nature of the reaction.

2.2
Auger Electron Spectroscopy (AES)

Henning Bubert and John C. Riviére

After XPS, AES is the next most widely used surface-analytical technique. As an ac-
cepted surface technique AES actually predates XPS by two to three years, because
the potential of XPS as a surface-specific technique was not recognized immediately
by the surface-science community. Pioneering work was performed by Harris [2.125]
and by Weber and Peria [2.126], but the technique as it is known today is basically
the same as that established by Palmberg et al. [2.127].
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2.2.1
Principles

The surface to be analyzed is irradiated with a beam of electrons of sufficient energy,
typically in the range 2-10 keV, to ionize one or more core levels in surface atoms.
After ionization the atom can relax by either of the two processes described in
Sect. 2.1.1 for XPS — ejection of a characteristic X-ray photon (fluorescence) or ejec-
tion of an Auger electron. Although these are competing processes, for shallow core
levels (Ep < 2 keV) the probability of the Auger process is far higher. The Auger pro-
cess is described schematically in Fig. 2.1 (left side), which points out that the final
state of the atom is doubly ionized.

Eq. (2.2) shows that the Auger energy is a function of atomic energy levels only. Be-
cause no two elements have the same set of atomic binding energies, analysis of Au-
ger energies provides elemental identification. Even if levels L; and L,; are in the va-
lence band of the solid, analysis is still possible because the dominant term in
Eq. (2.2) is always the binding energy of K, the initially ionized level.

Considering that heavy elements have more levels than just K and L, Eq. (2.2) also
indicates that the heavier the element, the more numerous are the possible Auger
transitions. Fortunately, there are large differences between the probabilities of dif-
ferent Auger transitions, so that even for the heaviest elements, only a few intense
transitions occur, and analysis is still possible.

In principle, chemical and elemental information should be available in AES, be-
cause the binding energies appearing in Eq. (2.2) are subject to the same chemical
shifts as measured in XPS. In practice, because the binding energies of three levels
are involved, extracting chemical information from Auger spectra is usually difficult,
although significant progress has been made in data processing methods
(Sect. 2.1.4.2), which yield valuable chemical information.

The reasons AES is a surface-specific technique have been given in Sect. 2.1.1, with
reference to Fig. 2.2. The normal range of kinetic energies recorded in an AES spec-
trum would typically be from 20 to 1000 eV, corresponding to inelastic mean free
path values of 2 to 6 monolayers.

The nomenclature used in AES has also been mentioned in Sect. 2.1.1. The Auger
transition in which initial ionization occurs in level X, followed by the filling of X by
an electron from Y and ejection of an electron from Z, would therefore be labeled
XYZ. In this rather restricted scheme, one would thus find in the KLL series the six
possible transitions KL;L;, KL;L,, KL;L3, KL,L,, KL,L3, and KL;L;. Other combina-
tions could be written for other series such as the LMM, MNN, etc.

2.2.2
Instrumentation

2.2.2.1 Vacuum Requirements
The same considerations discussed in Sect. 2.1.2.1 for XPS apply to AES.
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2.2.2.2  Electron Sources

The energy of the exciting electrons does not enter into Eq. (2.2) for the Auger en-
ergy, unlike that of the exciting X-ray photon in XPS; thus the energy spread in the
electron beam is irrelevant. But the actual energy of the primary electrons is relevant
because of the dependence on that energy of the cross-section for ionization by elec-
tron impact. For an electron in a core level of binding energy Ep, this dependence in-
creases steeply with primary energy above Ejp, passes through a maximum of ap-
proximately 3-5 times Fp, and then decreases to a fairly constant plateau. This is illu-
strated in Fig. 2.18, from Casnati et al. [2.128], in which various theoretical and ex-
perimental cross-sections are shown for ionization of the Ni K shell. The implication
of this dependence is that for efficient ionization of a particular core level, the pri-
mary energy should be approximately five times the binding energy of an electron in
that level. Because, in most samples for analysis, several elements are found in the
surface region with core-level binding energies extending over a large range, choice
of a primary energy sufficiently high to ionize all the core levels efficiently is advisa-
ble. Hence for conventional AES, primary energies are typically in the range 3—
10 keV. In scanning Auger microscopy (SAM), much higher primary energies are
used, in the range of 25-50 keV, because in that version of AES the electron spot on
the sample must be as small as possible, and the focusing required can be effected
only at such energies.

For the primary energy range 3—10 keV used in conventional AES, the electron emit-
ter is thermionic, usually an LaBg or tungsten cathode, and focusing of the electron
beam is performed electrostatically. Typically, such an electron source would be able
to provide a spot size on the specimen of approximately 0.5 pm at 10 keV and a
beam current of approximately 10® A. The beam can normally be rastered over the
specimen surface, but such a source would not be regarded as adequate for SAM.
Sources for SAM can be of either the thermionic or the field-emission type, the latter
being particularly advantageous in achieving minimum spot sizes, because it is a
high-brightness source. Focusing is performed electromagnetically, and for opti-
mum performance a modern electron gun for SAM would be capable of a spot size
of 15 nm at 30 keV and a beam current of approximately 107'° A. The beam is ras-
tered over the surfaces at scan rates variable up to TV rates, with the dimensions of
the scanned area variable also.

Fig. 2.18. Electron-impact ionization
cross-section for the Ni K shell, as a
function of reduced electron energy U
[2.128] U = Ep/E, where Ej, is the pri-
mary electron energy and Ey the binding
0L I 1 I ! energy of the K shell. (a) experimental

1 5 10 15 20 points, (b) semi-empirical or theoretical

U— curves.
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2.2.2.3 Electron-energy Analyzers

An electron-energy analyzer still often applied in AES is the cylindrical mirror analy-
zer (CMA). In the CMA shown schematically in Fig. 2.19, two cylinders of radii r;
(inner) and r, (outer) are accurately positioned coaxially. Annular entrance and exit
apertures are cut in the inner cylinder, and a deflection potential -V is applied be-
tween the cylinders. Electrons leaving the sample surface at the source S with a parti-
cular energy E on passing into the CMA via the entrance aperture are then deflected
back through the exit aperture to the focus F. For the special case in which the accep-
tance angle o = 42.3°, the first-order aberrations vanish, and the CMA becomes a sec-
ond-order focusing device. The relationship between the electron energy E and the
deflection potential is then:

E=131eV/ln (rp /1) (2.11)

Asin the CHA, therefore, scanning the deflection potential -V and recording the sig-
nal as a function of electron energy provide the distribution in energy of electrons
leaving the sample surface.

If the angular spread of the acceptance angle is Aw, the relative energy resolution of
aCMA is:

AE/E=0.18 w/r, + 1.39 (Ao)> (2.12)

where w is the effective slit width. For typical angular spread Ao ~ 6°, w can be re-
placed by the source size (i.e. the area on the sample from which electrons are ac-
cepted). The source size is very small, because of the focused primary beam, and the
important property of the CMA is, therefore, its very high transmission, arising from
the large solid angle of acceptance; for Ax ~ 6°, transmission is approximately 14 %.
Conventionally, Auger spectra are presented in the differentiated energy distribution
form dN(E)/dE, rather than in the undifferentiated form N(E) used in XPS. Differ-
entiating enhances the visibility of Auger features, as is demonstrated in Fig. 2.20, in
which the differentiated spectrum from boron is shown above the corresponding
N(E) spectrum. The N(E) distribution is nowadays recorded digitally, and differentia-
tion is performed by computer. With the rapid improvement in the signal-to-noise

U, o 4
St

Fig. 2.19. Schematic diagram of a
cylindrical mirror analyzer (CMA). S L
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characteristics of detection equipment, however, the trend in presenting Auger spec-
tra is increasingly toward the undifferentiated N(E) distribution.

Note from Fig. 2.20 that although the true position of the boron KLL Auger peak in
the N(E) spectrum is at 167 eV, the position in the dN(E)/dE spectrum is taken for
purely conventional reasons to be that of the negative minimum, i.e. at 175 eV.

223
Spectral Information

As stated above, the range of primary energies typically used in conventional AES is 3—
10 keV, and the ionization cross-section passes through a maximum at 3-5 times the
binding energy of an electron in the ionized core level. The core levels that can be io-
nized efficiently are, therefore, limited. Thus K-shell ionization efficiency is adequate
up to Z x 14 (silicon), L; up to Z ~ 38 (strontium), Ms up to Z ~ 76 (osmium), and so
on (for the much higher primary energies used in SAM, the ranges are correspond-
ingly extended). This means that in various regions of the periodic table, characteristic
Auger transitions occur that are most prominent under typical operating conditions.
Figures 2.21-2.23 show some of these prominent Auger features, all recorded using
a CMA, in the differential distribution [2.129]. Examples of the KLL Auger series are
shown in Fig. 2.21, of the LMM series in Fig. 2.22, and of the MNN series in
Fig. 2.23. In the KLL series the most prominent feature is a single peak arising from
the KL, ;L, ; transition, with minor features from other Auger transitions to lower
energy. The LMM series is characterized by a triplet arising from L3;M,3M,3,
L3M,; 3My 5, and L3M, sMy s, transitions in ascending order of kinetic energy, with an-
other intense peak, the M, ;M4 sM, s, appearing at very low energy (e.g. 50 eV for
iron). Note that AES transitions involving electrons in valence band levels are often
written with a V rather than the full symbol of the level. Thus L3M;3;M4s and
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Fig. 2.21. KLL Auger series characteristic of the light elements [2.129].
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Fig. 2.23. MNN Auger series in the second series of transition elements [2.129].

L3M4sMy s would often appear as L3M,;V and L3;VV, respectively, and similarly
M, 3M4sMys, as M, 3VV. In Fig. 2.22 the increase in the intensity of the L;VV peak
relative to the other two, upon going from chromium to iron, is because of the pro-
gressive increase in the electron density in the valence band. The characteristic doub-
let seen in the MNN series arises from the My sN,sN, s transitions, in which the
doublet separation is that of the core levels M, and Ms.

Chemical effects are quite commonly observed in Auger spectra, but are difficult to
interpret compared with those in XPS, because additional core levels are involved in
the Auger process. Some examples of the changes to be seen in the KLL spectrum of
carbon in different chemical environments are given in Fig. 2.24 [2.130]. Such spec-
tra are typical components of data matrices (see Sect. 2.1.4.2) derived from AES
depth profiles (see below).
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Fig. 2.24. Examples of the effect of different chemical states on
the KLL Auger spectrum of carbon [2.130] (SiC* and graphite*
denote Ar*-bombarded surfaces of SiC and graphite, respectively).

Associated with prominent features in an Auger spectrum are plasmon energy loss
features that are also found associated with photoelectron peaks in an XPS spec-
trum. Plasmon energy losses arise from excitation of modes of collective oscillation
of the conduction electrons by outgoing secondary electrons of sufficient energy.
Successive plasmon losses suffered by the back-scattered primary electrons can be
seen in both the N(E) and the dN(E)/dE spectra of Fig. 2.20, from boron. The same
magnitude of plasmon loss, ~27 €V, is also associated with the KLL Auger peak of
boron. Plasmon losses are also present in Figs 2.21-2.24, but they are difficult to dis-
entangle from minor Auger features.
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Another type of loss feature not often recorded in Auger spectra can also be seen in
Fig. 2.20, in the dN(E)/dE spectrum at 810 eV. This type arises from core-level ioniza-
tion and forms the basis for the technique of core electron energy-loss spectroscopy
(CEELS). A primary electron interacting with an electron in a core level can cause exci-
tation either to an unoccupied continuum state, leading to complete ionization, or to
localized or partly localized final states, if available. Because the primary electron need
not give up all its energy in the interaction, the loss feature appears as a step in the sec-
ondary electron spectrum, with a tail decreasing progressively to lower energies. Dif-
ferentiation, as in Fig. 2.20, accentuates the visibility. In that figure, the loss at 810 eV
corresponds to the K-shell ionization edge of boron at approximately 190 eV.

224
Quantification and Depth Profiling

2.2.41 Quantification

If ionization of a core level X in an atom A in a solid matrix M by a primary electron
of energy E, gives rise to the current Io(XYZ) of electrons produced by the Auger
transition XYZ, then the Auger current from A is

I5(XYZ) = Ko (Ep, X) [1 + ru (E,#)] Na 2y (Ea) cos 0 (2.13)

where ¢ (E,,, X) is the cross-section for ionization of level X by electrons of energy E,;
nv the back scattering factor that takes account of the additional ionization of X
(binding energy Eg) by inelastic electrons with energies E between E; and Eg; « the
angle of the incident electron beam to the surface normal; N, the atomic density of
A averaged over depth of analysis; 1y (Ea) the inelastic mean free path in matrix M
containing A, at the Auger kinetic energy E4; and 0 the angle of Auger electron emis-
sion to surface normal.

Similarly to Eq. (2.6), Kis a proportionality constant containing fixed operating con-
ditions, for example incident electron current density, transmission of the analyzer
at the kinetic energy E,, efficiency of the detector at the kinetic energy E,, and the
probability of the Auger transition XYZ.

The cross-section for electron impact ionization has already been mentioned in
Sect. 2.2.2.2 in connection with electron sources, and a variety of experimental and
theoretical cross-sections have been shown in Fig. 2.18 for the particular case of the
K-shell of nickel. The expression for the cross-section derived by Casnati et al. [2.128]
gives reasonably good agreement with experiment; the earlier expression of Gry-
zinski [2.131] is also useful.

For the inelastic mean free path, Eq. (2.10) given for XPS also applies.

The new factor in Eq. (2.13), compared with Eq. (2.6) for XPS, is the back scattering
factor ry. Ichimura and Shimizu [2.132] have performed extensive Monte Carlo cal-
culations of the back scattering factor as a function of primary beam energy and
angle of incidence, of atomic number and of binding energy; a selection of their re-
sults for E, = 10 keV at normal incidence is shown in Fig. 2.25. The best fit of their
results to experiment gives the following relationship



2.2 Auger Electron Spectroscopy (AES) | 41

Fig. 2.25. Values of the back-scattering
factor R (i.e., 1 + r) calculated as a func- 2.51 o—a
tion of atomic number for an electron . 0

beam of 10 keV at normal incidence by
Ichimura et al. [2.132]. (a) Eg = 0.1 keV,
(b) Es = 0.5 keV, () Eg = 1.0 keV,

(d) Es=2.0 keV. 2.01
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where Z is the atomic number and U = E,/Eg.

Thus, as for XPS, the average surface concentration N, can, in principle, be calculated
by measurement of the Auger current, according to Eq. (2.13). Again, as in XPS, rela-
tive sensitivity factors are generally used. The Auger current Ix" for the same transi-
tion XYZ in a standard of pure A is measured under the same experimental conditions
as in the analysis of A in M, whereupon the ratio of the atomic concentrations is

NA _ IA(1+TA))»ARXO
NZO o IZO(].-FTM)AM RM

(2.15)

because the ionization cross-section, o, is the same for both standard and sample.
Then, as in XPS, assuming nearly equal roughness factors R3° & Ry, Eq. (2.15) can
be reduced to:

Np=Sala (2.16)
where:

_ NZO (1+714)2a

AT+ ra) A

(2.17)

Sa is the relative sensitivity factor. Normally, values of S, are derived empirically or
semi-empirically. Tables of such sensitivity factors have been published by Payling
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[2.133] and by Mroczkowski and Lichtman [2.134] for differential Auger spectra, and
for the direct, undifferentiated, spectra by Sato et al. [2.135]. A comprehensive dis-
cussion of the assumptions and simplifications involved and the corrections that
should be applied is given elsewhere [2.9, 2.136]. Although modern Auger spectro-
meters detect the spectra in the undifferentiated mode, many workers still evaluate
the spectra in the subsequently electronically differentiated mode, i.e. using peak-to-
peak heights, so that changes in peak shape as a result of changes in chemical bond-
ing are not taken into account and quantification in AES is still not as accurate as
that in XPS.

2.2.4.2 Depth Profiling

As in XPS, elemental distributions near the surface, but to depths greater than the
analytical depth resolution, are frequently required when using AES. Again, the uni-
versally employed technique is that of progressive removal of the surface by ion sput-
tering; again one must be aware that the electron spectroscopic sampling depth cor-
responds roughly to the depth of the layer modified by preferential sputtering ef-
fects, and again the edges of the sputter crater should not contribute to the signal.

A variation on depth profiling that can be performed by modern scanning Auger in-
struments (see Sect. 2.2.6) is to program the incident electron beam to jump from
one pre-selected position on a surface to each of many others in turn, with multiplex-
ing at each position. This is called multiple point analysis. Sets of elemental maps
acquired after each sputtering step or each period of continuous sputtering can be
related to each other in a computer frame-store system to derive a three-dimensional
analysis of a selected micro volume.

225
Applications

Like XPS, the application of AES has been very widespread, particularly in the earlier
years of its existence; more recently, the technique has been applied increasingly to
those problem areas that need the high spatial resolution that AES can provide and
XPS, currently, cannot. Because data acquisition in AES is faster than in XPS, it is
also employed widely in routine quality control by surface analysis of random sam-
ples from production lines of, for example, integrated circuits. In the semiconductor
industry, in particular, SIMS is a competing method. Note that AES and XPS on the
one hand and SIMS/SNMS on the other, both in depth-profiling mode, are comple-
mentary, the former gaining signal from the sputter-modified surface and the latter
from the flux of sputtered particles.

2.2.5.1 Grain Boundary Segregation

One of the original applications of AES, and still one of the most important, is the
analysis of grain boundaries in metals and ceramics. Very small amounts of impur-
ity or dopant elements in the bulk material can migrate under appropriate tempera-
ture conditions to the boundaries of the grain structure and accumulate there. In
that way the concentration of minor elements at the grain boundaries can become
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much higher than in the bulk, and the cohesive energy of the boundaries can be so
altered that the material becomes brittle. Knowledge of the nature of the segregating
elements and their grain boundary concentrations as a function of temperature can
be used to modify fabrication conditions and thereby improve the strength perfor-
mance of the material in service.

Goretzki [2.137] has discussed the importance and analysis of internal surfaces such
as grain boundaries and phase boundaries, and given several examples. He empha-
sizes that to avoid ambiguity in interpretation of the analysis, the internal surfaces
must be exposed by fracturing the material under UHV conditions inside the elec-
tron spectrometer. If this is not done, atmospheric contamination would immedi-
ately change the surface condition irrevocably. One of the examples from Goretzki's
paper is given in Fig. 2.26, in which Auger spectra in the differential mode from frac-
ture surfaces in the embrittled (Fig. 2.26A) and unembrittled (Fig. 2.26B) states of a
12% Cr steel containing phosphorus as an impurity, are compared.

Embrittlement occurs when the steel is held at 400600 °C for a long time. Note in
the spectrum from the embrittled material not only is the phosphorus concentration
greatly enhanced at the grain boundary, but the amounts of chromium and nickel,
relative to iron, are also increased. By setting the analyzer energy first to that of the
phosphorus peak, and then to that of the principal chromium peak, Auger maps
could be recorded showing the distribution of phosphorus and chromium over the
fracture surface. The two maps showed high correlation of the two elements, indicat-
ing association of phosphorus and chromium at the grain boundary, possibly as a
compound. Other recently published studies of the same 12% steel have reported
enhanced phosphorus levels at the grain boundaries of the embrittled material
[2.138, 2.139]; similar results have been obtained for other high-chromium steel al-
loys [2.140, 2.141]. Reichl et al. [2.142] investigated the temperature-dependence of
surface segregation of S and N in «-Fe. In an initial phase, S diffusion occurred at
the grain boundaries and displaced N at the surface at higher temperatures. Other
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Fig. 2.26. Auger spectra from fracture surfaces of a 125 Cr steel [2.137].
(A) embrittled state, (B) unembrittled state.
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applications in the study of grain boundary segregation in metals have included the
effects of boron, zirconium, and aluminum on Ni;Al intermetallics [2.143], the seg-
regation of phosphorus and molybdenum to grain boundaries in the superalloy Ni-
monic PE 16 as a function of aging treatment [2.144], and the enrichment of chro-
mium carbide and chromium-iron carbide at the grain boundaries in steel [2.145].

Application of AES to zirconia ceramics has been reported by Moser et al. [2.146].
Elemental maps of Al and Si demonstrate the grain boundary segregation of small
impurities of silica and alumina in these ceramics.

2.2.5.2 Semiconductor Technology

With ever-increasing miniaturization of integrated circuits goes a need for the ability
to analyze ever smaller areas so that the integrity of fabrication at any point on a cir-
cuit can be checked. This checking process includes not only microdetails such as
continuity of components in the form of thin films and establishment of the correct
elemental proportions in contacts, diffusion barriers, and Schottky barriers, but also
the effectiveness of macro treatments such as surface cleaning. In all these types of
analysis, depth profiling is used extensively because, in general, elemental composi-
tional information is required, not information about chemical state. As mentioned
in Sect. 2.1.4.2, chemical state information tends to become blurred or destroyed by
ion bombardment.

Several materials have been prescribed as diffusion barriers to prevent one circuit
material from diffusing into another (often Si) at the temperatures needed for pre-
paration of certain components such as oxide films in integrated circuits. Zalar et al.
[2.147] studied interdiffusion at an Al,O3/Ti interface. They covered Si (111) with a
thin film of TiN as a diffusion barrier, then with a 45 nm layer of polycrystalline Ti,
and finally with 55 nm amorphous Al,O0;. The same samples were heated to differ-
ent temperatures at a rate of 40°C min™" and the interdiffusion processes were in-
vestigated by AES depth profiling. Figs 2.27 A-C show that oxygen from Al,O;, and
to a lesser extent Al also, migrate into the Ti layer. (The “N + Ti” intensity in the Ti
layer is that of Ti only, whereas in the neighboring TiN layer the N + Ti intensity is
that of Ti and N, because of peak overlapping.) Control measurements indicate that
oxygen does not arise from the outer gas phase. In the interface region a new phase
consisting of o-Ti3Al is formed and detected by selected-area electron diffraction.
Such AES investigations are normally performed in combination with other surface-
analytical techniques — in this instance with XPS, XRD, TEM, and electron diffrac-
tion also. Other work dealing with the analysis of CVD W, N films as barriers for Cu
metallization has recently been published by Hua Li et al. [2.148], who used AES and
RBS, AFM, XRD, and TEM.

The nature of the metallic contacts to compound semiconductors has also been an
interesting problem. Ohmic contacts must be made to semiconducting surfaces,
otherwise circuits could not be fabricated. During fabrication, however, excessive in-
terdiffusion must not occur, or the electrical characteristics of the semiconductor
cannot be maintained. Among the many studies of the reactions of metallizing al-
loys with compound semiconductors is that of Roberts et al. [2.149], who investigated
the W/TiN/Ti/Si contact structure using a multi-spectral Auger microscope (MUL-



2.2 Auger Electron Spectroscopy (AES) | 45
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SAM) and TEM. An Auger electron spectrometer with high spatial resolution ima-
ging capability was developed especially for the detection of small particles and de-
fects which might be present in the ULSI regime; this enabled the inspection of wa-
fers up to 200 mm in diameter [2.150).

AES has also been applied to study preferential sputtering of TiSi, forming for low-
resistivity conductor films in ULSI devices [2.151], or the electromigration behavior
of Au-Ag films on SiO, using AES, XPS and AFM [2.152].

2.2.5.3 Thin Films and Interfaces
The nature of the interface formed between very thin metallic films and substrates
of various types has been studied extensively by AES, just as it has by XPS
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Fig. 2.28. Depth profiles of a Ti-diamond layer 4 h [2.153]. Auger line shapes of (C) Ti LM;M,
(A) before and (B) after annealing at 600°C for ~ and (D) C KLL at various depths.

(Sect. 2.1.6.6). The extent of interaction and interdiffusion can be established by AES
with depth profiling, although chemical information is normally absent, but the de-
velopment of the interface is usually studied by continuous recording of Auger spec-
tra during film deposition.

Zhu et al. [2.153] deposited Ti or Cr layers on diamond samples. The Ti-diamond or
Cr-diamond specimens were annealed at 600°C for 4 h during metallization.
Figs 2.28 A and B show the depth profiles before and after annealing of a Ti/dia-
mond specimen, and Figs 2.28 C and D show the Ti LM;M, Auger line shapes in the
N (E) mode and the C KLL line shape in the differentiated dN (E)/dE mode at differ-
ent depths. The unstructured Ti signal at the surface can be attributed to TiO,, be-
cause of smooth oxidation of the surface. But the greatest part of the layer consists of
TiC. The formation of TiC is also recognizable by the strongly structured carbon line
which changes its shape with depth and changes gradually into that of diamond. All
these features are consistent with the presence of TiC, indicating complete metalliza-
tion.
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Other interesting thin-film studies using AES have included the growth of platinum
on TiO,- and SrO-terminated (100) SrTiO; single-crystal substrates [2.154], of epitax-
ial niobium films on (110) TiO, [2.155], the interaction of copper with a (0001) rhe-
nium surface [2.156], and the characterization of radio-frequency (rf) sputtered TiN
films on stainless steel [2.157].

A multilayer-type structure probably due to cords in the molten zone between single
arc sprayed (0.25 MPa) Ni droplets and steel substrate were found in AES point
depth profiles [2.158)]. That particular arc spraying condition turned out to yield the
best adhesion. Plasma-sprayed Al,O; layers separated from pre-oxidized Ni Sub-
strate had a micrometer-thick NiO layer on the substrate-sided face and micrometer-
deep oxide interdiffusion [2.159]. In this work also, AES point depth profiling sub-
stantiated technological assumptions about adhesion mechanisms.

2.2.5.4 Surface Segregation

The surface composition of alloys, compounds, and intermetallic materials can
change profoundly during heat treatment as a result of segregation of one or more
constituents and impurity elements. Surface enhancement can also occur as a result
of chemical forces during oxidation or other reactions. The mechanism of segrega-
tion is similar to that of grain boundary segregation already discussed, but, of course,
at the free surface material is much more likely to be lost through reaction, evapora-
tion, etc., so that excessive continued segregation can change the bulk properties as
well as those of the surface. Nearly all such studies have been performed on metals
and alloys; AES and LEED were often commonly applied to surface segregation.

Sometimes the segregation of metallic and non-metallic elements on surfaces can
result in the formation of surface compounds, as demonstrated by Uebing [2.160,
2.161]. He heated a series of Fe-15%Cr alloys containing 30 ppm nitrogen,
20 ppm carbon, or 20 ppm sulfur to 630-800 °C and obtained the typical Auger
spectra shown in Fig. 2.29. Each spectrum shows that the amounts of both chro-
mium and the non-metal are greater than would be expected if the bulk concentra-
tion were maintained. The fine structure of the nitrogen and carbon KLL spectra
is characteristic of nitride and carbide, respectively. Thus the cosegregation of chro-
mium with nitrogen and with carbon has led to the formation of surface nitrides
and carbides.

Song et al. [2.162] have investigated surface segregation in Nig ¢sNbg 35 up to 500 °C
and 1 atm O, atmosphere. Below 100 °C, Nb migrated to the surface, with formation
of NDb,Os. At temperatures =300 °C, Ni migrated to the surface as Ni and NiO. This
inverse segregation can be explained by the different diffusion speeds of O and Ni in
the NDb,Os layer formed at the surface.

Other recent investigations involving AES, often with depth profiling, deal with the
surface segregation of Ag in Al-4.2% Ag [2.163], of Sn in Cu and formation of super-
ficial Sn—Cu alloy [2.164], of Mg in Al-Mg alloy [2.165], and of Sb in Fe-4% Sb
alloy [2.166]. Note the need to differentiate between, particularly, segregation, i.e. ori-
ginal sample properties, from the artifact of preferential sputtering.
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2.2.6

Scanning Auger Microscopy (SAM)

If an incident electron beam of sufficient energy for AES is rastered over a surface in
a manner similar to that in a scanning electron microscope (SEM), and if the analy-
zer is set to accept electrons of Auger energies characteristic of a particular element,
then an elemental map or image is again obtained, similar to XPS for the Quantum
2000 (Sect. 2.1.2.5).

This is illustrated in Fig. 2.30 [2.167]. The surface was that of a fractured compact of
SiC to which boron and carbon had been added to aid the sintering process. The aim
of the analysis was to establish the uniformity of distribution of the additives and the
presence or absence of impurities. The Auger maps show not only very non-uniform
distribution of boron (Fig. 2.30a) but also strong correlation of boron with sodium
(Fig. 2.30c), and weaker correlation of boron with potassium (Fig. 2.30b). Point ana-
lyses for points A and B marked on the images reveal the presence of sulfur and cal-
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cium in some areas also. In this instance the sintering process had not been opti-
mized.

Dedicated scanning auger microscopes with ultimate spatial resolution have been de-
veloped towards smallest possible spot size and still acceptable Auger signal-to-noise
ratio obtained within tolerable acquisition time. Electron guns used for SAM employ
electromagnetic focusing. Because focusing electrons of low energy into a small spot
is difficult, energies used in SAM are in the range of 25-50 keV, with beam currents of
the order of 1 nA or less and minimum spot size of approximately 15 nm.

23
Electron Energy-loss Spectroscopy (EELS)

Reinhard Schneider

When, in a transmission electron microscope (TEM), high-energy electrons are
transmitted through a thin specimen there is a probability of both inelastic and elas-
tic scattering, i.e. electrons can always lose energy when passing through a sample.
This probability is given by the so-called inelastic scattering cross-section which es-
sentially depends on the energy of the electrons (and, therefore, on the high voltage
used to accelerate them), the thickness of the specimen, and the atomic number of
the atom excited [2.168-2.170]. In conventional TEM imaging the inelastically scat-
tered electrons are not wanted, because they strike the image plane away from the
correct image point (defocusing); this results in a diffuse background and reduced
image contrast. These electrons, having lost energy, can, however, be used to obtain
detailed information about the chemical composition of the material through which
they are transmitted — its electronic structure, the chemical bonding of the elements
inside, and their nearest-neighbor distances.

The physical method used to measure the energy loss of electrons scattered into a
specific angular range is electron energy-loss spectroscopy (EELS). It can be used in
analytical transmission electron microscopy (AEM) for chemical analysis at high lat-
eral resolution, but also in reflection arrangements in surface-science physics. In the
latter a specimen surface is bombarded with electrons of relatively low energy (only
some 100 eV up to approximately 3 keV) and the energy and angular distribution of
the reflected beam are analyzed. The instrumentation necessary for reflection EELS
(REELS) is usually combined with Auger electron spectroscopy (Sect. 2.2), because
an Auger spectrometer can usually also be operated as an energy-loss spectrometer.

The following discussion is restricted to EELS in combination with TEM and scan-
ning transmission electron microscopy (STEM), and only a brief overview on the
fundamentals, experimental technique, and the information gained from EEL spec-
tra is given. For a thorough understanding of the theoretical background and pecu-
liarities of the EELS experiment, and its application, further reading of appropriate
textbooks [2.171-2.176] and original papers is recommended. Also, to simplify mat-
ters some experience of electron microscopy is assumed, and such details can be
read elsewhere [2.173-2.177].
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It should be noted that for TEM at accelerating voltages of 100-400 keV the speci-
men thickness must be of the order of 10-100 nm which requires dedicated prepara-
tion techniques [2.173, 2.176, 2.178|.

2.3.1
Principles

In electron-optical instruments, e.g. the scanning electron microscope (SEM), the
electron-probe microanalyzer (EPMA), and the transmission electron microscope
there is always a wealth of signals, caused by the interaction between the primary
electrons and the target, which can be used for materials characterization via ima-
ging, diffraction, and chemical analysis. The different interaction processes for an
electron-transparent crystalline specimen inside a TEM are sketched in Fig. 2.31.

Often, the specimen is illuminated by means of a focused electron probe to obtain
the signals from different regions. Owing to the crystalline structure diffracted
beams also accompany the directly transmitted beam. The energy of the transmitted
electrons can be analyzed by means of an electron energy-loss spectrometer and the
electrons which have suffered losses yield chemical information. Likewise, Auger
electrons generated as secondary particles of the inelastically scattered primary elec-
trons are important for microanalysis (Sect. 2.2). Secondary electrons that escape
from the surface after elastic or inelastic scattering enable the imaging of the topogra-
phy if the electron probe is scanned across the specimen, and elastically back scattered
electrons yield images showing materials contrast. Also photonic signals are excited,
including X-rays, in a process complementary to the emission of Auger electrons,
and cathodoluminescence (CL), because of corresponding electronic transitions.

In a closer view (Fig. 2.32), the following interactions occur on an atomic scale when
a material is hit by electrons. Firstly, in addition to elastic scattering, inelastic scatter-

Primary electrons

Backscattered
electrons

Auger

electrons X-rays

Secondary

electrons Cathodoluminescence

Thin crystalline
specimen

leffracted beam Direct beam )

\{
Elastically and inelastically
scattered electrons

Fig. 2.31. Schematic diagram of the interactions between high-energy
electrons and matter in TEM.
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ing can also be observed as a result of direct interaction between the primary elec-
trons of energy E, and electrons in inner shells and the valence or conduction band
of the atoms in a solid. The energy transferred to the excited electron can be mea-
sured as an energy loss, E, of the transmitted electron, which reduces its kinetic en-
ergy to Eo—E. The tightly bound core electrons or the more loosely bound valence
electrons can be excited to higher unoccupied energy states in the conduction band,
or even be set free into the vacuum. Thus, a hole is generated and the atom becomes
ionized. After a certain dwell time of excitation the system relaxes and the hole state
in the originally excited level is filled with an electron from an outer shell. This pro-
cess is accompanied by secondary processes — the emission either of Auger electrons
or X-rays, which yield additional information about the chemical composition of the
specimen under investigation. A full description of all the imaginable interaction
processes is possible only by quantum-mechanical physics, and will not presented
here (details are available elsewhere [2.168, 2.169]).

23.2
Instrumentation

Entirely different electron spectrometers have been constructed to be used as energy
analyzers combined with TEM. But, owing to chromatic aberration, even an elec-
tron-optical round lens could be used to separate electrons passing through it. Be-
cause of its small dispersion this is of no practical importance. Well-known types of
energy analyzers are the electrostatic Moéllenstedt energy analyzer [2.179], the Wien
filter [2.180, 2.181], based on the combined use of crossed electrostatic and magnetic
fields, single magnetic sector fields or prisms [2.182-2.187], resp., magnetic prisms
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combined with an electron mirror (Castaing—Henry filter) [2.188-2.191], and systems
employing magnetic prisms, e.g. the Q filter [2.192-2.196] and the so-called Mando-
line filter [2.197].

Electrostatic filter systems, including those with electron mirrors, have disadvan-
tages compared with the magnetic variety, predominantly because of the need for
high-voltage connections and the possible contamination of electrodes, both of
which lead to instability. In contrast with that, a current of amperes only is needed to
build up a magnetic field acting as energy analyzer, because of the Lorentz force. In
addition, the electron-optical properties of magnetic sector fields have been studied
intensively [2.174, 2.198], and their imaging aberration can often be corrected with-
out great difficulty; they are also simpler to construct. Magnetic energy analyzers
are, therefore, commonly applied to EELS in combination with TEM/STEM.

The literature contains many publications on self-made magnetic EEL spectrometers
[2.182-2.196], and such systems have also been commercially available for many
years. Several companies have developed such spectrometers, but the 90° magnetic
prisms of the firm Gatan (parallel-detection EELS model 666 and the new Enfina
model) are the only ones recently offered for TEM/STEM. Because they can easily be
attached to a transmission microscope below its camera chamber, they are widely
used.

In general, a magnetic sector field has electron-optical properties comparable with
those of a round lens, i.e. first-order imaging of a spectrometer object point into a
point in the image plane is realized. The spectrometer object can be a cross-over of
the incident beam or an intermediate image of the ray-path in the TEM. In the im-
age plane, however, electrons differing in their energies are separated owing to the
dispersive action of the homogeneous magnetic field. In former times, the EEL spec-
tra generated in this way were sequentially recorded by scanning them across a slit.
This can be done by continuously increasing the excitation of the magnet or using
an additional magnetic dipole field. To correct imaging aberrations, which must not
neglected because they particularly determine the energy resolution achievable, the
best solution is to increase the accelerating voltage of the microscope. Hence, when
the electron optics is well aligned for the primary electrons the path of the energy-
loss electrons is also optimized. With the development of detectors with local sensi-
tivity, e.g. photodiode arrays or charge-coupled devices (CCD), parallel recording of
spectra has become feasible and respective spectrometers are called parallel-detec-
tion EELS (PEELS). Because a PEELS gathers the whole energy-loss spectrum simul-
taneously it is much more efficient than serial-detection EELS (SEELS). Thus, either
spectra of better signal-to-noise ratio (SNR) can be recorded or the acquisition time
can be kept short, which is of particular importance for electron-sensitive materials,
e.g. polymers and organic samples.

An example of a serial-recording EEL spectrometer is shown in Fig. 2.33; it features
a magnetic prism system which was constructed for a TEM/STEM of the type JEOL
JEM 100S [2.199, 2.200]. Its second-order aberrations are corrected by curved pole-
piece boundaries, an additional field clamp, and two extra hexapoles acting as stig-
mators. The electron beam can be adjusted relative to the optical axis by use of sev-
eral deflection coils. A magnetic round lens is positioned just in front of the prism to



54

Detector

I

7

2 Electron Detection

Aperture __
Deflection coils 4

Transfer lens
Deflection
10 cm coils
Stigmator 1
Magnetic prism
Projective \

/41

|

a)

Slit
system

Deflection Stigmator 2
coils

Fig. 2.33. Self-constructed magnetic-prism spectrometer for a
TEM/STEM: (a) schematic diagram of set-up; (b) photograph of
the system with the prism opened.

adapt to the different imaging and diffraction modes of the microscope. The energy
analyzer is followed by a double-projective lens providing a rotation-free magnified
image of the spectrum. A scintillator-photomultiplier combination is used as elec-
tron detector and EEL spectra are recorded serially by increasing the high voltage of
the TEM stepwise. The detector output signal is recorded by means of a multichan-
nel analyzer or personal computer for subsequent processing. Operation of a ther-
mionic electron source results in an energy resolution of approximately 1.5 eV.

In principle, energy-analyzer systems can be designed such that their electron-opti-
cal properties do not limit the energy resolution attainable, i.e. their intrinsic energy
resolution is much better than the energy width of the primary electron beam, which
is of the order of approximately 1.5-2.5 eV for a tungsten hairpin cathode, approxi-
mately 1 eV for a LaB4 cathode, approximately 0.7 eV for a Schottky field emitter,
and 0.3-0.5 eV for a pure cold-field emitter.

With regard to the instrumentation, some of the energy-analyzer systems mentioned
above, viz. the Castaing—Henry filter, the Q filter and the Mandoline filter, are not
only spectrometers, but also image-forming systems enabling energy-filtered ima-
ging or diffraction on a TEM, i.e. with stationary illumination of the specimen.
Thus, they enable the formation of a two-dimensional image or diffraction pattern
using energy-loss electrons within a specified energy range. In addition to the con-
trast enhancement obtained by filtering out all the inelastically scattered electrons,
this also enables imaging of element distribution (cf. Sect. 2.5.5). Nevertheless, for a
STEM equipped solely with an EEL spectrometer, energy-filtered imaging is possible
simply by recording the electrons of a certain energy loss passing the slit while scan-
ning the electron probe over the specimen in a rectangular field.

All the energy-filter systems referred to above are incorporated into the electron-mi-
croscopic column, usually between the diffraction lens and the following interme-
dium lens. They are, therefore, known as in-column filters, which are also commer-
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Fig. 2.34. Arrangement of post-column and in-
column imaging energy filters [2.173].

cially available in the form of different TEMs, e.g. as the Castaing—Henry filter in
the Zeiss EM 902 and as Q filters in the LEO EM 912, EM 922 (cf., e.g. Ref. [2.201])
and in the Jeol JEM 2010 FEF and 3010 FEF [2.202]. The operation of only a single
magnetic prism, which is not part of the column, can, however, also be extended to
energy-filtered TEM. A post-column filter is offered by Gatan; it is the well-known
and widespread Gatan imaging filter (GIF) attachable to any TEM/STEM. Both con-
cepts, i.e. the in-column and the post-column filters, are compared schematically in
Fig. 2.34. It should be noted that the post-spectrometer optics of the GIF consists of
multipoles only, viz. quadrupoles, preferably, for imaging and hexapoles for correct-
ing image aberrations. The in-column filter drawn in Fig. 2.34 could be that of the
EM 922 Omega or JEM 2010 FEF, respectively.

233
Qualitative Spectral Information

The EEL spectrum measured is the plot of the intensity of the inelastically scattered
electrons as a function of energy loss at a certain spectrometer collection angle,
which is defined by an aperture in front of the energy analyzer. Typically, the spec-
trum can be divided into two regions — the low-loss region ranging from 0 eV to ap-
proximately 50 eV and the high-energy region lying beyond that (50 to approximately
2000 eV). The upper limit of energy loss is determined by the signal intensity, which
generally decreases exponentially with increasing energy loss. It can be much higher
than 2 keV, particularly when a PEELS is used, because of its better detection effi-
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Fig. 2.35. Typical EEL spectrum and corresponding energy-level scheme.

ciency. The characteristic losses giving information on the elemental composition
arise from ionization of inner shells. They appear as edges superimposed on a back-
ground caused by low-loss excitations (plasmons, single-valence electron excitations)
or by the tail of an ionization edge of lower energy. The reason for the appearance of
edges instead of peaks is that usually not only the threshold energy is transferred to
the inner-shell electrons but also some additional kinetic energy.

In Fig. 2.35a spectrum of silicon carbide is shown as an example of a typical EEL
spectrum; the spectral features are correlated to the electronic structure of this semi-
conductor material. In the low-loss region besides the zero-loss peak of highest in-
tensity there is only one relatively sharp plasmon peak at approximately 21 eV. On
its high-energy side the signal intensity drops dramatically. To make visible the char-
acteristic ionization edges following in the region of higher losses, viz. the Si-L,;
and C-K edges, the vertical scale must be expanded by a factor of a few hundred.
Owing to the high energy resolution of approximately 1 eV fine structures can be ob-
served near the edge onset, especially for the Si-L,; edge. Such energy-loss near-
edge structures (ELNES) occur because the individual inner-shell electron can be ex-
cited from its ground state into unoccupied states in the conduction band (cf.
Sect. 2.5.3.3.1).
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2.3.3.1 Low-loss Excitations

In the low-loss region the predominant feature is the zero-loss peak containing itself
no useful analytical information. It is also termed the elastic peak, because mainly
elastically scattered electrons contribute to it, and those transmitted by the thin spe-
cimen without interaction. Strictly speaking, however, the term zero-loss peak is not
correct, because electrons of very low energy loss (ca. 100 meV) caused by the excita-
tion of phonon vibrations are also part of that peak. On account of the energy width
of the primary electrons and of the finite energy resolution of the spectrometer sys-
tem used they are not resolved on the high-energy tail of the peak. The only way to
detect them is to adapt a monochromator to the illumination system of the TEM for
reducing the primary energy width. Commonly, the full width at half maximum
(FWHM) of the zero-loss peak is accepted as a measure of the energy resolution of
an EEL spectrometer.

The region from approximately 5 to 50 eV contains mostly Gaussian-shaped peaks,
which might be of different origin [2.203]. For materials with free electrons, e.g. me-
tals, they clearly come from collective oscillations (plasmons) of these electrons. If,
however, the specimen is composed of a material in which free electrons are not
abundant, there is an alternative mechanism involving the transfer of energy to sin-
gle valence electrons. Thus, this effect of single-electron excitation is rather impor-
tant for solids such as semiconductors and insulators, which also generate plasmon-
like peaks in the 20-30 eV range. In addition, interband transitions can also cause
extra resonances in that energy region.

Plasmon oscillations are not only excited in the bulk of the specimen but also on the
surface. The proportion of surface plasmons increases when the specimen becomes
thinner and their excitation energy is approximately half that of the corresponding
volume plasmon. Analyzing the plasmon energy, E,;, is a local probe of the density
of free electrons, N, because of the dependence E,joc N'/* [2.204]. In special cases
this phenomenon can be applied to materials analysis. This has been demonstrated,
e.g., on Al-Mg and Al-Zn alloys [2.205, 2.206] for which the displacement of plas-
mon energy enables phase identification. More recently, the region close to the right
of the zero loss peak has become of increasing interest in so-called band-gap
spectroscopy [2.207], which directly yields data on electronic properties as, e.g.,
shown for (In,Ga,Al)N compounds [2.208].

When inelastic electron scattering is treated in terms of particle collisions the indivi-
dual events are independent and obey Poisson statistics. Because the number of scat-
tering processes increases with the specimen thickness, t, the incident electron can
undergo multiple losses. Thus, the thicker the specimen, the more interactions gen-
erating plasmon oscillations the incident electron will have, which results in the oc-
currence of several equidistant peaks of multiples of the plasmon energy. The depen-
dence of plural scattering on specimen thickness can be used to measure the thick-
ness in the region illuminated by the electron beam. It can be shown that the relative
thickness t/1 is given by

t Itot
R
il ( T ) (2.18)
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Fig. 2.36. Low-loss spectra of:
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where A is a total mean free path for all inelastic scattering, I, is the area integrated
under the zero-loss peak, and I, that under the whole spectrum recorded up to ap-
proximately 200 eV. The total inelastic mean free path, 1, must be calculated to deter-
mine the absolute thickness, t. Corresponding A values can be computed when the
composition of the material is known [2.171]. A rough estimate is otherwise possible
via the formula /4 (in nm) = 0.8 E, where E, is the primary electron energy in keV.

Figure 2.36 A shows a typical low-loss spectrum taken from boron nitride (BN). The
structure of BN is similar to that of graphite, i.e. sp>-hybridized carbon. For this rea-
son the low-loss features are quite similar and comprise a distinct plasmon peak at
approximately 27 eV attributed to collective excitations of both = and o electrons,
whereas the small peak at 7 eV comes from = electrons only. Besides the original
spectrum the zero-loss peak and the low-loss part derived by deconvolution are also
drawn. By calculating the ratio of the signal intensities I, and I, a relative specimen
thickness t/1p) of approximately unity was found. Owing to this specimen thickness
there is slight indication of a second plasmon.

That even low-loss spectra can be complex in appearance is recognizable from that
of the silicate CaTiSiOs given in Fig. 2.36 B. Here the problem arises of superposition
of regular plasmon or single-valence electron excitations, and excitation of tightly
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bound outer-shell electrons with extremely low binding energy. Respective ionization
edges are the Ca—M,; edge at 25 eV and the Ti-M,; edge at 35 eV which appear
partly overlapped. The peaks at about 15 and 22 eV are presumably caused by inter-
band transitions and plasmons, respectively.

It should be noted that low-loss spectra are basically connected to optical properties
of materials. This is because for small scattering angles the energy-differential cross-
section do/dE, in other words the intensity of the EEL spectrum measured, is di-
rectly proportional to Im {-1/¢(E,q)} [2.171]. Here ¢ = ¢; +1¢, is the complex dielectric
function, E the energy loss, and q the momentum vector. Owing to the comparison
to optics (|q| = 0) the above quoted proportionality is fulfilled if the spectrum has
been recorded with a reasonably small collection aperture. When Im{-1/¢} is gath-
ered its real part can be determined, by the Kramers—Kronig transformation, and
subsequently such optical quantities as refraction index, absorption coefficient, and
reflectivity.

2.3.3.2 lonization Losses

In general, EELS is particularly sensitive to light elements, because the ionization
cross-sections increase with decreasing atomic number. Because of this energy-loss
spectroscopy and energy-dispersive X-ray spectroscopy (EDXS) complement each
other reasonably well, since the detection sensitivity of EDXS behaves vice versa
(Sect. 4.2). Most of the transmitted electrons, having suffered energy losses via ioni-
zation and plasmon excitations, can, moreover, be readily collected owing to their
strong forward scattering [2.173]. They are scattered into an angular range of typi-
cally 107 rad.

Thus, the features most important of materials analysis are the inner-shell edges, be-
cause the ionization energies are characteristic of the chemical elements. Nearly all
elements can principally be detected and in the energy range up to 2 keV there ap-
pear series of K edges for Li to Si, of L,; edges for Al to Sr, and of M,s edges for Rb
to Os [2.209]. The specific shape of the edge varies with the edge type (K, L, M, etc.)
and strongly depends on the electronic structure and chemical bonding. Usually, K
shells arising from 1s to 2p transitions have a so-called hydrogenic-like shape which
is characterized by a steep signal increase at the threshold energy. L-shell edges
(p —s and p —d transitions) occur whether as rounded profiles or nearly hydro-
genic-like with sharp, so-called white lines at the edge onset. The latter can be ob-
served for elements of atomic number 19 <7 < 28 and 38 < Z < 46. In EELS the
term “white line” is used by analogy with X-ray absorption spectroscopy, where the
features were historically first observed as severe bright lines on photographs. M
edges tend to appear as delayed signals, or they also show up as white lines when
empty d or f states are present.

An example of a high-energy loss spectrum is given in Fig. 2.37; it is an EEL spec-
trum in the range from 400 to 900 eV taken from a thin region of a BaTiO; particle
at 200 keV primary energy. Ionization edges of all three constituting elements are
visible, viz. the Ti-L,3, the O-K, and the Ba—Mys edges. The K edge of oxygen is saw-
tooth-shaped, but the two others have more or less well resolved peaks near the edge
onsets, indicating individual energy levels (L; and L, for Ti, Ms and M, for Ba). Parti-
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Fig. 2.37. EEL spectrum of
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cularly the Ba—M,5 edge demonstrates the effect of white lines caused here by the ex-
citation from initial 3d states to unfilled 4f states. In general, besides the gross edge
profiles pronounced fine structures can also occur in the region of the very edge on-
set up to approximately 30 eV beyond it. These so—called energy-loss near-edge struc-
tures (ELNES) are caused by solid-state effects (cf. Sect. 2.3.3.3). In Fig. 2.37 the O-K
edge, in particular, shows such ELNES details, and additional weak modulations of
the signal intensity reaching some 100 eV above the edge threshold can also be seen.
These oscillations are extended energy-loss fine structures (EXELES) giving informa-
tion on the number of nearest neighbors and their distances.

Each inner-shell edge has a high-energy tail which is the background signal on
which the next edge is superimposed. In front of the first edge occurring in an EEL
spectrum the background contribution comes from low-loss excitations of relatively
high intensity. Thus, several different interaction phenomena give rise to the back-
ground signal and it is, therefore, impossible to calculate it ab initio. It was, however,
experimentally proved that for a limited energy range the background intensity, I,
can be fitted by a power law:

Ig=AE™ (2.19)

where E is the energy loss and A and r are constants. Both fit parameters vary with
the mass thickness of the material investigated, the accelerating voltage, and the ac-
ceptance angle of the spectrometer. Typical values of the exponent r range from 2 to
5, whereas A can vary dramatically.

EELS analyses can be complicated or even fail if the specimen is so thick that intense
plural scattering occurs. For spectra recorded from extremely thick regions (some
100 nm) the characteristic ionization edges vanish in the high background. Thus,
the inner-shell edge measured often does not represent single but multiple scatter-
ing resulting from combined excitations of inner-shell electrons and valence elec-
trons. This behavior is illustrated schematically in Fig. 2.38, where the effect of the
convolution of a hydrogenic-like edge with the low-loss spectrum is shown. The
single-scattering curve of an edge can be gained from the EEL spectrum measured
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by deconvoluting it by means of the corresponding low-loss spectrum. Fast Fourier
routines are preferably applied to spectrum processing, because EEL spectra involve
many data points equally spaced in energy. Deconvolution is possible by use of the
Fourier-log or Fourier-ratio method, and by multiple least-squares fitting which are
described in more detail elsewhere [2.171, 2.173]. An example of the determination
of the single-scattering profile via the Fourier—ratio method, viz. for the Ti-L,3 edge
taken from a thin Ti film, is given in the lower part of Fig. 2.38. On the left the ori-
ginal measured and deconvoluted spectra are compared. It is obvious that the near-
edge region remains almost unaffected by multiple scattering. There is, however, a
strong contribution of plural scattering starting at about 15 eV above the edge on-
set.

2.3.3.3 Fine Structures

The occurrence of fine structures has already been noted in the sections on spectral
information and ionization losses (Sects. 2.5.3 and 2.5.3.2). In the following text
some principal considerations are made about the physical background and possible
applications of both types of feature, i.e. near-edge and extended energy-loss fine
structures (ELNES/EXELFS). A wealth of more detailed information on their usage
is available, especially in textbooks [2.171, 2.173] and monographs [2.210-2.212].

In Fig. 2.39 A the Al-K edge (onset at approximately 1560 eV) recorded from Al,Cs is
shown, and the specific energy ranges of the appearance of ELNES and EXELFS are
marked. In the ELNES region reaching from the edge onset up to approximately
30 eV above there are only two distinct peaks, visible at 1566 and 1578 eV. EXELFS
which are much weaker in intensity start at approximately 1590 eV and extend over
the whole high-energy tail of the edge shown. Usually, EXELFS modulations can be
observed up to some 100 eV beyond the ionization threshold.

Near-edge structures superimposed on the general atomic edge profile are caused by
transitions of inner-shell electrons of a particular atom to the lowest unoccupied
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Fig. 2.39. Fine structures of inner-shell edges: (A) Al-K edge of Al,C;
exhibiting ELNES and EXELFS, (B) O-K ELNES of different titanates and
Ti-containing silicates.
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states in the solid. Thus, ELNES probes the density of empty states above the Fermi
level at the site of the excited atom. This local density of states (DOS) is related to the
atom excited and also to the arrangement, number, and types of atoms in its environ-
ment determining the charge transfer and chemical bonding. All these peculiarities
influence such ELNES details as the number, energy width, and intensity of indivi-
dual peaks, and also the threshold energy of the ionization edge. It is mainly the first
coordination shell which affects the ELNES features observed. Hence, near-edge
structures are a so-called coordination fingerprint which for combination of EELS
and STEM/TEM enables analysis of the chemical bonding of a particular compound
with high lateral resolution. A practical way of phase identification by ELNES analy-
sis is to compare the fine-structure features recorded from the unknown phase with
those measured from reference materials of known structure and stoichiometry (fin-
gerprint method). The literature contains a multitude of data on the several materi-
als systems available; the EEL spectra published in reference books [2.209, 2.213] are
also helpful in this context.

It should be noted that a comprehensive ELNES study is possible only by comparing
experimentally observed structures with those calculated [2.210-2.212]. This is an ex-
tra field of investigation and different procedures based on molecular orbital
approaches [2.214-2.216], multiple-scattering theory [2.217, 2.218], or band structure
calculations [2.219, 2.220] can be used to compute the densities of electronic states
in the valence and conduction bands.

Because near-edge structures reflect the nearest chemical neighborhood of an atomic
species in a solid for single-crystalline materials they can also depend on the orienta-
tion of the specimen. A classical example is graphite, for which the height of the pre-
peak of the C—K edge caused by transitions from 1s states into unoccupied n* states
is strongly orientation-dependent [2.221]. The n* peak intensity reaches a maximum
when the incident electron beam is parallel to the c-axis of the graphite. Because of
the structural similarity of boron nitride to graphite its B-K edge behaves in the
same manner (cf. Fig. 2.41a). Thus, such orientation dependence yields additional
information on the anisotropy of chemical bonding and band structure. If, however,
these effects must be avoided it is recommended that ELNES data be collected from
polycrystalline, or even amorphous, samples, if available, of the material under in-
vestigation.

Neglecting theoretical treatment of ELNES analyses, practical application result is
presented in Fig. 2.39 in which the O-K ELNES of different titanates and Ti-contain-
ing silicates are compared [2.222]. The fine structures shown were acquired from re-
ference materials at an energy resolution of approximately 0.8 eV using a PEELS
(Gatan model 666) attached to a TEM/STEM Philips CM20 FEG running at 200 keV
with a thermally assisted field-emission gun. All ELNES features were obtained
from the raw data after sharpening the resolution (deconvolution with the zero-loss
peak), subtracting the background (power-law fit), and subsequently deconvoluting
with the low-loss spectrum to obtain the single-scattering profile. O-K ELNES is ex-
tremely sensitive to nearest-neighbors surroundings, which is also known from
other titanates [2.223]. The BagTi;7O40 phase can be distinguished from BaTiO; by
its near-edge details at the very edge onset and by those lying in the range from 540
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to 550 eV. The O-K ELNES of the silicate fresnoite (Ba,TiSi,Og) is most different —
its onset is shifted to higher energies and delayed. There is, moreover, only one
broad maximum at approximately 542 eV. Such pronounced differences in the
ELNES can be used for phase identification, as is demonstrated in Fig. 2.40.
Fig. 2.40a shows a TEM bright-field image of a BaTiO3 ceramic processed via liquid
phase sintering at approximately 1350 °C with an excess of 1 mol% TiO,. Between
two BaTiO; grains an unknown phase was found, where EELS (cf. Fig. 2.40b) clearly
indicates the presence of Ba,TiSi,Os. In the series of spectra recorded along a line of
approximately 50 nm length in the STEM mode the local transition from BaTiO; to
Ba,TiSi,0g is clearly visible from the change of the O-K ELNES. Differences in the
Ti-L,; edge are also apparent. The Ba,TiSi,Og detected is presumably a reaction pro-
duct introduced by the impurity SiO,.

Extended energy-loss fine structures (EXELFS) are analogous to the EXAFS effect ob-
served in X-ray absorption [2.224, 2.225]. These weak modulations (cf. Fig. 2.39a),
still observable ca. 100 eV away from the edge onset, occur because the excited elec-
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Fig. 2.40. Chemical-bond analysis of an additional phase in a
BaTiOs ceramic using differences in the O-K ELNES.
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tron wave has approximately the same wavelength as the atomic spacing of the sub-
stance transmitted. Consequently, the wave can be diffracted by neighboring atoms
and can return to interfere with the outgoing wave. The interference can be con-
structive or destructive yielding an oscillating part of the intensity following the ioni-
zation edge. Standard EXAFS theory can be used to interpret extended fine struc-
tures in EELS [2.226]. Thus, EXELFS analysis enables interatomic distances between
the first-neighbor atoms to be measured, yielding the so-called radial distribution
function (RDF). For an ideal single crystal the RDF would consist of a series of delta
functions which can be attributed to discrete values of shell radii given by the crystal
structure. Even bond lengths in a particular direction can be determined when the
collection angle of the transmitted electrons and the orientation of the specimen are
precisely chosen.

234
Quantification

In addition to qualitative analysis of nearly all the elements of the periodic table, EEL
spectra also enable determination of the concentration of a single element which is
part of the transmitted volume and hence gives rise to a corresponding ionization
edge. As in all comparable spectroscopic techniques, for quantification the net edge
signal, which is related to the number N of excited atoms, must be extracted from
the raw data measured. The net intensity I of the kth ionization shell of an indivi-
dual element is directly connected to this number, N, multiplied by the partial cross-
section of ionization oy (A, o) and the intensity I, of the incident electron beam, i.e.:

I (A, %) = Noy (A, o) I (2.20)

where A is the energy window for integrating the signal intensity and o the collection
semi-angle of the spectrometer. Different approaches are used to calculate partial
cross-sections. Calculations making use of atomic wave functions are usually based
either on a hydrogenic model [2.227, 2.228] or a Hartree—Slater model [2.229]. Neither
model, however, can be used to predict effects resulting from electronic transitions to
bound states. The Hartree—Slater cross-sections are in very good agreement with ex-
perimental findings, although substantial computational effort is required. The re-
sults of calculations by use of the hydrogenic model agree with the Hartree—Slater va-
lues to an accuracy of better than 20 % which is within the experimental error.

The background signal, Iy, contributing to the kth inner-shell edge must be sub-
tracted from the total energy-loss intensity to obtain the signal, Iy, of the ionization
loss itself. As already mentioned in Sect. 2.3.3.2 the background often follows a
power law (Iz = AE™"). This fit can be used to extrapolate the background in the
higher-loss region; for inner-shell losses of approximately 100 eV and below the use
of a polynomial fit is sometimes more suitable. The procedure of background extra-
polation and subtraction is demonstrated for the B-K edge of boron nitride in
Fig. 2.41a where, in addition to the recorded edge profile, the extrapolated back-
ground and the net edge are shown.
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The absolute number of atoms per unit area making the kth ionization edge occur is
given by:

_ Ik (A, (X)
oAy (221)

Often only the concentration ratio of two elements A and B is of interest; this is,
therefore:

NA o IA(A,O()GB (A, ’1)
Ng  Ig(A o)op (A o) (2.22)

This kind of estimation of the relative concentration is the most widely used method
for quantitative EELS analysis. It is advantageous because the dependence on the pri-
mary electron current, I, is cancelled out; this is not easily determined in a trans-
mission electron microscope under suitable analytical conditions. Furthermore, in
comparison with other methods, e.g. Auger electron spectroscopy and energy-disper-
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sive X-ray spectroscopy, there is no need for additional terms to correct for atomic
number effects, specific yield of the interaction process, absorption, etc. Fig. 2.41b
shows the graphical results from a complete quantification procedure for BN, in-
cluding the determination of the net B-K and N-K edges and the calculation of their
partial cross-sections (Hartree—Slater model), yielding a B/N ratio of 0.97 £ 0.16 at
A =70eVand « =10 mrad.

The accuracy achievable by the ratio method amounts to approximately +5-10
atom% when ionization edges of the same type are used, i.e. only K edges or only L
edges, whereas the error in quantification increases to +15-20 atom% for the use of
dissimilar edges. Improvement of the quantification accuracy up to approximately 1
atom% is possible if standards are used.

It is of no use denying that energy-loss spectroscopy cannot usually be used to detect
traces of elements in a matrix. The attainable detection sensitivity is highly depen-
dent on the specific elemental composition of the material to be analyzed. For exam-
ple, the minimum detectable mass fraction amounts to atom% levels for identifica-
tion of B, N, O, etc., in a thin Si specimen, because the corresponding ionization
edges ride on the high-energy tail of the Si-L,; edge which limits the sensitivity
[2.230]. In contrast with that, it is possible to find approximately 0.1 atom% Li (onset
at approximately 55 eV) or Al (approximately 73 eV) in silicon; this corresponds to
an absolute number of few thousand atoms. In special circumstances (high primary
current of the order of 1.6 x 10° A's cm™?, parallel-recording spectrometer) EELS
seems, nevertheless, to be sensitive to a few single atoms — e.g. the detection of Fe
atoms in a 10 nm thick carbon film [2.231, 2.232].

235
Imaging of Element Distribution

The combination of EELS and transmission electron microscopy affords different ex-
perimental facilities for imaging of element distributions (see also Sect. 2.3.2) de-
pending on the electron optics of the microscope and the particular type of spectro-
meter. When the electron microscope can be operated in the STEM mode two-di-
mensional energy-selective images can easily be gathered by applying the signal of a
serial-detection spectrometer to the brightness control of a cathode-ray tube. In gen-
eral, for an element map three individual images have to be taken — two background
images (also termed pre-edge images) and one post-edge image. This procedure is,
therefore, called the three-window method [2.171, 2.173, 2.174] and enables determi-
nation of the net contribution of an inner-shell edge to image brightness after back-
ground extrapolation and subtraction. The image processing necessary is quite simi-
lar to the handling of an ionization edge in EEL spectroscopy to obtain the net edge
profile. Local differences between the low-loss spectra can, however, also be used for
element-specific imaging, e.g. for Al layers on SiO, where in cross-section the Al-
containing regions appear bright because of a plasmon energy of approximately
15 eV compared with 23 €V for silicon oxide. When a PEELS is run on a STEM the
element distribution can be visualized along a line by recording series of spectra
(Fig. 2.40D). For a STEM the lateral resolution is essentially fixed by the diameter of
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the electron probe used. Thus, sub-nanometer or even atomic resolution can be at-
tained for scanning microscopes equipped with field-emitter electron sources, mak-
ing the combination of EELS and STEM into a sophisticated means of interface ana-
lysis [2.233].

Attachment of an imaging filter to a transmission microscope enables energy-fil-
tered TEM (EFTEM) to be performed; in this technique the method used to generate
an elemental map is the same as described above (three-window technique). The
only difference is that each of the three individual images is recorded at once while
the specimen is illuminated with a parallel stationary electron beam. A correspond-
ing example for mapping the Cr distribution in a Ni-based superalloy SC16 (Ni—68
Cr-18 Mo-2 Ti—4 Al-7 Ta-1) is given in Fig. 2.42. This superalloy is composed of
a Crrich y matrix in which cuboidal y’ precipitates (containing approximately
3 atom% Cr) of some 100 nm in size are coherently embedded. In the Cr-L,; map
the enrichment of chromium amounting to approximately 28 atom% in the matrix
region is clearly visible; this can still be recognized by comparing the post-edge and
the pre-edge images exhibiting reverse contrast.

EELS line profiles can also be obtained from EFTEM images a posteriori by digitally
defining a line of interest and representing the element-specific signal along the line
chosen. For materials systems having layers of homogeneous thickness the signal
can be integrated in the direction parallel to the interfaces, thus yielding an im-
proved signal-to-noise ratio. This is demonstrated in Fig. 2.43 for a cross-section spe-
cimen of AlAs/(Al,Ga)As multilayers deposited on GaAs substrate. Here, especially,

Fig. 2.42. Energy-filtered TEM (three-window method), imaging
of the Cr distribution in the Ni-base superalloy SCT6.
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Fig. 2.43. EFTEM images and corresponding line profiles of
oxidized AlAs/(Al,Ga)As multilayers.

the AlAs layers are oxidized by exposure to air which is imaged in the elemental
maps and corresponding line profiles.

An especially dedicated technique is the so-called spectrum-image method [2.234],
which comprises a series of spectra measured in a STEM not along a line but in a
rectangular scanned field. This results in a data cube in which the upper plane is the
scanned x-y area and the third axis is the energy-loss spectrum. Complementarily,
image spectrum means a series of energy-filtered TEM images taken at such small
energy increments that for every point in the x—y plane of view a full spectrum can
be reconstructed afterwards. Although the spectrum-image and the image-spectrum
methods give a comprehensive insight into the specimen, both are limited by the
large data capacity needed and the time for data acquisition and off-line processing.

Energy filtering not only enables the imaging of the distribution of an element but
even of its chemical bonding when ELNES features are used. Corresponding chemi-
cal-bond maps can be obtained in both experimental arrangements, i.e. the com-
bined SEELS/STEM or imaging filter and TEM. In each case the slit width of the
spectrometer system must be so small that a single fine-structure detail contributes
to the signal. To obtain reliable results the three-window method must usually be
used.

Chemical-bond mapping has been practiced on an SiC (Nicalon)-fiber reinforced
borosilicate glass (Duran) of high SiO, content, as illustrated in Fig. 2.44 [2.235]. The
differences in Si-L,; ELNES (Fig. 2.44a) were used to image oxidized silicon in the
interfacial region between the fiber and the matrix, where an additional C-rich reac-
tion layer is present. Individual STEM images were taken with a 3 eV slit width at ap-
proximately 95 eV (background B), at 102 eV (first dominant peak of the Si-L,;
ELNES of SiC), and at 107 eV (first dominant peak of the Si-L,; ELNES of SiO,).
The 3D plot of the image intensity in Fig. 2.44b is obtained by subtraction of the par-
tial image recorded at 102 eV from that at 107 eV, i.e. the value of the resulting sig-
nal is higher for regions with strongly oxidized silicon. In Fig. 2.44b the zone of
minimum signal in the center corresponds to the carbon layer. On the fiber side of
the carbon layer a region is visible where the signal has a local maximum hinting at
oxidic-bound Si. The mean signal level is higher in the matrix (right) owing to the
presence of SiO,.



70

2 Electron Detection

Fibre C-layer Matrix

107 eV
a)

OO
DNNNNNN NN

L b)
100 120 EineV
Fig. 2.44. Chemical-bond mapping: (a) comparison of EEL

spectra recorded from matrix and SiC-fibre with the window for
energy filtering shown; (b) map of oxidic-bound Si.

236
Summary

EELS in conjunction with TEM/STEM has become a powerful tool for analyzing ma-
terials, particularly interlayers and interfaces in structured materials, at a lateral reso-
lution of approximately 1 nm or even better. It yields both qualitative and quantita-
tive information on specimen composition, for which its thickness must be of the or-
der of 10 nm, requiring a high effort of sample preparation. In addition, the chemi-
cal bonding of an element detected within the transmitted volume can be character-
ized by energy-loss near-edge fine structures (ELNES). Investigating low-loss spectra
in more detail at high energy resolution (band-gap spectroscopy) enables determina-
tion of the electronic and optical properties of materials. The element distribution
can be imaged along a line, or two-dimensionally by energy-filtered (S)TEM, where
sub-nanometer resolution is achievable. In the future the limits of both energy reso-
lution and lateral resolution will be pushed further. A project named SESAME [2.236,
2.237] which is in progress aims to develop an in-column energy filter TEM with re-
solution values below 1 A and 1 eV.
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2.4
Low-energy Electron Diffraction (LEED)

Georg Held

2.4.1
Principles and History

When Davisson and Germer reported in 1927 that the elastic scattering of low-en-
ergy electrons from well ordered surfaces leads to diffraction spots similar to those
observed in X-ray diffraction [2.238-2.240], this was the first experimental proof of
the wave nature of electrons. A few years before, in 1923, De Broglie had postulated
that electrons have a wavelength, given in A, of:

he=hfma = (150/Eyin) (2.23)
and a corresponding wave vector of length:
k=2n/ke (2.24)

where h is PlancK’s constant, m, the electron mass, v the velocity, and Ey;, the kinetic
energy of the electron, given in eV. Davisson and Germer realized that the diffraction
of low-energy electrons (LEED) in the energy range between 40 and 500 eV, where
their wavelength ranges between 0.5 and 2 A, could be used to determine the struc-
ture of single crystal surfaces, by analogy to X-ray diffraction. Because of their small
inelastic mean free path (IMFP) of only a few Angstrom (typically less than 10 A)
electrons in this energy range sample only the upper-most atomic layers of a surface
and are, therefore, better suited to the analysis of surface geometries than X-ray
photons, which have a much larger mean free path (typically a few micron). Unlike
for photon diffraction, however, multiple scattering plays an important role in the
diffraction process of electrons at solid surfaces. Therefore, the analysis of LEED
data in respect of the exact positions of atoms at the surface is somewhat more com-
plicated and requires fully dynamic quantum mechanical scattering calculations.
The use of LEED for surface analysis became important when large single crystals
became available for surface studies. It was first used solely for a qualitative charac-
terization of surface ordering and the quantitative determination of the two-dimen-
sional surface lattice parameters (e.g. superstructures, see below). The information
about the positions of the atoms in the surface is hidden in the energy-dependence
of the diffraction spot intensities, the so-called LEED I-V, or I(E), curves. In the late
nineteen-sixties computer programs became available which could perform fully dy-
namic scattering calculations for simple surface geometries. Comparison of such
theoretical -V curves for a set of model geometries with experimental data enables
determination of the atomic positions within the surface by trial and error. With the
immense growth of available computer power and speed since then, LEED [-V struc-
ture determination could be applied to a large number of increasingly complex sur-
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face geometries; this has made LEED the standard technique of modern surface
crystallography.

For further details of the history, experimental set-up, and theoretical approaches of
LEED please refer to books by Pendry [2.241], van Hove and Tong [2.242], van Hove,
Weinberg, and Chan [2.243], and Clarke [2.244]. This article relies extensively on
these works.

242
Instrumentation

Standard modern LEED optics are of the “rear view” type, and are shown schemati-
cally in Fig. 2.45. The incident electron beam, accelerated by the potential Vj, is
emitted from the electron gun behind the hemispherical fluorescent glass screen
and hits the sample through a hole in the screen. The surface is at the center of the
hemisphere so that all back-diffracted electrons travel towards the LEED screen on
radial trajectories. Before the electrons hit the screen they must pass a retarding field
energy analyzer. It typically consists of four (or three) hemispherical grids concentric
with the screen, each containing a central hole through which the electron gun is in-
serted. The first grid (nearest to the sample) is connected to earth ground, as is the
sample, to provide an essentially field-free region between the sample and the first
grid. This minimizes undesirable electrostatic deflection of diffracted electrons.
A suitable negative potential — (Vo — AV) is applied to the second and third (only sec-
ond) grids, the so-called suppressor grids, to enable a narrow energy range eAV of
elastically scattered electrons to be transmitted to the fluorescent screen. The fourth

fluorescent screen

diffracted beam

E'/somple

Ist grid
2nd grid }
3rd grid
4th grid

incident beam

suppressor

Fig. 2.45. Schematic diagram of a
four-grid LEED display system [2.243].
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Fig. 2.46. Schematic diagram crystal lens
of the set-up of the SPA-LEED
system [2.245].

deflection plates

channeltron

(third) grid is usually grounded to reduce field penetration of the suppressor grids
by the screen voltage, which is of the order of a few kilovolts, to make the diffraction
spots visible. Because the fluorescent screen is transparent, the spots can be ob-
served through a view-port behind the screen without being shadowed by the sample
holder. Only the electron gun assembly (diameter <15 mm) obstructs the view
slightly. Older designs have opaque screens which allow observation from behind
the sample only. A typical diameter of the complete optics is approximately 140 mm,
so it fits into a 150 mm (i.d.) flange.

To date, the usual way of recording the LEED pattern is a light-sensitive video camera
with a suitable image-processing system. In older systems movable Faraday cups
(FC) were used which detected the electron current directly. Because of long data ac-
quisition times and the problems of transferring motion into UHYV, these systems
are mostly out of use nowadays.

Only one widely used type of LEED optics uses a Faraday cup arrangement as elec-
tron detector, and this is specially designed for accurate spot profile analysis (SPA-
LEED, cf. Fig. 2.46) [2.245]. In this design the FC is at a fixed position and the grids
are replaced by round apertures defining the lateral resolution of the system. Instead
of the position of the electron detector, the angle of the incoming electron beam is
varied by means of an electrostatic octupole lens, thereby deflecting the desired part
of the LEED pattern towards the detector without the need for moving parts. This
type of LEED optics is specially designed to have a large resolution in k-space. The
better the k resolution, the larger are the typical distances on the surface for which
effects can be observed in the LEED pattern (spot position, profile). The largest resol-
vable length on the surface is called the transfer width and characterizes the LEED
instrument [2.246]. Typical values are around 150 A for conventional rear-view LEED
systems and up to 1000 A for SPA-LEED system:s.

243
Qualitative Information

The most direct information obtained from LEED is the periodicity and intermediate
range order within the transfer width of the surface under investigation. This can be
gathered by visual inspection of the diffraction pattern and/or by relatively simple
mathematical transformations of the spot profiles.
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2.4.3.1 LEED Pattern

Because the electrons do not penetrate into the crystal bulk far enough to experience
its three-dimensional periodicity, the diffraction pattern is determined by the two-di-
mensional surface periodicity described by the lattice vectors a; and a,, which are
parallel to the surface plane. A general lattice point within the surface is an integer
multiple of these lattice vectors:

R=n;a; +nya, (2.25)

The two-dimensional Bragg condition leads to the definition of reciprocal lattice vec-
tors af and aj which fulfil the set of equations:

a;af=ayas=2n (2.26a)
a;af=a,a’=0 (2.26D)

These reciprocal lattice vectors, which have units of A™ and are also parallel to the
surface, define the LEED pattern in k-space. Each diffraction spot corresponds to the
sum of integer multiples of a} and aj.

gnin2) =M af +ny a3 (2.27)

The integer numbers (ny,n,) are used as indices to label the spot. The parallel com-
ponent of the corresponding wave vector is:

k||,(n1,n2) =kj0+8min2) (2.28)

where k| o is the parallel component of the wave vector of the incoming electron
beam. The vertical component, k,, of the back-diffracted electrons is defined by en-
ergy conservation:

kz,(nl,nZ) =(2m. Ekin/h2 - kﬁ,(nl,nz))l/z (2.29)

This equation also limits the set of observable LEED spots by the condition that the
expression inside the brackets must be greater than zero. With increasing electron
energy the number of LEED spots increases while the polar emission angle relative
to the surface normal, 0 = arctan (kj/k,), decreases for each spot except for the specu-
lar spot (0,0) which does not change. Fig. 2.47 shows examples of common surface
unit cells and the corresponding LEED patterns.

Often (adsorption, reconstruction) the periodicity at the surface is larger than ex-
pected for a bulk-truncated surface of the given crystal; this leads to additional
(superstructure) spots in the LEED pattern for which fractional indices are used. The
lattice vectors by and b, of such superstructures can be expressed as multiples of the
(1 x 1) lattice vectors a; and a,:

by=mi a1+ mpa, (2.304a)
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by =my1 a1 + my, a, (2.30D)

where the numbers m;; are the coefficients of the superstructure matrix, which is a
straightforward way of characterizing the superstructure. The positions and indices
of the additional LEED spots can be calculated directly from this matrix [2.243] by
use of the formulas:

b1 = (M1 My — My V”21)71 (m22 a? — My 32) (2.313)
bé = (M1 My — My, m21)7l (~=m12 371"‘ — M 32) (2.31 b)

The area of the superstructure unit cell, A, in units of the (1 x 1) unit cell area can
also easily be calculated from the coefficients of the superstructure matrix:

A = (mq1 myz — Mz M) (2.32)

Another, less general method uses the notation according to Wood [2.247], where the
lengths of the vectors by and b, are specified in units of a; and a, together with the
rotation angle, o, between by and a; (only specified if non-zero):

p/c= (M X M) (2.33)

lai]  laz]
“p” indicates a “primitive” and “c” a “centered” surface unit cell. Examples are
“p(2 x 2)”, “p(v/3 x +/3) R30°”, and “c(+/2 x +/2)”. This notation is not always ap-
plicable but it is more frequently used than the matrix notation because it is shorter.
Fig. 2.48 shows examples of common superstructures with the corresponding matrix
and Wood notations.

2.4.3.2 Spot-profile Analysis

Whereas the spot positions carry information about the size of the surface unit cell,
the shapes and widths of the spots, i.e. the spot profiles, are influenced by the long
range arrangement and order of the unit cells at the surface. If vertical displace-
ments (steps, facets) of the surface unit cells are involved, the spot profiles change as
a function of electron energy. If all surface unit cells are in the same plane (within
the transfer width of the LEED optics), the spot profile is constant with energy.

A periodic arrangement of equal steps at the surface leads to a spot splitting at cer-
tain energies from which the step height can be determined directly. For a statistical
arrangement of steps the analysis of energy-dependent changes in the spot profiles
often enables the determination of the mean step height and characterization of the
step distribution [2.248]. Facets lead to extra spots which move in kj upon changes of
the kinetic energy.

Point defects, static disorder, and thermally induced displacements lead to an in-
crease of the background intensity between the spots. Depending on the correlation
between the scatters, the background is either homogeneous (no correlation) or



Fig. 2.48. Direct and reciprocal
lattices of a series of commonly

occurring two-dimensional super-

lattices. Open circles correspond
to the ideal (1 x 1) surface struc-
ture, whereas filled circles repre-

sent adatoms in the direct lattice
and fractional-order spots in the

reciprocal lattice [2.243].
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structured (correlation). If the coherently ordered surface areas (islands, domains)
are smaller than the transfer width of the LEED system and at the same vertical
height, the width of these areas, Aw, is directly related to the width of the LEED spots
in k-space, Ak):

Ak =27/ Aw (2.34)

This relationship is true for each direction parallel to the surface independently. It is
particularly useful for determining the size of adsorbate islands which lead to extra
superstructure spots. A good introduction (in German) to spot profile analysis is
given by Henzler and Gépel [2.249].

2.4.3.3 Applications and Restrictions
Visual inspection of the LEED pattern is a very good, rapid method for qualitative
characterization of the surface under investigation and, therefore, LEED optics are
part of most UHV systems dedicated to the analysis of single crystal surfaces. Conse-
quently, many LEED patterns with and without superstructures are reported in the
literature [2.250]. Sharp LEED spots are indicative of long-range ordering in the
uppermost layers. Their absence is often a sign of large surface roughness (e.g. after
ion bombardment) or a thick amorphous layer (e.g. water, hydrocarbons) covering
the surface. The appearance of a superstructure is also very useful for characterizing
the surface after adsorption or heat-treatment. The literature contains numerous ex-
amples of how superstructures can be used to identify certain adsorbates, oxidation,
carbide formation, etc. Because these effects depend very much on the reactivity and
surface structure, such information is best found in the original literature relating to
the particular surface. The size of the surface unit cell can be deduced exactly for a
given superstructure by use of Eq. (2.32). Thus, the relative coverage of an adsorbate
inducing this superstructure can often also be determined by LEED, because there
must be an integer number of adsorbate atoms or molecules per unit cell.
Determination the surface morphology (domain size, step distribution, etc.) by
LEED spot profile analysis always takes into account the whole surface area hit by
the incoming electron beam. It therefore uses a much larger statistical sample than
any microscopic method (e.g. STM, SEM, TEM) could deal with and, therefore, en-
ables more reliable determination of average surface properties such as roughness
or step density. Spot profile analysis has been applied to flat metal surfaces to study
the development of domain sizes during phase transitions in adsorbate layers [2.251,
2.252]. Changes in the step density and/or distribution of stepped or faceting upon
adsorption or annealing have also been studied by LEED on stepped and nominally
flat metal and semiconductor surfaces [2.253-2.256]. For these experiments either
conventional LEED systems with a fluorescent screen or Faraday cup (FC) systems
with small apertures (movable FC or SPA-LEED systems) have been used. Another
advantage of LEED is that it is a contact-free analysis method which enables access
to the surface while data are acquired. This has been used to analyze surfaces in-situ
during adsorption, epitaxy, or sublimation, to study dynamic restructuring processes
[2.257-2.259].
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All LEED data analysis must, however, rely on prior assumptions and model distri-
butions and is, therefore, not really direct. Microscopic methods have the advantage
of delivering directly the shape of the surface (domains, terraces, etc.) without any
assumptions being made.

244
Quantitative Information

Analysis of the LEED pattern or of spot profiles does not give any quantitative infor-
mation about the position of the atoms within the surface unit cell. This type of in-
formation is hidden in the energy-dependence of the spot intensities, the so-called
LEED I-V curves.

2.4.4.1 Principles

In a simplified picture these intensity variations are caused by the interference of
electrons scattered from different atomic layers parallel to the surface. For an infinite
penetration depth this would impose a third Bragg condition for k, and, therefore,
for Euin (cf. Eq. 2.29) with sharp intensity maxima and zero intensity between them.
Because the penetration depth is very short, the back-scattered electrons only interact
with a few layers of atoms, which results in broad maxima and non-zero intensities
in the intermediate energy regimes. Because of the influence of the atomic scatter-
ing potentials and multiple scattering, shifts relative to the Bragg peaks and other
peaks are observed in the -V curves. All these effects are included in modern LEED
computer programs which perform fully dynamic quantum mechanical scattering
calculations. These programs deliver a set of -V curves which would be expected for
a given user-specified surface geometry.

Because multiple scattering dominates the electron diffraction process at low ener-
gies, there is no easy way of determining the surface directly such as the Patterson
function in X-ray crystallography. Instead, I-V curves must be calculated for a large
number of model geometries and compared with experimental -V curves. Their
agreement is then quantified by the means of a reliability factor (R factor). There are
several ways of defining such R factors [2.243] with Pendry’s R factor, Rp, being the
most common [2.260]. By convention, Rp is 0 when the agreement is perfect, 1 for
uncorrelated sets of -V curves, and 2 for completely anti-correlated curves (each
maximum of one curve coincides with a minimum of the other). Usually, automated
search procedures, which modify the model geometries to be tested according to the
R factor values achieved by the preceding geometries, are used to find a R factor
minimum within the set of geometrical data to be optimized. The search strategies
are either conventional downhill-oriented algorithms (simplex method, Powell’s
method, Marquard’s algorithm [2.261]), which usually find only the nearest local
minimum, or stochastic Monte-Carlo methods (simulated annealing [2.261], genetic
algorithm [2.262]) which, in principle, always find the global minimum. A set of ex-
perimental and theoretical I-V curves for benzene on Ru(0001) [2.263], depicted in
Fig. 2.49, shows a typical degree of agreement achieved in a structure optimization
for organic molecules.
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T T — ] Fig.2.49. Examples of experimental (solid

lines) and calculated (dashed lines) LEED -V

curves for the p (v/7 x +/7) R19° superstructure

%7;'01%/57) of benzene on Ru(0001). The individual Rp fac-
- tors are indicated in the figure [2.263].
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Usually, the collection of LEED [-V curves requires single crystal surfaces with long-
range order in the upper-most layers. Structural information can, however, also be
obtained in a similar way for certain disordered surfaces, when the energy depen-
dence of the diffusely scattered intensity is analyzed (diffuse LEED [2.264, 2.265]).

2.4.4.2 Experimental Techniques
The standard experimental set-up for collecting LEED [-V curves uses a video cam-
era recording images of the fluorescent screen for each energy (video
LEED) [2.266]. When a conventional video camera is used the rate at which images
are collected is fixed at 50 to 60 Hz. In this case several images (typically between
8 and 256) must be averaged to obtain a satisfying signal-to-noise ratio, especially
for weak superstructure spots. Newer systems often use slow-scan CCD cameras
which can perform the averaging directly on the cooled CCD chip (exposure times
up to several seconds) and therefore avoid multiple readout noise [2.267]. The
images are either stored on a computer hard disk and analyzed in a second round
or the spot intensities are extracted online by a special software. Usually, the inten-
sity is averaged within a given area at the spot position and the averaged local
background outside this area is subtracted from this intensity. Commercially avail-
able data acquisition software also performs the control of the electron energy and
records the electron beam current which is needed to normalize the spot intensi-
ties.

Older experimental arrangements used Faraday cups with small apertures mounted
on goniometers, which could be moved around the sample to collect the back-scat-
tered electron current directly, or spot photometers, which were directed at one dif-
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fraction spot on the fluorescent screen which was then followed by hand while the
energy was varied.

Data collection is mostly performed at normal incidence of the primary electron
beam. Under these conditions usually several equivalent LEED spots exist because
of the surface symmetry. By taking care that the I-V curves of equivalent spots are
identical, normal incidence conditions can be adjusted to within a few tenths of a de-
gree.

2.4.4.3 Computer Programs

Most computer programs currently used for calculating LEED [-V curves are based
on the multiple scattering algorithms outlined in the early works by Pendry, Tong,
and van Hove [2.241, 2.242]. The most common way of calculating LEED [-V curves
is to subdivide the crystal into atomic layers parallel to the surface. All possible mul-
tiple scattering paths inside each layer are first added then combined in a layer dif-
fraction matrix. The total back-diffracted intensity for each LEED spot is then calcu-
lated in a second step by combining these layer diffraction matrices in a way that in-
cludes all remaining multiple scattering paths between the layers. The amount of
computer time needed for calculating a set of -V curves for one model geometry de-
pends on the number of atoms per surface unit cell and on the number of spots
within the LEED pattern. For both the dependence is cubic, so the time require-
ments vary quite substantially from a few seconds up to several hours depending on
the complexity of the surface geometry. The computational effort can be significantly
reduced by making use of rotational or mirror symmetries at the surface.

Some more recent software uses the tensor LEED approximation of Rous and Pen-
dry which can save a substantial amount of computer time [2.268-2.270]. In tensor
LEED the amplitudes A, (0) of all escaping electron waves (spots) are first calculated
conventionally as described above for a certain reference geometry. Then the deriva-
tives of these amplitudes 5A,/3r; with respect to small displacements of each atom i
in this reference geometry are calculated. These derivatives are the constituents of
the “tensor”. The wave amplitude for a modified model geometry where atom i is
displaced by the vector Ar; is then approximately given by:

Ag (A1 = Ag (0) + (8 Ag /0r;) Ar; (2.35)

This way, a simple summation over all displaced atoms avoids a new multiple scat-
tering calculation and is therefore several orders of magnitude faster than a conven-
tional LEED calculation, especially for large surface unit cells with many atoms. Ob-
viously, tensor LEED requires much more storage space and overhead than a conven-
tional LEED calculation, because the derivatives must be stored for each atom at
each energy and the applicability is limited to geometries in the neighborhood of the
reference structure with maximum displacements of a few tenths of Angstroms.

When automated searches are implemented, the LEED [-V calculation and the R
factor comparison are called by the master search program either as subroutines or
as separate programs through the operating system. The LEED I-V calculations are
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always the most time-consuming parts of the searches and the main criterion for se-
lecting search algorithms is to reduce the number of trial geometries.

There are no commercially available computer programs for LEED -V structure de-
terminations. Most programs and their documentation can, however, be downloaded
from the internet or are distributed by the authors [2.271].

2.4.4.4 Applications and Restrictions

Structure analysis by LEED -V is currently the most accurate and reliable way of de-
termining the atomic positions at surfaces. That LEED is sensitive to the atomic po-
sitions not only in the upper-most layer but down to several layers below the surface
makes it an especially ideal tool for studying spontaneous or adsorbate-induced sur-
face reconstructions. General drawbacks are certainly that LEED usually requires or-
dered and conducting surfaces, otherwise charging would distort the LEED pattern.
The computer time needed to calculate the -V curves and the number of trial geo-
metries are factors limiting the complexity of accessible surface structures on the
computational side; the density of LEED spots on the fluorescent screen is a limiting
experimental factor.

Because LEED theory was initially developed for close packed clean metal surfaces,
these are the most reliably determined surface structures, often leading to Rp factors
below 0.1, which is of the order of the agreement between two experimental sets of
I-V curves. In these circumstances the error bars for the atomic coordinates are as
small as 0.01 A, when the total energy range of I-V curves is large enough
(>1500 eV). A good overview of state-of-the-art LEED determinations of the struc-
tures of clean metal surfaces, and further references, can be found in two recent arti-
cles by Heinz et al. [2.272, 2.273].

For more open adsorbate covered and/or reconstructed surfaces certain approxima-
tions used in the standard programs are less accurate and lead to higher Rp factor va-
lues. For simple superstructures of mono-atomic adsorbates or small molecules on
metal surfaces Rp factors between 0.1 and 0.2 can be expected. For large molecules,
which often adsorb in complex superstructures, the optimum Rp factor values are of-
ten as large as 0.3. Because the error margins scale with the optimum R factor value,
the accuracy of atomic coordinates is these latter cases is smaller, with error bars up
to 0.1 A (A recent review concerning structure determinations of molecular adsor-
bates is given by Over [2.274].) In general the accuracy is higher for coordinates per-
pendicular to the surface than for lateral coordinates.

Because of the minimization of the number of dangling bonds semiconductor sur-
faces often show large displacements of the surface atoms from their bulk lattice po-
sitions. As a consequence these surfaces are also very open and the agreement is
more in the range of Rp factor values of approximately 0.2. Determination of the
structure of semiconductor surfaces is reviewed in a recent article by Kahn [2.275].

A relatively complete listing of all surface geometries determined by LEED can be
found in the NIST surface structure data base [2.250].
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Other Electron-detecting Techniques

John C. Riviére

2.5.1
Auger Electron Appearance Potential Spectroscopy (AEAPS)

Because of the emission of an Auger electron as an alternative to soft X-ray photons,
the total secondary electron yield will increase as an ionization threshold is crossed.
It is the total secondary yield that is monitored in AEAPS, in a rather simple experi-
mental arrangement. The secondary current arises not just from the Auger electrons
themselves, but also from inelastic scattering of Auger electrons produced at greater
depths below the surface. Because the yield change is basically a measure of the
probability of excitation of a core-level electron to an empty state above the Fermi
level, the fine structure above the threshold will be similar to that seen in SXAPS.
One of the problems in AEAPS is that of a poorly behaved background, which means
that SXAPS is preferred.

252
lon (Excited) Auger Electron Spectroscopy (IAES)

Auger emission after creation of a core hole by electron or photon irradiation has
been described under AES and XPS. Incident ions can also create core holes, so that
Auger emission as a result of ion irradiation can also occur, giving rise to the techni-
que of TAES. The ions used are normally noble gas ions, but protons and « particles
also have occasionally been used. In addition to the normal Auger features found in
AES and XPS spectra, peaks are found in IAES spectra arising from Auger transi-
tions apparently occurring in atoms or clusters sputtered from the surface. These
peaks do not always coincide with those found in gas-phase excitation, and others
are found that are not present in gas-phase measurements. Because of the complex-
ity of the spectra, IAES cannot be used directly as an analytical technique, but it is
very useful in basic physics experiments that study Auger processes occurring in ex-
cited atoms.

253
lon Neutralization Spectroscopy (INS)

The technique of INS is probably the least used of those described here, because of
experimental difficulties, but it is also one of the physically most interesting. lons of
He" of a chosen low energy in the range 5-10 eV approach a metal surface and
within an interaction distance of a fraction of a nanometer form ion—-atom pairs with
the nearest surface atoms. The excited quasi molecule so formed can de-excite by Au-
ger neutralization. If unfilled levels in the ion fall outside the range of filled levels of
the solid, as for He*, an Auger process can occur in which an electron from the va-
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lence band of the solid fills the core hole in the ion and the excess energy is given up
to another valence electron, which is then ejected. Because either of the valence elec-
trons can come from anywhere within the valence band, the observed energy spec-
trum reflects the local density of states at the solid surface, but is a self-convolution
of the LDOS and of transition probabilities across the valence band. The technique
of INS requires complex mathematical for deconvolution of the spectra. Because the
technique of STS is also capable of extracting the LDOS, the results from INS and
STS should be comparable, but such a comparison does not seem to have been at-
tempted.

254
Metastable Quenching Spectroscopy (MQS)

MQS is, in a sense, an extension of INS. Instead of He" ions, helium atoms in meta-
stable states are used in the incident beam, at the same low energies. The excited
singlet state He*(2'S;) has an energy of 20.62 eV and a lifetime of 2 x 10 s, and so
is suitable. It is produced by expanding helium gas at high pressure through a noz-
zle into a cold cathode discharge sustained by combined electrostatic and magnetic
fields. The high fields prevent ions and fast neutrals from leaving the discharge, and
the beam is then nearly all He*(2'S;). As the metastable ion approaches the surface,
either of two mechanisms can lead to de-excitation; both result in Auger emission si-
milar to INS. If the excited level in the atom can resonate with empty states at the
Fermi level of the surface, electron transfer from the atom to the surface can occur,
leading to resonance ionization of the helium atom. Auger neutralization then oc-
curs as in INS, and the resulting spectrum is again a self-convolution of the LDOS.
If, however, the excited level cannot resonate with empty surface states, then direct
Auger de-excitation can occur, in which the hole in the inner shell of the metastable
helium atom is filled from a surface state of the sample, followed by ejection of the
excited electron from the helium atom. The process is also called Penning ioniza-
tion. In the latter process, only one electron is ejected, and the resulting spectrum is
thus an unconvoluted reflection of the LDOS.

255
Inelastic Electron Tunneling Spectroscopy (IETS)

IETS is unique in that it is entirely surface-specific, but does not require a vacuum
environment and has almost never been performed in UHV. Its principle is rela-
tively simple. If two metals are separated by a thin (~3 nm) insulating layer, and a
voltage is applied across them, electrons can tunnel from one to the other through
the insulator, and if no energy is lost by the electrons, the process is known as elastic
tunneling. If, however, discrete impurity states occur in the interfaces between either
metal and the insulator, or molecules exist in such an interface that have characteris-
tic vibrational energies, then the tunneling electron can give up some of this energy
either to the state or to the vibrational mode, before reaching the other metal. This is
called inelastic tunneling. Obviously, the applied voltage must be greater than the
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state or vibrational energies. If the current across the metal-insulator-metal sand-
wich is recorded as a function of applied voltage, the current increases as the thresh-
old for each state or vibrational mode is crossed. The increases in current are in fact
very small, and for improved detectability the current is double-differentiated with
respect to voltage, thereby providing, in effect, a vibrational spectrum that can be
compared directly with free-molecule IR and Raman spectra.

The metal-insulator-metal sandwich is known as a tunnel junction, and its prepara-
tion is all-important. The standard junction consists of an aluminum strip ca. 60—
80 nm thick and 0.5-1.0 mm wide deposited in a very good vacuum on to scrupu-
lously clean glass or ceramic; the surface of the strip is then oxidized either ther-
mally or by glow discharge. The resulting oxide layer is extremely uniform and ap-
proximately 3 nm thick. Introduction of adsorbed molecules on to the oxide layer, or
“doping”, as it is called, is then effected either by immersion in a solution then spin-
ning to remove excess fluid, or by coating from the gas phase. The final stage in pre-
paration is deposition of the second metal (invariably lead) of the sandwich; this de-
position is performed in a second vacuum system (i.e. not that used for aluminum
deposition), the final thickness of lead being approximately 300 nm, and the width
of the lead strip being the same as that of the aluminum strip. The reason for using
lead is that all IETS measurements are conducted at liquid helium temperature,
4.2 K, to optimize the energy resolution by reducing the contribution of thermal
broadening to the line-width, and lead is, of course, superconducting at that tem-
perature.

Normally not one, but several, junctions are fabricated simultaneously, because the
likelihood of junction failure always exists. After fabrication the electrical connec-
tions are made to the metal electrodes, the junctions are dropped into liquid helium,
and measurements are commenced immediately.

Although insulators other than aluminum oxide have been tried, aluminum is still
used almost universally because it is easy to evaporate and forms a limiting oxide
layer of high uniformity. To be restricted, therefore, to adsorption of molecules on
aluminum oxide might seem like a disadvantage of the technique, but aluminum
oxide is very important in many technical fields. Many catalysts are supported on
alumina in various forms, as are sensors, and in addition the properties of the oxide
film on aluminum metal are of the greatest interest in adhesion and protection.
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3.1
Static Secondary lon Mass Spectrometry (SSIMS)

Heinrich F. Arlinghaus

SSIMS emerged as a technique of potential importance for surface analysis as a con-
sequence of the work of Benninghoven and his group in Miinster [3.1] during the
late nineteen-sixties and early nineteen-seventies (i.e., at roughly the same time as
AES). The prefix “static” was added to distinguish the technique from “dynamic”
SIMS - the difference between the two lying in the incident (or primary) ion current
densities used, of the order of <1 nA cm™ for SSIMS but much higher for dynamic
SIMS. With this low primary ion dose density, spectral data can be generated on a
time scale which is very short compared with the lifetime of the surface layer (typi-
cally surface destruction of <1%).

Together with XPS and AES, SSIMS ranks as one of the principal surface analytical
techniques. Because its sensitivity for elements greatly exceeds that of the other two
techniques and much chemical information is available, its use is rapidly expanding
in many fields of application.

3.1.1
Principles

A beam of positive ions bombards a surface, leading to interactions that cause the
emission of a variety of types of secondary particle, including secondary electrons,
Auger electrons, photons, neutrals, excited neutrals, positive secondary ions, and ne-
gative secondary ions. SSIMS is concerned with the last two of these, positive and ne-
gative secondary ions. The emitted ions are analyzed in a mass spectrometer, resulting
in positive or negative mass spectra consisting of parent and fragment peaks charac-
teristic of the surface. The peaks can be identifiable as arising from the substrate ma-
terial itself, from contaminations and impurities on the surface, or from deliberately
introduced species adsorbed on the surface.

When a heavy energetic particle such as an argon ion (typically 1 to 15 keV) hits a
surface, it will not be stopped short by the first layer of atoms but continues into the
surface until it comes to a halt as a result of energy lost in atomic and electronic scat-
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tering. Along its way the ion displaces some atoms from their original positions in
the solid structure, which as they recoil displace others, which displace additional
atoms, and so on, resulting in a complex sequence of collisions. Depending on the
energy absorbed in an individual collision, some atoms are permanently displaced
from their normal positions, whereas others return elastically after temporary displa-
cement. This sequence is called a collision cascade and is illustrated schematically,
along with some other processes, in Fig. 3.1. As the cascade spreads out from the
path of the primary ion, its effect can eventually reach atoms in the surface layer,
and with enough kinetic energy left, bonds can be broken so that material leaves the
surface in form of neutral or ionized atoms or clusters. The resulting secondary par-
ticle emission is of low energy (peak of energy distribution between 5 to 10 eV) with
over 95% of the secondary particles originating from the top two monolayers of the
solid. Detecting these ionized particles directly with a mass spectrometer thus re-
sults in very high surface sensitivity.

The theoretical aspect of the collision cascade is given by Sigmund’s collision cas-
cade model [3.2] which explains much about the factors involved in the removal of
material from a surface by sputtering, although it cannot predict the extent of posi-
tive or negative ionization of the material. A unified theory of secondary ion forma-
tion in SSIMS does not yet exist, although many models have been proposed for the
process. Because the secondary ion yield (i.e. the probabilities of ion formation) can
vary by several orders of magnitude for the same element in different matrices, or
for different elements across the periodic table, lack of a means of predicting ion
yield in a given situation limits both interpretation and quantification. Some theore-
tical and semi-theoretical models have had some predictive success for a very re-
stricted range of experimental data, but they fail when extended further. The most
important theoretical models are briefly addressed in Sect. 3.2.1; further information
is given elsewhere [3.3].

e

Fig. 3.1. Schematic diagram of the sputtering process.
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31.2
Instrumentation

The instrumentation for SSIMS can be divided into two parts: (a) the primary ion
source in which the primary ions are generated, transported, and focused towards
the sample; and (b) the mass analyzer in which sputtered secondary ions are ex-
tracted, mass separated, and detected.

3.1.2.1 lon Sources

Several ion sources are particularly suited for SSIMS. The first produces positive no-
ble gas ions (usually argon) either by electron impact (EI) or in a plasma created by a
discharge (see Fig. 3.18 in Sect. 3.2.2.). The ions are then extracted from the source
region, accelerated to the chosen energy, and focused in an electrostatic ion-optical
column. More recently it has been shown that the use of primary polyatomic ions,
e.g. SFs, created in EI sources, can enhance the molecular secondary ion yield by
several magnitudes [3.4, 3.5].

Argon ion guns (see also Sect. 3.2.2.1) of the EI type operate in the energy range
0.2-10 keV with a 0.1-1 pA dc current, providing optimum spot sizes on the surface
of approximately 10 um. Discharge-type argon ion guns, often using the duoplasma-
tron arrangement, operate at up to 15 keV, with currents variable up to 20 uA and,
depending on the particular focusing lens system used, providing spot sizes down to
approximately 1 um.

Cesium ions are also sometimes used to enhance the secondary-ion yield of negative
elemental ions and that of some polymer fragments [3.6]. They are produced by sur-
face ionization with an extraction technique similar to that of EI sources.

Another type of ion gun produces positive ions from a liquid metal (almost always
gallium) in the manner shown schematically in Fig. 3.2 [3.7]. A fine needle (f, tip ra-
dius ~5 um) of refractory metal passes through a capillary tube (d) into a reservoir of
liquid metal (e). The liquid is drawn up through the tube over the needle tip by capil-

Fig. 3.2. Schematic diagram of the design and
operation of a liquid-metal ion source (LMIS)
[3.7]; (a) metal ions; (b) extractor; (c) liquid-
metal film; (d) capillary tube; (e) liquid metal;
(f) needle.
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lary action. Application of 10-30 keV between the needle and a nearby extractor elec-
trode (b) draws the liquid up into a cusp (Taylor cone) as a result of the combined
forces of surface tension and electrostatic stress. Ions are formed in the region just
above the cusp and are then accelerated through an aperture in the extractor and fo-
cused through an ion optical column onto the sample surface. Gallium is mainly
used as the liquid metal because its melting point is 30 °C and it thus remains liquid
at room temperature; other metals such as In and Au have been tried but require
heating of the reservoir. Because ion production occurs in a very small volume, gal-
lium liquid metal ion sources (LMIS) are very bright (~10' Am™ Sr''). As a result,
the ion beam can be focused to a fine spot, resulting in a spot size of 0.2 um at
8-10 keV; this is reduced to approximately 20 nm at 30 keV.

All ion gun optical columns are provided with deflection plates for scanning the ion
beam over areas adjustable from a few square micrometers to many square milli-
meters. They have been adapted for pulsing by the introduction of additional deflec-
tion plates which rapidly sweep the beam across an aperture. By applying an ion
beam bunching technique, ion pulses less than 1 ns wide can be produced.

3.1.2.2 Mass Analyzers

To minimize surface damage, static SIMS mass spectrometers should be as efficient
as possible for detecting the total yield of secondary ions from a surface. Also, to be
able to separate elemental from molecular species, and molecular species from each
other, the mass resolution usually given as the mass m divided by the separable
mass Am, should be very high. With this in mind, two types of mass spectrometer
have been used — in early work mainly quadrupole mass filters and, more recently,
time-of-flight mass spectrometers.

3.1.2.2.1 Quadrupole Mass Spectrometers

Quadrupole mass spectrometers have been in use for many years as residual gas
analyzers (with an ionizing hot filament) and in desorption studies and SSIMS.
They consist of four circular rods, or poles, arranged equally spaced in a rectangular
array and exactly coaxial. Figure 3.3 indicates the arrangement, as depicted by Krauss
and Gruen [3.8]. Two voltages are applied to the rods, a dc voltage (Uy.) and an rf vol-
tage (U~ U,cos wt). When an ion with a certain mass-to-charge ratio, m/q enters
the space between the rods it is accelerated by the electrostatic field and for a particu-
lar combination of dc and rf voltages the ion has a stable trajectory and passes to a
detector. For other combinations of voltages, the trajectory diverges rapidly and the
ion is lost either as a result of hitting one of the poles or by passing between them to
another part of the system. The mass resolution is governed by the dimensions of
the mass spectrometer, the accuracy of its construction, and the stability and repro-
ducibility of the ramped voltage. The quadrupole mass spectrometer is compact,
does not require magnets, and is entirely ultra-high vacuum compatible — hence its
popularity. It does have disadvantages, however, in that its transmission (typically
<1%) is very low and decreases with increasing mass number. It is, furthermore, a
scanning instrument enabling only sequential transmission of ions, all other ions
being discarded. The information loss is, therefore, very high.
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Fig. 3.3. Experimental arrangement used  trometer; (f) charge detecting electron mul-
by Krauss and Gruen for SSIMS [3.8]; a qua- tiplier; (g) quadrupole power supply; (h)

drupole mass spectrometer was used for pulse amplifier; (i) 1SO amplifier; (j) rate
mass analysis and a retarding-field analyzer ~meter; (k) multichannel analyzer; (I) mass
for prior energy selection; (a) ion gun; (b)-  programmer; (m) sawtooth generator; (n)

(d) lenses 1-3; (e) quadrupole mass spec-  exit hole for neutrals.

3.1.2.2.2 Time-of-flight Mass Spectrometers (TOFMS)
Because the quadrupole mass spectrometer is unsuitable for the analysis of large mo-
lecules on surfaces or of heavy metals and alloys, the TOF mass spectrometer was
developed for use in SSIMS by Benninghoven and coworkers [3.9]. In a TOF mass ana-
lyzer (Fig. 3.4), all sputtered ions are accelerated to a given potential V (2-8 keV), so
that all ions have the same kinetic energy. The ions are then allowed to drift through a
field-free drift path of a given length L before striking the detector. According to the
equation (mL%)/(2t*) = qU,, light ions travel the fixed distance through the flight tube
more rapidly than identically charged heavy ions. Thus, measurement of the time, t,
of ions with mass-to-charge ratio, m/q, provides a simple means of mass analysis with
t* = (mL?*)/(2qU,) oc m/q. Because a very well defined start time is required for flight
time measurement, the primary ion gun must be operated in a pulsed mode to enable
delivery of discrete primary-ion packages [3.10]. Electric fields (e.g. ion mirrors [3.10,
3.11] or electrical sectors [3.12, 3.13]) are used in the drift path to compensate for dif-
ferent incident energies and angular distributions of the secondary ions. For good
mass resolution (m/Am = 10000), the flight path must be sufficiently long (1-1.5 m),
and very sophisticated high-frequency pulsing and counting systems must be em-
ployed to time the flight of the ion to within a tenth nanosecond. One great advantage
of TOFMS is its capacity to provide simultaneous detection of all masses of the same
polarity. Raw data acquisition [3.14] enables the reconstruction of TOF spectra for any
ion species as a function of depth and lateral position.

The original TOF design [3.9] used pulsed beams of argon ions, but commercial de-
velopment of the LMIS has significantly extended the capabilities of the TOF system.



3.1 Static Secondary lon Mass Spectrometry (SSIMS) |91

Fig. 3.4. Schematic diagram of the a electron impact ion source (Ar*)
imaging time-of-flight SSIMS system b liquid metal ion source (Ga*)
used at the University of Miinster, ¢ coolable and heatable target M'

G holder
ermany. d secondary ion optics

e gridless reflectron
f detector

T
1

T T T T T T T TTTTT

I T T O O O O T O O
[a+]

The principle of LMIS operation enables the beam of isotopical enriched **Ga*
ions to be focused to a probe of 50-nm minimum diameter, while being pulsed at
frequencies up to 50 kHz and rastered at the same time. Operating an LMIS at
beam currents of 10-100 pA makes it possible to perform scanning SSIMS and to
produce secondary ion images from all masses. Pulsing of the ion source is
achieved by rapid deflection of the ion beam across a small aperture, the pulse
length being variable between 1 and 50 ns. The flight path length is 1.5 m, part of
which includes an energy compensator (ion mirror) to ensure that all ions of the
same mass, but of different energies, arrive at the same time. Secondary electron
detectors (SED) enable generation of topographical images produced by ion-in-
duced secondary electrons; a low-energy (=20 eV) electron flood gun can be used
for charge compensation, if an insulating sample is analyzed; a temperature-con-
trolled sample holder enables acquisition of SSIMS data as a function of surface
temperature (temperature-programmed SIMS, TPSIMS).

With such a TOF-imaging SSIMS instrument, the useful mass range is extended be-
yond 10000 amu; the mass resolution, m/Am, is ~10000 with simultaneous detec-
tion of all masses; and within each image, all masses can be detected. The number
of data generated in a short time is enormous, and very sophisticated data acquisi-
tion systems are required to handle and process the data.
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3.1.3
Quantification

By bombarding a surface consisting of species A with primary ions, the surface cov-
erage of A is reduced. Particles of A can be removed by desorption, by driving them
into a deeper layer or, for molecular species, by fragmentation. The ratio of the num-
ber of sputtered particles to the number of primary ions is given by the disappear-
ance yield Yp(A):

No. of sputtered A

Yp(A) =
>(®) No. of primary ions

(3.1)

A quantity related to the disappearance yield for a particle of a species which covers a
solid surface with a surface density 9 (A), is the disappearance cross-section, op (A):

(3.2)

op(A) corresponds to the average area damaged by one primary ion impact. The
change of the surface density 3 (A) with increasing primary ion fluence Fp; is given
by Eq. (3.3):

S(A,FPI) = 9(A)0 exp (—UD (A) FPI) (33)

Some particles sputtered from the surface are neutral whereas others are charged.
Molecular particles can be emitted either as intact molecules or fragmented. The
probability of the desorption of A into the emission channel X{ is given by the trans-
formation probability P(A — X{):

No. of emitted particles X!
No. of sputtered A

P(A— X} = (3.4)

where i is an index distinguishing between the different emission channels and g is
the charge of the particle X; with g = 0, £1, £2, +3, ... The transformation probability
for ionization cannot be measured easily because it is highly dependent on matrix
and concentration. This is, in fact, the principal obstacle to achieving proper quanti-
fication in SSIMS (“matrix effect”).

The average number of emitted particles X{ per incident primary ion is given by the
secondary yield Y9 (X{):

Y@ (x9) = No. of particles X

3.5
No. of primary ions (3-5)

For the detection of sputtered ions, the transmission T (X{) of the mass spectrometer
and the detection probability D (X{) must be taken into account. Their product gives
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the probability of detecting one sputtered particle. For a TOF mass spectrometer,
both T'(X{') and D (X{) are typically 10-50 %.

The number of detected particles per incident primary ion is given by the detected
yield Y/(X{):

No. of detected X

9y _
Y X = No. of primary ions (36
An important quantity is the so-called useful yield Y, (X{(A)):
No. of detected X
Y, (X{(A) = 1 (3.7)

No. of sputtered A

Useful yield provides an overall measure of the extent to which the sputtered mate-
rial is used for analysis. It is a quantity employed to estimate the sensitivity of the
mass spectrometric method. Values of Y, (X{!(A)) for elements typically range from
107° to 10~* in TOF SIMS. The number of sputtered particles A per incident primary
ion (sputtering yield) can be measured from elemental and multielemental standards
under different operational conditions and can, therefore, by judicious interpolation
between standards, be estimated with reasonable accuracy for the material being
analyzed.

Because measuring A can be problematic, quantification is normally performed by
relative sensitivity factor (RSF) methods. If a species A on the surface is detected by
the ion X, the ratio of the detected ion current I (X{) to the primary ion current Ip,
and the surface density 9 (A) is called the practical sensitivity factor S, (X{'(A)):

In (X)

5 (067 (A) = 5 3

(3.8)

The ratio of two practical sensitivity factors is called the RSF S (X{(A), X{ (B), which
is independent of the primary ion current Ip;:

S (@A) LX) 8B
SXIB) Izx¥) $(A)

S(x1(A), XY (B)) = (3.9)

By using RSFs it is possible to determine surface densities of other species, if the
surface density of the reference species 3 (B) is known.

Although the RSF contains matrix-dependent quantities, their variations are damped
to some extent by virtue of taking ratios, and in practice the RSF is assumed constant
for low concentrations of A (e.g. <1 atom%). It can be evaluated from measure-
ments on a well-characterized set of standards containing A in known dilute concen-
trations. The accuracy of the method, however, is not as high as in laser-SNMS and
XPS.
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3.1.4
Spectral Information

A SSIMS spectrum, like any other mass spectrum, consists of a series of peaks of dif-
ferent intensity (i.e. ion current) occurring at certain mass numbers. The masses
can be allocated on the basis of atomic or molecular mass-to-charge ratio. Many of
the more prominent secondary ions from metal and semiconductor surfaces are sin-
gly charged atomic ions, which makes allocation of mass numbers slightly easier.
Masses can be identified as arising either from the substrate material itself, from de-
liberately introduced molecular or other species on the surface, or from contamina-
tions and impurities on the surface. Complications in allocation often arise from iso-
topic effects. Although some elements have only one principal isotope, for many
others the natural isotopic abundance can make identification difficult.

Figure 3.5 shows the positive SSIMS spectrum from a silicon wafer, illustrating both
the allocation of peaks and potential isobaric problems. SSIMS reveals many impuri-
ties on the surface, particularly hydrocarbons, for which it is especially sensitive. The
spectrum also demonstrates reduction of isobaric interference by high-mass resolu-
tion. For reasons discussed in Sect. 3.1.3, the peak heights cannot be taken to be di-
rectly proportional to the concentrations on the surface, and standards must be used
to quantify trace elements.

The relationship between what is recorded in a SSIMS spectrum and the chemical
state of the surface is not as straightforward as in XPS and AES (Chap. 2). Because of
the large number of molecular ions that occur in any SSIMS spectrum from a multi-
component surface (e. g. during the study of a surface reaction), much chemical infor-
mation is obviously available in SSIMS, potentially more than in XPS. The problem in
using the information from a molecular ion lies in the uncertainty of knowing
whether or not the molecule represents the surface composition. For some materials,
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Fig.3.5. High-mass-resolution TOF SIMS spectrum of a contaminated Si wafer.
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Fig. 3.6. Positive SSIMS spectrum of 16 -
polystyrene (M,, = 5100, M,, .1 = 4500,
M, core = 5600) from a TOFMS [3.15]. 14
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e.g. polymers, the clusters observed are definitely characteristic of the material, as
seen in Fig. 3.6, from Bletsos et al. [3.15], in which the SSIMS spectrum from poly-
styrene measured in a TOFMS contains peaks spaced at regular 104-mass-unit inter-
vals, corresponding to the polymeric repeat unit. SSIMS measurements have also
proved to be a very powerful tool in the characterization of additives in plastic mate-
rials. On the other hand, for example during oxidation studies, various metal-oxygen
clusters are usually found in both positive and negative secondary ion spectra, the rela-
tionship of which to the actual chemical composition is problematic. Figure 3.7, from
McBreen et al. [3.16], shows SSIMS spectra recorded after interaction of oxygen with
half a monolayer of potassium adsorbed on a silver substrate. The positive and nega-
tive spectra both show evidence of K;O; clusters which the authors were unable to
relate to the surface condition, although quite clearly much chemical information is
available. Sometimes, the use of pure and well-characterized standards can be of help
in the interpretation of complex spectra.
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Fig. 3.7. SSIMS spectra after interaction of oxy- bed on silver, at 400 K [3.16]; (A) positive SSIMS
gen with half a monolayer of potassium adsor-  spectrum; (B) negative SSIMS spectrum.
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In conclusion, SSIMS spectra provide not only evidence of all the elements present,
but also detailed insight into molecular composition. Quasimolecular ions can be
desorbed intact up to 15000 amu, depending on the particular molecule [3.17] and
on whether an effective mechanism of ionization is present. Larger molecules can
be identified from fragment peak patterns which are characteristic of the particular
molecules. If the identity of the material being analyzed is completely unknown,
spectral interpretation can be accomplished by comparing the major peaks in the
spectrum with those in a library of standard spectra.

3.15
Applications

In general, SSIMS tends not to be used for the quantification of surface composition
because of all the uncertainties described above. Its application has been more qualita-
tive in nature, with emphasis on its advantages of high surface specificity, very high
sensitivity for certain elements and molecules, multiplicity of chemical information,
and high spatial resolution in the TOF imaging mode. It can be used to determine the
surface composition, and the surface contaminants present, as a function of lateral po-
sition for all kinds of material, e. g. metals, alloys, semiconductors, oxides, carbides,
ceramics, glasses, organic molecular species, organometallic compounds, biomole-
cules, and polymers, etc. It can also be used to study surface phenomena such as adhe-
sion, chemi- and physisorption, wettability, wear and tear, lubrication, chemical reac-
tivity, corrosion, surface diffusion, and segregation, etc. As a common analytical tool it
is currently used for many applications, e.g. coatings, composite materials, micro-
and nanoelectronics, heterogeneous catalysis, biosensors, combinatorial chemistry,
pharmaceuticals, medical implants, chromatographies, sensors, painting, environ-
ment control and protection, and failure analysis, etc.

3.1.5.1 Oxide Films

Compared with XPS and AES, the higher surface specificity of SSIMS (1-2 mono-
layers compared with 2-8 monolayers) can be useful for more precise determination
of the chemistry of an outer surface. Although from details of the O1s spectrum,
XPS could give the information that OH and oxide were present on a surface, and
from the Cls spectrum that hydrocarbons and carbides were present, only SSIMS
could be used to identify the particular hydroxide or hydrocarbons. In the growth of
oxide films for different purposes (e.g. passivation or anodization), such information
is valuable, because it provides a guide to the quality of the film and the nature of
the growth process.

One important area in which the properties of very thin films play a crucial role is
the adhesion of aluminum to aluminum in the aircraft industry. For bonds of the re-
quired strength to form, the aluminum surfaces must be pre-treated by anodization,
which creates not only the right chemical conditions for adhesion but also the right
structure in the resulting oxide film. Films formed by anodizing aluminum in phos-
phoric acid under ac conditions have been studied by Treverton et al. [3.18] using
both SSIMS and XPS. Knowledge both of the chemistry of the outer monolayers in
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terms of aluminum oxides and hydroxides, and of the nature and extent of any con-
tamination introduced by the anodizing process, was important. Fig. 3.8 compares
the positive and negative SSIMS spectra obtained after anodizing for 3 and 5 s at
20 V and 50 Hz. Both sets of spectra show that the longer anodizing treatment re-
sulted in significant reduction in hydrocarbon contamination (peaks at 39, 41, 43,
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and 45 amu in the positive spectrum, and 25, 41, and 45 amu in the negative), and
marked increases in oxide- and hydroxide-associated cluster ions at 44, 61, 70, and
87 amu (positive) and 43 and 59 amu (negative), respectively. At higher masses,
peaks allocated to Al,O,H™, Al,0O3, and Al;O5 were also identified. Residual PO; and
POj3 from the anodizing bath were reduced as a result of the longer anodizing time.
The low level of contaminants is important, because the adhesive coating can then
wet the surface more effectively, leading to improved adhesion. In addition, the
change from AlO™ (mass 43) to AIOH" (mass 44) in aluminum chemistry as a result
of changing from 3- to 5-s anodizing is a significant effect that could not have been
established by XPS.

3.1.5.2 Interfaces

The protection of steel surfaces by paint depends significantly on the chemistry of
the paint-metal interface. The system has many variables, because the metal surface
is usually pretreated in a variety of ways, including galvanizing and phosphating. In-
deed, there are probably several interfaces of importance, and corrosion protection
might be a function of the conditions at all of them.

As one of the final step in car production, visual checks are performed to determine
the quality of the paint layers. If defects are observed, the car will not be processed
further, and paint repair is necessary. Figs 3.9 and 3.10 describe the analysis of such
a defect (crater in a red paint coat) [3.19]. The upper sequence of Fig. 3.9 depicts a
series of optical images of the defect for different fields of view (the right image is
approximately 150 x 150 um?). Paint remnants can be observed in the center of the
crater. The second row of Fig. 3.9 shows ion-induced secondary electron images
taken from the crater with a highly focused liquid metal ion beam. The images
clearly depict the crater topography.

Figure 3.10 shows the secondary ion spectra recorded from within the defect and its
surroundings. The spectrum from the defective area clearly shows the presence of a
polluting perfluorinated polyether structure (the C,F; peaks and the peak at mass
47 amu (CFO™) are diagnostic of the polyether structure).

The third sequence in Fig. 3.9 shows a mass-resolved secondary ion image recorded
from the crater. On the far left, the lateral distribution of the uncharacteristic hydro-
carbon C3;Hz can be seen. The signal is enhanced in the crater because of increased
sputtering yield. Topographical information can be obtained from hydrocarbon
images. The next image shows the lateral distribution of the silicone oil, which is in-
corporated into the paint as a smoothing agent. It can be seen that silicone oil is de-
tected only from the paint itself and not in the crater bottom. The silicone oil can,
therefore, be excluded as the cause of the defect. The last three images show the lat-
eral distributions of several C,F; fragments, indicating unambiguously that the per-
fluorinated polyether is found exclusively in the crater.

Later it was found that the polluting lubricant droplets originating from the trans-
port belts used in the production; they had fallen into the paint bath and prevented
adhesion of the paint to the metal. It can be concluded that the high sensitivity of
SSIMS in the detection of submonolayer coverage of organic species makes it an ex-
tremely powerful tool for solving such interface problems.
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Fig.3.9. Video images, ion-induced secondary  of a defect in car paint; white signal corresponds
electron images, and mass-resolved ion images  to high intensities, black to low intensities [3.19].
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3.1.5.3 Polymers

Treatment of polymer surfaces to improve their wetting, water repulsion, and adhe-
sive properties is now a standard procedure. The treatment is designed to change
the chemistry of the outermost groups in the polymer chain without affecting bulk
polymer properties. Any study of the effects of treatment therefore requires a techni-
que that is specific mostly to the outer atomic layers; this is why SSIMS is exten-
sively used in this area.

Plasma etching is a favored form of surface treatment. Depending on the conditions
of the plasma discharge (i.e., nature of the discharge gas, gas pressure, rate of gas
flow, discharge power and frequency, and substrate polarity), plasma etching can al-
ter the chemical characteristics of a surface over a wide range. A plasma discharge is
by nature highly controllable and reproducible. The effects of plasma treatment on
the surface of polytetrafluoroethylene (PTFE) have been studied by Morra et al. [3.20]
using combined SSIMS and XPS. They found, as is apparent from Fig. 3.11, that not
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only did the plasma change the surface chemistry, but the surface emission frag-
ments themselves led to a temporary change of the plasma discharge conditions.
Thus the untreated (Fig. 3.11A) and 15 min oxygen plasma-treated (Fig. 3.11C) posi-
tive-ion spectra are virtually identical, whereas the 0.5 min oxygen plasma-treated
spectrum (Fig. 3.11B) is quite different. The initial breakup of the PTFE surface pro-
duced hydrocarbon fragments which reacted with the oxygen to produce water vapor,
thus changing the local nature of the discharge gas. The important deduction to be
made is that one of the vital conditions in plasma treatment is the length of contact
time; in this instance the surface was unchanged if the contact time was too long.

Other SSIMS studies of polymer surfaces have included perfluorinated polyether
[3.21], low-density polyethylene [3.22], poly(ethylene terephthalate) [3.23], and the
oxidation of polyetheretherketone [3.24].

3.1.5.4 Biosensors

In recent years, biosensor chip technology has been a subject of growing interest for
a variety of applications. In particular, DNA sequencing chips based on the method
of sequencing by hybridization are becoming increasingly important. Unknown
DNA sequences, which are typically labeled with radioactive or fluorescent markers,
are hybridized to known complementary short DNA sequences called oligodeoxynu-
cleotides (ODN), which have been immobilized on a solid surface [3.25-3.27]. This
method has become valuable for clinical diagnostics, the sequencing of ¢cDNAs or
the partial sequencing of clones, DNA and RNA sequencing, gene polymorphism
studies, and identification of expressed genes. Use of peptide nucleic acid (PNA) hy-
bridization biosensor chips [3.26, 3.27] would even enable the sequencing of unla-
beled DNA. PNA is a synthesized DNA analog in which both the phosphate and the
deoxyribose of the DNA backbone are replaced by polyamides, resulting in a phos-
phate-free PNA backbone. This enables detection of the presence of DNA from a
phosphate signal.

Figure 3.12 depicts TOF SIMS spectra obtained from ODN and PNA immobilized
on silanized silicon wafers. The spectra clearly demonstrate that the masses corre-
sponding to PO; and POj3 provide the best correlation of the presence of ODN, en-
abling their use for precise distinction between ODN and PNA. The CF3 and
C,0,F3 peaks seen in the PNA spectra represent trifluoroacetic acid, which was part
of the PNA solution. Deprotonated (Cyt-H)™ and (Thy-H)~ signals of the bases cyto-
sine and thymine are observed for both immobilized PNA and ODN sequences and
can be used to detect the presence of these bases.

Figure 3.13 shows the thermal stability of immobilized ODN and PNA. The signal
for the Thy- and Cyt-bases obtained with temperature-programmed (TP) SIMS starts
to decrease at approximately 150 °C for ODN and 200 °C for PNA. This variance is
caused by the different strengths of binding between the bases and the sugar—phos-
phate and peptide backbones, respectively.

The data show that SSIMS can be used as a tool for characterizing the different steps
in the production of biosensors, or even for sequencing. Similarly, SSIMS can be
used to solve a variety of problems in bioanalytical chemistry, e. g. screening of com-
binatorial libraries, characterizing Langmuir-Blodgett layers, etc.
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3.1.5.5 Surface Reactions

Because of the inherently destructive nature of ion bombardment, the use of SSIMS
alone in the study of the reactions of surfaces with gases and vapor must be viewed
with caution, but in combination with other surface techniques it can provide valu-
able additional information. The parallel techniques are most often XPS, TDS, and
LEED, and the complementary information required from SSIMS normally refers to
the nature of molecules on surfaces and with which other atoms, if any, they are
combined.

A typical SSIMS spectrum of an organic molecule adsorbed on a surface is that of
thiophene on ruthenium at 95 K, shown in Fig. 3.14 (from the study of Cocco and
Tatarchuk [3.28]). Exposure was 0.5 Langmuir only (i.e. 5 x 107 torr s = 37 Pa s),
and the principal positive ion peaks are those from ruthenium, consisting of a series
of seven isotopic peaks around 102 amu. Ruthenium-thiophene complex fragments
are, however, found at ca. 186 and 160 amu; each has the same complicated isotopic
pattern, indicating that interaction between the metal and the thiophene occurred
even at 95 K. In addition, thiophene and protonated thiophene peaks are observed at
84 and 85 amu, respectively, with the implication that no dissociation of the thio-
phene had occurred. The smaller masses are those of hydrocarbon fragments of dif-
ferent chain length.

SSIMS has also been used to study the adsorption of propene on ruthenium [3.29],
the decomposition of ammonia on silicon [3.30], and the decomposition of methane
thiol on nickel [3.31].
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Fig. 3.14. Positive SSIMS spectrum from Ru (001) after expo-
sure to 0.5 L thiophene at 95 K [3.28].
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3.1.5.6 Imaging

SSIMS has been used in the TOF SSIMS imaging mode to study very thin layers of
organic materials [3.32-3.36], polymeric insulating materials [3.37], and carbon fiber
and composite fracture surfaces [3.38]. In these studies a spatial resolution of ca.
80 nm in mass-resolved images was achieved.

Figure 3.15 shows several mass-resolved images of polymer blends (Nylon 6 (Ny6)
and bisphenol A polycarbonate (PC)), mixed for 20 and 40 min, respectively [3.39].
Reactive blending of polymers and exchange reactions that can occur during the
melt-mixing process have attracted considerable interest from many researchers. Re-
active mixing of immiscible polymers can lead to partial compatibilization of the two
components with properties advantageous for technological applications. It is evi-
dent that the 20-min sample is quite inhomogeneous, with large distinct domains of
different composition, whereas for the 40-min sample the distribution is more
homogeneous. Detailed spectral analysis of the different imaging regions supported
the picture that reactive mixing and compatibilization of Ny6/PC blends occurs via
the incorporation of PC in the nylon phase.

TOF SIMS imaging can also be used to detect extremely small particles on a variety
of substrates, e.g. silicon wafers or photographic films [3.40]. Figure 3.16 depicts

PC-MNy6 blend Field of view: 125x 125 pm®
20 min, 240°C

20 pm

total ion image A28+30+55+56+114 BS0+51+77+91+135 overlay A+B
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Ea i et d i o SR

total ion image A28+30+55+56+114 BS0+51+77+91+135 overlay A+B
Fig. 3.15. Secondary ion images of blends the mass-resolved images pertaining to the mas-
melt-mixed for 20 min (top) and 40 min (bot- ses listed below each image. Also shown are the

tom). Images A and B were obtained by adding  overlays of A (black) and B (white) [3.39].
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Br Ag Cl

Fig. 3.16. High-resolution TOF SIMS images of silver bromide
and silver chloride crystals.

images of silver bromide and silver chloride crystals, demonstrating the high spatial
resolution (50 nm) possible with TOF SIMS. Current development is aiming to
reach a spatial resolution for chemical mapping of approximately 20 nm.

3.1.5.7 Ultra-shallow Depth Profiling

In recent years TOF SIMS has also proved to be a very powerful tool for ultra-shallow
depth profiling, having the advantage of simultaneously detecting all elements of in-
terest. The dual beam mode [3.41], in particular, (see Sect. 3.2.2.1) enables optimized
depth resolution, because sputtering conditions can be independently optimized.
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Figure 3.17 depicts an ultra-shallow TOF SIMS depth profile of a 100-eV B-implant
in Si, capped with 17.3 nm Si. The measurement was performed with 600-eV SFs-
sputtering and with O,-flooding. The original wafer surface, into which the B was
implanted, is indicated by the maxima of the alkali- and C-signals. Because of these
contaminants, a minimum is observed in the **Si-signal. The dynamic range of the
B-profile is more than 3.5 decades and the depth resolution is <0.5 nm.

3.2
Dynamic Secondary lon Mass Spectrometry

Herbert Hutter

Today dynamic SIMS is a standard technique for measurement of trace elements in
semiconductors, high performance materials, coatings, and minerals. The main ad-
vantages of the method are excellent sensitivity (detection limit below 1 pmol mol™)
for all elements, the isotopic sensitivity, the inherent possibility of measuring depth
profiles, and the capability of fast direct imaging and 3D species distribution.

The first SIMS instrument was built by Herzog and Viehboeck [3.42] in Vienna in
the nineteen-forties. In the early nineteen-sixties, Herzog and Liebl [3.43] built the
first sophisticated SIMS instrument at about the same time as Castaing and Slodzian
in Paris [3.44]. In 1970, Benninghoven was the first to use the acronym SIMS [3.45].

3.21
Principles

The bombardment of a sample with a dose of high energetic primary ions (1 to
20 keV) results in the destruction of the initial surface and near-surface regions
(Sect. 3.1.1). If the primary ion dose is higher than 10" ions mm™ the assumption
of an initial, intact surface is no longer true. A sputter equilibrium is reached at a
depth greater than the implantation depth of the primary ions. The permanent bom-
bardment of the sample with primary ions leads to several sputter effects more or less
present on any sputtered surface, irrespective of the instrumental method (AES,
SIMS, GDOES ...).

Compensation of Preferential Sputtering. The species with the lower sputter yield is en-
riched at the surface. This effect is called preferential sputtering and complicates, e.g.,
Auger measurements. The enrichment compensates for the different sputter yields of
the compound or alloy elements; thus in dynamic SIMS (and other dynamic techni-
ques in which the signal is derived from the sputtered particles, e.g. SNMS, GD-MS,
and GD-OES), the flux of sputtered atoms has the same composition as the sample.

Atomic Mixing. Depending on their mass, energy and impact angle the primary ions
reach a mean depth until they are finally stopped by many collisions with sample
atoms. Sample atoms are moved from their initial locations (see Sect. 3.1.1). This re-
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sults in atomic mixing of the near-surface region and limits the depth resolution.
Small primary ion energies, the use of molecular primary ions within which total en-
ergy is distributed to the split-off atoms according to their mass (see Sect. 3.1.5.7),
and oblique bombardment angles reduce this effect.

Implantation of Primary Ions. The primary ions are implanted in the sample and
thereby influence the chemical constitution. For energies in the 20 keV range the im-
plantation depth is approximately 30 nm. The sputter yield, i.e. the ratio of second-
ary to primary particles (not only ions), is energy-dependent and has a maximum in
the 10 keV range.

Crater Bottom Roughening. Depth resolution is also limited by roughening of the cra-
ter bottom under the action of ion bombardment. On polycrystalline samples this
can be because of different sputter yields of different crystal orientations, because
the sputter yields of single crystals can vary by a factor of two depending on their or-
ientation. Because of this type of roughening, depth resolution deteriorates with in-
creasing sputter depth.

Sputter-induced Roughness. Sputtering single crystal semiconductors, in particular [1-
VI semiconductors, with Cs™ ions results in surface roughening. There is currently
no satisfactory explanation of this effect. This effect, and the corresponding reduc-
tion of the depth resolution, can be avoided by rotating the sample during the mea-
surement.

Charging Effects. The electrostatic potential of non-conducting samples and layers is
changed due to the bombardment of charged atoms and the emission of secondary
electrons and ions. Usually this results in a positive charging of the sample and a
corresponding drift of the secondary ion energy. On good insulators this charging
reaches such high values that the primary ions are repelled by the surface making
analysis impossible. In order to compensate for this effect, low-energy electrons can
be directed to the surface (“electron shower”).

Because of the complex situation on the surface, satisfactory theoretical description
of the ionization process leading to secondary ion formation has not yet been possible.
Different ionization mechanisms have been proposed:

Electron-tunneling Model. Several models based on quantum mechanics have been in-
troduced. One describes how an electron of the conducting band tunnels to the leav-
ing atom, or vice versa. The probability of tunneling depends on the ionization po-
tential of the sputtered element, the velocity of the atom (time available for the tun-
neling process) and on the work function of the metal (adiabatic surface ionization,
Schroeer model [3.46]).

Broken Bond Model were developed to describe the process of ionization of ionic com-
pounds, especially under primary oxygen-ion bombardment — or gas admission (“O,
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shower”). The model requires the presence of an oxide layer on the surface. The
binding electrons remain at the oxygen atom and, therefore, the emission of posi-
tively ionized atoms results [3.47].

Local Thermodynamic Equilibrium (LTE). This LTE model is of historical importance
only. The idea was that under ion bombardment a near-surface plasma is generated,
in which the sputtered atoms are ionized [3.48]. The plasma should be under local
equilibrium, so that the Saha—Eggert equation for determination of the ionization
probability can be used. The important condition was the plasma temperature, and
this could be determined from a knowledge of the concentration of one of the ele-
ments present. The theoretical background of the model is not applicable. The rea-
son why it gives semi-quantitative results is that the exponential term of the Saha—
Eggert equation also fits quantum-mechanical expressions.

322
Instrumentation

The basic instrumental set-up for dynamic SIMS is the same as for SSIMS
(Sect. 3.1.2). Depending on the intensity, beam diameter, and ion species needed, dif-
ferent ion sources are used. Several mass analyzers with different characteristics en-
able a broad field of applications.

3.2.2.1 lon Sources

Bombardment with reactive species increases the ionization yield and, therefore, the
SIMS sensitivity. Electropositive elements are more sensitively detected by use of
oxygen bombardment, electronegative elements with Cesium bombardment
(Sect. 3.2.3). In dynamic SIMS, therefore, Cs* or O3 ions are usually used for sample
sputtering. Because of the lower melting point of gallium and, as a consequence, the
higher achievable brightness of a Ga™ source, this type is also used for fine-focus
imaging applications, despite its lower sensitivity. A liquid metal ion source (LMIS)
described in Sect. 3.1.2.1 can also be run with Cs*. O3 beams are produced in elec-
tron impact/extraction or duoplasmatron sources.

Electron impact (EI) ion sources are the simplest type. O,, Ar, or another (most often
noble) gas flows through an ionization region similar to that depicted in Fig. 3.30.
Electrons from an incandescent filament are accelerated to several tens of eV by
means of a grid anode. A 20-100 eV electron impact on a gas atom or molecule typi-
cally effects its ionization. An extraction cathode accelerates the ions towards electro-
static focusing lenses and scanning electrodes.

The Duoplasmatron (Fig. 3.18). In the Duoplasmatron, gas-discharge ion sources are
used for bombardment with oxygen or argon. In dynamic SIMS, especially, the use
of O3 ions is common because of the chemical enhancement effect. With a duoplas-
matron ion beam currents of several microamps can be generated. The diameter of
the beam can be focused down to 0.5 um.
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Fig. 3.18. Schematic diagram of a Intermediate ] _— Anode
Duoplasmatron ion source. electrode . o
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The attainable particle current density per solid angle of the beam (ions um=2s " sr™")
is an inherent property of the ion source, the so-called brightness. Because of this, re-
duction of the beam diameter is effected by reducing the beam current.

Dual-beam Technique for TOF Instruments. Because of their low duty cycle, TOF in-
struments are less suitable for common depth profiles. If only one fine-focus pulsed
ion gun is used, the sample is bombarded by primary ions for only 0.1% of the time;
it would, therefore, take a long time to reach deeper regions. But by the use of a sec-
ond ion gun working anti-cyclically to the “measuring” beam, without an applied ac-
celerating potential, substantial amounts of sample material can be removed. One
advantage of this dual-beam technique is that sputtering for measurement and sput-
tering for material removal are not coupled; beam diameter, energy, mass, and angle
of the “removal” gun can, therefore, be optimized independently of the “measuring”
gun. One disadvantage is that the atoms sputtered during the material-removal
phase are not analyzed. This reduces the detection power. By simultaneously detect-
ing all masses one can only partially reduce this disadvantage, especially in implan-
tation profiles where only one mass is of interest.

3.2.2.2 Mass Analyzers
Apart from the quadrupole and TOF analyzers described in Sect. 3.2.2, the most im-
portant types of mass analyzer used in common dynamic SIMS instruments employ
a magnetic-sector field.

Magnetic Sector Field. In a magnetic field B an ion with the velocity v and the charge
q experiences a centripetal force, the Lorentz force F:

F=q(vxB) (3.10)

This force must be balanced by the centrifugal force of the ion mv?/r, where r is the
radius of curvature of the trajectory. Hence,

2

g:q-(vx B) (3.11)
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Because of this force particles with an energy E = mv*/2 are held on circular paths of
radius r:

_ [2E(m/q)
r= /T (3.12)

Secondary ions are accelerated from the surface to an energy E. After passing an en-
trance slit different masses are forced to different radial paths in the homogeneous
magnetic field. Only mass m (£Am) defined by:

m _ [B|*r?

q 2E

(3.13)

can pass the exit slit and reach the detector. Because the probability of formation of
single ionized atoms is considerably greater than that of more highly charged parti-
cles, q in Eq. (3.4) can normally be set to unity. By scanning the magnetic field all
masses are detected sequentially.

Two types of commercial magnetic sector field instrument will be described in the
following:

Magnetic

lon
source
Electron
multiplier
i Dr?l.lblel | Fig. 3.19. Basic set-up of a direct ima-
Phosphgr annelplate ging magnetic sector instrument. The
soreen stigmatic secondary ion optics consists
of an electrostatic analyzer (ESA) and a
CCD camera magnet sector field.
lon gun ESA / Sector magnet

Fig. 3.20. Schematic drawing of a
Mattauch—Herzog magnetic-sector in-
strument with simultaneous mass
detection.
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The direct imaging magnetic sector mass analyzer (Fig. 3.19) has the unique property
that all parts (lenses, electrostatic analyzer and magnetic sector field) of the second-
ary ion optics are stigmatic (comparable with light microscopes). This means that all
points of the surface are simultaneously projected into the analyzer.

The Mattauch—Herzog geometry (Fig. 3.20) enables detection of several masses simul-
taneously and is, therefore, ideal for scanning instruments [3.49]. Up to five detec-
tors are adjusted mechanically to locations in the detection plane, and thus to masses
of interest. Because of this it is possible to detect, e. g., all isotopes of one element si-
multaneously in a certain mass range. Also fast, sensitive, and precise measure-
ments of the distributions of different isotopes are feasible. This enables calculation
of isotope ratios of small particles visible in the image. The only commercial instru-
ment of this type (Cameca Nanosims 50) uses an ion gun of coaxial optical design,
and secondary ion extraction; the lateral resolution is 50 nm.

3.2.2.3 Detector

Ton intensities up to a count rate of 2 x 10° are measured using a secondary electron
multiplier (SEM) . When it becomes saturated above that value, it is necessary to
switch to a Faraday cup. Its ion-current amplification must be adjusted to fit to the
electron multiplier response.

For measurement of local ion intensities in the direct imaging mode (see Fig. 3.19),
amplification ensuring laterally uniform-single ion detection is necessary. Depend-
ing on the sensitivity of the detector a single or double channel plate is used. Two
imaging devices are in use:

CCD Camera. For standard CCD cameras a double-channel plate (amplification >10°)
is necessary. For high-sensitivity cameras (sensitivity >10~ lux, cooled or with internal
amplification) a single channel plate suffices. By controlling the channel plate high-vol-
tage, i.e. amplification, a high dynamic range can be achieved with this system [3.50].

Resistive Anode Encoder (RAE). This detector has the advantage that the single-ion
events are detected digitally. It therefore it delivers quantitative results, irrespective
of local differences in the amplification of the channel plate. One disadvantage is
that the count rate is limited to 200 000.

3.23
Spectral Information

The element sensitivity is determined by the ionization probability of the sputtered
atoms. This probability is influenced by the chemical state of the surface. As men-
tioned above, Cs* or O3 ions are used for sample bombardment in dynamic SIMS,
because they the increase ionization probability. This is the so-called chemical en-
hancement effect.

The near-surface region is partially oxidized during O3 bombardment. During the
sputter process the chemical bonding of the oxides is broken. Because the binding

m
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electrons have greater affinity for oxygen, the (metallic) binding partner leaves the
surface positively ionized.

Bombardment with Cs* results in covering of the surface with Cs. This reduces the
work function and results in a higher probability that one electron from the conduct-
ing band tunnels from the surface to the leaving atom during the sputter process.
This effect results in a higher rate of negatively charged atoms, especially of electro-
negative elements.

Both models have been described theoretically and verified experimentally. Because
of the complex surface structure of real samples, no quantification algorithm based
on physical models is yet available.

3.24
Quantification

Because the probability of ionization is very dependent on the matrix, it is necessary
to use standards.

3.2.4.1 Relative Sensitivity Factors

The most accurate — and most popular — method of quantifying matrix effects is to
analyze the unknown sample with a similar sample of known composition. The rela-
tionship between measured intensity and the content of each sample is, usually, de-
fined by the relative sensitivity factor (RSF):

Iy Cel
€ = RSF.-=
ref Cref

(3.14)

Conveniently, a matrix element is chosen as the reference element (index ref); (el)
indicates the element to be quantified. By use of a standard sample with known con-
centrations ¢, and cer, RSF is adjusted to the specific matrix. Relative precision up
to 1% is possible by use of standards.

3.2.4.2 Implantation Standards

Production of homogeneous solid-state standards is costly. Dynamic SIMS has the
advantage that non-homogeneous ion implantation standards can also be used.
Knowing the implantation dose of element (el), its RSF can be calculated by use of
the integrated (summed) intensities of a depth profile according to Eq. (3.15):

RSF:fref'Cref'p'NA'd . & Iel(i)
fel : Qel M- Cyc i—1 Ier (3)

(3.15)

where f,r is the isotope abundance of the reference (e.g. matrix) element, c,ris the
concentration of a reference (e.g. matrix) element [mol/mol], p is the matrix density,
N, is Avogadro’s number (= 6.022 x 10** mol™), d is the crater depth, f; is the iso-
tope abundance of the element the RSF of which is required, Qy is the dose of the
implanted element the RSF of which is required [atoms/unit area], M is the relative
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molar mass of the matrix, Cyc is the number of measured sputter cycles, I (i) is the
signal intensity of the element the RSF of which is required in cycle i, and IL.f (i) is
the signal intensity of the reference element in cycle i.

For quantification of multilayers data for each layer must be calculated separately.
When some of the layers are oxides, especially, quantification is not possible, be-
cause of large differences between the probability of ionization in the different
layers.

Modern materials have a complex three-dimensional internal structure with many
different phases. Although for these samples quantification is not possible, technolo-
gists are often interested in relative differences between several samples, or they al-
ready know the bulk concentrations and are only interested in the element distribu-
tion.

3.243 MCs" lons

Under Cs bombardment the matrix effect can be significantly reduced by using the
MCs* ion signals for quantification of species M. The detection limit is increased,
i.e. the detection power deteriorates, by two or more orders of magnitude, but some-
times even standard-free quantification has been reported [3.51]. MCs™ ions have
high masses; this is a disadvantage because many mass interferences occur in this
mass range.

3.25
Mass Spectra

Magnetic sector field instruments have mass resolutions up to m/Am = 20000; quad-
rupole instruments are limited to a mass resolution of approximately m/Am = 500.
For both types of instrument the a mass range extends to 500.

High-mass resolution is needed to separate mass interferences of molecular and
atom ions. Because of the mass defect of the binding energy of the nucleus, atomic
ions have a slightly smaller mass than the corresponding molecular ions. To observe
this typical mass resolutions between 5000 and 10000 are necessary.

There is a second means of avoiding mass interferences. Molecular ions have a stee-
per energy distribution than atomic ions, i.e. abundance less is at higher energies,
because of the decreasing probability of escape (or formation) from (or in) the colli-
sion cascade. Low-energy molecular ions can be discriminated by energy filtering.
Because atomic ions are also suppressed to some extent, detection power might occa-
sionally be reduced. Figure 3.21, however, shows an example in which energy filter-
ing hardly reduces atom ion intensities but strongly suppresses molecular ions. The
®Cu signal is not visible without offset because of the many interferences, e.g.
51V12C'
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Fig. 3.21. SIMS spectra ob-
tained from a high-speed steel.
(A) primary ions O3; no secon-
dary ion energy limitation; elec-
tropositive elements are sensi-
tive; many molecule ions are
visible. (B) same conditions but
300 V offset was used; the mo-
lecule ion intensities are redu-
ced significantly. (C) Primary
jons Cs*; 300 V offset was used;
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ments are detected more sen-
sitively.
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3.2.6
Depth Profiles

Measurement of depth profiles is based on detection of the masses of interest during
sputter removal of the sample material. Such experiments have several limitations:

Depth resolution is limited by atomic mixing, the roughness of the initial sample
surface, and roughening processes during sputtering. Calibration of the depth scale
by measuring the crater depth can be hampered, because multilayer systems consist
of layers with different sputter yields. The different chemical constitution of the
layers can, furthermore, result in different RSF values for a given element in differ-
ent layers. These effects might necessitate determination of depth scale and RSF for
each individual layer.

Although SIMS spectra and depth profiles are not affected by significant background
or noise, there is a background of the elements H, C, and O, because of adsorbed re-
sidual gas. This background depends solely on the pressure in the sample chamber,
not on the primary ion beam current. To test the influence of the residual gas back-
ground, the ion beam current can be reduced for several cycles. All signals should be
reduced in proportion; if this reduction is not observed it indicates that the signal
originates from residual gas.

To illustrate the use of the isotope sensitivity of SIMS, Fig. 3.22 shows the depth pro-
file of a passivation layer on high-purity chromium. The layer was produced by a
two-step experiment. First the sample was oxidized for 30 min in air with natural iso-
tope concentrations. In the second step the gas was changed to a mixture of '*0,
and "N,. The profile shows that the '®0 layer is located on the top. This indicates
that chromium diffuses to the surface and reacts with the oxygen there. The high dy-
namic range of SIMS necessitates the use of logarithmic scales over 6 or 7 orders of
magnitude. This must be kept in mind when interpreting depth profiles, e.g. diffu-
sion profiles appear as straight lines. The diffusion of oxygen through the oxide layer
to the metal interface is slower by a factor of 50. The enrichment of carbon at the in-
terfaces is because of the gas change during sample production.

18
106 |2 180

I, counts/s —»

Fig. 3.22. Depth profile of a passiva-

tion layer on high-purity chromium. The 100 . : : : Ml i"
'80 layer is on the top, the '°O layer at 0 02 04 06 08 10 12 14 16

the interface with the metal. Depth, pm ——
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3.2.7
Imaging

3.2.7.1 Scanning SIMS

In the scanning (or microprobe) mode the image is measured sequentially point-by-
point. Because the lateral resolution of the element mapping in scanning SIMS is
dependent solely on the primary beam diameter, LMISs are usually used. Beam dia-
meters down to 50 nm with high currents of 1 nA can be reached.

The oxygen ion beam diameter is limited to 0.5 um by the duoplasmatron source
used. For mapping electropositive elements this drawback must be tolerated because
of the chemical enhancement effect.

The counting time for one pixel, and the number of pixels, determine the measure-
ment time for one image. For low concentrations of the elements of interest the Pois-

Al

Fig. 3.23. Scanning SIMS image of the carbide ture of the NMI (non-metallic impurities) acting
structure of a high-speed steel [3.52]. In the V as condensation nucleus. Measurement time
distribution different phases (MC and M,C) are 10 min; image size 64 x 64 um; primary ions
visible. The Al distribution shows the shell struc-  O3; primary energy 5.5 keV.
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son statistics of the small integer values of the secondary ions determine the count-
ing time (Fig. 3.23).

Reduction of the measurement time for element distributions is possible by simulta-
neous detection of several masses. This can be achieved only by use of a magnetic
sector field spectrometer with Mattauch-Herzog geometry [3.49] (Fig. 3.20) and par-
allel detection of up to five masses by mechanically adjusted electron multipliers.

3.2.7.2 Direct Imaging Mode

In the direct imaging (or microscope) mode (see, e.g., Fig. 3.24) all pixels of the ele-
ment distribution are detected simultaneously by use of stigmatic secondary ion op-
tics. The lateral resolution of the image is not affected by the diameter of the primary
ion beam. The resolution is determined by the energy distribution of the secondary
ions. The energy and angle distributions result in a chromatic (i.e. ion energy) aber-
ration of the first electrostatic lens, the emission lens [3.6]. The resolution can be in-
creased only by limiting the energy (or angle) acceptance of the instrument, which
inherently reduces transmission and therefore detection limit. Chromatic aberration
effects limit lateral resolution to approximately 1 um. For the main components
0.5 um is possible.

Fig.3.24. Direct-imaging mode SIMS image of a passivation
layer on a niobium alloy [3.54]. Boron enrichment at the interface
is not visible with EPMA. Measurement time 10 s; image dia-
meter 150 m; primary ions O3; primary energy 5.5 keV.
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In practice image quality is also reduced by use of high mass resolution and energy
offset. Often, therefore, mass interference cannot be avoided. Determination of ele-
ment distributions is possible by use of image processing tools for classification of
mappings of different masses [3.53].

For detection of secondary ions a laterally resolving detector is necessary. In the
first step a channel plate for amplification is used; secondary electrons from the
output of this device are accelerated either to a fluorescent screen or to a resistive
anode. If a fluorescent screen is used the image is picked up by a CCD camera and
summed frame by frame by use of a computer. The principal advantage of this
system is unlimited secondary ion intensities, but compared with the digital detec-
tion of the resistive anode encoder the lateral and intensity linearity is not as well-
defined.

The advantage of the imaging mode is fast data acquisition. Because all pixels are
projected and detected simultaneously the measurement time for one distribution is
extremely low.

3.2.8
3D SIMS

3D-SIMS, an example of which is given in Fig. 3.25, is a further development combin-
ing in-depth and imaging analysis. In the imaging mode the acquisition time of sin-
gle-ion distributions is low (1 to 5 s). This enables the possibility of cyclic image acqui-
sition during a normal depth profile. Measurements of large and, therefore, represen-
tative volumes (150 x 150 x 10 um®) in reasonable times (1 h) are feasible [3.55].

In scanning mode the sequential detection of single pixels (picture elements) and
voxels (volume elements) results in long measurement times; in practice, therefore,
only small volumes (10 x 10 x 1 um?®) can be measured [3.56].

Fig. 3.25. 3D SIMS measurement of the V isosurface view. Primary ions oxygen; primary
distribution in high-speed steel. Dimension energy 5.5 keV; primary intensity 2 pA.
150 x 150 x 10 um?, top: block view, bottom:
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Fig.3.26. Depth profiles of P implanta- 1021
tions in Si. Primary ions Cs*; primary
energy 14.5 keV. P: 25 kel
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3.2.9
Applications

3.2.9.1 Implantation Profiles

Ion implantation is a method commonly used for doping semiconductors. Because
the concentrations of the dopants (mostly B and P) are very low, a dynamic range of
more than five orders of magnitude is often necessary. Measurement of *'P is more
difficult than that of B, because of the mass interference of *°Si'H. High mass reso-
lution of m/Am = 5000, or an energy offset of 300V, is necessary.

To obtain high implant concentrations at great depths together with low damage, the
channeling effect is employed. The wafer is bombarded in a high-indexed crystal di-
rection so that the implant ions can penetrate the solid mostly along the “channels”
between the occupied lattice positions. Small but non-zero defect production, how-
ever, limits the channeling effect to a dopant and target-specific implantation con-
centration.

The depth profiles in Fig. 3.26 show that the typical flat channeling implantation
profile is generated with low doses only. Increasing the dose superimposes the nor-
mal implantation profile shape. Undertaking such experiments with homogeneous
wafers enables the production of calibrating models for semiconductor production.

3.2.9.2 Layer Analysis

Coating techniques have the common goal of increasing productivity and reducing
costs [3.57]. CrN provides excellent material properties to meet these requirements.
It is characterized by high hardness, superior oxidation stability, high corrosion resis-
tance, low friction coefficient, and good adhesion. Because of its outstanding proper-

119



'|20| 3 lon Detection

107 - Fig. 3.27. Depth profile of CrN layer
106 L Cr

= deposited on Si. Primary ions O3; pri-
: mary energy 5.5 keV; primary intensity
2 YA; measuring time 1 h.

10':'"""""""""""""""
1 2 3

Depth, pm ——

Fig. 3.28. 3D depth profile of the CrN layer on  meter 150 um. The Cr distribution shown is seen
Si substrate, same measurement as Fig. 3.27. from the bottom.
The thickness of the CrN layer is 2.3 um, dia-
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ties, CrN will be often used to machine iron-based materials and wear parts.
Although CrN still has extraordinary material properties, further improvement is es-
sential. For this reason it is very important to have not only exact but also complete
information about the presence of desired or undesired trace elements within these
layers.

Figure 3.27 shows the depth profile of such a layer. Enrichment of Ti and Al at the
layer—substrate interface is visible. The Si signal in the layer increases with depth. It
will subsequently be shown that it is not possible to determine from the depth pro-
file alone whether there is diffusion of Si into the CrN layer.

Figure 3.28 shows 3D-SIMS distributions of the elements Si, Al, Ti, and Cr. The Cr dis-
tribution is shown from the bottom, to illustrate the rough interface. It is apparent
that the interfaces are not smooth. This is the reason for the slowly decreasing Cr sig-
nal in the depth profile. As is apparent in the 3D-distribution, the different depth pro-
files of Si, Ti, and Al in the layer are a result of respective particulate inclusions.

From the depth profile alone it is not possible to distinguish whether the profile
shape is a result of diffusion of elements or of geometric effects. This example de-
monstrates the capacity of 3D SIMS to improve the information content of depth
profiles.

3.2.9.3 3D Trace Element Distribution

Steel alloyed with ~1% Al is more resistant to oxidation at high temperatures. The
macro- and microscopic homogeneity of the distribution of all elements is better for
powder metallurgical, hot isostatically pressed steels. Combining these advantages
should result in better performance of high-speed steels.

The steel particles are covered with an Al,O; layer before hot isostatic pressing [3.58].
3D SIMS measurements (Fig. 3.29) show that this layer is still present in the com-
pacted material. Carbonitrides are precipitated in small particles with a diameter of
30 nm inside the particles. The distribution of Ca™ ions is shown as an example of a
trace element with a concentration in the ppm range.

(A) B

Al

Fig. 3.29. 3D element distribution of powder ~ cube 150 um. Primary ions top 0.1 pA Cs*, bot-
metallurgically produced steel. Diameter of the ~ tom 2 puA O3; depth top 1 um, bottom 11 pum.
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Electron-impact (El) Secondary Neutral Mass Spectrometry (SNMS)

Holger Jenett

3.3.1
General Principles of SNMS

The limitations of SIMS — some inherent in secondary ion formation, some because
of the physics of ion beams, and some because of the nature of sputtering — have
been mentioned in Sect. 3.1. Sputtering produces predominantly neutral atoms; for
most of the elements in the periodic table the typical secondary ion yield is between
107> and 107, This leads to a serious sensitivity limitation when extremely small vo-
lumes must be probed, or when high lateral and depth resolution analyses are
needed. Another problem arises because the secondary ion yield can vary by many
orders of magnitude as a function of surface contamination and matrix composition;
this hampers quantification. Quantification can also be hampered by interferences
from molecules, molecular fragments, and isotopes of other elements with the same
mass as the analyte. Very high mass-resolution can reject such interferences but
only at the expense of detection sensitivity.

To improve sensitivity and quantification, several post-ionization methods have been
developed. These techniques decouple the sputtering and ionization processes by io-
nizing the sputtered neutrals (SN) after emission from the sample surface. Although
the secondary ion (SI) yield can vary widely with surface composition, this is not true
for the SN yield. For example, variation of the SI yield over three orders of magnitude
(10 to 10°) produces less than 1% change in the SN yield. As a result, matrix effects
are much smaller for SNMS than for SIMS, although changes in sputtering yield (as a
function of matrix) can still cause quantification errors. These can be corrected by
using standards or by determining the different sputter yields. Recombination effects
and incomplete atomization are other possible sources of matrix effects in SNMS.

Compared with the other methods of surface and thin film analysis, the main advan-
tages of SNMS are:

Compared with XPS and AES sputter depth profiling: After achieving sputter equili-
brium, and until a layer with different sputtering behavior is reached [3.59], the SN
flux represents stoichiometry and not altered layer concentrations evolving because
of preferential sputtering effects.

Compared with GD-OES (and -MS, if used for depth profiling): SNMS provides some-
what better depth resolution (1 nm range); HF-plasma SNMS hardly suffers from
molecule formation in the plasma gas (Ar), as do the GD techniques, in which ar-
gides are formed because of the comparatively high pressure.

Depending on the matrix and the post-ionization technique, SN™ spectra can be
dominated by atomic or molecular signals. In particular, compounds with high mass
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differences between the constituting elements and strong chemical bonds lead to
significant amounts of molecules (10—-100 % of the metal monomer), mostly dimers,
even if post-ionized by electrons. In such circumstances isobaric interferences from
molecular signals must be considered.

SNMS sensitivity depends on the efficiency of the ionization process. SNs are post-
ionized (to SN) either by electron impact (EI) with electrons from a broad electron
(e-)beam or a high-frequency (HF-) plasma (i.e. an e-gas), or, most efficiently, by
photons from a laser. In particular, the photoionization process enables adjustment
of the fragmentation rate of sputtered molecules by varying the laser intensity, pulse
width, and/or wavelength.

SNMS is suitable for quantitative element depth profiling of metallic and electrically
insulating samples. Laser-SNMS enables the additional acquisition of 2D element
distributions; with HF-plasma SNMS bulk analysis is also feasible.

3.3.2
Principles of Electron-beam and HF-plasma SNMS

The basic principle of e-beam SNMS as introduced by Lipinsky et al. in 1985 [3.60] is
simple (Fig. 3.30) — as in SIMS, the sample is sputtered with a focused keV ion
beam. SN post-ionization is accomplished by use of an e-beam accelerated between a
filament and an anode. The applied electron energy E. &~ 50 £ 20 eV is higher than
the range of first ionization potentials (IP) of the elements (4-24 €V, see Fig. 3.31).
Typical probabilities of ionization are in the 0.01% range. SI* and residual gas sup-
pression is achieved with electrostatic lenses before SN post-ionization and energy
filtering, respectively.

Oechsner’s basic set-up of HF-plasma (e-gas) SNMS (Fig. 3.32) [3.63] was first pub-
lished in 1966 [3.64]. An inductively coupled, low-pressure, HF noble gas plasma
(Ar, density n, ~ 10" cm™ was usually used) serves for sputtering using the ion
component, and for electron impact post-ionization using the Maxwellian electron
gas. Its temperature T. ~ 10*~10° (i.e. electron energy 1-10 eV) fits the given IP
range well; depending mostly on IP and on the plasma (= electron) density n,, prob-
abilities of ionization are mostly in the 0.1% range. Conducting samples introduced
into the plasma are set to a negative potential Upgy (DBM = direct bombardment

fo quadrupole
e

I Lyed |
. |o— / “ Residual gas
Specimen | “"‘“k-fx suppression

Fig.3.30. Schematic diagram of an Sl ) Ionizatioﬁ"-
electron beam SNMS set-up [3.61]. SUppECSn reglon
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Fig. 3.31. Distributions (i) f(E.) dE. of
electron energy (E,) for a low-pressure
HF-plasma (suffix pl, Maxwellian with
temperature T, = 80000 K) and an elec-
tron beam (suffix eb, simplified to
Gaussian shape with 40 eV half-width);
(ii) ox (Ee) of the E. dependent electron
impact ionization cross-section for X=Ti

calculated according to Lotz [3.62]; and
(iii) of the differential ionization rate
constant (Sect. 3.2.2.4); (iv) respective
calculated post-ionization probabilities
for X=Na, Ti, Si, O, and He, in the order
of their first ionization potentials IP, for
the HF-plasma parameters given in
Sect. 3.2.2.4.
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Fig. 3.32. Basic principles of HF-
plasma SNMS. viy¢, Py are the HF ge-
nerator frequency and power, respecti-
vely, pa, the plasma gas (Ar) pressure;
T. and T, the electron and plasma gas
temperatures, respectively. n, = ne is
the plasma (e7, Ar*) density, By the
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wye = 27.12 MHz;
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magnetic flux, Upgm and Upem the DC
or HFM bombardment voltages, respec-
tively (see text), U, the surface potential
relative to ground (HFM), and U, the
plasma sheath edge potential. SN are
the (post-ionized) secondary neutrals
and SI* the positive secondary ions.
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mode) of a few hundred volts. Accelerated by the difference between Upgy and the
plasma potential (& +30 £ 5 V), Ar" ions can induce comparatively shallow sub-sur-
face collision cascades with sputter yields, Y, of the order of 0.1-1.

Positive secondary ions (SI*) are repelled by an electrode in e-beam SNMS or com-
pletely (in DBM) or widely (in HFM, see below) re-attracted by the sample surface in
HF-plasma SNMS. Ionized plasma species (Ar", contamination) are suppressed by
energy filtering.

333
Instrumentation

The e-beam SNMS set-up has been shown schematically in Fig. 3.30. The SN flux
through the few centimeters long ionization region is crossed by an electron current
in the lower mA range. Instead of the simple lens depicted in Fig. 3.30, an electro-
static analyzer can serve for the energy discrimination of SN™ against ionized plasma
gas (1-10 eV compared with 10 meV). In contrast with the other SNMS techniques,
e-beam SNMS modules can easily be added to many existing, UHV-based surface
analysis instruments. Compared with a plasma, the lack of positive charge carriers
in an electron beam gives rise to space charge limitations.

A schematic diagram of the commercially available INA-3 type spectrometer
(SPECS, Berlin, Germany) is given in Fig. 3.33. A constant Ar pressure of 0.3+ 0.1 Pa
is maintained by means of a Piezo valve between the high-pressure supply and the
cylindrical plasma chamber (volume 1.26 L; typically applied values are given). The
HF power of 150 £ 30 W is supplied from an HF generator by a single turn coil. Elec-
tron cyclotron wave resonance [3.65] is effected, and skin effects of the electron gas
are suppressed, by the static magnetic field in the mT range maintained by a con-
stant current of 5 £ 2 A flowing through two parallel, rectangular Helmholtz coils
with 184 turns each and 25 cm distance. Delivering primary ion current densities of
0.1-1 mA cm™, the plasma can effect sputter rates in the 0.1-1 nm s~ range. If
Upgy is fitted appropriately (— Uppy*) to ne and T, with a given distance between
sample surface and plasma sheath edge, sputter erosion happens with perfect lateral

- Load coil
Multiplier —_ B3
i | Plasma chamber
polioh——— \ | Plasma  Helmholz cails
Cuadrupole — I ' ‘.‘.':f:"' HF screening
lon optics -._ A .
h " Langmuir probe
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~_— Sample cooling

.
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Fig. 3.33. Schematic diagram
of the commercial INA-3 lon gun
HF-plasma SNMS apparatus

(SPECS, Berlin, Germany). topump ~ Shield
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homogeneity, i. e. nanometer depth resolution, on a spot 2-5 mm in diameter [3.66].
This compares with removing sand grains from a soccer field layer by layer; rough
surfaces yield less ideal depth resolutions. The large area sputtered with high current
density is one reason why typical signal intensities are an order of magnitude higher
than in e-beam SNMS.

The gas temperature of the Ar plasma in the range of 600 £ 100 K effects tempera-
tures of water or LN, cooled samples of 350 £ 30 or 200 * 30 K, respectively. In addi-
tion, C, N, and O species are desorbed from the chamber walls and introduced sam-
ples, effecting a plasma contamination level in the 0.01-0.1% range.

After post-ionization in the 3 cm long cylindrical plasma space between sample sur-
face and the opposite wall, SN™ enter a 90° electrostatic ion energy analyzer (ion
optics) suppressing ionized plasma gas particles to a degree of 108~10°; noise levels
are correspondingly low (1 cps). The transmission of the electrostatic ion optics is in
the range of a few per cent.

In both electron post-ionization techniques mass analysis is performed by means of
a quadrupole mass analyzer (Sect. 3.1.2.2), and pulse counting by means of a dynode
multiplier. In contrast with a magnetic sector field, a quadrupole enables swift
switching between mass settings, thus enabling continuous data acquisition for
many elements even at high sputter rates within thin layers.

With useful yields typically in the 107'° range — a value also valid for e-beam SNMS —
typical measured intensities are in the 10*-10° range for HF-plasma SNMS, depend-
ing on the material and Upgy. With a typical plasma and low Upgy near —300 V one
effects ultimate depth resolution and low intensities, whereas Upgy = 800 V enables
bulk analysis in the ppm range (apart from C, N, and O being implanted from con-
tamination) but no longer with good depth resolution.

Electrically insulating materials can be analyzed in HF-plasma SNMS by applying a
square-wave HF in the 100 kHz range to the sample (Fig. 3.34). Dielectric charge
transfer at the start of a period shifts the surface potential to the amplitude Uygy ap-
plied. Ar" ions are attracted from the plasma and sputter the surface until the end of
At™. The potential increase AU = 1-100 V caused by their charge is then converted
to a positive absolute AU, which is reduced to less than 1 V within <0.1 us by the

Fig. 3.34. The principles of HFM.
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plasma electron current. The missing sputtering time of At* and, more importantly,
the often low sputter yield of dielectrics, especially oxides, give rise to lower intensi-
ties than given above.

A novel HF-plasma SNMS instrument which can be combined with XPS has re-
cently been developed [3.67]. Detection limits in the nmol/mol range have been
achieved with a dedicated HF-plasma instrument attached to a double-focussing
mass spectrometer [3.68].

334
Spectral Information

Spectral information from e-beam and HF-plasma SNMS, both of which are dy-
namic sputtering methods, is similar to that from dynamic SIMS. Because mole-
cules from a heavily sputtered surface survive a collision cascade and a 1 eV-elec-
tron impact to a comparatively low extent, emphasis lies on elemental analysis
based on mostly atomic spectra. Binary molecules formed from the main constitu-
ents might add restricted speciation information. Multiple SN ionization occurs
rarely, usually because of insufficient electron energy and the low probability of a
second electron impact. As a consequence, e-beam and HF-plasma SNMS spectra a
characterized by a small amount of interference and are easy to interpret.
Figure 3.35 shows a typical HF-plasma SN* mass spectrum as obtained from a
TiAl alloy. The quadrupole is the reason for AM being unity throughout the spec-
trum. As discussed above, molecule intensities are in the percentage range of the
parent peaks. Doubly ionized species appear in the per mil range, i.e. for the main
constituents only, and adsorbed or implanted plasma gas contamination gives rise
to a few other low-intensity peaks.
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Fig. 3.35. HF-plasma SNMS survey signals coming from adsorbed and re-

spectrum of a powder metallurgically- sputtered plasma gas contamination.

produced TiAl alloy sample. In brackets:
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3.35
Quantification

The measured SN intensity Ix(Exo) of element X, its atomic SN being sputter
emitted with energy Ey, is given by:

I
Ix (Ex,0) = % AYx (Ex0) Wx fie tx (Ex,0) Fy; Tx+ (3.16)

where Ig,/ey is the primary ion particle current (e is the elementary charge);
AYx (Ex ) is the sputtering yield of X valid for the emission energy range Ex o+ AEg/2,
(AEgis the width of the energy window of the ion optics); W is the probability of an X
emission into the ionization volume (e-beam, plasma) within the acceptance angle of
the detection system (107 range); . is the electron density; tx(Ex o) is the dwell time
of an X particle with Ex in the ionization region; and Tx, is the combined spectro-
meter transmission and detector response probability for X* ions.
F% is the ionization rate constant [m® s [3.69] (see also Fig. 3.31), given by:

R RN S AT AL (3.17)
Frx Erx

where Ej x = IPx, the ionization potential of X; ox (E.) is the ionization cross-section
for an X particle hit by an electron with energy E.; f(E.) is the electron energy (E)
distribution; and m. is the rest mass of the electron.

The product n.tx (Ex o) Fk is equal to the post-ionization probability o:

% = ne tx (Ex.0) Fx (3.18)

The values oc%pl in Fig. 3.31 have been calculated with ny = n. = 6 x 10" cm?, Exo=
30 eV (optics setting), and an [, = 3 cm long path through the plasma. With a mean
electron density ng, = 8 x 10 m™, Ex o = 10 €V, and I, = 3 mm, the corresponding
o&eb amountto 6,9, 13, 45, and 180 % of the given o&pl values (X =Na,Tj, Si, O, He).

The absolute detection (or sensitivity) factor under stationary sputtering conditions is

Sy = Wy o Tx (3.19)
and this can be related to a reference value S,.raccording to:

Sx Ix  Cret
S re = = .
(rehX Sref Iref cx (3 20)

Equation (3.19) is valid for any species X. If, however, a multi-component material
emits only atomic SN after attaining sputter equilibrium, X stands for elements and
atoms only, and the total sputter yield Ycan be written as:
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YX = CxY (3.21 a)
and
n n
€0 Il
Y= Yi = — 3.21b
= Ig+ ; Si ( )

where i=1; 2; ...; X; ...; n sample elements.

The different post-ionization probabilities, oy, for M = Ti and Al on one hand and Cr
and Nb on the other, both pairs being present at the same concentrations, are the
main reason the respective signal intensities in Fig. 3.35 are similar, but not equal.
Fig. 3.36 [3.70] shows that experimental relative sensitivity factors vary approximately
with theoretical a%. This variation by three orders of magnitude is mostly because of
F, O, N, C, and Zn (yet unexplained), with more than one order of magnitude, and
some alkali and alkaline-earth metals with another half order of magnitude. The
S(reyx of all other elements represented in Fig. 3.36 vary between 0.3 and 3, irrespec-
tive of matrix and measurement conditions; depending on the latter, identical S e)x
vary by factors of 2-5. It is this, compared with SIMS, narrow range of S.px varia-
tion which has made SNMS famous for its (relative) absence of matrix effects and
ease of quantification.
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3.3.6
Element Depth Profiling

Figure 3.37 gives an example of the depth resolution routinely achieved with both e-
beam and HF-plasma SNMS on suitable samples. If Eq. (3.21) is applicable, i.e. all
sputtered material has been recorded with 2T, then Yey/Ia,- equals X1;/S; [3.75], and
depths z can be calculated according to:

Ig+tY
z=-5"" (3.22a)
ey Ag ny
_ 14 NA Nu
m= (3.22b)

where t is the sputter time; A is the sputtered sample area; n, is the number density
of formular units u (= Ta,Os, Tip 4sAlo 5Cro.02, ---); ps is the sample density; N, is Avo-
gadro’'s number; N, is the number of atoms per formula unit; and M, is the relative
mass (in Daltons) of u.

The absolute sensitivity factors Sy must be determined for this procedure by integrat-
ing intensities over time while sputtering suitable pure element samples and deter-
mining the crater volume; for HF-plasma SNMS the weight loss can also be measured.

Figure 3.38 shows that good depth resolution can also be maintained sputtering
through an insulating pm-thick layer.
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Fig. 3.37. HF-plasma SNMS sputter
time profile (DBM) of a home-made
multilayer system consisting of ten
double layers, 5 nm Cr + 5 nm Ni each,
on a Si wafer.
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337
Applications

Figure 3.39 exemplifies the use of HF-plasma SNMS in materials research [3.76]:
The intermetallic compound y-TiAl to which 2 mol-% Cr have been added in order to
increase ductility has been heated to 1,070 K a) for less than 4 s only and cooled
down again, and b) kept at this high temperature for 8 h. In the first case, an about
150 nm thick oxide layer is formed with Al,O; enriched topmost. Fig. 3.39b) shows
that after this initial oxide layer formation, nitrogen has started to penetrate to the in-
terface between oxide and alloy oxidizing the latter by forming nitrides. The N en-
richment at the interface and tracer isotope experiments described in [3.76] further-
more suggest that nitride has continuously been converted to oxide between the
oxide layer and the nitride enriched interface layer. Fig. 3.39b) also shows that Ti has
diffused outward forming a topmost TiO,-rich layer.

Recent applications of e-beam and HF-plasma SNMS have been published in the fol-
lowing areas: aerosol particles [3.77], X-ray mirrors [3.78, 3.79], ceramics and hard
coatings [3.80-3.84], glasses [3.85], interface reactions [3.86], ion implantations [3.87],
molecular beam epitaxy (MBE) layers [3.88], multilayer systems [3.89], ohmic con-
tacts [3.90], organic additives [3.91], perovskite-type and superconducting layers
[3.92], steel [3.93, 3.94], surface deposition [3.95], sub-surface diffusion [3.96], sensors
[3.97-3.99], soil [3.100], and thermal barrier coatings [3.101].

c, atom% ——
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Fig. 3.39. HF-plasma SNMS sputter
depth profiles (DBM) of Ti—-48Al-2Cr
(atom%) samples having been oxidized
at 800°C in air for (a) less than 4 s,

(b) 8h.
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34
Laser-SNMS

Heinrich F. Arlinghaus

3.4.1
Principles

3.41.1 Non-resonant Laser-SNMS

Surface analysis by non-resonant (NR-) laser-SNMS [3.102-3.106] has been used to
improve ionization efficiency while retaining the advantages of probing the neutral
component. In NR-laser-SNMS, an intense laser beam is used to ionize, non-selec-
tively, all atoms and molecules within the volume intersected by the laser beam
(Fig. 3.40Db). With sufficient laser power density it is possible to saturate the ioniza-
tion process. For NR-laser-SNMS adequate power densities are typically achieved in
a small volume only at the focus of the laser beam. This limits sensitivity and leads
to problems with quantification, because of the differences between the effective
ionization volumes of different elements. The non-resonant post-ionization techni-
que provides rapid, multi-element, and molecular survey measurements with signifi-
cantly improved ionization efficiency over SIMS, although it still suffers from isoba-
ric interferences.

3.4.1.2 Resonant Laser-SNMS

Resonant (R-) laser-SNMS [3.107-3.112] has almost all the advantages of SIMS,
e-SNMS, and NR-laser-SNMS, with the additional advantage of using a resonance
laser ionization process which selectively and efficiently ionizes the desired elemen-
tal species over a relatively large volume (Fig. 3.40C). For over 80% of the elements
in the periodic table, R-laser-SNMS has almost unity ionization efficiency over a
large volume, so the overall efficiency is greater than that of NR-laser-SNMS. Quanti-
fication is also simpler because the unsaturated volume (where ionization is incom-

Direct analysis Monresonant laser-post-ionization Resonant post-ionization
of secondary ions:  of secondary neutrats: of secondary neutrals:
TOF-SIMS MNR-Laser-SNMS R-Laser-SNMS

= = (e

® ': : © |.

N/ \/ N/
SN SN TIPS KT THL TTLL

Fig. 3.40. Comparison of TOF SIMS and Laser-SNMS.
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plete) is insignificant compared with the saturated volume. This leads to consistently
high sensitivity and great accuracy in R-laser-SNMS measurements. In particular,
the extremely high selectivity prevents almost all isobaric and molecular interfer-
ence. This improves the accuracy of the data and simplifies its interpretation without
requiring very high-resolution mass spectrometry. The main drawbacks accompany-
ing this immunity to interference are that only one element is analyzed at a time
and that low-repetition rate pulsed lasers impose a low duty cycle. The use of mul-
tiple lasers enables simultaneous ionization of multiple elements but this is practi-
cally limited to two to three elements. Advances in diode-pumped Nd:YAG lasers
and optical parametric oscillators (OPOs) will enable increased repetition rates of
over 1000 Hz from the currently available 30-100 Hz.

3.4.1.3 Experimental Set-up

In Laser-SNMS experiments, the sample is bombarded with a finely focused pulsed
primary ion beam (Sect. 3.1.2.1). During the time the primary ion pulse is striking
the target, voltages on the extraction electrodes are set so that electric fields retard po-
sitive secondary ions. After the primary ion pulse, the voltages are switched so that
ions formed by laser post-ionization of the neutral particles in the sputtered cloud
have energy significantly different from that of the secondary ions formed in the
sputtering process. Ions are analyzed by means of a time-of-flight mass spectrometer
with an electrostatic energy analyzer or a reflectron which discriminates against the
secondary ions. The TOFMS enables simultaneous measurement of all photoions in
each laser shot.

Laser-SNMS imaging is performed either by scanning the ion beam over the sample
or by translating the sample under a fixed ion beam. If an LMIS is used for sputter-
ing, nanoanalysis down to 50 nm can be achieved. Charge compensation for insula-
tor analysis is possible using pulsed low-energy electrons, which are introduced dur-
ing the time interval between sputtering pulses. Laser-SNMS depth profiles are ob-
tained by sputtering the sample with a continuous ion beam and taking data with a
pulsed ion beam in the center of the crater (dual beam mode, see Sect. 3.2.2.1). In la-
ser-SNMS, as in other microprobe techniques (Sect. 3.2.8), the combination of 2D
imaging with depth-profile capability enables visualization of the three-dimensional
distribution of elements. However, the extremely high overall efficiency of R-laser-
SNMS (typically 3 to 8% useful yield for most elements) enables measurement of
low concentrations of analytes in much smaller volumes, thus enabling higher lat-
eral and depth resolution in these 3D visualizations. This capability could contribute
greatly to the study of both dopant and contaminant distributions in semiconductor
devices and trace elements in biological samples.

3.4.1.4 lonization Schemes

Asillustrated in Fig. 3.41, several laser schemes can be used to ionize elements and mo-
lecules. Scheme (a) in this figure stands for non-resonant ionization. Because the ioni-
zation cross-section is very low, a very high laser intensity is required to saturate the ioni-
zation process. Scheme (b) shows a simple single-resonance scheme. This is the sim-
plest but not necessarily the most desirable scheme for resonant post-ionization. Cross-
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Fig. 3.41. Schemes of laser post-ionization steps.

sections for (photo-)ionization are much lower than those for resonant excitation steps;
the photoionization laser intensity must, therefore, be proportionately higher to ionize
the atoms efficiently. High-intensity visible or UV laser beams can cause non-resonant
ionization of interfering species; this is rarely a problem with high-intensity IR beams.
Whenever selectivity is an issue, therefore, IR wavelengths for the photoionization step
are preferable. Scheme (c) is the most versatile of the schemes shown, and gives the
best performance for metals. H, He, C, N, O, F, Ne, P, S, Cl, Ar, Br, Kr, I, Xe, and Rn can-
not be analyzed by use of scheme (c) with commercial laser systems and frequency up-
conversion in non-linear crystals. Resonance ionization scheme (d) can be used when
an autoionizing structure occurs in the ionization continuum. Because the cross-sec-
tion for autoionization is significantly larger than for normal photoionization, the inten-
sity of the ionizing laser can be reduced. This enables the use of visible wavelengths
without extensive non-resonant ionization of interfering species. Scheme (e) is used
when even the lowest-energy-excited states of the analyte element require vacuum UV
wavelengths. It differs from scheme (c) only in the experimental method used to gener-
ate the wavelength for the first transition. For wavelengths below approximately 189 nm,
either four-wave mixing or anti-Stokes Raman must be used. This makes scheme (e)
the most experimentally complex of the resonance ionization schemes. With this tech-
nique it is possible to measure the amount of ®'Kr (a radioactive isotope with approxi-
mately 1 part in 10'® natural abundance in the atmosphere) in a water sample after sev-
eral isotope enrichment steps [3.113]. Scheme (f) is generally used when the energy of
the excited state structure is too high for schemes (b), (c), or (d) and the researcher does
not wish to go to the experimental complexity of scheme (e). Examples are C,N, O, P, S,
Cl, B, Kz, I, and Xe. The two-photon transition used in scheme (f) is a second-order pro-
cess, which is why its cross-section is quite low compared with the one-photon transi-
tions described in the other schemes. This means that high-intensity light is needed,
and focusing of the laser beam is generally required. In fact, the intensity of the light
needed for efficient two-photon excitation is usually sufficient to ionize the excited state,
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and so scheme (f) often requires only a single wavelength. This experimental simplicity
is counterbalanced by the fact that the high-intensity light can cause non-resonant ioni-
zation processes, which could lead to isobaric interferences when a mass spectrometer
with low mass resolution is used.

Isotope shifts for most elements are small in comparison with the bandwidth of the
pulsed lasers used in resonance ionization experiments, and thus all the isotopes of
the analyte will be essentially resonant with the laser. In this case, isotopic analysis is
achieved with a mass spectrometer. Time-of-flight mass spectrometers are especially
well-suited for isotopic analysis of ions produced by pulsed resonance ionization la-
sers, because all the ions are detected on each pulse.

342
Instrumentation

A versatile Laser-SNMS instrument consists of a versatile microfocus ion gun, a
sputtering ion gun, a liquid metal ion gun, a pulsed flood electron gun, a resonant
laser system consisting of a pulsed Nd:YAG laser pumping two dye lasers, a non-re-
sonant laser system consisting of a high-power excimer or Nd:YAG laser, a compu-
ter-controlled high-resolution sample manipulator on which samples can be cooled
or heated, a video and electron imaging system, a vacuum lock for sample introduc-
tion, and a TOF mass spectrometer.

343
Spectral Information

Compared with electron impact on molecules, laser photoionization can induce frag-
mentation of molecules to a much lesser extent by optimizing the laser settings in-
tensity, pulse width and wavelength. Especially, the use of a fs-laser for post-ioniza-
tion can significantly reduce molecular fragmentation. More chemical information
is, therefore, available from laser-SNMS spectra. On the other hand, significant mul-
tiple ionization of atoms typically occurs when high laser power is used to achieve
high post-ionization rates.

344
Quantification

Only a portion of the neutral particles present in the ionization volume (IV) of the la-
ser beam is available for ionization. For this description the geometrical yield
Yy (X?) is introduced (for notation, see Sect. 3.1.3):

No. of X? in the ionization volume
No. of X?

Y (X)) = (3.23)

Post-ionization occurs with the probability o (X{ — XP), (the sign @ is used to de-
note a photoion):
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No. of generated photoions )%ea

a (X — X&) =
X ) ) No. of X? in the interaction volume (3.24)

Molecular particles can dissociate during the ionization process. This is taken into
account by the different indices i and j.
For post-ionized particles, it is possible to define a generalized transformation prob-

ability P® (A - XP):
P (A o No. of generated photoions Xjea 305
(A= X7 = No. of sputtered A (3-25)
P® (A —»X?) is given by Eq. (3.26):
PPA-XP) =Y P(A-X) Yy (X)) - o2 (X) - XT) (3.26)

The summation over i is necessary, because different precursors can be transformed
into the same photoion X by fragmentation.

For detection of the generated ionic particles, the transmission of the mass spectro-
meter and the detection probability are considered in the same way as discussed in
Sect. 3.1.3.

An important quantity is, again, the useful yield Y, (X®(A)):

No. of detected X®
No. of sputtered A

Y (XP(A) = (3.27)

Values of Y, (XP(A)) for elements typically range from 10~ to 107> in NR-laser-
SNMS, and from 107 to 107" in R-laser-SNMS. If the experimental conditions are
not well known, the concentration of A can also be quantified by using the relative
sensitivity factor (RSF) method (Eqs (3.8) and (3.9) in Sect. 3.1.3).

345
Applications

3.45.1 Non-resonant Laser-SNMS

Figure 3.42 [3.105] shows a typical NR-laser-SNMS spectrum of a contaminated Si
wafer under low dose sputtering conditions (primary ion fluence <10'* cm™) . For
post-ionization, the radiation of an excimer laser operating at a wavelength of 248 nm
was focused into the sputtered cloud of particles (intensity 10'° W cm™). Because at
248 nm the ionization cross-section of Si is relatively low, the intensity of the matrix
signals (Si, SiO) is lower than expected. Because of the use of a high-resolution TOF
mass spectrometer (mass resolution m/Am = 3000), the metal contaminants (Mn
20 ppm, Ni 130 ppm, Cu 500 ppm, and Zn 400 ppm) are clearly separated from the
molecular signals at the same integral mass. The ultimate detection limits (DL) of
NR-laser-SNMS are given by the amount of sample material available and by the use-
ful yield. If the outer monolayer is completely consumed within an area of 10~ cm?
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Fig. 3.42. Non-resonant laser-SNMS spec- riety of transition metals and hydrocarbons
trum of a Si wafer contaminated with ava- ~ [3.105].

and if the useful yield is 1072-107%, a surface coverage of approximately 10’ atoms
cm™ can be detected by at least 10 ions. This limit can only be reached if the corre-
sponding ion signal is free from background and from mass interference. In
Table 3.1 are listed the relative sensitivity factors S (M™, Si* + SiO") in respect to the
sum of the matrix signals Si* and SiO" and the DL determined for several metals on
Si wafers by non-resonant post-ionization with 248 nm and 193 nm light [3.105]. Be-
cause of the low matrix-dependence of laser-SNMS, the same sensitivity can be
achieved for the detection of trace metals in matrices such as polymers or large bio-
molecules, as for semiconductor matrices.

Element mapping with non-resonantlaser-SNMS can be used to investigate the struc-
ture of electronic devices and to locate defects and microcontaminants [3.114]. Typical
SNMS maps for a GaAs test pattern are shown in Fig. 3.43. In the subscript of each
map the maximum number of counts obtained in one pixel is given. The images were
acquired by use of a 25-keV Ga* liquid metal ion source with a spot size of approxi-
mately 150—200 nm. For the given images only 1.5 % of a monolayer was consumed —
“static SNMS”.
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Tab. 3.1. NR-laser-SNMS: Relative sensitivity factors S (Me, £Si) and detection limits DL for me-
tals on Si wafer surfaces.

Element S (M, XSi) DL (atoms cm™)

193 nm 248 nm 193 nm 248 nm
Al 0.9 0.9 8 x 10° 3 % 10"
Ti 1.9 9 5 x 10° 5 x 10°
\ 2.1 42 3 % 10® 3 % 10®
Cr 2.9 28 3 x 10° 3 x 10°
Fe 1.6 31 5 x 10° 5 x 10°
Co 1.1 6.9 5 x 10® 5 x 108
Ni 0.9 14 1 x 10° 1 x 10°
Cu 1.2 24 5 x 10° 5 x 10°
Ga 4.4 0.4 5% 108 8 x 10°
As 1.9 10 3 x 10® 3 % 10®
Mo 1.8 32 3 % 10® 3 % 10®
W 5.1 39 5 x 10® 5 x 10%
SNMS

initial surface

K 13 Ni 223 Pd
surface after sputtering of 10 monolayers

Fig. 3.43. Non-resonant laser-SNMS mapping of a contact test
structure on GaAs. Field of view 40 x 40 um? [3.114].



3.4 Laser-SNMS

3.4.5.2 Resonant Laser-SNMS

Figure 3.44 shows Cu depth profiles obtained from silicon and 0.8 pm silicon oxide
on silicon samples. For this experiment, half a silicon wafer without an SiO, layer
and half an SiO,-covered Si wafer were simultaneously implanted with 5 x 10'*
®Cu atoms cm™ at 150 keV. For analysis, both samples were cooled to 107 K to re-
duce migration effects, and depth profiles were taken under the same experimental
conditions. The integrated Cu signal for both samples, i.e. the Cu sensitivity factor
for Cu in silicon and for Cu in silicon oxide, was almost the same (less than 3% dif-
ference, which is because of the differences in sputter yield), demonstrating the ma-
trix independence and quantification accuracy possible with R-laser-SNMS. The dy-
namic range for ®*Cu is better than six orders of magnitude. Because of the limited
mass discrimination of the implanter, 2% ®*Cu is present. At the SiO,—Si interface a
higher concentration of Cu was observed. The isotopic ratio at this pile-up near the
interface and below is closer to that of natural copper, indicating that the sample was
contaminated with Cu when the oxide was grown. The Cu profile in Si was broa-
dened because of channeling effects which occur in crystalline silicon but not in
amorphous silicon oxide [3.115]. The lowest measured signal corresponds to a con-
centration of 400 ppt which is still not the detection limit.

Figure 3.45 shows R-laser-SNMS images of copper concentration in the region of Te
and Cd inclusions in a CdZnTe (CZT) film. It is clear from the images that the cop-
per concentration is approximately ten times higher in the Te inclusion (peak con-
centration approximately 50 ppb) than in the surrounding CZT matrix and approxi-
mately 500 times higher in the Cd inclusion. These data support the theory that the
copper migrates preferentially to Te/Cd second phase regions inside the CZT
matrix [3.116]. Further experiments must be performed to verify whether the solubi-

1020 -
Primary ions: 10 kel O,°
Sample temp.: 107 K
1019 4
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= - BCyin Si
E 4017 ‘ uin Si
E — #Cuin Si0,
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Fig. 3.44. Depth profile of ®*Cu in Si and of 0 05 10 185 20 25 30

3Cu and ®*Cu in SiO, [3.115]. Depth, pm ——»
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Fig. 3.45. R-laser-SNMS images of copper around (a) tellurium
and (b) cadmium inclusions [3.116)].
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lity of Cu is much higher in Cd than Te. The same imaging technique can be used to
locate and quantify pharmaceutical products in tissue, with sub-cellular resolution
and sub-ppm detection limits [3.117].

R-laser-SNMS can also be applied to detect Sn-labeled DNA at positively hybridized
and unhybridized sites on a DNA biosensor chip which can be used, e.g., for genetic
disease and cancer diagnostics [3.118, 3.119]. DNA diagnostics by sequencing by hy-
bridization (SBH) involve binding a small (typically 18-20-mer) oligonucleotide to a
chip. The chip might be glass, silicon, gold, or platinum. By polymerase chain reac-
tion fragments of the genomic DNA are produced with an attached label. The size of
the fragment can vary from a few dozen to several hundred or several thousand nu-
cleotides.

Figure 3.46 shows an R-laser-SNMS image of ''®Sn obtained from a DNA biosensor
chip. For this experiment, two different 17-mer oligonucleotides were bound to plati-
num circles on a silicon wafer (three locations each). Enriched '"®Sn-labeled DNA,
which was completely complementary to one of these oligonucleotides and non-com-
plementary to the other, was hybridized to this chip. After the hybridization, the sam-
ple was washed to remove unhybridized probes. The image shows three peaks at the
complementary DNA sites. The discrimination between hybridized and unhybri-
dized sites is better than 100. A single point on the top center spot was analyzed
twice before the full image was taken, leading to a slight reduction of the signal. The
same technique can be readily applied to a variety of problems in bioanalytical chem-
istry, e.g. screening of combinatorial libraries, etc.

3.5
Rutherford Back-scattering Spectroscopy (RBS)

Leopold Palmetshofer

Rutherford back-scattering spectroscopy (RBS) is one of the most frequently used
techniques for quantitative analysis of composition, thickness, and depth profiles of
thin solid films or solid samples near the surface region. It has been in use since the
nineteen-sixties and has since evolved into a major materials-characterization tech-
nique. The number and range of applications are enormous. Because of its quantita-
tive feature, RBS often serves as a standard for other techniques.

3.5
Principles

In RBS, a beam of monoenergetic ions, usually H" or He" of typical energy 0.5 to
2.5 MeV, is directed at a target, and the energies of the ions which are scattered back-
wards are analyzed. In the back-scattering collision, energy is transferred from the
impinging particle to the stationary target atom. The energy ratio between the pro-
jectile energy E; after collision and the energy E, before collision, derived from bin-
ary collision theory, is [3.120, 3.121]:
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M, M (3.28)

Eq |:(M22—M12sin2 02 + M, cosH:|2
The energy ratio E;/E,, called the kinematic factor K, shows that the energy after
scattering depends only on the mass M; of the projectile, the mass M, of the target
atom, and the scattering angle 0 (i.e. the angle between incident and scattered
beams). If My, Ej, and 0 are known, M, may be determined and the target element
identified.
For direct back-scattering through 180°, the lowest value of the energy ratio is given by:

E:(M>2 199
Eo M, + M, (3-29)

If M; = M, the incident particle is at rest after a central collision and all the energy
is transferred to the target atom. For target atoms with M, < M; no back-scattering
occurs.

The energy of the back-scattered ion is given by Eq. (3.28) only for scattering by an
atom at the surface of the target. In RBS, however, the ion beam penetrates the target
and an ion might be back-scattered by target atoms at any point along its path. In
the energy region used for RBS the ion trajectory is a straight line (apart from the
back-scattering collision) along which the ions lose energy primarily through excita-
tion and ionization of atomic electrons (electronic energy loss). The energy loss per
unit path length, dE/dx, is called the stopping power. These additional energy losses
broaden the peak to be observed in an RBS spectrum of a thin film.

The situation is illustrated in Fig. 3.47. The upper part shows a thin film of Ni depos-
ited on a Si substrate. Only particles scattered from the front surface of the Ni film
have an energy given by the kinematic equation, Eq. (3.28), E; = Ky;Eo. As particles
traverse the solid, they lose energy along the incident path. Particles scattered from a
Ni atom at the Si-Ni interface therefore have an energy smaller than Ky;Ey. On the
outward path the particles again lose energy. On emerging from the surface, the par-
ticles scattered at the interface have a total energy difference AE from particles scat-
tered at the surface; this results in a broad peak in the back-scattering spectrum. The
peak width AE is related to the thickness of the Ni film (see below).

For Si atoms the kinematic factor is smaller, Kg; < Ky;, because of their lower mass.
Back-scattered particles from Si atoms appear at lower energies in the spectrum. Be-
cause no Si atoms are on the surface, the energy spectrum produced by scattering
from Si starts at an energy lower than Ks;Eo and then extends to zero energy, because
Si atoms form the substrate with effectively infinite depth.

For a surface layer consisting of atoms of lower mass than the substrate atoms, the
peak arising from the surface layer merges with the broad continuum and appears
as a small feature on top of it. For surface analysis by RBS, conditions must be such
that the mass of surface atoms is considerably higher than the mass of substrate
atoms if the peak from surface atoms is to be completely resolved. Only in these cir-
cumstances is the sensitivity of RBS comparable with that of AES and XPS, i.e., up
to ~107 atomic layers. No chemical information is possible.
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Fig. 3.47. Schematic back-scattering spectra A
for MeV He" ions incident on a 100-nm Ni film =1,
on Si (top) and after reaction to form Ni,Si (bot- —
tom). Depth scales are indicated below the
energy axes [3.120].
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So far we have tacitly assumed that all the target atoms are equally visible to the projec-
tiles. In a single crystal, atomic rows and planes can guide energetic ions along the
channels between rows and planes so that the ion beam penetrates deeply into the
crystal, an effect known as channeling [3.120, 3.122]. Channeling occurs when the ion
beam is carefully aligned with a major symmetry direction of the single crystal.
Fig. 3.48 shows a side view of this process in which most of the ion beam is steered
through the channels formed by the strings of atoms. Channeled particles cannot get
close enough to the atomic nuclei to undergo large-angle Rutherford scattering, hence
scattering is drastically reduced by a factor of approximately 100. Atoms at the surface
produce a surface peak in the back-scattering spectrum because the ion beam is scat-
tered from the surface atoms with the same intensity as from a random array of

Fig. 3.48. Schematic diagram of particle trajec-
tories undergoing scattering at the surface and
channeling within the crystal. The depth scale is
compressed relative to the width of the channel,
to display the trajectories [3.120].
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atoms. The second atom in each string of atoms is completely shadowed in a perfect
rigid lattice, because of the “shadow cone” formed by the ion trajectories. Thus, chan-
neling enormously improves the sensitivity of RBS to atoms at the surface.

352
Instrumentation

Ion beams suitable for RBS are produced in particle accelerators. By far the most
widely used device for the production of MeV ion beams is the Van de Graaff electro-
static accelerator, either single ended or double ended (tandem Van de Graaff). The
reader is referred elsewhere [3.123] for detailed information about accelerator tech-
nology. Accelerators normally produce ions in several charge states and even a multi-
plicity of species. To extract a beam suitable for materials analysis, the beam is
passed into the field of an analyzing magnet. A mass- and charge-selected beam
then enters an UHV environment via differentially pumped apertures and is steered
to the target by electrostatic or magnetic lenses. The beam size at the target is, typi-
cally, 1 mm?. Small beam spots, if desired, can be obtained by suitable lens systems.
Selected area analysis using small spots is usually achieved by specimen manipula-
tion. For general analysis the ions strike the specimen at normal incidence. When
structural information is sought (RBS + channeling), the specimen is mounted on a
multiple axis manipulator and can be rotated about the point of ion impact to vary
the angle of incidence about channeling directions.

The scattering angle for optimum mass resolution would be 180° (a certain AM,
gives the largest change in K when 6 = 180°, Eq. 3.28). Because of detector size, in
practice 8 ~170° is chosen. The detection of back-scattered ions is usually per-
formed with a solid state detector, either a silicon surface barrier detector or a passi-
vated implanted planar silicon (PIPS) detector. For conventional RBS with He" or H*
ions at 1-2 MeV the PIPS detector has the better energy resolution (about 10 keV
compared with 15 keV for surface barrier detectors [3.124]). The detector signals,
which are highly proportional to the energy of the incident particle, are amplified
and assorted in energy in a multichannel analyzer.

Recent years have seen increasing use of medium-energy ions and of heavier ions to
optimize certain features of back-scattering analyses. Two examples are given. Med-
ium-energy ion scattering (MELS) employs ions with energies of 100-500 keV together
with electrostatic analyzers or time-of-flight (TOF) detectors. MEIS enables very shal-
low analysis depth with resolution up to monolayers [3.125]. Heavy-ion back-scatter-
ing spectroscopy (HIBS) uses ions such as '°C, '°0, or **Cl together with TOF detec-
tors to obtain extremely high sensitivities (~10° at cm™) for trace analysis [3.126].

353
Spectral Information

An RBS spectrum contains information about the mass of the scattering atoms, the
composition of the surface layer, the depth of scattering atoms, and the thickness of
a surface layer.
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Evaluation of the mass of the target atoms from the energy of back-scattered particles
has been described above. An example of the nature of the compositional informa-
tion obtainable from a RBS spectrum is based on Fig. 3.47. The lower part of the
figure shows, schematically, a Ni film on Si reacted to form Ni,Si. After reaction, the
Ni signal AEy; has spread slightly, because of the presence of Si atoms contributing
to the energy loss. The Si signal has a step in the energy Kg; E, corresponding to Si in
the Ni,Si. The hatched peak areas in the figure are a measure of the number of parti-
cles scattered by Si or Ni atoms. Because the probability of a collision between the
projectile and a target atom is easily obtained (Eq. 3.32), the number of Si and Ni
atoms in the target and hence the composition Ny;/Ns; can be calculated.

Knowing the composition of a layer, it is possible to establish a depth scale for the
distribution of an element or to measure the layer thickness from the energy of the
scattered particles. This depends on the energy loss of the projectile on its inward
and outward paths, as described in Sect. 3.5.1. The energy difference, AE, for a parti-
cle scattered at the surface and a particle scattered at a depth x is given by:

AE =[S]x (3.30)

where [S], called the energy loss factor, depends on the stopping power on the inward
and outward paths, the kinematic factor, K, and the orientation of the sample both to
the incident beam and to the detector direction [3.121]. In Fig. 3.47 the depth scales
are indicated.

RBS with channeling can be used to detect and measure the thickness of an amor-
phous layer on an otherwise crystalline substrate. The method is commonly used to
obtain structural information about the damaged surface layer of ion-implanted
semiconductors and to study removal of the damage on annealing. An example is
shown in Fig. 3.49 for GaAs [3.127]. If the incident ion beam is directed on to the
GaAs crystal in a (110) channeling direction, the back-scattering yield is drastically
reduced (d) compared with the yield when the beam is incident in a non-channeling
or “random” direction (a). Note the small surface peak in the channeled spectrum.
Ion implantation with 120 keV Si* ions to a dose of 5 x 10" cm™ produced an amor-
phous surface layer in GaAs. Because no channeling is possible in this layer, the in-
tensity of the back-scattered signal under channeling conditions increases and is as
high as for the random direction. Ions passing through the amorphous layer experi-
ence the crystalline nature of GaAs, which results in a reduced back-scattering yield
(b). From the width of the broad peak in curve b the thickness of the amorphous
layer is found to be ~140 nm. After annealing at 950 °C the intensity of the back-scat-
tering yield under channeling conditions dropped substantially (c). The spectrum
closely resembles that of crystalline GaAs, which indicates that the implantation da-
mage is almost completely annealed out.

One of the most fascinating applications of channeling RBS is the study of lattice lo-
cations of impurity atoms. By measuring the angular dependence of the back-scatter-
ing yield of the impurity and host atoms around three independent channeling axes
it is possible to calculate the position of the impurity. Details can be found
elsewhere [3.122].
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330 keV H* Fig. 3.49. RBS spectra from GaAs im-
- planted with Si (120 keV, 5 x 10'® cm™)
30°<1107 before and after annealing at 950 °C.

= The uppermost spectrum is taken in a

0 :
\\-\ Depth random direction, the others are in the
'a,__?ﬂquom 200nm gaﬁs channeling direction [3.127].
—_— ur-

8k \ TV face
' b,Unannesteg ——-
e
c
=]
86
=
o !
3._"" i J
2 1
£ i
w2 ) !
g [ eded o t
B |%Virgin = T ~

0 L I !
0 50 100 150 200

Channel number ——=

354
Quantification

For an ion beam with the total number Q of ions impinging on a thin film, the num-
ber, Qa, of particles back-scattered from atoms of type A and registered in the detec-
tor (also called yield, Ya), is given by:

Qa =Ya = QNaoaAQ (3.31)

where N, is the areal density of atoms A in the film (atoms cm™), g4 the differential
scattering cross-section (cm” sr'), and AQ the solid angle of the detector. The differ-
ential scattering cross-section describes the probability of a projectile being scattered
by a target atom through an angle, 6, into a solid angle, dQ, centered about 0. If the
interaction potential between the particle (M;, Z;) and the target atom (M,, Z,) dur-
ing scattering is given by the Coulomb potential, the cross-section is given by the
Rutherford formula:

212262)24[(%2 — M?sin? 0)"2 4 Mj cos 0] (3.32)

o (E, 0) = (
4E M,sin* 0 (M22 — M2 sin? 0)1/2

Equation (3.32) is given in cgs units. For practical calculations, the number
¢’ ~ 1.44 x 107> MeV cm is useful. For standard RBS with 1-2 MeV He" ions, the
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use of the Rutherford cross-section is justified (giving the technique its name). De-
viations occur at both higher and lower energies [3.121].

For a particular primary ion and fixed experimental conditions, the scattering cross-
section is a function only of the mass and atomic number of the scattering atom,
and can be calculated. Thus in principle, all the terms in Eq. (3.31) except the re-
quired N, are known. RBS is, therefore, an absolute method that does not require
the use of standards.

For a compound film A,,B,,, the composition can be calculated from Eq. (3.31) to be:

n_ Npg Qg oa(E0)
m  Na Q, og(E0) (3-33)

Note that this ratio depends only on the ratio of measured yields, Qa/Qg, and knowl-
edge of the cross-section ratio, oa/op. The hard-to-measure quantities Q and AQ
have cancelled.

For targets containing several elements which might produce overlapping peaks,
RBS spectra are analyzed by use of computer simulations. The energy spectrum of
the back-scattered particles is calculated for the actual experimental conditions and
an assumed target composition. The target composition is then altered (either
manually or by using a least-square fitting procedure) until the calculated and mea-
sured spectra are closely matched. A widely used RBS analysis program is the
RUMP code [3.128]. Commercial software packages are also available [3.121].

The accuracy in RBS results is ~3 % for areal densities and better than 1% for stoi-
chiometric ratios. This high accuracy is obtained only when all relevant quantities
are measured or evaluated carefully. Pitfalls which often prevent RBS from achieving
its full accuracy are described elsewhere [3.129]. Calibration can be achieved by mea-
suring standards obtained by either implanting into or depositing on a light element
(silicon) a known amount of a much heavier element (e.g. Ta or Sb).

3.55
Applications

Because RBS is a major technique for the analysis of thin solid films and surface
layers, the number of published applications in these areas is enormous. The num-
ber of publications reporting the use of RBS either alone or with other analytical
techniques, is approximately 1000 per year. Most applications are in the field of
semiconductor technology. Ion-implantation damage and damage annealing, im-
plantation profiles, multilayer systems grown by molecular beam epitaxy (MBE) or
chemical vapor deposition (CVD), silicide formation, and diffusion barriers for con-
tacts are among the topics routinely investigated by RBS.

A typical example is the formation of a buried f-FeSi, layer in Si [3.130]. The system
is a favorable one for RBS, because Fe is much heavier than Si. The FeSi, was
synthesized by implanting Fe to a high dose (2.7 x 10'” cm™) into Si and perform-
ing high temperature annealing. FeSi, occurs as different phases, which complicates
the formation of the low-temperature semiconducting i-phase. After brief annealing
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(10's) at 1150°C «o-FeSi, is formed. The transformation to f-FeSi, is performed by
long-term annealing (17 h) at 800 °C, a temperature well below the o—f transition.
Figure 3.50 shows the RBS spectra. The Si yield starts at the surface energy Kg;Eq
and has a large dip at lower energies, whereas the Fe peak starts at energies below
KgeEo, which indicates that the FeSi, layer is buried below the Si surface. The differ-
ence between Fe signal heights for the « and f§ phases indicates a change in density
during phase transformation. It is estimated that the « phase contains structural va-
cancies of ~17%. The channeling spectrum of the /i phase shows that the buried
layer is crystallographically aligned with the Si — (001) planes of f-FeSi, are parallel
or slightly off-oriented to (111) Si.

RBS and channeling are extremely useful for characterization of epitaxial layers. An
example is the analysis of a Si;_,Ge,/Si strained layer superlattice [3.131]. Four pairs
of layers, each approximately 40 nm thick, were grown by MBE on a (100) Si sub-
strate. Because of the lattice mismatch between Si; ,Ge, (x ~ 0.2) and Si, the Si;_,
Ge, layers are strained. Figure 3.51 shows RBS spectra obtained in random and
channeling directions. The four pairs of layers are clearly seen in both the Ge and Si
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Fig. 3.52. Normalized back-scattering «— Depth (monolayers)
yields of H" ions from Pb near the mel- 50 40 30 20 10 0
ting point, with the incident beam and 1 L | I |
scattered beam directed along (101) . .

crystal axes (double alignment): curve 1.0 4
a, 295 K; curve b, 506 K; curve ¢, 561 K;
curve d, 600.5 K; curve e, 600.8 K.
Spectrum d is fitted by a sum of contri-
butions M, from a liquid surface layer,
and |, from a partially ordered transition
layer [3.133].

Normalized yield —
=
en
1

92 93 94 95 9% 97
Backscattered energy, ke —s

yield. The spectrum for channeling in the (100} direction is typical, whereas large de-
channeling is observed in the (110} direction, because of the lattice distortion at the
interface Si;_,Ge,/Si. (The strained Si;_,Ge, layer grows such that the in-plane lattice
constant is the same as that of Si, whereas the perpendicular lattice constant is larger.
(100) channels are, therefore, rather undistorted and diagonal (110) channels are
distorted by a small angle.) The large dechanneling yield is a direct consequence of
the lattice strain. The distortion can be measured as a small angular shift in angular
scans at energies corresponding to specified Si and Si;_,Ge, layers. By applying high-
resolution RBS, even the intermixing of Si and Ge during epitaxial growth has been
studied [3.132].

Other fields for RBS analysis include optical and dielectric materials, hard and pro-
tective coatings, superconductors, and magnetic materials.

RBS as an extremely useful method for applied materials science has also contribu-
ted to basic science. A famous example is surface melting [3.133]. Fig. 3.52 shows
normalized back-scattering yields of H™ from Pb near the melting point in the
(101} direction (double alignment). The surface peak increases with increasing tem-
perature and develops into a broad peak at 600.5 K. At 600.8 K, just above the melt-
ing temperature (600.7 K), the random spectrum is obtained, as is expected for a
bulk liquid. The broad peak below the melting temperature (curve d) can be fitted by
assuming a disordered liquid surface layer (M) plus a partially ordered transition
layer (I) between the liquid and the crystalline substrate. These were the first direct
measurements of surface melting. Later experiments showed that surface melting is
very dependent on the orientation of the surface.
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3.6
Low-energy lon Scattering (LEIS)

Peter Bauer

3.6.1
Principles

In principle, a low energy ion scattering (LEIS) experiment is like RBS at low ener-
gies — an ion beam is sent to a target at a large angle relative to the surface plane,
and back-scattered projectiles are detected at a large scattering angle [3.134, 3.135].
In contrast with RBS, in a typical LEIS experiment only positive ions are detected.
Consequently, also the singly charged ion fraction P, i.e. the yield of singly charged
ions divided by the total back-scattered yield, has to be included when calculating the
ion yield, Qa, back-scattered from an atom of species A:

0 = 0y Na % PTSTAQ (3-34)

where Q is the number of incident projectiles, N, the areal density of atoms A in
the surface (atoms cm™), do,/dQ the differential scattering cross-section, S a steric
factor describing the influence of multiple scattering, and Tand AQ are the trans-
mission function and the solid angle of the spectrometer, respectively.

The scattering cross-section is considerably different from the Rutherford cross-sec-
tion, because the distance of closest approach, R, is rather large at low energies.
Thus, electronic screening of the interaction between the nuclei is important. The
screened scattering potential V(r) reads:

V()= V() + Ve(r) = Ve () D (r/a), (3.35)

where V¢ and V, are the potentials of the target nucleus and the target electrons, re-
spectively, and @ (r/a) is the screening function, which describes how the Coulomb po-
tential is weakened by electronic screening. @ is a function of the reduced distance, r/
a,where the screening length, a, is characteristic of the ion-target combination. Within
the Thomas—Fermi-Moliére model [3.120], @ and a are given by Eqs (3.36):

3
®(r/a) = Zéi exp (— %) (3.363)
i

0.88524a
8= (3.36D)
VVZi +VZ2)

where a, = 0.529 A (the Bohr radius), and the constants 5, = 0.35, 3, = 0.55, 35 = 0.1,
c1=0.3, c; = 1.2, and ¢5 = 6. Thus, the influence of screening is negligible for small
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distance (¢ — 1 for r — 0) and limits the interaction to distances comparable with
the screening length (¢ — 0 for r > a).

From the screened potential the scattering angle, 0 (b) , that corresponds to a given
impact parameter, b, is obtained by solving the scattering integral, i.e. the general re-
lationship 6 (b) for an arbitrary central potential [3.136]. From 6 (b), one readily ob-
tains the differential scattering cross-section:

do _
o

b_db
sinf do

(3.37)

In Eq. (3.34), the major unknown is the charge fraction, P*, which is still a subject of
theoretical investigation [3.137]. Current knowledge is that when noble gas ions are
used as projectiles the detection of back-scattered positive ions leads to the extreme
surface sensitivity typical of LEIS, because P> 0 is observed only when the projectile
is scattered by a surface atom (because of their large binding energy, the mean
charge state of low energy noble gas ions in any matter is neutral).

When only two charge states (0, +1) are of relevance, there are two contributions to P™:
(1) projectile ions that have escaped neutralization along their trajectory, and
(2) those which were neutralized on their incoming path, re-ionized in the surface

collision and remained in the charged state when leaving the surface:

P+ = Pgurv,in P;urv,out + (1 - P;—urv,in) PRel p;urv,out (338)

where Pjpyin and Py ou are the probabilities of the ion surviving neutralization on
the incoming and the outgoing paths, respectively, and P, is the probability of re-io-
nization in a surface collision. Pg is highly dependent on the distance of closest ap-
proach in the surface collision and on the detailed electronic structures of projectile
and target atom, and is more important at higher energies [3.138]. At low energies,
therefore, survivals usually dominate the charge fraction. As long as only one neutra-
lization process (Auger or resonance process) dominates in the energy range of inter-
+

est, the probability that the ion escapes neutralization, i.e. Pg,, is obtained from the
transition rate R(t) (transitions/second):

Pl = exp[— [dtR(1)] (3.39)

Taking into account that neutralization means tunneling of a target conduction-band
electron to the ion, the time integral can easily be replaced by integration over the
distance from the surface, s, by use of the identity dt = ds/v, , where v, is the compo-
nent of the ion velocity perpendicular to the surface. From this, the velocity-depen-

dence of the survival probability, P, is obtained:

1 C
Pl =exp [—K/dsR(t)] =exp [— ! ] (3.40)

Vi, L
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In Eq. (3.40), | can mean in and out, taking into account that the ion velocity after
scattering is reduced, because of the recoil energy transferred to the target atom. The
characteristic velocity v, is obtained by integrating the transition rate along the trajec-
tory and illustrates the neutralization efficiency: large values for v, correspond to
strong neutralization.

From Eq. (3.40) we may draw two conclusions:

(1) At high energies (small values of 1/v,) the ion fraction is high, because there is
little time for neutralization.

(2) For a given geometry, the ion fraction decreases exponentially with the inverse of
the velocity.

These theoretical predictions have been verified experimentally for numerous target
materials (Fig. 3.53 [3.139]). Note that in Fig. 3.53 there is a pronounced difference
between the neutralization of carbon atoms in a carbide and in graphite, respectively.
This is one of the rare examples where matrix effects are observed.

3.6.2
Instrumentation

When the equipment used for RBS and LEIS is compared the following differences
are apparent:

RBS LEIS

accelerator ion source (< 5 keV)

deflection magnet Wien filter

PIPS-detector Electrostatic spectrometer or time-of-flight
spectrometer + micro-channel plate

H*, He" ions noble gas ions (He*, Ne*)

Because of its lower beam energy, a LEIS ion source is much more compact than an
accelerator for MeV ions, but it has the same purpose - to provide a beam of ions
with well defined energy and mass. In LEIS, the latter demand is fulfilled by a Wien
filter that selects ions of one specific mass, as does the deflection magnet in RBS. In



3.6 Low-energy lon Scattering (LEIS)

LEIS the energies of the ions are too low for PIPS detectors and would lead to a sig-
nal-to-noise ratio less than unity. A stack of microchannel plates is, therefore, used
to detect the ions in LEIS. The detection efficiency of the microchannel plates is in-
cluded in the experimental transmission factor T'in Eq. (3.34).

Energy selection is achieved either with an electrostatic analyzer or by use of a time-
of-flight spectrometer. Both types of spectrometer have advantages and disadvan-
tages. In time-of-flight measurement ions and neutrals are separated by post-accel-
eration of the ions. Without post-acceleration, neutrals also are detected, thereby in-
creasing the intensity by orders of magnitude; usually, however, this leads to the loss
of surface sensitivity. For analysis of surface structures, however, this is not a pro-
blem, because shadow cones can be used to regain surface sensitivity (see below). A
conventional electrostatic spectrometer works with ions only and is, therefore, sur-
face sensitive. Its efficiency is, however, low, because only ions in a narrow energy
window around a well-defined pass energy are detected simultaneously; the pass en-
ergy must be scanned to obtain a spectrum. The detection efficiency can be in-
creased by orders of magnitude by use of a double-toroidal energy analyzer in combi-
nation with a position-sensitive detector, because such a system measures simulta-
neously an energy spectrum of back-scattered ions in a larger energy window. Such
an arrangement, called ERISS, has been developed at Eindhoven University [3.140]
(Fig. 3.54). ERISS enables static LEIS measurements (without noticeable damage),
even at polymer surfaces (see below) for which the sputter rate even under LEIS con-
ditions is very high.

lon source -

Il Mass filter

Detector _-1 Collector
Channel‘ﬁ e
plates i —\ skim

Analyser

Neutralizer -~
Fig. 3.54. Schematic diagram of the ERISS set- i
up [3.140]. Target
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36.3
Information

The energy spectrum in LEIS contains two types of information — energy and ion
yield.

3.6.3.1 Energy Information

In the discussion so far we have considered the typical LEIS experiment only, i.e.
large angles of incidence of exit relative to the surface plane. Under these conditions,
in general, quantitative composition analysis is possible, because the ion-target inter-
action can be considered as a binary collision, because of the absence of matrix ef-
fects (see below).

Surface composition analysis by LEIS is based on the use of noble gas ions as pro-
jectiles, making use of the superb surface sensitivity of LEIS under these condi-
tions. A consequence of this surface sensitivity is that the LEIS energy spectrum
consists of lines, one per element, if the masses differ sufficiently. The lines are
narrow, because inelastic energy losses play a minor role here. Thus, the informa-
tion on the atomic species present is deduced from the energy of the back-scattered
ions, which can be converted to the mass of the scattering center. (Fig. 3.55 [3.141]).
In Fig. 3.55 it is shown that the mass range, where LEIS is sensitive, depends on
the projectile mass.

0 Ru/Ba/W/Os
Het
| 1000 1400
0
T |W L
I
-‘g Ne* Ba
o b
s
S W/Os
2
> -
2 Ru
8
8 1 l
3
B | A Ba W~ Os . .
Fig. 3.55. LEIS spectra obtained from
B an Os/Ru top layer dispenser cathode
with 3 keV He, Ne, and Ar projectiles,
i respectively. The He spectrum demon-
1250 1500 strates the absence of O on an undama-
Ru ged cathode surface, the insert in the
He spectrum was obtained for a ca-

1 1 ]
0 1000 2000 3000 thode exposed to 20 Langmuir oxygen
Energy, eV — at room temperature [3.141].
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3.6.3.2 Yield Information

As is apparent from Eq. (3.34), the back-scattered ion-yield in LEIS is a measure of
the concentration of an element in the surface, if the other quantities are known.
This is generally so — the scattering cross-section can be calculated in accordance
with Eqs (3.36) and (3.37) or found in tabulations; S is less problematic for large an-
gles of incidence and exit (and can be considered constant); the transmission prob-
ability T'is proportional to E for any electrostatic spectrometer that varies the pass en-
ergy (as long as the detection efficiency is energy-independent); the solid angle AQ
of the spectrometer can be assumed constant. Thus, for fixed experimental condi-
tions (constant primary energy, constant geometry, etc.), Eq. (3.34) can be simplified
to:

Qh =1aca (3.41)

where 7, is the sensitivity factor which contains all element-specific quantities and
ca is the concentration of element A in the surface.

Figure 3.56 depicts LEIS spectra for two completely different types of Al,05 sample,
i.e. a-alumina (sapphire) and y-alumina (a powder with high specific surface area)
which show very similar results in both cases after thermal treatment at
400 °C [3.142]. Reduction of the Al signal in y-alumina was ascribed to shielding by
hydroxyl groups formed by water molecules, which are typical adsorbates on y-alu-
mina.

When measuring LEIS at small angles to the surface, for both incoming and for the
outgoing particles, information on atomic structure can be obtained for a given sur-
face (Fig. 3.57). Both, TOF-SARS (scattering and recoiling analysis) and ICISS (im-
pact collision ion scattering spectroscopy) make use of the shadow cone and of focus-
ing of the enhanced ion intensity at the shadow onto the neighboring atom — at glan-
cing incidence all surface atoms are hidden in the shadow cone of the first atom in a
plane or terrace and the scattered intensity is low; when the angle of incidence is in-
creased (relative to the surface), at a critical angle the neighboring atoms leave the
shadow cone and are hit by an enhanced flux of projectiles, which leads to a peak in
the scattered intensity as a function of the angle of incidence (see below).

L

5, (arb. units) -

Fig. 3.56. LEIS obtained from different L L
types of alumina with 3 keV He ions 600 1200 1800 2400
3.142]. EeV—=
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Fig. 3.57. Different experimental geo-
metries for low energy ions spectros-
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3.6.4

Quantification

The usefulness of Eq. (3.41) depends crucially on whether or not the sensitivity fac-
tor 7 depends on the presence of other elements in the surface (‘matrix effects’). It
is an experimental finding that in general neutralization depends only on the atomic
number of the scattering center, and matrix effects occur rarely. An instructive exam-
ple is the neutralization of He by Al in the pure metal and in alumina. The slopes of
the neutralization curves turn out to be the same for both materials, i.e. matrix ef-
fects are absent [3.143]. This is a strong indication that in the neutralization process
not only the valence/conduction electrons, but also atomic levels below the valence/
conduction band are involved.

Practically it is more convenient to measure intensity ratios instead of absolute in-
tensities. Thus, e.g., Cu may serve as a reference material, relative to which the ion
intensities back-scattered from the atoms of the surface under consideration are
measured:

5
Qa _ Maa (3.42)
Qcu  McuCcu

A further example where quantitative surface composition analysis is possible for a
non-trivial surface is shown in Fig. 3.58, where for the systems Ta + O and Nb + O
adsorption the ion signal from the metal is shown as a function of the ion signal
from O. In this binary example Eq. (3.43) are valid for the concentration:

o tco=1 (3.43a)
b+ Co=1 (3.43D)

Inserting Eq. (3.43a) into Eq. (3.42) yields:

n
Q5 =1no—Qf, -= (3.44)
nTa



3.6 Low-energy lon Scattering (LEIS)

Fig. 3.58. Dependence of peak inten- 400
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From Eq. (3.44), one expects a linear relationship between Qp and Qf, and a corre-
sponding relationship for Qf and Qxy,. Indeed, this has been observed experimen-
tally (Fig. 3.58) [3.144].

3.6.5
Applications

Applications of LEIS are widespread, going far beyond the needs of a typical surface
science laboratory, because LEIS is capable of yielding information also on insulating
samples and on very rough structures (catalysts!). The main problem with rough in-
sulating surfaces is that they need charge compensation , i.e. flooding by thermal
electrons which neutralize the charging of the surface by incoming ions and emitted
energetic electrons.

An example is a LEIS study on a specific spinel, namely ZnAl,Oy, for which cations
(Zn) in tetrahedral sites are expected [3.145] to be less stable and therefore move to
sites below the surface where they are better shielded, yielding a lower LEIS signal.
This has been confirmed by Brongersma et al. [3.146] (Fig. 3.59). This figure shows
that LEIS is very sensitive to Zn, as shown by LEIS from ZnO, but for the spinel no
Zn is visible in the surface.

An even more ambitious goal is to characterize an unsupported catalyst, because the
surface is extremely rough and the target rapidly deteriorates under bombardment.
Energy deposition leads to enormous erosion, because the substrate cannot get rid
of the energy deposited, owing to the low heat conductivity. As a consequence static
LEIS conditions have to be used to obtain information on the surface alone. In
Fig. 3.60a we show a series of LEIS spectra obtained with 5 keV Ne* ions on a
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Fig.3.59. LEIS spectra of 3 keV He*
scattering from ZnAl,O, (solid line) and
from ZnO (dashed line) [3.146].

Fig. 3.60. (a) LEIS spectra of the
#3Cu/®®Zn0/Si0, catalyst obtained with
different doses of 5 keV Ne™ ions (see
insert, spectra are shifted vertically for
clarity). Catalyst reduction temperature
700 K. Solid lines: fitted Gauss peaks
[3.147]. (b) The relative coverage of Cu
and ZnO on the silica-supported cata-
lyst, reduced at 700 K, as a function of
the ion dose [3.147].
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®3Cu/*®Zn0/Si0, catalyst reduced at 700 K [3.147]. These LEIS spectra were ob-
tained at three different ion doses — 3 x 10', 3.41 x 10" and 8.67 x 10" Ne* cm™.
Because of the use of isotopically enriched Cu and Zn, and of Ne" ions as projectiles,
Cu and Zn can clearly be separated in the LEIS spectrum. Strong dose-dependence
is apparent. Fig. 3.60b shows the dose-dependent surface concentrations of Cu and
Zn. At low doses (<1.5 x 10" Ne cm™) the Zn concentration remains constant
whereas the Cu concentration increases. At these low doses a hydroxyl layer on top
of the catalyst is sputtered. The Zn signal stays constant despite removal of the ad-
sorbate, indicating that at the virgin surface the Zn concentration was even higher.

As a final application, the analysis of a surface structure by TOF-SARS is discussed
(a general discussion is given elsewhere [3.148]). Fig. 3.61 shows that the scattered
intensity is increased when projectiles hit a surface at the critical angle of incidence,
o, because of focusing collisions with one of the neighboring atoms in the surface
(a) or below the surface (b). Note also that recoiling atoms can be emitted in the
same direction. Fig. 3.62a shows a TOF spectrum measured for bombardment of
CdS(0001) by 4 keV Kr* ions [3.149]. A spectrum of Ne projectiles scattered by Cd in
CdS is also shown as a function of the angle of incidence, a. The peak at approxi-
mately o &~ 20° is because of focusing of the projectiles by first-layer Cd atoms on to
their first-layer Cd neighbors, by which they are scattered into the detector. The peak
at o &~ 65° is because of focusing of the projectiles by first-layer Cd atoms on to their
second-layer Cd neighbors, by which they are scattered into the detector. Analysis of
these critical angles enables determination of the lateral first-layer interatomic spa-
cings and the first-second interlayer spacing (see Fig. 3.61).

Finally, Fig. 3.61 ¢ shows an azimuthal scan, again for CdS(0001) and Kr"* ions inci-
dent under a grazing angle. This enables determination of the surface periodicity, be-
cause the scattered intensity is minimal for incidence along the crystallographic
axes, again because of shadowing. The intensity increases when the direction of inci-
dence is tilted relative to the crystallographic axis by a critical angle. The widths of
the minima are related to the interatomic spacings along the particular directions.
Wide deep minima are expected for short interatomic spacings, because of the large
azimuthal tilt needed to move the neighboring atom out of the shadow cone.

Fig. 3.61. Schematic illustration of
projectile trajectories, showing focusing
collisions when the projectiles impinge
under a critical angle o [3.150].
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Elastic Recoil Detection Analysis (ERDA)

Oswald Benka

3.7.

1

Introduction

From methods based on elastic scattering of high-energy ions, one expects quantita-
tive information about the depth distribution of elements in the surface region of so-
lids. In Rutherford back-scattering spectrometry (RBS) projectiles scattered by angles
larger than 90° are analyzed. Because projectiles with mass M; can only be back-scat-
tered from a target atom with mass M, if M; < M,, light projectiles such as protons
and He ions are usually used in RBS. High back-scattered energies and large back-
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scattering cross-sections are found for heavy target atoms. RBS is, therefore, well sui-
ted to the analysis of heavy target elements, but its sensitivity for light elements is
poor.

In elastic recoil detection analysis (ERDA) target atoms, which are recoiled in the for-
ward direction by projectiles with energies in the MeV range, are analyzed, but not
the scattered projectiles. Ecuyer et al. [3.151] described this method for the first time
in the mid seventies. Because the sensitivity of ERDA is approximately the same for
all target atoms, the technique is mainly used for light element profiling, which is
hardly possible by RBS. An important application is hydrogen profiling, information
that cannot be obtained from RBS and other standard techniques such as Auger and
photoelectron spectroscopy.

Because of momentum conservation in forward scattering, both scattered projectiles
and recoiled target atoms emerge from the sample in the forward direction and will
be detected simultaneously in an ERDA experiment. The energy spectra of recoiled
atoms and of scattered projectiles overlap. The measured spectrum is, therefore, very
complex and a useful evaluation is usually not possible unless additional informa-
tion is simultaneously obtained for particle identification so that the ERDA spectra
can be split up into contributions of individual recoiled elements and of scattered
projectiles. For particle identification, two methods are usually applied — the AE — E
method and the TOF method. The AE — E method uses the specific energy loss AE
of the detected particles in a thin solid or gas layer to distinguish between different
ion species with the same energy E; this yields the atomic number (“effective
charge”) of the particles. The TOF method uses the velocity to distinguish between
particles of the same energy; this yields the particle masses (see below).

ERDA, like RBS, is based on the following physical concepts:

(1) the kinematic factors describe the energy transfer from the projectile to target
atoms in an elastic two body collision;

(2) the differential scattering cross-section gives the probability of the scattering event
occurring; and

(3) the stopping power gives the average energy loss of projectiles and recoiled atoms
as they traverse the sample, and define the depth scale.

By applying these concepts, individual recoil energy spectra can be transformed
quantitatively into the corresponding concentration—depth profiles. The depth from
which recoils originate correlates with the energy of these recoils. The concentration
of analyzed atoms at this depth is obtained from the measured intensity of recoils at
this energy. Analytical expressions which give the depth profile as a function of the
measured energy spectrum are less straightforward than for RBS, because the en-
ergy loss of both, projectiles and recoil atoms, must be taken into account. Thus,
measured energy spectra are most conveniently evaluated by use of computer codes.
Several programs are available which calculate the energy spectra of projectiles and
recoils for a given sample and experimental set-up (geometry).

In ERDA, different regimes have been developed with a broad range of projectiles
and energies, which can roughly be separated into three groups:

(1) light projectiles (He, C ions) with energies between 2 and 10 MeV using the AE - E
method, for the analysis of very light elements, mainly hydrogen;
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(2) medium heavy projectiles (Cl) with energies of approximately 30 MeV using
TOF, for the analysis of light elements; and

(3) heavy projectiles (Au) with energies larger than 100 MeV using mainly the AE — E
method, to analyze a broad range of light and intermediate elements.

The sensitivity and depth resolution of ERDA depend on the type of projectile, on
the type of particle, and on energy measurement. Because of the broad range of par-
ticles and methods used, general statements about sensitivity and depth resolution
are hardly possible. Recent reviews of ERDA techniques are available [3.152-3.154].

37.2
Fundamentals

In ERDA the particle yield is measured in forward scattering geometry, i.e. at angles
of detection <90° relative to the beam. Typical scattering geometry is shown in
Fig. 3.63. Projectiles impinge at an angle of incidence o between the ion beam and
the sample surface on a target. Recoils and scattered projectiles, which leave the sam-
ple at an exit angle f relative to the sample surface, are observed at a recoil and scat-
tering angle 0.

When a projectile of mass M, energy E;, and atomic number Z; collides with a tar-
get atom of mass M, and atomic number Z,, it will transfer energy E, to the target
atom at a recoil angle 6, which is given by:

E, = Kg E (3.45)

where Ky is the kinematic factor for elastic recoil. It can be derived from laws of con-
servation of energy and momentum to be:

4M M,

=7 cos*l
Vo v (3.46)

The projectiles which are also scattered with scattering angle 6 will have energy:
ES == KS E1 (347)

where K is the kinematic factor for elastic scattering:

M2 — M2 sin®0)'2 + M, cos 7
Ks = [( 2~ Misin'0) 1 } (3.48)

M, + M,

M, Z:,E Mz,Z2,E2

Fig. 3.63. Schematic diagram of the ERDA geometry.
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Both kinematic factors Ky and Kg are functions of the mass ratio M, /M; and the re-
coil and scattering angle 6. Because the recoil kinematic factor is symmetric in the
masses M; and M,, target atoms with masses M, ; and M, , with 1\1/\[;11 = Nzlz will
have the same recoil energy. The largest recoil energy is found for target atoms with
M, = M, and is given by E** = E; cos*0.

The scattered projectiles will have a higher energy than recoils for M, > M. If, there-
fore, in the surface region of a sample elements are present with atomic masses lar-
ger than that of the projectile, scattered projectiles will have the highest detected en-
ergy. When M,< M, for all masses M,, the recoil atoms with highest masses have
the highest energy. It is also important to remember that there is a critical angle for
scattering. No scattered projectiles are found for scattering angles, 0, larger than arc-
sin (M, /M,). This has stimulated the use of heavy projectiles in ERDA.

A depth scale can be obtained from the energy of recoiled ions. If ions recoiled from
a depth x are lower in energy by AE compared with ions recoiled from the surface, a
simple relationship between AFE and x can be found for thin layers, when constant
stopping power is assumed:

AE =xNeg (3.49)

where N is the atomic density and ¢ is the recoil stopping cross-section factor of the
target:

&in Eout

sing  sinf

er = Kr (3.50)

&n and &qy are the stopping cross-sections of the incident projectiles and of the re-
coiled atoms.
The recoil cross-section (in cm?) for Rutherford scattering is:

ZyZy (M + Mz)}2 1

=5.18 x 107
OR X |: Mz E]

o5’ 0 (3.51)

for projectiles of energy Ej, given in MeV.

For atomic masses M, < M; the recoil cross-section is almost independent of the
atomic number, because the cross-section becomes proportional to (Z,/M,)* and the
ratio Z,/M, is close to 0.5 for all elements. ERDA with heavy projectiles thus has the
advantage of almost constant sensitivity for all elements. Only for hydrogen the ratio
Z,/M, is equal to 1, hence the intensity of hydrogen recoils is enhanced by roughly a
factor of four.

For quantitative evaluation of ERDA energy spectra considerable deviations of recoil
cross-sections from the Rutherford cross-section (Eq. 3.51) must be taken into ac-
count. Light projectiles with high energy can penetrate the Coulomb barrier of the
recoil atom; the nuclear interaction generally leads to a cross-section that is larger
than oy, see Eq. (3.51). For example, the H recoil cross-section for MeV *He projec-
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tiles is increased by approximately a factor of three. Bozoian et al. [3.155] published a
means of estimating, for any ion-target system, the critical projectile energy above
which deviations from the Rutherford cross-sections because of nuclear interaction
are expected. In this non-Rutherford regime, measured cross-sections should be
used in the spectrum evaluation (for example, H recoil cross-sections for “He impact
have been published by several authors [3.156-3.159]).

Deviations from Rutherford cross-sections are also found for heavy projectiles at
lower impact energies, when the projectile can bind inner shell electrons which
screen the nuclear charge. These deviations are usually small and can easily be taken
into account by use of a theoretical correction [3.160].

373
Particle Identification Methods

As already mentioned, particle identification is achieved by energy-loss measure-
ment (the AE — E method) or by velocity measurement (TOF method).

In the AE — E method, particles with the same energy, E, are identified by their en-
ergy loss, AE, in a thin solid or gas layer in front of the energy detector. This method
can be used for particle energies E> Ep,, where Ey, is the Bragg energy, i.e. the en-
ergy of maximum electronic stopping power. For particles with a fixed energy E < Ep,,
the stopping power depends only weakly on the atomic number of the ion, because
in this regime stopping is roughly proportional to the velocity of the ion and at a gi-
ven energy a heavier ion has a lower velocity. Hence, particle identification by AE
measurement is hardly possible at energies below Eg,, which is approximately
100 keV for protons, approximately 0.5 MeV for He, 2.7 MeV for C, 7 MeV for O,
and approximately 25 MeV for Si ions. For small accelerators (1-10 MeV ion energy),
therefore, the AE — E method is applicable for identification of very light elements
only (mainly H), while for large accelerators and ion energies >100 MeV it enables
the analysis of elements up to Cu.

The simplest arrangement for AE — E measurement uses a stopper foil in front of
the E-detector, which is usually a surface barrier detector (SBD) [3.161-3.163]. This
system is mainly used for H profiling with low-energy light ions. The thickness of
the foil must be such that H ions are transmitted through the foil (with a certain en-
ergy loss) whereas scattered projectiles and heavier recoiled atoms are stopped in the
foil. A considerable improvement over the stopper foil method is the use of electron
emission for particle identification [3.164] — when ions pass the foil, electrons are
emitted from both surfaces, the number of emitted electrons, N, being roughly pro-
portional to the AE deposited in the foil by the ions. Thus particles can be identified
by measurement of the number of electrons emitted from a set of thin foils in front
of the SBD. Because the emitted electrons originate from a layer close to the surface,
foils as thin as possible can be used, so that energy loss and energy loss straggling
are almost negligible. This results in a better depth resolution compared with the
conventional stopper-foil technique.

For ERDA arrangements using high-energy heavy projectiles, mainly gas telescope
detectors, are used for AE and E measurements [3.153, 3.165, 3.166]. In an ionization
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chamber individual particles ionize gas atoms. The emitted electrons are accelerated
by an electric drift field (which is usually aligned perpendicular to the particle path)
and detected by means of a split anode. The shorter section of the anode next to the
entrance window yields the energy AE deposited in the front region next to the win-
dow. The remaining energy E — AE is then measured in the second part of the anode.
The total energy, E, is obtained from the total charge accumulated in both sections of
the anode. The second part of the ionization chamber, which measures the energy
E — AE, can be replaced by an SBD [3.167], and the first part, which measures the en-
ergy loss AE, by a transmission SBD [3.168, 3.169]. When SBDs are used to measure
heavy ions, radiation damage of the detector by the ions must be taken into account.

In TOF systems, particle energies are usually determined by SBDs in addition to par-
ticle velocities being obtained with a TOF set-up which primarily measures the time
needed by a particle to pass the distance between two thin foils 0.5-1 m apart [3.170,
3.171]. The first foil delivers a start signal, the second a stop signal. The stop signal
can also be obtained from the SBD, but usually foils provide better timing signals.
The timing signal from the foils is obtained from electrons emitted when the particle
pass the foil. Usually carbon foils are used, because these are the most stable ultra-
thin foils. The emitted electrons are focused to a micro-channel plate, which gives
the time signal. The efficiency for detection of light particles (hydrogen) is low, be-
cause of the low probability of electron emission from the foil [3.172]. Particle identi-
fication by the TOF method can also be achieved at particle energies below the Bragg
energy Ep,, in contrast with AE — E systems. For low-energy particles the particle
energy, which is a measure for the emission depth, can sometimes be calculated
more precisely from the measured time-of-flight than directly from the SBD
spectrum [3.173]. In these circumstances the SBD is used to identify particles with
same time-of-flight but different energy.

3.7.4
Equipment

In ERDA, the projectiles are high-energy ions produced by an ion accelerator. The
lowest ion energies used for ERDA are several MeV for detection of very light ele-
ments, mainly hydrogen. For analysis of a wider mass range of elements, higher pro-
jectile energies are favorable. Higher projectile energies also increase the informa-
tion depth. The largest projectile energies used in ERDA are hundreds of MeV for
measuring the light-element composition in surface layers. Most of the ion accelera-
tors used are of the tandem-Van de Graaff type.

The pressure in the scattering chamber should be below approximately 10~ Pa
(high vacuum). Lower pressures in the UHV range are usually not necessary, be-
cause ERDA is not surface-sensitive.

The energies of recoil atoms and scattered projectiles are usually measured by solid
state SBDs. For identification of particles with same energy but different atomic
number an additional quantity (TOF, AE, or N.) must be measured in coincidence
with the energy. Usually, both quantities (energy and the identification quantity) are
then stored in a two-dimensional multichannel analyzer [3.164]. Only for the sim-
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plest case (ERDA with a stopper foil) can a one-dimensional multichannel analyzer
be used. High efficiency can be obtained by use of detectors with a large solid angle.
Here recoils are measured with recoil angles in an interval, Af, around a mean recoil
angle 6. The different recoil angles will lead to different recoil energies. This effect is
called kinematic line broadening and can be minimized by use of a position-sensi-
tive energy detector, here the energies for particles with recoil angles 6 + A6 are cor-
rected to the nominal energy at the recoil angle 6 [3.153, 3.174].

The exit angle, 8, and the angle of incidence, o, of the beam (Fig. 3.63) determine
the depth resolution and information depth. Small angles increase the depth resolu-
tion but reduce the depth probed. To optimize both quantities recoil angles 6 be-
tween 30° and 45 ° are often used, with o« = § = 0/2.

3.75
Data Analysis

With particle identification, individual energy spectra of the different recoil elements
and of scattered projectiles are obtained from the stored two-dimensional multichan-
nel analyzer data. For a given recoil element of a given energy, the corresponding
emission depth is deduced from the energy, and the concentration of the element is
obtained from the number of particles detected. A simple evaluation of the energy
spectra can be made by dividing the target into thin slabs and assuming a constant
energy of the projectiles within one slab to calculate the recoil cross-sections (includ-
ing deviations from the Rutherford values for light elements) and the energy
losses [3.152].

More precise and rapid evaluation of the individual energy spectra can be performed
by use of available computer programs, which simulate energy spectra of recoils and
scattered projectiles for a given target composition and experimental arrangement.
In these programs, SIMNRA [3.175] or DEPTH [3.176], non-Rutherford cross-sec-
tions can also be used. Multiple scattering of incident projectiles and recoils in the
target can also be taken into account in the DEPTH program. Multiple scattering be-
comes important for analysis of deeper layers in ERDA geometries with small recoil
angles and low energies. To make the evaluation procedure simple and efficient, en-
ergy spectra for a variety of target compositions may be simulated and compared to
measured spectra, to determine which target composition gives best agreement be-
tween simulated and measured spectra.

3.7.6
Sensitivity and Depth Resolution

Reasonable estimates of ultimate sensitivity and depth resolution in ERDA can
hardly be given because of the large range of projectiles and energies (from He ions
of several MeV up to 200-MeV Au ions), and the use of different detection systems.
In addition, stability of the sample under irradiation (which, of course, depends on
the target material) is also important in the discussion of sensitivity and detection
limits. The sensitivity is mainly determined by the recoil cross-section, the solid an-
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gle of the detector system, and the total number of incident projectiles which can be
used for analysis.

For H profiling with light MeV projectiles, a mean detection limit of approximately
10" hydrogen atoms cm™ in a near surface region can be deduced from measure-
ments of implanted H in Si [3.177]. Similar detection limits are obtained for analysis
of light impurities (C, N, and O) by 200-MeV Au projectiles [3.153]. By use of posi-
tion-sensitive detectors one can obtain large solid angles and, consequently, high
sensitivity with minor deterioration of the depth resolution because of kinematic
broadening [3.153, 3.174].

TOF detector systems usually have smaller solid angles and sensitivity than AE - E
systems, because of the long TOF system in front of the energy detector and the lim-
ited size of the stop detector. They also have worse detection limits for very light ele-
ments (hydrogen), because of the low probability of obtaining start and stop signals
for particles of very low atomic number [3.172].

The depth resolution of ERDA is mainly determined by the energy resolution of the
detector system, the scattering geometry, and the type of projectiles and recoils. The
depth resolution also depends on the depth analyzed, because of energy straggling
and multiple scattering. The relative importance of different contributions to the
depth resolution were studied for some specific ERDA arrangements [3.161, 3.163].
It was found that at the surface the depth resolution is mainly determined by the en-
ergy resolution of the detector, the recoil geometry, and the type of projectile,
whereas in deeper layers the depth resolution is mainly defined by energy loss strag-
gling and multiple scattering of projectiles and recoils. The optimum resolution is
obtained at the surface. For H profiling with MeV He ions using a standard SBD ap-
proximately 40-nm depth resolution is obtained [3.177]. For 5-MeV Ne projectiles im-
pinging on a polymer sample a depth resolution down to 8 nm was obtained for sur-
face hydrogen in an arrangement optimized for depth resolution [3.163]. For heavy
ion projectiles and AE - E telescope detectors depth resolutions of the order of
several nanometers can be obtained in surface layers [3.153]. For layers as deep as
several 100 nm the resolution increases to approximately 50 nm [3.178]. TOF sys-
tems with good timing signals enable good depth resolution of few nanometers,
when the energy spectra are obtained from the timing signals [3.179]. TOF systems
have the advantage of larger information depth for most elements compared with
AE - E systems [3.180]. Extremely high depth resolution corresponding to atomic
layer resolution can be obtained if the ion beam and detector system are optimized.
Monolayer resolution has, for example, been realized for 60-MeV iodine projectiles
impinging on HPOG graphite with a special magnetic spectrograph for energy
determination [3.181].

3.7.7
Applications

An example of depth profiling of hydrogen implanted into Si is shown in
Fig. 3.64 [3.177]. Measured energy spectra of H recoils are given for impact of 6-MeV
C ions. H identification was achieved by the AE - E technique and use of ion-in-
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Fig. 3.64. H depth profile of an H-im-
planted Si sample obtained with 6-MeV
C projectile ions for different recoil
angles 0. q gives the charge of the
incident ions. The experimental depth
profiles (full line) are compared with
simulated spectra (dashed line —
SIMNRA, dotted line — DEPTH) [3.177].

duced electron emission [3.164]; the energy scale is converted to a depth scale for
comparison with simulated spectra. To analyze the data, ERDA spectra were simu-
lated by the code SIMNRA, for which an H depth profile calculated by the TRIM pro-
gram was used as input. In Fig. 3.64, the surface contamination peak can clearly be
separated from the implanted H peak. Spectra are given for different recoil angles.
The depth resolution can be estimated from the width of the surface peak. At low re-
coil angles the depth resolution is better whereas at large recoil angles the sensitivity
is higher. Good agreement was obtained between measured and calculated depth
profiles. The number of implanted H atoms was found by this measurement to be

1.35 x 10'® atoms cm™.
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As a second example, results from a TOF ERDA measurement for a multi-element
sample are shown in Fig. 3.65 [3.171]. The sample consists of different metal-metal
oxide layers on a boron silicate glass. The projectiles are 120-MeV Kr ions. It can be
seen that many different recoil ions can be separated from the most intense line,
produced by the scattered projectiles. Figure 3.66 shows the energy spectra for O and
Al recoils calculated from the measured TOF spectra, together with simulated spec-
tra using the SIMNRA code. The concentration and thickness of the O and Al layers
are obtained from the simulations.
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3.8
Nuclear Reaction Analysis (NRA)*

Oswald Benka

3.8.1
Introduction

Nuclear reaction analysis (NRA) is a technique for the analysis of surface layers
using light ion beams with energies in the range 1-10 MeV. When an ion ‘@’ hits an
atom ‘A’ it might cause a nuclear reaction. An intermediate excited nucleus I* is
then formed, which decays to the ground state ‘B’ by emission of a particle ‘b’. The
emitted particle ‘b’ can be a y photon, or an ion (H*, He?*), and will have a character-
istic energy determined by the Q value of the reaction. Such a reaction is described
in an abbreviated form by A(a,b)B. For a constant number of incident projectiles the
number of emitted reaction products ‘b’ depends on the number of target atoms ‘A’.
Therefore one can derive the number of atoms ‘A’ present in an analyzed sample
from the measured number of reaction products ‘b. If the mean life-time of the ex-
cited state I** is reasonably long, reaction products can be measured after irradiation,
and this technique is called charged-particle activation analysis (by analogy with neu-
tron activation analysis). If the mean lifetime is small, or emission is prompt, the re-
action products are measured during ion bombardment. This technique is then
called nuclear reaction analysis.

Because a projectile which hits a target nucleus must overcome the Coulomb barrier
to excite a nuclear reaction, only light projectiles with energies in the MeV range are
used in NRA for analysis of light elements, taking advantage of the low Coulomb bar-
rier. The probability of a nuclear reaction, which is given by the corresponding cross-
section, depends on the energy and type of projectile and on the type of target atom,
and there is no simple means of predicting its magnitude. For proton and He projec-
tiles with energies in the MeV range, few elements have nuclear reactions with reason-
able probability for analysis. Therefore, NRA is not a technique to probe the composi-
tion of an unknown sample by use of high-energy ions, like particle-induced X-ray
emission (PIXE) or Rutherford back-scattering spectroscopy (RBS), but NRA is a
powerful technique for quantification of the concentration or the depth profile of a cer-
tain element in a sample for which the qualitative chemical composition is known. In
addition, NRA is a sensitive means of measuring depth profiles of individual isotopes
of an element; these cannot be measured by techniques such as RBS, AES, or XPS.

Because the cross-sections for nuclear reaction are usually lower than the cross-sec-
tions for elastic scattering of projectiles used in RBS or in elastic recoil detection ana-
lysis (ERDA), higher currents must be used to obtain comparably high intensity in

* In most nuclear reactions A (a,b) B the emitted ever, also consist of y-rays or neutrons. In accor-
radiation ‘b’ used for analysis consists of dance with the chosen structure of this book we
charged particles, e.g. o-particles and protons. ask for the reader’s understanding of our omis-
This is why NRA is covered in this section on sion of an additional NRA chapter dealing with

ion detection. The emitted radiation can, how- these y-ray- and neutron-producing reactions.
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NRA as in RBS or ERDA, and possible modification of the target composition as a
result of irradiation must be considered. Nuclear reaction cross-sections are also
usually not available in analytical form for direct evaluation of measured data. Con-
centrations are, therefore, often obtained by comparison of the measured data with
results from standard samples of known concentration.

The experimental requirements for NRA can be roughly divided into two groups de-
pending on the emitted reaction products — gamma photons or particles. If the
emitted y photons are used for analysis, this method is also called PIGE, particle-in-
duced gamma emission. In this method the gamma detector that measures the inten-
sity of the photons is usually outside the scattering chamber. Only the concentration
of a specific isotope in a thin layer can be deduced from the number of photons. To
obtain information about the depth distribution also, the number of gamma photons
must be measured as a function of the beam energy, E,, for an equal number of im-
pinging projectiles, which is called excitation curve N (Ej).

For analysis of emitted particles, solid state surface barrier detectors (SBD) are used
inside the scattering chamber to measure the number and energy of the reaction
products. Stopper foils are used to prevent scattered projectiles from reaching the de-
tector. Depth profiles can be obtained from the energy spectra, because reaction pro-
ducts emitted in deeper layers have less energy than reaction products emitted from
the surface. The concentration in the corresponding layer can be determined from
the intensity of reaction products with a certain energy.

The cross-section curve o (E) gives the dependence of the nuclear cross-section on the
projectile energy, E. The measured energy spectra of emitted particles or the excitation
curve N (Ep) will depend on the depth profile N (x) of the analyzed isotope and on the
cross-section curve o (E (x)), where E(x) gives the energy of the projectiles at a depth x.
Evaluation of the depth profile N (x) from measured energy spectra or excitation curves
often requires a tedious evaluation procedure if the cross-section curve has a complex
structure. It is simplified for two special types of behavior of the cross-section curve:

(1) if o (E) is constant, i.e. independent of the projectile energy in an energy interval
AE, the measured energy spectrum of the reaction products directly reflects the
concentration profile in a depth interval corresponding to AE; and

(2) if the cross-section curve has a strong resonance at an energy Ey, i.e. it is large in
a small energy interval around Eg and negligibly small for all other energies, the
measured excitation curve will directly reflect the concentration profile.

An excellent review has recently been published on the various techniques of
NRA [3.182]. Reviews of depth profiling with narrow resonances are also available
[3.183, 3.184].

3.8.2
Principles

For a non-resonant nuclear reaction with emission of an ion, a depth scale can be ob-
tained from the measured energy of the emitted ions. If ions emitted from a depth x
are lower in energy by AE than ions emitted from the surface, a relationship between
AEF and x can be found, similarly to RBS and ERDA analysis:
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AE=xNegy, (3.52)

where N is the atomic density of the sample and ¢, is the nuclear reaction stopping
cross-section factor, given by:

Eout

cos @

énr = 0L &in + (353)

when the projectiles impinge perpendicularly on the surface and the reaction pro-
ducts are emitted at an angle ¢ relative to the surface normal. ¢, and &y, are the
stopping cross-sections for the incoming projectiles and the emitted ions. The reac-
tion factor o weights the energy loss of the incident projectiles, in the same way as
the kinematic factor in RBS, with:

_dE,

YA

(3.54)

where E, is the projectile energy when it produces a nuclear reaction and E, is the
energy of the reaction product. The reaction factor o can be calculated from the reac-
tion kinematics [3.182] and depends on the masses of projectile, the reaction pro-
duct, and the reacting atom, the Q value of the reaction, and the angle of emission.
For light nuclei and backward emission o can become negative. In these circum-
stances case contributions of deeper layers extend the spectrum towards higher ener-
gies and the depth resolution can become worse.

For slowly changing reaction cross-sections the depth profile of the analyzed isotope
can be calculated using the reaction cross-sections, by analogy with RBS, for which
the scattering cross-section is the corresponding quantity. To obtain a simple esti-
mate of the depth profile, the target can be divided into thin slabs, with constant
cross-section and stopping power within each slab. The standard procedure is to si-
mulate energy spectra for different target compositions, by use of a computer pro-
gram [3.185, 3.186], and to deduce the depth profile by comparison of simulated and
measured spectra.

When, in NRA, energy spectra of emitted particles are analyzed, a sufficiently thick
foil in front of the detector is usually used to absorb the scattered projectiles. This re-
duces the depth resolution of NRA, because of energy loss straggling of the reaction
products in the foil.

When, in NRA, resonances are used, and the depth profile of an isotope A is ob-
tained from the excitation curve N(E), the reaction depth x is given by the require-
ment that projectiles incident with energy E, are slowed down to the resonance en-
ergy Er at x, which leads to:

Eo
1
* :E/ N (o (B) + (1 —m)en () °©

(3.55)



3.8 Nuclear Reaction Analysis (NRA)

for a sample with atomic density N and composition A,,B_,, where m is the
atomic fraction of the isotope A and e, and ¢p are the stopping cross-sections of the
constituents A and B. For m < 1 and for thin layers, the stopping cross-sections can
be assumed to be constant and Eq. (3.55) reduces to:

X = (Eo — ER) % (356)

where ¢ is the stopping cross-section of the sample at the mean projectile energy,
(Eo + Eg)/2.

The easiest way to obtain the concentration m of the isotope A is to use a reference
sample (‘standard’), that contains the isotope A with a known atomic fraction f, for
comparison. Knowing the NRA yield of the standard Ys, and its stopping cross-sec-
tion &g;, the atomic fraction m in the sample can easily be evaluated from the yield
Y, of the sample for the same projectile energy, taking the different stopping cross-
sections into account:

RN
m =
Ysiest +f Yy (65 — €a) (3:57)
For m < 1 Eq. (3.57) can again be approximated by:
YA &
=f—— 3.58
Ysi ést ( )

where ¢ is the stopping cross-section of the sample.

3.83
Equipment and Depth Resolution

Nuclear reactions are excited when projectile energies are typically in the MeV range.
Medium size ion-accelerators are, therefore, necessary to obtain these projectile ener-
gies. Protons and o projectiles, typical projectiles in other ion-beam analysis tech-
niques as RBS or PIXE, have few useful nuclear reactions. Deuteron beams excite
many more nuclear reactions, but the use of deuteron beams instead of standard
beams is more hazardous, because of efficient neutron production. Strict safety rules
are necessary when high-energy deuteron beams are used.

The main requirement for accelerators used in resonance NRA are reasonably good
energy resolution and the possibility of changing the beam energy easily. The beam
energy is usually increased stepwise by adjusting the magnetic field used to select
the energy and to stabilize the terminal voltage. More sophisticated energy scanning
systems [3.187, 3.188] have, however, been developed to change the beam energy
while keeping the analyzing magnet constant.

The nuclear reaction products are usually measured in a high-vacuum scattering
chamber. At resonance NRA, where the beam energy is varied, at each energy the
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number of incident projectiles must be known. A good beam-current measurement
and integration system is necessary to determine the total incident beam charge.

In NRA depth profiling using the energy spectra of ion reaction products, an absor-
ber foil is usually used to filter out the scattered projectiles [3.182]. The main disad-
vantage of this method is that the reaction products will suffer energy straggling
when they pass the foil, resulting in degradation of depth resolution. The main limit-
ing factors of depth resolution are:

(1) the energy resolution of the detector;

(2) kinematic broadening, because of the solid angle of the detector; and

(3) energy straggling of the incident beam and of the reaction products in the sam-
ple and in the absorber foil [3.189].

Which of these contributions dominates depends on the nuclear reaction, the energy
of the projectiles, the analyzed depth, and the geometry of the equipment used.

The depth resolution in resonance NRA close to the surface is mainly determined by
the stopping power of the projectiles in the target. For deeper layers, there are differ-
ent contributions:

(1) energy loss straggling;

(2) energy resolution of the beam;

(3) resonance width; and

(4) Doppler broadening because of vibrations of the target atoms [3.182-3.184].

Doppler broadening is usually a small contribution, which becomes important only
for nuclear reactions of heavy projectiles and light target atoms [3.184, 3.192]. Close
to the surface of the sample, energy loss straggling can be neglected and for narrow
resonances high depth resolution can be obtained for beams with good energy reso-
lution (typically 100 eV). The corresponding depth resolutions for proton and He
projectiles are in the range of several nanometers [3.182]. H depth profiling is best
achieved with an >N beam which has a resonance at 6.5 MeV [3.182, 3.184]; for H
depth profiles close to the surface the depth resolution is limited by Doppler broad-
ening. The corresponding depth resolution in Si is approximately 25 nm [3.182,
3.192]. The depth resolution in deeper layers is mainly determined by energy-loss
straggling. Depth resolution in NRA is, therefore, similar to that for the other high-
energy ion-beam profiling techniques, e.g. RBS.

In resonance NRA with gamma emission, the emitted gamma rays are usually mea-
sured outside the scattering chamber by means of an Nal or a Ge(Li) detector. Nal
scintillation counters are used when high efficiency is needed and energy resolution
is not critical. This is often so when few light elements are present in the sample
and only one well isolated resonance is measured. BGO (bismuth—germanium-—
oxide) detectors recently became available; these are similar to Nal detectors, but are
more efficient [3.190]. Solid-state Ge(Li) detectors are used when high gamma-en-
ergy resolution is necessary to distinguish between adjacent gamma lines of nuclear
reactions from different target elements. If an element present at a low concentra-
tion must be analyzed, high sensitivity is required. To achieve this, the background
radiation must be minimized [3.191], by careful shielding of the gamma detector
and by reducing the gamma rays produced by the beam in the beam line, e.g. on
beam collimators in front of the target.
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3.8.4
Applications

The major application of NRA is determination of the concentration of selected light
elements as a function of depth in thin surface layers. The accessible depth is typi-
cally several microns, with a depth resolution of approximately 10—100 nm. A review
of useful nuclear reactions, with applications, is available [3.182].

For protons with energies in the MeV range (p,y) reactions for the isotopes "Li, "N,
80, and "F can be used for depth profiling, where only “Li, and "F are the most
abundant isotopes of the natural elements. With MeV deuteron projectiles many nu-
clear reactions can be used for NRA; this subject has been reviewed [3.193]. Deuter-
ons, for example, have useful nuclear reactions with the isotopes '2C, **N, and '°0,
which are abundant in natural elements and have no useful reactions with other pro-
jectiles. An example of a recent application [3.194] is shown in Fig. 3.67. The consti-
tuent light elements in a Cu patina of an historical object were determined with an
external 2 MeV deuteron beam. The proton energy spectrum from different (d,p) re-
actions was measured; the different reactions are denoted by the reacting target
atom and by the number of proton reactions, according to different final states of
the target atom; p, corresponds to the transition with highest proton energy. The
scattered deuterons were stopped in an absorber foil. In addition, an RBS spectrum
was measured to analyze Cu using a 3 MeV proton beam. Figure 3.67 also shows si-
mulated spectra fitted to the measured spectra together with the concentration pro-
files, when the patina is separated into four layers of different thickness. Within each
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Fig. 3.67. RBS spectrum for impact of 3 MeV  (SIMNRA) of a four-layer simulation. The thick-
protons and NRA proton spectrum for impact of ness is expressed in 10'® atoms cm™ and the
2 MeV deuterons. The full line gives the fit result element content in at% [3.194].
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layer constant concentrations of elements were assumed. The layer thickness is ex-
pressed in 10" atoms cm™.

NRA with gamma emission is mainly used for depth profiling of medium light iso-
topes, i.e. N, F, Na, Mg, Al, and Si. Some useful reactions, with detection limits, were
recently given by Elkes et al. [3.191]. An important application of NRA with gamma
emission is the determination of H depth profiles, because hydrogen is probably the
most common elemental contamination in thin-film materials and it is invisible to
many analytical methods. In principle all inverse p-induced nuclear reactions can be
used, but the °N reaction is most often used; it has a strong narrow resonance at
6.385 MeV (laboratory energy). The main problem is usually obtaining a good °N ion
beam, because the >N abundance in natural N is below 1% and N does not form a
stable negative ion as necessary in tandem accelerators. A recent application [3.195] of
H depth profiling is shown in Fig. 3.68. Figure 3.68 a gives the gamma yield as a func-
tion of projectile energy; here the projectile energy E, = E, + AE, where E, is the reso-
nance energy (6.385 MeV) and AE is the abscissa. The sample is an SiO,/Si layer struc-
ture and gamma yield measurements are given for different amounts of N irradiation.
Figure 3.68 b shows the deconvoluted hydrogen concentration profiles corresponding
to measurements of Fig. 3.68a. It can be seen that an increasing >N fluence, @, de-
grades the original shape of the H profile: H is enriched to a depth of 173 nm which
corresponds to the depth of the SiO,/Si transition region.



Surface and Thin Film Analysis: Principles, Instrumentation, Applications
Edited by H. Bubert and H. Jenett

Copyright © 2002 Wiley-VCH Verlag GmbH

ISBNs: 3-527-30458-4 (Hardback); 3-527-60016-7 (Electronic)

3.9 Other lon-detecting Techniques

3.9
Other lon-detecting Techniques

John C. Riviére

3.9.1
Desorption Methods

3.9.1.1 Electron Stimulated Desorption (ESD) and ESD lon Angular Distribution
(ESDIAD)

Electron irradiation of a surface, particularly one covered with one or more adsorbed
species, can give rise to many types of secondary particle, including positive and ne-
gative ions. In ESD and ESDIAD, the surface is irradiated with electrons of energies
in the range of 100—1000 eV, and the ejected positive-ion currents of selected species
are measured in a mass spectrometer. If the angular distribution of the secondary
ions is also measured, either by display on a screen or by using position-sensitive de-
tection, then electron-stimulated desorption (ESD) becomes electron-stimulated des-
orption ion angular distribution (ESDIAD).

The electron desorption techniques are not used, and probably cannot be used, for
compositional analysis, but they provide valuable information about the nature of
electronic interactions leading to the breakage of bonds and, in the angle-resolved
form, about the geometry of surface molecules and the orientation of broken
bonds. The primary electrons do not, at the energies employed, succeed in break-
ing molecular or surface-to-molecule bonds or in knocking ions out of the surface
directly, but the process is one of initial electronic excitation. An electron is ab-
sorbed by a surface—adsorbate complex or an adsorbed molecule itself, leading to
excitation to an excited state by a Franck—-Condon process. If the excited state is
antibonding and the molecule or radical is already far enough from the surface,
desorption can occur. Because return to the ground state after excitation is a much
more probable process, the cross-sections for ion desorption are low, 1072°-10"
2> cm?. If core-level ionization is involved in the initial interaction with the incident
electron, rather than valence levels, as in Franck—Condon-type excitation, a deso-
rption mechanism based on Auger decay has been proposed. The core level left be-
hind after interatomic Auger decay creates a positive ion which is then expelled by
the repulsive Madelung potential.

The most common ions observed as a result of electron-stimulated desorption are
atomic (e.g., H*,0",F"), but molecular ions such as OH", CO*, H,0%, and CO," can
also be found in significant quantities after adsorption of H,0, CO, CO,, etc. Sub-
strate metallic ions have never been observed, which means that ESD is not applic-
able to surface compositional analysis of solid materials. The most important appli-
cation of ESD in the angularly resolved form ESDIAD is in determining the structure
and mode of adsorption of adsorbed species. This is because the ejection of positive
ions in ESD is not isotropic. Instead the ions are desorbed along specific directions
only, characterized by the orientation of the molecular bonds that are broken by elec-
tron excitation.
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3.9.1.2 Thermal Desorption Spectroscopy (TDS)

TDS, sometimes called temperature-programmed desorption (IPD), is simple in
principle. A gas or mixture of gases is adsorbed on a clean metal foil for a chosen
time; then, after the gas is pumped away, the foil is heated, at a strictly linear rate, to
a high temperature, during which the current of a particular ion or group of ions is
monitored as a function of temperature. The ion masses are selected in a quadrupole
mass spectrometer. As the binding energy thresholds of the adsorbed species on the
surface are crossed, peaks in the desorbed ion current appear at characteristic tem-
peratures. From the characteristic temperatures and the shape of the desorption
peak above the threshold, the activation energies for desorption can be obtained,
along with information about the nature of the desorption process. The mass spec-
trum from the mass spectrometer, of course, provides information about the species
that actually occur on the surface after adsorption.

Although simple in principle, experimental artifacts that are possible in TDS must
be avoided. Thus, ions accepted by the mass spectrometer must originate from the
surface of the foil only, and the temperature distribution across the foil should be
uniform to avoid the overlapping of desorption processes occurring at different tem-
peratures. To ensure these experimental requirements are met, the angle of accep-
tance into the spectrometer is restricted by placing a drift tube with an aperture be-
tween the foil and the spectrometer, and the foil itself is usually in the form of a long
thin ribbon, and only its center section contributes to detected ions. In addition, the
heating rate must be sufficiently fast so that the desorbed species accepted by the
mass spectrometer is characteristic of the desorption process, but not so fast that a
sudden pressure increase occurs around the foil.

With correct experimental procedure TDS is straightforward to use and has been ap-
plied extensively in basic experiments concerned with the nature of reactions be-
tween pure gases and clean solid surfaces. Most of these applications have been cata-
lysis-related (i.e. performed on surfaces acting as models for catalysts) and TDS has
always been used with other techniques, e.g. UPS, ELS, AES, and LEED. To a certain
extent it is quantifiable, in that the area under a desorption peak is proportional to
the number of ions of that species desorbed in that temperature range, but measure-
ment of the area is not always easy if several processes overlap.

3.9.2
Glow-discharge Mass Spectroscopy (GD-MS)

Glow discharge mass spectrometry (GD-MS) is a very promising technique for direct
ultra-trace analysis of conducting and semi-conducting solids [3.196, 3.197]. The phy-
sical principles for bulk and surface analysis are identical to those of GD-OES except
that the operating conditions of the GD source are optimized for maximum ioniza-
tion efficiency. The advantages in comparison with GD-OES are convincing. In prin-
ciple, all elements of the periodic table can be detected with improved detection lim-
its below 1 ng g'. Mass spectra are easier to interpret than line-rich emission spectra
and, therefore, concepts for quantification are much more straightforward. The only
available commercial instrument, the VG 9000, a double focusing sector field device,
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was launched in 1985, and has been used in many different applications for ultra-
trace analysis of pure metals, semiconductor materials and even for non-conducting
powders. It has been discussed in more detail in a recent review article [3.198].

In principle GD-MS is very well suited for analysis of layers, also, and all concepts
developed for SNMS (Sect. 3.3) can be used to calculate the concentration—depth pro-
file from the measured intensity—time profile by use of relative or absolute sensitivity
factors [3.199]. So far, however, acceptance of this technique is hesitant compared
with GD-OES. The main factors limiting wider acceptance are the greater cost of the
instrument and the fact that no commercial ion source has yet been optimized for
this purpose. The literature therefore contains only preliminary results from analysis
of layers obtained with either modified sources of the commercial instrument [3.200,
3.201] or with homebuilt sources coupled to quadrupole [3.199], sector field [3.202],
or time-of-flight instruments [3.203]. To summarize, the future success of GD-MS in
this field of application strongly depends on the availability of commercial sources
with adequate depth resolution comparable with that of GD-OES.

393
Fast-atom Bombardment Mass Spectroscopy (FABMS)

Fast atom bombardment mass spectrometry (FABMS) is very similar to SSIMS in
practice, the only difference being that instead of using positively charged ions as the
primary probe, a beam of energetic neutral atoms is used. Secondary ions are emitted
as in SSIMS and analyzed in a mass spectrometer, usually of the quadrupole type. The
beam of fast atoms is produced by passing a beam of ions through a charge-transfer
cell, which consists of a small volume filled with argon to a pressure of approximately
100 Pa. Charge transfer occurs by resonance between fast argon ions and argon atoms
with thermal energy, with 15-20% efficiency if geometric and pressure conditions are
optimized. Residual ions are removed by electrostatic deflection.

FABMS has two advantages over SSIMS, both arising from the use of neutral rather
than charged particles. Firstly, little or no surface charging of insulating materials oc-
curs, so organic materials such as polymers can be analyzed without the need to employ
auxiliary electron irradiation to neutralize surface charge. Secondly, the extent of beam
damage to a surface, for the same particle flux, is much lower using FABMS than
SSIMS, thus enabling materials such as inorganic compounds, glasses, and polymers
to be analyzed with less worry about damage introducing ambiguity into the analysis.

394
Atom Probe Microscopy (APM)

The atom probe field-ion microscope (APFIM) and its subsequent developments, the
position-sensitive atom probe (POSAP) and the pulsed laser atom probe (PLAP), have
the ultimate sensitivity in compositional analysis (i.e. single atoms). FIM is purely
an imaging technique in which the specimen in the form of a needle with a very
fine point (radius 10-100 nm) is at low temperature (liquid nitrogen or helium) and
surrounded by a noble gas (He, Ne, or Ar) at 10710 Pa. A fluorescent screen or a
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microchannel plate is situated a few centimeters from the needle. A high positive
voltage is applied to the needle, which causes noble-gas atoms approaching the nee-
dle to be ionized over points of local field enhancement (i.e. over prominent atoms
at the surface); the ions are then repelled from these points and travel in straight
lines to the screen or plate, where an atomic image of the needle tip is formed. This
is called a field-ion image, and the voltage at which the image is optimized is called
the best imaging voltage. The latter is in the range 5-20 kV.

3.9.4.1 Atom Probe Field lon Microscopy (APFIM)

If the voltage is increased further above the imaging voltage, the cohesive energy that
binds atoms to the surface can be exceeded, and atoms can be removed by what is
termed field evaporation. The evaporation field required is a function of the sample ma-
terial and the crystallographic orientation of the needle. The removal of atoms is the
basis of APFIM and its daughter techniques. If the evaporation field is pulsed with
very short (=10 ns) voltage pulses of extremely sharp rise times (~1 ns), and the time
taken for a field-evaporated atom to travel from the tip to a detector is measured, the
mass-to-charge ratio of the ionized atom can be established —i. e. elemental identifica-
tion of the individual atom is possible. The region on the tip from which atoms are re-
moved is selected by rotating or tilting the tip until the desired region, as viewed in the
FIM image, falls over an aperture of approximately 2-mm diameter in the fluorescent
screen. Most field-evaporated atoms will strike the screen, but those from the selected
area will pass through the aperture into the time-of-flight mass spectrometer. For an
aperture of 2 mm, the area analyzed on the tip is ca. 2 nm in diameter.

3.9.4.2 Position-sensitive Atom Probe (POSAP)
Pulsed operation of the APFIM leads to analysis of all atoms within a volume con-
sisting of a cylinder of ca. 2 nm diameter along the axis of the tip and aperture, with
single atomic layer depth resolution but no indication of just where within that vo-
lume any particular atom originated. The advent of position-sensitive detectors has
enabled APFIM to be extended so that three-dimensional compositional variations
within the analyzed volume can be determined. The development is called position-
sensitive atom probe (POSAP). The aperture and single-ion detector of APFIM are re-
placed by a wide-angle double channel plate, with a position-sensitive anode just be-
hind the plate. Field- or laser-evaporated ions strike the channel plate, releasing an
electron cascade which is accelerated toward the anode. The impact position is lo-
cated by the division of electric charge between three wedge-and-strip electrodes.
From this position the point of origin of the ion on the tip surface can be deter-
mined, because the ion trajectories are radial. Thus after many evaporation pulses,
leading to removal of a volume of material from the tip, both the identities and the
positions of all atoms within that volume can be mapped in three dimensions. Be-
cause an evaporated volume can contain many thousands of atoms, the data collec-
tion and handling capabilities must be particularly sophisticated.

POSAP is the only technique available for identifying and locating precipitates, sec-
ond phases, particles, and interfaces on an atomic scale, and has therefore found
considerable application in metallurgical and semiconductor problems.
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4
Photon Detection

4.1
Total Reflection X-ray Fluorescence Analysis (TXRF)

Laszlo Fabry and Siegfried Pahlke

4.1.1
Principles

Less than two decades after the first practical application of X-ray fluorescence [4.1],
Moseley established the relationship between the reciprocal wavelength of emitted
characteristic X-ray fluorescence (XRF) and the atomic number Z of the elements [4.2].
The XRF arrangement was not, however, sufficiently sensitive for trace or ultratrace
analyses. Compton reported in 1923 that the reflectivity of a flat target increases be-
low a critical angle of 0.1° under conditions of total X-ray reflection. The high reflec-
tivity of the sample support reduced the spectral background of the support and im-
proved the detection limit (DL) down to picogram levels in the early 1970s when, in
1971, Yoneda and Horiuchi applied the principle of TXRF to, mainly, ultratrace ele-
mental microanalysis of biological samples [4.3]. More details of the history of TXRF
are given elsewhere [4.4-4.6].

Since then, TXRF has become the standard tool for surface and subsurface
microanalysis [4.7-4.11]. In 1983 Becker reported the angular dependence of X-ray
fluorescence intensities in the range of total reflection [4.12]. Recent demands have
set the pace of further development in the field of TXRF — improved detection limits
[4.13] in combination with subtle surface preparation techniques [4.14, 4.15], analyte
concentrations extended even to ultratraces (pg) of light elements, e.g. Al [4.16], spe-
ciation of different chemical states [4.17], and novel optical arrangements [4.18] and
X-ray sources [4.19, 4.20].

For information on both the history and principles of, and future trends in, XRF,
please refer to the article by Jenkins in this book. For TXRF see the outstanding
handbook by Klockenkimper [4.21] and current reviews [4.22—4.24]. This contribu-
tion relies extensively on these referenced works.

The basis of XRF analysis is the photoelectric absorption and the subsequent emis-
sion of X-ray photons characteristic of the fingerprints of analyte atoms in the sam-
ple. Element composition can be quantified by the relative intensities of the indivi-
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Fig.4.1. Interference of incoming and
the reflected X-ray waves in the triangular
region above a flat and thick reflecting

substrate. The strength of the electroma-
gnetic field is represented on the gray
scale by instantaneous crests (white)
and troughs (black). In the course of

time, the pattern moves from the left to
the right [4.21].

dual element fingerprints. In a TXRF arrangement, however, the primary beam in-
teracts with the surface analyte atoms as a standing wave field (Fig. 4.1) and excites
surface atoms rather than the bulk, in contrast with XRF. The emitted intensity is di-
rectly proportional to the standing wave field intensity. In the subsurface the primary
beam generates an evanescent wave field. Thus the characteristic fluorescence of
analyte atoms is a response to these varying excitations by the standing and evanes-
cent wave fields, and its dependence on the glancing angle is an opportunity to be
used for stratigraphy of parallel-layered structures and to distinguish particulates
from film-type surface contamination.

In X-ray spectrometry, attenuation, deflection and interference must be considered.
Attenuation is described by the well-known Lambert—Beer law and the mass attenua-
tion coefficient as given for conventional XRF.

Practical X-ray energies do not exceed 100 keV. The primary beam is mainly attenu-
ated by the photoelectric effect. Scattering, both elastic (Rayleigh) and inelastic
(Compton), represents a minor contribution to attenuation at energies below 100 keV.

Reflection and refraction of X-rays follow the laws of optics (Fig. 4.2): The glancing
angles of incidence (¢;) and reflection (¢%) are equal. The respective refraction an-
gles follow Snell's law for different phase velocities v in mediums 1 and 2:

V2 COS ¢hy = V1 COS ¢, (4.1)

When the glancing angle ¢, of the refractive beam becomes zero, the refractive
beam runs tangential to the boundary surface. Below that “critical” glancing angle of
incidence reflectivity increases to 100% and the penetration — i.e. information —
depth is limited to a few nanometers (nm). Reflection below the critical angle is de-
fined as total reflection. The critical angle ¢. depends on the photon energy E and

Fig. 4.2. Incident, reflected,
and refracted beams at the in-
terface between two media 1
and 2. On the left, medium 2 is
optically denser than medium 1
(h2 > m); on the right (ny > ny)
[4.21].
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the atomic mass M of the medium, its atomic number Z and density p. The signal
intensity is also a function of surface roughness.

1.65 [ Z
~—— = 4.2
be ¥\ 3P (4.2)
At ¢ the penetration depth approaches a minimum, particularly for reflective sur-
faces such as chemi-mechanically polished Si. Total reflection disappears on rough
surfaces (Fig. 4.3). Below ¢ the penetration depth is in the range of a few nan-
ometers (Fig. 4.4).

o
3
o

Fig. 4.3. Signal intensity of a
thick, flat, and smooth Si-sub-
strate (), calculated for an im-
pinging Mo-Ko beam. The re-
flectivity R (-+-) is shown; it de-
pends on the glancing angle ¢.
Below ¢, = 0.102°, total reflec-
tion occurs with a stepwise in-
crease in reflectivity and a step-
wise decrease in signal inten-
sity. The oblique dashed line 0
represents the intensity from a

rough Si substrate [4.21].
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Fig. 4.4. Penetration depth z, of X-rays striking silicon at a variable glanc-
ing angle ¢,. The curves were calculated for three different photon ener-
gies. The dashed vertical line signifies the respective critical angle [4.21].
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4.1.2
Instrumentation

The construction of a TXRF system, including X-ray source, energy-dispersive detec-
tor and pulse-processing electronics, is similar to that of conventional XRF. The geo-
metrical arrangement must also enable total reflection of a monochromatic primary
beam. The totally reflected beam interferes with the incident primary beam. This in-
terference causes the formation of standing waves above the surface of a homoge-
neous sample, as depicted in Fig. 4.1, or within a multiple-layered sample. Part of
the primary beam fades away in an evanescent wave field in the bulk or substrate
[4.28].

A TXRF instrument (Fig. 4.5) consists of an X-ray source, low-pass filter, collimator,
monochromator, sample holder, detector and an electronic registration unit. A vari-
ety of target materials e.g. Mo, W, or Mo/W alloys are used in fine-focus, sealed-an-
ode X-ray tubes powered by a water-cooled 3.5 kW generator. Maximum permissible
power for high-Z anodes is approximately 2-3 kW. During their lifetime of 2000-
4000 h with high uptime beyond 90% they gradually lose intensity. Rotating anodes
are warranted for 2000 h operation at higher operating power up to 30 kW and more
intense water cooling (15 L min~" instead of 5 L min™").

Detector

Filter  Double Manochrome
system

multilayer X ray

Helium

Fig. 4.5. Schematic diagram of a TXRF

Sealed h fioning devi = system equipped with a fine-focused
X-ray tube X-y-Z positioning device anode for wafer detector system.
Liquid nitrogen
Main High
amplifier vollage
7 E 0
] ‘ ¢ ]
Wi
Copper rod
Wi
///,} f{f / Field effect
L) Moy transistor
Grooved-type
SifLijerystal —p— ; Fig. 4.6. Cross section of the front end
o 1 L= ) of an SSD (solid-state detector), here
Vacuum - =7 I “Gold contact with a grooved Si(Li) crystal. Crystal and
/ $ ée window preamplifier are connected with a coo-
End cap led copper rod and shielded by a case

with an end cap and Be window [4.21,
Krays 4.29].
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Currently, a double reflector is used as a low-pass filter [4.9]. Tunable monochroma-
tors in combination with an alloy anode are also commercially available. For sensi-
tive surface analysis monochromators are necessary. They are made of LiF, highly or-
iented pyrolytic graphite (HOPG), or W/Si, W/C, or Mo/B,C multilayers, which pro-
vide intense and monochromatic radiation of, preferentially, WLf or MoKo.. The sam-
ple-positioning device must operate at high geometric reproducibility in all three di-
mensions with automated sample loading and unloading stations. The sample must
be in an evacuated or He-flushed chamber to avoid disturbing absorption by air.

The energy-dispersive (EDX) solid state detector (SSD, Figs 4.6, 4.7) is made of
lithium-drifted Si crystal (Si(Li)). Between a thin p-type and an n-type layer lies a
high-resistivity Si crystal of centimeter dimensions. The front and end planes of the
crystal are coated with Au and serve as electrodes. The crystal, cooled to 77 K by
liquid nitrogen, represents a p-i-n diode (Fig. 4.7). An incident X-ray photon with

|$0|Eﬁl‘1g Iayer
(SI cryskal} o To field .
\ effect fransistor

_— Au layer 20 nm

™ nlayer 100 nm

— Electrons
Holes

Fig. 4.7. A semiconductor detector
operated as a pin diode with a reverse S0V E
voltage or bias. An incident X-ray pho- N
ton ultimately produces a series of elec-
tron—hole pairs. They are “swept out” by
the bias field of -=500 V — electrons in

— p layer 100 nm

the direction of the n-layer; holes in the - (( 4-12 mm = Au layer 20 nm
direction of the p-layer. Thus, a small
charge pulse is produced after [4.21]. hv
Collecting
anode
s
Integrated FET ~ G—— | | Fieldrings
n] — -V —

n- i

| Back contact

Fig. 4.8. Schematic view of a cylindrical silicon drift detector (SDD) [4.30].
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an energy above 2 keV causes a cascade of photoelectron-hole pairs into which the
initial photon energy is completely converted. Because of the reverse bias, electrons
rapidly drift to the positively polarized n-type electrode, and holes to the negative
p-type electrode. The number of electron-hole pairs is proportional to the energy of
the impinging photon; thus, the charge pulse is a measure of the characteristic

Be window Xrays
Zr collimator \ ; - TOB package
e ¢ ——<"_ Detector chip
—“gr“ _ Printed ciruit oard
R T
Detector
7 D—O—{ T —
5
—> GNDO— = A250 Fitr ~ ADC  MCA
% —=-180V @ Charge amplifier
= —= +12V £ Integrated FET sensitive
g —= 12V 2 amplifier
=
8 Tem
= perature =10 {-3mV)
5 monitor dvidT = 10 (-3mV/K)
ko]
i e ———
—-2uA ] cor
1
—————
4 copper
—7 thread
l To external
heat sink

Fig. 4.9. Block diagram (left) and assembly image (right, also with cap
removed) of a silicon drift detector (SDD) module, including electronics
[4.30].
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photon energy. Finally, the X-ray spectrum is established by a multichannel analyzer
which distributes the pulses according to their height into a series of channels, each
being reserved for a small range of pulse heights (= energy), and sums them to give
the measured intensity.

Optimum resolution, i. e. low full width at half-maximum (FWHM), is a trade-off be-
tween high count rate, i.e. low dead-time, and good spectral resolution.

Silicon drift detectors (SDD, Figs 4.8 and 4.9) now also provide sufficient resolution
(FWHM = 0.175 keV) above a sample spot sized 2 x 2 to 100 x 100 mm?, and enable
high-speed operation (>10° counts s™'). SDD can be combined with microelectronics
and applied in portable TXRF models for microanalytical applications [4.30]. They
must be cooled by a Peltier element.

4.1.3
Spectral Information

Spectral information from TXRF spectra is similar to that from conventional XRF-
EDX spectra. The analyst must be always aware of potential spectral interferences
that cannot be resolved with standard EDX detectors [4.16]. Spurious peaks can be
assigned to escape peaks in energy-dispersive spectra. An escape peak emerges
when intense fluorescence of sufficiently high energy (giving rise to the mother
peak) impinges on the SSD expelling photoelectrons from Si core shells. Excited Si
atoms emit X-ray photons that are usually reabsorbed by the crystal. Photoelectrons
generated by these photons initiate additional electron-hole cascades, i.e., charge
pulses in the same way as the sample fluorescence. Photons near the SSD crystal
surface, however, also escape without producing a pulse, thus carrying off the dif-
ference between the energy of the mother peak and the generated core photoelec-
tron. This “escaped” energy gives rise to a separate, low-energy, daughter peak
(Table 4.1).

Spurious peaks can also appear as a result of energy-doubling, when charge collec-
tion induced by the first fluorescence photon has not been completed when a second
photon from the same fluorescence source impinges. The detector then registers
twice the number of charges giving rise to a sum-up peak. Sum-up peaks can be re-
duced by use of a pulse pile-up-rejector (PUR). Contamination along the beam path,

Tab. 4.1.  Certain elements whose Ka peaks interfere with escape peaks of other elements using so-
lid state detector SSD or silicon drift detector SDD [4.16].

Elements Escape peaks

A% Co-Ko, Mn-Kf, Dy-Lo, Ho-Lo, Er-Lo, Gd-Lf

Cr Co-Ku, Fe-Kf, Er-La, Tm-Lo, Tb-Lf, Dy-Lf8

Mn Ni-Ke, Co-Kf,Yb-Lo, Lu-La, Hf-Lo,, Ho-Lf8

Fe Cu-Ka, W-Lo, Ta-Lor, Hf-Lor, Ni-Kf3, Tm-Lf, Er-Lf
Co Zn-Ko,, W-Laz, Cu-Kf,Yb-Lg, Lu-Lf, Re-La, Os-Lo
Ni Ga-Ku, Pt-La, Ir-La, Ta-LB, HELB

Cu Zn-Kf, Au-Lo, W-Lf, Hg-Lo, Ge-Ko
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e.g. Fe in the detector window (Be), can also result in spurious peaks and limit the
detection capability of certain elements involved [4.31].

4.1.4
Quantification

Reliable quantification is based on peak-search software that combines peak loca-
tion, peak identification, and element deduction. Element deduction means that, for
unambiguous detection, at least two of the principal peaks must be detected for each
analyte of interest. In trace analysis, only the strongest _ peaks can be detected and
special attention must be paid to interfering satellites and spurious peaks.

By using an optically flat plate of a pure element such as Ni, TXRF systems can be ca-
librated in the sense of absolute calibration [4.32]:

IX: KXCX (4.3)

Ix is the background-corrected net intensity of the principal peak of analyte X, Kxa
proportionality factor for the absolute sensitivity of the standard reference, e.g. an Ni
plate, and cx the concentration of X. Multielement analyses are based on known rela-
tive sensitivities S:

S =1
! Iref/cref

Sref (44)

where the subscript “ref” denotes reference values. Values of relative sensitivities
can be determined by theoretical calculations including, e. g., mass absorption [4.33].
The fluorescence yield is angle-dependent. Because matrix effects are absent for
minute amounts of sample (<pg cm™), quantification by internal standardization is
possible. Equation (4.4) is valid correspondingly.

The bulk type response curve depends also on surface roughness [4.34]. Reference
materials must, therefore, be carefully investigated by angle-scan before use. Angle-
scan characteristics of the sample, i.e. the fluorescence intensity recorded at more
than one glancing angle near ¢, should not deviate from those of the reference. The
measurement must be performed under similar optical conditions.

With monochromatic Au-L; (11.44 keV) excitation, the variation of Cu depth distri-
bution in monocrystalline Si with time was studied by means of TXRF [4.35]. Such,
and similar, effects must be carefully investigated when using reference samples of
unknown behavior. Complementary analytical techniques might be helpful. The pro-
pagation of errors must, however, also be taken into consideration, and, moreover,
the calibration must cover the concentration range of interest [4.36] because the ac-
curacy of reference concentrations strongly affects the accuracy of the results [4.37,
4.38]. External calibration with reference materials can yield deviations of 3-20%
from the true value [4.39]. Reliable preparation of controlled spiking has, however,
recently been reported [4.40]. For general issues of external calibration of TXRF sys-
tems, please refer to Diebold [4.41] and Hockett [4.42].
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4.1.5
Applications

TXREF is an ideal tool for microanalysis [4.21]. The analytical merits are that TXRF
has a broad range of linearity (10">~10® atoms cm™2) and it is extremely surface-sen-
sitive and matrix-independent. TXRF can be applied to a great variety of different or-
ganic and inorganic samples such as water, pure chemicals, oils, body fluids and tis-
sues, suspended matters, etc., down to the picogram range.

4.1.5.1 Particulate and Film-type Surface Contamination

The penetration depth for impinging X-rays is very limited under the condition of to-
tal reflection. For light substrates such as Si, quartz, or poly(methyl methacrylate)
the spectral background of TXRF is six orders of magnitude smaller than that of
XRE. The fluorescence signal arises from the uppermost layer; therefore the scat-
tered intensity, i.e. background, is lower than in a conventional XRF arrangement. If
metallic smear, organic tissues, or thin (<100 nm), dried residues of a solution, sus-
pension, or dispersion are present on a substrate within the standing wave front,
strong oscillation of signal intensity results (Fig. 4.10). Such oscillations vanish
when grain size or film thickness increase to approximately 1000 nm [4.43].

One can clearly distinguish thick films from particulate analytes by angle-character-
istics (compare curves b and c in Fig. 4.11). Although the particulate and thin-layer
types of angle-characteristics (Fig. 4.11) do not differ at large angles [4.44, 4.45], sur-
face roughness crucially modifies peak height [4.34] and can simulate a stratified
structure [4.46].

4.1.5.2 Semiconductors

Metrology and contamination analysis in particular have been decisive factors for
profitable semiconductor production [4.47]. Semiconductor applications of TXRF go
back to the late nineteen-eighties and were introduced by Eichinger et al. [4.48, 4.49].
Because of its high sensitivity, wide linear range, facile spectrum deconvolution, and
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Fig. 4.11. Characteristic intensity profi-
(a les for three different kinds of concen-
tration: (a) bulk type; (b) particulate
type; and (c) thin-layer type. The critical
angle ¢ is determined by total reflec-
tion at the substrate ([4.21], after

Ref. [4.44]).
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ease of calibration, TXRF has rapidly become the economic workhorse for monitor-
ing cleaning efficiency and front-end wafer cleanliness [4.50, 4.51]. TXRF provides

the mandatory quality control with

reliable data which are easily integrated in the

fab data management [4.52, 4.53]. Automatic operation with repeated one-point
calibration every 8 h and automatic data management and transfer has led to abun-
dant applications of TXRF (Figs. 4.12, 4.13).

Detection limits for various elements by TXRF on Si wafers are shown in Fig. 4.13.
Synchrotron radiation (SR) enables bright and horizontally polarized X-ray excitation
of narrow collimation that reduces the Compton scatter of silicon. Recent develop-
ments in the field of SRTXRF and extreme ultra violet (EUV) lithography nurture
our hope for improved sensitivity down to the range of less than 107 atoms cm™
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Fig. 4.13. 30 limit of detection [atoms  surface preparation system (WSPS) for
cm?] of VPDTXRF measurements for  sample preparation.
200 and 300-mm wafers using the wafer

[4.13, 4.54—4.57]. Practical applications of SRTXRF currently focus on fast mapping
of wafers up to a diameter of 300 mm and reference measurement capabilities in the
range of 10°~10” atoms cm ™ [4.58]

4.1.5.2.1 Depth Profiling by TXRF, and Multilayer Structures
Buried layers are important parts of microcircuits. TXRF is a sensitive microanalyti-
cal tool for inspection of buried layers (Fig. 4.14). On a thick substrate, the angle
characteristics are a function of layer thickness. [4.59, 4.60].

Recently, first-principle calculations have been reported on model-free TXRF of stra-
tified structures [4.61].

Shallow doping profiles, particularly those of As, require nanoscale information on
dopant distribution. Although SIMS can be reliably applied for layers below 5 nm

4

Fig. 4.14. Fluorescence inten-
sity from layers buried in a thick
substrate. The dependence of
intensity on the glancing angle
was calculated for layers of dif-
ferent thickness but with a con-
stant analyte area density. Sili-
con was assumed as substrate
and Mo-Ko X-rays as primary
beam. Total reflection occurs in
the region below 0.1°. Without
total reflection, the dashed hori-
zontal line would be valid
throughout [4.21]. Glancing Angle ()
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200| Fig. 4.15. Angular dependence of the fluore-
scence radiation emitted from a Co-layered Si
substrate. The Co-Ku intensity is plotted semi-
logarithmically for layers of different thickness
(mm). The maxima for the ultra-thin Co-layers
are located at the critical angle of Si (dashed ver-
tical line). They are shifted to the critical angle of
Co (dotted vertical line) if the layer is more than
10 mm thick ([4.21], after Ref. [4.41]).
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depth, the technique of choice for the upper subsurface is angle-dependent TXRF
[4.62]. Using angle-scan TXRF, stratified microstructures can be accurately analyzed
for element composition, layer thickness, and density (Fig. 4.15) [4.41]. A combina-
tion of TXRF with layer-by-layer chemical etching provides reproducible results on
the stratigraphy of metallic implants [4.15, 4.63-4.65].

4.1.5.2.2 Vapor Phase Decomposition (VPD) and Droplet Collection

Vapor-phase decomposition and collection (Figs 4.16 to 4.18) is a standardized
method of silicon wafer surface analysis [4.11]. The native oxide on wafer surfaces
readily reacts with isothermally distilled HF vapor and forms small droplets on the
hydrophobic wafer surface at room temperature [4.66]. These small droplets can be
collected with a scanning droplet. The scanned, accumulated droplets finally contain
all dissolved contamination in the scanning droplet. It must be dried on a concen-
trated spot (diameter approximately 150 pm) and measured against the blank droplet
residue of the scanning solution [4.67—-4.69]. VPD-TXRF has been carefully evaluated
against standardized surface analytical methods. The user is advised to use reliable
reference materials [4.70-4.72].

The accuracy of VPD-TXRF depends largely on the reliability of the reference mate-
rial (cf. Sect. 4.1.1.3) and on the reproducibility of the droplet drying procedure
(Fig. 4.17) [4.75, 4.76]. Mass absorption sets the upper limit of reliable analyses to
10" atoms cm™ [4.77].

VPD-TXRF is also a facile technique for interface analysis [4.78, 4.79]. Automated
VPD equipment (Fig. 4.16) improves both the detection limit (upper range
107 atoms cm?) and the reliability (by >50%) of the VPD-TXRF measurement [4.14].
Current research focuses on sample holders [4.80, 4.81] and light-element detection
capability [4.82—-4.84].
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Fig. 4.16. Wafer surface preparation system WSPS: Automated
VPD system for wafers of diameter from 100 to 300 mm.

Imm MDT2 HR B3

Fig. 4.17. Dried VPD-droplet (left) worst case, the VPD solution exploded under fast drying using
an infrared lamp, droplet size of a few mm; (right) best case (WSPS),VPD solution dried under con-
trolled conditions using vacuum and carrier gas (L. Fabry, S. Pahlke, L. Kotz, Fresenius’J. Anal.
Chem. 354 (1996) 267, Figures 1 and 2 [4.36]).
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4.2
Energy-dispersive X-ray Spectroscopy (EDXS)

Reinhard Schneider

Physically the generation of X-rays is often a secondary process preceded by the ioni-
zation of an atom. There are, therefore, several possibilities of X-ray generation de-
pending on the type of the exciting medium — neutrals or charged particles such as
electrons and ions and high-energy photons, i.e. X-rays themselves.

The occurrence of X-rays can, therefore, also be observed in all electron—optical in-
struments where samples are bombarded by electrons with energies high enough to
ionize matter (cf. Sect. 2.3). The following discussion is mainly restricted to the use
of X-rays for microanalysis in transmission electron microscopy (TEM). Since X-ray
spectroscopy is widely used in scanning electron microscopy (SEM) some funda-
mental considerations must be made if the techniques are applied in combination.
In general, two main X-ray spectroscopic techniques can be distinguished depend-
ing on the physical property measured — the wavelength or the energy of the
emitted X-rays. The corresponding methods are wavelength-dispersive X-ray spectro-
scopy (WDXS) and energy-dispersive X-ray spectroscopy (EDXS), where WDXS is al-
most exclusively used in conjunction with SEM. In the following discussion merely
an introduction is given to the fundamentals, instrumentation, and application of
energy-dispersive X-ray spectroscopy. Because of its importance, peculiarities, and
application possibilities, a wealth of monographs [4.85-4.91] and original papers
have been devoted to EDXS/WDXS and many concern TEM/SEM. Likewise, the
fundamentals and principles of electron microscopy itself including such details as
electron—target interaction, electron optics, image and contrast generation are pre-
sented elsewhere.

4.2.1
Principles

When an atom has been ionized by electron bombardment, for instance by transi-
tion of a K-shell electron into the vacuum, after a finite dwell time the generated
hole can be filled by an electron of the L shell (Sect. 2.3, Fig. 2.31). There is a certain
probability that the energy set free by this process leads to the excitation of character-
istic X-rays, viz. Ko radiation for the transition described. If an M-shell electron falls
into the hole state, emission of so-called Kf X-rays occurs. A process competing with
the emission of X-rays is the emission of Auger electrons, where the sum of both the
fluorescence yield of X-rays and probability of Auger electron emission is always
equal to 100%. The fluorescence yield of X-rays increases with atomic number Z,
while the portion of emitted Auger electrons behaves in the opposite manner. For io-
nization of the L-shell and filling of the remaining hole by electrons from the M or
N shells, the emission of L or Lf radiation, respectively, is observed. For heavier ele-
ments electrons from more outer shells can also occupy the holes, although not all
conceivable transitions between the existing electronic energy levels are allowed. The
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Fig. 4.19. Allowed electronic  N;
transitions to the K shell and
corresponding X-ray lines after
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physically allowed transitions are determined by the following quantum-mechanical
selection rules [4.92]:

(1) An>0,i.e.L—K, M — K transitions but not, e.g., L3 - L,
(2) Al=+Tand Aj=-1,0, +1,

where n is the principal quantum number, | the angular momentum quantum num-
ber, and j = [ £ s is that of the total angular momentum, i.e. the combination of orbi-
tal momentum and spin. These so-called dipole selection rules enable prediction of
all possible transitions between electronic levels and thus the corresponding X-ray
lines, also. This is illustrated in Fig. 4.19 in which some allowed transitions contri-
buting to the K series of X-rays are shown as full lines, whereas forbidden transitions
are drawn dashed.

In accordance with spin-orbit coupling [4.93], higher energy levels are split, enabling
additional transition processes. Thus, for the Ko radiation two individual Ko, and
Ko, lines can be differentiated which are attributed to transitions from 2ps,, and
2py/; levels to the 1s,, state, because Al=+1and Aj =0, 1. In practice, because of
an average energy resolution of approximately 130 eV of EDXS detectors this split-
ting of energy levels is only measurable for heavier elements, whereas WDXS can
usually be used to resolve the individual sub-lines (Fig. 4.22). The Ko, /Ko, line split-
ting amounts to approximately 2 eV for potassium (Z=19), 75 eV for yttrium
(Z =39), and 1.815 keV for gold (Z =79).

The energies of the X-ray quanta of the K and L series can be calculated by use of the
equations [4.94]:

E(KE (n)) = Eagns1)— Ex = heR(Z-1)*(1/n* - 1) (4.5a)

and
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E(LE(n)) = Eapnea) — EL= heR(Z - 7.4)%(1/n* - 1/2%) (4.5b)

where E(n) =, f,7, ... A(n) =K, L, M, ..., and n=1, 2, 3, ..., R is the Rydberg con-
stant, h is PlancK's constant, and ¢ is the velocity of light.

In these approximations for the K series the value 1 is subtracted from the atomic
number Z to correct for the screening of the nuclei by the remaining K-shell elec-
tron. For the L series the screening effect of the two K-shell electrons and the seven
remaining L-shell electrons must be taken into consideration by subtracting 7.4.

The energy E of the characteristic X-rays within a given series of lines, i.e. Ko, K,
etc., increases regularly with the atomic number Z. This dependence is called Mose-
ley's law of X-ray emission:

VE oc (Z-1) (4.6)

In an electron-excited X-ray spectrum the discrete X-ray lines are superimposed on a
continuous background; this is the well-known bremsstrahlung continuum ranging
from 0 to the primary energy E, of the electrons. The reason for this continuum is
that because of the fundamental laws of electrodynamics, electrons emit X-rays
when they are decelerated in the Coulomb field of an atom. As a result the upper en-
ergy limit of X-ray quanta is identical with the primary electron energy.

422
Practical Aspects of X-ray Microanalysis and Instrumentation

For electron-beam illumination of an object the spatial extension of the volume from
which a specific interaction signal is gained depends strongly on the material itself,
the diameter of the electron beam, the primary electron energy, and specimen thick-
ness. In bulk materials many more interaction processes occur between incoming
electrons and target atoms in comparison with a thin film. Each individual interac-
tion process can change the direction of the electron path within the specimen, lead-
ing to broadening of the average diameter of the electron beam. In general, electron
propagation directly determines the distribution of the energy within the target and,
therefore, also the size of the interaction or excitation volume, because the absorbed
energy promotes the generation of secondary information carriers like secondary
electrons, electron-hole pairs, and X-rays. The thicker the specimen the more ex-
tended is the interaction volume essentially limiting the achievable lateral resolution.
Consequently, for thin films ca. 10 nm thick the resolution can be much better than
for massive samples.

The phenomena of beam broadening as a function of specimen thickness are illu-
strated in Fig. 4.20; each figure represents 200 electron trajectories in silicon calcu-
lated by Monte Carlo simulations [4.91, 4.95-4.97] for 100-keV primary energy,
where an infinitesimally small electron probe is assumed to enter the surface. In
massive Si the electrons suffer a large number of elastic and inelastic interactions
during their paths through the material, until they are finally completely stopped.
The resulting penetration depth of the electrons is approximately 50 pm and in the
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50 nm

50 um

Bulk material

Fig. 4.20. Comparison of beam broadening in Si as a
function of thickness for 100 keV primary electron
energy: (A) bulk specimen, (B) 200 nm, (C) 50 nm thick-
ness.

perpendicular direction their ranges are nearly twice that, owing to back-scattering.
This situation meets the conditions present in scanning electron microscopes (SEM)
and electron probe microanalyzers (EPMA). For the foil specimens applicable in
transmission and scanning transmission electron microscopy (TEM/STEM) the
beam-broadening effect is usually defined by the diameter of the disc at the exit sur-
face containing 90 % of the emerging electrons [4.96, 4.97]. In Fig. 4.20 this diameter
is approximately 1 nm for the 50-nm thick foil and reaches as much as 12 nm for
200 nm thickness. From these considerations it is obvious that analytical informa-
tion of extremely high lateral resolution can only be attained for very thin specimens
in TEM/STEM.

Before the development of semiconductor detectors opened the field of energy-dis-
persive X-ray spectroscopy in the late nineteen-sixties crystal-spectrometer arrange-
ments were widely used to measure the intensity of emitted X-rays as a function of
their wavelength. Such wavelength-dispersive X-ray spectrometers (WDXS) use the
reflections of X-rays from a known crystal, which can be described by Bragg’s law
(see also Sect. 4.3.1.3)

ni=2dsin6 (4.7)

where 4 is the wavelength of the X-rays, 0 the scattering angle, n the order of reflec-
tion, and d the interplanar spacing of the single crystal chosen. The point of the elec-
tron probe on the specimen, the surface of the analyzing crystal, and the detector slit
are placed on the circumference of a focusing circle, also called the Rowland circle
(see also Sect. 2.1, and 2.2). The movement of the crystal and the detector is me-
chanically coupled such that the detector forms an angle 6 with the crystal surface
while it moves an angular amount 2 6. The wavelength, 1, measured is given by the
relationship:
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d
l=—1 (4.8)
R

where R is the radius of the Rowland circle and L the variable distance between the
specimen and the analyzing crystal. The experimental arrangement for both WDXS
and EDXS attachable to SEM/EPMA and STEM/TEM is shown schematically in
Fig. 4.21.

A major disadvantage of the WDXS arrangement is the precise mechanical adjust-
ment needed to meet the focusing conditions. Because of this WDX spectroscopy can
be complicated or even fail for samples of high surface roughness. To cover the range
of wavelengths of interest a set of three or four crystals differing in their lattice spacing
are usually employed. For example, for angular scanning, 0 = 15-65° LiF crystals
cover a wavelength range from 0.35 to 0.1 nm, which is equal to X-ray energies of 3.5—
12.5 keV. X-ray detection is usually achieved by use of a sealed proportional counter
for shorter wavelengths and a gas-flow counter for longer wavelengths (>0.7 nm).

Owing to the particular kind of X-ray detection, different experimental requirements
have to be met for interfacing an EDXS system to an electron microscope, compared
with those of a WDXS arrangement (cf. Fig. 4.21). Because of the specific geometry
and dimensions of specimen chambers different experimental arrangements can be
found for SEMs and TEM/STEMs — the free space for inserting a semiconductor de-
tector enabling EDXS is extremely limited for the latter. For combined EDXS/
(S)TEM the detector should be attached to the microscope in an orthogonal position
relative to the tilt axis of the specimen; this enables alignment of interface structures
of cross-section specimens parallel to the detector axis and hence enables X-ray ana-
lysis at high lateral resolution. It is important to know the exact position and angle
of the front side of the detector relative to the region of the specimen contributing to
the X-ray signal measured. The angle between the plane of the specimen and the de-
tector axis is called the X-ray take-off angle o. For a detector arrangement in the plane
of the specimen and perpendicular to it the take-off angle is simply the goniometer
tilt. The ideal configuration is, however, a positive take-off angle (Fig. 4.21) providing
X-ray detection without tilting of the specimen. In transmission electron microscopy

Primary electron beam

Analyzing crystal

N Rowland

Semiconductor ?
\ circle

X-ray detector

Fig. 4.21. Schematic diagram
of spectrometer arrangements
for wavelength-dispersive and
energy-dispersive X-ray spec-
troscopy (WDXS/EDXS) in elec-
Transmitted beam tron microscopy.
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EDXS detectors are differentiated into two groups according to the take-off angle —
low take-off systems with approximately 10-20° and high take-off systems the angle
of which can reach up to 70°. A second important setting determining detector effi-
ciency is the collection angle, Q, which is the solid angle subtended by the front face
of the detector. In practice, it is given by the approximation [4.91, 4.101]:

(4.9)

where A is the active area of the detector and s the distance from the specimen to the
detector. For a detector with 30 mm? area in 15 mm distance from the specimen (ty-
pical values for EDXS/(S)TEM) the collection angle is approximately 0.13 sr. The col-
lection angles in EDXS range from approximately 0.01 to 0.2 sr, and are thus more
than one order in magnitude wider than for WDXS.

As already mentioned above, energy-dispersive X-ray spectroscopy is based on the
use of a semiconductor detector, which can be a lithium-drifted Si crystal (a so-called
Si(Li) detector) or a Ge crystal of high purity, respectively [4.89—4.91, 4.100—-4.102].
For Si(Li) the lithium is introduced to compensate for impurity effects in Si thus
producing an intrinsic zone inside the crystal that is effective for X-ray detection. In
general, inside the detector material electron—hole pairs are generated by X-ray exci-
tation (Fig. 4.22). The energy necessary to produce one electron-hole pair is approxi-
mately 3.8 eV for Si(Li) and only 2.9 eV for Ge. Because the energy of X-rays can be
several keV, depending on the primary electron energy and on the bombarded mate-
rial, a single photon can generate thousands of electron-hole pairs. Thus, the num-
ber of electrons and holes is a direct measure of the energy of the incoming X-rays.
The electron-hole pairs are separated by the effect of an electric field caused by a ne-
gative bias of approximately 0.5-1 keV applied across the Si crystal. Gold layers de-
posited on the front and back of the crystal serve as electrical contacts. The resulting
electrical pulses are amplified, analyzed for pulse height and finally stored in a mul-
tichannel analyzer (MCA) or computer. The detector crystals are cooled with liquid
nitrogen to minimize the portion of thermally activated electron-hole pairs, to re-
duce the noise level of the associated field-effect transistor acting as pre-amplifier,

LN,
'Y cooling

Window

Au contact

layer SI(LI) crystal ‘

Pre- Amplifier E[keV

Amplifier

MCA

Fig. 4.22. Principal set-up of an X-ray detector with Li-drifted Si crystal.
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b)

Fig. 4.23. EDXS instrumentation for TEM and  chamber detector (XFlash, Réntec) for SEM
SEM: (a) conventional EDX detector attached to [4.105].
a TEM/STEM; (b) EDX system with Si drift-

and, for Si(Li), to prevent diffusion of Li. Thus the Dewars needed for cooling are
characteristic of such X-ray detector assemblies (cf. Fig. 4.23a).

The photographs presented in Fig. 4.23 should give an impression of the set-up of
EDXS systems in practice. Fig. 4.23a shows the column of a 200 kV TEM/STEM
from the section of the objective lens (below) to the segment containing the electron
gun and accelerator (above) with a high take-off spectrometer attached to the micro-
scope. In contrast, Fig. 4.23b shows a special energy-dispersive X-ray spectrometer
based on the use of a thermoelectrically cooled Si drift chamber detector [4.103,
4.104]. This system is particularly suitable for handling high count rates in SEM,
therefore enabling the acquisition of element maps with up to the four times the
speed of conventional EDXS detectors. Many companies offer EDXS and WDXS sys-
tems, attachable to all commercially available electron microscopes. A selection of
these companies is cited in the list of suppliers of surface and thin-film analytical
equipment (Chap. 7).

To prevent condensation of hydrocarbons and even ice from the microscope environ-
ment on the cold surface of Si(Li) or Ge detector crystals they are commonly sealed
in a pre-pumped tube. A window in front of the crystal enables the transmission of
X-rays. In electron microscopes with particularly good oil-free vacuum, however,
X-ray detectors can also be used without windows. Historically, windows made from
sheets of beryllium, typically about 12 pm thick or even thicker, were the first to be
used. Because of this window thickness X-rays with energies <1 keV were strongly
absorbed, preventing the analysis of light elements such as B, C, N, and O. To over-
come these drawbacks ultrathin windows of less absorbent advanced materials have
been developed, for example very thin C (diamond) or BN windows. The dependence
of the absorption effect on the type of detector window is demonstrated in Fig. 4.24.
In this figure the transmitted fraction of X-rays is plotted against the photon energy
for both the Si(Li) and the Ge crystal, where windowless detectors and detectors with
windows (Be and diamond coated with Al) are assumed. Besides the influence of the
window used the individual curves also have the absorption edges of the detector
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Fig. 4.24. Fraction of transmit- T T
ted X-rays calculated for EDXS
detectors with windowless
Si(Li) and Ge crystals, and for
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material itself, i.e. Si and Ge, respectively. The transmission of low-energy X-rays is
insignificantly higher for Si(Li) compared with Ge, whereas the efficiency of Si(Li)
detectors drops remarkably above 20 keV. For the high-energy range the application
of Ge crystals is more useful; this enables detection of X-rays up to approximately
50 keV and higher with 100% efficiency. The dependence of the portion of trans-
mitted X-rays on the type of window is clearly visible — the windowless configura-
tions and, partly, those with Al-coated diamond window are feasible for detection of
light-element X-rays.

The energy resolution of an X-ray detector is experimentally defined by the full width
at half maximum (FWHM) of the Mn-Ku« line. The FWHM, in eV, can also be calcu-
lated by use of the relationship:

FWHM = (An* + 2.35*F¢ E + Ac%)'/? (4.10)

where An is the electronic noise contribution, Ac is that of incomplete charge collec-
tion, Fis the Fano factor, ¢ the energy to create an electron—hole pair, and E the initial
X-ray energy [4.106]. Owing to the lower ionization energy for Ge the number of
charge carriers is approximately 25% higher than that in Si. Because, in addition,
the Fano factor for Ge is approximately 0.06 compared with 0.087 for Si, Ge detectors
intrinsically afford better energy resolution. There resolution also depends on the
area of the detector surface — broadening is observed with increasing area. It should,
moreover, be noted that it is also a function of output count rates and the setting of
the pulse processor; the best resolution values are obtained at rates less than 3000
counts per second and at medium pulse processor times [4.107]. Typically, Si(Li) de-
tectors have an average energy resolution of approximately 140 eV measured at the
Mn-Ko line, whereas that of Ge detectors can be better than 120 eV.

Because of the limited energy resolution in EDX spectra an overlap of peaks can of-
ten occur, depending on the composition of the material to be analyzed. The situa-
tion is much improved in WDXS, for which the energy resolution is approximately
10 eV and better. This is demonstrated in Fig. 4.25, in which the WDX and EDX
spectra recorded from BaTiO; are compared. Here, WDXS enables easy resolution of
the Ba-Lo and Ti-Ku lines; this is impossible by EDXS. In addition, for WDXS the
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Fig. 4.25. AWDX spectrum of BaTiO; plotted against
energy and compared with the corresponding EDX spec-
trum [4.91].

peak-to-background ratio is also better. But, owing to the low X-ray collection effi-
ciency compared with EDXS, the wavelength-dispersive technique is commonly not
combined with TEM/STEM. Some more advantages of the EDXS technique are the
compact and stable instrumentation, its ease of use, and the short acquisition times
as a result of parallel detection.

423
Qualitative Spectral Information

In EDX spectra the X-ray intensity is usually plotted against energy. They consist of
several approximately Gaussian-shaped peaks being characteristic of the elements
present in the transmitted volume. The characteristic peaks are superimposed on a
background (bremsstrahlung continuum) of distinctly low intensity if the specimen
is very thin. Most of the chemical elements can be identified by EDXS. The only
limit is whether the particular type of detector window registers soft X-rays of the
light elements (Sect. 4.2.2). Thus detectors equipped with Be windows only enable
detection of elements of atomic number Z = 11 (Na), whereas detectors with ultra-
thin light-element windows can even be used for analysis of boron (Z = 5). Problems
in element detection can also arise as a result of peak overlap caused by the restricted
energy resolution discussed above.

An EDX spectrum typical of thin-film analysis in TEM/(S)TEM is shown in Fig. 4.26.
It was obtained from a polycrystalline TiC/ZrO, ceramic by use of an Si(Li) detector
at 100 keV primary electron energy. For spectrum recording the electron probe of ap-
proximately 1 nm in diameter was focused on the triple junction between the grains
in the STEM mode (Fig. 4.26a). Besides the elements expected for the material un-
der investigation, viz. Ti and Zr, Si, Fe, and Co were also detected, hinting at the pre-
sence of a (Fe, Co) silicide as an impurity. For ceramic materials it is known that
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Fig. 4.26. Typical X-ray spectra: (a) STEM bright-field image of a

polycrystalline ZrO, /TiC ceramic with a triple junction; (b) corre-
sponding EDX spectrum.

such foreign phases are predominantly present in triple regions and in interlayers
between the individual grains.

Depending on the measurement conditions chosen there is some probability that ar-
tifacts will contribute to an EDX spectrum. They comprise effects intrinsically pro-
duced by signal detection, viz. in the form of escape peaks and internal fluorescence
peaks, and, in addition, those of signal processing, for example pile-up peaks. Escape
peaks appear because an X-ray photon entering the Si(Li) detector can lose part of its
energy by exciting the Si to fluoresce Si-Ka radiation (1.74 keV). Thus, an extra peak
is produced at an energy of the characteristic peak reduced by 1.74 keV. In Fig. 4.27a
this phenomenon is demonstrated for the Cu-Ke line, where an escape peak of low
intensity is also observed for the Cu-Kf line. Of course, high-purity Ge crystals do
also generate escape lines, but several peaks (Ge-Ko and Ge-Lo) can occur because of
the electronic structure of Ge. The software used to process EDX spectra commonly

. CuK, ALK,
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Fig. 4.27. Artifacts in energy-dispersive X-ray spectra. Occur-
rence of (a) escape and (b) sum peaks.
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uses routines to correct for escape peaks — their intensities are usually added to the
original characteristic peak. As a consequence of the internal fluorescence a corre-
sponding peak can be seen in the spectrum at high count rates and long acquisition
times. When the number of incoming X-ray photons is too high (more than 10000
counts per second) the signal electronics can no longer differentiate between two
single photons of a certain energy. This leads to the occurrence of so-called pile-up
or sum peaks, respectively, with exactly twice of the energy of a characteristic X-ray
line as shown in Fig. 4.27b for the Al-Ka peak.

4.2.4
Quantification

As it is usual in all spectroscopic methods for quantification, the original signal char-
acteristic of an individual element inside the excited volume that can be correlated
with the content of this element must be extracted from the raw-data spectrum.
Hence, quantitative EDXS analysis involves the determination of the background con-
tribution, background subtraction, and counting the net intensities of the characteris-
tic X-ray peaks. There are different possible ways of fitting the background curve un-
derlying the whole EDX spectrum. For thin-foil analysis it is nearly a horizontal line of
rather low intensity. Thus, one procedure used to determine the background signal be-
low an X-ray peak is to assume a straight-line contribution that is subtracted. Another
method of background extrapolation comprises averaging of the background intensi-
ties in two windows of identical width just below and above the characteristic peak. It
is also possible to model the background by Kramers’ law [4.108] defining the number
Npack of bremsstrahlung photons as a function of the photon energy E:

Ey—E

NBack =CZ (411)

where Z is the mean atomic number of the material and E, is the primary energy
of the electrons. The factor C must be found by modeling and includes the original
Kramers constant and corrections for the efficiency of collection and processing by
the detector and the effects of absorption of the excited X-rays within the specimen.
In Fig. 4.28 an EDX spectrum of a layered Al/Cu sample is shown with the mo-
deled background marked by a full line. After background subtraction the net X-ray
peaks are usually fit by Gaussian peaks and their intensities are determined by in-
tegration.

The procedure commonly used to quantify EDX spectra was originally outlined by
Castaing [4.109], although for the general situation of investigating bulk materials.
To a good approximation it can be assumed that the concentration Cgj, of an element
present in an unknown sample is related to the concentration Cs, of the same ele-
ment in a standard specimen by

CSP_KIS_P
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where the corresponding X-ray intensities Is, and Is; emerging from the sample and

standard, respectively, must be measured under identical experimental conditions.

The factor K accounts for the different X-ray intensities generated inside a material

and measured by the detector for both the standard and the specimen under investi-

gation. Three contributions to K which must be considered are usually termed the

ZAF correction (Z — atomic number, A — absorption, F — fluorescence) [4.89-4.91,

4.95,4.110-4.117]. In detail, this procedure involves:

Z — correction for the different inelastic scattering properties introduced by differ-
ences between the mean atomic numbers of the specimen of interest and the
standard;

A — correction for differences between X-ray absorption; and

F — correction for corresponding X-ray fluorescence differences.

For an electron-transparent specimen the absorption and fluorescence correction
parts can often be neglected, this is the so-called thin-film criterion introduced by
Cliff and Lorimer [4.118]. Thus, for a thin specimen containing two elements A and
B yielding the net X-ray intensities I, and I, the concentration ratio reduces to:

Ca Ip
LS TS 413
Co AB T (4.13)

where the atomic-number correction factor, kg, is also called Cliff-Lorimer factor.
This factor varies with the accelerating voltage and depends on the particular micro-
scope and EDXS detector system used. The kap factors needed for quantification are
either calculated from first principles or determined experimentally by use of refer-
ence materials; the latter procedure is more accurate. To obtain quantitative results
of high accuracy and reliability the influence of absorption and fluorescence effects
should, however, also be taken into account for thin films; this procedure is de-
scribed in detail elsewhere [4.91, 4.119-4.121]. It should be noted that the minimum
element concentration detectable by EDXS is approximately 0.01-1 atom% — the va-
lue depends on the element to be analyzed in a matrix and is a function of instru-
mental settings determining the peak-to-background ratio.

205



206

4 Photon Detection

4.2.5
Imaging of Element Distribution

The combination of EDXS and scanning or scanning transmission electron micro-
scopy (SEM/STEM) enables imaging of element distribution either along a line or
two-dimensionally in a rectangular field of view. Thus, facilities for generating a fine
electron probe and scanning it are essential for obtaining information on element
distribution. Usually, before mapping of the element distribution, a spectrum of the
whole area of interest must be acquired; the peaks of the elements sought are then
selected by defining energy windows. While the electron probe is scanned the sig-
nals from the different windows are simultaneously stored on a computer, creating a
line profile or even building up element-specific images. Careful interpretation of
these element-selective profiles and images is sometimes advisable, because artifacts
can arise from thickness variations, peak overlap, and the effects of absorption and
fluorescence of X-rays. The lateral resolution achievable in EDXS line-profile analysis
and maps is strongly determined by such factors as the size of the S(T)EM probe,
and the thickness and composition (mean atomic number) of the specimen. For very
thin specimens investigated in TEM/STEM microscopes resolution values of several
nanometers are attainable when electron probes 1 nm in diameter or even smaller
are used.

In EDXS the so-called spectrum-image method [4.122] can also be employed. A ser-
ies of spectra is taken from a scanned rectangular field resulting in a data cube with
its upper plane as the scanned x—y area and the third axis as the X-ray spectrum.
Comprehensive information about the chemical composition and element distribu-
tion is extractable from this data set by subsequent processing.

An example of interface analysis by EDXS line profiling at high lateral resolution is
given in Fig. 4.29. It is of particular importance, because the distribution of light ele-
ments like carbon, nitrogen, and oxygen is also revealed. This was possible by means
of an Si(Li) EDXS detector (Kevex) with an ultrathin window attached to a dedicated
STEM HB 501, from Vacuum Generators, with a cold field-emission cathode.

The TEM bright-field image (Fig. 4.29, upper) shows an interfacial region of a fiber-
reinforced SiC composite including the carbon fiber with a pyrolytically deposited
graphitic layer, approximately 30 nm thick, and the SiC matrix [4.123]. EDXS line
profiles were taken across this layer system in the STEM mode (1 nm probe dia-
meter, 100 kV accelerating voltage). The individual line profiles (Fig. 4.29, lower)
furnished detailed insight into the particular processes occurring during processing
of the composite. Nitrogen was detected inside the graphitic fiber coating; this was
introduced from the environment during chemical vapor deposition. The profile of
the Si signal from the matrix in the direction of the fiber indicates, moreover, that si-
licon diffused towards the fiber. The local maximum in the Si content in the region
of the graphitic fiber coating can be correlated to the formation of a compound, prob-
ably of the type Si,N, or Si,C,N..

Figure 4.30 is an example of X-ray mapping of an (In,Ga)As quantum wire structure
using a TEM/STEM Philips CM20 equipped with a thermally-assisted field-emitter
and a Ge EDXS detector (Tracor Northern) [4.124]. The cross-section STEM bright-
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Fig. 4.29. EDXS line-profile analysis across the
interfacial region of a C-fiber reinforced SiC com-
posite and corresponding TEM bright-field
image.

Matrix

20 nm

Silicon

Ao
a

Nitrogen

Fig. 4.30. Imaging of element distribution by  field image of an (In,Ga)As quantum wire (QWI)
X-ray mapping: (a) cross-section STEM bright-  in InP; (b) corresponding As-Ko: map.

field image (Fig. 4.30a) exhibits the crescent-like shape of this wire, which was
grown on (001) InP by metal-organic chemical vapor deposition (MOCVD). Its
width is approximately 240 nm, whereas the extension in the growth direction varies
from approximately 10 to 20 nm. Despite of the low signal-to-noise ratio of the corre-
sponding As-Ka map the position of the quantum wire is clearly revealed.

4.2.6
Summary

The combined use of energy-dispersive X-ray spectroscopy and TEM/STEM is a rou-
tine method of analytical electron microscopy enabling both qualitative and quantita-
tive chemical analysis of interfaces and interlayers with high lateral resolution. Reso-
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lution of few nanometers can be achieved, depending, in particular, on the size of
the electron probe and on specimen thickness. Because EDXS is a particular highly
sensitive means of detecting elements of medium and high atomic number, it is a
useful complement to electron energy loss spectroscopy (EELS), which is predomi-
nantly sensitive to light elements. In the STEM mode the element distribution can
be imaged as line profile or element map, by use of characteristic X-ray lines.

4.3
Grazing Incidence X-ray Methods for Near-surface Structural Studies

P. Neil Gibson

4.3.1
Principles

X-ray diffraction (XRD) is the classical method for determining the crystalline struc-
ture of solid materials. Although the basic theory of X-ray diffraction was developed
several decades ago, instrumentation has evolved continuously, with new diffraction
geometries opening up possibilities for structural determination in different applica-
tions. In particular, as research into surface modification has led to more applica-
tions in industry, “glancing angle” or “grazing incidence” geometries have been de-
veloped to render X-ray diffraction more surface-sensitive. All major XRD equipment
manufacturers now offer systems, or system attachments for glancing angle X-ray dif-
fraction (GAXRD). The main purpose of this chapter is to provide a broad outline of
the two major glancing angle X-ray diffraction geometries and the differences be-
tween these and the standard 0-20 diffraction geometry (where 0 is the incident
angle). The technique of grazing incidence X-ray reflectivity (GXRR) is also described,
because the theory of GXRR is of central relevance here and the technique is often
applied on the same systems as used for GAXRD. To complete the picture of glan-
cing angle X-ray structure analysis, X-ray absorption spectroscopy is briefly mentioned
in this section, even though this technique can be effectively applied only at synchro-
tron radiation sources, and a full description of it, and its enormous range of applica-
tions, would require a lengthy article in itself. GXRR and one of the glancing angle
diffraction techniques are described in a little more detail, because these can be ap-
plied on normal laboratory X-ray systems. The chapter will not deal in detail with
theory, and the reader is referred to the appropriate literature for details about the
underlying theory of the techniques described.

4.3.1.1 Glancing Angle X-ray Geometry (GAXRD)

The basic idea of the glancing angle X-ray geometry is rather straightforward. To re-
duce the penetration of X-rays into a surface and thus limit the depth from which in-
formation will be gathered one simply reduces the angle of incidence ¢ of the beam
on the sample surface. At angles of incidence higher than a few degrees the intensity
I of X-rays within a material as a function of the distance z from the surface is given
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by I=Ipexp (—uz/sin¢) where I, is the intensity at the surface and the absorption
coefficient, u, depends on the composition and density of the material. The depth at
which the intensity has fallen to 1/e of its value at the surface is often defined as the
penetration depth z,,, and is given by:

Z1/e = sin (¢)/p. (4.14)

At angles of incidence of less than a few degrees the above relationships are not va-
lid. The refractive index of solid and liquid materials at typical X-ray wavelengths is
slightly less than unity. Thus at low angles of incidence refraction becomes signifi-
cant, and below a critical angle, ¢, total external reflection occurs [4.125] and the ef-
fective penetration of the beam into the material decreases to a few nanometers.
This only occurs for extremely flat and smooth surfaces; the situation for rough sur-
faces is discussed below. The complex refractive index, n, of a material is usually
written n=1- 6 —1if}, where J and f are given by:

5= (A*&/2nme®) > Ni(Zi+f7) (4.15)
and
B=(¢/2nme) Yy Ni(f}) (4.16)

where ¢ and m, are the charge and mass of the electron, 1 is the wavelength of the
X-rays, ¢ is the velocity of light, N; is the atomic number density of atoms of type i, Z;
is the corresponding atomic number, and [ and f” are the real and imaginary parts
of the anomalous dispersion correction to the atomic scattering factor. The absorp-
tion coefficient is related to § by u = f1/47 and ¢, is related to & by ¢ ~ (20)"/%

The equation for the coefficient of reflection of a flat surface in air at an incident
angle ¢ is given by:

R() =T ()= % +17)
where

24 = [(¢* - 20 +4 ] "+ (¢* - 20) (4.18)
and

28 =[(¢* =207 + 447" = (¢* —20) (4.19)

For low angles of incidence, i. e. angles of incidence of a few degrees the 1/e penetra-
tion depth is given by:

Z1je & AJ4TB (4.20)
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Fig. 4.31. Variation of the coefficient of reflection and penetra-
tion depth for X-rays of 1.5405 A incident on a perfectly flat silicon
surface.

Figure 4.31 shows how R and z; . vary for a perfectly flat silicon surface. The rapid
change in penetration depth near the critical angle shows how X-ray techniques be-
come very surface-sensitive at very low incident angles, and can theoretically be used
to study extremely thin films, including atomic monolayers. For diffraction studies,
however, the intensity of the diffracted beam is drastically reduced at incident angles
below ¢, and the range of materials that can be studied in this way with conven-
tional X-ray sources is limited. In addition, to study the structure of the first few
atomic layers of a material, the sample must be exceptionally flat and smooth - sin-
gle crystal semiconductor wafers are ideal. Some examples of such studies are given
below.

For slightly rough surfaces (e.g. metals polished mechanically to a mirror finish,
with an rms roughness of several tens to hundreds of nanometers) the intensity of
the reflected beam below ¢, is lower, and as the roughness increases the reflectivity
decreases. The non-reflected part of the beam penetrates the surface. It is difficult to
derive a formula for calculating average penetration depth at this point, because it
will be sensitive to details of the surface topography. It is, however, likely that for the
purposes of diffraction analysis Eq. (4.14) rather than Eq. (4.20) can usually be taken
as a more accurate estimate, even if a significant fraction of the beam is being re-
flected. If analysis is made of the reflected beam, as for ReflEXAFS (see below), the
surface sensitivity will still be rather good even for slightly rough surfaces, although
poorly reflecting surfaces introduce significant experimental difficulties and are best
avoided.

4.3.1.2 Grazing Incidence X-ray Reflectivity (GXRR)

We have seen that partial reflection of an X-ray beam occurs from a surface at angles
of incidence above ¢, with the intensity dropping off rapidly with ¢. In fact partial or
total reflection occurs at the interface between any two materials with different re-
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fractive indices. For a layered material these reflected beams can combine to form an
interference pattern, and analysis of this can provide extremely accurate information
about film thickness. In addition, the reflectivity coefficient at each interface de-
pends on its roughness and on the difference between the densities on each side of
the interface. Thus the technique of GXRR, i.e. the analysis of plots of R against ¢,
can provide information on all these properties. Kiessig [4.126, 4.127] was the first to
note interference effects in X-ray reflectivity, and interference fringes seen in GXRR
plots are often referred to as “Kiessig fringes”. He derived a formula for the position
of the interference maxima as a function of the film thickness, although nowadays
this is not normally used in GXRR analysis, having been replaced by full mathemati-
cal models combined with least-squares fitting techniques that can be run on mod-
ern computers. The basic theory for modern GXRR analysis was developed by Par-
ratt in 1954 [4.128].

4.3.1.3 Glancing Angle X-ray Diffraction (GAXRD)

For details about general X-ray diffraction theory the reader is referred to the mass of
material on the subject produced over the last half century. Here we are concerned
only with the application of the technique in the glancing angle geometry, and the ap-
propriate considerations that must be made. The basic aim of a diffraction measure-
ment is to detect diffraction peaks from the material under investigation. Diffraction
only occurs when the incident angle of the X-ray beam on a set of planes is such that
(for a particular wavelength) Bragg’s law is satisfied and constructive interference oc-
curs. The diffracted beam from that set of crystalline planes is at the same angle to
those planes as the incident angle. Reversing this argument, it is immediately appar-
ent that any diffraction peak will arise only from crystals or crystallites oriented in a
particular manner. In the standard XRD geometry, also known as the 6-20 or
Bragg—Brentano, geometry, the incident angle on the sample surface is maintained
at the same angle as the detector. Thus any crystalline planes detected will lie parallel
to the surface of the sample. This is not true for the two main glancing angle X-ray
geometries — the grazing incidence angle asymmetric Bragg (GIAB) geometry [4.129]
and the grazing incidence X-ray scattering (GIXS) geometry [4.130]. These are shown
schematically in Fig. 4.32, with the standard 0-20 geometry. It is also worth men-
tioning, in passing, the asymmetric parafocusing Seeman-Bohlin geometry [4.131],
developed as a surface-sensitive diffraction technique, but now not generally em-
ployed. This technique maintains a parafocusing geometry at low angles of inci-
dence by moving the detector around a focussing circle defined by the X-ray source
and the sample surface, the latter being at a tangent to the focussing circle. The
focussing circle increases in radius as the angle of incidence is lowered, so the tech-
nique cannot be used below approximately ¢ = 5°.

We consider first the GIAB geometry, as this is the most often applied using stan-
dard laboratory sources, and the most widely available commercially. The discussion
above makes it quite clear that the angle of the crystalline planes that contribute to
any particular diffraction peak are inclined relative to the sample surface, and that
the angle of inclination changes as the detector is scanned. This makes this geome-
try much more suitable for studying polycrystalline surfaces than for studying single
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crystal surfaces (e.g. epitaxial films), because for single-crystal studies the orienta-
tion of the sample relative to the incident beam is an important variable. Where poly-
crystalline surfaces with no texture (or preferential orientation of the crystallites) are
under investigation, GIAB will produce a diffraction pattern very similar to that of
identical material in the bulk form examined by 626 diffraction, apart from slight
differences in peak intensities, because of absorption. Thin film materials are, how-
ever, usually textured to some extent, and often very strong preferential orientations
are apparent. In these circumstances very different peak intensities will be recorded.
Experimental techniques and procedures that can be employed for such work are de-
scribed below. With regard to penetration depths, the GIAB geometry applied just
above the critical angle for total external reflection is approximately two orders of
magnitude more surface sensitive than the standard 0-26 X-ray diffraction method,
although it should be remembered that this occurs together with significant loss in
intensity, because of the restricted dimensions of the incident beam, the lower pene-
tration depth, and the non-focussing geometry. At angles of incidence below ¢. the
penetration depth is only a few nanometers for very smooth surfaces and most mate-
rials can only be studied in this way with high intensity sources. As will be described
below, however, slightly rough surfaces of some materials can be studied success-
fully below ¢ using laboratory sources.

In contrast to the classical §-260 and GIAB geometries, the GIXS geometry is ideal
for studying sets of crystalline planes that are perpendicular to the sample surface.
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Ideally the incident angle and the detector elevation angle should both be set at the
critical angle to the surface material. In this way the refracted X-ray beam travels par-
allel to the surface and the surface evanescent wave intensity is maximized. The re-
strictions of GIXS geometry greatly reduce the beam intensity at the detector, and
thus the GIXS is totally inappropriate for studying randomly oriented polycrystalline
surfaces with a laboratory X-ray source. It can be used on strongly textured polycrys-
talline surfaces for determining texture or strain, but such measurements can be
made in other ways. Where GIXS really comes into its own is in the study of single-
crystal surfaces and epitaxial films. With typical sealed laboratory sources only
strongly scattering materials can be studied in the GIXS geometry and it is desirable
that several nanometers of material are present to achieve a good signal/noise ratio.
With GIXS facilities at synchrotron radiation sources the structure of fractions of
monolayers can be studied, even those of relatively weakly scattering materials.

4.3.1.4 ReflEXAFS

The technique of extended X-ray absorption fine structure (EXAFS) [4.132, 4.133] is
based on analysis of variations in the absorption coefficient of a material observed in
a range of several hundred eV above the absorption edge of one of the atomic compo-
nents of the material. Because the incident energy must be scanned in an EXAFS ex-
periment, high intensity over a wide energy range is required and EXAFS is nor-
mally applied only at synchrotron radiation sources, where it is now a commonplace
technique. When an inner shell electron is ejected from an atom the outgoing photo-
electron has a wavelength that depends on its energy. Scattering from surrounding
atoms occurs and effectively leads to constructive or destructive interference effects
that modulate the measured absorption coefficient. Analysis of these modulations
involves background subtraction and then analysis with an appropriate computer
program to extract information about the distance and type of the surrounding
atoms. EXAFS is a very powerful technique for local structural analysis around parti-
cular atomic species of a sample. It is often combined with analysis of the near-edge
region, this being called X-ray absorption near-edge structure (XANES) or near-edge
X-ray absorption fine structure (NEXAFS), from which information is obtained on the
oxidation state and the symmetry of the local environment of the atomic species un-
der investigation.

Two main techniques are used to render EXAFS surface sensitive. Firstly, the current
from surface photoelectron yield can be monitored [4.134]. Because the escape depth
of the photoelectrons is only a few nanometers this is effectively the region from
which information is obtained. This technique, usually called surface EXAFS, or SEX-
AFS, is normally performed with the sample in a vacuum chamber. Secondly, the
technique can be employed in air or, indeed, in a special environmental chamber by
using the grazing incidence geometry [4.135, 4.136] ; this technique is termed reflec-
tion EXAFS or ReflEXAFS. Typically an incident angle of ¢/2 is used and the inten-
sity of the reflected beam as a function of incident beam energy is analyzed. The re-
flected beam contains information only from the surface of the sample, even for
slightly rough surfaces. The technique can also be applied by monitoring X-ray fluor-
escence instead of the reflected intensity [4.137]. This has advantages in some situa-
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tions, but care should be taken if the sample is slightly rough, because the fluores-
cence detection method will rapidly lose its surface sensitivity as the reflectivity coef-
ficient decreases.

4.3.2 Experimental Techniques and Data Analysis

In this section we consider only GXRR and GIAB, these being techniques that can
be applied using sealed laboratory X-ray sources, and that are available commercially
from several suppliers of X-ray equipment. GIXS and ReflEXAFS are rather more
specialized and need to be carefully studied before use. In addition they usually re-
quire high-intensity sources and are normally only employed at synchrotron radia-
tion facilities, although rotating anode laboratory sources and even sealed tubes can
be sufficiently intense for some GIXS applications.

43.2.1 Grazing Incidence X-ray Reflectivity (GXRR)

GXRR can be applied only to surfaces that are extremely smooth and flat. An rms
roughness of greater than a few nanometers will render the technique unusable. It
is thus usually applied only to films deposited on to single-crystal silicon substrates,
or float glass, where the effective roughness can be from zero to a few Angstroms. It
can also be applied to liquid surfaces. Because of absorption in the material under
examination and/or the instrumental resolution of the measuring apparatus, for
film thickness evaluation it can only be applied to thin films or multilayers of less
than a few hundred nanometers thickness. Thus the range of applications is limited,
and sample preparation is of critical importance. The information obtained from
GXRR is, however, difficult or impossible to derive using other techniques, as the ex-
amples outlined below illustrate.

Several experimental methods can be employed for GXRR. Figure 4.33 shows a very
generalized schematic set-up. For many applications it is of great importance that
the intensity of the reflected beam can be measured over several orders of magni-
tude, so background radiation must be reduced to an absolute minimum. On dedi-
cated GXRR systems a monochromator in the incident beam is normally used to re-
move unwanted X-ray wavelengths and, in combination with slits, to collimate the
incident beam. Often the Ko, emission line of a Cu anode source (1.5405 A) is em-
ployed. Two concentric goniometers are generally used with the sample mounted on

optional knife-edge slit to reduce

b.eallm . scatter and/or collimate beam b§§m .
conditioning conditioning

v —p detector

sample

Fig. 4.33. Schematic diagram of the experi- monochromators, Goebel mirrors, and evacua-
mental arrangement for GXRR measurements.  ted beam tubes, etc.
Beam-conditioning optics can include slits,
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one and the detector on the other. A slit is placed in front of the detector to define
the angle of the reflected beam. Alternatively a second monochromator—slit arrange-
ment can be used for this purpose, with the advantage of further reducing unwanted
background radiation. Special evacuated beam tubes can be inserted to reduce air
scatter of the beam. Careful alignment of the whole system is required to ensure the
results are reliable. Any distortion of the curve will make analysis almost impossible.

On several systems somewhat less rigorous beam “conditioning” is employed. These
systems may be completely adequate for most studies but might not achieve good
enough performance for particular applications. Monochromation might be limited
to a monochromator crystal placed before the detector, and may enable both the Koy
and Ko, wavelengths to reach the detector. On at least one commercially available
system an interesting solution is used to achieve both collimation and sample align-
ment — a simple “knife edge” is positioned near the sample center. No incident
beam monochromator is used. This has the advantage of simplifying alignment, in
particular for small samples. A relatively recent development is in the use of a Goe-
bel mirror on some systems to achieve collimation and some degree of wavelength
discrimination. As with any other expensive scientific instrument, before investing
in a GXRR system it is important to consider its suitability for the types of sample to
be investigated.

GXRR data analysis is usually based on theory developed by Parratt [4.128]. He de-
rived a recursive formula, based on the Fresnel equation and Snell's law of refraction,
for the coefficient of reflection of multilayered surfaces. This, however, could be ap-
plied only to perfectly flat surfaces or multilayers. Following the later work of Cowley
and Ryan [4.138] and of Névot and Croce [4.139, 4.140] roughness can also be taken
into account in the analysis. The approach of Cowley and Ryan was to apply a rough-
ness-related Debye-Waller type factor to the reflectivity from each interface. Névot
and Croce, on the other hand, developed a more rigorous method by generating sub-
layers at each interface to simulate the gradual change of optical constants. While
the latter approach is occasionally slightly more accurate, and certainly easier to re-
late to the rms roughness, that of Cowley and Ryan is less intensive on computer
processing time, and is more often used.

4.3.2.2 Grazing Incidence Asymmetric Bragg (GIAB) Diffraction

The discussion above on roughness and penetration depth makes it clear that ultra-
smooth samples are not necessary for GIAB, and great improvements in surface sen-
sitivity can be achieved even with rather rough surfaces. Very rough surfaces will
cause some experimental problems and uncertainty, as will curved surfaces, because
the incident angle will not be well defined and alignment might prove difficult. Sam-
ples should, therefore be, flat over an area of at least a few cm” and not too rough —
preferably they should appear at least slightly shiny. As mentioned above the opti-
mum incident angle and beam dimensions depend on the sample under investiga-
tion. A rough calculation should be made of the absorption coefficient of the mate-
rial so the incident angle can be set to achieve the desired penetration depth. The
beam dimensions can then be adjusted to maximize the X-ray “footprint” on the
sample, bearing in mind that the beam should only hit the surface of the sample,
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and the footprint size should be less than the aperture of both the Soller slit and the
detector-active area, to avoid distortion of the collected XRD pattern. Such distortion
might occur because the Soller slit and detector “see” more of the sample at low 26
angles than they do at high 26 angles. It should be borne in mind that at low inci-
dent angles on very smooth surfaces one should make a correction to the measured
20 value [4.129] to account for refraction.

Special experimental procedures are necessary for samples that have a strong texture,
or preferred crystallite orientation. If the texture is very strong it might happen that no
crystalline planes are aligned relative to the incident beam to satisfy the Bragg condi-
tion and no diffraction peaks from the surface layer are observed. The best procedure
then is to try a 0—-20 scan, because a very strong texture will render the diffraction
peak from the preferentially oriented planes intense enough to be detected, even from
rather thin films. This might fail if the film is too thin or if the preferred orientation is
associated with an unallowed diffraction peak. An example of the latter would be the
preferred 111 orientation of a bec metal such as iron or chromium, although the 222
peak should appear if the diffractometer can run to a high enough 20 angle in the 60—
20 geometry. If the preferred orientation cannot be determined in the 0-26 geometry
the only procedure left is to use different incident angles to try to find an asymmetric
geometry where the Bragg condition is satisfied for some set of planes. If the surface
crystalline structure is not known, this must be found by trial and error. If the prob-
able crystalline structure is known then it is not difficult to calculate the appropriate
angle of incidence for different sets of planes under the assumption of a particular
preferred orientation. Weak texture in a surface layer will manifest itself in different
peak intensity ratios than those of a randomly oriented material. Such samples can
prove to be the most difficult with regard to identification of the direction of preferred
orientation, especially if the film is too thin for detection at high angles of incidence.
It is possible [4.141], assuming a certain direction and spread of orientations, to calcu-
late how the relative peak intensities will be modified at different glancing angles,
although this is not always straightforward.

The GIAB geometry is a non-focussing geometry and requires a Soller slit between
the sample and detector. This leads to instrumental resolution considerably poorer
than that of modern 6-20 diffraction systems. A typical GIAB system can have a re-
solution of 0.1-0.2°. For simple phase identification this causes no real difficulty. If,
however, line profile analysis is used to determine crystallite size or average micro-
strain [4.142, 4.143] care should be taken in drawing conclusions, especially where
the line broadening is of the same order of magnitude as instrumental broadening.
The often noisy nature of GIAB patterns only serves to compound the problem, be-
cause separating crystallite size from microstrain broadening requires reliable deter-
mination of the peak shape and width.

Macrostrain is often observed in modified surfaces such as deposited thin films or
corrosion layers. This results from compressive or tensile stress in the plane of the
sample surface and causes shifts in diffraction peak positions. Such stresses can ea-
sily be analyzed by standard techniques if the surface layer is thick enough to detect
a few diffraction peaks at high angles of incidence. If the film is too thin these tech-
niques cannot be used and analysis can only be performed by assuming an un-
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strained set of lattice parameters and calculating the stress from the peak shifts, tak-
ing into account the angle of the detected sets of planes relative to the surface (see
discussion above). If the assumed unstrained lattice parameters are incorrect not all
peaks will give the same values. It should be borne in mind that, because of stoichio-
metry or impurity effects, modified surface films often have unstrained lattice para-
meters that are different from the same materials in the bulk form. In addition, thin
film mechanical properties (Young’'s modulus and Poisson ratio) can differ from
those of bulk materials. Where pronounced texture and stress are present simulta-
neously analysis can be particularly difficult.

433
Applications

In this section examples of the application of the various techniques described are
presented. The works mentioned have been selected simply to illustrate the wide
range of areas of application and in general early rather than more recent examples
have been quoted. The reader will find a huge number of other examples in the lit-
erature.

4.3.3.1 Grazing Incidence X-ray Reflectivity (GXRR)

X-ray reflectivity is now routinely used for surface and thin film analysis. Applica-
tions include simple determination of film thickness, surface density determination,
surface and buried interface roughness evaluation, structural studies of Langmuir-
Blodgett films, and studies of ion-beam or thermal mixing, etc. The first GXRR stu-
dies of Kiessig [4.126, 4.127] showed how film thickness could be determined from
X-ray reflectometry measurements. Parratt [4.128] developed the theory of how to ap-
ply the technique to multilayer samples to extract an electron density profile of the
surface region. In 1959 X-ray reflectometry was used to determine the density of cop-
per films [4.144], and in 1960 the annealing and oxidation of evaporated films of Cu,
Ni, Ge, and Se was studied [4.145]. The technique remained relatively obscure, how-
ever, until studies in the nineteen-seventies [4.139, 4.140] enabled surface and inter-
facial roughness to be taken into account in the analytical procedures. It was at this
point that the potential of GXRR became apparent and the technique started to at-
tract more attention.

In 1979 diffusional alloying of Ag-Al thin film couples was studied [4.146], and the
results supported a particular model for the alloying process and enabled the calcula-
tion of the atomic diffusion coefficients. In 1987 Cowley and Ryan studied the
growth of thermal oxides on silicon wafers and presented their model for incorporat-
ing interfacial roughness effects into GXRR theory [4.138]. This model is now widely
used in GXRR analysis, although it is not the only model available. In 1988 Le Boité
et al. studied the ion beam mixing of Ni/Au and Ni/Pt multilayers [4.147], and in a
separate paper compared GXRR with Rutherford back-scattering as a method for
studying ion-beam mixing of thin films [4.148]. An example of GXRR patterns of Ti/
BN multilayers before and after ion-beam mixing [4.149] is shown in Fig. 4.34. These
curves can be analyzed by using an appropriate computer program to monitor how
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Fig. 4.34. GXRR patterns of Ti/BN multilayers
E before and after ion-beam mixing with various
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the ion beam causes interfacial mixing and surface sputtering. GXRR has often been
used to assess the quality or performance of multilayer optics for X-ray or X-UV sys-
tems. In 1988 Névot at al. [4.150] performed such a study on W/C multilayer stacks
of up to 40 periods of between 3 nm and 6 nm.

Perhaps the most useful and potentially important application of GXRR is in the
study of surface modifications that are either difficult or impossible to assess structu-
rally by the use of other methods. Such systems include Langmuir-Blodgett films
and grafting of molecules on to polymer surfaces for biocompatibility improvement.
Examples of the former are studies of manganese stearate deposited on silicon
wafers [4.151], of lead stearate films [4.152], of arachidic acid monolayers [4.153] di-
rectly on water, and of amphiphilic cyclodextrins on silicon [4.154]. Surface grafting
of bioactive molecules, e.g. heparin, on to the surface of bio-implants, to improve
biocompatibility, or perhaps to form specialized biosensors, has great potential for
future health-care technologies. GXRR is one of the few methods by which the struc-
ture of such surfaces can be studied. Application of the method in this field is still
rather new and it will be interesting to follow developments in the coming years.

4.3.3.2 Grazing Incidence Asymmetric Bragg (GIAB) Diffraction

Perhaps the most widespread use of GIAB glancing angle XRD systems is in the
study of the structure of deposited solid films. It can also be employed in a variety of
other studies — surface corrosion, ion-beam modification, etc. The technique was de-
scribed by Lim et al. in 1987 [4.129]; they employed the high intensity of a synchro-
tron radiation source to apply it at incident angles near and below ¢, for studying
thin iron oxide layers, and proposed a method of correcting the diffraction patterns
for refractive index effects. GIAB studies of sputtered iron oxide layers had also been
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Fig. 4.35. GIAB depth profiling of yttrium ion- 60
implanted NiCr that had been oxidized in air for Y A A
8 min at 700 °C. A = alloy substrate, C = Cr,03, ] A
Y= Y203. 50 +
40
Y
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reported using a laboratory rotating anode system [4.155]. Subsequently the applica-
tion of the technique at angles just above ¢., to maximize the diffracted intensity
while maintaining reasonable surface sensitivity with sealed laboratory sources be-
came more widespread.

An example of the application of the technique for studying thin corrosion layers is
that of yttrium ion implanted NiCr that had been subjected to oxidation in air for
8 min at 700 °C [4.141, 4.156]. Standard 6-20 diffraction patterns on this sample re-
vealed only diffraction peaks from the face-centered cubic alloy substrate. Figure 4.35
shows GIAB patterns obtained from the sample at four angles of incidence. At the
higher angle of 0.5° oxide peaks can be observed; these indicate the presence of both
Y,0; and Cr,0; near the surface. At 0.4° the relative intensities of the Y,0; and
Cr,03 peaks change. Reducing the incident angle to 0.3° or even 0.2° shows that the
hexagonal Cr,0; is present as a surface layer whereas the Y,0; is embedded in the
alloy. Such low incident angles are actually below the critical angle for total external
reflection of Cr,0; and the mechanical polishing of the sample before oxidation
would have enabled rather deeper penetration than for a perfectly smooth sample,
thus increasing the diffracted intensity. Despite this, the reduction in diffracted in-
tensity with decreasing incident angle is very apparent. Fifteen hours were needed to
collect the spectra shown. Analysis of the relative peak intensities revealed that the
Cr,0;3 had a pronounced 001-preferred orientation [4.141]. A subsequent Auger
depth profile of the sample revealed that the thickness of the Cr,0O5 surface layer was
only a few hundred Angstroms.

GIAB studies of sputtered thin films of different composition for tribological appli-
cations have been reported [4.157-4.159]. The technique has been used to study the
structure of very thin CdS layers (deposited by chemical bath deposition) for photo-
voltaic applications; in combination with 6—26 diffraction it enabled identification of
their polytype structure [4.160]. Glancing angle diffraction in the GIAB geometry
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has been used for many different applications and the interested reader will find a
large number of other examples in the literature.

4.3.3.3 Grazing Incidence X-ray Scattering (GIXS)

The first description of the GIXS technique was that of Marra et al. [4.130], who pre-
sented a structural study of the interface between a GaAs single crystal substrate and
an epitaxial Al layer grown by molecular beam epitaxy (MBE). In this study a 60-kW
rotating anode source was used and GIXS normally requires high-intensity sources.
Most synchrotron radiation sources now have dedicated GIXS facilities, sometimes
combined with specialized deposition chambers so that the growth of thin epitaxial
films can be studied in-situ. A variety of such studies has been reported, with analy-
sis even at the initial sub-monolayer growth stage. Many of these are studies of MBE
film growth. An example of a GIXS study of monolayers formed by a different me-
chanism is the analysis by Samant et al. of Pb monolayers on Ag 111 and Au 111
electrode/electrolyte interfaces [4.161].

Another important application of GIXS is in the structural analysis of reconstructed
surfaces; examples of such studies include analysis of Ge 001 and Au 110 surfaces
[4.162, 4.163]. GIXS analysis of the melting of Pb monolayers on Cu 110 surfaces
has been reported [4.164]. GIXS analysis of the Si-SiO, interface was reported by
Fuoss et al. [4.165], and several other examples of GIXS applications have been de-
scribed by Segmiiller [4.166]. GIXS diffraction studies of Langmuir-Blodgett films
[4.152] and also of oriented polycrystalline Cr,O; layers [4.167] have also been re-
ported (the latter study employed a sealed laboratory X-ray tube). Many other exam-
ples of GIXS surface diffraction analysis can be found in the literature.

4.3.3.4 ReflEXAFS

ReflEXAFS can be used for near-surface structural analysis of a wide variety of sam-
ples for which no other technique is appropriate. As with EXAFS, ReflEXAFS is par-
ticularly suited for studying the local atomic structure around particular atomic spe-
cies in non-crystalline environments. It is, however, also widely used for the analysis
of nanocrystalline materials and for studying the initial stages of crystallization at
surfaces or interfaces. Refl[EXAFS was first proposed by Barchewitz [4.135], and after
several papers in the early nineteen-eighties [4.136, 4.168—4.170] it became an estab-
lished (although rather exotic) characterization technique. Most synchrotron radia-
tion sources now have beam-lines dedicated to ReflEXAFS experiments.

ReflEXAFS studies of the passivation of Ni electrodes were reported by Bosio et
al. [4.171]. Studies of the effect of oxygen on interfacial reactions in Al-Ni bilayers
were made by Chen and Heald in 1989 [4.172], and the technique has been applied
in the field of long-term storage of nuclear waste by analysis of the local structure
around uranium in leached waste-containing borosilicate glasses [4.173]. It has been
used to study the oxidation of stainless steel [4.174] and to investigate the so-called
“active element effect” in chromia-forming alloys by analysis of the local atomic
structure around yttrium and chromium during the initial stages of oxidation of yt-
trium ion implanted NiCr and Cr [4.175, 4.176]. Fluorescence detection of surface
EXAFS was described by Heald et al. in 1984 [4.137]; an example of the application
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of this technique is the study of the local atomic structure around iron dispersed in
polymer coatings on steel [4.177]. As with the other techniques described in this arti-
cle, few examples of the huge variety of applications of Ref[EXAFS have been men-
tioned here; the reader will find many more in the scientific literature.

4.4
Glow Discharge Optical Emission Spectroscopy (GD-OES)

Alfred Quentmeier

GD-OES is becoming one of the most important techniques for the direct analysis
of solids, at their surface, through their depth, and in their bulk. The ease and speed
of operation, high sensitivity to all elements, accuracy of analysis and breadth of ap-
plication make GD-OES a very versatile and powerful technique. GD-OES has pro-
ven its capability, in particular, for the rapid and reliable analysis of metallic coatings,
oxide scales, diffusion and alloy layers, and can thus be used for the quality control
of technical products during different stages of heat treatment, e.g. nitriding or ni-
trocarburizing steps, hard coating, or PVD processes.

4.4.1
Principles

Glow discharges as used in this context are low-pressure electrical discharges in a
noble gas at pressures from 10°-10> Pa [4.178]. It is well known that the glow dis-
charge in the discharge chamber comprises several alternating dark and luminous
zones. The complicated structure can be altered, depending on the geometry of the
chamber, especially the distance between the two electrodes. In general, when the
electrode distance is relatively long, the positive column (the bright zone near the an-
ode) is the most prominent of the zones in the discharge. It is found that when the
space between the electrodes is reduced, the positive column shrinks and finally dis-
appears whereas the negative glow (the bright zone near the cathode) and the cath-
ode dark space are hardly affected. Both negative glow and cathode dark space are es-
sential to maintain the discharge and cannot be omitted. Under these conditions the
discharge is called an “obstructed” glow and can be realized when the inter-electrode
separation is just a few times the thickness of the cathode dark space.

Discharge tubes working under obstructed glow conditions are employed extensively
as excitation sources for optical emission spectrometry. For this purpose the analyti-
cal sample of interest serves as the cathode. During the discharge, the cathode is
bombarded by positive ions formed from the noble gas. This bombardment induces
surface erosion called cathodic sputtering — atoms, electrons and ions are removed
from the surface of the material constituting the cathode. This sputtered material
then participates in different phenomena occurring in the discharge. The result is
emission of photons corresponding to the characteristic spectral lines of the ele-
ments in the plasma. By this means the glow discharge furnishes information on
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the elemental composition of the analytical material being removed layer-by-layer
from the cathode. The sputtering rates change from 0.1 nm s™' up to more than
100 nm s~', depending on the cathode material and the excitation conditions used.
The glow discharge thus enables rapid and detailed characterization of the near-sur-
face layer, interfaces, and bulk composition, if the spectral line intensities of the ele-
ments of interest are recorded simultaneously.

4472
Instrumentation

4.42.1 Glow Discharge Sources

If the potential applied across the cathode and the anode is constant (dc), conductive
materials can be analyzed; if the potential is varying at radio frequency (rf), both con-
ductive and non-conductive materials can be analyzed.

The most important dc-discharge source used to date in GD-OES is the Grimm-type
source [4.179]. The principle of the Grimm source is illustrated in Fig. 4.36. In the
Grimm source the anode is no longer a flat plate but a hollow tube, the annular face
of the tube stopping only 0.1-0.2 mm from the surface of the sample. By this means
the discharge is restricted to a sample area which is of equal size to the aperture of
the anode tube (typically 4-8 mm). When the discharge current is sufficiently high,
i.e. in the so called “abnormal” glow regime, the whole area is covered by the dis-
charge, which results in very efficient cathodic sputtering. The sample (which acts as
the cathode) is mounted against the discharge chamber and can thus be removed
very easily. To maintain the low pressure conditions required, the sample must be va-
cuum tight and seal the discharge chamber by means of an O-ring. Normally flat
samples with sufficiently low surface roughness will be used, although samples with
other regular shapes (rods or wires) can also be used with special sample holders
and a discharge chamber with a modified front plate. The chamber is evacuated,
usually by means of a rotary pump, with application of a differential pumping
scheme with a low pressure region in the narrow space between the anode tube and
the front (cathode) plate. A noble gas (mostly argon) is flushed continuously through

Window _ O-ring

Ar gas

Vacuum =—= =—= \acuum

Anode —— Insulator
. C-ring
g;zwe \\\ Fig. 4.36. Diagram of a typical glow
Sample discharge device used for GD-OES

Beamer depth profiling [4.189].
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the chamber. The pressure inside the source during sputtering is typically 0.3—
1.3 x 10* Pa and is monitored carefully. The optical radiation of the excited sample
atoms is observed end-on through a window with the required transmittance. MgF,
is most commonly used as window material.

Besides the conventional Grimm-type dc source, which has dominated the GD-OES
scene for approximately 30 years, other discharge sources are well known. Among
those are various boosted sources which use either an additional electrode to achieve
a secondary discharge, or a magnetic field or microwave power to enhance the effi-
ciency of excitation, and thus analytical capability; none of these sources has, how-
ever, yet been applied to surface or depth-profile analysis.

The introduction of rf-powered sources has extended the capability of GD-OES to
non-conductors, and several rf sources of different design have become commer-
cially available. This is of the greatest importance for surface and depth-profile analy-
sis, because there exists a multitude of technically and industrially important non-
conductive coating materials (e.g. painted coatings and glasses) which are extremely
difficult to analyze by any other technique.

The first commercially available rf GD sources were based on the Grimm design con-
cept, and enabled both rf and dc operation if parts of the source were interchanged. A
leading instrument manufacturer recently introduced a dedicated rf source designed
by Marcus [4.180]. The Marcus-type source is operated at pressures similar to those of
dc discharge sources but the essential characteristic is the conventional 13.56 MHz
radio frequency power applied to the back of the sample by an impedance-matching
device. For proper operation the sample must be electrically isolated from all metallic
parts of the source and ancillary components to reduce rf radiation and conduction
losses. In this way the sample no longer acts as the cathode, and the second electrode
or counter-electrode (corresponding to the anode in the dc device) is no longer a tube
but is represented by the metallic walls of the discharge chamber. The sample area ex-
posed to the discharge is confined by an orifice disk and is much smaller than the
counter-electrode, thereby ensuring most of the drop in rf potential occurs at the sam-
ple so that no significant sputtering of the counter-electrode occurs.

Continuous discharge and sputtering of the sample are accomplished by the nega-
tive dc self-bias voltage, or offset, which is acquired at the surface of the insulator
without any external dc potential supplied. This phenomenon is explained by the dif-
ferent mobility of positive ions and electrons which reverse their direction of move-
ment toward the sample with every half-cycle of the bipolar rf potential. The positive
charge of the insulator surface during bombardment with ions is easily neutralized
and shifted to negative charge by electrons in the next half-cycle, resulting in the ob-
served steady-state negative offset potential and thus the effective sputtering of the
sample by positive ions.

A practical drawback of the rf sources is the influence of sample thickness. Basically,
the thickness of a dielectric sample directly affects the propagation of rf energy
through the sample and thus thicker samples, run at a fixed rf power level, are char-
acterized by reduced sputtering rates and thus reduced analytical signals. This diffi-
culty is overcome by a new rf source design based on the Grimm device and which
enables active control of rf power by means of current and voltage probes [4.181].
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4.4.2.2 Spectrometer

Apart from the glow discharge source with its associated gas and power supplies, va-
cuum pumps, and controls, the optical emission spectrometer is the most important
part of a GD-OES instrument. To make use of the analytical capability of the dis-
charge source, the spectrometer must have a sufficient spectral resolving power and
an adequate spectral range. Depending on the application, a commercial spectro-
meter can cover the wavelength range from 110-800 nm, which contains the most
sensitive lines of all elements including the light elements (Li, Be, B, C, etc.) and the
gases (H, O, N, Cl). The high spectral resolution is required to avoid spectral interfer-
ence with lines of other elements, in particular of the discharge gas argon.

The most widely used spectrometer designs are the Paschen—Runge polychromator
configuration for simultaneous spectrometers and the Czerny-Turner monochroma-
tor for sequential analyzers. In the Paschen—Runge mount the concave grating fo-
cuses the spectral line intensities of preselected elements on to fixed exit slits, which
are positioned on the Rowland circle. Up to 64 elements are detected simultaneously
in this way. In the Czerny-Turner mount quasi-monochromatic radiation is observed
at the exit slit. By turning the plane grating around its axis it is possible to scan a
spectral range and to profile an emission line including background radiation and
neighboring spectral lines.

4.4.2.3 Signal Acquisition

The optical radiation passing the exit slit(s) of the spectrometer is recorded by a de-
tector system. The best known detector is still the photomultiplier tube (PMT) which
is implemented in most commercial spectrometers. In the common polychromator
system each detection channel is equipped with a PMT and the corresponding high-
voltage supply. Each supply can be adjusted individually to afford appropriate sensi-
tivity for each element required to match the analytical conditions. Because of the
linear characteristic of the PMT the output signal is proportional to the radiation
power of the spectral line recorded with each detection channel. The analog output
signals are amplified, converted into digital information, and transferred to a PC for
further data processing. For depth profiling and continuous sample erosion it is ne-
cessary to use a fast A/D converter, because the acquisition rate must be high
(~1 kHz) to ensure sufficient depth resolution.

The rapid development in the performance of the CCD (charge coupled device) and
related detection techniques, e.g. the CID (charge-injection device) makes these de-
tector systems very attractive, especially when combined with the well known com-
pact échelle spectrometer. This configuration results in a small multi-channel spec-
trometer with high spectral resolving power [4.182]. When CID are coupled with
échelle spectrometers these systems have very desirable properties — high sensitivity
and a wide dynamic range with very low read noise and almost non-existent dark
current. The random access of individual detector sites enables flexible selection of
spectral lines [4.183], whereas the new collective readout mode will promise faster
readout and improved signal-to-noise ratios as required for depth-profile analysis.
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4.43
Spectral Information

The emission process in a glow discharge source depends on several obvious factors
— the number of atoms in the plasma, the availability of energetic particles such as
high-energy electrons and metastable argon atoms which provide the excitation en-
ergy by numerous collision processes, and the excitation cross-sections of the com-
peting energy levels of the elements. It can be estimated that the number of argon
atoms in the discharge exceeds the number of sputtered sample atoms by a factor of
approximately 10°. Because only a small fraction of sputtered atoms is charged and
energetically excited, the discharge plasma is (for a given sample material) domi-
nated mainly by argon atoms. This explains why calibration curves obtained with
GD-OES are usually linear over a wide range of elemental concentration. The oper-
ating conditions of the discharge, i.e. low pressure and low power input, result in
low kinetic temperatures of approximately 500-1000 K and emission lines with
small physical widths. The spectral information obtained from the glow discharge
source is, therefore, highly specific and selective. With constant excitation condi-
tions, the spectral line intensities are proportional to the number densities of sput-
tered atoms in the plasma and hence the element concentration in the sample used.
To maintain reproducible excitation conditions in the glow discharge source, the
working conditions (e.g. argon pressure, dc-current or rf-power) are carefully con-
trolled.

4.4.4
Quantification

Because of the complex nature of the discharge conditions, GD-OES is a compara-
tive analytical method and standard reference materials must be used to establish a
unique relationship between the measured line intensities and the elemental con-
centration. In quantitative bulk analysis, which has been developed to very high stan-
dards, calibration is performed with a set of calibration samples of composition simi-
lar to the unknown samples. Normally, a major element is used as reference and the
internal standard method is applied. This approach is not generally applicable in
depth-profile analysis, because the different layers encountered in a depth profile of-
ten comprise widely different types of material which means that a common refer-
ence element is not available.

The quantification algorithm most commonly used in dc GD-OES depth profiling
is based on the concept of emission yield [4.184], Ry, according to the observation
that the emitted light per sputtered mass unit (i.e. emission yield) is an almost ma-
trix-independent constant for each element, if the source is operated under con-
stant excitation conditions. In this approach the observed line intensity, I, is de-
scribed by the concentration, ¢;, of element, i, in the sample, j, and by the sputter-
ing rate g;:

Iy = ¢;g5 Rixc (4.21)
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The sputtered mass, om;, of element, i, during time increment, Jt, is described by:
om; = L0t/ R (4.22)

The emission yield, Ryy, defined as the radiation of the spectral line, k, of an element,
i, emitted per unit sputtered mass must be determined independently for each spec-
tral line. The quantities g; and Ry are derived from a variety of different standard
bulk samples with different sputtering rates. In practice, both sputtering rates and
excitation probability are influenced by the working conditions of the discharge. Sys-
tematic variation of the discharge voltage, U, and current, I, leads to the empirical
intensity expression [4.185]:

Iy = Kieci Cq I fic (Ug) (4.23)

where K is an atomic- and instrument-dependent constant characteristic of the spec-
tral line, k, of element, i, Ay is a matrix-independent constant characteristic of the
spectral line, k, fi (Ug) is a polynomial of degree 1-3, also characteristic of the spectral
line k, and Cq is a constant related to the probability of a sample atom being ejected
during the sputter process. The most important reason for the success of the emission
yield technique is that the total sputtered mass is easily determined by summing over
all the elements present in each depth segment. The emission yield approach has pro-
ven to be extremely successful for a large and increasing number of applications and
is currently implemented in commercial GD-OES depth-profiling instruments.

In contrast with the dc source, more variables are needed to describe the rf source,
and most of these cannot be measured as accurately as necessary for analytical appli-
cation. It has, however, been demonstrated that the concept of matrix-independent
emission yields can continue to be used for quantitative depth-profile analysis with
rf GD-OES, if the measurements are performed at constant discharge current and
voltage and proper correction for variation of these two conditions are included in
the quantification algorithm [4.186].

445
Depth Profiling

The primary information obtained in GD-OES depth profile measurements is the
relative intensity, from the elemental detection channels, as a function of sputtering
time. The intensity—time curves obtained for different elements can be converted
into concentration—depth curves by applying eqs (4.21) to (4.23) and the sum nor-
malization of all concentrations to 100%. The depth is determined from the sput-
tered mass, which is the quantity obtained by the emission-yield technique. The den-
sity of the composite material is calculated by an approach based on a weighted aver-
age of the density of pure elements. This method gives very accurate results for all
types of metal alloy but tends to be less accurate for compounds which contains light
and gaseous elements (oxides, nitrides, carbides, etc.). In general the accuracy, preci-
sion, and repeatability of quantitative GD-OES depth profile analyses are assured on
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Fig. 4.37. Depth (temporal) profile obtained on a multilayer
coating produced by plasma vapor deposition (PVD) using
optimized rf-glow discharge conditions. Layer thickness:

30 x (300 nm CrN/300 nm CrAl) /100 nm Cr/steel [4.194].

the basis of inter-laboratory round-robin tests [4.187, 4.188], by use of a layered certi-
fied reference material [4.189], and evaluated by comparison with wet chemical
analysis [4.188] or other surface techniques [4.190, 4.191].

The information depth achieved by use of the GD technique is determined, in principle,
by the depth of penetration of the incident ions, which is in the range of a few nan-
ometers at the relatively low energies employed in the discharge. The practical depth re-
solution is, however, almost larger and determined by several effects which are intro-
duced by the sputter process (preferential sputtering, atomic mixing), the sample prop-
erties (surface roughness, polycrystalline structure), and most seriously by the non-uni-
form erosion of the sample material. Most of these effects are inherent also in other
techniques which use sputtering for surface and depth-profile analysis. In practice, the
depth resolution obtained on technical surfaces is roughly proportional to the sputtered
depth, and usually deteriorates from the nanometer-range for near-surface layers to the
micron-range at depths of several micrometers [4.192, 4.193]. Excellent depth resolution
is realized on multilayer coatings, cf. Fig. 4.37, as produced by vacuum evaporation or
by plasma vapor deposition (PVD) [4.194], especially if the curved sputtering crater bot-
tom is taken into consideration in quantification by an iterative deconvolution
technique [4.195]. The lateral resolution of the GD-OES technique, on the other hand,
is restricted by the size of the sputtered area of the sample surface (usually 4-8 mm dia-
meter) and is much larger than with other surface techniques. The lateral and depth re-
solution of GD-OES are, however, usually both adequate for rapid quantitative determi-
nation of the elemental composition of technical surfaces.
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4.4.6
Applications

Glow discharges as used in GD-OES offer exciting analytical capabilities — short-
term sample-to-sample reproducibility (typically 0.1-1%) for the determination of
major and minor elements and detection limits (DL) for most elements in the 0.1-
10 ppm range. These figures of merit make glow discharges very powerful atomiza-
tion and excitation sources which have found wide analytical and technical applica-
tion. Beside the field of spectrochemistry, where GD has gained renewed interest in
bulk analysis [4.196-4.199], it is applied extensively as an ion source in glow dis-
charge mass spectrometry (GDMS) [4.200, 4.201]. Those applications involving
depth-profile analysis are the economically most important use of GD-OES today,
and will probably become even more important in the future.

In comparison with other surface analytical techniques, GD-OES has the advantage
of easy operation, rapid in-depth analysis, wide depth range, and sensitivity to all ele-
ments in the periodic table. For these reasons GD-OES depth profiling is of primary
interest for industrial use, especially for the quality control of large-scale technical
products. The numerous applications [4.202] cover the field of different coating tech-
nologies of metallic surfaces, the investigation of corrosion effects, and reactive dif-
fusion processes in layer-bulk interfaces. Some typical applications of the GD-OES
technique for depth-profile analysis of conducting and of non-conducting materials
are summarized in Table 4.2.

4.4.6.1 dc GD sources

In the past, GD-OES with dc sources was mainly used for steel analysis, and the
qualitative characterization of surfaces of cold rolled and hot rolled steels, to control
enrichment or depletion of minors and traces during the process of manufacturing
or the formation of oxide scales [4.203, 4.204]. Zinc-based coatings are currently of
great industrial importance in building materials and materials for car manufacture.
Because of the wide industrial application of hot-dip galvanizing and electroplating
technology, the rapid and reliable determination of the thickness of the zinc coatings
(typically ~5—30 um) and the amounts of major elements in these layers [4.185,
4.205] is a great challenge to surface and depth-profiling methods. GD-OES has pro-
ven its capability in this field and is accepted as a standard method for quantitative
depth-profile analysis of zinc-based metallic coatings [4.187]. Other typical applica-
tions of GD-OES include the analysis of surface-hardened steel after the process of
nitriding or carburizing [4.206], and after different hard-coating processes, i.e. physi-
cal vapor deposition (PVD) of TiN layers [4.207], cf. Fig. 4.38.

In addition to the analysis of relatively thick metallic coatings and diffusion profiles,
dc GD-OES has also been successfully applied to the analysis of thin protective
layers (thickness typically <100 nm), e.g. phosphate and chromate layers on steel
[4.185).
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Tab. 4.2. Some typical applications of GD-OES depth-profile analysis.

Coating type Surface treatment References
Metallic coatings Galvanized coatings on steel 4.205, 4.209

Electroplated Zn coating on steel 4.187,4.210, 4.216, 4.220

Electroplated ZnNi coating on steel 4.187, 4.210

Hot-dipped Zn coating on steel 4.187, 4.210

AlZn alloy coating on steel 4.205, 4.209
Hard coatings Nitriding, carburizing 4.206

TiN, TiC (PVD) layers 4.207, 4212, 4.221
Oxide scales Oxide scale on alloyed steel 4.218
Polymer coatings Painted automotive components 4.209, 4.215, 4.216
Ceramic coatings SiC on Si3N, ceramics 4.181

Si0,/MgO coating on steel 4.213
Thin layers Anodic alumina films on aluminum 4.211

Cr layers on a computer hard-disk 4.219

Ni-P plated aluminum 4.222

Cu/Cr-Ni superlattice material in silicon 4.213,4.214

Cr/Al multilayers on steel 4.194

Ti/Al multilayers on aluminum alloy 4.189
Coated glass Brass layer on glass 4.214
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Fig. 4.38. Quantitative depth profile of TiN-coated steel [4.212].
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4.46.2 rfGD sources

If the rf source is applied to the analysis of conducting bulk samples its figures of
merit are very similar to those of the dc source [4.208]. This is also shown by com-
parative depth-profile analyses of commercial coatings an steel [4.209, 4.210]. The
capability of the rf source is, however, unsurpassed in the analysis of poorly or non-
conducting materials, e.g. anodic alumina films [4.211], chemical vapor deposition
(CVD)-coated tool steels [4.212], composite materials such as ceramic coated steel
[4.213], coated glass surfaces [4.214], and polymer coatings [4.209, 4.215, 4.216].
These coatings are used for automotive body parts and consist of a number of dis-
tinct polymer layers on a metallic substrate. The total thickness of the paint layers is
typically more than 100 pm. An example of a quantitative depth profile on pre-
painted metal-coated steel is shown as in Fig. 4.39.

3000
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Fig. 439. Quantitative depth
profile of a commercial pre-
painted metal-coated steel

0 10 20 30 40 50 60 sample: (a) as recorded;
(b) DEPTH (um) (b) quantitative [4.209].
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In conclusion, GD-OES is a very versatile analytical technique which is still in a state
of rapid technical development. In particular, the introduction of rf sources for non-
conductive materials has opened up new areas of application. Further development
of more advanced techniques, e.g. pulsed glow discharge operation combined with
time-gated detection [4.217], is likely to improve the analytical capabilities of GD—
OES in the near future.

4.5
Surface Analysis by Laser Ablation

Michail Bolshov

4.5.1
Introduction

Laser ablation (LA) is a popular and widespread sampling technique for direct solid-
sample analysis. Several excellent monographs and review articles on the fundamen-
tals of LA and its analytical applications have been published in the past three
decades [4.223-4.225]. In contrast with most of the techniques used for surface ana-
lysis, LA is a “destructive” technique in which focused laser radiation is used to re-
lease material from a solid sample. The main goal of LA is analysis of the elemental
composition of a solid sample. The material is removed by evaporation, or a kind of
phase explosion, from the overheated spot of a sample. Evidently, under such condi-
tions information on the structural composition of a sample surface and the nature
of the binding of the components is lost. During last three decades most efforts were
invested in the development of LA as a technique for bulk analysis. Typical values of
the masses ablated in a single laser shot vary from several tens of nanograms to a
few micrograms, depending on the type of a sample, which corresponds to the thick-
ness of an ablated layer of several hundreds of nanometers to a few micrometers.
These probing depths of LA are much larger than for most typical surface analytical
techniques — e.g. SIMS, SNMS, TXRF etc. The first results from LA analysis of thin
multicomponent and multilayer samples, with better depth resolution than that
achieved hitherto, were reported only quite recently.

The advantages of LA are now well-known — no sample preparation is needed, con-
ducting and non-conducting samples of arbitrary structure can be analyzed directly,
spatial resolution up to a few microns can be obtained, high vacuum conditions are
not required, rapid simultaneous multi-element analysis is possible, and it is possi-
ble to obtain complete analytical information with a single laser pulse. A brief over-
view of the potential and limitations of LA will be given in this chapter.
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4.5.2
Instrumentation

4.5.2.1 Types of Laser
So far powerful lasers with picosecond to nanosecond pulse duration have usually
been used for the ablation of material from a solid sample. The very first results from
application of the lasers with femtosecond pulse duration were published only quite
recently. The ablation thresholds vary within a pretty wide interval of laser fluences of
0.1-10 ] cm™, depending on the type of a sample, the wavelength of the laser, and
the pulse duration. Different advanced laser systems have been tested for LA:
(1) Nd:YAG laser (1064 nm) with its harmonics (532 nm, 354.7 nm, 266 nm,
213 nm); and

(2) excimer lasers XeCl (308 nm), KrF (248 nm), ArF (193 nm), F, (157 nm).

The main characteristics of some Nd:YAG and excimer lasers widely used for LA are
listed in Tables 4.3 and 4.4.

Tab. 4.3. Some models of Nd:YAG laser.

Company Model Pulse Energy [m]] Specification of the
4th Harmonic (266 nm)

at 1064 nm at 532 nm

Cetac LSX-200 50 25 6 mJ, <4 ns, 20 Hz
Atos MinilLase III-10 920 50 10 mJ, 5ns, 10 Hz
Atos Tempest 10 200 100 30 mJ, 4 ns, 10 Hz
Oriel Brilliant W 360 180 40 mJ, 4 ns, 10 Hz/20 Hz
LaserGate HYL-101 450 200 50 m], 5 ns, 20 Hz
Continuum Surlite 1-20 40 mJ, 5ns, 20 Hz
Continuum Surlite I-10 50 mJ, 5 ns, 10 Hz
Soliton 5011-COMP 450 200 50 mJ, 6 ns, 20 Hz

Tab. 4.4. Some models of excimer laser.

Company Model Maximum Pulse energy [m]]
repetition rate
[Hz] F, ArF KrF XeCl XeF
157nm 193 nm 248 nm 308 nm 351 nm
Tui ExciStar 1.5 8 18 14 8
Laser S-200 200
S-500 400/500
Cera Tube mini 500 8 18 14 8
Cera Tube midi 100 120 280 150 120
Lambda OPTex 200 13 22 10 10
Physik COMPex 102 20 200 300 200 150

COMPex 110 110 200 300 200 150
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In Table 4.3, the Cetac product LSX-200 is the specialized system for coupling with
the ICP customer’s system. It includes the laser, optical viewing system for exact po-
sitioning of the laser focus on a sample surface, and the sample cell mounted on the
computer controlled XYZ translation stage. The system is also provided with the ap-
propriate gas tubing for transport of the ablated material into an ICP-OES/MS.

A very important characteristic of laser radiation is the beam shape. So far most LA
experiments have been performed with Gaussian laser beams. Lasers with uniform
distribution of the beam cross-section have been used only recently to achieve high
lateral and depth resolution. Specially designed beam homogenizers must be used
for this purpose [4.226—4.228]. The Cetac LSX-200 system has a flat-top distribution
of the laser beam.

Although, in principle, lasers with all wavelengths can be used for reproducible and
accurate sampling, the experimental conditions, e.g. laser intensity and pulse
length, buffer gas, and buffer gas pressure, delay and duration of the gate width for
data acquisition must be optimized for specific excitation wavelength. There has re-
cently been a trend toward UV-lasers because of greater absorption of the UV-radia-
tion by most solid materials and less absorption of the UV-laser radiation by the
plasma above a sample surface. Both enable more efficient coupling of laser energy
to the solid sample. Because of this the lasers most widely used nowadays for LA are
the 4th harmonic of Nd:YAG (266 nm) and ArF (197 nm), KrF (248 nm) and XeCl
(308 nm) excimer lasers.

The disadvantage of lasers with nanosecond—picosecond pulse duration for depth
profiling is the predominantly thermal character of the ablation process [4.229]. For
metals the irradiated spot is melted and much of the material is evaporated from the
melt. The melting of the sample causes modification and mixing of different layers
followed by changes of phase composition during material evaporation (preferential
volatilization) and bulk re-solidification [4.230]; this reduces the lateral and depth re-
solution of LA-based techniques.

If a laser pulse of sub-picosecond duration is used, deposition of the laser energy to
the sample is so rapid that the thermal diffusion length is determined by the diffu-
sion of hot electrons before they transfer the energy to the lattice of the solid sample.
Less pronounced thermal diffusion provides better lateral and depth resolution and
is the basis of successful application of femtosecond pulses in material processing
and microstructuring [4.231, 4.232]. All-solid-state femtosecond lasers with a pulse
duration of 100-200 fs and a pulse energy of approximately 1 m] have recently be-
come commercially available [4.233, 4.234].

4.5.2.2 Different Schemes of Laser Ablation

Different analytical techniques are used for detection of the elemental composition
of the solid samples. The simplest is direct detection of emission from the plasma
of the ablated material formed above a sample surface. This technique is generally
referred to as LIBS or LIPS (laser induced breakdown/plasma spectroscopy). Strong
continuous background radiation from the hot plasma plume does not enable de-
tection of atomic and ionic lines of specific elements during the first few hundred
nanoseconds of plasma evolution. One can achieve a reasonable signal-to-noise ra-
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tio for the measurement of atomic and ionic spectral line intensities by optimiza-
tion of the experimental conditions — the type of laser and laser intensity, the type
and pressure of buffer gas, and time delay and distance from the sample surface
for data acquisition. Detection limits (DLs) in the mg g™ to ug g~ range have been
achieved for direct analysis of metals, glasses, and ceramics by LIBS/LIPS techni-
ques for variety of trace elements. Better DLs were achieved when LA was followed
by detection of the ablated atoms or ions of a selected analyte by laser atomic absorp-
tion spectroscopy (LAAS) or by laser-induced fluorescence (LIF) spectroscopy. Although
matrix effects are significant and detection limits are not as good as for more com-
plex hyphenated techniques, LIBS has one major advantage — it enables rapid on
line or remote analysis in an industrial environment, including characterization of
solid samples in hazardous zones. Use of fibers for both excitation and emission
collection enables the construction of a very robust system that allows on-line qual-
ity control.

The intrinsic drawback of LIBS is a short duration (less than a few hundreds micro-
seconds) and strongly non-stationary conditions of a laser plume. Much higher sen-
sitivity has been realized by transport of the ablated material into secondary atomic
reservoirs such as a microwave-induced plasma (MIP) or an inductively coupled
plasma (ICP). Owing to the much longer residence time of ablated atoms and ions
in a stationary MIP (typically several ms compared with at most a hundred microse-
conds in a laser plume) and because of additional excitation of the radiating upper le-
vels in the low pressure plasma, the line intensities of atoms and ions are greatly en-
hanced. Because of these factors the DLs of LA-MIP have been improved by one to
two orders of magnitude compared with LIBS.

The sensitivity, accuracy, and precision of solid-sample analysis have been greatly im-
proved by coupling LA with ICP-OES-MS. The ablated species are transported by
means of a carrier gas (usually argon) into the plasma torch. Further atomization, ex-
citation, and ionization of the ablated species in the stationary hot plasma result in a
dramatic increase in the sensitivity of the detection of radiation (LA-ICP-OES) or of
the detection of ions (LA-ICP-MS).

DLs in the sub-ug g™ to ng g™ range for different materials (metals, glasses, poly-
mers) have been realized by LA-ICP-OES. Even higher sensitivity was achieved for
LA-ICP-MS, because of the high efficiency of ion collection and detection. Under
optimum ablation conditions (choice of gas, diameter of the crater, flow rate of the
carrier gas) DLs in the ng g' to pg g range are now routinely realized for most ele-
ments of the periodic table. For example the 3¢ DLs listed in the LSX-200 prospectus
vary from 10 ppt for Ho to approximately 14 ppb for Fe. The list of DLs includes 31
elements, 26 of which can be detected with DLs in sub-ppb range. As a result of its
attractive characteristics LA-ICP-MS is currently being used for a large variety of ap-
plications, e.g. in-situ trace-element analysis of glasses, geological samples, metals,
ceramics, polymers, and atmospheric particulate material. Fingerprinting (character-
ization of the trace-element composition) of diamonds, gold, glass, and steel by use
of LA-ICP-MS was reported to be very useful for provenance determination and for
forensic purposes. Today LA-ICP-MS is accepted as a most powerful technique for
direct analysis of solid samples.
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The analytical capabilities of LIBS and LA-MIP-OES were recently noticeably im-
proved by use of an advanced detection scheme based on an Echelle spectrometer
combined with a high-sensitivity ICCD (intensified charge-coupled device) detector.
This combination enables simultaneous detection of a large spectral range from the
ultraviolet to near-infrared in a single laser shot. It enables estimation of the tem-
perature of a laser plume by constructing Boltzmann plots and correction for plasma
temperature variations. The advantages of this technique are: complete sample ana-
lysis in a single laser shot, improved accuracy and precision, and the possibility of
detection of sample inhomogeneities [4.235]. Lateral resolution of a few micrometers
can be achieved with focused laser beams in the UV and visible spectral ranges.

4.53
Depth Profiling

Multilayer coatings of different composition and thickness are widely used in materi-
als science and in the production of high-technology materials. The single- or multi-
component thin layers significantly improve important characteristics of the materi-
als with, e. g., specific properties.

Improvement of the technology of such advanced materials requires appropriate
methods for surface and depth-profile analysis in the nanometer to micrometer
range. Most of the methods used for surface analysis are reviewed in this mono-
graph. For example, X-ray photoelectron spectroscopy (XPS) and secondary ion mass spec-
troscopy (SIMS) are widely used for characterization of nanometer-thin layers. Both
techniques cannot be directly applied for depth profiling of thicker layers (a few mi-
crometers thick) and can hardly be applied for fast on-line process analysis. Another
technique used for depth profiling is dc- or rf-glow discharge (GD) sputtering fol-
lowed by detection of the sputtered material by optical emission spectrometry (GD—
OES) or mass spectrometry (GD-MS) [4.236-4.238]. GD sputtering enables a low
sputtering rate and depth resolution of approximately 10 nm. The limitations of GD
are poor lateral resolution (at best a few millimeters), specific requirements on the
form and dimensions of the sample, and the need for low-pressure conditions for
sample sputtering. Laser ablation has been proven to be a reasonable alternative
technique for direct solid sampling [4.239-4.244].

The potential of LA-based techniques for depth profiling of coated and multilayer
samples have been exemplified in recent publications. The depth profiling of the
zinc-coated steels by LIBS has been demonstrated [4.242]. An XeCl excimer laser
with 28 ns pulse duration and variable pulse energy was used for ablation. The emis-
sion of the laser plume was monitored by use of a Czerny-Turner grating spectro-
meter with a CCD two-dimensional detector. The dependence of the intensities of
the Zn and Fe lines on the number of laser shots applied to the same spot was mea-
sured and the depth profile of Zn coating was constructed by using the estimated ab-
lation rate per laser shot. To obtain the true Zn-Fe profile the measured intensities
of both analytes were normalized to the sum of the line intensities. The LIBS profile
thus obtained correlated very well with the GD-OES profile of the same sample.
Both profiles are shown in Fig. 4.40. The ablation rate of approximately 8 nm shot™
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Fig. 4.41. The crater after two shots on TiN
(120 pm crater diameter) [4.244].

was estimated on the basis of number of shots required to reach the Zn-Fe interface
located 12 pm under the sample surface.

Depth-profile analysis of titanium-based coatings on steel samples has been per-
formed by use of LA-ICP-MS [4.244]. A commercially available ArF excimer laser ab-
lation system was used in combination with an ICP time-of-flight (TOF) MS. The la-
ser pulse energy was varied in the 64-132 m] range; the repetition rate was varied
from 1 to 10 Hz. In these studies the laser beam was imaged by the optical system
on to the sample surface to produce a crater 120 pm in diameter. The laser beam
with flat-top intensity distribution was used to avoid material mixing from different
layers. The flat morphology of the crater bottom obtained with the uniform laser
beam readily apparent in Fig. 4.41. The lateral resolution of the system can be chan-
ged by realignment of the imaging optics. Craters approximately 10 um wide with
similar flat morphology could be obtained.

Different TiN-, TiC-, and TiAIN-based single layer coatings on steel alloyed with Cr,
Ni, Mn, and WC were prepared by use of the cold vapor deposition technique. The
thickness of the coatings varied from 2.7 to 6.4 pm.

The transient signals from >*Cr*, *Cr*, and '®*W* isotopes were used as the indica-
tors of the steel substrate and **Ti and **Ti'°O* were used as the indicators of the
coating layer. Examples of the temporal profiles of the Ti and Cr isotopes for two
samples with coatings of different thickness are shown in Fig. 4.42. The TOF tem-

TiN 408, 6.4 ym TiN 464, 2.7 ym
20t
20+
19} 19t
Time, s Time, s
Fig. 4.42. Drill profiles through the two TiN rate). The titanium signal is given on the left

coatings of 6.4 pm and 2.7 pm thickness (crater y-axis, the chromium signal on the right y-axis
120 pum, 100 m) pulse energy, 3 Hz repetition [4.244].
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poral profiles of Ti and matrix component Cr are well separated, which demonstrates
the depth resolution of the LA system used. For the given laser fluence the drill time
through the coating and the peak area of the TOF signals of the Ti isotopes were line-
arly proportional to the thickness of the coating.

Results from the first experiments on the application of the femtosecond laser for
depth profiling have been published [4.245]. Two types of multi-component sample
were investigated — multilayer Cu—-Ag coatings on a Si substrate and TiN-TiAIN on
an Fe substrate. The Cu-Ag multilayer samples were prepared as double and triple
sandwiches of alternating Cu and Ag layers. The thickness of each copper and silver
layer was approximately 600 nm. TiN/TiAIN samples comprised five TIN-TiAIN dou-
ble layers on an iron substrate. The thickness of each TiN and TiAIN layer was equal
— 280 nm. The nitrogen concentration was constant throughout the layers.

Two detection techniques were tested, LIBS for the Cu—Ag-Si samples and LA-TOF—
MS for the TiN-TIiAIN samples.

A commercial fs-laser (CPA-10; Clark-MXR, MI, USA) was used for ablation. The
parameters used for the laser output pulses were: central wavelength 775 nm; pulse
energy ~0.5 m]J; pulse duration 170-200 fs; and repetition rate from single pulse
operation up to 10 Hz. In these experiments the laser with Gaussian beam profile
was used because of the lack of commercial beam homogenizers for femtosecond
lasers.

The depth profiling of the Cu-Ag-Si samples was performed with the laser beam fo-
cused on to the sample surface to the spot of approximately 30-40 pm. To obtain the
best depth resolution the laser fluence was maintained near the 1 J cm™ level, close
to the threshold of the LIBS detection scheme. The intensity profiles of Cu and Ag
emission lines are shown in Fig. 4.43. The individual layers of Cu and Ag were defi-
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[4.245].

nitely resolved, although the contrast of the normalized intensities in the successive
layer is smoothed because of the bell-shaped profile of the laser beam. The estimated
ablation rate for Cu—Ag-Si sandwiches varied between 15 and 30 nm per laser shot,
depending on the beam fluence.

The “soft” ablation of the TIN-TiAIN samples by the low fluence laser beam was per-
formed by use of LA-TOF-MS. Because of the greater sensitivity of this technique
compared with direct LIBS the lower laser fluence of approximately 0.3-0.4 ] cm™
was used. One of the depth profiles, obtained by use of femtosecond LA-TOF-MS, is
shown in Fig. 4.44. Each 280-nm-thick layer was ablated by approximately 20-25
pulses, which result in an average ablation rate of 11-14 nm pulse™". The ablation
rate was low enough for resolution of all layers.

The crater surfaces obtained in the LA-TOF-MS experiment on the TiN-TiAIN-Fe
sample were remarkably smooth and clearly demonstrated the Gaussian intensity
distribution of the laser beam. Fig. 4.45 shows an SEM image of the crater after 100
laser pulses (fluence 0.35 J cm™). The crater is symmetrical and bell-shaped. There
is no significant distortion of the single layers. Fig. 4.45 is an excellent demonstra-
tion of the potential of femtosecond laser ablation, if the laser beam had a flat-top,
rather than Gaussian, intensity profile.

4.5.4
Conclusion

As already remarked in Sect. 4.5.1 (Introduction), LA was primarily designed as a
technique for direct sampling in the bulk analysis of solid samples. The main ad-
vantages of LA are the possibility of ablating all types of solid material (metals, iso-
lators, glasses, crystals, minerals ceramics, etc.), no special requirements on the
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Fig. 4.45. SEM photograph of
TiN-TiAIN—Fe sample after 100 laser
shots (laser fluence 0.35 | cm™) [4.245].

form of the sample, high lateral resolution down to a few microns, and the possibi-
lity of remote sampling using a fiber optics. Different hyphenated techniques can
be used for detection of the elemental composition of the ablated material. Among
these the LIBS is the most flexible, technically the simplest, the cheapest, and en-
ables moderate sensitivity with DL in the 10 to 100 ppm range. Much higher sensi-
tivity can be realized by combination of LA with the ICP-OES-MS detector. Very
low DL in ppb to ppt range have been achieved in the routine analysis of a wide
variety of samples by LA-ICP-MS. LA-ICP-OES-MS instruments for direct analy-
sis of solid samples are now commercially available. With this increased sensitivity,
the amount of ablated material needed for analysis has been significantly reduced.
This has transformed LA into an almost non-destructive technique — especially im-
portant for such applications as product certification and analysis of works of art
and gemstones.

Initial results prove the high potential of LA-based hyphenated techniques for depth
profiling of coatings and multilayer samples. These techniques can be used as com-
plementary methods to other surface-analysis techniques. Probably the most reason-
able application of laser ablation for depth profiling would be the range from a few
tens of nanometers to a few tens of microns, a range which is difficult to analyze by
other techniques, e.g. SIMS, SNMS, TXRF, GD-OES-MS, etc. The lateral and depth
resolution of LA can both be improved by use of femtosecond lasers.

4.6
lon Beam Spectrochemical Analysis (IBSCA)

Volker Rupertus

Ion beam spectrochemical analysis (IBSCA) is a sputtering-based surface analytical
technique similar to SIMS/SNMS. In IBSCA the radiation emitted by excited sput-
tered secondary neutrals or ions is detected. IBSCA was developed parallel to SIMS
in the nineteen-sixties and early nineteen-seventies [4.246, 4.247]. It is also known
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under the name SCANIIR (surface composition by analysis of neutral and ion impact ra-
diation) or BLE (beam induced light emission).

For widespread use as a common analytical technique the detection of quantifiable
signals is strictly necessary, and this is a principle problem that IBSCA shares with
SIMS — application to the analysis of metals and semiconductors has shown that the
photon yield is highly dependent on the surface oxygen content and oxygen partial
pressure [4.248—-4.251]. For oxidic samples, e.g. glass or glass ceramic, in contrast,
the matrix-dependence usually proves to be negligible so IBSCA can be used for stoi-
chiometric quantification [4.252, 4.253]. IBSCA is, therefore, mainly used as an ana-
lytical tool in combination with other methods, e.g. SIMS, for the analysis of highly
insulating surfaces and thin films. Most applications deal with the depth profiling of
multilayer structures on glass substrates, and with the characterization of the near-
surface structures of glass samples which are often different from the bulk stoichio-
metry caused by interaction with the environment.

4.6.1
Principles

As is typical for a sputter-based erosion technique an ion beam of mostly positive no-
ble gas ions (e.g. Ar") penetrates the surface. During the ion beam sputter processes
at a non-elemental solid, many physical and chemical processes are initiated; these
lead to a change in stoichiometry in the near-surface region by interaction of the pri-
mary ions with the atoms of the solid, then induced solid—solid atom interactions
and, finally, surface erosion by emission of secondary particles [4.254, 4.255]. The
ion beam-induced emission processes include emission of electrons and surface par-
ticles (atoms or molecules) in the charged, neutral, and, sometimes, excited states.
Some theoretical aspects of the principle mechanism of producing excited sputtered
particles are discussed in the literature; these include the “electron-transfer
model“ [4.256, 4.257], the “level-crossing model” [4.250], and the “LTE model“ [4.258,
4.259]. The fluence of the sputtered particles is representative of the elemental com-
position of the near-surface region. Analysis of the emitted particle flux during the
sputtering process enables calculation of quantitative concentration—depth profiles
of the elemental components.

For the sputter erosion process energetic ions (0.5-10 keV) with current densities of
10-100 uA cm ™2 are commonly used. The lifetime of the excited states of the sputtered
ions and neutrals is 107°~107"* s, so the de-excitation processes occur up to 2 cm
above the sample surface. The emitted photons can be detected in the visible range
(250-900 nm) by use of transfer optics manufactured from fused silica. For the detec-
tion of UV lines, special optics and detection systems are required (lenses made of
CaF,, high-vacuum-pumped optical spectrometers, etc.). The radiation from atoms,
ions, or molecules sputtered in an excited state, and, for glass, the emission of the lu-
minescence excited within the solid, can be analyzed by means of optical multichan-
nel analysis (OMA) or CCD cameras. Analysis of the sputtered species becomes possi-
ble by assigning peaks at measured wavelengths, 4, on the basis of wavelength-depen-
dent listings of possible energetic transitions for all elements in spectral tables.

241



242

4 Photon Detection

46.2
Instrumentation

For IBSCA analysis, standard HV or, better, UHV-equipment with turbomolecular
pump and a residual gas pressure of less than 10~ Pa is necessary. As is apparent
from Fig. 4.46, the optical detection system, which consists of transfer optics, a spec-
trometer, and a lateral-sensitive detector, is often combined with a quadrupole mass
spectrometer for analysis of secondary sputtered particles (ions or post-ionized neu-
trals).

Typical ion sources employ a noble gas (usually Ar). The ionization process works
either by electron impact or within a plasma created by a discharge; the ions are
then extracted from the region in which they are created. The ions are then acceler-
ated and focused with two or more electrostatic lenses. These ion guns are normally
operated to produce ions of 0.5-10 keV energy at currents between 1 and 10 nA (or,
for a duoplasmatron, up to 20 pA). The chosen spot size varies between 100 um and
5 mm in diameter.

In insulator analysis an electron gun is also necessary to compensate for the positive
ion current at the sample surface. Two types of operation are typical.

(i) For lower electron-current densities a flood gun can be used to produce low-en-
ergy (1-20 eV) electrons directly; or

(ii) For higher electron-current densities, up to 300 uA cm™2, standard electron guns
are used. These emit electrons of 0.5-2 keV which are focused to a metal or carbon
mask which covers the sample rim (Fig. 4.47). By proper choice of the primary elec-
tron energy, a secondary electron yield, ¢ > 1.5, at perpendicular incidence can be
achieved (e.g. Omax(T2) = 1.3 at Ep = 0.6 keV). Additional enlargement of the yield of
secondary electrons by a factor of two can be achieved by use of bombardment angles
of 50-60° normal to the sample surface [4.260]. By use of this procedure, low-energy

L
depths

IBSCA

(ion beam spectro
chemical analysis)

loMA

spectrograph

Fig. 4.46. Schematic diagram of IBSCA measurement equip-
ment; this usually combined with a mass spectrometer (SIMS or
SNMS).
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Fig. 4.47. Schematic diagram of the compensation mechanism
to prevent charging of the sample surface when primary energetic
ions and electrons are used.

secondary electrons are created with an energy distribution around the maximum of
approximately 2 eV for Ta [4.261]. These low-energy electrons follow the attractive
field forces at the sample surface directly, and compensate for the slight positive
charging caused by ion impact. The penetration depth of the incoming secondary
electrons is comparable with the penetration depth of the primary ions, so no local
capacitor-like charging effects build up and, therefore, charging-induced migration/
diffusion in the near-surface region is suppressed.

The photon detection system consists of transfer optics (a few lenses), made from
fused silica for better transmission of down to 250 m. For the near-ultraviolet region,
crystal materials such as CaF,, etc., and a vacuum-pumped spectrometer, must be
employed. The transfer optics focus the space volume in front of the penetrated sam-
ple surface to the entrance slits of a grating spectrometer typically in a Czerny—
Turner arrangement (two mirrors and one grating). Depending on the grating used
(120—2400 lines mm™"), the resolution can be varied between 0.5 and 0.05 nm. The
transmitted photons are registered with an optical multichannel analyzer or with a
CCD-camera, so that the intensity can be detected with high lateral resolution. The
detection system is computer-controlled so that the sputter time-dependent change
of the spectra is stored and sputter depth profiles can subsequently be computed.

4.6.3
Spectral and Analytical Information

An IBSCA-spectrum (Fig. 4.48) consists of many peaks in the visible range (250-

900 nm). Every peak can be related to an process of electron de-excitation of a sput-

tered particle from a higher to a lower state, for the more dominant peaks to the

ground state. There are, in principle, two major types of peak family:

type I — photons emitted from excited sputtered secondary neutrals; and

type II — photons emitted from excited sputtered secondary ions (single charged).
The peaks can be identified from tables of spectra [4.262]. The variety of electronic

transitions allowed results in many peaks in the visible range; these are sometimes
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Fig. 4.48. IBSCA-spectrum of SK16 optical glass bombarded by 5 keV Ar*.

energetically so close together that deconvolution of neighboring peaks is hampered.
Proper choice of the lines to be used is, therefore, particularly important in quantita-
tive interpretation of the analytical results from multicomponent samples.

A second source of failure is determination of the background of the spectra, which
depends on the complete photon emission from the sample (solid-state lumines-
cence). During the measurement, especially in depth profiling, the background level
can change. Determination of the correct background is, therefore, important for
quantitative analysis. Peak resolution depends on the grid size employed in the spec-
trometer, which also determines the detection interval (e.g. 250-600 nm). Better
peak resolution correlates directly with a smaller detection interval and the grid size
must, therefore, be optimized for each range of application. In Fig. 4.48 the main
components of SK16 (Ba, B, Si, Al, Na) are visible. Obviously, more than one line for
each element, excited neutral (label I) and ion (label II), is detectable in the detection
range depicted. Only oxygen, the most abundant (~60 at%) of all the SK16 compo-
nents, is not detectable because the main radiation lines are located in the vacuum-
UV range. The relationship between recorded intensity and the actual surface con-
centration/chemical state of the surface is not as straightforward as in XPS or AES.
In the same way as for the peak intensity in SIMS or SNMS, the height of the de-
tected peaks depends to some extent on the chemical matrix of the sample surface.

4.6.4
Quantitative Analysis

The intensity Ii; (4a) of a spectral emission line, i. e. the radiative recombination of an
electron of a species A from a higher energy level k to the lower level i, is characteristic
of a sputtered element or molecule A and is calculated by use of the equation:
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Li(2a) = Ip Yanuioni/€o (4.24)

where Ip is the primary ion current, /4 is the wavelength of the transition from an
excited state k to the ground state i, Y is the partial sputtering yield of the sput-
tered species A, 1 is the detection factor of the optical system which quantitatively
takes into account the aperture and the quantum efficiency of the optical detection
system (electrons/quantum) for A, oy is the excitation coefficient (or photon
yield), which is defined as the ratio of the number of atoms of the element A show-
ing this transition to the total number of the sputtered atoms, and e, is the electron
charge.
The radiation factor oy is determined from:

Oki Exi P (425)

— Nk
N+ N

where Ni/(Nx + N;) is the ratio of the excited sputtered secondary particles of
species A, ¢ is the probability of transition from level k to level i, and P is the
probability that the de-excitation is a radiative process (P~ 1 for insulating
samples [4.250]).

Similar to other sputter-based techniques, a sensitivity factor can be determined:

D} = mg g (4.26)
so that the intensity is given by:

Li(2a) = Ip YA D4 (4.27)

Taking atomic sputtering into account the proportion of the particles emitted as mo-
lecules is negligible and the partial sputtering yield for element A in sputter equili-
brium can be determined by use of:

Yo = 3 Yiot (4.28)

where ¢} is the bulk concentration of element A and Yiot is the total sputtering yield
of the sample, where Yo, = Y Ya.
A

Taking into account that 3" ¢} = 1, the bulk concentration of element A is given by:
A

&b Iy (Za)/ D4

_ 4.29
A7 % (e (/D)) *29
]

If relative sensitivity factors are used, reference measurement of standard samples is
not necessary. The ratio of two different elemental concentrations in one sample is
given by:
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The ratio Dy/D, is a so-called relative sensitivity factor D. This ratio is mostly deter-
mined by one element, e.g. the element for insulating samples, silicon, which is one
of the main components of glasses. By use of the equation that the sum of the con-
centrations of all elements is equal to unity, the bulk concentrations can be deter-
mined directly from the measured intensities and the known D-factors, if all compo-
nents of the sample are known. The linearity of the detected intensity and the flux of
the sputtered neutrals in IBSCA and SNMS has been demonstrated for silicate
glasses [4.253]. For SNMS the lower matrix dependence has been shown for a variety
of samples [4.263]. Comparison of normalized SNMS and IBSCA signals for Na and
Pb as prominent components of optical glasses shows that a fairly good linear de-
pendence exists (Fig. 4.49).

From these results it can be postulated that for oxidic glasses a fixed proportion of
sputtered secondary neutrals is emitted in an excited state. Such linearities can only
be determined for similar matrices, which limits the use of D-factors to sample sys-
tems similar to the reference sample system used for the D-factor determination.

4.6.5
Applications

The depth profile mode of IBSCA is usually used for routine thin film analysis. A typi-
cal application is depicted in Fig. 4.50 — a fixed spectral range was monitored during
the sputter erosion of the surface so that many IBSCA spectra were stored during
sample analysis. This example shows how individual IBSCA spectra change during
sputter erosion of an anti-reflecting coating on soda-lime glass (SiO,-TiO,—SiO,/TiO,-
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Fig. 4.50. IBSCA spectra of an antireflective coating on soda-lime glass
(Si0,-TiO,-SiO,/TiO,-substrate) ; conditions: 5 keV Ar” bombardment.

substrate). The variation in the intensity of single peaks, e. g. those for Si or Ti, during
the sputter erosion of the multilayer is apparent. Sputter depth profiles can be com-
puted from such measurements (Fig. 4.51).

The lower matrix sensitivity compared with SIMS is apparent from Fig. 4.51. With
both methods a TiO,—Si0,-Ti0, multilayer coating on soda-lime glass was analyzed.
A sol-gel technique was employed for the coating process, this was followed by a tem-
pering process. During this tempering treatment, diffusion of alkaline substrate spe-
cies material into the multilayer is initiated. Comparison of the positive SIMS profile
with the IBSCA-depth profile reveals that characteristics are similar for the main com-
ponents Ti and Si, but there are drastic differences between the shapes of the Na sig-
nals. For SIMS, intensity maxima at the SiO,/TiO, interface and at the surface area
are detected which are 20 % and 60 %, respectively, higher than for the bulk intensity
of the substrate which is the Na source. Quite different behavior is apparent in the
IBSCA profile (Fig. 4.51b): The Na intensity also has maxima at the same positions,
but only with local character. This Na profile reveals the diffusion process from the
glass substrate to the surface and indicates that SiO, behaves as a diffusion barrier, so
the interface from TiO, to SiO, is enriched in Na, because the diffusion coefficient of
Si0, is lower than for TiO,. The IBSCA-Na profile gives realistic information about
the relative concentrations in comparison with the bulk of the glass substrate, which
was supported by additional XPS-measurements. The enlargement of the Na signal
for SIMS gives clear evidence of the influence of the chemical matrix. At the surface
and at the single-layer interfaces, is a chemical environment which increases the prob-
ability of ionization. IBSCA is, therefore, a sensitive method which can be combined
with SIMS for better interpretation of the multilayer structures of thin oxide films.

A second set of examples deals with the analysis of near-surface regions of glasses
which normally have so-called altered or leached layers. The altered layer is found
for soda-lime glasses and for many glasses used for optical applications. The chan-
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Fig. 4.51. SIMS (a) and IBSCA (b) (TiO2—SiO,-TiO,—soda-lime glass); con-
depth profiles of an interference layer ditions: 5 keV Ar*.

system used for automotive application

ged surface composition is caused by weathering effects and is indicative of ion ex-
change of alkaline species from the glass site and OH from the environment. This
hydration effect leads to a change in the glassy network, with consequences for the
physical properties of the altered layer in comparison with those of the bulk glass.
The large influence on the chemical matrix is demonstrated in Fig. 4.52. The SIMS
Si* signal behaves differently from the IBSCA Si I signal. This is indicative of the
presence of H and/or OH in the uppermost region which increases the probability
of ionization of Si* and leads to depletion of Li as a result of ion exchange (Li against
H). The increase in the H content of that near-surface region was also detected by
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NRA [4.264] and supports the statement that SIMS and IBSCA react in quite a differ-
ent manner to slight changes in the chemical matrix. This effect can be used as a in-
dicator of increased levels of H and OH in the near-surface region of oxidic glasses
when both methods are employed.

4.7
Reflection Absorption Infrared Spectroscopy (RAIRS)

Karsten Hinrichs

Reflection absorption infrared spectroscopy is a vibrational spectroscopic method fre-
quently used in research in chemistry, physics, and biology [4.265—4.268]. The techni-
que is well established for the identification and characterization of the chemical state
and structure of molecules and thin films adsorbed on metallic and non-metallic sur-
faces. Vibrational spectra are used as characteristic fingerprints for adsorbate mole-
cules, adsorption configurations, and structures. The method is known by different
acronyms: RAIRS, FT-IRAS, IRRAS, and ERIRS (external reflection infrared spectro-
scopy); the different names refer to the same principle of measurement using infrared
radiation and a reflection absorption geometry. This technique involves a single exter-
nal reflection at a sample-covered substrate, whereby the sample molecules absorb ra-
diation according to their vibrational frequencies and corresponding absorption bands
occur in the spectrum of the reflected radiation. Substrates are chosen which do not
produce disturbing absorption bands in the spectral range of interest.

4.7.1
Instrumentation

In the infrared spectral range in general Fourier transform (FT) interferometers are
used. In comparison with dispersive spectrometers FTIR enables higher optical
throughput and the multiplex advantage at equivalent high spectral resolution. In
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the near-infrared region a tungsten-filament lamp is conventionally employed as a
source of radiation, whereas a “glowbar” is used in the mid-infrared region and a
mercury-arc lamp in the far-infrared region. A synchrotron, a special radiation
source characterized by high brilliance throughout the whole infrared region has re-
cently been used for in-situ measurement during anodic oxidation of copper in aqu-
eous solution environments [4.269]. RAIRS is often used as complementary method
to HREELS (Sect. 2.3, EELS), which is also a standard method for investigation of di-
pole-active vibrations, but has a low spectral resolution (on semiconductor surfaces
at approximately 20 cm™).

RAIRS is a non-destructive infrared technique with special versatility — it does not re-
quire the vacuum conditions essential for electron spectroscopic methods and is,
therefore, in principle, applicable to the study of growth processes [4.270]. By use of
a polarization modulation technique surfaces in a gas phase can be investigated.
Higher surface sensitivity is achieved by modulation of the polarization between s
and p. This method can also be used to discriminate between anisotropic near-sur-
face absorption and isotropic absorption in the gas phase [4.271].

4.7.2
Principles

Conventionally RAIRS has been used for both qualitative and quantitative characteri-
zation of adsorbed molecules or films on mirror-like (metallic) substrates [4.265]. In
the last decade the applicability of RAIRS to the quantitative analysis of adsorbates
on non-metallic surfaces (e.g. semiconductors, glasses [4.267], and water [4.273]) has
also been proven. The classical three-phase model for a thin isotropic adsorbate layer
on a metallic surface was developed by Greenler [4.265, 4.272]. Calculations for the
model have been extended to include description of anisotropic layers on dielectric
substrates [4.274-4.276).

The dielectric properties of the substrate and the adsorbate determine the optimum
conditions under which the RAIRS experiment should be performed. The excitation
of vibrational adsorbate modes on metals is governed by a so-called “surface selec-
tion rule” [4.265]. The amplitude and phase of the reflected radiation depend on the
direction of the electric field vector, which is composed of one component parallel to
the reflection plane (p-polarized) and a second normal to the reflection plane (s-po-
larized). Considering Fresnel's equations, only the p-polarized radiation causes a sig-
nificant electromagnetic field near the metallic surface for high incident angles of ra-
diation near grazing incidence (at approximately 80°). In contrast the mean square
electric field of radiation polarized in the surface plane is negligible because of the
180° phase shift after reflection at the metallic surface. Only vibrations with dipole
components perpendicular to the surface can, therefore, be efficiently excited.

With p-polarized radiation and incident angles near grazing incidence an increase in
sensitivity of approximately a factor of 25 can be achieved in comparison with trans-
mission experiments [4.265]. This advantage is reduced to a factor of ~17 for a more
realistic experimental situation in which the spread of incident angles is ca. £5° at
approximately 85°.
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RAIRS spectra contain absorption band structures related to electronic transitions
and vibrations of the bulk, the surface, or adsorbed molecules. In reflectance spectro-
scopy the absorbance is usually determined by calculating —log (Rs/Ro), where Rg re-
presents the reflectance from the adsorbate-covered substrate and Rg is the reflec-
tance from the bare substrate. For thin films with strong dipole oscillators, the Berre-
man effect, which can lead to an additional feature in the reflectance spectrum,
must also be considered (Sect. 4.9; Ellipsometry). The frequencies, intensities, full
widths at half maximum, and band line-shapes in the absorption spectrum yield in-
formation about adsorption states, chemical environment, ordering effects, and vi-
brational coupling.

For films on non-metallic substrates (semiconductors, dielectrics) the situation is
much more complex. In contrast with metallic surfaces both parallel and perpendi-
cular vibrational components of the adsorbate can be detected. The sign and inten-
sity of RAIRS-bands depend heavily on the angle of incidence, on the polarization of
the radiation, and on the orientation of vibrational transition moments [4.267].

473
Applications

RAIRS is routinely used for the analysis of chemically modified surfaces — surface
systems in electrochemistry [4.277], polymer research [4.266, 4.278], catalysis [4.265,
4.271], self-assembling monolayers [4.267, 4.268], and protein adsorption [4.268,
4.279] have been investigated.

Beside studies of adsorbates on metal and semiconductor surfaces, considerable inter-
est has been shown in the structural characterization of monolayers at the air-water
interface [4.273, 4.280]. New experiments at the gas—water interface have been per-
formed in biochemical research in the characterization of membrane proteins [4.279]
or the structures of other biological molecules [4.281]. Experimental and simulated
RAIRS spectra of single monolayers of PBG (poly-y-benzyl-l-glutamate) and the syn-
thetic peptide K(LK); at the air-water interface are depicted in Fig. 4.53 [4.281]. In the
simulations the different secondary structures of both molecules, and anisotropic op-
tical constants, were taken into account. The spectra of PBG contain significant fea-
tures resulting from the amide I, amide II, and ester bands in the a-helix structure.
For K(LK) the simulations reveal molecules lying in antiparallel f-sheets on the water
surface. The frequency of the amide I mode (1622 cm™) provides information about
interactions between the antiparallel -sheets and the substrate. Knowledge of such
optical data is of great interest in the determination of the main secondary structures
(o-helix, f-sheets) found in proteins and polypeptides [4.281].

Another use of RAIRS is in the determination of the average tilt angles of molecules
on a surface. In comparison with calculations of relative intensities of absorption
bands in Ref. [4.267] an average tilt angle of the hydrocarbon chains of approximately
10° towards the surface normal was concluded. Fig. 4.54 shows the relevant infrared
reflection spectra from an octadecylsiloxane (ODS) monolayer on a silicon substrate
[4.267] for s- and p-polarized radiation at different incident angles. The absorption
bands are assigned to fundamental symmetric and asymmetric CH stretching vibra-
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tions. The spectra change significantly as a function of radiation incidence angle and
the direction of polarization. For p-polarization the sign of the RAIRS bands changes
by crossing the Brewster angle at 73°. The spectra also provide information about
the bonding between the adsorbate and substrate. In addition to the structure and or-
ientation of molecules, reaction kinetics, e.g. of alkoxides on Cu(111) surfaces
[4.282], can also be investigated.

The line shapes and the intensities of reflection spectra from thin films are usually
different from those of transmission spectra. Calculated and measured spectra for
isotropic PMMA (poly(methyl methacrylate)) films of different thickness on glassy
carbon are shown in Fig. 4.55. The spectra obtained with incident light with s- and
p-polarization are completely different for the three films. In each the band shapes
were distorted compared with those from conventional transmission experiments,
which measure the material dispersed in a KBr matrix [4.266]. The observed absor-
bance maxima are approximately 10 cm™" higher in energy than the maximum of
1731 cm™ in conventional transmission experiments [4.266]. It was concluded that
band-shape distortions result from “optical effects”, which means all effects which
cause changes in the recorded spectrum except those resulting from surface pertur-
bations and changes in structure or chemical bonding. Optical effects are taken into
account by optical theory [4.276, 4.283].
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To complete this treatment it is necessary to discuss another important surface infra-
red spectroscopy, infrared absorption spectroscopy (IRAS). In contrast with RAIRS this
technique works with internal attenuated-total-reflection (ATR) configurations. For
example, monolayers of small molecules on semiconductors can be detected when
the detection sensitivity is increased by employing multiple internal reflections
[4.284, 4.285]. Edges of samples must be beveled, to couple the radiation in and out.
This method has, for example, been applied to an investigation of the morphology of
H-terminated Si surfaces after etching [4.284] and an investigation of the surface
chemistry of organometallic chemical vapor deposition, the technique of choice for
fabricating I1I/V compound semiconductor devices [4.286].

In conclusion RAIRS, which affords high spectral resolution, is a very versatile non-
destructive optical technique which does not depend on a vacuum environment. Vi-
brational spectra also serve as characteristic fingerprints for adsorbate molecules, ad-
sorption configurations, and structures on metallic and dielectric substrates. Exten-
sion to include dielectric substrates opened new fields of application in polymer and
biochemical research.
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Fig. 4.55. Experimental and
calculated (dashed line) RAIR-
spectra for poly(methyl metha-
crylate) films 3270 £ 100 nm,
362+ 30 nm, and 78 £ 15 nm
thick: (a) p-polarized light inci-
dent at 60°; (b) s-polarized light
incident at 60°, after [4.266].

Raman scattering [4.287] is one of the phenomena that occur when electromagnetic
radiation interacts with a molecule or a crystal. As a result of the inelastic scattering
process, photons lose energy, which excites molecular or lattice vibrations (Stokes
scattering), or can even gain energy (anti-Stokes scattering) when the transition
starts from an excited vibrational state and the final state is of lower energy (e.g. the
ground state). When a sample is irradiated by monochromatic light, the scattered
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light contains a spectrum of wavelengths in which the intensity peaks are shifted

from the excitation wavelength by energy-equivalent amounts corresponding to that

for the excitation of the molecular vibration modes or crystal phonons. These vibra-
tional spectra are highly specific for the material studied and can be used for unam-
biguous identification of substances.

Because the Raman cross-section of molecules is usually low, intense light sources
and low-noise detectors must be used, and high sensitivities — as required for surface
analysis — are difficult to achieve. Different approaches, singly and in combination,
enable the detection of Raman spectroscopy bands from surfaces.

(1) Ultrasensitive Equipment: In recent years all components of Raman equipment
(laser, sampling optics, filtering, monochromator, and detector) have been clearly
improved. This has led to an enormous increase in sensitivity and has enabled
direct observation of adsorbed molecules with carefully optimized instruments
without the need for further enhancement or resonance effects.

(2) Large Specific Surface Area: Porous materials can have a large proportion of sur-
face atoms — their surface area within a typical sampling volume of 10> um® can
reach 10° pm? which is approximately 10° larger than for a smooth surface
crossing the same volume. These effects lead to clearly increased Raman intensi-
ties of surface species and also to improved intensity ratios of surface and bulk
Raman bands.

(3) Resonant Excitation: Excitation by a laser, which is resonant with an electronic
transition of the material under investigation, can increase the Raman cross-sec-
tion by approximately 10 The transitions and thus the resonance wavelengths
are specific for the substances. Resonance excitation thus leads to selectivity that
can be useful for suppressing bulk bands, but can also complicate the detection
of mixtures of substance with different absorption spectra.

(4) Surface-enhancement: Electromagnetic and chemical effects can enhance the
Raman intensities from substances in close proximity to appropriate metal sur-
faces by several orders of magnitude.

(5) Other Considerations: Another issue in Raman spectroscopy is the superposi-
tion of the weak Raman spectrum by the more intense fluorescence of the sub-
stances or their impurities. This problem can be overcome by the use of longer
excitation wavelengths, which cannot excite electronic transitions. Although this
concept works well for many samples, near-infrared excitation wavelengths re-
sult in lower sensitivity in comparison with visible excitation, because of the
noise of detectors working in this range and because of the 2~ dependence of
the Raman scattering intensity.

Raman spectroscopy does not need vacuum and is, in principle, applicable to all opti-
cally accessible samples — even inclusions in glass or minerals, substances in aqu-
eous solutions, or substances packaged in transparent glass or plastics can be ana-
lyzed. Small particles down to diameters below 1 pm can also be characterized by
proper focussing of the exciting laser beam. Because transmission is not required
for back-scattering measurements, strongly scattering materials can also be investi-
gated.
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48.2
Surface-Enhanced Raman Scattering (SERS)

The application of Raman spectroscopy in surface analysis is limited by the low scat-
tering cross-section of the molecules and the correspondingly low intensities of their
Raman bands. This situation can be substantially improved by use of so-called sur-
face-enhanced Raman scattering (SERS) [4.288, 4.289]: The Raman scattering of mo-
lecules adsorbed by rough metal surfaces or by small metal particles (Fig. 4.56) can
be increased by six, or more, orders of magnitude by electromagnetic and chemical
effects. This large enhancement enables easy analysis of molecular monolayers at
appropriate surfaces — even 1% of a monolayer has been observed and the detection

of single molecules on optimum metal particles was recently reported [4.290].

The first SERS experiments were performed with electrochemically roughened elec-
trodes and metal colloids, and many other types of suitable SERS substrates are
known — e.g. metal island films, metal films over nanoparticles (see Fig. 4.58, below)
or rough substrates, gratings, and sputter-deposited metal particles.

SERS is usually restricted to specially prepared “active” surfaces. A broad range of
other surfaces also becomes accessible to SERS spectroscopy after special prepara-
tion techniques:

(1) Metal island films form spontaneously during slow evaporation of the metal on
to supports with low adhesion. The metal islands can produce the surface-en-
hancement required for Raman characterization of the surface of the support.

(2) Appropriate metal particles can be sputter-deposited on almost any support
which can be exposed to vacuum.

(3) Ultrathin metallic, semiconductor, insulator, or organic overlayers can be depos-
ited on SERS-active metal surfaces.

Laser

Collection optics

.~ Organic layer

ol el el Vvl el m_—}_:.----SlIver
= Alumina particles
“o—— Slide

Fig. 4.56. Schematic diagram of a SERS-active substrate
and the measurement arrangement. Alumina nanopartic-
les are deposited on a glass surface and produce the
required roughness. A thin silver layer is evaporated on to
the nanoparticles and serves for the enhancement. Orga-
nic molecules adsorbed on the silver surface can be detec-
ted by irradiation with a laser and collecting the Raman
scattered light.
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For overlayer thicknesses of a few atomic or molecular layers, the supporting metal
can produce surface-enhanced fields at the surface of the overlayer. Then, composition
and structure of the overlayer surface can be analyzed by SERS spectroscopy [4.291].

483
Instrumentation

The scattering effect was first observed in 1928 by C.V. Raman, who used sunlight
and complementary filters [4.287]. Later, mercury vapor lamps were used for illumi-
nation of samples. Current Raman spectrometers use lasers as monochromatic light
sources. Different types of laser can be used, depending on the wavelength, sensitiv-
ity, and spectral resolution required. Gas lasers such as Ar" and HeNe lasers have
been quite common because of their narrow, well-defined spectral lines, stability,
and beam quality. High-intensity Ar" ion lasers, in particular, are expensive to main-
tain, because they consume much electrical power and cooling water. Diode lasers
are more convenient. Powerful diode lasers for Raman spectroscopy usually emit red
wavelengths which are suitable for avoiding fluorescence and fit the sensitivity range
of silicon detectors. Diode lasers must be frequency stabilized, because their emis-
sion frequency is not defined by narrow transitions. Spontaneous emission back-
ground and low-intensity side-bands must, furthermore, be filtered out when diode
lasers are used for high-sensitivity Raman measurements. Solid-state lasers emitting
in the near-infrared, e. g. Nd:YAG lasers are used in combination with Fourier-trans-
form spectrometers.

Sample optics focus the laser on to the sample and collect the Raman scattered light.
In the widespread-back-scattering or 180° arrangement a single objective serves for
both, focusing the laser and collecting the scattered light. This makes measurements
easy, because only the distance between sample and objective has to be adjusted. Be-
cause transparency of the whole sample is not needed with a back-scattering ar-
rangement, Raman spectroscopy is well suited for in-situ measurements at inter-
faces between gases, liquids, and solids with at least one transparent phase.

Elastically scattered laser light must be removed in front of the spectrometer, be-
cause it is several orders of magnitude more intense than the Raman scattered radia-
tion and would otherwise produce stray radiation at the detector. Nowadays, holo-
graphic notch filters are usually used for this purpose, because of their high trans-
mission of required wavelengths and strong suppression of unwanted wavelengths.
Premonochromators are preferable for measurements at low wavenumbers and for
use of varying laser wavelengths.

Spectral analysis of the Raman scattered light is achieved by use of dispersive or
Fourier-transform (FT) spectrometers. Dispersive spectrometers decompose the ra-
diation according to its wavelength by means of a grating monochromator (Fig. 4.57).
FT spectrometers calculate the spectrum from an interference pattern (interfero-
gram) produced by an interferometer with a variable path-length within one of the
interferometer arms. Monochromators are preferable in the visible spectral range.
Compact and robust monochromators without moving parts can be used in rough
environments, whereas larger high-resolution devices are mainly used in research.
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Laser P\

Sample

Monochromator L2 BR L1

Fig.4.57. Example of sensitive Raman  cally scattered radiation. Imaging of the
equipment. The band pass filter, BP, sample on the entrance slit, S, of the
cleans the laser radiation. The high NA° monochromator reduces stray radiation.
objective lens L1 focuses the laser on the Within the monochromator, the Raman
sample and collects the Raman scattered scattered radiation is dispersed by a
radiation within a large solid angle. The  phase grating and finally focused on the
band-rejection filter, BR, blocks elasti- CCD multichannel detector by lens L4.

In combination with array detectors, imaging monochromators can use the multi-
channel advantage and thus enable large signal-to-noise (S/N) ratios for short mea-
surement times. FT spectrometers also afford high S/N ratios because of their
throughput advantage. The noise of their near-infrared detectors is, however, consid-
erably larger than that of detectors operating in the visible region. Major advantages
of FT spectrometers are strong suppression of fluorescence, as a result of their use
of long-wavelength excitation, and variable spectral resolution.

Charge-coupled device (CCD) detectors are preferred in the visible spectral range, be-
cause of their low dark current, high quantum efficiency, and multichannel capabil-
ity. They must be cooled thermoelectrically or by use of liquid nitrogen for high-sen-
sitivity applications, e.g. surface spectroscopy. Because the sensitivity of CCD detec-
tors decreases considerably at wavelengths >1 um, owing to the band-gap of the sili-
con material, other semiconductor detectors with larger dark current, e.g. germa-
nium or InGaAs, must be used for near-infrared Raman spectroscopy.

Different accessories are available for Raman spectroscopy. Confocal microscopes af-
ford lateral resolution of approximately 1 pm and depth resolution down to approxi-
mately 2 um. The depth resolution is especially important for surface and interface
spectroscopy, because it helps to eliminate Raman intensities from the bulk phases.
Fiber optics can be used to guide the exciting laser light to the sample and the Ra-
man scattered light to the spectrometer, thus making it easier to change samples
and eliminating the hazards of freely propagating laser light. Special sample cells
have been constructed for measurement at high or low temperatures and at high
pressures, and for laser multi-pass through gaseous samples.
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4.8.4
Spectral Information

For large molecules, at least, Raman spectra contain numerous bands which cannot
always completely be assigned to particular vibrational modes. The large number of
bands can, however, when measured with appropriate spectral resolution, enable un-
ambiguous identification of substances by comparing the spectral pattern (“finger-
print”) with those of reference spectra, if they are available.

Several bands in characteristic spectral regions can definitely be assigned to molecu-
lar or crystal vibrations, especially if information on the chemical composition of the
sample is available. For example, these bands enable the identification of aromatic or
aliphatic hydrogen, carbonyls, thiols, double or triple bonds, heterocycles and other
groups or skeletal components. Vibrations of weakly polar and even symmetrically
bonded atoms usually result in intense Raman bands because Raman activity is con-
nected with changes in molecular polarizability during the vibration. This is a major
difference from infrared spectroscopy, in which bands from vibrations causing
changes of the dipole moment dominate the spectrum. Raman bands of carbon—car-
bon bonds are easily observable. Strong vibrational coupling along carbon chains
and symmetry selection rules cause these bands to be sensitive markers of substitu-
tion at aromatic rings, and for conformation of the carbon backbone. Structural iso-
mers usually have very different spectra and can, therefore, be easily distinguished.

Polarization effects are another feature of Raman spectroscopy that improves the as-
signment of bands and enables the determination of molecular orientation. Analysis
of the polarized and non-polarized bands of isotropic phases enables determination
of the symmetry of the respective vibrations. For aligned molecules in crystals or at
surfaces it is possible to measure the dependence of up to six independent Raman
spectra on the polarization and direction of propagation of incident and scattered
light relative to the molecular or crystal axes.

4.8.5
Quantification

In Raman spectroscopy the intensity of scattered radiation depends not only on the
polarizability and concentration of the analyte molecules, but also on the optical
properties of the sample and the adjustment of the instrument. Absolute Raman in-
tensities are not, therefore, inherently a very accurate measure of concentration.
These intensities are, of course, useful for quantification under well-defined experi-
mental conditions and for well characterized samples; otherwise relative intensities
should be used instead. Raman bands of the major component, the solvent, or an-
other component of known concentration can be used as internal standards. For iso-
tropic phases, intensity ratios of Raman bands of the analyte and the reference com-
pound depend linearly on the concentration ratio over a wide concentration range
and are, therefore, very well-suited for quantification. Changes of temperature and
the refractive index of the sample can, however, influence Raman intensities, and
the band positions can be shifted by different solvation at higher concentrations or
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in different solvent mixtures. Although these effect can be negligible, they must be
considered if high accuracy is required. Chemometric computations might be re-
quired for quantification of complex mixtures. They work much better than, e.g., in
near-infrared spectroscopy, because of the usually narrow and well-resolved Raman
bands.

Quantification at surfaces is more difficult, because the Raman intensities depend
not only on the surface concentration but also on the orientation of the Raman scat-
terers and the, usually unknown, refractive index of the surface layer. If noticeable
changes of orientation and refractive index can be excluded, the Raman intensities
are roughly proportional to the surface concentration, and intensity ratios with a re-
ference substance at the surface give quite accurate concentration data.

4.8.6
Applications

4.8.6.1 Unenhanced Raman Spectroscopy at Smooth Surfaces

Recent developments in Raman equipment has led to a considerable increase in sen-
sitivity. This has enabled the monitoring of reactions of organic monolayers on
glassy carbon [4.292] and diamond surfaces and analysis of the structure of Lang-
muir-Blodgett monolayers without any enhancement effects. Although this unen-
hanced surface-Raman spectroscopy is expected to be applicable to a variety of tech-
nically or scientifically important surfaces and interfaces, it nevertheless requires
careful optimization of the apparatus, data treatment, and sample preparation.

Nitrophenyl groups covalently bonded to classy carbon and graphite surfaces have
been detected and characterized by unenhanced Raman spectroscopy in combina-
tion with voltammetry and XPS [4.292]. Difference spectra from glassy carbon with
and without nitrophenyl modification contained several Raman bands from the ni-
trophenyl group with a comparatively large signal-to-noise ratio (Fig. 4.58). Electro-
chemical modification of the adsorbed monolayer was observed spectrally, because
this led to clear changes in the Raman spectrum.

Utilization of resonance effects can facilitate unenhanced Raman measurement of
surfaces and make the technique more versatile. For instance, a fluorescein deriva-
tive and another dye were used as resonantly Raman scattering labels for hydroxyl
and carbonyl groups on glassy carbon surfaces. The labels were covalently bonded to
the surface, their fluorescence was quenched by the carbon surface, and their reso-
nance Raman spectra could be observed at surface coverages of approximately 1%.
These labels enabled assess to changes in surface coverage by C-OH and C=0 with
acidic or alkaline pretreatment [4.293].

Raman spectroscopy has also been used to determine the structure of Fe(CN)z~ and
its reaction products in chromate conversion coatings on an aluminum aircraft alloy,
and to monitor coating growth rates and their dependence on coating bath
composition. The Raman spectra of the coatings contained bands of Berlin green, a
Fe**~CN-Fe*" polymer, and Fe(CN)Z~ physisorbed on Cr(OH);. Results from differ-
ent coating baths indicated a redox-mediation action for Fe(CN)g™/*
nism of acceleration of coating formation [4.294].

as the mecha-
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Fig. 4.58. Raman spectra of nitrophenyl modi- 1336 and 1586 cm™ might be affected by sub-
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The strongest surface bands at approximately spectrum C [4.292].

4.8.6.2 Porous Materials

The surfaces of porous materials, e.g. catalysts, molecular sieves, or adsorbents, are
much more readily accessible than smooth surfaces to Raman spectroscopy, because
larger amounts of adsorbed substance can be placed within the laser focus, thus con-
tributing to the scattering process.

Raman spectroscopy has provided information on catalytically active transition metal
oxide species (e.g. V, Nb, Cr, Mo, W, and Re) present on the surface of different oxide
supports (e.g. alumina, titania, zirconia, niobia, and silica). The structures of the sur-
face metal oxide species were reflected in the terminal M=O and bridging M—-O-M
vibrations. The location of the surface metal oxide species on the oxide supports was
determined by monitoring the specific surface hydroxyls of the support that were
being titrated. The surface coverage of the metal oxide species on the oxide supports
could be quantitatively obtained, because at monolayer coverage all the reactive sur-
face hydroxyls were titrated and additional metal oxide resulted in the formation of
crystalline metal oxide particles. The nature of surface Lewis and Brensted acid sites
in supported metal oxide catalysts has been determined by adsorbing probe mole-

261



262

4 Photon Detection

cules such as pyridine. Information on the behavior of the surface metal oxide spe-
cies during catalytic reactions has been provided by in-situ characterization
studies [4.295]. Investigations of synergy effects were performed on '®0-exchange
and reoxidation of SbO,~Oj; physical mixtures. Peroxide species were detected on
working methane-coupling catalysts at temperatures up to 1070 K, and were identi-
fied as centers for the activation of methane [4.296].

The diffusion, location and interactions of guests in zeolite frameworks has been stu-
died by in-situ Raman spectroscopy and Raman microscopy. For example, the loca-
tion and orientation of crown ethers used as templates in the synthesis of faujasite
polymorphs has been studied in the framework they helped to form [4.297]. Polarized
Raman spectra of p-nitroaniline molecules adsorbed in the channels of AIPO4-5 mo-
lecular sieves revealed their physical state and orientation — molecules within the
channels formed either a phase of head-to-tail chains similar to that in the solid crys-
talline substance, with a characteristic w; band at 1282 cm™, or a second phase,
which is characterized by a similarly strong band around 1295 cm™. This second
phase consisted of weakly interacting molecules in a pseudo-quinonoid state similar
to that of molten p-nitroaniline [4.298].

4.8.6.3 SERS

Because silver, gold and copper electrodes are easily activated for SERS by roughen-
ing by use of reduction—oxidation cycles, SERS has been widely applied in electro-
chemistry to monitor the adsorption, orientation, and reactions of molecules at those
electrodes in-situ. Special cells for SERS spectroelectrochemistry have been manu-
factured from chemically resistant materials and with a working electrode accessible
to the laser radiation. The versatility of such a cell has been demonstrated in electro-
chemical reactions of corrosive, moisture-sensitive materials such as oxyhalide
electrolytes [4.299].

Langmuir-Blodgett films (LB) and self-assembled monolayers (SAM) deposited on
metal surfaces have been studied by SERS spectroscopy in several investigations. For
example, mono- and bilayers of phospholipids and cholesterol deposited on a rutile
prism with a silver coating have been analyzed in contact with water. The study
showed that in these models of biological membranes the second layer modified the
fluidity of the first monolayer, and revealed the conformation of the polar head close
to the silver [4.300].

Coating of metal SERS substrates with organic receptor layers makes SERS suitable
for highly sensitive chemo-optical sensors for organic trace analysis in water and
air [4.301, 4.302]. The combination of selective adsorption by the receptor with mea-
surement of molecule-specific SERS spectra can reduce cross-sensitivities consider-
ably. Inclusion complexation with immobilized calix[4]arene receptors led to clearly
decreased detection limits for aromatic compounds without groups that can become
attached to metals. SERS bands of the receptor were used as internal standards for
the surface concentration of the aromatic compounds. The intensity ratios of the aro-
matic compound and receptor bands gave a measure of the concentration of the so-
lution of the aromatic compounds with a dynamic range of two orders of magnitude.
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The enthalpy of the adsorption of chlorobenzene was determined from the tempera-
ture-dependence of the SERS intensities [4.301].

SERS substrates with bare metal surfaces irreversibly adsorb thioorganics (Fig. 4.59)
and other compounds and can thus serve for the detection and identification of very
low gas or solution concentrations of these substances [4.303]. SERS is especially
well suited for the analysis of traces of gases, because it combines measurement of
surface concentration with extremely high sensitivity. A monolayer in a typical focus
of a laser with a diameter of 10 pm has a mass in the range of 10 femtograms! even
smaller amounts of substance are easily detectable, because 1% of a monolayer in a
region 1-um in diameter results in SERS of sufficient intensity.

SERS hasalsobeen applied as a sensitive, molecule-specific detection method in chro-
matography, e.g. thin layer, liquid, and gas chromatography. SERS-active colloids
were deposited on the thin layer plates or mixed continuously with the liquid mobile
phases. After adsorption of the analytes, characteristic spectra of the fractions were ob-
tained and enabled unambiguous identification of very small amounts of substance.

The label-free detection of biomolecules is another promising field of application for
SERS spectroscopy. Tiniest amounts of these molecules can be adsorbed by specific
interactions with receptors immobilized on SERS-active surfaces. They can then be
identified by their spectra, or specific interactions can be distinguished from unspe-
cific interactions by monitoring characteristic changes in the conformation sensitive
SERS spectra of the receptors.

4.8.6.4 Near-Field Raman Spectroscopy

Raman scattering excited by near-fields close to either a small aperture of a tapered
optical fiber, a single small field-enhancing particle, or an accordingly prepared tip
of a scanning probe microscope enables analysis with a spatial resolution beyond the
diffraction limit. This brand-new technique enables not only characterization of lat-
eral structures with nanometer dimensions, but also measurement of very thin
layers without strong background from the bulk. Initial investigations demonstrated
the detection of dye and C4, molecules on glass and metal surfaces [4.304—4.306]
(Fig. 4.60). Further optimization of field-enhancing probes is expected to result in
sensitivity sufficient for the detection of non-resonantly scattering molecules on a
wide variety of surfaces.
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4.8.7
Non-linear Optical Spectroscopy

Unlike linear optical effects such as absorption, reflection, and scattering, second or-
der non-linear optical effects are inherently specific for surfaces and interfaces.
These effects, namely second harmonic generation (SHG) and sum frequency generation
(SFG), are dipole-forbidden in the bulk of centrosymmetric media. In the investiga-
tion of isotropic phases such as liquids, gases, and amorphous solids, in particular,
signals arise exclusively from the surface or interface region, where the symmetry is
disrupted. Non-linear optics are applicable in-situ without the need for a vacuum,
and the time response is rapid.

Surface SHG [4.307] produces frequency-doubled radiation from a single pulsed la-
ser beam. Intensity, polarization dependence, and rotational anisotropy of the SHG
provide information about the surface concentration and orientation of adsorbed
molecules and on the symmetry of surface structures. SHG has been successfully
used for analysis of adsorption kinetics and ordering effects at surfaces and inter-
faces, reconstruction of solid surfaces and other surface phase transitions, and po-
tential-induced phenomena at electrode surfaces. For example, orientation measure-
ments were used to probe the intermolecular structure at air-methanol, air-water,
and alkane-water interfaces and within mono- and multilayer molecular films.
Time-resolved investigations have revealed the orientational dynamics at liquid-li-
quid, liquid—solid, liquid—air, and air-solid interfaces [4.307].

SFG [4.309, 4.310] uses visible and infrared lasers for generation of their sum fre-
quency. Tuning the infrared laser in a certain spectral range enables monitoring of
molecular vibrations of adsorbed molecules with surface selectivity. SFG includes
the capabilities of SHG and can, in addition, be used to identify molecules and their
structure on the surface by analyzing the vibration modes. It has been used to ob-
serve surfactants at liquid surfaces and interfaces and the ordering of interfacial
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water molecules. Despite the power of SFG in surface investigations, applications
are still limited by the shortage of powerful tunable mid-infrared lasers and by the
experimental expense.

4.9
UV-Vis—IR Ellipsometry (ELL)

Bernd Gruska and Arthur Réseler

4.9.1
Principles

Ellipsometry is a method of measuring the film thickness, refractive index, and ex-
tinction coefficient of single films, layer stacks, and substrate materials with very
high sensitivity. Rough surfaces, interfaces, material gradients and mixtures of dif-
ferent materials can be analyzed.

Film thicknesses between 0.1 nm and 100 pm can be measured, depending on the
spectral range used for the analysis and the homogeneity of the thicker films. Thick-
nesses <1 um can be determined with a sensitivity better than 0.01 nm. Thicknesses
in the micron-range can be analyzed with sensitivity typically better than 1 nm.

The refractive index of a film or a substrate material can be measured with a sensitiv-
ity better than 5 x 107, the best available for non-invasive optical measurement
methods, especially for thin films. The extinction coefficient can be measured with
almost the same sensitivity, which corresponds to a lower limit of 10-100 cm™ for
the absorption coefficient of the material.

The number of measurable layers of a stack is limited only by the optical contrast be-
tween the different layers. In practice stacks of ten layers and more can be analyzed
by ellipsometry. Further advantages of ellipsometry compared with other metrologi-
cal methods are the non-invasive and non-destructive character of the optical
method, the low energy entry into the sample, the direct measurement of the dielec-
tric function of materials, and the possibility of making the measurement in any
kind of optical transparent environment.

The principal of measurement is shown schematically in Fig. 4.61. Linear polarized
light is reflected from a sample surface which must be flat and sufficiently reflecting.
The state of polarization of the incident light is changed, by reflection, into ellipti-

Ambient: &g, my

Fig. 4.61. Principle of measurement in ellipso- l
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265



266

4 Photon Detection

cally polarized light. The properties measured by ellipsometry are tan_, the ampli-
tude ratio of the resolved components of the electric field vector of the reflected light
parallel to and perpendicular to the plane of incidence, and cos_, the phase differ-
ence between the two components. Unambiguous determination of the phase angle,
A, over the whole data range between 0° and 360° is possible using a retarder to di-
rect circular polarized light as incident light in a second measurement — tan¥ and
sinA are determined.

Information about the properties of the sample are contained in the complex ratio,
p, of the Fresnel coefficients of reflection of the parallel (rp) and perpendicular (rg)
incident plane polarized electrical field vectors.

,
p=— (4.31)
rs

The fundamental equation of ellipsometry [4.311]:
p=tanPe'A (4.32)

describes the connection between the measured quantities ¥ and 4 and the sample
properties contained in the coefficients of reflection, and hence in p. In principal
this complex equation can be solved analytically for pure substrates only. Each other
more complex structure requires optical modeling of the sample and fitting of the
calculated ratio, p, to the measured quantities ¥ and 4. ¥ and A are always correct
quantities assuming the ellipsometer is working correctly. Film thickness, refractive
index, extinction coefficient and other properties are calculated quantities based on a
model. The choice of the correct optical model for the sample is a fundamental as-
sumption for correct values of all the properties calculated.

The thickness of a film influences the interference of light waves reflected from the
front and back of the film, and hence the reflectance. The thickness of an absorbing
film can, therefore, be measured only as long as there is still a contribution of from
the back of the film to the reflectance of the sample. Typical measurable thicknesses
of metallic layers are <50 nm.

Ellipsometric measurements depends on the incident angle, ¢, because of the angu-
lar dependence of the coefficients of reflection rs and rp. Large differences between
both quantities are found for angles >50°, where rp has a local minimum at the so-
called Brewster angle. This angle is between 50 and 60° for transparent materials
and >70° for almost all absorbing materials. Ellipsometric measurements close to
the Brewster angle of the substrate are especially sensitive for very thin layers on top
of the substrate. Multiple angle measurements are suitable for confirming optical
models of sample structure.

Two measured ellipsometric angles ¥ and 4 at a fixed wavelength and a fixed angle
of incidence enable calculation of a maximum of two other properties, e.g. the film
thickness and refractive index of a transparent layer. Multiple angle measurements
increase the number of measured quantities and hence the number of properties
which can be determined for a specific sample, although even under these condi-
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tions the number of measurable properties will typically be no larger than 4-5.
Wavelength-dependent ellipsometric measurements (spectroscopic ellipsometry)
further increase the number of measurable properties, and hence the complexity of
the analyzable sample structure. Spectroscopic ellipsometry enables measurement
of the dispersion of the refractive index and the extinction coefficient of materials,
and the analysis of more complex sample structures (e.g. multilayer stacks, inter-
faces, material gradients, material compositions) on the basis of parameterized di-
electric functions which drastically reduce the number of unknown properties com-
pared with the number of measured ellipsometric angles.

Spectroscopic ellipsometry is sensitive to the dielectric functions of the different materi-
als used in a layer stack. But it is not a compositional analytical technique. Combina-
tion with one of the compositional techniques, e.g. AES or XPS and with XTEM, to
furnish information about the vertical structure, can provide valuable additional in-
formation enabling creation of a suitable optical model for an unknown complex
sample structure.

4.9.2
Instrumentation

The basic configuration of each ellipsometer is very simple: light source, polarizer,
sample, polarizer, detector. Advanced configurations use a phase shift device (retar-
der) before or after the sample. There is a large number of possibilities in which a
specific ellipsometer can be realized. The main differences consist in the way the
light is polarized and the way the state of polarization of the reflected light is de-
tected. The light source can be monochromatic (lasers), white light (xenon arc lamp,
deuterium lamp, halogen lamp) with a monochromator, or silicon carbide rods
(“glowbars” — used mainly for infrared ellipsometry).

Photomultiplier tubes (vacuum UV), silicon photodiodes (UV-Vis), Ge- or InGaAs
photodiodes (near IR), MCT (HgCdTe), or DTGS detectors (mid-MIR) are used as
broadband detectors. They must be operated with a monochromator if a white light
source is used. Fast spectroscopic ellipsometers use photometers and diode arrays as
detectors. This enables simultaneous detection of multiple wavelengths, rather than
sequential detection. State-of-the-art ellipsometry in the infrared spectral range (ap-
proximately 0.8—100 pm wavelength) uses modulated white light from an FTIR in-
strument and broadband detectors to measure the reflected light. Intensity spectra
are generated by Fourier transformation of the detected signal. Ellipsometric mea-
surements are performed at a fixed angle of incidence. Each ellipsometer configura-
tion can be operated in a discrete wavelength or spectroscopic (i.e. variable angle of
incidence) manner.

Null ellipsometers are among the oldest configurations. In these a revolving polari-
zer and a revolving compensator are used to change the state of polarization of the
incident light and a revolving polarizer (analyzer) is used to analyze the reflected
light. The angular position of the optical elements is changed until the intensity of
the light on the detector is zero. This configuration is one of the most accurate but
also the slowest, even if automated.
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Rotating element ellipsometers have a continuously rotating element (10-40 Hz
frequency of revolution) which enables automated acquisition and faster measure-
ment. Most of the instruments used nowadays have this configuration. The polari-
zer (rotating polarizer ellipsometer, RPE) or analyzer (rotating analyzer ellips-
ometer, RAE) can be used as the rotating element. The detector signal is measured
as function of time and is then Fourier-analyzed to obtain the ellipsometric angles
¥ and 4. The RPE configuration has the advantage that any detector (photomulti-
plier tube, monochromator) polarization sensitivity does not influence the measure-
ment. The state of polarization of the detected light is fixed by the fixed analyzer po-
sition. The disadvantage is the sensitivity to residual polarized light of the light
beam incident on the rotating polarizer. The RAE configuration has the advantage
of being insensitive to any residual polarization of the light source (laser, white light
source with monochromator), but errors can occur as a result of the polarization
sensitivity of the detector (photomultiplier tube). If polarization-insensitive Si photo-
diodes are used as detectors this configuration is most often used for discrete wave-
length ellipsometers. Single wavelength ellipsometers are typically equipped with a
quarter-wave plate (compensator) which can be moved into the light beam. The
linearly polarized light is changed into circularly polarized (in general elliptically po-
larized) light after passing through the quarter-wave plate. The measured ellipso-
metric angle, 4, is thereby shifted by 90°; it can be determined in the whole data
range of 0-360°, and the large uncertainty of 4 is removed when the value of 4 is
close to 0° or 180°.

Spectroscopic ellipsometers that measure 4 in the whole data range require an
achromatic compensator with a phase shift close to 90° over a large spectral range.
The compensator can be located between polarizer and sample or between sample
and analyzer.

Step scan polarizer/analyzer (SSP/SSA) and continuously rotating element config-
urations are used for diode-array- or FTIR-based ellipsometers. With the SSP or SSA
modes complete intensity spectra are measured at several angle positions of the re-
volving polarizer/analyzer. The acquisition time varies between seconds (UV-Vis)
and minutes (IR), depending on the intensity of the incident beam and the reflec-
tance of the sample. The measurements are rapid compared with the monochroma-
tor based configurations and the positioning of the revolving element is highly exact.
The continuously rotating element configuration is used for very fast spectroscopic
ellipsometers measuring complete ellipsometric spectra in less than 100 ms. For
such instruments the intensity at each wavelength (pixel of the diode array) is accu-
mulated over a 45° revolution angle of the rotating element.

A few instruments have a continuously rotating compensator and fixed polarizer
and analyzer. The advantage of this configuration is insensitivity to residual polariza-
tion of the light source or to polarization sensitivity of the detector. The disadvantage
is the large effect of a small misalignment of the rotating achromatic compensator
on the performance of the instrument.

Polarization modulation ellipsometers use a photo-elastic modulator to modulate
the state of polarization of the incident beam. Polarizer and analyzer are fixed during
the measurement. Fourier analysis of the time dependent signal gives the ellipso-
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metric parameters ¥ and 4. The advantages of this configuration are the very high
measuring speed (typical modulation frequency 50 kHz) for discrete wavelengths
and the lack of moving parts. The ellipsometric angle, 4, can be measured over the
whole range of 0-360°. Disadvantages are the frequent calibration of the instrument
owing to the high temperature-dependence of the polarization modulator and the
limited measurement speed for complete spectra.

The infrared ellipsometer is a combination of a Fourier-transform spectrometer
(FTS) with a photometric ellipsometer. One of the two polarizers (the analyzer) is
moved step by step in four or more azimuths, because the spectrum must be con-
stant during the scan of the FTS. From these spectra, the tan'? and cos4 spectra are
calculated. In this instance only 4 is determined in the range 0-180°, with severely
reduced accuracy in the neighborhood of 0° and 180°. This problem can be overcome
by using a retarder (compensator) with a phase shift of approximately 90° for a sec-
ond measurement —cos4 and sin4 are thereby measured independently with the full
A information [4.315].

In a second kind of infrared ellipsometer a dynamic retarder, consisting of a photoe-
lastic modulator (PEM), replaces the static one. The PEM produces a sinusoidal
phase shift of approximately 40 kHz and supplies the detector exit with signals of the
ground frequency and the second harmonic. From these two frequencies and two set-
tings of the polarizer and PEM the ellipsometric spectra are determined [4.316]. This
ellipsometer system is mainly used for rapid and relative measurements.

493
Applications

4.9.3.1 UV-Vis—NIR Spectral Range

Spectroscopic ellipsometry in the UV-Vis—NIR is mainly used for the characteriza-
tion of new materials (e.g. photoresist, polymers, low-k dielectrics, semiconductors,
composed material), the analysis of multilayer stacks (e.g. low-k and AR layer stacks
on architecture glass, flat panel applications, silicon IC technology, optoelectronic de-
vices, photonic devices), qualification of a large number of deposition processes for
production and R&D applications, and in-situ monitoring of growth and deposition
processes. Spectral range and speed of the measurement are key features which
strongly force the use of spectroscopic ellipsometers for R&D and for production
surveillance. The availability of spectroscopic ellipsometers in the spectral range
140-2.3 pm enables many applications in metrology.

Ellipsometry in the vacuum UV (<190 nm) enables the analysis of materials for the
next generation lithography (photoresist, AR coatings) at the latest exposure wave-
lengths (157 nm and 193 nm). The short wavelengths increase the sensitivity of ellip-
sometric measurements of ultra thin films (<10 nm). New prospects are expected
for the analysis of thin metallic and dielectric layers.

In the UV most of the materials of interest, e.g. Si, polysilicon, SiGe, GaAs, and
other semiconductor materials, are strongly absorbing; this enables surface-sensitive
measurements, Surface roughness, native oxide covering, material composition, and
structural properties can be analyzed.
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6~ Fig. 4.62. Measured ellipsometric spectra of an
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The Vis-NIR spectral range is mainly used to measure the thickness of single films
and layer stacks. Many materials (dielectrics, semiconductors, polymers) are trans-
parent in this spectral range. The analysis of complex layer stacks often requires a
knowledge of the dielectric function of each material in the stack or parameterized
dispersion models to reduce the number of unknown parameters. The Cauchy for-
mula is often used for transparent layers, the Drude-Lorentz formula works well for
metals and infrared active materials, the Leng formula [4.312] can be used for semi-
conductor materials, and the Tauc-Lorentz formula [4.313] works best for amorphous
materials. The general Gaussian-broadened polynomial superposition (GBPS) para-
metric dispersion model [4.314] can be broadly applied to most materials, including
crystalline and amorphous semiconductors, metals, and organic compounds.
Fig. 4.62 shows measured ellipsometric spectra of an a-Si/Si,N, multilayer deposited
on GaAs. Four layers of Si,N, and three layers of a-Si were deposited alternately. The
dispersion of each layer material was measured on single films. Film thicknesses of
78 nm for a-Si and 145 nm for Si,N, were determined for the different layers of the
layer stack, by use of appropriate parameterized dispersion models for each material.
Other typical multilayer applications are dielectric stacks on silicon, spectral selective
mirrors stacks, or Bragg reflectors for laser devices.

Ellipsometric measurements in the NIR are often used to determine the thickness
and refractive index of thicker dielectric films and semiconductor stacks based on
InP and GaAs, which are transparent in this spectral region. For highly sensitive el-
lipsometric measurement of film thickness and refractive index the wavelength and
film thickness used should not differ much. Fig. 4.63 shows ellipsometric spectra ob-
tained from a 2.5 um thick SiO, layer on silicon measured between the wavelengths
350 nm and 2.3 pm. The higher sensitivity in the near-infrared spectral range is ob-
vious. The growing number of applications of 1.55 pm semiconductor lasers has re-
sulted in the use of near-infrared ellipsometers for control and monitoring of AR
coatings on laser facets.

Laterally inhomogeneous films and patterned structures of microelectronic and op-
toelectronic applications require small measuring spots. Today's measurements in
50 um x 50 pm areas are standard for p-spot spectroscopic ellipsometers used in fa-
blines. Areas more than ten times smaller can be analyzed by use of discrete-wave-
length ellipsometers equipped with laser-light sources.
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4.9.3.2 Infrared Ellipsometry

Infrared ellipsometry is typically performed in the mid-infrared range of 400 to
5000 cm™, but also in the near- and far-infrared. The resonances of molecular vibra-
tions or phonons in the solid state generate typical features in the tan¥ and 4 spec-
tra in the form of relative minima or maxima and dispersion-like structures. For the
isotropic bulk calculation of optical constants — refractive index n and extinction coef-
ficient k — is straightforward. For all other applications (thin films and anisotropic
materials) iteration procedures are used. In ellipsometry only angles are measured.
The results are also absolute values, obtained without the use of a standard.

Two types of resonance must be distinguished in the infrared, that of strong and
weak oscillators. The strong oscillator is characterized by a region in which the re-
fractive index is <1 for wave numbers higher than the oscillator frequency; this is
usually observed for inorganic compounds with reststrahlen bands (n, k spectrum of
quartz glass, see Fig. 4.67D, below). Weak oscillators, typically organic compounds,
always have refractive indexes >1 (Fig. 4.64a). The optical constants of these spectra
are calculated by use of relationships derived for metal optics [4.317]. From ellip-
sometrically determined optical constants other experimental configurations can be
calculated. Figure 4.64b shows the transmission spectrum calculated from the spec-
tra in Fig. 4.64 a; this is now is suitable for direct comparison with library spectra.
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The spectra from strong oscillators have special features which are different from
those from metallic and dielectric substrates. Different structures in tan¥ and 4 are
observed on a metallic substrate, dependent on the thickness of the film (Fig. 4.65).
For very thin films up to approximately 100 nm the Berreman effect is found near
the position of n = k and n < 1 with a shift to higher wavenumbers in relation to the
oscillator frequency. This effect decreases with increasing thickness (d = approx.
100 nm) and is replaced by excitation of a surface wave at the boundary of the dielec-
tric film and metal. The oscillator frequency (TO mode) can now also be observed.
On metallic substrates for thin films (d < approx. 2 pm) only the z-component of the
electric field is relevant. With thin films on a dielectric substrate the oscillator fre-
quency and the Berreman effect are always observed simultaneously, because in
these circumstances all three components of the electric field are possible (Fig. 4.66).

Fig. 4.65. Different spectral features of
tan¥ for a strong model oscillator at
1000 cm™ on a metal substrate. The TO
mode (1000 cm’1), Berreman effect
(1050 cm™), and excitation of a surface

I ! 1 wave (1090 cm™) are seen for different
1000 1050 1100 1150 thicknesses — 1, 5, 10, 50, 100, 500, and
Wavenumber, cm™! — 1000 nm.
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The relative slopes of tan¥ (maximum or minimum), 4, and reflectivity for the par-
allel component depend on the position relative to the Brewster angle (greater or
lower). Thicker films on both types of substrate lead to dominant interferences.
Double and buried layers are readily detected by infrared ellipsometry if the film ma-
terial is characterized by reststrahlen bands. The response is observed at the position
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Fig. 4.67. (a) tan¥ and 0 spectrum of (4 nm) on a silicon substrate, (b) SiO,
a double layer of SiO, (6 nm) and SisN, spectrum for comparison.
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of the Berreman effect (Figs 4.67a and b for SiO, and Si;N, layers, and the SiO,
spectrum for comparison) and also by the TO mode for greater thicknesses. The
thinnest film was observed by the H-terminated silicon surface with a thickness of
0.2 nm [4.318].

Determination of the optical constants and the thickness is affected by the problem
of calculating three results from two ellipsometric values. This problem can be
solved by use of the oscillator fit in a suitable wavenumber range or by using the fact
that ranges free from absorption always occur in the infrared. In these circum-
stances the thickness and the refractive index outside the resonances can be deter-
mined — by the algorithm of Reinberg [4.317], for example. With this result only two
data have to be calculated.

It is usually possible to investigate very thin films (up to the subnanometer range)
by use of infrared wavelengths, which are much greater than the thickness of the
film (a factor of 10000) because of the interference optics of the strong oscillator
(Berreman effect).

4.10
Other Photon-detecting Techniques

John C. Riviére

4.10.1
Appearance Potential Methods

Appearance potential methods all depend on detecting the threshold of ionization of
a shallow core level and the fine structure near the threshold; they differ only in the
way in which detection is performed. In all of these methods the primary electron
energy is ramped upward from near zero to whatever is appropriate for the sample
material, while the primary current to the sample is kept constant. As the incident
energy is increased, it passes through successive thresholds for ionization of core le-
vels of atoms in the surface. An ionized core level, as discussed earlier, can recom-
bine by emission either of a characteristic X-ray photon or of an Auger electron.

4.10.1.1 Soft X-ray Appearance Potential Spectroscopy (SXAPS)

In SXAPS the X-ray photons emitted by the sample are detected, normally by letting
them strike a photosensitive surface from which photoelectrons are collected, but
also — with the advent of X-ray detectors of increased sensitivity — by direct detection.
Above the X-ray emission threshold from a particular core level the excitation prob-
ability is a function of the densities of unoccupied electronic states. Because two elec-
trons are involved, incident and the excited, the shape of the spectral structure is pro-
portional to the self-convolution of the unoccupied state densities.
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4.10.1.2 Disappearance Potential Spectroscopy (DAPS)
Crossing an ionization threshold means that electrons are lost from the primary
beam as a result of ionization of a core hole. Thus if the reflected current of electrons
at the primary energy, more usually termed the elastically reflected current, is moni-
tored as a function of energy, a sharp decrease should be observed as a threshold is
crossed. This is the principle of operation of DAPS. It is, in a sense, the inverse of
AEAPS, and, indeed, if spectra from the two techniques from the same surface are
compared, they can be seen to be mirror images. Background problems occur in
DAPS also.

The principal advantages of AEAPS and DAPS over SXAPS is that they can be oper-
ated at much lower primary electron currents, thus causing less disturbance to any
adsorbed species.

4.10.2
Inverse Photoemission Spectroscopy (IPES) and Bremsstrahlung Isochromat
Spectroscopy (BIS)

Irradiation of a surface with electrons leads to emission not only of X-ray photons of
energies characteristic of the material, but also of a continuous background of
photons called bremsstrahlung radiation. If a detector is set to detect only those
background photons of a particular energy, and the primary electron energy is
ramped upward from zero, the variations in photon flux should mirror variations in
the densities of unoccupied electron states. The process is called inverse photoemis-
sion, because it is clearly the opposite of ordinary photoemission, as observed in
XPS and UPS. Although the name inverse photoemission spectroscopy (IPES) should
apply to all forms of the inverse photoemission technique, it is, in fact, confined by
usage to the form in which the energy at which the photons are detected is in the
UV region, typically with hv = 9.7 eV. If, on the other hand, a crystal monochromator
normally used to provide monochromatized X-rays for XPS is used in reverse, with a
detector placed where the electron source is in Fig. 2.3, detection is then at the X-ray
energy hv = 1486.6 eV, and the technique is called bremsstrahlung isochromat spectro-
scopy (BIS).

Because IPES maps the densities of unoccupied states, it is related to other techni-
ques that do the same (e.g. STS and SXAPS). When used in conjunction with a tech-
nique that maps the densities of occupied surface states, e.g. UPS or ELS, a continu-
ous spectrum of state density from occupied to unoccupied can be obtained. Just as
in UPS, in which angular resolution enables elucidation of the three-dimensional oc-
cupied band structure, so in IPES angular resolution enables mapping of the three-
dimensional unoccupied band structure. This version is called KRIPES (i.e. K-re-
solved IPES).
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5
Scanning Probe Microscopy

Gernot Friedbacher

The invention of the scanning tunneling microscope (STM) by Binnig and Rohrer in
1981 [5.1, 5.2], has triggered a tremendous development of scanning probe microscopy
(SPM) techniques [5.3]. The basic principle all scanning probe microscopes have in
common, is shown in Fig. 5.1. A sharp probe (e.g. tip, optical fiber, pipette) is raster-
scanned across a sample surface by means of piezoelectric translators, while a cer-
tain signal is recorded by the probe for every single image point. Since the size of
the probe’s apex and the distance between probe and sample surface can be smaller
than the wavelength of the analytical signal (e.g. electrons, electromagnetic radia-
tion) information can be obtained in the so called near-field and thus, the resolution
is no longer diffraction limited as given by the wavelength of the signal. Since the
measured signal constitutes local information of the surface below the probe, the
term local probe technique can be found frequently. The most important perspective
of this concept is to use the local signal for monitoring the distance between probe
and surface. Thus, topographical information — in principle down to atomic resolu-
tion — can be obtained in real space. Moreover, the possibility of positioning sharp
probes above a surface with Angstrom and sub-Angstrom precision, opens up the ex-
citing potential of accessing local spectroscopic information even confined to spots
as small as a single atom.

Although alarge number of scanning probe microscopy techniques utilizing various
signal generation mechanisms has emerged in recent years, atomic force microscopy
and scanning tunneling microscopy are the most important techniques with a wide
range of applications in science and technology.
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Image scanning probe microscopy.



5.1 Atomic Force Microscopy (AFM)

5.1
Atomic Force Microscopy (AFM)

5.1.1
Principles

Atomic force microscopy (AFM), invented in 1985 by Binnig, Quate, and Gerber [5.4,
5.5], belongs to the group of scanning force microscopy (SFM) techniques, a group of
techniques which are based on the measurement of different forces (e. g. attractive, re-
pulsive, magnetic, electrostatic, van der Waals) between a sharp tip and the sample
surface. Imaging is accomplished by measuring the interaction force via deflection of
a soft cantilever while raster-scanning the tip across the surface (Fig. 5.2). Although
various types of forces are encountered when a tip approaches the sample surface, sig-
nal generation in AFM is essentially based on interatomic repulsive forces which are
of extreme short range nature (Fig. 5.3). In the ideal case one can imagine the tip to be
terminated by a single atom, which means that direct contact of the tip with the sam-
ple surface is confined to an extremely small area. As a consequence there is always
an interatomic repulsive force at this small contact area owing to penetration of the
electronic shells of the tip and substrate atoms. Since the interatomic repulsive force
is influenced by the total electron density around an atom, and not just by particular
states of energy like in scanning tunneling microscopy, this force can be used to map the
topography of the surface down to atomic dimensions. In addition to this short-range
force, also long-range forces (e.g. Coulomb forces between charges, dipole-dipole in-
teractions, polarization forces, van der Waals dispersion forces, capillary forces, due to
adsorbate films between tip and substrate), which can be attractive or repulsive are en-
countered (Fig. 5.3). Although both types of forces contribute to the total force acting
on the probing tip, only the varying repulsive interatomic force enables high resolu-
tion imaging of surfaces, because it is of extreme short range nature. Since long range
attractive forces pull the tip towards the sample surface, they give rise to an increase in
the local repulsive force which can deteriorate the experimental conditions. This can

Deflection
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Oscillator

Piezo
crystal

Fig. 5.2. Principle of AFM. The sample

X
symbolized by the circles is scanned by )
means of a piezoelectric translator. The \ 920 frdneishor
piezo crystal and the oscillator is only Y
needed for tapping mode operation. z
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Fig. 5.3. Schematic view of forces en-

¢ countered when the tip touches the
sample surface. Bright circles symbolize
tip atoms, dark circles symbolize sam-
ple atoms.
i Aftraction
Repulsion or

-\\ repulsion
L)

Sample surface

lead, for instance, to fallacious results, because of sample deformation or in the worst
case the sample can be destroyed by the tip scratching across the surface. Thus, it is
important to minimize those long range forces (e.g. by imaging under liquids) to
achieve very low repulsive forces (nano-Newton and less) in the contact area between
tip and sample. This is especially important when looking at soft materials, which can
be deformed or destroyed easily by the load of the tip.

The interaction between tip and sample can be described by force—distance curves.
The force—distance curve in Fig. 5.4 shows how the force changes, when the sample
surface approaches the tip. At large separations there is no interaction and the ob-
served force is zero (straight line between 1 and 2, if we assume that there are no
electrostatic charging forces). At position 2 the tip jumps into contact, because of at-
tractive van der Waals interaction. As the sample is further moved towards the tip,
the total force acting on the cantilever becomes repulsive. When the sample is re-
tracted again, the force is reduced along the line from position 3 to 4. Below the zero
force line in the diagram the net force acting on the cantilever becomes attractive, be-
cause the tip is held at the surface, because of adhesion. In 4 the adhesion force and
the cantilever load are just balanced and the tip flips off the surface when further re-
tracting the sample. For AFM measurements the force can be set along the curve be-

Contact No conlact

Foree —s

Contact

Fig. 5.4. Force—distance curve depicting the in-
teraction of the AFM tip with the sample surface.
The operation range of the AFM is between 3
Distance - and 4. For explanation refer to the text.
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5.1 Atomic Force Microscopy (AFM)

tween position 3 and 4, preferably close to 4, in order to minimize the contact force.
The value of the pull-off force can be reduced significantly by imaging under liquids,
because of elimination of capillary condensation forces, which pull the tip towards
the sample.

One option to image surfaces under more gentle conditions is the tapping mode
AFM [5.6, 5.7]. In this mode of operation the cantilever with the tip is driven near its
resonance frequency by means of a piezo oscillator (Fig. 5.2). Thus, only intermittent
contact between tip and sample occurs. In tapping mode AFM topographic informa-
tion is retrieved from the amplitude signal of the oscillating cantilever. The advan-
tage of this technique is that, because of intermittent contact, lateral shear forces can
be eliminated. Thus, scratching of soft samples or removal of loosely bound surface
features (e.g. particles, thin films) can be avoided.

AFMs can be operated in two different modes, the constant force mode and the con-
stant height mode. In the constant force mode the cantilever deflection — and thus
the force — is kept constant by readjusting the sample in vertical direction following
the topographic features on the surface. In this mode comparatively large and rough
sample areas can be imaged without destroying the tip and/or sample surface (“tip
crash”), however, the scan rates must be kept comparatively low, to enable the feed-
back system to respond to height changes. In the constant height mode the vertical
position of the sample is kept constant and the varying deflection of the cantilever is
recorded. In this mode higher scan rates can be achieved which is advantageous for
eliminating thermal drifts in high resolution imaging, however, large scan sizes
should be avoided, because “tip crashes” are possible.

51.2
Instrumentation

From the general principles described in the previous section the following basic
components of an AFM can be identified:
(1) sharp tip mounted on a soft cantilever
2) detection system for measuring the deflection of the cantilever
3) piezoelectric translator to move the probe relative to the sample
4) feedback system to keep the deflection constant by height readjustment of the
probe

(5) imaging system to convert the single data points into an image

The tips and the cantilevers have to fulfill a number of requirements. The tip should
be very sharp with a small radius of curvature and a high aspect ratio, to be able to
trace fine details on the surface. The cantilever must be softer than the bonds be-
tween the atoms of the sample, to achieve a measurable deflection without destruc-
tive displacement of surface atoms. Moreover, the resonance frequency should be
high, to minimize noise, because of coupling with low frequency noise (e.g. vibra-
tions of buildings) from the environment. Low spring constants and high resonance
frequencies can only be achieved by making the cantilevers very small. Today cantile-
vers with force constants of less than 0.1 N m™" and resonance frequencies up to sev-
eral 100 kHz can be produced by lithographic multi-step processes common in mi-
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croelectronic technology. Such micro-fabricated cantilevers [5.8, 5.9] enable imaging
with forces typically in the nano-Newton and sub-nano-Newton range. These forces
are about 10 000 to 100 000 times lower than the force of gravity introduced by a fly
(1 mg) sitting on a surface. Commercially available cantilevers are usually made of
silicon nitride or single crystalline silicon. The length of such cantilevers is typically
100 to 200 pum, the total size of the integrated tip is of the order of 10 um and the ra-
dius of curvature at the apex can be as small as 5 to 10 nm.

The force acting on the tip is sensed by measuring the deflection of the cantilever. A
large number of options (e.g. tunneling current, interferometry, capacitance, laser
diode feedback) [5.5] for measuring this deflection has been described, however, the
most important one is the optical lever technique [5.10] depicted in Fig. 5.5. In this
technique a laser beam is focused and positioned on the rear of the cantilever. The
reflected laser beam is directed towards a double segment photodiode. As the cantile-
ver deflection — and thus the mirror plane for the laser beam — changes, the position
of the laser beam on the photodiode — and thus the difference signal between the
two segments — changes, too. Therefore, the difference signal is a sensitive measure
for the cantilever deflection with a resolution of 0.01 nm.

Usually, in AFM the position of the tip is fixed and the sample is raster-scanned.
After manual course approach with fine-thread screws, motion of the sample is per-
formed with a piezo translator made of piezo ceramics like e.g. lead zirconate tita-
nate (PZT), which can be either a piezo tripod or a single tube scanner. Single tube
scanners are more difficult to calibrate, but they can be built more rigid and are thus
less sensitive towards vibrational perturbations.

In contrast to many other surface analytical techniques, like e. g. scanning electron mi-
croscopy, AFM does not require vacuum. Therefore, it can be operated under ambient
conditions which enables direct observation of processes at solid-gas and solid-li-
quid interfaces. The latter can be accomplished by means of a liquid cell which is
schematically shown in Fig. 5.6. The cell is formed by the sample at the bottom, a
glass cover — holding the cantilever — at the top, and a silicone o-ring seal between.
Studies with such a liquid cell can also be performed under potential control which
opens up valuable opportunities for electrochemistry [5.11, 5.12]. Moreovet, imaging
under liquids opens up the possibility to protect sensitive surfaces by in-situ prepara-
tion and imaging under an inert fluid [5.13].
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Fig. 5.6. Cross-sectional view of a li-
quid cell for in-situ AFM measurements Laser

of surface processes. Infout Cantilever

Glass cover

Sample Silicone O-ring

5.1.3
Applications

The great analytical potential of AFM is based on a number of properties summar-
ized below. Atomic resolution can be achieved, but imaging can also be performed
on areas larger than 100 pm in square. This capability enables acquisition of over-
view images, which can be used to zoom in details with high resolution without
changing the sample or the instrumental setup, which would make it impossible to
find the identical sample position again. Figure 5.7A shows as an example an image
of a PVD gold film on silicon, which gives a good overview about size and distribu-
tion of the single crystallites, which are typically 100 nm in diameter [5.14]. The rms-
roughness (rms stands for root-mean-square and reflects the standard deviation of

0 nm

Fig.5.7. (A) AFM image of a PVD gold film on
silicon. Image size: 1 um x 1 um, depth scale:
30 nm from black to white. (B) Atomic resolu-
tion image of the crystallite marked by the arrow
in A. Image size: 4 nm x 4 nm, depth scale:

1 nm from black to white.

0 nm
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A Fig. 5.8. (A) AFM image of a photoresist layer
on silicon structured by ion lithography.(B)
Cross-sectional profile through the AFM image
shown in (A).
250 nm
® :

250 nm

all height values within a considered area) determined from that image is 3 nm.
From XRD measurements it is known that the surface of the gold film is mainly a
(111) surface. Atomic resolution images of the position marked with the arrow in
Fig. 5.7A revealed a gold (111) surface for that specific crystallite (Fig. 5.7B).
Although the corrugation in one lattice direction is more prominent, which can be
caused by convolution with an asymmetric tip, a hexagonal symmetry can be ob-
served and the spacings are in good agreement with the expected values (0.29 nm).

A further important advantage of AFM is the fact that images contain direct depth
information which makes the technique a valuable metrological tool. Fig. 5.8A
shows as an example an AFM image of a structured photoresist on a silicon surface.
The pattern observed has been produced by ion lithography. Fig. 5.8B depicts a
cross-sectional profile through the image shown in Fig. 5.8A. This example nicely
demonstrates that the AFM data can be conveniently analyzed by the software, to
measure the height of surface features directly.

Besides conducting samples also insulators can be imaged readily with AFM without
the need to coat them with a conductive film. This means that sample preparation is
facilitated in many cases and that artifacts introduced by the coating process can be
avoided. Therefore, a wide variety of organic [5.15, 5.16], biological [5.17, 5.18] but
also inorganic insulators [5.19] can be studied in a straightforward manner. Fig. 5.9
shows as an example the topography image of an organic filtration membrane. The
pores observed in this Lavsan (polyethylene terephthalate) membrane have been pro-
duced by alpha particle bombardment and their diameter is approximately 200 nm.
Between the pores a uniform surface with an rms-roughness of 7 nm can be ob-
served.
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Fig. 5.9. AFM image of a Lavsan filtration membrane.
Image size: 5 um x 5 pum, depth scale: 500 nm from
black to white.

An important potential of AFM for surface chemistry is its capability to perform in-
situ measurements under liquids and in air. This opens up the opportunity to directly
investigate surface processes like corrosion, crystal growth, thin film deposition, or
electrochemical processes at electrode surfaces [5.11-5.13, 5.20, 5.21]. As an example
for in-situ AFM imaging, Fig. 5.10 shows a series of AFM images depicting the de-
position of an octadecylsiloxane (ODS) monolayer on silicon. Such self-assembled
monolayers (SAM) can be obtained through deposition of octadecyltrichlorosilane
from toluene [5.22]. It can be seen that large islands with diameters of typically 5 pm
are deposited on the surface right from the beginning of the growth experiment.
This indicates that, under the given conditions, such ordered structures already exist
in the deposition solution. Once the uncovered surface area does not supply suffi-
cient space for deposition of further larger islands anymore, continuing film forma-
tion can only proceed by growth of already deposited islands through attachment of
smaller units, a process which is comparatively slow. During course of time the grow-
ing islands coalesce and it can take up to 1 h or more until a full coverage of the sur-
face is reached. From such AFM images also surface coverages can also be evaluated

Fig. 5.10. Series of sequential in-situ AFM images of the growth
of ODS on silicon. The numbers indicate the adsorption time in
minutes.
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on a quantitative basis. Since AFM is able to reveal the structure of sub-monolayer
islands in such deposition experiments with sub-micrometer resolution, it has signif-
icantly contributed to the understanding of the respective growth mechanisms,
which is important for controlling film growth through variation of deposition para-
meters like the water content of the precursor solution or the temperature [5.22].

Concluding this section, it should be mentioned that one shortcoming of AFM is the
fact that chemical information or material specific properties cannot be obtained
from AFM images directly. Several AFM-related techniques have, however, been in-
troduced which enable access to information in addition to the topography. Friction
force microscopy (FFM) or lateral force microscopy (LFM) measures the friction between
tip and sample surface. This is of particular interest for research in the field of
tribology [5.23, 5.24]. The principle of the FFM has also been used in a development
called chemical force microscopy (CFM) [5.25]. In this method the tip has been chemi-
cally modified to make it sensitive towards different chemical surface compositions.
In this way image contrast could be achieved, because of variations in adhesion (and
thus also in friction) between tip and sample. In Young’s modulus microscopy
(YMM) [5.26] differences in the surface elasticity can be accessed through measuring
of the response of the tip on the vertical modulation of the sample while the tip is in
contact with the surface. The adhesion between tip and sample surface can also be
visualized by force-distance curve measurements which have already been ad-
dressed in 5.1.1. (Fig. 5.4) [5.27-5.29]. Electric force microscopy (EFM) utilizes electro-
static forces or force gradients between a conductive tip and a sample for signal gen-
eration. In this way information on surface charges [5.30, 5.31], topography, capaci-
tance (dielectric constant) and potential (see Ref. [5.5] and references cited therein)
can be obtained. In magnetic force microscopy (MFM) [5.32] magnetostatic forces are
measured by interaction of magnetic domains on a surface with a magnetized tip.
MFM is mainly interesting as a tool for applications in magnetic storage device
manufacturing [5.33] enabling imaging of magnetic patterns with a resolution of ap-
proximately 50 nm.

5.2
Scanning Tunneling Microscopy (STM)

5.2.1
Principles

In the scanning tunneling microscopy (STM) [5.1, 5.2] the probe is a sharp metal tip
scanned across a conducting surface at distances of the order of typically 1 nm
(Fig. 5.11). A bias voltage of typically a few millivolts is applied between the tip and
the sample leading to a tunneling current of the order of a few nanoamperes.
Figure 5.12 shows what happens when a voltage is applied between two metal elec-
trodes separated by a very small distance.

If a voltage Vis applied then the Fermi levels Erare shifted against each other by an
energy e x V, where e is the electrostatic charge of an electron. Because of the energy
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Fig. 5.11.  Principle of STM.
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Fig. 5.12. Energy level diagram of a
tunneling junction [5.34]. Metal 1 Vacuum Metal 2

barrier between the two metals, which is in the order of the metals’ work functions
&, at small voltages a conventional current cannot flow. However, because the elec-
trons can be described by wave functions decaying exponentially across the energy
barrier, the probability to find an electron on the opposite side of the barrier is not
zero. This phenomenon is known as the quantum mechanical tunneling effect. As a
consequence, electrons can flow from occupied states on the negative electrode to
unoccupied states on the positive electrode, whereby at small voltages they do not
change their energy, which is described as elastic tunneling. The dependence of the
tunneling current Iton the applied voltage Vrand the tip—surface separation s is gi-
ven by

It & Vyexp (-Ad's) (5.1)

where A is a constant given by A = 2 ((2m.)"/?)/h (m, is the mass of an electron and h
is PlancK's constant). Because of this exponential relationship, the tunneling current
is an extremely sensitive measure to control the separation. For example, a variation
of the separation by 0.1 nm changes the tunneling current by a factor of approxi-
mately 10. This means that in principle variations in the separation of 0.001 nm can
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be monitored by keeping the current constant within a few percent. However, the
tunneling current does not only depend on the tip—surface separation, but it is also
influenced by the electronic structure of the surface. This is important when inter-
preting STM images on the atomic scale, because in that case, in contrast to the
AFM, in general the image does no longer simply show the topography of the sur-
face, but rather a contour map of the local density of states near the Fermi level
(LDOSkgF) as long as small voltages in the millivolt range are applied. For larger vol-
tages up to a few volts the density of other electronic states can be imaged. At this
point it should be mentioned that the relations stated above are only an approxima-
tion assuming that the tip and the applied voltage does not influence the electronic
structure of the surface. Furthermore, for an exact description three-dimensional
tunneling must be considered, to take into account the complex spatial structure of
the electronic states (wave functions) involved [5.35].

There are two ways of operating an STM, the constant current mode and the con-
stant height mode. In the constant current mode the tip is scanned across the sam-
ple surface at a fixed bias voltage and the tunneling current is kept constant by read-
justing the tip in vertical direction following the topographic features (or, on the
atomic level, the local density of states) on the surface. In this mode comparatively
large and rough sample areas can be imaged without destroying tip and/or sample
surface (“tip crash”), however, the scan rates must be kept comparatively low, to en-
able the feedback system to respond to height changes. For images taken in constant
current mode at a certain bias voltage sometimes the term constant current topo-
graph (CCT) is used. In the constant height mode the vertical position of the tip is
kept constant and the varying tunneling current is recorded. In this mode higher
scan rates can be achieved which is advantageous for eliminating thermal drifts in
high resolution imaging, however, large scan sizes should be avoided, because “tip
crashes” are possible.

522
Instrumentation

Figure 5.13 shows a schematic overview of an STM system consisting of the follow-
ing basic components:
(1) sharp metal tip
(2) piezoelectric translator to move the tip relative to the sample
(3) control electronics for applying the bias voltage and measuring the tunneling
current
(4) feedback system to keep the tunneling current constant by height readjustment
of the tip
(5) imaging system to convert the single data points into an image
The tips used for STM experiments should be sharp and stable. Chemical stability
can be achieved by using a noble metal. Mechanical rigidity can be reached by short
wires. Alloys of Pt and Ir are frequently used for fabrication of STM tips. They can
be produced in a surprisingly simple way just by cutting a metal wire with conven-
tional cutting tools. Because of their high chemical stability, such Pt/Ir tips are well
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Fig. 5.13. Scheme of an STM
system [5.36].
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suited for atomic resolution experiments on flat samples. Because of their low aspect
ratio near the apex, however, they fail to trace steep features and narrow trenches.
Therefore, electrolytically etched tungsten tips with higher aspect ratios are some-
times used as an alternative, although they are less stable against oxidation.

Usually, in STM the position of the sample is fixed and the tip is raster-scanned. Like
in AFM, after manual course approach with fine-thread screws, motion of the tip is
performed with a piezo translator made of piezo ceramics like e.g. lead zirconate ti-
tanate (PZT), which can again be either a piezo tripod or a single tube scanner.

Although physical studies of the electronic structure of surfaces have to be per-
formed under UHV conditions to guarantee clean uncontaminated samples, the
technique does not require vacuum for its operation. Thus, in-situ observation of
processes at solid—gas and solid-liquid interfaces is possible as well. This has been
utilized, for instance, to directly observe corrosion and electrode processes with
atomic resolution [5.2, 5.37].

5.23
Lateral and Spectroscopic Information

STM images can only be interpreted in terms of surface topography for surface
structures with dimensions well above the atomic scale. In general, images taken in
constant current mode deliver contour maps of the local density of states. If the po-
larity of the sample is negative, then states in the valence band are imaged. For a po-
sitive polarity of the sample the distribution of electronic states in the conduction
band can be recorded. In case different chemical species are present on the surface,
the image contrast is further influenced by the varying effective barrier height (work
function) at different positions. As an example Fig. 5.14 shows an STM image of a si-
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Fig. 5.14. STM image of silicon covered with 1/3 of a
monolayer of silver [5.38].

licon (111) surface with 1/3 of a silver monolayer on top of it [5.38]. The high con-
trast between the silicon surface and the silver islands does not represent the real
height of the islands, but it appears exaggerated, because of the lower work function
in the silver regions. Such local differences in the effective barrier height can be di-
rectly imaged by modulating the tip in vertical direction and recording dI/ds, which
according to Eq. (5.1) is proportional to ®'/%xI. STM can also yield spectroscopic in-
formation by recording dI/d U curves at fixed positions, which is called scanning tun-
neling spectroscopy (STS). This opens up the opportunity to perform electron spec-
troscopy with a resolution down to one single atom. An other option for obtaining
spectroscopic information is simultaneous recording of STM images at various bias
voltages. This can be accomplished by performing point spectroscopy at every image
point or by modulating the bias voltage while scanning. In the literature simulta-
neous recording of images at various bias voltages has been called current imaging
tunneling spectroscopy (CITS). As one example, the discrimination between differ-
ent chemical species (Ga and As atoms on a GaAs (110) surface) in an atomically re-
solved STM image by simultaneously recording of two images at reversed bias vol-
tage, the work of Feenstra et al. [5.39] should be cited.

5.2.4
Applications

Similar to the AFM, one advantage of STM is the fact that a wide range of scan sizes
from more than 100 um down to the atomic level can be covered in one experiment.
Because the information is obtained in real space, local defects (e.g. mono-atomic
defects, steps, dislocations) can be investigated. This clearly is a great advantage
compared to diffraction methods relying on extended periodic structures, and thus
showing averaged information. Moreover, the possibility to obtain spectroscopic in-
formation makes the STM a very valuable tool for studying surface processes on the
atomic scale. An instructive example highlighting several figures of merit of STM
has been introduced by the group of Avouris [5.40-5.42], which will be described in
the following. Figure 5.15 shows an STM image of the unoccupied states of a Si
(111)-7 x 7 surface exposed to 0.2 L O, at a temperature of 300 K. Besides the charac-



5.2 Scanning Tunneling Microscopy (STM)

Fig. 5.15. STM image of a Si (111)-

7 x 7 surface exposed to 0.2 L of O, at
300 K. The sample bias voltage was 2 V.
Dark and bright sites generated by oxy-
gen exposure are marked with A and B,
respectively [5.41].

teristic pattern of the 7 x 7 reconstruction of the Si (111) surface, pronounced dark
and bright spots can be observed as a result of exposure to oxygen. In order to clarify
the mechanistic origin of these spots, tunneling spectra at various atomic sites in the
7 x 7 unit cell (Fig. 5.16) have been recorded and compared with UPS spectra and
theoretical results from tight-binding slab calculations for various adsorption models
of oxygen. First of all, Fig. 5.16 shows that the different sites can be clearly distin-
guished by the respective tunneling spectra, whereas photoemission spectra only de-
liver averaged information on the electronic structure of the surface. The spectra la-
beled with A, B, and C have been obtained on sites which are not changed by adsorp-
tion of oxygen. The spectra labeled with D, E, and F have been obtained on oxygen-
induced dark, bright, and perturbed (gray) adatom sites, respectively. Comparison of
these spectra with theoretical calculations and a thorough evaluation including UPS
spectra for different temperatures and oxygen pressures lead to the conclusion that
the bright spots (E) are silicon atoms which have maintained their dangling bond
but are perturbed by a neighboring oxygen atom inserted in the back bond of the
adatom. The dark spots have been interpreted to be oxygen atoms saturating the dan-
gling bond of a silicon atom which has another oxygen inserted in its back bond.
Although this is a rather early work in the field of scanning tunneling spectroscopy,
it is still an excellent example for atom-resolved investigation of surface chemistry
with STM.

STM has, however, not only been applied to metals and semiconductors, but also to
a wide variety of organic and biological systems, like thin films on conducting
substrates [5.15, 5.16] as well as protein and DNA molecules [5.43-5.46].

Concluding this section, two interesting variants of the STM should be addressed.
The spin-polarized STM (SPSTM), which works with a ferromagnetic tip, can be
used to probe surface magnetism with high resolution [5.47, 5.48]. Other modifica-
tions of the STM involve electromagnetic radiation, whereby two basic concepts can

289



290| 5 Scanning Probe Microscopy

Fig. 5.16. Top: STM image of a region of an
O,-exposed Si (111)-7 x 7 surface. The sites
labeled with A, B, and C have not been changed
by exposure to oxygen. D, E, and F correspond
to oxygen-induced dark, bright, and perturbed
(gray) sites, respectively. Bottom: Tunneling
spectra corresponding to the different sites
[5.47].

(difav)/(I/V)
(di/dv)/(1/V)

be distinguished: measuring of photons generated in the tunneling gap by inelastic
tunneling effects [5.49, 5.50], which is called photon emission scanning tunneling micro-
scopy (PESTM), and generation of electrical currents by irradiation of the tunneling
gap [5.51-5.54], which is know as photon assisted scanning tunneling microscopy
(PASTM).
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6
Summary and Comparison of Techniques

Important surface and thin film analytical techniques are summarized and com-
pared in Table 6.1.
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7

Surface and Thin Film Analytical Equipment Suppliers

Many companies now supply surface and thin film analytical equipment; although a
few provide several techniques, most specialize in just one or two. (Only suppliers of
the equipment which is discussed in more detail are given in the list below. The
authors cannot guarantee completeness.)

Supplier

Technique

Photon
detection

Electron lon
detection detection

Scanning probe
microscopy

Gammadata Scienta
P.O. Box 15120

750 15 Uppsala
Sweden
www.gammadata.se

Jeol USA, Inc.

11 Dearborn Road
Peabody MA 01960
USA
www.jeol.com

LEO Electron Microscopy Ltd.

Clifton Road
Cambridge, CB1 3QH
United Kingdom
www.leo-em.co.uk

Gatan Inc.

5933 Coronado Lane
Pleasonton CA 94588
USA
www.gatan.com

Kratos Analytical
Wharfside

Trafford Wharf Road
Manchester, M17 1GP
United Kingdom
www.kratos.com

XPS

XPS, AES SIMS

EELS, EFTEM

EDXS,WDXS

EELS, EFTEM

EELS, EFTEM

XPS, AES GAXRD-GXRR
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Supplier

Technique

Electron
detection

lon Photon
detection detection

Scanning probe
microscopy

Omicron Vakuumphysik GmbH

Idsteiner Strale 78
65232 Taunusstein
Germany

WWWw.omicron-instruments.com

Physical Electronics, Inc.
6509 Flying Cloud Drive
Eden Prairie MN 55344
USA

www.phi.com

Specs GmbH
Voltastrafle 5
13355 Berlin
Germany
www.specs.de

Staib Instruments GmbH
Obere Hauptstrale 45
85354 Freising

Germany
www.staib-instruments.com

Tectra GmbH
Reuterweg 65

60323 Frankfurt a. M.
Germany
www.tectra.de

VG Scientific

The Birches Industrial Estate
Imberhorne Lane

East Grinstead

West Sussex RH19 1UB
United Kingdom
www.vgscientific.com

VSW Ltd.
Unit 4, Heather Close
Lyme Green Business Park

Macclesfield, Cheshire SK11 OLR

WWW.vsw.co.uk

Atomika Instruments
Bruckmannring 40
85764 Oberschleifheim
Germany
www.atomika.com

XPS, AES,
SAM, UPS,
LEED

XPS, AES,
SAM, UPS

XPS, AES,
UPS, LEED

AES, RHEED

LEED

XPS, AES,
SAM, UPS,
HREELS,
LEED

XPS, AES,
UPS, EELS

ISS

SIMS

SIMS, SNMS,
ISS

SIMS, SNMS, BIS
GDMS,
APFIM, ISS

ISS BIS

SIMS TXRF

STM, AFM

STM, AFM



7 Surface and Thin Film Analytical Equipment Suppliers

Supplier

Technique

Electron
detection

lon Photon Scanning probe
detection detection microscopy

Cameca France

103 Boulevard Saint Denis
92403 Courbevoie Cedex
France

www.cameca.fr

Hiden Analytical Ltd.
420 Europa Boulevard
Warrington WA5 5UN
United Kingdom
www.hiden.co.uk

National Electrostatics Corp.
7540 Graber Road

P.O. Box 620310

Middleton WI 53562-0310
USA

www.pelletron.com

Charles Evans and Associates
810, Kifer Road

Sunnyvale CA 94086

USA

WWW.Cea.com

EDAX USA

91 McKee Drive
Mahwah NJ 07430
USA
www.edax.com

Thermo NORAN

2551 W. Beltline Highway
Middleton W1 53562-2697
USA

WWW.noran.com

Princeton Gamma-Tech
(PGT) Inc.

C/N 863

Princeton NJ 085420863
USA

WWWw.pgt.com

RONTEC GmbH Germany
Schwarzschildstr. 12

12489 Berlin

Germany

www.roentec.de

SIMS

SIMS

RBS

RBS

EDXS, XRF

EDXS,WDXS
XRF

EDXS,WDXS

EDXS, TXRF
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Supplier

Technique

Photon Scanning probe
detection microscopy

Ital Structures

Via M. Miscone 11/d — Z.I. Baltera

38066 Riva del Garda
Italy
www.italstructures.com

Philips Analytical

Lelyweg 1

7602 EA Almelo

The Netherlands
www.analytical.philips.com

Rigaku/USA, Inc.
9009 New Trails Drive
The Woodlands,

TX 77381

USA
www.rigaku.com

Jobin Yvon S.A.

16-18, rue du Canal
91165 Longjumeau Cedex
France

WWWw.jyinc.com

LECO Instrumente GmbH
Benzstrale 5b

85551 Kirchheim bei Miinchen

Germany
www.leco.com

SPECTRUMA

Spectro Analytical Instruments GmbH

Boschstrae 10
47533 Kleve
Germany
www.spectruma.de

ABB Bomem inc.

585 Charest East, Suite 300
Québec, QC G1K 9H4
Canada

www.bomem.com

Beaglehole Instruments Ltd.

127 Kelburn Parade
Wellington

New Zealand
www.beaglehole.com

TXRF

TXRF, ELL

GAXRD-GXRR

TXRF

GAXRD-GXRR

GD-OES,

RAIRS, ELL

GD-OES

GD-OES

RAIRS

ELL



7 Surface and Thin Film Analytical Equipment Suppliers | 299

Supplier Technique
Electron lon Photon Scanning probe
detection detection detection microscopy

J-A. Woollam Co. ELL

650 J Street

Suite 39

Lincoln NE 68508

USA

www.jawoollam.com

NFT-Nanofilm Technologie GmbH ELL
Anna-Vandenhoeck-Ring 5

37081 Gottingen

Germany

www.nanofilm.de

Sentech ELL
Gesellschaft fiir Sensortechnik

GmbH

Bahnstrake 3

82131 Stockdorf

Germany

www.sentech.com

Sopra, Inc. ELL
26, rue Pierre Joigneaux

92270 Bois-Colombes

France

WWW.SOpra-sa.com

Waterloo Digital Electronics ELL
Division of WDE Inc.

279 Weber St. N.

Waterloo, Ontario N2J 3H8

Canada

www.onramp.tuscaloosa.al.us

Bruker Optics Inc. RAIRS,
19 Fortune Dr. Raman
Manning Park

Billerica MA 01821-3991

USA

www.bruker.com

ChemIcon Inc. RAIRS,
7301 Penn Avenue Raman
Pittsburgh

Pennsylvania 15208

USA

www.chemimage.com
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Supplier Technique
Electron lon Photon Scanning probe
detection detection detection microscopy
Chromex Raman
2705-B Pan American Fwy NE
Albuquerque NM 87107
USA

www.chromexinc.com

Kaiser Optical Systems Inc. Raman
Box 983 371

Parkland Plaza

Ann Arbor MI 48106-0983

USA

www.kosi.com

Nicolet Instrument Corporation RAIRS,
5225 Verona RD Bldg 5 Raman
Madison WI 53711-4495

USA

www.nicolet.com

Ocean Optics Europe Raman
Soerense Zand 4a

6961 LL Eerbeek

The Netherlands

www.topsensors.nl

Perkin Elmer Instruments Rairs,
761 Main Avenue Raman
Norwalk CT 06859

USA

www.instruments.perkinelmer.com

Renishaw plc Raman
New Mills

Wotton-under-Edge

Gloucestershire GL12 8JR

United Kingdom

www.renishaw.com

Bede Scientific Instruments Ltd, GAXRD-
Bowburn South Industial Estate GXRR
Unit 13D,

Bowburn,

County Durham

DH6 5AD,

UK

www.bede.co.uk
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Supplier Technique
Electron lon Photon Scanning probe
detection detection detection microscopy
Bourevestnik, Inc. GAXRD-
Malookchtinsky pr., 68 GXRR
St. Petersburg,
195112, Russia
www.bourevestnik.com
BRUKER AXS, Inc. GAXRD-
5465 East Cheryl Parkway GXRR
Madison
WI53711-5373
USA
www.bruker-axs.com
Crystal Logic Inc. GAXRD-
10573 W. Pico Blvd. GXRR
PMB 106
Los Angeles,
CA 90064-2348
USA
www.xtallogic.com/index.html
INEL GAXRD-
Z.A., C.D. 405 GXRR
45410 Artenay
France
www.valcofim.fr/inel
Nonius B.V. GAXRD-
Rontgenweg 1, GXRR
2624 BD Delft
The Netherlands
www.nonius.com
Rich. Seifert and Co. GAXRD-
SEIFERT FPM GXRR
Ahrensburg
Germany
www.roentgenseifert.com
STOE and CIE GmbH GAXRD-
Hilpertstr. 10 GXRR

64295 Darmstadt
Germany
www.stoe.com
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Supplier Technique

Electron lon Photon
detection detection detection

Scanning probe
microscopy

Burleigh Instruments Inc.
Burleigh Park

Fishers NY 14453

USA

www.burleigh.com

Digital Instruments GmbH
Janderstrafle 9

68199 Mannheim

Germany
www.digital-instruments.com

LK Technologies Inc.
3910 Roll Avenue
Bloomington IN 47403
USA

www.lktech.com

ThermoMicroscopes
1171 Borregas Avenue
Sunnyvale CA 94089
USA
www.thermomicro.com

STM, AFM

STM, AFM

STM

AFM, STM
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— — in ERDA 167

- — in GD-OES 228

— — in HF-plasma SNMS 127

- —inLA 234,240

— — in Laser-SNMS 136

- — in SIMS 106, 113

— probability, in TOF-SIMS 93

— simultaneous

— —area 111,117

- — mass 90,105, 111, 117, 133
Detector

— channel plate, in SIMS 111, 118
— charged coupled device (CCD)

— — in GD-OES 224, 235, 241, 258
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Index

- — in SIMS 111,118

— charge injection device (CID), in GD-OES
224

— double segment photodiode, in SPM 280

— drift chamber detector, in EDXS 200

— Faraday cup, in SIMS 111

— gas telescope, in ERDA 164

— intensified charge coupled device (ICCD), in
LA 235

— optical multichannel analysis (OMA), in
IBSCA 241

— passivated implanted planar silicon
(PIPS) 144

— resistive anode encoder (RAE), in
SIMS 111,118

— secondary electron multiplier (SED, SEM), in

SIMS 91, 111, 117
— silicon drift detector (SDD), in TXRF 187

— solid state detector (SSD), in EDXS 185,
199

— surface barrier detector (SBD) 144, 164,
171

— in ELL 267

Dielectric function, in EELS 59

Diffusion barrier 147

Disappearance potential spectroscopy
(DAPS) 275

Discharge, electrical, in GD-OES 221

Distribution, 3-dimensional, in SIMS 118

DNA sequencing 101, 141

Dopant see Implantation or Semiconductor
Dual beam mode 133

Duoplasmatron see Source, ion

Dynamic range

— in Laser-SNMS 139

— in SIMS 106, 111, 115, 119

e

EDXS see X-ray spectroscopy

EELS see Electron energy loss spectroscopy

Effective barrier height, in SPM 287

EFTEM see Energy-filtered transmission elec-
tron microscopy

EI see Electron impact

EI-SNMS see Secondary neutral mass spectro-
metry

Elastic peak see Zero-loss peak, in EELS

Elastic recoil detection analysis (ERDA) 160

Electric field vector see Ellipsometric angle

Electron

— density, in EI-SNMS 128

— energy, in SNMS 123

— gas 123

— impact (EI) 88,123,127, 135

— inelastic, in AES 40

kinetic energy

- —inAES 7,22

- —inXPS 6

— shower see Charge compensation

— tunneling 107, 151

Electron energy loss spectroscopy (EELS) 50

Electron source see Source in AES

Electron spectroscopy for chemical analysis
(ESCA) 6

Electron stimulated desorption (ESD) 177
Ellipsometer

— rotating analyzer ellipsometer (RAE) 268
— rotating polarizer ellipsometer (RPE) 268

— step scan polarizer/analyzer (SSP/SSA)
268

Ellipsometric angle 266

Ellipsometry (ELL) 265

- infrared 271

— spectrometric 267

ELL see Ellipsometry

ELNES see Energy-loss near-edge structures

Emission channel, in SIMS 92

Energy-filtered transmission electron micro-
scopy (EFTEM) 68

Energy-loss near-edge structures (ELNES) 56

ERDA see Elastic recoil detection analysis

Erosion, non-uniform, in GD-OES 227

ESCA see X-ray photoelectron spectroscopy

Escape peak, in EDXS 203

ESD, ESDIAD see Electron stimulated desorp-
tion

Evaporation, in LA 233

EXAFS see Extended X-ray absorption fine struc-
ture

Extended X-ray absorption fine structure
(EXAFS) 213

External reflection infrared spectroscopy
(ERIRS) see Reflection absorption infrared
spectroscopy

Extinction coefficient, in ELL 265

FAB-MS see Fast atom bombardment mass
spectrometry

Factor analysis 20

Faraday cup see Detector

Faraday cup, in LEED 73, 80

Fast atom bombardment mass spectroscopy

(FAB-MS) 179
Fermi level, in SPM 284
Fingerprint 63, 249

Flood gun see Charge compensation
Fluorescence peak, in EDXS 203



Force, in SPM

— capillary force 279

- interatomic repulsive force 277

— long-range force 277

- pull-off force 279

— shear force 279

— short-range force 277
Force-distance curve, in SPM 278, 284
Fourier Transform (FT)-interferometer
Fragmentation 136
Franck-Condon process
Fuzzy clustering 21

249

177

g

Gas telescope see Detector

GAXRD see Glancing angle X-ray diffraction

GDMS see Glow discharge mass spectroscopy

GD-OES see Glow discharge optical emission
spectroscopy

Geometry, in XRD

— Bragg-Brentano geometry 211

- glancing angle geometry 208

— grazing incidence angle asymmetric Bragg
(GIAB) geometry 211

— grazing incidence X-ray scattering (GIXS)
geometry 211

— Mattauch-Herzog geometry, in SIMS 110,
117

— Seeman-Bohlin geometry 211

- 0-20-diffraction geometry 208, 211

Glancing angle X-ray diffraction (GAXRD)
208, 211

Glass 131, 241, 247-248

Glow discharge mass spectroscopy
(GDMS) 178,228

Glow discharge optical emission spectroscopy
(GD-OES) 221

Glow discharge

— abnormal glow, in GD-OES 222

— obstructed glow discharge 221

— pulsed, in GD-OES 231

Glowbar see Source in ELL, in RAIRS

Grazing incidence angle asymmetric Bragg
(GIAB) diffraction 215, 218

Grazing incidence X-ray reflectivity
(GXRR) 208, 210, 214, 217

Grazing incidence X-ray scattering (GIXS) 220

GXRR see Grazing incidence X-ray reflectivity

h
Heavy ion backscattering spectroscopy
(HIBS) 144
HIBS see Heavy ion backscattering spectroscopy
Hydrogen profiling 161, 167, 176

Index

i

IAES see Ion (excited) Auger electron spectro-
scopy

IBSCA see Ion beam spectrochemical analysis

ICISS see Impact collision ion scattering spec-
troscopy

IETS see Inelastic electron tunneling spectro-
scopy

Imaging

- 3D

— — in dynamic SIMS 106

— — in Laser-SNMS 133

— — in POSAP 180

— chemical-bond, in EELS 69

— electron

— — in Laser-SNMS 135

— — in SIMS 98

— energy-filtered, in EELS 54

- inXPS 21

— in-situ, in SPM 283

— ion

— — in dynamic SIMS 86, 116

— — in Laser-SNMS 133,137, 139

— — in SSIMS 91, 96, 104

— under liquid, in SPM  279-280

— X-ray mapping, in EDXS 206

Impact collision ion scattering spectroscopy
(ICISS) 155

Implantation 106, 112, 119, 139, 145, 167,
220

Impurity 94

Index

— of reflection, in ELL 265

— of refraction, in XRD 209

Inelastic electron tunneling spectroscopy (IETS)
84

Inelastic mean free path, in AES, XPS,
EELS 8,17, 40,58

Information depth, in GD-OES 227

Infrared reflection absorption spectroscopy (IR-
RAS) see Reflection absorption infrared spec-
troscopy

INS see Ion neutralization spectroscopy

Insulator or insulating material 126, 130, 241
Intensity
— in AES 40

— in dynamic SIMS 112
— in EI-SNMS 128

— in RBS/LEIS/ERDA see Yield

— in SIMS 111
— in SSIMS 94
— in TXRF 188
- inXPS 17

— Laser, in Laser-SNMS 133, 136
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Interaction energy, in AES 7

Interference

— isobaric or mass

— — in dynamic SIMS

- — in EI.SNMS 127

— — in LaserrSNMS 132-133, 135

- — in SNMS 123

— — in SSIMS 94

— spectral, in TXRF 187

Inverse photoemission spectroscopy (IPES)
275

Ton

— energy

distribution or filtering, in SIMS/

SNMS 113,117,123, 125,133

— — in ERDA 162, 164-165

— — in LEIS 152,154

- — inNRA 170, 173-174

— — inRBS 141

— — in SIMS/SNMS 110

— — in sputtering 107

loss, in RBS/LEIS/ERDA 142

— — loss, in SIMS/SNMS 86

— source see Source, ion

Ton (excited) Auger electron spectroscopy
(TAES) 83

Ton beam spectrochemical analysis
(IBSCA) 240

Ton neutralization spectroscopy (INS) 83

Ionization 133

— electron impact (EI) 88,123, 127

— — in Laserr-SNMS 132-133

— molecules 123

— multiple 135

— non-resonant 133

— potential (IP) 123

113,118,122

— probability
— — in EI-SNMS 123,128
— — in SIMS 111-113

— rate constant 128

IP see lonization potential

IPES see Inverse photoemission spectroscopy
Isotope experiment 115, 131

1V curve, in LEED 79-81

k

Kiessig fringes, in GXRR 211
Kinematic

— broadening

— — in ERDA 166

- —inNRA 174

— factor

— — in ERDA 161-162

— — inRBS 142

Kramers-Kronig transformation, in EELS 59
Kramer’s law, in EDXS 204

I

Langmuir-Blodgett film 101, 218, 220, 260,
262

LA see Laser ablation

Laser ablation (LA) 231

Laser

— beam shape, in LA 233

— excimer laser, in LA 232

— in atom probe 179-180

— in SNMS 123

— Nd:YAG

- —inlLA 232

— — in Raman 257

— pulse duration, in LA 233

— UV-aser, in LA 233

Lattice vector, in LEED 74

LEED see Low-energy electron diffraction

Liquid cell, in SPM 280

LMIS see Source, ion

Local thermodynamic equilibrium (LTE) 108

Low-energy electron diffraction (LEED) 71

— I-Vcurve 72,74,78-81

optics 72

pattern 74,78

tensor LEED 81

video LEED 80

m

Magnetic prism, in EELS 52

Magnetic sector field see Analyzer, mass

Mapping see Imaging

Mass

— analyzer, filter or spectrometer see Analyzer

- range

— — in ERDA 165

- — in SIMS 113

— — in TOF-SIMS 91

— spectrum 94

Matrix dependence or effect

— in LEIS 152, 154, 156

— in SIMS 92-93,112-113

— in SNMS 122,129, 137, 139

MBE see Molecular beam epitaxy

MCs*ions 113

Medium energy ion scattering (MEIS) 144

MEIS see Medium energy ion scattering

Metastable quenching spectroscopy (MQS)
84

Microprobe

- SIMS 116

— SNMS 133



Microscopy

— atom probe field ion microscopy (APFIM)
180

— atom probe microscopy (APM)

— atomic force microscopy (AFM)

— chemical force microscopy (CFM)

— electric force microscopy (EFM)

— friction force microscopy (FFM) 284

— lateral force microscopy (LFM) 284

— magnetic force microscopy (MFM) 284

— position-sensitive atom probe (POSAP)

— scanning Auger microscopy (SAM) 34

— scanning transmission electron microscopy
(STEM) 50

— scanning tunneling microscopy (STM)
284

- secondary ion microscopy (SIMS) 117

— transmission electron microscopy (TEM) 50

- Young's modulus microscopy (YMM) 284

Mode, in SPM

— constant current mode 286

— constant force mode 279

— constant height mode 279, 286

Modulator, photoelastic, in ELL 269

Molecular beam epitaxy (MBE) 147

Molecule

— adsorbed

- — in ESD/ESDIAD 177

— — in SIMS/SNMS 103

— electron impact, in SNMS 127

— formation, in plasma 122

- fragmentation, in SNMS 123, 135-136

— primary ion, in SIMS/SNMS 107

— sputtered, in SIMS/SNMS 87, 89, 92, 94,
96, 113, 122,127, 135

Monochromator

- in TXRF 185

- inXPS 11

Monolayer 87, 95-96, 136, 144, 167, 262

Morphology, surface, in LEED 78

Moseley's law, in EDXS 196

MQS see Metastable quenching spectroscopy

Multilayer 131, 147, 191, 217, 227, 238, 247

179

277
284

284

180

276,

n

Nanoanalysis 133

Near-edge X-ray absorption fine structure (NEX-
AFS) 213

Near-field Raman spectroscopy 263

NEXAFS see Near-edge X-ray absorption fine
structure

Nomenclature see Notation

Nonlinear optical spectroscopy 264

Non-resonant Laser-SNMS 132

Index

Notation

— spectroscopic, in XPS 7-8

- Wood, in LEED 76

— Xray,in XPS 8

NRA see Nuclear reaction analysis

Nuclear reaction analysis (NRA) 170
o

Optics

— inLEED 72

— ion

- — in SIMS 111,117

- — in SNMS 126

Oxidation 115, 131, 139, 219
Oxide 96,108, 111, 113, 127, 139, 157, 169
Oxygen shower, in SIMS 107

p
Parallel-detection EELS (PEELS) 53

Particle induced gamma emission (PIGE) 171

Particle induced x-ray emission (PIXE) 170

Pattern, in LEED 74,78

PEELS see Parallel-detection EELS

Penetration depth

— in TXRF 182

— inXRD 209

Phase difference, in ELL see Ellipsometric angle

Phase transformation 148

Photoion 133

Piezoelectric translator, in SPM 276, 279-280,
286

PIGE see Particle induced gamma emission

Pile-up peak, in EDXS 204

PIPS see Detector

PIXE see Particle induced x-ray emission

Pixel 117,137

PLAP see Microscopy, atom probe

Plasma

— etching 100

— in EI-SNMS 123,125

— ion generation 88

— molecule formation 122

— potential 125

Plasmon, in EELS 57

Poisson statistics, in SIMS imaging 117

Polymer 25, 95, 100, 104

POSAP see Microscopy

Precision, in SIMS 112

Primary

— electron, in ESD, ESDIAD 177

— ion

— — beam diameter 109, 116-117

— — current 86, 88, 93, 108, 115-116, 125

— — dose or fluence 86, 92, 106, 136
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— — gun or source see Source, ion
— — implantation 107

— — pulsed 133

— species 108

Quadrupole see Analyzer, mass
Quarter-wave plate, in ELL 268

r

Radial distribution function (RDF), in EELS
65

RAE see Detector

RAIRS see Reflection absorption infrared spec-

troscopy
Raman scattering 254

RBS see Rutherford backscattering spectroscopy

Reaction factor, in NRA 172

Rear view, in LEED 72

Reciprocal lattice vector, in LEED 74

Recoil

— in ERDA 160

— in LEIS 152, 159

— in SIMS/SNMS 87

Reconstruction, surface, in LEED 82

Reflection absorption infrared spectroscopy
(RAIRS) 249

Reflection coefficient

— in ELL 266

— in XRD 209

Reflection extended X-ray absorption fine struc-

ture (ReflEXAFS) 213, 220
Reflectron, in TOF-SIMS/SNMS 133
ReflEXAFS see Reflection extended X-ray ab-

sorption fine structure
Relative sensitivity factor (RSF)

- in AES 41

— in dynamic SIMS 112

— in EI-SNMS  128-129

— in Laser-SNMS 136, 138

— in SSIMS 93

- inXPS 18

Relaxation energy, in AES 7

Reliability factor (R factor), in LEED 79

Residual gas 89, 115, 123
Resolution

— atomic, in POSAP 180
— depth

— — in ERDA 167

- — in GD-OES 227

— — in MEIS 144

- —inNRA 174

— — in Raman 258
— — in SIMS/SNMS 106-107, 115, 126, 133

— energy

- — inAES 35

- - inXPS 13

— — in EELS 54

— lateral or spatial

— — in EDXS 196

— — in GD-OES 227

- —inlA 235

— — in Raman 258

- —in SAM 50

— — in SIMS/SNMS 104, 111, 116-117

- —inXPS 14

— mass

- — inRBS 144

— — in SIMS/SNMS 89-90, 113, 133, 136

— spectral

— — in GD-OES 224

— — inTXRF 187

Resonance frequency, in SPM 279

Resonance Raman scattering 255

Resonant Laser-SNMS 132

R factor see Reliability factor

Roughness

— quantification, in XPS 18, 41

— sputter effect, in SIMS 107, 115

Round-robin test, in GD-OES 227

Rowland sphere

— in EDXS 197

- inXPS 11

RSF see Relative sensitivity factor

Rutherford backscattering spectroscopy (RBS)
141

Rutherford scattering 143, 146, 163

s

SAM see Scanning Auger microscopy

SARS see Scattering and recoiling analysis

Satellite, in XPS 11

SBD see Detector

SCANIIR (= IBSCA) see Surface composition by
analysis of neutral and ion impact radiation

Scanning Auger microscopy (SAM) 48

Scanning electron microscopy (SEM) 194

Scanning transmission electron microscopy
(STEM) 50

Scanning tunneling microscopy (STM)

Scattering

— factor, in XRD 209

— inelastic

— — in Raman 254

- — inTXRF 182

— inelastic, of electrons

- — in AES 83

- — in EELS 50

284



— ion
— — in ERDA 161
— — in LEIS 150

— — in RBS 142, 144, 146

— — in SIMS/SNMS 87

Scattering and recoiling analysis (SARS)

Secondary

— electron

— — detector or multiplier see Detector

— — emission, in ERDA 164

— — image, in SIMS 98

— — in SIMS 107

— ion

— — acceleration 110

— — detection 118

— — formation 87,107

— — in EI-SNMS 125

— — in ESD, ESDIAD 177

— — in FAB-MS 179

in Laser-SNMS 133

yield see Yield

— neutral 122

— particle 86,177

Secondary neutral mass spectrometry
(SNMS) 122

SED, SEM see Detector

SEELS see Serial-detection EELS

Selection rule, in EDXS 195

Semiconductor 44, 78, 82, 119, 133, 147, 159,
189, 251

SEM see Scanning electron microscopy

Sensitivity see Relative sensitivity factor

Sensitivity

— element

- — inAPM 179

— — in ERDA 163, 166

- —inlA 234

— — inRBS 142,161

— — in SIMS 86, 93, 106, 111, 122

155

Index

Small particle 104, 111

Snell'slaw 182

SNMS see Secondary neutral mass spectrometry

Soft X-ray appearence potential spectroscopy
(SXAPS) 274

Source

- in AES 34

— inELL 267

- in GD-OES 222

— in RAIRS 250

- in UPS 32

— in XPS

— — characteristic line 10

— — dualanode 11

— — energy 10

— — linewidth 10

— — synchrotron 12

— ion

- — Ar" 88

Cs*, in SIMS/SNMS 88, 108

— — duoplasmatron 88,108, 116

electron impact (EI) 88

Ga*, in SIMS/SNMS 88

in LEIS 152

— — liquid metal (LMIS), in SIMS/SNMS 88,

108, 133

— — pulsed, in SIMS/SNMS  89-90

— — SF3,in SIMS/SNMS 88

— lifetime of X-ray source, in TXRF 184

— Marcus-type source, in GD-OES 223

— rf discharge source, in GD-OES 223

SPA-LEED see Spot profile analysis (SPA), in
LEED

Spectral range, in GD-OES 224

Spectrometer

— Czerny-Turner monochromator, in GD-OES
224,235, 243

— échelle spectrometer, in GD-OES 224

— Paschen-Runge polychromator, in GD-OES
224

Spectroscopy

— factor, see absolute or relative sensitivity factor — Auger electron appearance potential spectro-

— — in SNMS 123

— — in TXRF 188

— surface

— — in LEIS 151

— — in SSIMS 87,96, 98
Sensor 131

Serial-detection EELS (SEELS) 53

SERS see Surface-enhanced Raman scattering

SEXAFS see Surface X-ray absorption fine struc-
ture

SFG see Sum frequency generation

Shadow cone, in RBS/LEIS 143, 155

SHG see Second harmonic generation

Single atom 179

scopy (AEAPS) 83

— Auger electron spectroscopy (AES) 32

— bremsstrahlung isochromat spectroscopy
(BIS) 275

— curent imaging tunneling spectroscopy
(CITS) 288

— disappearance potential spectroscopy
(DAPS) 275

— elastic recoil detection analysis (ERDA) 160

— electron energy loss spectroscopy (EELS) 50

— electron spectroscopy for chemical analysis
(ESCA) 6
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— electron stimulated desorption (ESD) 177

— energy dispersive X-rax spectroscopy (EDXS)
194

— ESD-ion angular distribution (ESDIAD)
177

— fast atom bombardment mass spectroscopy
(FAB-MS) 179

— glow discharge mass spectroscopy (GD-MS)
178

— glow discharge optical emission spectroscopy
(GD-OES) 221

— heavy ion backscattering spectroscopy (HIBS)
144

— impact collision ion scattering spectroscopy
(ICISS) 155

— inelastic electron tunneling spectroscopy
(IETS) 84

— inverse photoemission spectroscopy (IPES)
275

— ion beam spectrochemical analysis (IBSCA)
240

— ion (excited) Auger electron spectroscopy
(IAES) 83

— ion neutralization spectroscopy (INS) 83

— laser atomic absorption spectroscopy (LAAS)
234

— laser induced breakdown spectroscopy (LIBS)
233

— laser induced fluorescence (LIF) spectroscopy
234

— laser induced plasma spectroscopy (LIPS)
233

— medium energy ion scattering (MEIS) 144

— metastable quenching spectroscopy (MQS)
84

— near-field Raman spectroscopy 263

— nonlinear optical spectroscopy 264

— nuclear reaction analysis (NRA) 170

— particle induced gamma emission (PIGE)
171

— particle induced x-ray emission (PIXE) 170

— reflection absorption infrared spectroscopy
(RAIRS) 249

— Rutherford backscattering spectroscopy
(RBS) 141

— scanning Auger microscopy (SAM)

— secondary neutral mass spectrometry
(SNMS) 122

— soft X-ray appearance potential spectroscopy
(SXAPS) 274

— surface analysis by laser ablation (LA) 231

— surface-enhanced Raman scattering (SERS)
256

— thermal desorption spectroscopy (TDS)

48

178

— total reflection X-ray fluorescence analysis
(TXRF) 181

— ultraviolet photoelectron spectroscopy (UPS)
32

— wavelength-dispersive X-ray spectroscopy

(WDXS) 194
— X-ray photoelectron spectroscopy (XPS) 6
Spectrum

— differentiated, in AES 35, 42

— narrow-scan, in XPS 15

— survey see wide-scan

— undifferentiated, in AES 35, 42

— wide-scan, in XPS 15

Spectrum-image method, in EDXS 206

Spot profile analysis (SPA), in LEED 73, 76,
78

Sputtered neutral see Secondary neutral

Sputtering

— artifacts, in XPS 20

- cathodic, in GD-OES 221

— crater
— — in GD-OES 227
- — inXPS 42

— effects, dynamic SIMS 106

— equilibrium, dynamic SIMS 106

— in LEIS 153

— preferential, in dynamic SIMS

— preferential

— — in GD-OES 227

- — inXPS 18,20, 42

— process, in GD-OES 227

— rate, in GD-OES 222

— time 130

— uniformity, in XPS 20

— yield see Yield, sputtering

Square-wave high-frequency, in SNMS 126

Standard

— implantation 112

- inNRA 173

— in RBS 147

— in SIMS 93-94, 112

— spectra, in SSIMS 96

Standard geometry see 0-20 diffraction geometry

Standardization

— internal

— — in GD-OES 225

— — inRaman 259

- — inTXRF 188

Steel 98,120, 131, 228

STEM see Scanning transmission electron mi-
croscopy

Step distribution, in LEED 76, 78

STM see Scanning tunneling microscopy

Stokes/anti-Stokes scattering, in Raman 254

106, 122



Stopper foil

— in ERDA 164

- inNRA 171

Stopping power 142, 161, 164
Strained layer 148

Submonolayer 98, 137

Sum frequency generation (SFG) 264
Superconductor 28, 131
Superstructure, in LEED 74

Surface

— barrier detector see Detector

— coverage or density 92, 137, 157

— melting 149

— periodicity 159

— reactions 103

— selection rule, in RAIRS 250

Surface analysis by laser ablation (LA) 231

Surface composition by analysis of neutral and
ion impact radiation (SCANIIR) 240

Surface Raman spectroscopy 254

Surface X-ray absorption fine structure
(SEXAFS) 213

Surface-enhanced Raman scattering (SERS)
256

SXAPS see soft X-rax appearance potential spec-
troscopy

t

Take-off angle, in EDXS 198

Taylor cone 89

TDS see  Thermal desorption spectroscopy

TEM see Transmission electron microscopy

Temperature-programmed SIMS 101

Tensor LEED 81

Thermal desorption spectroscopy (TDS)

Thickness of film or layer 57, 142, 175

Thomas-Fermi-Moliére screening model
150

Time-of-flight (TOF)

— in APFIM 180

— in ERDA 161, 165

— in Laser-SNMS 133

— in LEIS 152

— in MEIS 144

— in SARS 155

— in SIMS 90-91

TOF see Time-of-flight

Total reflection X-ray fluorescence analysis
(TXRF) 181

Trace analysis or element 94, 106, 137, 144

Transfer width, in LEED 73, 78

Transformation probability

— in Laser-SNMS 136

— in SSIMS 92

178

Index

Transmission

— analyzer, in XPS 35

— electrostatic analyzer

— — in LEIS 126, 155

— — in SNMS 125

— quadrupole 89

- sector field 117

- TOF 93

Transmission electron microscopy (TEM) 50
Tunneling current 285-286

TXRF see total reflection X-ray fluorescence
0-20 diffraction geometry 211

u

Ultraviolet photoelectron spectroscopy (UPS)
32

UPS see Ultraviolet photoelectron spectroscopy

v

Vacancies, in RBS 148

Vacuum, in AES, XPS 9

Van de Graaff accelerator 144, 165
Vibrational spectrum, in RAIRS 253
Video LEED 80

Voxel 118

w

WDXS see X-ray spectroscopy

Work function

— in SPM see Effective barrier height
- inXPS 6

X

XPS see X-ray photoelectron spectroscopy

X-ray absorption near-edge structure (XANES)
213

X-ray mirror 131

X-ray photoelectron spectroscopy (XPS) 6

X-ray spectroscopy

— energy-dispersive (EDXS) 194

— wavelength-dispersive (WDXS) 194

XANES see X-ray absorption near-edge structure

XPS see X-ray photoelectron spectroscopy

4
Yield

— Dbackscattering

- — in LEIS 150, 155

- — inRBS 145

— disappearance, in static SIMS 92
— emission, in GD-OES 225

— in ERDA 162
- inNRA 173,176
— inRBS 146
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— molecular ions, in SIMS 88 z
- secondary ion 87,92, 122 ZAF correction, in EDXS 205
- secondary neutral 122 Zero-loss peak, in EELS 57

— sputtering 93, 98, 107, 115, 122, 125, 128
useful 93, 126, 133, 136





