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LOCAL ELECTRON MICROANALYSIS IN MICROPROBE AND ELECTRON
MICROSCOPES

V. Stary

Fac. of Mech. Engn, Czech Technical University in Prague, CZ121 35 Prague 2, Czech Republic
stary@fsik.cvut.cz

Electron microanalysis use the electron beam to excite
X-rays and deduce from their intensity the qualitative and
quantitative elemental composition of material. As analyti-
cal technique, it can be incorporated in electron microscope
to utilize the production of X-ray photons in observation
both of thin and bulk samples in various types of electron
microscopes. The quantitative method for bulk samples
was firstly used by R. Castaing in France, the method was
improved by K. F. J. Heinrich in USA. The special devices
for application of this method are usually called
“microprobe”, so the method is often called “Electron
probe microanalysis” even though the microprobe is the
name for very thin electron beam, used for local
microanalysis. After some theoretical information the basic
possibilities of the method are reviewed, and some practi-
cal examples are given.

The atomic concentration in bulk sample are calculated
from the intensity of emitted X-ray radiation using our
knowledge of electron-matter interaction, i.e., scattering
and deceleration of electron and absorption of X-ray in
sample. During the way of electron through the matter,
electron interacts with atomic nuclei and with electrons by
elastic and inelastic way. Due to the elastic scattering the
electron beam mainly increase its width. Simultaneously,
the part of electrons can change the direction back to the
surface. Inelastic scattering couses mainly the energy
losses. The angular deviations are much lover then for elas-
tic scattering, even though they exist. The energy losses are
mainly given in materials with ,,free* electrons by scatter-
ing due to the plasmon excitation, in other way by the
interband and intraband excitations. Generaly, the energy
decrease is described by ,,stopping power®. It gives ap-
proximately the maximal depth of electron trajectory. In
bulk sample, the thin beam creates in material the shape of
approximately pear, called “interaction volume”.

For electron microanalysis, we should know:

» For which elements, compounds and alloys does the
electron microanalysis give the reasonable results
and for which not,

* What is the minimal content (concentration, number
of atoms, mass) of element we are able to measure,

« If the bulk material is homogeneous (and we define
the mean concentrations) or inhomogeneous (and we
define the distribution of elements in sample),

» Especially for film, we should decide, if we are inter-
ested on average element content or the dependence
of concentration on depth in sample,

« Ifthe method is destructive with disordering of mate-

rial or non-destructive, etc.

There are two basic systems for detection and analysis
of X-ray from sample: the first one separates the X-rays ac-
cording to energy (EDS system), the second separate the
X-rays according the wavelength (WDS system). Both sys-
tems are widely used in the practice.

From the peak energy in EDS spectrum or the angle of
maxima in WDS spectrum we can define the types of ele-
ments in sample and the qualitative analysis can be proceed
(with some limitations). For precise knowledge, we must
have the quantitative limits of detection, because in the def-
inition of non-presence of sample we should also tell what
is the minimal content we are able to proove. For this rea-
son, the critical value, the minimaly detected amount and
minimal measurable vales of concentration should be de-
fined for each element. For thin samples, when the number
of collision of electrons with atoms in thin sample is low
(e.g., one collision per electron) the energy losses are rela-
tively low and electron energy is relatively constant, the
semiquantitative analysis can be made directly from the in-
tensities, supposed Xc; = 1.

At quantitative analysis of bulk material we need to cal-
culate the concentrations (i.e., mass fractions c,) of pres-
ents elements. The physical processes what should be taken
into account are as follows:

1. slowing down of electrons;

2. elastic scattering at atoms, connected with change of

direction, including the possibility of backscattering;

3. ionisation of atoms with possible emission of X-rays;

4. indirectional ionisation of atoms by both

characteristic and bremsstrahlung radiations and
fluorescence;

5. absorbtion of generated X-ray radiation in the path

through the sample to the detector.

For calculation of concentrations usually two methods
are used, ZAF and Phi-Ro-Zet. The base of both methods
will be presented.

The depth of information is given by the size of interac-
tion volume. Causing the lateral resolution, the method al-
lows two modifications: local microanalysis and chemical
mapping. At local microanalysis, we position the electron
beam on defined place of sample and we obtain the infor-
mation from one “point” of sample. Because we usually see
the image of surface as (secondary or bacscattered) elec-
tron image, we can position the beam on places, which are
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interesting for study. At chemical mapping of area, the
beam moves in some net of points and matrix of concentra-
tions of individual elements is created. There is the possi-
bility to measure in each point of matrix all the spectrum,
which is time spending or to measure only selected energy
windows for some elements (or background). The next
possibility is the movement of beam along the line, for ex-
ample to cross the interface. In this case we shall see for ex-
ample the drop of concentration of element in question at
interface.

As conclusion, the X-ray nicroanalysis is very im-
portant method for the study of composition of materials as
well as of biological objects. The reasonable results are ob-
tained in the range of tenths of percent. Moreover, due to
possibility to use very thin electron beam, very good lateral
resolution can be obtained.

General references on electron microscopy and electron
microanalysis

1. Reimer L.: Transmission Electron Microscopy, Springer,
Berlin-Heidelberg 1984, 521 s.

2. Reimer L.: Scanning Electron Microscopy, Springer,
Berlin-Heidelberg 1998, 527 s.
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3. Hulinsky V., Jurek K.: Zkoumani latek elektronovym
paprskem, SNTL, Praha 1982, 404 s. (in Czech)

4. Goldstein J.I. v: Introduction to Analytical Electron Mi-
croscopy, eds. Hren J.J. et al., Plenum Press, New York
1979, 385 s.

5. Goldstein J.J., Newbury D.E., Echlin P., Joy, D.C., Fiory
C.E. Lifshin E., Scanning Electron Microscopy and X-Ray
Microanalysis, Plenum Press, New York 1981, 673 s.

6. Newbury D.E., Joy, D.C., Echlin P., Fiory C.E., Goldstein
J.I., Advanced Scanning Electron Microscopy and X-Ray
Microanalysis, Plenum Press, New York 1986, 454 s.

For a critical reading of this manuscript and for helpful
discussions, we would like to thank Dr. R. Kuzel. This work
was supported by Czech Science Foundation (GA-CR) pro-
ject No. P108/10/1858 and project No. KAN101120701 of
the Grant Agency of the Academy of Science of the Czech
Republic. We are grateful to Mr Robin Healey for English
language review.

Extended contribution submitted.

RTG. FLUORESCENCNi SPEKTROSKOPIE

S. Danis

Katedra fyziky kondenzovanych latek, Matematicko-fyzikalni fakulta Univerzity Karlovy, Ke Karlovu 5,
121 16 Praha 2

Rentgenova fluorescenéni analyza (XRF) patii k zaklad-
nim metodam, kterymi disponuji mnohé analytické labora-
tofe. V prispévku bude struéné shrnuta historie rtg.
fluorescecni analyzy, nacrtnut princip metody a uvedeny
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metody analyzy dat — bezstandartni metoda zaloZena na
tzv.kappa koeficientech (deJongh) a tvorba kalibracnich
kiivek. Budou téz zminéna omezeni uvedené metody.

METODY POVRCHOVE A TENKOVRSTVOVE ANALYZY PRVKQVEHO SLOZENI
(XPS, AES, SIMS), DIFRAKCE FOTOELEKTRONU

Karel Masek

Katedra fyziky povrcht a plazmatu, Matematicko-fyzikalni fakulta UK, Praha 8, V HoleSovi¢kach 2
Karel.Masek@mff.cuni.cz

Metody elektronové spektroskopie XPS (,,X-ray Photo-
electron Spectroscopy” — rentgenova fotoelektronova
spektroskopie) a AES (,,Auger Electron Spectroscopy® —
Augerova elektronova spektroskopie) a metoda SIMS
(,,Secondary Ion Mass Spectroscopy — hmotnostni
spektroskopie sekundarnich iontt) patii k nejrozsifenéjsim
metodam analyzy chemického slozeni materiali.
Prednaska se zabyva teoretickymi a experimentalnimi
zaklady vyse zminénych metod v mife nutné pro spravné
pochopeni experimentalnich dat, jejich kvalitativnimu i
kvantitativnimu vyhodnoceni.

Metoda XPS je zalozena na fotoelektrickém jevu.
Energie emitovanych elektronti je charakteristickd pro
jednotlivé prvky a je ovlivnéna rovnéz chemickym stavem,

v jakém se prvky v latce nachazeji. Tato skuteénost
umoziuje kvalitativni 1 kvantitativni vyhodnoceni
vysledkd méteni. Presnost kvantitativnich vysledkt zavisi
na struktufe studovaného materialu. U metody AES jsou
sekundarni elektrony emitovany Augerovym procesem.
Podobné jako metoda XPS i AES poskytuje informace o
chemickém slozeni a stavu studovaného vzorku. Cast
pfednasky bude vénovana metodim vyhodnoceni
experimentalnich dat s ukazkami jejich praktickych
aplikaci.

Metoda SIMS spociva v méfeni hmotnostnich spekter
iontl vyrazenych z povrchu studovaného vzorku pomoci
svazku iontll o urcité energii. Odtud mizeme potom urcit
koncentraci jednotlivych prvkd v povrchové vrstvé
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materidlu. Protoze dochazi k odprasovani povrchovych
vrstev béhem méfeni (DSIMS — dynamicky SIMS) je
mozné tuto metodu s vyhodou pouzit pro hloubkové
profilovani a méfit tlouseku jednotlivych vrstev ve vice-
vrstvovych materidlech. Kvantitativni analyza je znesnad-
néna celou fadu efektd, které je nutné pii vyhodnocovani
matricovy efekt, preferenéni odprasovani, kraterovy efekt,
promichavani atomt a dal$i. K velkym nevyhodam metody
patii jeji destruktivnost. To je mozné omezit pomoci
metody SSIMS (staticky SIMS), ktera pouziva velmi nizké
intenzity primarniho svazku. Je tfeba mit na paméti, ze
v tomto piipadé analyzujeme pouze svrchni vrstvu
studovaného vzorku.

Posledni c¢ast prednasky bude veénovana metodé
difrakce fotoelektronit XPD (,,X-ray Photoelectron Dif-
fraction®). Tato metoda vychazi z méteni uhlové zavislosti
emise fotoelektronti z povrchu krystalické latky. Sméry
emise jsou silné ovlivnény strukturou latky v nejblizsi
blizkosti emitujiciho atomu zejména takzvanym dopied-
nym rozptylem. Experimentalné ziskané obrazce se
porovnavaji se simulovanymi obrazci. Timto zpisobem je
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mozné urcit malé posuny atomt na rekonstruovanych a
relaxovanych povrSich nebo pozice molekul adsorbo-
vanych na povrchu pevnych latek. Metoda vyzaduje
specidlni experimentalni vybaveni, které je dostupné jen
v nékterych védeckych laboratofich.

Metody analyzy povrchi — elektronova spektroskopie, editor
Ludmila Eckertova, Academia Praha 1990

D.P. Woodruff, T.A. Delchar, Modern Techniques of Surface
Science, second edition, Cambridge University Press 1994

Surface Analysis by Auger and X-Ray photoelectron Spectros-
copy edited by David Briggs and John T. Grant, IM Publi-
cations and SurfaceSpectra Limited 2003.

Practical Surface Analysis, second edition, Volume 1 — Auger
and X-ray Photoelectron Spectroscopy edited by D. Briggs
and M.P. Seah, John Wiley & Sons 1990.

Practical Surface Analysis, second edition, Volume 2 — Ion and
Neutral Spectroscopy edited by D. Briggs and M.P. Seah,
John Wiley & Sons 1990.

Metody analyzy povrchi — iontové, sondové a specialni
metody, editofi Ludék Frank, Jaroslav Kral, Academia
Praha 2002.

INTRODUCTION TO THE ION BEAM ANALYSIS
V. Havranek

Nuclear Physics Institute of the ASCR, v.v.i., ReZ 130, 250 68 ReZ, Czech Republic
havranek@uijf.cas.cz

The Ion Beam Analysis (IBA) is a group of analytical tech-
niques which use a beam of accelerated MeV ions to study
the composition and structure of investigated samples. The
(IBA) methods are usually multi-elemental, non-destruc-
tive and relatively fast. They require only little or no sam-
ple preparation prior to the analysis. The analysis can be
performed, both in the vacuum, or using the external beam
(in air). Thus a variety of different samples from a single
cell to historical art paintings can be analysed. The IBA
methods are interdisciplinary and they find its place in
many scientific disciplines as, aerosol research, solid state
physics, thin layer analysis, biology, medicine, archaeol-
ogy and art and in many others. However the main princi-
ples of IBA methods are now known roughly one hundred
years, they start to be widely used as late as in seventies,
when sophisticated semiconductor detectors and appropri-
ate computing technology became available.

Methods

The IBA methods are based on principles of interaction of
energetic MeV ions with the matter. They can be character-
ized and divided according to the main interaction process
which is utilized by the particular method. Brief descrip-
tion of some common IBA methods follows.

RBS - Rutherford Backscattering Spectroscopy. It is
based on nuclear elastic scattering of the incident ion and
the nucleus of the target atom. The backscattered ions and
their energy are detected. The RBS method can be used for
quantitative determination of the amount of target atoms

(with moderate mass resolution) and also for their depth
distribution. The typical depth resolution for He ions is
about 10nm.

PIXE - Particle Induced X-ray Analysis. The method is
based on the detection of characteristic X-rays produced by
the energetic ion beam. It has a favourable detection limits
(in ppm range) and provide a good quantitative results of
atom concentration in measured samples with relative un-
certainty below 5%. Usually elements from Na and above
are detected. When the thin window or windowless detec-
tor is used, the elements down to the Boron can be detected.

PIGE - Particle Induced Gamma-ray Analysis. It is
based on inelastic ion scattering or on nuclear reaction, in
which gamma rays from exited target nuclei are emitted. It
is well suited for the determination of the light elements,
mainly for Li,F,Al,Na and B.

NRA - Nuclear Reaction Analysis. The term describes a
group of analytical techniques based on nuclear reactions
in which charged particles or gamma rays are producing.
They are isotopically specific and are usually used only in a
special cases. For instance the NRA based on the
"®0(p,alfa)°N reaction can be used for the fine depth pro-
filing of the 0. The PIGE method is sometimes consider
as a special case of NRA techniques.

ERDA - Elastic Recoil Detection Analysis. The ERDA
method is based on the detection of forward recoiled parti-
cles. Contrary to the RBS, all nuclei (ions) which are in the
sample, and also the primary particle, can be scattered (kick
off) to the forward directions. Thus we have to discriminate
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them. One way is to measure both velocity and the energy
of each particle and calculate the particle mass. This
method is called TOF-ERDA (time of flight ERDA).
There are several other options to discriminate the recoils,
to use electric or magnetic field analyzer, measure the ion
stopping power or use thin foil to stop all highly ionizing
ions (high Z ones).

RBS-Channelling refers a special use of the RBS
method, when it is applied on crystalline materials. If one
of the crystal axis is aligned with the ion beam direction a
number of backscattered particles are significantly re-
duced. The position of the lattice host atoms or the number
and depth distribution of defects can be studied by this
method.

Ion microbeam. The beam of the accelerated ions can
be focused and scan over the sample. This way, two or
three dimensional information about the distribution of at-
oms in the sample cam be obtained. A beam spot of lum or
smaller can be produced, using the set of slits and focusing
quadrupoles. There are several tents of such systems
worldwide. Above mentioned IBA methods (and lot of oth-
ers) can be used in the combination with the ion
microbeam. As the MeV protons are most common in such
systems, an alternative name “proton microprobe” is often
used.

Laboratory of IBA in ReZ

We have two electrostatic accelerators at our laboratory in
NPI AVCR v.v.i. at Rez. An older Van de Graaff accelera-
tor which is able to accelerate H" and He" ions up to
3.5MeV. It is operated from the sixties and routinely used
for IBA from the eighties. At present, there are two experi-
mental chambers at the VdG accelerator, one for RBS and
ERDA analysis and the second for the simultaneous analy-
sis by PIGE, PIGE, RBS and PESA (Proton Elastics Scat-
tering Analysis).
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From 2005 we have also a modern 3MV
TANDETRON 4130 MC accelerator. It can accelerate al-
most all ions (except some noble gasses) to energies from
several hundreds of keV up to more then 20MeV (for mul-
tiply charged heavier ions). There are four ion beam lines
connected to the Tandetron accelerator, with several exper-
imental target chambers for RBS, RBS-Channelling,
TOF-ERDA, High energy ion implantation, ion
microbeam and a universal multipurpose chamber.

The principles of selected IBA methods and examples
of its application will be presented in the lecture.

General references to the IBA methods
(for further study)

1. Handbook of Modern lon Beam Materials Analysis, Second
Edition, Y. Wang and M. Nastasi, Materidle Research So-
ciety, Warendale, Pensylvania 2009.

2. S. A.E. Johansson and J. L. Campbell , PIXE: A Novel
Technique for Elemental Analysis , John Wiley & Sons,
New York (1988), 347 p.

3. L.C.Feldman, J.W.Mayer, Fundamentals of Surface and
Thin Film Analysis, Elsevier Science Publishing Co., Inc. ,
New York (1986), 352 p.

4. Lud¢k Frank, Jaroslav Kral, Metody analyzy povrchii
iontové - iontové, sondové a specialni metody, Academia,
Praha (2002).

5. Jorge Tirira, Yves Serruys, and Patrick Trocellier, Forward
recoil spectrometry applications to hydrogen determination
in solids, Plenum Press, New York (1996), 440 p.

6. Mark B. H. Breese, David N. Jamieson, Philip J. C. King,
Materials Analysis Using a Nuclear Microprobe,
Wiley-Interscience , (1996), 464 p.

7. Zeev B. Alfassi, Max Peisach, Elemental Analysis by Par-
ticle Accelerators, CRC Press, 1.edition (1991), 480 p.

IDENTIFICATION OF IONS IN PROTEINS

J. Dohnalek

Institute of Macromolecular Chemistry AS CR, Heyrovského nam. 2, 16206 Praha 6, Czech Republic
dohnalek007@gmail.com

In single crystal studies of biological macromolecules
identification of ligands or generally solvent molecules
very often represents an uneasy task. The studied proteins
undergo a lengthy process of expression, in cell modifica-
tion, and/or secretion, purification and sometimes special
pre-crystallization treatment. The molecules are commonly
crystallized in solutions of salts and presence of unwanted
metal ions in the used chemicals is not excluded.

As a result in protein crystal structures ions or other
small chemical moieties are often observed bound on the
molecular surface. A majority of protein crystals do not
provide diffraction data to atomic or subatomic diffraction
limits (1.2 A or better). To date some 63 thousand X-ray
structures deposited in the Protein Data Bank have the high

diffraction limit of data 1.2 A or worse and about 1500 1.2
A and better. Therefore protein crystallographers must
mostly rely on other indicators of the nature of an ion than
purely the height of an electron density maximum.

The sum of the utilized approaches includes anoma-
lous scattering signal, typical coordination and bonding
distances [1], statistical evaluation of typical cases, assess-
ment of the local environment, experimental conditions
such as pH, and other. Access to tunable X-ray sources
with fluorescence detectors enables absorption edge
checks and fluorescence analysis in some cases [2] and
availability of a micrometer high energy proton beam al-
lows element identification by microbeam Proton Induced
X-ray Emission (microPIXE) [3].
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Lighter ions, such as Na‘, Mg*‘and CI’, belong to a
special category as their presence in protein structures ei-
ther remains unnoticed or is misinterpreted. In such cases
the correct assignment of an ion type and its distinction
from a water molecule rely on sufficient evidence from all
available information sources.

1. M.M. Harding, M.W. Nowicki, M.D. Walkinshaw,
Crystallogr. Rev. 16, (2010), 247.
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2. J. Dohnalek, T. Koval, P. Lipovova, T. Podzimek, J.
Matousek, J. Sync. Rad. 18, (2011), 29.

3. E.F. Garman, G.W. Grime, Prog. Biophys. Mol. Biol. 89,
(2005), 173.

Grant support from the Czech Science Foundation is grate-

fully acknowledged (project no. P302/11/0855).

ISOMERIC FORMS OF THE ORGANOMETALLIC-INORGANIC HYBRID POLYMER
[Cp*2M02P2393(CU|)3(CH3CN)]N
M. Dusek

Institute of Physics ASCR, v.v.i., Na Slovance 2, 18221 Praha 8, Czech Republic
dusek@fzu.cz

Recently, there was an article [1] published about synthesis
and characterization of a tripledecker molecule
[Cp*:Mo,P,Se;], Cp* = CsMes), and its use as a molecular
building block in the formation of copper(I) halide poly-
mers. Reaction of the tripledecker molecule (see Fig. 1)
with copper(I) halides provides polymers of diverse
dimensionalities depending on competing coordination
properties of P and Se atoms.

The reaction of the tripledecker molecule with Cul in
CH;CN gave a mixture of bright-red plates and dark
prisms, both with a composition Cp*;Mo,P,Se;(Cul);
(CH3CN)],, in a temperature-dependent ratio. While struc-
ture of bright-red plates could be solved by classical meth-
ods as a two-dimensional polymer, the structures of the
dark-red prisms was modulated. The modulation of
tripledecker molecule is of harmonic nature. On the other
hand, discontinuous modulation function are needed for
the inorganic part whene a cage from Cu and I atoms (Fig.
2) alternates between two positions. In three-dimensional
description this lead to disorder, which is resolved using
crenel modulation function.

The presentation demonstrates way how to solve and
refine this kind of structure. The steps with program
Jana2006 [2] will be explained together with necessary un-
derlying theory to the extent needed for understanding the
presented procedures. Finally, still unsolved problems con-
nected with solution of the title structure, will be discussed.

1. M. Bodensteiner, M. Dusek, M.M. Kubicki, M. Pronold,
M. Scheer, J. Wachter, M. Zabel, Eur. J. Inorg. Chem.,
2010, (2010), 5298.

2. V. Petricek, M. Dusek, L. Palatinus, Jana2006. The crystal-
lographic computing system. Institute of Physics, Praha,
Czech Republic. http://jana.fzu.cz

Figure 1. The tripledecker molecule. P yellow, Se red, Mo or-
ange, C gray, hydrogen omitted.

Figure 2. Two positions of the Cu-I cage observed as disor-
der in the average structure.
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