Chapter 3

Interaction of radiation with matter

3.1 Types of radiation
Interaction of radiation with the matter is necessary in order to characterize the microstructures:
e photons

electrons

e neutrons

protons

ions/atoms

The penetration depth or mean free path of the incident beam determines the depth and volume
of material that will be sampled. In many cases one is probing with one type of radiation but
detecting a second type. This occurs in X-ray photoelectron spectroscopy (XPS) where the incident
probe is a beam of X-ray photons but emitted electrons are detected,whereas this is reversed for
the technique of energy dispersive X-ray(EDX) analysis. Generally the particle or radiation which
has the shortest mean free path in the material will determine the volume analysed. Whatever
beam is selected we must be aware of its interaction with the material, what photons, electrons
or other particles are ejected and how they, in turn, inter-act with the material. Only in this way
can we use the emitted signals to gain an understanding of the material being examined. The
material can be damaged by this interaction:

e surface observations =visible light is bombarding the surface (damage to the photographic
layer)

e for a higher magnification = electrons with energies between 10-30 keV (greater penetration
and consequently greater damage)

e high resolution and high sensitivity = high energy ions (visible damage)

It is necessary to choose the right method due to their damage characteristics.
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3.2 Photon interactions

The electromagnetic radiation can interact with electrons or phonons. Photons are discrete quanta
of electromagnetic radiation. The photon is identified by the wavelength, A, energy, E, and
frequency, v , all of which are related by the equation

hv = E = he/A (3.1)

where h is the Planck constant and c¢ the velocity if light.The electromagnetic spectrum spans a
vast range with wavelengths varying from 10° m down to 10~ m. If we are to use electro-magnetic
radiation for microstructural characterisation of materials a photon wavelength is needed that is
of comparable size to the features being studied. This means that photon wavelengths greater
than 10~*m would result in an inadequate spatial resolution and we do not require radiation less
than about 107 m.

The penetration of photons shows considerable and dramatic variations between different types of
material and photon energy or wavelength. It is not possible or instructive to go into any detail
regarding penetration depths over the whole of the electromagnetic spectrum, but only some
specific wavelengths that are important for interrogating the microstructure of materials. The
long wavelength infrared radiation is used to characterise materials by determining how specific
wavelengths are absorbed, visiblelight is used in a variety of instruments mainly to obtain a visual
image of the surface while at the shorter wavelength ultraviolet radiation is often used to obtain
information concerning the electron distribution in the surface atoms. Some materials are opaque
while others are transparent to this range of wavelengths. However, even the most opaque or
highly reflecting of these materials will allow the radiation to penetrate at least a fraction of a
wavelength below the surface. In the case of visible light, where the wave-length is approximately
500 nm this penetrates an average of between 50 to 300 nm into the bulk so that any analysis
performed or image obtained will average over several hundred atom layers.

3.2.1 Very short wavelengths (< 1072 m, v-rays)

The method that uses vy-rays to characterize materials is called Mdssbauer spectroscopy.

Key to the success of the technique is the discovery of recoilless y-ray emission and absorption,
now referred to as the Mdssbauer effect, after its discoverer Rudolph Méssbauer, who first observed
the effect in 1957 and received the Nobel Prize in Physics in 1961 for his work.

Maossbauer effect

Nuclei in atoms undergo a variety of energy level transitions, often associated with the emission or
absorption of a gamma ray. These energy levels are influenced by their surrounding environment,
both electronic and magnetic, which can change or split these energy levels. These changes in the
energy levels can provide information about the atom’s local environment within a system and
ought to be observed using resonance-fluorescence. There are, however, two major obstacles in
obtaining this information:

e the ’hyperfine’ interactions between the nucleus and its environment are extremely smaller,
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e the recoil of the nucleus as the gamma-ray is emitted or absorbed prevents resonance.

Just as a gun recoils when a bullet is fired, conservation of momentum requires a free nucleus
(such as in a gas) to recoil during emission or absorption of a gamma ray.

e [f a nucleus at rest emits a gamma ray, the energy of the gamma ray is slightly less than the
natural energy of the transition (difference is equal to the recoil energy Eg),

e but in order for a nucleus at rest to absorb a gamma ray, the gamma ray’s energy must be
slightly greater than the natural energy.

Free emitting and absorbing atoms
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Figure 3.1: Recoil of free nuclei in emission or absorption of a gamma-rays

This means that nuclear resonance (emission and absorption of the same gamma ray by iden-
tical nuclei) is unobservable with free nuclei, because the shift in energy is too great and the
emission and absorption spectra have no significant overlap.
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Figure 3.2: Resonant overlap in free atoms. The overlap shown shaded is greatly exaggerated.
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In order to achieve resonance in emission and absorption the loss of the recoil energy must be
overcome in some way.

Nuclei in a solid crystal are not free to recoil because they are bound in place in the crystal
lattice. When a nucleus in a solid emits or absorbs a gamma ray, some energy can still be lost
as recoil energy, but in this case it always occurs in discrete packets called phonons (quantized
vibrations of the crystal lattice). Any whole number of phonons can be emitted, including zero,
which is known as a "recoil-free" event. In this case conservation of momentum is satisfied by the
momentum of the crystal as a whole, so practically no energy is lost.

Mossbauer found that a significant fraction of emission and absorption events will be recoil-
free, which is quantified using the Lamb—Mossbauer factor. This fact is what makes Mdssbauer
spectroscopy possible, because it means gamma rays emitted by one nucleus can be resonantly
absorbed by a sample containing nuclei of the same isotope, and this absorption can be measured.

Emitting and absorbing atoms fixed in a lattice
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Figure 3.3: Atoms fixed in lattice.
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In its most common form, Mdéssbauer absorption spectroscopy,
e a solid sample is exposed to a beam of gamma radiation,
e and a detector measures the intensity of the beam transmitted through the sample.

The atoms in the source emitting the gamma rays must be of the same isotope as the atoms in
the sample absorbing them.

If the emitting and absorbing nuclei were in identical chemical environments, the nuclear
transition energies would be exactly equal and resonant absorption would be observed with both
materials at rest. The difference in chemical environments, however, causes the nuclear energy
levels to shift in a few different ways. Although these energy shifts are tiny (often less than a micro-
electronvolt), the extremely narrow spectral linewidths of gamma rays for some radionuclides make
the small energy shifts correspond to large changes in absorbance. To bring the two nuclei back
into resonance it is necessary to change the energy of the gamma ray slightly, and in practice this
is always done using the Doppler effect.

During Méssbauer absorption spectroscopy, the source is accelerated through a range of veloc-
ities using a linear motor to produce a Doppler effect and scan the gamma ray energy through a
given range. A typical range of velocities for 57Fe, for example, may be £11 mm/s (1 mm/s =
48.075 neV).

In the resulting spectra, gamma ray intensity is plotted as a function of the source velocity.
At velocities corresponding to the resonant energy levels of the sample, a fraction of the gamma
rays are absorbed, resulting in a drop in the measured intensity and a corresponding dip in the
spectrum. The number, positions, and intensities of the dips (also called peaks; dips in transmitted
intensity are peaks in absorbance) provide information about the chemical environment of the
absorbing nuclei and can be used to characterize the sample.

Mossbauer spectroscopy is limited by the need for a suitable gamma-ray source. Usually, this
consists of a radioactive parent that decays to the desired isotope. For example,

e the source for 57Fe consists of 57Co, which decays by electron capture to an excited state
of 57Fe,

e then subsequently decays to a ground state emitting the desired gamma-ray.
e The radioactive cobalt is prepared on a foil, often of rhodium.

Ideally the parent isotope will have a sufficiently long half-life to remain useful, but will also have
a sufficient decay rate to supply the required intensity of radiation.

Mossbauer spectroscopy has an extremely fine energy resolution and can detect even subtle
changes in the nuclear environment of the relevant atoms. Typically, there are three types of
nuclear interactions that are observed

e isomer shift (or chemical shift) - is a relative measure describing a shift in the resonance
energy of a nucleus due to the transition of electrons within its s orbital. The whole spectrum
is shifted in either a positive or negative direction depending upon the s electron charge
density. This change arises due to alterations in the electrostatic response between the
non-zero probability s orbital electrons and the non-zero volume nucleus they orbit.
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e quadrupole splitting - reflects the interaction between the nuclear energy levels and surround-
ing electric field gradient (EFG). Nuclei in states with non-spherical charge distributions,
i.e. all those with angular quantum number (I) greater than 1/2, produce an asymmetrical
electric field which splits the nuclear energy levels. This produces a nuclear quadrupole
moment.

Mossbauer_Isomer_Shift_and_Quadrupole_Splitting_for_57Fe.png

Figure 3.4: Chemical shift and quadrupole splitting of the nuclear energy levels and corresponding
Mossbauer spectra
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e hyperfine splitting (or Zeeman splitting) - is a result of the interaction between the nucleus
any surrounding magnetic field. A nucleus with spin, I, splits into 2I + 1 sub-energy levels
in the presence of magnetic field. For example, a nucleus with spin state I= 3/2 will split
into 4 non-degenerate sub-states with mlI values of +3/2, +1/2, -1/2 and —3/2. Each split is
hyperfine, being in the order of 10~"eV. The restriction rule of magnetic dipoles means that
transitions between the excited state and ground state can only occur where ml changes by
0 or 1. This gives six possible transitions for a 3/2 to 1/2 transition.
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Mossbauer_Magnetting_Splitting. jpg

Figure 3.5: Magnetic splitting of the nuclear energy levels and the corresponding Mdossbauer
spectrum
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3.2.2 Short wavelengths (107'*t0107° m, including X-rays and ultravio-
let)

If photon has enough energy to excite electron to high energy levels, two effects can occur:
e internal photoeffect (e.g. photoconductivity)
e external photoeffect or the photoemission.

The kinetic energy is:

1
im& = Ep +6FE — By + hv — AE. (3.2)
At 0 K the kinetic energy is maximum
1
(imUQ)maX =hv — (B — Er) = hv — x = h(v — 1), (3.3)

where 1 is the frequency of photoelectric effect.

In the case of photoemission induced absorption (X-ray), the photon has enough energy to
excite an electron from some inner layers of solid.

Lo

gmv” = hv — x — Eg, (3.4)
where FEjg is the binding energy of the inner layers. The binding energy is characteristic for each
substance, so the kinetic electrons emitted bear information related to the electronic structure
and thus, the type of material.

3.2.3 Fowler‘s theory for metal /vacuum interfaces

Fowler proposed a theory in 1931 which showed that the photoelectric current variation with the
light frequency could be accounted for by the effect of temperature in the number of electrons
available for emission, in accordance with the distribution law of Sommerfeld‘s theory for met-
als. Sommerfeld‘s theory had resolved some of the problems surrounding the original models for
electron in metals. In classical Drude theory, a metal had been envisaged as a three-dimensional
potential well (box) containing a gas of freely mobile electrons. This adequately explained their
high electrical and thermal conductivities. However, because experimentally it was found that
metallic electrons do not show a gas-like heat capacity, the Boltzman distribution law is inappro-
priate. A Fermi-Dirac distribution function is required, consistent with the need that the electrons
obey the Pauli exclusion principle and this distribution function has the form

1
P(&) = 1+ exp[(E — Ep)/kT)]

(3.5)

At ordinary temperatures, the Fermi energy Er > kT. Fowler's law, referred to above as the
"square law", is readily tested in practice since it predicts at T=0 K

ioc (v —1yp)? (3.6)
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where 1 is the photoelectric threshold frequency and v refers to a range of energies from threshold
to a few kT above threshold. To a good approximation, the photoelectric yield per unit light
intensity near v is proportional simply to the number of electrons incident per unit time. The
energy condition can be written

(1/2m)p* + hv > ¢ (3.7)

where p is the initial momentum of the electron normal to the surface. The escaping electrons
have been termed the "available electrons".

Fowler‘s derivation for the single photon does not explicitly involve the quantum mechanical form
of current; instead, a semi-classical flux of electrons arriving at the metal surface is used. The
electron gas in the metal will obey Fermi-Dirac statistics, and the number of electrons per unit
volume having velocity components in the ranges u,u + du, v,v + dv and w + dw is given by the

formula
m dudvdw

dudvdw = 2(—)?
n(u,V,w) uarvaw (h) 1+€$p[%m(u2—f—y2—f—w2)_EF]/kT

(3.8)

where u is the velocity normal to the surface and m is the electron mass. The number of electrons
per volume, n(u)du, with their velocity component normal to the surface in the range u, u + du is
given by:

AmkT 1
=T (%)?ﬂog[l + exp(Efp — §mu2)/kT]du (3.9)

The solution for the photoelectric current resulted in the form

n(u)du

(v — )2
— 3.10
" (o — )12 S
A method for determining the threshold frequency of the illuminated surface vq is that which
makes use of the complete photoelectric emission. When a metal surface is exposed to the total
thermal radiation from a black body with a temperature T, the total photoelectric current is given
by:
: oy
1= AT e *T (3.11)

were A‘ is a constant.

3.2.4 Measurement of the photoelectric work function

e Fowler isotherm: measurement of the photocurrent depending on the frequency of incident
radiation at constant temperature, the Ini;/T? is expressed as hv/kT and compared with
the theoretical curve

it h

In Tz = In(aAp) +1n f(z) = B+ @[ﬁ(y —1p)]. (3.12)
From the Fowler equation, giving the relation between temperature and photoelectric emis-
sion, 1y can be determinate by plotting the In f(A) as a function of A. A universal curve is
obtained. Then In 77 is plotted against Z—:’; A curve us obtained of the same shape as the
universal curve, which can be made to coincide with it by a parallel shift. The vertical shift

is measure of B, the horizontal is equal to %
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e duBridge isochromatic method: measurements at one frequency v but different tempera-
tures. For this purpose In f(A) is plotted against In|A|, and again a universal curve is
obtained. From the experimental data Ini;/T? is plotted against In1/7. For different fre-
quencies the temperature dependence of the photoemission differs

o for v =y is if = a Ay = 72/12T>

o for x> 1;v > 1y, is f(z) = 72/6 + 2%/2 and

aAy [P (v — 1p)? 2
[ z]

(3.13)

T 2 3
where the parabolic dependence is applied obly when the first term in the brackets is suffi-
ciently small.

o for t <1, v <y, is f(xz) =e” and

h(vy — v)

). (3.14)

ir = aAgT? exp(—

3.2.5 Interaction of excited electrons with matter

The hot-electron problem represents the study of the deviations from the linear response regime
due to heating of charge carriers above the thermal equilibrium. Studies have been carried out in
1930s, mainly by Russian physicist Landau and Davidov. This means that electron temperature
T, which ;| in the presence of an external high electric field, is higher that the lattice temperature
T.

Nonlinear transport deals with problems that arise when a sufficiently strong electric field is
applied to a semiconductor sample, so that the current deviates from the linear response. This
effect is typical of semiconductors and cannot be seen on metals since, owing to their large
conductivities, Joule heating would destroy the material before deviations from the linearity
could be observed.

Considering ' . '
v (1) = o§ + ant® (3.15)

where v (¢) is the instantaneous velocity if the i-th electron at time ¢, At is the same time elapsed
after its last scattering event, and a = eFE/m is the electron acceleration, due to a constant and
uniform applied electric field E. The region of field strengths where transport starts to deviate
from linearity is called warm-electron region.

3.2.6 Photoemission from semiconductors

There are some differences when we speak about the photoemission from metals and semiconduc-
tors. All high quantum yield photocathodes are semiconductor ones. The absorption of light is
affected by:

e internal absorption due to their band gap
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e external absorption from the external layer

The Fermi level is influenced by the surface layers and the type of semiconductor used. Electron
coming from different depths have different space charge and work function = as they would have
different work function for different photoelectrons excited at different wavelengths.

The density of stated around Fermi level increases strongly and we cannot assume that photon
absorption is independent from electron‘s energy state. The quantum yield increases with the
temperature faster than in metals.

3.2.7 Photocathode

e IR region: Ag-O-Cs, also called S-1. This was the first compound photocathode material,
developed in 1929. Sensitivity from 300 nm to 1200 nm. Since Ag-O-Cs has a higher dark
current than more modern materials photomultiplier tubes with this photocathode material
are nowadays used only in the infrared region with cooling.

e visible region: Sb-Cs has a spectral response from UV to visible and is mainly used in
reflection-mode photocathodes. and also bi-alkali (antimony-rubidium-caesium Sb-Rb-Cs,
antimony-potassium-caesium Sh-K-Cs). Spectral response range similar to the Sb-Cs pho-
tocathode, but with higher sensitivity and lower dark current than Sb-Cs. They have sen-
sitivity well matched to the most common scintillator materials and so are frequently used
for ionizing radiation measurement in scintillation counters.

e UV region: metals and Cs-Te (Cs-I). These materials are sensitive to vacuum UV and UV
rays but not to visible light and are therefore referred to as solar blind. Cs-Te is insensitive
to wavelengths longer than 320 nm, and Cs-I to those longer than 200 nm.

3.2.8 Interaction of matter with very long wavelengths photons (>
Imm) - including radio and microwaves

All nucleons, that is neutrons and protons, composing any atomic nucleus, have the intrinsic
quantum property of spin. The overall spin of the nucleus is determined by the spin quantum
number /. Some nuclei have integral spins (e.g. I = 1,2,3...), some have fractional spins (e.g.
I=1/2,3/2,5/2....), and a few have no spin, I = 0 (e.g. 12C, 160, 328, ....). Isotopes of particular
interest and use to organic chemists are 1H, 13C, 19F and 31P, all of which have I = 1/2.

A non-zero spin is always associated with a non-zero magnetic moment p

p=rS (3.16)

where 7 is the gyromagnetic ratio.

It is this magnetic moment that allows the observation of nuclear magnetic resonance (NMR)
absorption spectra caused by transitions between nuclear spin levels in the presence of external
magnetic field (spin states splitting).

http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/nmr/nmrl.htm

Electron spin resonance (ESR) or electron paramagnetic resonance (EPR) is a related technique
in which transitions between electronic spin levels are detected rather than nuclear ones. The basic


http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/nmr/nmr1.htm
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principles are similar but the instrumentation, data analysis, and detailed theory are significantly
different. Moreover, there is a much smaller number of molecules and materials with unpaired
electron spins that exhibit ESR absorption than those that have NMR absorption spectra. ESR
has much higher sensitivity than NMR does.

3.3 Electron interactions

desorption of neutral particles

e excitation of photons (x-ray, chatodoluminescence)

e reality of material: cleaning, activation energy for chemical and physical processes, electron
lithography

e change of material

e emission of electrons: (a) without interaction, (b) elastic scattering (diffraction on passage),

(c) elastic reflection (diffraction on reflection), (d) inelastic reflection (characteristic energy
loss), (e) backscatter electron, (f) electron transmission with the possibility to emit others
and (g) electron transmission with secondary electron emission.

When a sample is bombarded with charged particles, the strongest region of the electron
energy spectrum is due to secondary electrons. The secondary electron yield depends on
many factors, and is generally higher for high atomic number targets, and at higher angles
of incidence. There is a lot of information in this secondary electron "background", but,
unlike Auger and other electron spectroscopies, it is not directly chemical or surface specific
in general.

Total electron current from a substance is the current of secondary electrons on reflection
or transmission.

3.3.1 Electron emission

The ration between this current /s and primary I, is called secondary emission coefficient
o = I;/I,. By selecting the secondary electrons by their energies we can identify individual
interactions:

e the highest maximum of primary energy level = elastic reflection of e~
interaction with the atom like a whole, there is no change in energy but, the electron mo-
mentum can be changed dramatically. For electron energy higher than (> 5 keV)the effect
is called Rutherford Backscattering (RBS)

WG s e

where F'(0) is the screening effect of electrons. F(#) is insignificant at high angles 6 and
strong scattering can occur only in heavy atoms (used for TEM contrast). When the target

a0 4
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Figure 3.6: Electron interaction with the solid state.

|

is a crystalline material diffraction and channelling occurs. When electron scattering
from crystal lattice is coherent, amplification in those direction occurs, which is represents
Bragg law:

nA = 2dhk1 sin 9, (318)

where n is a integer dyy is is the spacing between the planes in the atomic lattice expressed
with Miller indexes. This method is used to examine the bulk crystalline structure (£ =
10 keV) or the surface structure using low-energy electron diffraction (LEED) or very small
angle relection in reflection high-energy electron diffraction (RHEED).

e the smaller peaks to the left show the shift in maximum elastic reflection of e~ = electrons
which suffer energy losses.
Electrons undergo a variety of interactions:

e adsorbed molecules are excited on vibrational state AE ~ 50-500 meV;

e individual interaction with valence e”, AE &~ 3-20 eV but without a sharp peak because the
valence band has a width of several eV;

e multiple interactions with the valence e”which is bombarded by an electron, vibrating with

frequency
1 2
wy = — ° (3.19)
€ MM
for plasmon in volume, or
e = 2 = 2 (3.20)

for excitation of the surface plasmon. AF is between 5 and 60 eV.



16 CHAPTER 3. INTERACTION OF RADIATION WITH MATTER

Inelastic interactions include phonon excitations, inter and intra band transitions, plasmon
excitations, inner shell ionizations are studied by electron energy loss spectroscopy (EELS).

e smaller peaks which are not shifted by energy = Auger e~ which have for each substance
a characteristic position.

Energy loss
electrons

Auger
electrons

Intensity £-N(E)

Baclqlscattered

lectran:
elec Ich

Secondary
electrons

Electron energy £ Ey

Figure 3.7: Electron energy distribution.

Primary e~ removes a core e~ (e.g. from K shell). The core state electron is removed
leaving behind a hole. As this is an unstable state, the core hole can be filled by an outer shell
electron, whereby the electron moving to the lower energy level loses an amount of energy equal
to the difference in orbital energies. The transition energy can be coupled to a second outer shell
electron which will be emitted from the atom if the transferred energy is greater than the orbital
binding energy. The Auger energy released

Ey = Ex — Ey, — F}, — Ey. (3.21)

The EY, is not equal with the original level energy Ey, because the e~ on the level V moves in a
potential and the e~ on the level L is missing. The Auger requires the existence of at least two
energy levels to three electrons. That is why it can not measure H and He. The elements with
atomic number between 3 and 14 have KLL line, elements between 14 and 40 have LMM line,
between 40 and 79 are MNN line and for heavier elements NOO line exists.
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Figure 3.8: Overwiev of measuring methods using emitted electrons.
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3.4 Interaction of 1ons with solid surface

Differences exists in the interaction of ions and electrons with matter. Ions are much heavier, have
bigger dimensions and they can have higher charges.

Interakce iontt a atomt s pevnymi latkami je zakladem mnoha technologickych procesi mater-
idlového inzenyrstvi, protoze miize vyustit ve strukturni zmény materialu, implantaci dopadajici
castice, ¢i k rozpraseni pevné latky. Také mnoho metod charakterizace povrchu materiali je za-
loZzeno na detekci odrazenych nebo emitovanych ¢astic pii iontovém bombardu. Emitované ¢astice
muzou byt

e secondary electrons (secondary ion-electron emission),

e photons (characteristic x-rays and visible radiation - ionoluminescence),
e ions (ion scattering, ion-ion secondary emission),

e neutral particles (cathode sputtering),

e products of nuclear reactions

Vs8echny procesy zptisobené dopadem atomu ¢i iontu na pevny material jsou schematicky naz-
naceny na obrazku Fig. 3.9

Ktery proces nastane po dopadu atomu ¢i iontu na povrch zélezi na mnoha faktorech, jako je
energie dopadajici ¢astice (Ep), thel dopadu, tok dopadajicich ¢astic (v;), hmotnost a atomové
¢islo dopadajici ¢astice (M respektive Z;), hmotnost a atomové ¢islo atomu terce (M, respektive

(—B Primarni ion

Neutralni ¢astice
(atomy, molekuly)

O Elektrony

Odrazené atomy ) o
(O Zéaporné ionty
Radikaly @

® Kladna ionty
Rozlozene
O

molekuly plynu Fotony

qjhb Tvorba defektl

Figure 3.9: Dusledky iontového bombardovéni.
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Z5) a naboj dopadajicich ¢astic a ¢astic ter¢e. Za podminek obvyklych pro opracovavani materiali
lze interakci projektilu a terce rozdeélit na dva odlisné mechanismy

e Jaderné srazky, napriklad elastické srazky atomt

e FElektronické srazky, pti nichz jsou excitovany, nebo emitovany elektrony z materialu.

3.4.1 Kinematika dvojné srazky

V pripadé jadernych srazek jsou hmotnosti interagujicich céstic pomérné blizké. V pripadé
elastické srazky tak muze dochazet k velké ztraté kinetické energie dopadajici ¢éstice, velkému
rozptylu dopadajici ¢astice a vzniku energetickych zpétné odrazenych atomti. E;; a E; jsou dany
vztahy

E, = KE, (3.22)
E2 - (1—K)E0

kde K je kineticky faktor dany pomérem hmotnosti M;/M, a thlem rozptylu v laboratorni
soustavé #. Pokud je hmotnost dopadajiciho atomu vétsi, nez hmotnost zasazeného atomu,
M /Ms > 1, je kineticky faktor dany vztahem:

1/272
cosf + (%2 — sin? 9) /
K = o . (3.23)
Tt
1

Pokud M; /M, < 1 vyraz se zjednodusi na tvar

1/212
cos 6 + (%2 — gin? 9) /
K = i . (3.24)
i
1

Energie pfedané zasazenému atomu lze vyjadiit zjednoduSenim rovnice (3.23)) jako

AM; M. 0
2 gin® < B, (3.25)

Fy= 172
27 (M + Ms)? 2

vy

kde 6, je rozptylovy thel v tézistové soustave.

3.4.2 U¢inny prifez

Vystaveni materidlu proudu atomi, ¢i ionti vede k vzajemné interakci velkého mnozstvi ¢as-
tic. Proto je obvyklé popisovat tento déj pomoci pravdépodobnostnich veli¢in, zalozenych na
pravdépodobnosti rozptylu ¢astic. Uvazujme ¢astici mitici do bodu ve vzdalenosti b od stfedu jiné
¢astice. Schéma odklonéni této ¢astice je na obrazku [3.10}

Veli¢ina b je jeden ze srazkovych parametri, tzv. zamérna vzdalenost. Tok ¢astic bude znacen
I'. Castice vstupujici do srazky z diferenciélni oblasti b db d¢; opoustéji s uré¢itou pravdépodobnosti
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dQ2 = sin #dOd¢

sin fd¢

.

trajektorie

rozptylové
centrum

Figure 3.10: Schéma rozptylu lehké castice

srazku skrze diferencidlni prostorovy thel 2 definovany pomoci rozptylového thlu 6; a orientace
roviny srazky ¢; jako

dQ? = sin 91d91d¢1 (326)
Konstantou tmérnosti je diferencialni u¢inny prifez o(6;, ¢;):

Tbdbdg = o(6;, ¢;) TdQ. (3.27)

ProtoZe obé strany rovnice (3.27)) odpovidaji mnozstvi ¢astic rozptylenych za jednotku ¢asu,
tedy vyrazu dN/dt, lze diferencidlni G¢inny prifez povazovat za mnozstvi ¢astic rozptylenych za
jednotku ¢asu a vstupniho tthlu do prostorového uhlu df2:

dN
b)) = 2
Diferencialni ufinny prifez lze vyjadiit z rovnic (3.26]) a (3.27)) jako
b |db
9i7 i) = . . .2
702 = 5u, | @ (3.29)

Velikost db/df je urcena interakéni silou, ktera vyvolava rozptyl. Absolutni hodnota je pouzita,
protoze 6 obvykle klesa se vzristajicim b a o(6ia¢;) jsou kladné veli¢iny.
Celkovy ucinny priifez o 1ze vypocitat integraci o pres cely prostor

oy = /Q o (6, 6;)dQ = /0 2” /0 " o (6;, ¢1)d0ds. (3.30)
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Veli¢iny o(6;, ¢i) a oy zéavisi na velikosti vzajemné rychlosti ¢astic. V piipadé centralné pusobici
sily zavisi vzajemny interak¢ni potencial pouze na vzajemné vzdalenosti ¢astic r. Takovy potenciél
je izotropni, takze vysledny diferencialni i¢inny prifez nezavisi na ¢:

oy = 21 /Oﬂa(Gi)dQ. (3.31)

Naptiklad Coulombova sila spliuje toto kritérium.

Uvazujme nepohybujici se ¢astice rozmisténé s hustotou ny. Pokud ke srazkam s dopadajicim
svazkem céstic dochazi pomérné ziidka, lze pocet castic, které projdou srédzkou béhem priletu
oblasti dx lze vyjadrit jako

dn = —onnide. (3.32)

Pri studiu zastaveni iontti v materialu byva uzitecné znat pravdépodobnost, Ze projektil s en-
ergii I o pfeda zasazenému atomu mnozstvi energie v rozmezi E; a Ey + dE;. Tato pravdépodob-
nostni funkce definuje G¢inny priifez pro prenos energie og(FE;), ktery je ve vztahu s Géinnym
prurezem o (6;, ¢;) jako

og(Ey)dE; = o(6;, ¢i)d0ide;. (3.33)

3.4.3 Dynamika elastické srazky

Aby bylo mozno uré¢it diferencialni a¢inny prufez z rovnice je nutné najit zavislost mezi
parametrem rozptylu b a thlem rozptylu 6;. Zavislost lze stanovit i bez konkrétni znalosti presné
zavislosti interakéni sily ptisobici mezi ¢asticemi. Za predpoklady centralné pusobici sily F(r) =
F(r)t 1ze vyuzit potencialni energie U(r) diky vztahu

dU(r)
dr

F(r) = —VU(r) = — . (3.34)

Uhel rozptylu 6; pak lze zapsat ve tvaru

tb) =2 " ST

- b[ B2 2U(r)]_1/2dr (3.35)

kde v je relativni rychlost ¢astic a r,;, je nejmensi vzajemné vzdéalenost, kterd je dana vztahem

2U min m1/2
LV
3.4.4 Meziatomovy potencial
Stinici potencial
Interakce dvou atomovych jader je dana coulombovskou potencidlni energii
1 ZZ.e?
Uo(r) = e (3.37)

drteg 71
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Vel viv s

Interakce dvou atomu je vSak slozitéjsi, nebot zahrnuje i vliv elektronového obalu a jeho zéavislost
na vzdalenosti Existuji dvé uzitecné veli¢iny, které ohranic¢uji problém a to Bohrav polomér ag

B Arreoh?

mee? ’

(3.38)

Qo

a meziatomova vzdalenosti v krystalu rg. Bohruv polomér ay = 0.053 nm, oznacuje dosah elek-
tronové slupky atomu. Meziatomova vzdalenost, typicky rq = 0.25 nm, je vzdalenost mezi mezi
dvéma vazanymi atomy dand minimem potencialni energie krystalu. Naboj jadra je na vzdalenost
r > ry velmi dobte odstinén elektrony z elektronového obalu. Jak se atomy k sobé priblizuji, zac-
nou se elektronové obaly prekryvat a mize dojit k pritahovani atomi a vzniku vazby. V extrémnim
pripadé r < ag se jadra stanou vzajemné nejblize poloZenymi nabitymi ¢asticemi v systému. V
takovém piipadé jejich Coulombovska interakce dominuje a potencialni energie je velmi dobte
popsana rovnici (3.37).

Ve stredni vzdélenosti ag < r < rg, ma kladna interakéni energie, vedouci na odpudivou silu,
dvé slozky (i) elektrostaticka odpudiva interakce mezi dvéma jadry (ii) zvySeni energie na zakladé
Pauliho vylucovaciho principu.

Ackoliv presny popis meziatomové interakce zahrnuje komplikované efekty elektronového obalu,
predchozi diskuze ukazuje, ze staci uvazovat rovnici upravenou vhodnou limitujici funkei.
Ve vysledku je stinény Coulombovsky potencial popisovan tvarem

1 ZiZtGQ
U(?“)—47T80 . x(r) (3.39)

kde x je stinici funkce. Za idealnich podminek by x(r) mélo jit k nule pro velké vzdalenosti a k
jednicce pro malé vzdalenosti.

V podstaté existuji dva zpisoby vyjadieni stinici funkce, (i) jednoduchy statisticky a (ii)
kvantové-mechanicky Hartee-Fockiiv atomovy model.

Thomas-Fermiho statisticky model

Statisticky Thomas-Fermi (TF) popis predpoklada, zZe se elektrony chovaji jako idealni plyn slozeny
z Castic o energii E. Elektrony podléhaji Fermi-Diracové statistice a vyplhuji potencialovou jamu
v okoli pozitivné nabitého jadra. Tento model evidentné nebere v potaz rizné elektronové hladiny.

Presné feseni TF modelu stinici funkce je obvykle ziskdno numericky. AvSak pro mnoho aplikaci
je vyhodné mit k dispozici analytické FeSeni, které priblizné odpovidd TF rovnici. Nejstarsi a

v

nejznaméjsi je Sommerfeldiv asymptoticky vyraz:

x(z) = [1 + (xﬂ (3.40)

a

kde konstanty a, A a ¢ jsou voleny nasledujicim zpiisobem: a = 12%/3 a ¢\ = 3. Normalizovana
meziatomova vzdalenost x = r/arp je nasledné modifikovana pomoci TF stinicim polomérem pro

srazky mezi atomy
1 /3m\%? ag
_ = )_ 3.41
aTE =5 ( 4 ) Z13 (341)
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kde Z.g je efektivni naboj pii interakci dvou rozdilnych atomu

Zop = (ZM? + Z}1%)2, (3.42)

1

Sommerfield zjistil, Ze pro velké x jsou pfiblizné hodnoty A a ¢ A = 0.772 a ¢ = 3.886. Tim déava
konecny tvar rovnice (3.43)) jako

0.7727—3.886
! } (3.43)

)= |1+ 5
Dalsi ¢astou pouzivanou aproximaci stinici funkce je tvar odvozeny Molierem ve formé tif
exponencial:
X(x) = Tpexp(—qx) + 11pexp(—4qx) + 2p exp(20gx) (3.44)
kde p = 0.05 a ¢ = 0.3. Matematicky jednoduché analytické feseni stinici funkce lze vytvorit pri
vyuZiti inverzni = r/arr s exponentem pro rizné rozsahy r/arg:

x(r) = ks (a;fF)l (3.45)

kde s =1,2... a k, je numerickd konstanta.

Univerzalni meziatomovy potencial - kvantové mechanické odvozeni

Stinici funkce odvozena za pouziti kvantové mechaniky vytvari tvar, ktery je obvykle nazyvan
jako univerzalni meziatomouvy potencidl. Diky praci Zieglera, Biersacka a Littmarka byla odvozena
stinici funkce ve tvaru:

xu = 0.1818 exp(—3.22) + 0.5099 exp(—0.9423z) + 0.2802 exp(—0.4028z) + 0.02817 exp(—0.2016)

(3.46)
kde je redukovana dalka x déna jako
,
= — 3.47
r=_ (3.47)
a ay, univerzalni stinici délka, je definovana jako
0.8854
a0 (3.48)

U= 7023 703
1

Aplikujeme-li meziatomovy potencial se stinici funkei Eq. (3.45)) na rozptylovy proces, ziskame
diferencialni G¢inny prufez pro rozptyl ve tvaru

Cm

op(E;) = BrET (3.49)
kde m = 1/s v rovnici (3.45) a konstanta Cy, je dana jako
7 ZiZpe? \*" M,
Co = =A@y | —— —, 3.50
2 41F (2'”50@TF> M2 ( )

kde A\, je definovano
Ajs = 1.309 Ay = 0.327 Aoy = 0.5. (3.51)
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3.4.5 Brzdéni iontu

Because Mion ~ Miarget, it leads to considerable energy loss due to elastic collisions. Energy loss
for penetration by the distance dx

§=-+ (3.52)

is called stopping power or specific energy loss. The stopping cross section can be defined

as:
1 dE _1dE

"N ¥ €

where N represent [atoms/m?| and p is the density [kg/m?|. Sometimes € also represents stopping
power.

€

= - — 3.53
o (3.53)

Obecné lze celkovou ztratu energie projektilu pohybujiciho se v materidlu ziskat jako soucet
atomového a elektronového prispévku:

S =5+ Se. (3.54)

The relative importance of interactions between ions and matter depends on the ion speed,
their charge and the atoms of the target

e for v;,, < vy, where vy is the Bohr velocity of electrons in the atom. Ions will carry their
electrons and they tend to be neutralized by electron capture. At these speeds, the elastic
collisions dominates and the losses are callednuclear energy losses.

e for higher velocities, the importance of nuclear energy losses decreases with a factor of 1/F
and the inelastic collisions with electrons because important. The collision can result in
excitation of electrons of the material and/or excitation of electron in ion electron shells.

Above 200 keV /amu, the contribution of nuclear energy losses is typically less than 1 % than

/

electronic one. Between 0.1vy < vjon > Z12 %uo electron collisions are proportional with the

velocity (E1/2).

e for v > vy the ion charge increases till it completely losses all electrons. The Bethe-Bloch
Formula for the electron energy is

Cclzf = NZy(Z,e*)? f(E/M,), (3.55)

where Z; is the ion atomic number.

Jaderné brzdéni
Primérna ztrata energie c¢astice pri pohybu o vzdalenost dx lze ziskat pomoci diferencialniho

ucinného prifezu pro prenos energie og. Ten je definovan z rovnice (3.33)) jako

dE Et,max
)=n [ BopdE,, (3.56)

<a Et,min
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kde Eimin @ Et max jsou minimalni, respektive maximalni energie pfedané zasazenému atomu.
Aplikujeme-li diferencialni G¢inny prifez ze vtahu (3.49)), bude u¢inny prifez pro nuklearni
zastavovani dén

E-2m [ AM M, 17T
_ Cn [( lt)Q] , (3.57)

Sn(E) =
( ) 1—m M1+Mt

kde C), je definovéano v rovnici (3.50]).

Uéinny prifez pro jaderné brzdeéni roste pro nizké hodnoty energie a dosahuje maxima pro
jednotky keV pro lehké ionty a stovky keV pro tézké ionty. Lze ho spocitat pro iont s energii £
na zakladé vztahu odvozeného Zieglerem a kolektivemjako

8.4627: 7,5, (E,)
(Mi + Mt) + (Zi().23 + ZS.Q?))

Sy = eVem? /10" atomt, (3.58)

kde FE, je redukovana energie vyjadrena jako

32.53ME

E, = 3.59
ZiZy(M; + My) Z0-23 + ZP-23) (3:59)

a Sy(E;) je redukované nuklearni brzdéni definované jako

In(1+ 1.1383E})
Sn(Ey) = E, <30keV 3.60
(Be) = 5B 7001321 E02%6 4 .19503E05) P ¢ (3.60)
nebo nE

Su(E,) = ;E pro  E, > 30keV. (3.61)

Nad 200 keV /amu je ptispévek nuklearniho brzdény maly, typicky pod 1 % elektronového brzdéni.

Elektronové brzdéni

Mnozstvi srazek s elektrony, které podstoupi iont pri priiletu pevnou latkou je obrovské. Zaroven
miize velmi ¢asto dochazet ke zméné naboje iontu. Je proto velice obtizné popsat vSechny mozné
interakce pro vSechny mozné stavy iontu. Misto toho se brzdéni obvykle vyjadiuje jako primérné
ztrata energie pro ruzné stavy iontu. Timto pristupem lze teoreticky urcit vysledek s chybou

v

odpovidajici neékolika malo procentiim pfi energiich kolem stovky keV. Nejpresnéjsi je Betheho

formule: )
Ar n2? [ €2 2mec? 3
= In(——_) — g2 .62

S mec? 32 <47r50> [H(I(l—ﬁ’?)) aE (3.62)

kde v rychlost iontu, ¢ je rychlost svétla, 5 = v/c¢, ze je naboj iontu, m, je klidovd hmotnost
elektronu, n = Ny Zp/A je elektronova hustota terce a I excitacni potencial terce.

IV v

Pro rychlosti iontu v rozsahu ~ 0.1vy to Zi2 0o je ztrata energie diky elektrontim priblizné
tmérna E'/2, jak odvodil Lindhard a kolektiv.Pii vysgich rychlostech v > vy dochazi k postupné
ztraté elektrond z obalu iontu az je nakonec zcela ztrati. V takovém pripadé je ztrata energie
umérna druhé mocniné néboje iontu.
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3.4.6 Dolet iontu

vvvvvv

hloubky (vzdalenosti), ve které se ionty zastavi. Obvyklé rozlozeni v amorfni latce iontti majicich
stejnou energii je priblizné gaussovské. Muze proto byt obvykle charakterizovano projekci drahy
R, a sitkou rozptylu AR, kolem této stiedni hodnoty, jak je zobrazeno na obrazku (3.11]

v
f:é
;,; R
L
—e 7 . Hloubka

z
% .
/ 1
é v
Z

Povrch H?

Figure 3.11: Iont dopadajici na pevnou latky se v ni pohybuje po draze R, ktera vytvari projekei
drahy R, do ptivodniho sméru prilétajiciho atomu.

3.4.7 Radia¢ni poskozeni

Prilétajici ion s energii odpovidajici 100keV, se v pevné latce zastavi za ¢as fadové 10712 s diky
elektronovému a nuklearnimu brzdéni. Béhem své dréahy v pevné latce vykona dopadajici iont
mnoho srazek s atomy pevné latky. Kdyz se jedna o krystalickou latku, miize byt energie predana
pri srazce dostateéna k vyrazeni atomu z jeho polohy v miizce.

Takto primarné vyrazeny atom muze néasledné vyrazet dalsi atomy (sekundarni, terciarni), ¢imz
vytvoli kaskddy atomovych srazek. Takovéto srazky vedou k vytvoreni prazdnych mist, uvéznéni
atomu mimo mfizku a dalsim typam krystalovych poruch podél drahy dopadajiciho iontu. T'ato
sekvence mnoha srazek je obvykle nazyvana srdzkovou kaskadou.

Teorie popisujici radiacni poskozeni v pevnych latkach je zalozena na predpokladu, Zze atom
vyrazeny ze svého mista v krystalu bud iontem, nebo jinym odskocenym atomem musi béhem
srazky ziskat ur¢itou minimalni energii. Disloka¢ni energie Ey je energie kterou musi atom ziskat,
aby byl vyrazen z miizky.

3.4.8 TermdAlni ohrev

Béhem srazkové kaskddy postupné nastane situace, kdy vyrazené atomy vyssich radu jiz nebudou
mit dostatek energie, aby vyrazily dalsi atomy z jejich poloh v mfizce. Dalsi srézky s atomy pevné
latky tak pouze zpiisobi rozvibrovani zasazenych atomu s velkou amplitudou vychylky. Tyto
vibrace se postupné prenasi na dalsi atomy a energie je rozlozena do vibrace miizky, tedy tepla.
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Po piiblizné 107125 je dosaZen stav termodynamické rovnovahy, kdy se rozdéleni vibra¢nich
energie zacne blizit Maxwell-Boltzmanové rozdéleni. Tato faze srazkové kaskady se nazyva terméalni
ohrev a muze trvat i nékolik pikosekund, nez dojde k poklesu na pivodni teplotu.

3.4.9 Rozprasovani

Rozprasena castice
(lon nebo neutral)
Vakuum

Pevng — o A
latka

Penetrac¢ni hloubka
primarniho iontu, R,

Y

Zachyceny ion

Figure 3.12: RozpraSovani

Vytéznost Y popisuje, kolik atomt je vyrazeno béhem rozprasovaci udalosti. Celkova vytéznost
je pak definovana jako prumeérny pocet rozpraSenych atomi pripadajici na jeden dopadajici atom.

Celkové chovani atomu terce po dopadu ¢astice lze rozdélit do péti rozdilnych skupin podle
E;, Zi a M, Z; a M;. V linearni kaskadni teorii predava pocate¢ni iont energii atomim v mfizce,
které jsou v klidu. Produkuje tak velké mnozstvi rychlych atomt, které nasledné produkuji dalsi
pomalejsi atomy. Vznika tak izotropicks kaskdda. Priblizné za 1-5x10' s po dopadu iontu jiZ
energie na hranici kaskddy klesne pod limitni energii nutnou k vyrazeni dalsiho atomu (pfiblizné
10eV). Kaskada tak zanikne rozptylenim energie do vibraci mfizky. PouZzijeme-li tuto teorii, lze
vytéznost spocitat pomoci analytického vztahu.

Y (B, 0) = [5 Su(E/Ex) 1(6). (3.63)

kde Uy je velikost potencidlového valu na povrchu (v V), Kj; a Ey jsou Skilovaci konstanty zéavislé
na chemickém slozeni terce a dopadajicim iontu, S,(Ei/Ei) je redukovany udinny prifez pro
jaderné brzdéni, (e = E;/Ey je redukovana energie) a f(6;) je funkce popisujici sklon, pod nimz
doslo k narazu.

3.4.10 Secondary ion-electron emission

According to the adiabatic principle, heavy ions are not efficient for transferring energy to light
electrons to provide ionization. This general statement can be referred to the direct electron
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emission from solid surfaces induced by ion impact.
The secondary electron emission coefficient «y (electron yield per ion) becomes relatively high only
at very high ion energies exceeding 1 keV. Although the secondary electron emission coefficient ~y
is low at lower ion energies, it is not negligible and remains almost constant at ion energies below
the kilovolt range. _

le

(3.64)

=3
Total v coefficient is the sum of
Y=Y T Yo (3.65)

where v, is the potential emission and v, for the kinetic one.

Tont blizici se k povrchu je reprezentovan potenc. jamou = dojde k tunelovému prechodu e™ z
kovu na préazdnou valen¢ni hladinu v iontu = e~ prejde na nizsi hladinu a prebytek energie preda
dalsimu e, ktery je emitovan. Tento jev je zédkladem tzv. neutraliza¢ni spektroskopie.

The Penning mechanism of secondary ion-electron emission, also called the potential
mechanism: the ion approaching the surface represents a potential well = dojde k tunelovému
pfechodu e~ =z kovu na prazdnou valen¢ni hladinu v iontu = e~ prejde na nizsi hladinu a
prebytek energie preda dalsimu e, ktery je emitovan. Tento jev je zakladem tzv. neutraliza¢ni
spektroskopie.

The electron is extracted because the ionization potential & exceeds the work function ¢.
The energy ® — ¢ is usually large enough to enable the escape of more than one electron from
the surface. The secondary ion-electron emission coefficient v can be estimated using the
empirical formula:

D > 26, (3.66)

= potential emissions are observed especially when bombarding the surface with ions of inert
gases that have high ®. 7, is higher for higher ion charge.

Ion-neutralization spectroscopy (INS) is an emission electron spectroscopy. In INS the
externally applied agent is a slowly moving positive ion, such as Het, presented to the solid
surface. Near the surface a non radiative, Auger type electronic transition process occurs which
simultaneously neutralizes the ion to the ground state of the parent atom and excites a second
electron, which may be ejected into vacuum. The kinetic-energy distribution of these ejected
electrons contains spectroscopic information concerning the electronic structure in the surface
region of the solid.

e When the incoming ions is just outside the metal surface, two electrons in the filled valence
band of the metal interact, exchanging energy and momentum.

e One electron, the neutralizing electron, tunnels through the potential barrier into the po-
tential well presented by the ion, and drops to the vacant atomic ground level.

e The energy released in this transition is taken up by the second interacting election which
now may have sufficient energy to escape from the metal

e These Auger type transition can take place anywhere within the filled valence band so that
the ejected electrons have a range of energies rather than one specific energy. Outside the
metal surface the electron energy distribution can be measured quite straightforwardly.
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3.5 Penetration depth

Penetration depth is a measure of how deep light or any electromagnetic radiation can penetrate
into a material. It is defined as the depth at which the intensity of the radiation inside the material
falls to 1/e of its original value at (or more properly, just beneath) the surface.

When electromagnetic radiation is incident on the surface of a material, it may be (partly) reflected
from that surface and there will be a field containing energy transmitted into the material. This
electromagnetic field interacts with the atoms and electrons inside the material. Depending on
the nature of the material, the electromagnetic field might travel very far into the material, or
may die out very quickly. For a given material, penetration depth will generally be a function of
wavelength.

e photons
The huge electromagnetic spectrum covers wavelengths between 10 m and 10~ m. If we
use the photons for microstructure analysis it is necessary to select a comparable length of
radiation comparable with the structure to be analysed = between 10~%-107!° m. Depth of
penetration changes with photon energy and the type of material use for analysis:

— IR radiation: characterization of materials, which is depending of the absorbed wave-
lengths;

— VIS radiation: used often to see the surface. Some material are opaque while others
are transparent. Even for high reflectivity opaque materials the penetration depth is
in order of 50-300 nm.

— UV radiation: reveals information about the electron distribution for surface atoms.
Most substances absorb in this region.

— X-ray radiation: X-ray penetration is easier to predict than visible radiation. The
penetration depth is typically um. The intensity of radiation which is transmitted
through sample thickness d is

I = Iyexp(—ad), (3.67)

where I is the intensity of incident radiation and «, the absorbance, increases with
the atomic number.

— Gamma (7) radiation: has energy between 50 keV-50 MeV =~ 1072 nm. Absorbance is
governed by the same relation for X-rays, but here « is inversely proportional with the
atomic number. Gamma radiation penetrate almost all the laboratory samples.

e electrons
Penetration depth changes significantly with the electron energy and the atomic number of
the material:

— for stainless steel: around one tenth of a pm for energy 10 keV and 2 pum for 30 keV,

— for energies higher than 10 keV: elements with atomic number under 20 have a pene-
tration depth up to 10 um while the elements with Z higher than 40 below 2 pym

— for energies between 0-2 keV: the penetration depth is reduces to 0.4-300 nm
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Figure 3.13: Penetration depth for different particles.

e neutrons

Although neutrons are thousand times bigger than electrons, they still have a wave-particle
duality. Because they don‘t affect the electron clouds and interact only with the nuclei
the penetration depths are larger than those of electrons or X-rays and are in order of few
millimetres.

protons

Protons interactions are similar to electron ones, but some peculiarities can be observed.
Being 1836 times the mass of electron, has a higher angular momentum and loses only a
small portion of eat at each collision = penetration depth is greater than for electrons. For
2.5 MeV proton, the penetration depth is around 55 um for carbon and 28 um for silver; it
decreases with the the proton energy and Z of the material.

ions/atoms

Penetration depth depends on the number of protons in the ion, its energy and the target. For
low energies (several €Vs) it is reflected from the target and part of its energy is transferred
to the surface atom, causing ejection of atoms, ions or clusters. It can also create cascade
collisions.

The range R - the total distance that the ion (projectile) travels in coming to rest, is longer
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than the penetration depth . The projected range R, is defined as the total path length
of the projectile with energies 0.002 < ¢ < 0.1 keV measured along the direction of incidence.

723 4 7203 .
7175

2/3

R, = Ci (1) M , (3.68)

where M is the atomic mass of the target , Z is the atomic number while C(u) is experi-
mentally determined. for projectiles with energies 0.5 < e < 10 keV is

G A
AVA

2/3

R, = Cy(1) My (3.69)

Ion channelling is possible along crystallographic axes with small critical angles. In this
case the penetration depth is substantially increased.

Material

Figure 3.14: Calculation of total distance of ion.

3.6 Material damage

e photons
Regarded in general as the least harmful, the photons will damage the target nevertheless.
Damage can occur by heating the target, which depends on the radiant energy, photon flux
and the depth of penetration. Moreover X-rays can induce surface oxidation and lasers can
burn holes into material. In general the most photon radiation causes very little damage =
it is used at the beginning of target characterization.
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e electrons
Although electrons have a dual nature, their weight leads to a relatively large transfer angular
momentum if they are accelerated to several hundreds keVs. The resulted damage depends
on the heat transferred and the thermal conductivity of the material. For metals and alloys
the damage is minimum, but in polymers and oxides the damage is worse. It is possible to
cover the surface with a conductive material (usually gold) but the disadvantage is that the
composition can not longer be investigated.

e ions and atoms
When atoms and ions penetrate the target, they can react with it or not cause any damage
at all ( e.g. Ton Scattering Spectroscopy, where ions interact elastically with the target) or
they cause significant damage:

— ejection of atoms form their normal lattice position

— breaking the bonds (requires 10x more energy)

For low ion fluxes the damage areas are isolated (the amorphous material is surrounded by
intact one) but for high fluxes, the ions create an amorphous layer.

3.7 Resolution

Mean free path determines the depth resolution, which has influence in the spatial one (defined
as the perpendicular to the direction of the incident beam). Generally, the spatial resolution is
influenced by the beam size and the wavelength.

The image can be obtain by:

e illumination of the sample and use of lens for focusing the reflected or emitted radiation.
The spatial resolution depends on the lens system used and the wavelength of emitted or
reflected radiation. Optical, X-ray and some ion microscopes are using this method.

e a narrow beam is directed on the sample and absorbed or reflected radiation is detected. The
sample surface is scanned by a narrow beam. In this case the spatial resolution depends in
the wavelength, beam size and the scattered radiation in the sample. Most of the equipment
are using electrons and ions.

Nowadays, laser microscopes are used for sample characterization.
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