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5.1 Fundamentals  
 
 

1. Particles such as electrons have a mass  and thus  
a much higher momentum and much smaller 
wavelengths than photons: 
 

 

� A much higher momentum transfer is possible  
in elastic and inelastic scattering processes, 

� Diffraction possible also with low-energy  
electrons (λ << dhkl)  

� Much higher spatial resolution possible due  
to the smaller diffraction limit (see Chapt. 6-7) 

2. Particles are (usually) conserved, i.e., are not annihilated 
in the interaction process - contrary to photons: 

� any arbitrary energy ∆E < E0 can be transferred in 
an inelastic scattering process, leading to an energy 
loss of the particles, which however continue their 
travel with reduced energy, 

� particles experience therefore many consecutive 
scattering events until their initial energy is absorbed, 
leading to complicated scattering cascades. 

3. Due to their charge,  electrons interact very strongly with solids: 

� Small penetration and escape depth, i.e., charged particles are very surface sensitive . 
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Summary of Particles versus Photon Beams 
 

Photon beams differ strongly from particle beams (electrons or ions) due to: (1) different E(k) 
relations, (2) different beam/sample interactions, (3) different instrumentation/optical elements  
 

Particle Beams (Electrons/Ions/..) Photon Beams (IR/VIS/X-rays) 

1. Very small de Broglie wavelength  
in the sub nm range. 
���� high spatial resolution  

2. Strong beam/sample interactions   
due to charge, weak only for neutrons.  

���� many multiple scattering events 
in which particle itself is conserved 

���� high vacuum required (<10-6mbar) to 
avoid scattering (except for neutrons) 

3. Electric and magnetic fields   
used for focusing elements,  
energy filters and spectrometers 

4. Beam sources:   
Thermionic, field emitters, plasmas/gases 
(ions), radioactive substances and reactors 
(n, α-particles, ..) 
 

1. Longer wavelengths  
(short only for x-rays) 

���� resolutions limited to 100 nm range  

2. Weaker interactions  

���� single step absorption  

���� no vacuum required  
  (except for UVU/EUV) 
 

3.  Many optical elements: 
Lenses, mirrors, prisms, gratings, 
diffractive optics and diffractive 
spectrometers 

4.  Beam sources:   
thermal emitters, gas discharge,  
LEDs, coherent laser sources, plasmas, 
…. 
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5.2 Instrumental: Sources for Electrons 
 
 

Different types of electron sources exist:  
(1) Thermionic sources  where electrons are emitted via thermal excitation (i.e., heat),  
(2) Field emission sources  where electron are emitted via tunneling induced by very high electric fields. 

(3) Plasma sources from which electrons are extracted via electric fields. 

To describe electron emission from solid sources, the potential W(z,E) of electrons outside of a free-electron 
like metal as a function of distance z  and applied electric field E must be considered. 

 
Potential:  
 

 
 
 
 
 

 It is made up of three contributions:

(i) the work function  ΦΦΦΦw or WA, i.e., the potential 
difference between the Fermi and vacuum level, 
i.e.,  the binding energy of the electrons, 

(ii) the image potential  Wim due to the Coulomb 
attraction between the electron and its positive 
image charge inside the metal zezWim ⋅πε−= 0

2 16/)(  

(iii) the electrostatic potential  WES= - e.|E|.z due to  
the applied negative external electric Field E.  

Depending on the strength of the applied electric 
field , three different emission mechanisms exist: 

(1) Thermionic emission, (2) Schottky emission  
   and (3) Field emission (tunneling). 
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5.2.1 Thermionic Emission 
 
 
 
 

Heating of a material excites electrons into higher 
energy states above the Fermi level. The population of 
these states is given by the Fermi-Dirac distribution. 

 

Electrons that gain energies W > ΦW above the vacuum 
level can overcome the work function  ΦΦΦΦw barrier of 
typically a few eV and thus, can escape from the 
surface when a weak external electric field is applied.  

 
The thermionic emission current density jx  can be 
calculated by integrating of –e.vx dn over all populated states 
with an energy W larger than the work function Φw   
 
   Thus:  
 

���� This yields the Richardson law of thermionic 
emission: 

 
          
 
 
        A:= Richardson constant  = 120 A/cm2K2 

       for an ideal free electron gas 
 

  

33 )2/(2)( π⋅−= ∫
Φ>

kdWfvej
AW
xx

)exp1/(1)( 






++++====
−−−−

TBk
FWW

Wf

)/( 22 mAeATj kTw
x

ΦΦΦΦ−−−−====
ΦW 

WF 

 

tunneling 
d 



   

Chapter V: Electron based Methods                              G. Springholz  -  Nanocharacterization I                      V / 5 

Emitted electron current density (Richardson law)  

 
          
 
 
      A:= Richardson constant  = 120 A/cm2K2 

    for an ideal free electron gas 
      ΦW :=  work function WA 

   A and ΦW are material dependent:  

� The Richardson constant depends on the electronic 
band structure, density of states, effective electron 
mass, etc. 

� The work function depends on the bonding and 
electronic structure of materials, also somewhat on 
the surface orientation (± 5%) 
 

 

Limitation to thermionic emission: 

Very high thermal energies kT of the order of  ~1/10 work 
function of several eV, i.e., very high operation 
temperatures are needed to obtain a sizeable electron 
emission current !  
 

Consequence : Use of materials with either:   

(a) Very high melting point and low vapor pressure  
at high temperatures:   
Refractory metals:  W, Mo, Ta with ΦW ~ 4 - 4.5 eV .  

(b) Low work function Φ such as rare earth borides  
 e.g., LaB6 : ΦW = 2. 0 – 2.7eV) .   

  

)/( 22 mAeATj kTw
x

ΦΦΦΦ−−−−====

Work function WA and Richardson constant A 
for various different materials  

Arrhenius plot:  

log j  versus 1/ T 

Thermionic emission – Richardson Law  
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Example: Tungsten (W) electron sources 
W “filaments” drawn to 0.1 mm wires, which are then bend  
into V-shaped hairpins or sharpened to a fine point by etching. 

Melting point Tm = 3410°C, operation temperature ~2500°C.  

2500°C:  kT = 0.24 eV, exp(-ΦW / kT) = 7.10-9,  A=100 » j ~ 4 A/cm2 

Other refractory metals:  

Tantalum: Tm = 2996°C, Molybdenum: Tm = 2617°C,  
→  Comparable work functions of  ΦW  ∼ 4.1-4.3eV.  

 

LaB 6 electron sources (also CeB 6)  
Rare earth borides exhibit low work functions and high 
melting points: Tm =  2770°C for LaB6 .  

Made from single crystals grown with <110> orientation, 
sharpened to a fine tip and heated by an external filament. 

 The work function is orientation and composition 
dependent: ~ 2 … 2.5 eV. 

 
1800°C:  kT = 0.18eV  »  j = 850 A/cm2    for   ΦW = 2.5 eV  

Advantages:  Lower operation temperature ~ 1500°-1800°C,  

longer operation lifetime (>1000 hours), higher  

electron yield,  current densities up to j ~ 50 A/cm2. 
 

W 

LaB 6 

LaB6 

LaB6 
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Thermionic Electron Guns 
 
 

To obtain a small source diameter, the electrons emitted from the 
filament are focused by the negatively biased Wehnelt cylinder and 
accelerated through the grounded anode aperture.  

Cathode:   W or LaB6 filaments  are resistively heated by an AC 
filament current that controls the temperature and emission current.  

Wehnelt Cylinder : Negatively biased ring between filament and 
anode. Acts like an electrostatic lens to focus the beam to the  
cross-over point d0. 

Emission current : With increasing Wehnelt bias, the total emission 
current decreases up to pinch-off, but the brightness (current 
density at the cross over point) increases. The Wehnelt bias 
therefore controls both the source size and the beam current. The 
bias is often applied through a bias resistor and thus, linked to the high 
voltage applied to the filament bias (=self-biasing). 

   

⇒ Thermionic sources should be operated at or just below saturation  
to maximize brightness and filament lifetime.  

αααα0 

d0 

ie 

Ie 

Uw= 
I .R  
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5.2.2 Schottky Emission 
 
 

Principle:   

Lowering of the work function for thermionic emission by application of a high electric field E to the 
thermionic emission source. The reduced effective barrier height Φeff  is equal to the maximum of the 
electron potential W(z,E).  

The work function reduction is given by  0
3 4/)( πεπεπεπε∆Φ∆Φ∆Φ∆Φ EeEW ====  =  3.79 .10-5 eV. [E (V/m)]1/2 .  

 
Result:   

The emission current increases by a 
factor of kTweJJ /

0/ ∆Φ∆Φ∆Φ∆Φ====   compared to 
thermionic emission. 

 

 

 

 

 

 

Example :  For electric field E = 1 MV/cm:  ∆Φ = -190 meV .  Thus: J/J0 = e-∆Φω/kT = 2.4   for T = 2200°C.  

To obtain a high electric field E at the surface of the filament, a small tip radius r is required.  

The corresponding electric field at the surface is given: 
where  r  is typically of the order of ~1 µm and V is the applied voltage. 

 

tunneling d 

[[[[ ]]]]mVrVE appl /  /====
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5.2.3 Field Emission 
 
 
 

Principle:  Extraction of electrons by the quantum mechanical tunneling effect. Tunneling becomes 
possible by bending downward strongly the potential by applying a very high very high voltage V0 to a 
metal tip with very small tip radius. 

This results in a very high electric field E at the tip surface (=field of a point charge) and thus,  
the potential W(z )is bent downward and the emission barrier is reduced in height and width. 
 

Result:  Electrons can directly tunnel out of the metal into the vacuum  = “Nordheim - Fowler tunneling ”  

 

 

 

 

 

 

 

 

 

 

� Very high emission currents up to j ~ 106 A/cm2 can be achieved = (brightest possible electron sources). 

� The field emission current is caused by the quantum mechanical tunneling effect. It is proportional  
to the transmission probability T of the electrons through the potential barrier W(z) at the surface.  
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Calculation of the tunneling probability T: 
 
 
 
 
 
 

Neglecting the image potential, W(z) is a triangular barrier potential.  

Its  is given by width dbarr = φw and its .  / eE  effective height Weff 

Both rapidly decreases with increasing electric field E.  

Example:  

For Ua = 1 keV and r = 100 nm the  
barrier width is only ~ 5 nm. 

The corresponding tunneling probability T(W0,E,Φw) can be calculated  

using the Wentzel-Kramers-Brillouin (WKB) tunneling model:    

In this model, the effective barrier height is 

for any arbitrary potential W(z) shape:                

 
For the simple triangular potential 
barrier one obtains the tunneling 
probability as:       
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Calculation of the tunneling current j: 
 
 
 
 
 

The total emission tunneling current is calculated by integrating over all occupied states up to WF 

that contribute each by dnWTvedj xxx ⋅⋅⋅−= )(   to  the total tunnelling current.  

 

This gives for T = 0:  

   

     

Material selection:  

The easiest and most stable material for fabrication of fine tips are  

Radius < 100 nm;  Applying 1kV yields E > 107 V/cm,  electrochemically etched W tips: 

Important requirement:  The emitter surface has to be clean and oxide free.   

This requires UHV conditions for room temperature (cold) field emission.    

Contamination of one monolayer within 1 minute @ 10-7 mbar, or 7 hours @  10-10  mbar ! 

Alternative: Heating the tip up to 1000°C = thermal field emission. Allows to use less good vacuum  
conditions. In this case, the surface is often treated with ZrO2 to improve the emission characteristics 
and source stability. 

 

ehmb 3/24=
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Field Emission Guns  

 

The field emitter tip is the cathode with respect to 2 anodes 

• Anode 1: Provides extraction voltage to pull electrons out of the tip 

• Anode 2: Accelerates the electrons to 100kV 

Combined fields act like an electrostatic lens and thus, control  
the effective source size and position of the crossover. 

Contamination: 

Even in UHV – tip surface contaminations build up over time.  

Emission current falls and extraction voltage has to be regulated  
to stabilize the emission current. Cleaning can be achieved by  
“flashing” the tip by short application of a reverse votage bias. 

 

Comparison:   
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5.2.4 Characteristics of Electron Guns 
 
 

The performance of an electron source is described in terms of the following parameters: 
 � brightness, � mochromaticity (energy spread), � coherency, � temporal stability. 

(i) Brightness ββββ =  Current density emitted per unit solid angle Ω of the source. Should be maximized for high  
                performance electron microscopy. Important for spot size, signal-to-noise, recording time, visibility 
… 

     with: 1. diameter d0 at crossover, 
2. total emission current Ie or  
    current density je at crossover 
3. beam cone semi-angle α0  

    � Thermionic sources : Beam diameter d0 ~ 30-100 µm, Ie ~ nA,  α0 ~ few degrees:   β ~ 109 A/m2srad. 

    � Cold FEG gun : Beam diameter d0 < 5 nm,  Ie ~1nA @ 100kV from 1nm spot diameter: β ~ 1013 A/m2srad. 
       Power density: 150 MW/mm². Thus, a field emission source is the brightest continuous radiation source known!  

� General features : (a) Brightness increases with increasing electron energy E (β ~E)and emission current Ie. 

        (b) The brightness β is constant along the optical axis of a microscope. 

(ii) Energy Spread, Temporal and Spatial Coherency 

Energy spread : Determined by emission mechanism and operating conditions. 

 Thermionic sources:  Thermal energy spread of emitted electron sources proportional to ~ kT. 

      W hairpins: ∆E ~ 3 eV   @ T = 2500 K;  LaB6 source:   ∆E ~ 1.5 eV  @ T = 1500 K   

 Field emitters:  Thermal broadening of energy distribution at the Fermi edge  ∆E ~ 25 meV  @  RT. 

Temporal coherency :     ~ vel h / ∆E  (determined by energy spread / monochromaticity) 

Spatial coherency :      ~  λ / α     (determined by effective source size) 
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(iii) Stability and Lifetime  

Electron current from the source has to be stable because the adjustment of optics depends on the beam 
current and because unstable currents makes microanalysis difficult. Also, source lifetime should be long. 

•  Thermionic sources are generally very stable, variations of less than 1% per hour in the current. 

•  Cold field emission sources are not as stable, electrical feedback required to get stability better than 
5%. Stability improves with better UHV conditions. Due to low operation temperature, long lifetime 

 
  
  
  

 
 
 
 
 

 

 

 

 
 

Source      Advantages       Disadvantages  

Tungsten:   + cheap, robust, reliable.        - low brightness, energy spread, short life 

LaB6:  + higher current & brightness,         - expensive, reactive, high vacuum, sensitive  
extended life time.        

FEG: + very high currents & brightness,       - UHV, additional control for stable emission 
                          long life time.       

  

Summary:  
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5.3 Interaction of Electrons with Solids 
 

Charged particles strongly interact with the solid media due to the strong Coulomb interaction . 
Nevertheless, the same excitation processes  occur as for photons, namely, lattice vibrations, 
generation of electron-hole pairs , secondary electron emission, ionization, core level excitations, …  
 
 
 
 

Elastic Scattering       Inelastic Scattering / Excitation  
   

            
 

 

 

 

 

 

 

 
 
 
 
 

  

x-rays secondary e- 

Ein = Eout  Ein > Eout  

e– 
 

 e– 
 e– 

 
 e– 

 

photons  

� Energy conserv ed but  momentum transfer     

� Changes the direction  of photons / particles 
due to refraction, reflection, Rutherford or diffuse 
scattering, diffraction … 
 

���� Elastic scattering is determined by atom density, 
Z- number, atom arrangement, lattice structure 
as well as  total number  
of atoms, i.e., the sample size & shape, 
 

���� Sensitive to composition  and morphology , 

� Energy transfer to the sample but  
(usually) only small momentum transfer,  
(small change of trajectories) 

� Excitation of vibrations, electronic transitions, 
core level electrons, generation of many 
secondary signals such as secondary 
photons, electrons, ion,  etc.. .  

���� Sensitive to atomic species, chemical 
composition, bonding, electronic structure, 
vibrations, magnetic structure, … 
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Specific features of particle – sample interactions 
 
 
 
 

Particle-sample interaction is generally more complex   
than for photons because:  

• Particles  can transfer any arbitrary value of their energy   
as long as  ∆∆∆∆Eexc <  Epart .   

Thus, many different alternative excitation processes are possible, 
(though with different probability) whereas for photons only 
excitations with an energy equal to the photon energy are possible. 

• Particles are intrinsically also scattered elastically laterally  due 
to Coulomb interaction with the positive nuclei of the atoms. Thus, 
the sample excitation is “diffused” in the lateral direction.  

• Many consecutive excitation and scattering events occur as 
the particles travel through the solid.  

Thus, particles quasi-continuously loose energy along their travel 
path until they come to a rest and are absorbed into the solid.  

Therefore, even for a mono-energetic particle beam, the 
transmission spectrum always consists of a continuum of energies.  

• Due to the very short wavelength , probes can be focused to a very 
small spot size. Thus, particle-based methods are particularly well 
suited for microprobe analysis  with high spatial resolution.  

 
  

E0 ET 
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r 
ϕϕϕϕ    

αααα-particle  

5.4 Elastic Scattering of Charged Particles 
Elastic scattering  is caused by the attractive or repulsive Coulomb 
interaction  between the incident particle and the positively charged nuclei 
within the sample, which is partially screened by the electron cloud of the 
inner electrons. Scattering occurs over all angles from 0° to 180°.  

When the nuclei are immobile (i.e., particles much lighter than the sample 
atoms and their kinetic energy is not too large), the particle energy is 
essentially conserved and they are only deflected.  

Scattering angle  θ = determined by the impact parameter b, the nucleus 
charge (Z-number), the particle charge q  and energy Eo. It can be derived 

by the Rutherford scattering model  based on  
energy and angular momentum conservation. 

 

The probability that a particle is scattered in a 
certain angular direction is described by the 
differential scattering cross section :  

 

 
 

     (θ0 = screening parameter) 

 
���� Elastic scattering strongly increases with Z number  of the sample 

atoms and the particle energy E, which yields information on the 
composition and internal structure of the material. 
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5.5 Inelastic Scattering and Excitation Processes 
A wide range of energy transfers ∆∆∆∆Es to the sample (excitation) from meV to MeV is possible in 
inelastic scattering processes as discussed in the previous chapters. Additional sample modifications 
(damaging/amorphization) occur when the particle energy is large.   
 

� Excitation of phonons   
(lattice-vibrations, heat), 

� Intra- or intersubband excitations 

� Interband excitation,  
generation of electron-hole pairs, 

� Excitation of plasmons   
(collective electron vibrations) 

� Generation of secondary electrons   
by ionization of atoms,  

� Atom removal by sputtering, 

� Inner  core-shell ionization   
of sample atoms, 

� Bremsstrahlung  (emission of x-rays), 

� Momentum transfer to nuclei by elastic  
knock-on scattering , amorphization,  
sample damaging 
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Excitation cross sections  

5.5.1 Energy Loss Rate and Penetration Depth of Ele ctrons 
 
 

A semi-quantitative approach can be used for approximation of the average amount of energy lost  
by an electron per unit travel distance  without the needs to know much about the sample details 
except for its density and chemical composition.  
 
 
 
 

This is given by the Bethe equation,  which  
summarizes all inelastic scattering processes with 
different individual cross sections (i.e., probabilities) by an 
approximate continuous energy loss rate  dE/dx :  
 

 

 

  

 

 

It depends on the 

Beam parameters:  e = electron charge,  E = energy in eV 

Sample parameters :   
ρ = mass density (g/cm3) 
Z = average atomic number ( = number of electrons per atom) 
MA = molar mass (g/mol) 
I = mean excitation potential in eV per scattering process 
N0 = Avogadro’s constant   

Model parameters:   β = 1.166 (quantum mechanical),   
     β = 1 (classical),  β = 2 (semi-classical) 
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5.5.2 The Mean Excitation Potential and Energy Loss  Rate 
 

The mean excitation potential I  represents the average energy loss per interaction considering all 
possible inelastic interaction processes. It has been approximated (Berger and Seltzer, 1964)  

      as:         and by Bloch as:        I = 10 eV . Z 

The figure shows experimental data on the mean excitation potential I  of different materials. As 
one can see, for Z > 16 the mean excitation potential is roughly the same for all elements ! 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

I/Z ≈ 10 

I ≈ 10eV . Z 

Energy loss rate versus E (Bethe equation) 

Z=79 

Z=26 

Z=14 

���� The average energy loss rate dE/ds per travel distance decreases as ~1/E with electron 
energy and is roughly proportional to the Z number of the sample atoms 

I = (9.76 . Z + 58.5 . Z-0.19) [eV] 
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5.5.3 Mean Free Path of Inelastic Scattering 
 

In the sequential cascade of inelastic & elastic scattering events, the average travel length  
of a particle between two scattering events is called mean free path λλλλMF.   

The inelastic mean free path defines how far an electron  
on average travels through a solid before losing energy using  

Due to the very strong Coulomb interaction, the mean free path of electrons is very small  (~few nm). 

It depends on the velocity of the particle and shows a quite , with a universal energy dependence
minimum at an energy of around 70eV, where the mean free path is less than 1 nm. 

 
 
 
 
 
 
 
 
 
 
 

 

 
 

���� At low energies , there are only few scattering channels. Thus, the mean free path increases.  

���� At high electron energies , the scattering cross section (probability) decreases and the path 
length between two scattering events increases due to the increasing particle velocity.  

Minimum  

Mean free path of electrons  

Minimum 

Mean free path of electrons 
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5.5.4 Calculation of the Electron Range 
 
 

(a) Bethe Range : Once the rate of energy loss rate  dE/dx  as a function of E  and sample material 
is known (Bethe equation), then the average total path length R traveled by an “average” 
electron until its energy is zero is given by the integral:  

     

This is the so-called “ Bethe Range ”   
obtained using the Bethe equation for dE/dx. 

 
  

(b) Kanaya-Okayama Range 
 
� Due to elastic scattering events, the path of particles is not 

along a straight line due to deflection of the particles.  
 
� To describe more correctly the effective electron range   

(i.e., penetration depth), the total path length RBethe must be 
corrected to take the path direction changes into account. 

 
� Kanaya and Okayama (1972) derived an expression for the 

effective electron range , which more closely describes the 
effective size of the interaction volume: 

 = “ Kanaya Okayama Range” 
                        where E0 is given in keV, MA in g/mol, ρ in g/cm3, and Z is the atomic number of the target. 

This RKO range is roughly the penetration depth of electron into a flat sample (not total path  

traveled, which is given by RBethe). Thus,  RKO < < < < RBethe  , i.e.,    RKO ~ 0.5 .. 0.7 ××××RBethe   
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Electron range depends on: 
 

• Electron Energy E0  
• Atomic Number Z  
• Atomic Weight MA  
• Density ρ 
• Rate of Energy Loss: dE/dx  

 
 
 
  
 
  Trend:  

   R ~ 1/ Z  and  ~ E 1.67 

 
 
Stopping Power 
 
The travel distance of electrons 
inside an SEM sample can be also 
described in terms of a stopping 
power S, defined as: 
 
    S = - (1/ρρρρ)dE/ds 
 
which removes the density  
dependence of the energy loss rate. 
 

 

Z=26           Z = 47   Z = 92 

Z=6 
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in µm 

[[[[ ]]]]
899.0

67.1
00276.0

Z

EM
mR A

KO ⋅⋅⋅⋅
⋅⋅⋅⋅

====
ρρρρ

µµµµ

   

Chapter V: Electron based Methods                              G. Springholz  -  Nanocharacterization I                      V / 24 

5.5.5 Interaction Volume derived from Monte Carlo Simulations  
 
 
 

The interaction volume can be more accurately derived by Monte Carlo simulations. In this 
approach, many individual electrons trajectories are simulated by choosing randomly elastic 
scattering events, which are weighed according to their scattering cross section.  
 
 
 

Between  two direction-changing elastic scattering events, the electrons travel along straight lines 
along which they continuously loose energy by inelastic scattering with the given loss rate dE/dx 
which is a function of E. The length of the straight lines is equal to the elastic mean free path λ.  
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

� By averaging over many electron paths, the interaction volume  can be obtained.´ 
 
 
 
 
 
 

100 trajectories  

5 trajectories 

100 trajectories 
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Examples of Monte Carlo simulations 
 
(a) Interaction volume versus beam energy       (b) Interaction volume versus sample material.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    
   

Trends: 

 � Strong increase of interaction volume Vint with  increasing electron energy . 

� Very large interaction volume  for low Z materials . Much smaller for large Z materials. 
 
 
 
 

 

20 keV 

20 keV 

Carbon (Z=6)  

Uranium  
(Z=92) 

0.5µm 

Fe: Z=26 

10kV 

20kV 

30kV 
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Comparison of Interaction Volumes 
 

 

Left Simulated trajectories of electrons as a function of energy and Z number.  :  

Right : Calculated Bethe and Kanaya-Okamaya ranges 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
���� Reasonable agreement between Monte Carlo and KO range.  

However, lateral spreading is quantitatively obtained only by MC simulations. 

Fe: Z=26 
10kV 

20kV 

Z=26    Z = 47   Z = 92 

Z=6 

Z=6 
Z=13 
Z=29 
Z=79 

range 
in µm 

30kV 
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5.6 Electron Energy Loss Spectroscopy (EELS) 
In EELS, the energy loss spectrum  of the electrons traversing through a thin sample is measured 
and analyzed. In passing through the sample, the electron energy decreases.  

The energy loss ∆∆∆∆Eloss  caused by the inelastic  
scattering within the samples is given by: 

and yields information on the sample properties.  

Due to the multiple scattering processes  that a particle experiences when  
it travels through a solid, the energy loss ∆E can assume a wide range of values.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 

� For thick samples  the number of experienced scattering events is large.  
Therefore, the energy loss per electron is rather undefined and the  
energy loss spectrum rather broad and fine spectral features smeared out.  

� As a result, meaningful energy loss spectra can be recorded only for thin samples 
 (d < 100nm), where the number of multiple scattering processes per electron is small.  

∑=−= exciTloss EEEE ,0∆

E0 ET ET 

S S 

thin thick 
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Typical Electron Energy Loss Spectrum (Thin Sample Sp ecimen) 
 
 
 
 

The energy spectrum contains different features in different regions:  

(a) Zero loss peak  of electrons that were only scattered elastically 

(b) Low loss region , for which the transmitted electrons have induced only small energy 
excitations such as phonons, intraband and interband transitions, plasmons … 
The information contained is similar as in VIS/IR photon absorption spectra. 

(c) High loss region , which consist of electrons that have either undergone many multiple 
inelastic scattering processes, or  one high energy core shell excitation . The latter gives 
rise to discreet steps in the EELS spectrum, similar to the absorption edges for x-rays.  

  

EELS spectrum  

Low loss region of  
electrons transmitted 
through a thin Ge film 
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Absorption edges   
As for x-rays, core-level absorption sets in at a particle energies E  > Ecrit(n). 

This gives rise to discrete steps (absorption edges) in the EELS spectra. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

���� The position  of the edges are element specific  and allow to identify the elements in the sample! 

���� The step heights  are proportional to the concentration of the elements as well as the  

ionization cross section:       σshell ~  Nshell 
. C1 ( E0 

. Ec)
-1 log(C2 Eo/Ec)    

 

Z=6 
Z=13 

Z=14 Z=24 

Energy dependence of 
ionization cross section Q 

Carbon Aluminum  

Silicon Chromium  

Excess energy E/Ec 

Ec,L ~ 300eV 

Ec,L ~ 1520eV 

Ec,L ~ 120eV Ec,L ~ 600eV 

Nshell = number of electrons per shell, C1 and C2 = shell constants 
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Chemical Analysis using Energy Loss Spectroscopy   

The height of the absorption steps  in the EELS spectra is proportional to the concentration of the 
elements n i  in the excited sample volume multiplied by the absorption cross section σi .  

The step height is quantified by the jump ratio  J i = I3,i / I2,i , which is the 
post-edge signal I3 divided by the background I2 before the edge . 

This is proportional to the content of the element in the sample.  
 
 
 
 
 
 
 
 
 
 

   
 

 

 

 

 

 

 

���� Qualitative assessment of elemental concentration by measuring the jump-ratio (I3 / I2)  

���� Quantitative analysis using ‘three window’ method to estimate the background Ib under the post edge. 
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Example: Chemical Mapping using EELS combined with STEM      
 
 

Because the electrons can be focused to a very small spot size, EELS can be recorded sequentially 
from very small regions of the samples while scanning the beam in a STEM.  
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Fine Structure of the Absorption edges (ELSN)   
 

 
 

There exist also a distinct fine structure  of the absorption edges in the EELS 
spectra because at Eloss ~ Ecrit the core electrons are excited into unoccupied 
conduction band or antibonding molecular states, which are influenced by the 
chemical environment of the atoms.   

� This can be employed to derive not only the chemical composition, but also 
information on the local bond configuration of the atoms  in the samples.  

 
 

Electron Energy-Loss Near Edge Structures (ELNES) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

   

SiO2/Si interface 

SiO2 

Si 
different oxides 

different forms 
of carbons

���� The fine structure is a fingerprint of local environment  but needs high energy resolution ! 
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5.7 Microprobe Analysis using Secondary X-Ray Emiss ion   
 

When a core shell electron is knocked out by an inelastic excitation, the refilling of the hole by an 
outer electron leads to characteristic x-ray emission, similar to x-ray fluorescence (see Sec. 2.7.4). 

The characteristic x-ray photon energy is given by:  Ephoton    = E2,o – E1,i 

Which can be approximated by:  Ex-ray(n1 - n2) =  RH (Z - σn2)
2 /n2

2 -  RH (Z - σn1)
2 / n1

2)  

with RH = 13.6 eV =   Rhydberg constant and         (= Moseley’s law)                      
      (Z - σn) = effective nucleus charge = ( Z number  -  shell screening σn ) 
      K-radiation: σn = 1 and n1 = 1,  L-radiation:   σn =  7.4 and n2 = 2  …. 

 

 
 

Because inner shell 
transitions are not much 
influenced by the chemical 
bonding, the characteristic x-
ray energies do not depend 
much on the environment of 
the atoms ! 

Note: Chemical effects, 
however, are observable in 
the fine structure (~eV) of 
electronic transitions 
involving outer electrons. 
 
 

Zn 
Sn 

 

Element specific characteristic x-ray energies 
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Microprobe Analysis in Scanning Electron Microscopy (ED X / WDX) 
 

EDX (=energy dispersive) or WDX (=wavelength dispersive) measurement of  
      characteristic x-ray emission spectrum induced by high energy . electron beam irradiation

EDX is based on pulse height measurements of a photomultiplier, WDX uses an analyser crystal in Bragg 
reflection to scan the spectrum over the wavelength by rotation of the analyser crystal » higher resolution ! 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

  

Red     = C  
Yellow = Zr  
Green  = Al  
 

Elemental map of a filter element 

EDX 

SEM 

EDX 

x-ray 
spectrum 

x-ray emission 
spectrum multicomponent 

sample 

Ipulse ~ Ephoton  

 

WDX 
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5.8 Auger Electron Emission Spectroscopy (AES) 
Alternatively to characteristic x-ray emission, the recombination of a core shell excitation can lead to 
the emission of a characteristic Auger electron . This Auger electron is produced, when the energy 
∆E2-1  released by recombination of an outer electron with the core hole is not emitted as x-ray 
photon by is transferred another electron from the same shell (“Auger electron”)  

that is emitted with a characteristic energy:   EAuger  = ∆∆∆∆E2-1 - EBinding,2 

� Typical Auger electron energies are ~50 to 1000 eV. 

                  
 

 

 

���� The energy  of the emitted Auger electrons  is element 
specific , i.e., each element yields a peak in the electron 
emission spectrum at a specific energy.  
This allows to quantify the elements contained in a sample.  

���� The escape depth  of Auger electrons d ~ 5 λMF is very small, 
i.e., only a few atomic layers. Therefore, Auger electron 
spectroscopy is very surface sensitive  !  

 
 
 

 

mean free path  
λMF of electrons 

Auger process 
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Example for Auger Electron Emission Spectra 
 

 

 

 

 

 

 

 

 

 

 

 

���� Auger peak positions: Indicates which elements  
are contained in the sample. 

���� Relative Auger peak heights: Yields composition. 

 

For each core recombination process, the sum   
of Auger yield ωωωωA and x-ray yield ωωωωX is unity .  
 
     Thus:  

���� As shown in the figure on the left, the Auger yield  
is high for light elements with small Z number, the 
opposite is true for characteristic x-ray emission.  
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5.9 Electron Diffraction (LEED, TED)  
Due to the dual particle/wave nature of electrons, elastic scattering also leads to electron diffraction, 
following the sampe principles as x-ray diffraction (Chapter 4). There are however differences: 
 

X-Rays :  » photon wavelength λ ~ Å is comparable to the atom distances a0 in the sample » kXR ~ ghkl , 

       » Radius of Ewald sphere is ~ n ghkl, » the Laue condition is met only at few & distinct diffraction angles.  
  
Electrons : de Broglie wavelength λλλλe < 0.1 Å (10keV) << a0, 
 » The radius of Ewald sphere is much larger than the distance 

of the reciprocal lattice points, i.e. kel >> ghkl  . 

» Thus, many diffraction spots appear simultaneously at 
small scattering angles, i.e., the diffraction pattern nearly 
represents a cross-section of the reciprocal lattice.  

 
 
 
 
 
 
 
 
 
 
 

Further aspect : Particle waves induce a much stronger excitation of individual atoms than x-rays.  

Thus, for electrons a much high diffraction intensity is obtained already from small sample volumes. This 
allows micro-diffraction experiments . Contrary, x-ray diffraction needs larger ensembles of nanostructures 
for sufficient intensity and thus, yields only averaged structure information.   

X-ray diffraction: Angular distribution LEED of Si (111) 

λπ /20 =k
r

Diffraction angles < 1° 
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Diffaction of Electrons:  Atomic Form Factors 
 
 
 
 
 
 

X-rays are scattered by the electron density ρ(r) in the sample. 

Electrons are scattered by the atom potentials V(r) and the 
scattering amplitudes must be calculated by quantum 
mechanics (Schrödinger equation). 

The total scattering amplitude from a sample is then 
obtained by integration over all atomic potentials.  
 

The scattering strength of the atoms is then represented  
by the atomic form factor for electron diffraction, which is 
given by the Mott approximation as:  

 
Where s is the scattering wave vector, Z the atomic 
number and fX the atomic form factor for x-ray diffraction.  

The atomic scattering strength (form factor) decays more 
rapidly with increasing scattering vector compared to x-rays.  

Therefore, electron scattering is strongest in the forward 
direction. 

Note: Neutrons are scattered mainly by the point-like nucleus of the 
atoms, i.e., there are no phase differences within the atom.  
Thus, the atomic form factor does not depend on scatting angle, i.e., 
is essentially constant.  

Comparison of atomic form factors  
for electrons, x-rays and neutrons 
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Example:  Micro-Diffraction obtained with Transmission  Electron Microscopy 
 

In TEM, the electron beam can be focused to a small spot and thus, electron diffraction can be 
performed on very small sample areas. In this way, structure analysis can be performed on 
single nanostructures and thereby the local crystal structure and orientation obtained. 

 

Example  Left:  SiGe nanoislands embedded in Si.  Right : Grain in a copper foil.  

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

���� Due to the ~4% difference in the Si/Ge lattice constants, the 
diffraction points are slightly shifted with respect to each other 

���� The lattice orientation of each 
grain differs and thus gives rise 
to a different diffraction pattern.  

TEM image  Diffraction pattern  
TEM image  Diffraction  
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5.10 Summary  
Electron based techniqes  have many advantages for nano-characterization due to: 

due to very short (a) High spatial resolution 
electron wavelength compared to light. 

     De Broglie wavelength:   

λλλλ = h / m e v  =  12.25 Å  / √(E[eV])    U<100kV) 

Practical limitation for resolution:   

Strong aberrations of electron lenses limit the 
resolution (small numerical aperture NA)  
 
NA =  5 x 10-3  ⇒⇒⇒⇒   ∆∆∆∆x ~  100 λλλλ (Resolution)  

 

due to small collection angles. (b) Large depth of focus 

(c) Very of electrons with solids:   strong interaction 
     High surface sensitivity and sensitive to  small nanostructures  
 

(d) Excitation of many different secondary signals: » Sensitive to many physical properties. 

� Many different imaging modes and contrast mechanisms  possible,  

� Microdiffraction  and with various different quantitative chemical microanalysis techniques . 

 

Disadvantages:  
Vacuum required, limited penetration depth, complex multiple scattering processes. 

 

High resolution TEM  
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Summary of Lateral Resolution of Various Characterizat ion Techniques 
 
 
 
 
 

      

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

���� High spatial resolution with   (a) small wavelengths, 
         (b) small probe size and 
 » Electrons, Ions, SPM !   (c) small interaction volume    

 

 
 

Microscopy (M) , Chemical Analysis & Bonds (C) , Defects (D), 
Structural Properties (S) , Optical & Electronic Structure (OES)  
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