
 

 

 
 

Praktikum: NanoCharakterization I 
  

Transmission Electron Microscopy 
 

Instrumentation, Basic Operation Modes,  
Resolution, Electron Diffraction and its Applicatio ns, 
Contrast Mechanism and High-Resolution Imaging 

 

SiC nanocluster in Si  Cu polycrystals  diffraction pattern 

Nanocharacterization I , G. Springholz Chapter VII – Transmission Electron Microscopy   2 

 

 



Nanocharacterization I , G. Springholz Praktikum  Transmission Electron Microscopy   3 

 

Contents  

Transmission Electron Microscopy 
1.1 Basic Features of TEM ......................... .................................................................................................. 4 

1.2 TEM Components and Instrumentation ............ ................................................................................... 5 
1.2.1 Sample Holders and Support Grids......................................................................................................................... 7 
1.2.2 The Illumination System .......................................................................................................................................... 8 

1.3 Basic TEM Operation Modes ..................... ............................................................................................ 9 

1.4 Resolution, Magnification and Depth of Image an d Depth of Focus .................................. ............ 12 

1.5 Electron Diffraction........................... .................................................................................................... 20 
1.5.1 The Shape of the Reciprocal Lattice Points .......................................................................................................... 21 
1.5.2 The Ewald Construction for High-Energy Electron Diffraction ............................................................................... 22 
1.5.3 The Intensity of the Diffraction Spots .................................................................................................................... 24 
1.5.4 Construction of TEM Diffraction Patterns .............................................................................................................. 24 
1.5.5 Structure Analysis using TEM ............................................................................................................................... 27 
1.5.6 Polycrystalline Samples ........................................................................................................................................ 29 

1.6 Contrast Mechanisms in TEM .................... ......................................................................................... 33 
1.6.1 Mass-Thickness Contrast ...................................................................................................................................... 33 
1.6.2 Diffraction and Strain Contrast in TEM .................................................................................................................. 38 
1.6.3 Contrast due to Strain Fields caused by Dislocations and Inclusions ................................................................... 42 
1.6.4 Phase Contrast ..................................................................................................................................................... 49 

1.7 High Resolution Lattice Imaging ............... .......................................................................................... 52 

1.8 Further Operation Modes ....................... .............................................................................................. 56 

1.9 Summary ....................................... ......................................................................................................... 57 

 

Nanocharacterization I , G. Springholz Chapter VII – Transmission Electron Microscopy   4 

 

 

1.1 Basic Features of TEM  

� Electron energies typically in the range of 100 … 300 keV, up to 3 MeV.    

� Transmission of thin sample specimen with thickness of < 100 nm due to small penetration depth: 
Images correspond to the projection of the whole sample cross-section onto the image plane. 

� Magnification: 500 – 500.000, resolution down to ~1 Å, 

� Two types: (i) projection imaging TEM or (ii) scanning transmission electron microscope STEM. 

Advantages : • Very high resolution  (~ 1 - 4 Å):  ���� Lateral resolution of single atomic columns. 

   • Very high sensitivity  to lattice distortions , crystal orientation, structural defects, etc.  

   • Can be combination with high resolution chemical microanalysis  (EDX, EELS…) 

Disadvantages :• Little surface sensitivity due averaging over whole sample thickness.  

   • Averaging over transmitted sample thickness („atoms“ = atom columns). 

   • Time consuming and difficult sample preparation due to required thin sample thickness. 

   • Radiation damage of the samples due to high electron energy and dose. 

   • High voltages and vacuum conditions required. 

   • Complicated contrast mechanisms, dynamical diffraction, multiple scattering:  
      ���� to completely understand TEM images and their contrast 
                                image simulations are required. 
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1.2 TEM Components and Instrumentation 
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Electro optical column: 

� Electron source and electron gun. 
� Condenser optics to define and manipulate the electron beam   

on the sample (condenser lenses, apertures and deflection coils). 
� Sample holder and manipulator (rocking, translation, heating, cooling ..). 
� Sample load lock entry port. 
� Image formation objective, intermediate, projection lenses 

with small aberration constants. 
� Diffraction and selective area apertures. 
� Viewing screen, viewing window, CCD camera, photo plates.   

 

Control system: 

� HV supply, individual control of each lens and deflection coils. 
� Optional computer control system. 

 

Vacuum system:  p < 10-6 mbar, mean free electron path >> optical path. 

� Column = vacuum chamber, vacuum pumps, vacuum gauges & control 
� Optional:  vibration insulation. 

 

Sample preparation:  

� Sample thinning by polishing, grinding, ion-beam sputtering,  
chemical methods, ultramicrotomy, etc… 

� Maximal sample thickness ~ 100 … 300 nm,  
depending on density and electron energy. 
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1.2.1 Sample Holders and Support Grids 
 

          
 
     Supporting grid material:  

� Low Z number to reduce scattering and x-ray emission.  
� High mechanical strength and low thermal expansion. 
� Good electrical conductivity to avoid charging. 
� Good thermal conductivity to prevent heating. 
� Resistance to electron radiation. 

Sample Grids:  
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1.2.2 The Illumination System  
Consists of two condenser lenses C1 and C2, 
two deflection coils, an aperture at the C2 
lens and the upper part of the objective lens. 
 
Purpose :  
 

� Homogeneous illumination of the sample 
area that is used for image formation in 
dependence of the sample magnification. 
 

� C2 aperture can be used to adjust the 
beam current. 
 

� Parallel beam or convergent beam illumination. 
 

� Spatial coherence maximized for parallel beam 
illumination. 
 

� Translating and tilting the beam with respect to 
the optical axis of the column. 
 

� STEM: point spot and scanning realized with  
scan coils. 
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1.3 Basic TEM Operation Modes  

A. Diffraction mode  

At the focus of the objective lens all pa-
rallel beams emitted from the sample are 
focused on the same point. Thus, a 
diffraction pattern of the electrons 
transmitted through the sample is formed 
at the objective back focal plane. 

Setting the focal length of the 
intermediate lens so that this 
diffraction pattern is focused 
on the second intermediate 
image and final projector lens, 
the diffraction pattern is magni-
fied onto the viewing screen. 
 
B. Imaging mode  

In this case, the intermediate lens  is set 
such that the real intermediate image 1 
that is formed at the image plane of the 
objective lens is projected to the object 
plane of the final projector lens, which is 
then magnified onto the final viewing 
screen. 

   Diffraction mode  Imaging mode  

Diffraction 
pattern 

Electron diffraction pattern 
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���� By changing the focal length of an intermediate lens, one can choose between the 
diffraction pattern (back focal plane) or the image (in the image plane). 
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Diffraction mode:    
 

� Yields information on the crystallinity, crystal structure   
and orientation  of the illuminated sample area. 

� Used to identify sample material  and composition . 
� Selection of specific scattering components used for TEM  

image formation using the movable objective aperture. 
� Adjustment of the contrast mechanisms in the TEM images. 
� Definition of the sample area contributing to the diffraction  

pattern by using the selective area aperture (SAD). 
 
Imaging modes:    
 

� Using the objective aperture , different parts of the 
diffraction image can be used for image formation. 

� Bright field imaging :  TEM image formed by 
using only the direct electron beam in of the 
diffraction pattern. 

� Dark field imaging : only certain diffraction spots 
are selected for image formation. In this image 
mode there is a very high sensitivity to the  
crystal structure and lattice deformations  
in the sample. 

� To minimize aberration effects in dark field imaging, 
the centered dark field mode  is used in which the 
diffracted spot is moved to the center of the optical 
axis by tilting the sample. 

objective aperture  

selective area 
diffracftion aperture  
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1.4 TEM Resolution  

As for all microscopy methods (see Chapt. 4 ), the resolution of TEM is limited  by two factors 

  (i) diffraction  where rdiff ~ ½ λ/sinα  ,   as well as by (ii) lens aberrations  where raber ~ Clens αn  ,    
 

Total effective resolution  is given by:    rtot  = (rdiff
2  +  rshp

2  +  rchr
2  +  rast

2 )1/2 

  

       Using sinα ≈ α, this yields:     rtot  = [ (0.61 . λ /α)2   +  (Csph
.α3 )2   + (Cchr

.∆E/E . α)2 ]1/2 
 
  α = aperture angle, Csph and Cchr are the spherical and chromatic aberration constants.  
 

 

� With increasing aperture αααα the diffraction 
broadening decreases but the broadening  
due to the lens aberration increases.  

� When the lens aberrations cannot  
be neglected, there exists a certain  
optimum aperture angle ααααopt   where  
the highest resolution  is achieved ! 

� This applies to all microscopy methods . 
 
 

rdiff  ~ αααα-1 

rsph~ αααα3 

rchr~ αααα1 

Electron microscope resolution as a function of 
scattering angle due to diffraction, spherical 
aberration, and chromatic aberration. Calculated 
for E =300 keV, ∆Eunfiltered= 250 eV, ∆Efiltered= 30eV, 
Cs = 3.2 mm, Cc = 3.0 mm, and fobj = 3.9 mm.  

αλ⋅= sin61.0 nrdiff

Resolution 
factors versus 
aperture angle 

ααααopt  
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Resulting TEM Resolution:   

   plotted as a function of: 

• aperture angle α,  
• lens aberrations C 
• electron energy E  

 

 

 

� Maximum (best) resolution:   

= minimum of rtot neglecting chromatic & astigmatic aberrations 

 drtot/dα = 0 :  » αopt =  0.77 mrad . (λ / Csph)
1/4     and     rbest = 0.91 . (Csph

 . λ3 )1/4   at α= αopt 

 Example:  200 keV,  λ = 0.0274 Å, Csph = 0.5 mm:  »  αopt = 6.6 mrad = 0.38°   » rbest  = 2.9 Å 

 
� Chromatic aberration :  ∆E = 20eV; 200 keV,  Cchr = 2 mm: At αopt = 6.6 mrad  »  reff = 13.5 Å 

 

● Chromatic aberration broadening can be minimized by (i) using higher electron energies (∆E/E) 
and (ii) using as thin as possible specimen thickness. This is essential for high resolution.  

● From Bethe equation:  dE/dx = 1… 3 eV per nm for 100 keV electrons (depending on material) ! 
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1

10

100

1000

TEM Re solution

+C c=2/∆E=20eV
C s= 0.05

Cs =0.5

Cs=5

50kV

200k V

R
es

o
lu

tio
n 

(A
)

A perture an gle  (d eg)

80 0 kV

Nanocharacterization I , G. Springholz Chapter VII – Transmission Electron Microscopy   14 

 

Ultra-High Resolution TEM with sub-Ångstrom resolut ion 

TEM Resolution is mainly limited spherical aberration:     rmin  = 0.91 . (Csph
 . λλλλ3 )1/4  

 
» Resolution can be improved only by (a) decreasing the wavelength (=MeV TEMs) and/or 

(b) and/or improvements in lens optics (aberration corrections). 
Aberration corrections: 

Scherzer (1936):  Spherical aberrations cannot be avoided using rotationally symmetric electromagnetic fields ! 
 
Rose (1990ies):  Spherical aberration corrections possible by using multipole fields that produce negative third 

order spherical aberrations for compensation.  

» Development of hexapole and octopole correction lenses that can reduce Csph to almost zero. 

 
Additional measures for HR-TEM:   

• Introduction of energy filters in the condenser system to 
improve the monochromaticity of the electron beam 
and thus reduce chromatic aberrations. 

• Post sample energy filter (Omega filter 

• Improved mechanical construction to reduce vibrations 
and thermal drifts of the TEM column. 

• Improved stability and reduction of noise level of lens 
and gun currents. 
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Resolution of Aberration Corrected TEM achieved wit h Multipole Correction Lenses 
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C.L. Jia, M. Lentzen and K. Urban, 
Science 299, 870 (2003).  

Sub-Ångstrom resolution 
can be achieved by 
modern aberration 
corrected ultra-high 
resolution TEMs !  

aberration corrected TEM  

Multipole Correction Lenses  
yields Cs values as low as µm  
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Examples for high resolution TEMs: 
    
FEI Titan HR-TEM      Zeiss UR-TEM 
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Performance comparison for high resolution TEMs: 
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Performance of high resolution TEMs: 

 

 

 

Imaging of lomer type dislocation cores in GaAs 
 

igh-resolution image of a pure edge 
dislocation of Lomer type with b = 
a/2 [110] located at the interface 
between a GaAs substrate (below) 
and a lattice mismatched InGaAs 
epilayer.The image shows the 
phase of the exit-plane wave 
function as retrieved from a through-
focus series of experimental images 
taken with the centre's aberration 
corrected Philips CM-200 electron 
microscope. Due to an information 
limit well below 1.3 Ångström atomic 
column positions right up to the 
dislocation core are clearly resolved. 
A single detached atomic column at 
the images centre directly reveals 
the existence of dislocation 

 

Local deformation of GaAs near stacking faults 
 

Locally inhomogeneous distortions 
of gallium and arsenic atomic 
dumbbells in the vicinity of a 
faulted double stacking fault ribbon 
in GaAs viewed along the [110] 
zone axis. 
 
The top image displays a phase 
image evaluated from a through 
focus series of 15 experimental 
micrographs. In the phase image, 
atomic column positions are 
superimposed and dumbbell 
distortions are indicated 
exemplarily in dependence on 
specific positions along the 
crystallographic [111] direction. 
 
The lower graphs display measured 
average projected bond length and 
misorientation angles of the 
dumbbells along the (111) direction. 
The lattice planes belonging to the 
double stacking fault ribbon are 
indicated in lighter grey colour 
 
K. Tillmann, A. Thust and K. Urban 

 

C.L. Jia, et al.,  Science 299, 870 (2003).  
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1.4 Mangification and Depth of Field and Depth of F ocus 

Magnification M:    For each lens, the magnification M is given by  M  = Li / Lo  ;  

    where, Li  and Lo  are the image, respectively, object distances from the lens, 
    which can be adjusted by changes in the strength of the magnetic lenses. 

    The total magnification is given by the product of all lens magnification factors.  
 

 Practically, the actual magnification of any microscope must be calibrated because it depends on: 
 

� The actual sample position on the optical axis, as well as rotation and tilt of the sample (± 5%). 
� Lens uncertainties: current & hysteresis (±1%). 
� Camera length. 

 

» The error of the actual magnification with respect to the nominal value can be as large as 10%. 

» Requires calibration using grating standards or atomically resolved lattice images. 
 
Depth of image S is given by:    S = δδδδs . M 2 / αααα0   ,      
 

      where  δs  is the lateral resolution and M is the magnification. 
 

 Due to the large magnification and small apertures α in TEM the  
  depth of image is larger than several meters ! 
 
Depth of focus T is given by:    T  =  δδδδs / αααα0   

 
      For a required lateral resolution of 2 Å, the depth of focus is typically 20 nm.  
 This limits the maximal allowable sample thickness. 

 

T 

δ 

δ∗ 

α0 

focal 
plane 
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1.5 Electron Diffraction  

In TEM, electron diffraction is an important tool in order to identify local materials in the sample, determine the 
sample orientation and adjust the contrast in dark or bright field imaging.  

Diffraction can be described in terms of Braggs law  or by the Laue condition . Diffraction spots appear when:  

     2.dhkl 
.  sinθ hkl = n . λ  or   when ∆∆∆∆k = g*hkl  

 

 where:   dhkl is the lattice spacing of the hkl lattice planes, θ is the diffraction angle, λ the wavelength,   
   and ∆∆∆∆k is the scattering vector and g*hkl  the reciprocal lattice vector of the hkl plane. 
 
For kinematic diffraction, the diffraction patterns can be obtained  
by the Ewald construction , which is a graphical representation  
of the energy and momentum conservation required in elastic  
scattering and diffraction. This means that: 
 

(a) |k0| = |k´| : all scattered wave vectors k’  must lie on  
      an Ewald sphere with a radius k0,  

(b) the momentum must be conserved by ∆∆∆∆k = g*hkl . 
 

In contrast to x-ray diffraction, for electron diffraction 
|k0| >> |g*|. Thus, the diffraction angles are very small θ hkl < 0.5° 
 
When k0  is very large and the diffraction angles small,  
the curvature of the Ewald sphere is very small, i.e.,  
the Ewald construction can be approximated by a plane 
cross-section through reciprocal space. 
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1.5.1 The Shape of the Reciprocal Lattice Points 
� Due to structural imperfections as well as finite size effects, the reciprocal lattice points are not 

infinitessimal small but have a certain width. The shape of the reciprocal lattice points is given by the 
Fourier transform of the crystal shape function. 

 

 

Scattering function for a row of 
atoms  with finite number Nx 
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1.5.2 The Ewald Construction for High-Energy Electr on Diffraction  
� Due to the energy spread ∆E and the angular divergence, the Ewald sphere is not infinitesimal thin. 
� Likewise, the diffraction spots exhibit a significant elongation  

along the sample normal direction. 
� Thus: always many different diffraction spot appear  

at the same time in the diffraction pattern. 
 
 

  Diffraction pattern for GaAs  

  s = excitation error  



Nanocharacterization I , G. Springholz Praktikum  Transmission Electron Microscopy   23 

 

 
Excitation Error s:  

The excitation error s (see figure on 
previous page) is a measure for how 
far the center of the diffraction spot is 
away from the Ewald sphere, i.e., 
how far the diffraction deviates from 
the exact Bragg condition. 
 
 
Higher order Laue zones:  

Under favorable conditions more than 
the 0th order Laue zone (ZOLZ) can be 
observed in the diffraction patterns as 
shown on the right hand side. 

From these higher order Laue zones 
information on the structure perpendi-
cular to the specimen surfrace, i.e. along 
the electron beam can be obtained. 

The intensity of the higher Laue zones  
rapidly decreases with increasing 
diffraction angle. The intensity can be 
enhanced by illumination of the sample 
with a convergent electron beam. 
 

Diffraction from Laue zones  

0th order  

1st order  
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1.5.3 The Intensity of the Diffraction Spots 
 

The intensity of the diffraction spots is given by the structure amplitude: 
where the scattering amplitudes from all atoms within each unit cells are  
added up with the appropriate phases.fi are the atomic form factors, xi, yi,  
and zi are the coordinates of the ith atom, h,k,l are the Bragg indices . 
 

             

Thus, not all possible  
reflections appear in the  
diffraction patterns ! 
 
However, because of the  
very strong electron-sample 
interaction, multiple scattering 
effects must be considered  
for structural analysis. 
 
This requires the  
application of dynamical  
scattering theory . 

bcc  

fcc  

diamond  

CsCl  

NaCl  

ZB  

hcp  

wurzite  
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1.5.4 Construction of TEM Diffraction Patterns  
Recipe : Construct the cross sectional plane in the reciprocal lattice perpendicular to the incident electron beam 

using:  [hkl ].g*  = 0      Example fcc-lattice :      

Example: case [011]:  

• shortest perpendicular reciprocal lattice vectors:  
   [100]  and [0-11]   

• these form the basis vectors of the reciprocal lattice 
plane normal to the [011] electron beam. 

• [100] and [0-11] are perpendicular to each  
other and |0-11| = √2 * |100|. 

• Thus, the 2D reciprocal lattice plane consists  
of a 2D rectangular lattice.  

• However, due to the structure factor not all 
reciprocal lattice points are actually present  
but only those with F >0. 

• For fcc lattices. These are all rec. lattice points with 
all even or all odd indices, i.e., [200],  
[11-1], [2-22], etc. but not [100] or [0-11] 

[001]  [011]  

[-111]  [-112]  
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… Construction of TEM diffraction patterns …. 
Recipe : Construct the cross sectional plane in the reciprocal lattice perpendicular to the incident electron beam 

using:  [hkl ].g*  = 0      Example fcc-lattice :    Determination of crystal orientation and structure:  

            Symmetry of diffraction spots and relative spacing

           of nearest and second nearest spot spacing L/M. 

 
 Contrast due to structure factor in GaAs/GaAlAs SL  

[001]  [011]  

[-111]  [-112]  

FGaAs(002) ~ 16(fGa - fAs) ~ 0 
FAlAs (002)  ~ 16(fGa - fAl) > 0 
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1.5.5 Structure Analysis using  TEM  

Because the electron diffraction pattern represents only one  
cross section of the reciprocal lattice, more that one diffraction 
pattern must be recorded for a complete structural analysis. 
 
 
Example Cu crystal:  

Four different zone axis diffraction patterns and corresponding bright field images 
of a small grain in a Cu foil. The regions marked by 1, 2 and 3 correspond to the 
areas used to obtain the diffraction patterns. 
 

Diffraction  
patterns of  
MgO fcc along 
different directions  

 
(100) 

(111) 

(011)
(001)

(311) 

(211)

(122)

(133) 

(012)(013) 
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Example Cu crystal:  
 
Comparison of the diffraction pattern with expected patterns for fcc lattice: 

[001]  [011]  

[-111]  [-112]  
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1.5.6 Polycrystalline Samples  
 

Reciprocal lattice points are converted into 
reciprocal lattice rings or spheres due the variable 
orientation of the crystal grains with respect to the 
electron beam. The cross section of the Ewald 
sphere or plane with these rings yields concentric 
ring-shaped diffraction patterns (Debeye Scherrer 
rings). 

 

large polycrystals  

small polycrystals  
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Textured samples   

Grains are oriented preferably along 
certain directions or rotated preferen-
tially around a certain texture axis (fibre 
axis). When the electron beam parallel 
to the [mno] fibre axis, again concentric 
rings are observed. However, in this 
case not all Debeye-Scherrer rings 
appear but only those with (hkl) per-
pendicular to the electron beam, i.e., 
those with (hkl)[mno]=0. 
 

When the electron beam is inclined to 
the rotational fibre axis of the crystal 
grains, the continuous Debeye-Scher-
rer rings will disrupt into ring segments 
(see above schematic picture (b) and 
diffraction pattern (c) right side below). 
 
 
 
 
 
 
 
 
 

Textured ring diffraction pattern 

 Au film, (111) textured   Au film, tilted by 45°   fibre textured Zn film  
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1.5.7 Other Examples :  
Superlattices and phase analysis 
    

 
 
 

Twin boundary of  
spinel crystals  

Al-Cu alloy  

superlattice  
satellites  

Mo-Si SL  

superlattice  
satellites  

GaAs/GaAlAs SL  
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Diffraction patterns from twinned Cu grains along [ 110] zone axis: 

Superposition of three [110] diffraction patterns mirrored with respect to each other  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Different diffraction patterns obtained by moving the electron beam across the twin boundaries. 
 

Schematic illustration of mirror twin 
boundaries in a fcc cubic lattice. The 
twin planes mirror the ABC stacking 
sequence into the CBA sequence. 
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1.6 Contrast Mechanisms in TEM 
 

1.6.1 Mass-Thickness Contrast  
Electron scattering within the sample leads to  (a) Loss of electron energy.  
          (b) Deflection away from the optical axis.  

 
Both processes strongly depend on the sample thickness  as well as atom mass and Z number : 
 
� Heavier elements scatter electrons more strongly than light elements.  

� Scattering loss increases with sample thickness. 
 
Deflection away from optical axis through elastic scattering:    
 
 
 
 
���� Strongly deflected electrons with θ > α0 are blocked by the 

objective aperture, i.e., the stronger the scattering the  
smaller the transmitted electron current ! 
 

���� Regions with larger sample thickness and/or higher Z  
number and atom mass appear darker in the TEM image ! 
 

���� Dominating contrast mechanism for low and medium 
magnification and small electron transmission, i.e., for  
thick sample specimen. 

3/22
0
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0
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0
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Example for Z-contrast:   Transistor cross sections (Z-numbers:  Si=16, N=7, O=8, Cu=29)  
 
 Bright Field TEM image 

Red=O, Green=N, Blue=Si 

TEM Elemental Map using EELS  

Si 

SiO2 

Si2N3 

poly -Si 

Al or Cu  

Intel P860 Cu interconnects 
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Local electron intensity:  Given by the transmission probability of the electrons through the aperture α0: 

 
  
where κ is the characteristic 
contrast thickness 
characteristic for each 
element and the used 
aperture angle as well as 
electron energy. 
It can be viewed as an 
absorption coefficient. 
 
 
Examples: 
 
 
 
 
 
 
 
 
 
 
 
 

( )κ⋅ρ−==⋅ρα djjdET exp/),,( 000
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Further examples: 
 
 
   
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
� Mass-thickness contrast is most important for amorphous and organic samples. 

� The mass-thickness contrast is opposite as for SEM: Areas with heavier elements 
appear darker in the TEM image due to the increased scattering loss. 

  BF image  of Bi -implanted Si  

structural  
defects  

implanted  
Bi  

structural  
defects  

implanted  
Bi  

  Z-contrast image  

 C-replica of fractured surface  

 a) plan view   b) oblique  

 Cell cross section  
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How can the mass thickness contrast be increased ? 
 
(a) Using lower electron energies and smaller objective apertures α. 
(b) By energy filtering of the transmitted beam. 
 
   
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 a) unfiltered   b) zero-loss filtered  
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1.6.2 Diffraction and Strain Contrast in TEM  
Diffraction contrast can be obtained in the bright-field  as well as dark-field mode . 
In these cases, only a selected part  of the diffraction pattern is used for image formation. 

 

indicates 
aperature   large s  
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Diffraction contrast : Whenever diffraction effects from a local sample areas cause a change in the 

intensity distribution among the diffraction spots, the corresponding intensity in the TEM image will change.  

 

Thus, the TEM image will show diffraction contrast. 

This contrast is usually stronger in the dark-field mode.  

 

 

   Origin of changes in diffraction intensity :  

� Local changes in crystal structure. 

� Local changes in structure factor or atomic form factors. 

� Local changes and tilts in crystal orientation. 

� Local bending of lattice planes and lattice spacings  

due to inhomogenous strains in the samples caused by:   

inclusions, dislocations, stacking faults,  

phase boundaries, and other crystal defects.  

 

Example : (002) dark-field image of GaAs/GaAlAs 
superlattice. Because F(002) ~ fAs – fGa/Al , the  
GaAlAs layers appear brighter than the GaAs 
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Example:  

Diffraction contrast in the bright field 
mode for a thin Ti- foil:  
 
Make dislocations and crysal defects 
visible in the selected sample area. 
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Two-beam mode:  to enhance the diffraction contrast, in the two beam mode the sample is tilted in such a 
way that the intensity of one particular diffraction spot is maximized. 
 
Example:  Al-Li alloy layer with Al 3Li precipitates  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Bright-field image   Dark-field image 
 
 
 
 

 

Nanocharacterization I , G. Springholz Chapter VII – Transmission Electron Microscopy   42 

 

1.6.3 Contrast due to Strain Fields caused by Dislo cations and Inclusions  
Dislocations :  Are line defects in the crystal, which are characterized by the dislocation Burgers vector b  

as well as the dislocation line direction u.  

The dislocation Burgers vector can be obtained from the Burgers circuit . Depending on the angle between b  
and u, the dislocation can have either a screw, and edge or a mixed character .  

For pure edge dislocations , the dislocation corresponds to an additional inserted or removed lattice plane.  
In this case, b is normal to this lattice plane and its length is equal to the corresponding lattice plane spacing.  

        
 
� Bending of lattice planes & local change in lattice spacing. 
  
 For pure screw dislocations ,  

b is parallel to u. 
 
 
 
 

� Only bending of lattice planes  
but no change of lattice spacing. 
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Dislocations cause a local bending of the crystal lattice planes  and thus to local variations of the Bragg 
diffraction angles. Thus, diffraction contrast can be utilized to make the dislocations visible in the TEM images. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

� The image of the dislocation is always laterally displaced from the real position of the dislocation ! 

Figure: Dislocations in silicon:  
(a) strong-beam bright field image, 
(b) same area imaged under dark-
filed weak beam conditions. 
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The bending of the crystal lattice plane is related to the distortions of the crystal lattice  around the 
dislocations. In elastically isotropic solids these are described by the displacement field R(x,y,z) = R(r,φ): 

 

 

  
 (for a general mixed dislocation)             (for a pure screw dislocation) 
 

where be is the edge component of b , and ν is the Poisson ratio of the material. 
 
 
In particular, mainly those crystal lattice planes are strongly 
bend that are normal to the displacements R.  
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The lattice distortions are proportional to R and the bending perpendicular to R:  
 
Visibility condition for dislocations :   
 

(i) Screw dislocations :  R ~ b:  dislocations invisible when (g . b) = 0 . 
 

(ii) Edge dislocations :   R ~ b + b × u:    
dislocations invisible when     (g . b) = 0  and  (g . b × u) <0.64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 

� The dislocation Burgers vector can be determined by finding 
two directions g1 and g2 in which the dislocation is invisible  
in the TEM image. 

(g . R) > 0 

Screw dislocations:  
Edge dislocations:  
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In the TEM images the dislocations appear 
laterally displaced from their real position in the 
crystal and they are substantially broadened in 
proportion to the distance s of the diffraction spot 
from the Ewald sphere. 
 
This broadening is particularly large under two-
beam conditions where s ~ 0. 
 
 
 

 

This can be drastically reduced by using the 

Weak-beam dark field mode . 
 
In this mode, the sample is tilted such that the 
diffraction spots become rather weak, thus 
increasing the excitation error s. This strongly 
reduces the effective width of the dislocations 
in the TEM images, although the overall 
intensity is also drastically reduced. 
The width of dislocations in the TEM images 
can be reduced from 5-20 nm to 1.5 – 2 nm. 
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Additional examples of dislocation images 
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Contrast due to strain fields caused by coherent in clusions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(A) Intensity contours from a simulated image like that shown in (b). 
Notice the line of no contrast, which corresponds to the plane that is not 
distorted by the strain field. (C) Experimental image of a coherent 
particle in Cu-Co showing strain contrast 

ds=12.5n
m 

b) 

a
) 

ds=100n
m 

Ge dot multilayer in Si 



Nanocharacterization I , G. Springholz Praktikum  Transmission Electron Microscopy   49 

 

 

1.6.4 Phase Contrast  
Interference between electrons scattered from different parts of the sample  
 
Result: Formation of Moire patterns   
 
TEM image corresponds to summation of 
information over the whole sample cross-
section. 
When different lattice periodicities are 
present along the electron path, a Moiré 
pattern is formed due to the superposition of 
two periodic images that are slightly rotated 
with respect to each other or have a slightly 
different lattice periodicity. 
 
Examples:  

� Samples containing dislocations.  
� Contrast at heterointerfaces or phase 

boundaries.  
� Epitaxial layers. 
� Inclusions. 

 
Application:   

Periodicity of Moiré fringes can be used for determination of the relative differences in the lattice 
parameter of two materials. 
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Example : Moiré patterns due to dislocations 
 
Dislocations lead to change in average lattice  
constant + local deviations from the perfect 
lattice structure 
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Moiré patterns  due to superposition of lattices with different lattice co nstant  
 
Example : β-SiC precipitates in Si matrix 
 

   
 
 

� 19.6 % difference in the lattice constant. 

� Moiré periodicity of p = (a1 
. a2) / (a1  - a2) ≈ <a>/∆a = 5 . <a>  . 
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1.7 High Resolution Lattice Imaging  

To get atomically resolved images , higher order diffraction spots must be included 
in the image formation. Modern TEMs allow a resolution of down to 1 Å. 
 
The following requirements must be met for high-resolution TEM imaging: 

� Operation voltages higher than 200 keV. 
� High gun brightness and low energy spread for good temporal coherence. 
� Thin sample specimens. 
� Parallel beam illumination with high spatial coherence (small illumination aperture). 
� Optics with small aberration constants (Cs = 0.5 mm or smaller). 
� Precise sample alignment along a low-indexed zone axis. 
� Small sample drifts and vibration free mechanical alignment. 

 
 
The contrast in the HRTEM 
images, however, does not 
directly reflect the atom posi-
tions in the crystal lattice.  
 
In particular, the appearance 
of the HRTEM images 
depends on many factors 
such as aperture radius, 
sample thickness, focus 
position within the sample, 
etc. 
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Example for HRTEM images: 
 
 
 

BaTiO3 

Ge grain boundary  

dislocated InAsSb/InAs interface  

surface facet  

structural interface  
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Transfer function and Scherzer Defocus 
 
Like for optical microscopy, high resolution in 
TEM is determined by the transfer function, i.e., 
the high spatial frequency cut off of the transfer 
function that is characterized by χ(u).  
 
 
Calculated TEM transfer functions (right): 

For different spherical aberration Cs and  
different overfocus ∆f above the sample: 

   » cut-off increases with: 

    (a) decreasing Cs 
    (b) has a maximum for a certain ∆fSch 

              = “Scherzer focus” 

  ∆fSch = -1.2 (Cs λ)1/2 
 
At this defocus value the resolution is 
given by:  
 

∆rSch = 0.66 (Cs λ3)1/4 
 
Example:  200 kV:  λ = 0.00251 nm  with Cs = 1 mm  »  ∆rSch = 2.36 Å. 
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To interpret high-resolution TEM images an image simulation is required, which has to be compared to the 
experimental images. Identification of atom positions not possible without image simulation ! 
 
 
 
 
 
 
 
 
 
 
 

over-focus ∆f above the sample 

sample 
thickness 
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1.8 Other Operation Modes  
 

(i) Magnetic contrast (Lorentz) microscopy  

Deflection of electrons by magnetic fields from the sample magnetization. Similar contrast mechanisms as in 
SEM, but with higher contrast due to the use of additional beam apertures. 
 
(ii) STEM   

When additional scan electronics, focusing optics and electron detectors are incorporated in a TEM, the same 
scanning electron operation modes and contrasts as in SEM can be achieved by STEM. 

SE photomultiplier detector above the sample:  Produces secondary electron images. 
Large area Si detectors: Backscattered electron images with chemical contrast 
 

In addition, also an electron detector can be used to record the transmitted electrons through the sample. In this 
case the same contrasts (strain, diffraction, etc.) as in the usual TEM mode can be obtained in STEM. 
 
Generally, STEM images can be obtained with significantly higher resolution compared to SEM because: 

� Better optics and lower lens aberrations in TEM results in smaller spot sizes. 
� Thin specimen:  Negligible remote SEII and BSII electron signal on the detector. 

 
Resolution down to 1 nm achievable. 

In STEM, in principle, also thick sample specimen can be investigated.  The STEM then operates like a SEM. 

STEM mode is also useful for performing cathodoluminescence imaging as well as chemical analysis in TEM 
using characteristic x-rays (EDX) or electron energy loss spectroscopy (EELS). 
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1.9 Summary  

 TEM is the electron microscope analog to optical microscopy.  

 Caracteristic features : Very small wavelengths due to high electron energy: 200 – 1000 keV,  
Very high resolution (atomic) down to 1 Å due to reduced lens aberrations and thin specimen. 

 Operation modes :  

Diffraction mode : Diffraction patterns roughly correspond to plane cross section of reciprocal space, 
yields information about local crystal structure and orientation. 

Imaging mode:  Contrast determined and controlled by selection of different parts of the diffraction 
pattern for image formation, bright field and dark field modes. 

 Contrast mechanisms : Z-contrast, orientation contrast, structure contrast, strain contrast, magnetic 
contrast, phase contrast, etc. . 

 TEM particular useful for high resolution imaging of crystal defects such as dislocations. 

 Atomically resolved images : Difficult interpretation, must be based on image simulations. 

 STEM scanning mode : Diffraction imaging as well as SE and BSE imaging like for SEM but higher 
resolution possible, combined with analytical methods such as EDX and EELS. 

 


