Contents

1.

Introduction . . . . . . . .. ... ...

1.4

1.2

1.3

Types of Electron Microscopes . . . . . ... .. ... ..
1.1.1 Electron Microscopes for the Direct Imaging of
Surfaces of Bulk Specimens . . . . ... ......
1.1.2  Instruments Using Electron Microprobes . . . . . .
1.1.3 Transmission Electron Microscopes . . . . . . . ..
Electron-Specimen Interactions and Their Applications
1.2.1 ElasticScattering . . . .. .. ... ... .....
1.2.2 Electron Diffraction . . . . . ... ... ... ...
1.2.3 Inelastic Scattering and X-Ray Emission . . . . . .

Special Applications of Transmission Electron Microscopy .

1.3.1 High-Resolution Electron Microscopy . . . . . . ..
1.3.2 Analytical Electron Microscopy . . . . . ... ...
1.3.3 High-Voltage Electron Microscopy . . . .. .. ..

Particle Opticsof Electrons . . . . . . . . .. ... .......

2.1

2.2

2.3

Acceleration and Deflection of Electrons . . . . . . .. ..
2.1.1 Relativistic Mechanics of Electron Acceleration . . .
2.1.2 Electron Trajectories in Homogeneous Magnetic
Fields + . 2 o0 s 0 ¢ 9 : siwsms mu vms o5 s
2.1.3 Small-Angle Deflections in Electric and Magnetic
Fields . .. .. ... ... .. .. .. ...
ElectronLenses . . . . . .. ... ... ... .......
2.2.1 Electron Trajectories in a Magnetic Field of
Rotational Symmetry . . .. ... ... ......
2.2.2 Optics of an Electron Lens with a Bell-Shaped Field .
2.2.3 Special ElectronLenses . . ... ... .......
Lens Aberrations . . . . . . .. .. .. ... ... ..
2.3.1 Classification of Lens Aberrations . . . . . .. ...
2.3.2 Spherical Aberration . . .. ... .. ... ...,
2.3.3 Astigmatism and Field Curvature . . . . . ... ..
2.3.4 DistortionandComa . . .. ... .........
2.3.5 Anisotropic Aberrations . . . . ... ... ... ..
2.3.6 Chromatic Aberration . . . . . ... ........
2.3.7 Corrections of Lens Aberrations . . . . . . ... ..

19
19
19

22



VIII

Contents

3. WaveOpticsofElectrons . . . . .. ... ............

3.1

32

3.3

Electron Waves and Phase Shifts . . . . .. ... ... ..
3.1.1 deBroglieWaves . .. ...............
3.1.2 Probability Density and Wave Packets . . . . . . . .
3.1.3 Electron-Optical Refractive Index and the
Schrédinger Equation . . . . . ... ... ... ..
3.1.4 Electron Interferometry and Coherence . . . . . . .
3.1.5 Phase Shift by MagneticFields . . . . . .. ... ..
Fresnel and Fraunhofer Diffraction . . . . . ... ... ..
3.2.1 Huygens Principle and Fresnel Diffraction . . . . .
3.2.2 FresnelFringes . .. ... .............
3.2.3 Fraunhofer Diffraction . . .. ... ... .....
3.2.4 Mathematics of Fourier Transforms . . . . . . . ..
Wave-Optical Formulation of Imaging . . . . . ... ...
3.3.1 Wave Aberration of an ElectronLens . . . . . . . .
3.3.2 Wave-Optical Theory of Imaging . . . . . ... ..

4. Elements of a Transmission Electron Microscope . . . . . . . ..

4.1

4.2

43

4.4

4.5

4.6

ElectronGuns . . . . . . . . . .. ... ... ...
4.1.1 Physics of Electron Emission . . . . ... ... ..
4.1.2 Energy Spread and Gun Brightness . . . . . .. ..
4.1.3 Thermionic ElectronGuns . . ... ... .. ...
4.1.4 Field-EmissionGuns . . ... ... ... .....
The Illumination SystemofaTEM . . . . . . . ... ...
4.2.1 Two-Lens Condenser System . . .. ... .. ...
4.2.2 Electron-Probe Formation . .. ... .......
4.2.3 Illumination with an Objective Pre-Field Lens . . . .
Specimens . . . .. v o o o s nw s # 4w s BE G EE S E G S
4.3.1 Useful Specimen Thickness . . . . . ... ... ..
432 SpecimenMounting . . . . ... ... ...,
4.3.3 Specimen Manipulation . . . . ... .. ... ...
The Imaging SystemofaTEM . . . . ... ... .. ...
4.4.1 Objective-LensSystem . . . . .. ... ... ...
4.42 ImagingModesofaTEM . . ... ... ... ...
4.4.3 Magnification and Calibration . . . . . .. ... ..
4.4.4 Depthof Image and Depthof Focus . . . . . .. ..
Scanning Transmission Electron Microscopy (STEM) . . . .
4.5.1 Scanning Transmission Modeof TEM . . . . . . ..
4.5.2 Field-EmissionSTEM . . . . ... ... ......
4.5.3 Theoremof Reciprocity . . . . .. ... ... ...
Image Recording and Electron Detection . . . . . . . . ..
4.6.1 FluorescentScreens . . . . ... ..........
4.6.2 PhotographicEmulsions . . . . . .. ... .....
4.6.3 Image Intensification . . . ... ........ ..



Contents IX

4.6.4 FaradayCages . . . . ... ............. 132
4.6.5 Semiconductor Detectors . . . ... ........ 133
4.6.6 Scintillation Detectors . . . . . ... ... ... .. 133
5. Electron-Specimen Interactions . . . . . . ... ... .. .. .. 135
5.1 ElasticScattering . . . . . . . ... ... ... ..., 135
5.1.1 Cross-Section and Mean Free Path . . . . ... .. 135
5.1.2 Energy Transfer in an Electron-Nucleus Collision . . 138

5.1.3 Elastic Differential Cross-Section for Small-Angle
Scattering . . . . . .. ... ... 140

5.1.4 Differential Cross-Section for Large-Angle

SCAMEHNE « ¢ 56 55 59 ¢ % g 54 § % § @& 5 @ 3 o 148
5.1.5 Total Elastic Cross-Section . . . . . ... ... .. 150
5.2 InelasticScattering . . . .. ... .. ... ........ 151
5.2.1 Electron-Specimen Interactions with Energy Loss . . 151
5.2.2 Inelastic Scattering at a Single Atom . . . . . . . .. 153
5.2.3 EnergyLossesinSolids . .. ... ......... 156
5.2.4 Energy Losses Caused by Inner-Shell Ionisation . . . 165
5.3 Multiple-Scattering Effects . . . . .. ... ... ... .. 168
5.3.1 Angular Distribution of Scattered Electrons . . . . . 168
5.3.2 Energy Distribution of Transmitted Electrons . . . . 170

5.3.3 Electron-Probe Broadening by Multiple Scattering . 172
5.3.4 Electron Diffusion, Backscattering and Secondary-

Electron Emission . . . . ... ... ........ 176
5.4 X-Rayand Auger-Electron Emission . . . . . .. ... .. 178
5.4.1 X-RayContinuum . . . . . ... ... ....... 178

5.4.2 Characteristic X-Ray and Auger-Electron Emission . 180

6. Scattering and Phase Contrast for Amorphous Specimens . . . . . 185
6.1 ScatteringContrast . . . . ... ... ... ... ..... 186
6.1.1 Transmission in the Bright-Field Mode . . . .. .. 186
6.1.2 Dark-FieldMode . .. ............... 192
6.1.3 Examples of Scattering Contrast . . . . . . ... .. 193
6.1.4 Scattering Contrastinthe STEMMode . . . . . .. 196
6.1.5 Measurement of Mass-Thickness and Total Mass . . 198
6.2 PhaseContrast . . .. .. .. ... ... . ... 199
6.2.1 The Origin of Phase Contrast . . . . ... ... .. 199
6.2.2 Defocusing Phase Contrast of Supporting Films . . . 200

6.2.3 Examples of Phase Contrast of Small Particles and
Lamellar Systems . . . . ... ... ... ..... 203
6.2.4 Theoretical Methods for Calculating Phase Contrast 204
6.3 Imagingof Single Atoms . . ... ... .......... 205
6.3.1 ImagingofaPointSource . . ... ......... 205

6.3.2 Imaging of Single Atomsin TEM . . . . . e o e 208



Contents

6.3.3 Complex Scattering Amplitudes and Scattering Con-
1 3 G
6.3.4 Dependence of Phase Contrast on Electron Energy
6.3.5 Imaging of Single Atoms in the STEM Mode
6.4 Contrast-Transfer Function (CTF) . . ... ... .. ...
6.4.1 CTF for Amplitude and Phase Specimens . . . . . .
6.4.2 Influence of Energy Spread and Illumination
Aperture . . .. ... ... oo
6.4.3 CTF for Tilted-Beam and Hollow-Cone Illumination
6.4.4 Contrast TransferinSTEM . . . .. ... ... ..
6.4.5 Improvement of CTF Inside the Microscope . . . . .
6.4.6 Control and Measurement of the CTF by Optical
Diffraction . . . . . .. .. .. ... ... ... ..
6.5 Electron Holography and Image Processing . . . . . . . . .
6.5.1 Fresnel and Fraunhofer In-Line Holography
6.5.2 Single-Sideband Holography . . . . ... ... ..
6.5.3 Off-Axis Holography . . . . .. ... ... ....
6.5.4 Optical Filtering and Image Processing . . . . . . .
6.5.5 Digital Image Processing . . . ... ... .....
6.5.6 Three-Dimensional Reconstruction . . . . . . . ..
6.6 LorentzMicroscopy « « « a = : = « 5 ¢ 5.5 s 5 5 55 ¢ 5 5 &
6.6.1 Lorentz Microscopy and Fresnel Diffraction . . . . .
6.6.2 Imaging Modes of Lorentz Microscopy . . . . . . .
6.6.3 Imaging of Electrostatic Specimen Fields . . . . . .

Kinematical and Dynamical Theory of Electron Diffraction
7.1 Fundamentals of Crystallography . . . . . .. ... ....
7.1.1 Bravais Lattice and Lattice Planes . . . . . . . . ..
7.1.2 The Reciprocal Lattice . . .. ... ........
7.1.3 Calculation of Lattice-Plane Spacings . . . . . . . .
7.1.4 Constructionof Laue Zones . . . . . .. ... ...
7.2 Kinematical Theory of Electron Diffraction . . . . . . . ..
7.2.1 Bragg Condition and Ewald Sphere . . . . . . . ..
7.2.2 Structure and Lattice Amplitude . . . . ... ...
7.2.3 Column Approximation . . . . ... ... ... ..
7.3 Dynamical Theory of Electron Diffraction . . . ... . ..
7.3.1 Limitations of the Kinematical Theory . . . . . ..
7.3.2 Formulation of the Dynamical Theory as a System of
Differential Equations . . . . . . .. ... ... ..

7.3.3 Formulation of the Dynamical Theory as an
Eigenvalue Problem . . . . . ... ... ......
7.3.4 Discussion of the Two-BeamCase . . . . . . .. ..
7.4 Dynamical Theory Considering Absorption . . . . . . . ..
7.4.1 Inelastic-Scattering Processes in Crystals . . . . . .
7.4.2 Absorption of the Bloch-Wave Field . . . . .. ..

212
213
214
217
217

219
222
225
227



Contents

7.43 Dynamicaln-BeamTheory . ... .........

7.4.4 The Bethe Dynamical Potential and the Critical-
Voltage Phenomenon . . . . .. .. .. ... ...

7.5 Intensity Distributions in Diffraction Patterns . . . . . . . .
7.5.1 Diffraction at Amorphous Specimens . . . . . . ..

7.5.2 Intensity of Debye-ScherrerRings . . . . . . . . ..

7.5.3 Influence of Thermal Diffuse Scattering . . . . . . .

7.5.4 KikuchiLinesandBands . ... ... .......

Diffraction Contrast and Crystal-Structure Imaging . . . . . . . .

8.1 Diffraction Contrast of Crystals Free of Defects . . . . . . .

8.1.1 EdgeandBendContours . .. ...........

8.1.2 Dark-FieldImaging . . . .. ... .........

8.1.3 The STEM Mode and Multi-Beam Imaging . . . . .

8.1.4 Transmission by Crystalline Specimens . . . . . . .

8.1.5 Imaging of Atomic Surface Steps . . . . . ... ..

8.2 Crystal-StructureImaging . . . . . .. ... ... ... ..

8.2.1 Lattice-Plane Fringes . . ... ... ... .. ...

8.2.2 Crystal-Structure Imaging . . . . ... ... ....

82.3 MoiréFringes . . . . ... ... ... .. ... ..

8.3 Calculation of Diffraction Contrast of Lattice Defects . . . .
8.3.1 Kinematical Theory and the Howie-Whelan

EQUations: « « s s s « s% s.m « w o s0 8 8 6 w4 »

8.3.2 Matrix-MultiplicationMethod . . . . . . . .. . ..

8.3.3 Bloch-WaveMethod . .. ... ..........

8.4 Planar LatticeFaults . . .. ... .............

8.4.1 Kinematical Theory of Stacking-Fault Contrast . . .

8.4.2 Dynamical Theory of Stacking-Fault Contrast . . . .

8.4.3 Antiphase and Other Boundaries . . . ... .. ..

85 Dislocations . . . . . . . .. ... e

8.5.1 Kinematical Theory of Dislocation Contrast . . . . .

8.5.2 Dynamical Effects in Dislocation Images . . . . . .

8.5.3 Weak-BeamImaging . ...............

8.5.4 Determination of the Burgers Vector . . . . . . ..

8.6 Lattice Defects of Small Dimensions . . . . ... ... ..

8.6.1 Coherent and Incoherent Precipitates . . . . . . . .

8.6.2 DefectClusters . . . ... ... ..........

Analytical Electron Microscopy . . . . . . .. .. ... ... ..
9.1 X-RayMicroanalysisinaTEM . .. ... .........

9.1.1 Wavelength-Dispersive Spectrometry . . . . . . . .
Energy-Dispersive Spectrometer . . . . . . . . ..
X-Ray Emission from Thin and Bulk Specimens . . .
Standardless Methods for Thin Specimens . . . . . .
Counting Statistics and Sensitivity . . . . . . . . ..

\0 0 0
= e
wn AW



XII

9.2

9.3

9.4

9.5

Contents

Energy-Loss Spectroscopy and Energy-Selecting Microscopy
9.2.1 Electron Spectrometersand Filters . . . . . . . ..
9.2.2 The Recording and Analysis of Energy-Loss Spectra
9.2.3 Information from Low-Energy Losses . . . . . . . .
9.2.4 Elemental Analysis by Inner-Shell Ionisations . . . .
9.2.5 Energy-Selecting Microscopy . . . . .. ... ...
Electron-DiffractionModes . . . . . . . ... . ... ...
9.3.1 Selected-Area Electron Diffraction (SAED)
9.3.2 Electron Diffraction Using a Rocking Beam . . . . .
9.3.3 Electron Diffraction Using an Electron Probe . . . .
9.3.4 Further Diffraction Modesin TEM . . . . .. . ..
Applications of Electron Diffraction . . . .. .. ... ..
9.4.1 Lattice-PlaneSpacings . . . . . . ... ... .. ..
9.4.2 Texture Diagrams . . . . ... ... ........
9.43 Crystal Structure . . . . ... ... L.
9.4.4 Crystal Orientation . . . . . ... .........
9.4.5 Examples of Extra Spots and Streaks . . . . . . ..
9.4.6 Convergent Beam and High-Order Laue Zone
(HOLZ) Diffraction Patterns . . . . . .. ... ..
Further AnalyticalModes . . . . . ... .. ... .....
9.5.1 Cathodoluminescence . . . . . . ... ... ....
9.5.2 Electron-Beam-Induced Current (EBIC) . . . . . .

10. Specimen Damage by Electron Irradiation . . . . . . . .. .. ..

10.1

10.2

10.3

10.4

SpecimenHeating . . . . . . .. ... ... 0L
10.1.1 Methods of Measuring Specimen Temperature
10.1.2 Generation of Heat by Electron Irradiation . . . . .
10.1.3 Calculation of Specimen Temperature . . . . . . . .
Radiation Damage of Organic Specimens . . . . . . . . ..
10.2.1 Elementary Damage Processes in Organic
Specimens . . . . . .. ... ... ...
10.2.2 Quantitative Methods of Measuring Damage Effects
10.2.3 Methods of Reducing the Radiation Damage Rate
10.2.4 Radiation Damage and High Resolution . . . . . .
Radiation Damage of Inorganic Specimens . . . . . . . ..
10.3.1 Damage by Electron Excitation . . . . . ... . ..
10.3.2 Radiation Damage by Knock-On Collisions . . . . .
Contamination . . . . . . . . ... ... ... ... ..
10.4.1 Origin and Sources of Contamination . . . . . . ..
10.4.2 Methods for Decreasing Contamination . . . . . . .
10.4.3 Dependence of Contamination on Irradiation
Conditions . . . . . . . .. ...

References . . . . . . . o v v i i e e e e e e e

SubjectIndex . . . . .. ... .. ... ...

378
378
384
386
387
391
393
393
395
397
401
404
404
406
407
409
411

415
418
418
419

421
421
421
423
425
429

429
433
439
442
444
444
445
447
447
448



	page1
	page2
	page3
	page4
	page5
	page6

