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Introduction:Introduction:

Why electron microscopy?Why electron microscopy?

Sensitivity:Sensitivity:

Beam/solid (specimen) interactionBeam/solid (specimen) interaction

(Spatial) Resolution:(Spatial) Resolution:

Microscopy vs. microprobeMicroscopy vs. microprobe

Wavelength, properties of lensWavelength, properties of lens

Beam/solid interactionBeam/solid interaction

Information other than the imageInformation other than the image

A brief history of electron microscopyA brief history of electron microscopy



Traditional materials Traditional materials 
characterization:characterization:
incidence beam (probe): incidence beam (probe): 
photonphoton
exit beam (signal): photonexit beam (signal): photon
detector: eyedetector: eye
processor/storage: brainprocessor/storage: brain
(ref. Taiyo)(ref. Taiyo)



Why electron microscopy?Why electron microscopy?

Sensitivity:Sensitivity:
Beam/solid (specimen)Beam/solid (specimen)
interactioninteraction

electron electron 
beambeam

light                                                    light                                                    BSEBSE

XX--rays                                                        SErays                                                        SE

Auger Auger 
electronselectrons

specimenspecimen
heatheat

magnetic field       magnetic field       
ccurrenturrent

inelasticinelastic

elastic   elastic   

direct             scattedirect             scatteredred
beam             beambeam             beam

Why electron microscopy (EM)?Why electron microscopy (EM)?

Information obtainable from EM Information obtainable from EM 

Beam/solid interaction Beam/solid interaction 

image: morphologyimage: morphology

scattering powerscattering power

crystal structurecrystal structure

crystal defectscrystal defects

atomic structureatomic structure

other than the image: other than the image: 

(chemical) elemental composition(chemical) elemental composition

electronic structureelectronic structure

(Spatial) Resolution:(Spatial) Resolution:
Microscopy vs. microprobeMicroscopy vs. microprobe
Wavelength, properties of lensWavelength, properties of lens



A brief history of A brief history of 
electron electron 
microscopymicroscopy

(vg)(vg)

Various Electron Various Electron 
MicroscopesMicroscopes
(vg)(vg)



The Electron microscopeThe Electron microscope
Structure and major componentsStructure and major components
OperationOperation

The Electron The Electron 
microscopemicroscope

Structure and major Structure and major 
componentscomponents



The Electron Optics ColumnThe Electron Optics Column
of JEOL JEMof JEOL JEM--100C100C

The Lens System:The Lens System:
Condenser Lens: Condenser Lens: 

Controls beam intensity, density, Controls beam intensity, density, 
convergence, coherence.convergence, coherence.

Objective Lens: Objective Lens: 
Magnification, introducing Magnification, introducing 
contrast.contrast.

Intermediate Lens:Intermediate Lens:
Further magnification, imaging Further magnification, imaging 
or diffraction.or diffraction.

Projector Lens: Projector Lens: 
Final magnificationFinal magnification

AperturesApertures
Specimen chamberSpecimen chamber
CameraCamera



The electron gun:The electron gun:

An electrostatic lens + An electrostatic lens + 
an electron acceleratoran electron accelerator

Filament: TungstenFilament: Tungsten
LaBLaB66

Field emissionField emission

Acceleration voltage:Acceleration voltage:
(HV or HT)(HV or HT)
100kV 100kV –– 1MV1MV





The electromagnetic lensThe electromagnetic lens



The Electron microscope                                         The Electron microscope                                         diffraction patterndiffraction pattern↑↑

operationoperation



Principle of image formationPrinciple of image formation

Fundamental geometrical and physical opticsFundamental geometrical and physical optics

AbbeAbbe’’s principle and the back focal plan (BFP)s principle and the back focal plan (BFP)

Contrast: Beam/solid interactionContrast: Beam/solid interaction

BFP and the objective aperture:BFP and the objective aperture:

Bright field (BF) and dark field (DF) images.Bright field (BF) and dark field (DF) images.

(vg)(vg)



AbbeAbbe’’s Principle of image s Principle of image 
formationformation

Principle of Fundamental Principle of Fundamental 
geometrical and physical opticsgeometrical and physical optics
AbbeAbbe’’s principle and the back s principle and the back 
focal plan (BFP)focal plan (BFP)
Contrast: Beam/solid interactionContrast: Beam/solid interaction
BFP and the objective aperture:BFP and the objective aperture:

Bright field (BF) Bright field (BF) 
Dark field (DF) images.Dark field (DF) images.

(vg)(vg)

lens

image



Contrast: Beam/solid interactionContrast: Beam/solid interaction
BFP and the objective aperture:BFP and the objective aperture:
Bright field (BF) and dark field (DF) Bright field (BF) and dark field (DF) 
images.images.

BFBF

DFDF

object     lens      BFP object     lens      BFP 
DPDP

Obj. Ap                               Obj. Ap                               imageimage





Diffraction  PatternDiffraction  Pattern

Diffraction ContrastDiffraction Contrast

What is Diffraction?What is Diffraction?



What is DIFFRACTION?What is DIFFRACTION?



We donWe don’’t even need the word t even need the word ““diffractiondiffraction””. What we observe experimentally. What we observe experimentally
is the result of wave propagation. When there is an object in this the result of wave propagation. When there is an object in the way of thee way of the
propagating waves, a pattern associated with the shape and naturpropagating waves, a pattern associated with the shape and nature of thee of the
object and the nature of the wave is formed. This can be called object and the nature of the wave is formed. This can be called the Fresnelthe Fresnel
pattern or the Fraunhofer pattern, depending upon the approximatpattern or the Fraunhofer pattern, depending upon the approximations usedions used
in describing it. in describing it. 

Related terms: Related terms: 
Scattering (of particles)Scattering (of particles)
Reflection (by atom plans in a solid)Reflection (by atom plans in a solid)



WAVE PROPAGATION, SCATTERING, AND SUPERPOSITIONWAVE PROPAGATION, SCATTERING, AND SUPERPOSITION

Electrons fly through the vacuum = electron wave propagating Electrons fly through the vacuum = electron wave propagating 
through the vacuum.through the vacuum.

Electrons (electron waves) can be scattered by electrostatic potElectrons (electron waves) can be scattered by electrostatic potential ential 
of atoms.of atoms.

When two or more electron waves meet, their amplitudes are addedWhen two or more electron waves meet, their amplitudes are added..



How to add waves:How to add waves:

Direct method                          Direct method                          (vg)(vg)

AmplitudeAmplitude--phase diagram (vector method) phase diagram (vector method) (vg)(vg)

Fourier transform Fourier transform 

Optical bench (Atlas)        Optical bench (Atlas)        (vg)(vg)

Computer                           Computer                           (DigitalMicrograph)(DigitalMicrograph)

Diffraction Patterns from 3D objectsDiffraction Patterns from 3D objects

BraggBragg’’s Laws Law (vg)(vg) n n λλ = 2d sin = 2d sin θθ



Examples of electron micrographs and Examples of electron micrographs and 

(transmission) electron diffraction (TED) patterns(transmission) electron diffraction (TED) patterns
(vg)(vg)



Contrast mechanism:Contrast mechanism:

Beam/specimen interactionBeam/specimen interaction
Amplitude and/or phase of the electron waves are altered by Amplitude and/or phase of the electron waves are altered by the specimenthe specimen

Properties of lensProperties of lens
Waves (rays) initiated from a point on the object cannot be Waves (rays) initiated from a point on the object cannot be converged by converged by 
the lens to a point on the image.the lens to a point on the image.

Aperture limitationAperture limitation
Spherical aberrationSpherical aberration
Chromatic aberrationChromatic aberration
DefocusDefocus
AstigmatismAstigmatism

Detector: Film, CCDDetector: Film, CCD



RESOLUTION:RESOLUTION:

RayleighRayleigh’’s  criterion   s  criterion   (vg)(vg)

Balancing the spherical Balancing the spherical 
aberration effect and the aberration effect and the 
diffraction effect:diffraction effect:

Smaller aperture produces Smaller aperture produces 
larger Airy disc (diffraction larger Airy disc (diffraction 
pattern of the aperture).pattern of the aperture).

Larger aperture produces more Larger aperture produces more 
diffused disc due to spherical diffused disc due to spherical 
aberration aberration 



Specimen preparation Specimen preparation ––
Specimen: What characterization is all about.Specimen: What characterization is all about.

the ultimate limit of resolution and detethe ultimate limit of resolution and detectabilityctability

General requirements:General requirements:
thin, small, conductive, firm, drythin, small, conductive, firm, dry

Various methodsVarious methods
UltramicrotomyUltramicrotomy
MechanicalMechanical
ChemicalChemical
IonIon
(Lucky for nano(Lucky for nano--materials work: Minimal preparation)materials work: Minimal preparation)

Contrast enhancement:Contrast enhancement:
Staining, evaporation, decorationStaining, evaporation, decoration



Specimen support and specimen holdersSpecimen support and specimen holders

Specimen supportSpecimen support:  (vg):  (vg)

GridGrid
Holey carbon gridHoley carbon grid

Specimen holders: Specimen holders: (vg)(vg)

Top entryTop entry
Side entrySide entry
Single/double tiltSingle/double tilt
Heating, cooling, tensile, environmental, etc.Heating, cooling, tensile, environmental, etc.

Performance:Performance:
Tilt angle, working distance,Tilt angle, working distance,



Movements and controls 
of the specimen



High Resolution Electron Microscope (HREM):High Resolution Electron Microscope (HREM):

Approaching atomic resolution.Approaching atomic resolution.

Requirements:Requirements:

(Ultra) high resolution pole piece(Ultra) high resolution pole piece

Electronic stabilityElectronic stability

Mechanical stabilityMechanical stability

Clean environment: (Ultra) high vacuumClean environment: (Ultra) high vacuum

Specimen preparation: very very thinSpecimen preparation: very very thin

In general HREM is needed for studying nanoIn general HREM is needed for studying nano--materials.materials.





condener
lens

condener
aperture

objective lens

objective 
aperture

Probe forming in SEM

crossover

working
distance

specimen

Scanning electron microscopy Scanning electron microscopy ––
microprobemicroprobe

Beam/specimen interaction: When Beam/specimen interaction: When 
the specimen is thick, the specimen is thick, ““semisemi--
infiniteinfinite””..

Monte Carlo simulationMonte Carlo simulation

The probe forming system: (vg)The probe forming system: (vg)
Forming a small probe is the Forming a small probe is the 

same as forming a small spot in same as forming a small spot in 
the imagethe image

The columnThe column

Contrast mechanism:Contrast mechanism:
Secondary electronsSecondary electrons
Back scattered electronsBack scattered electrons
Other signalsOther signals

Resolution:Resolution:
Low mag: limited by scan rateLow mag: limited by scan rate
High mag: limited by lens High mag: limited by lens 

defects defects –– same as TEMsame as TEM

DetectorDetector





ExamplesExamples
of SEMof SEM
images images (vg)(vg)



SEM                                   SEM                                   TEMTEM
E (kV)        10       20         30                100         E (kV)        10       20         30                100         200        400200        400
λ (λ (A)      0.122    0.0859    0.0698         0.037       0.025     A)      0.122    0.0859    0.0698         0.037       0.025     0.01260.0126
Cs (mm)             10Cs (mm)             10--20                                          120                                          1--33

Resolution:    beam size                              image poinResolution:    beam size                              image point size         t size         
r = r = λλ 3/43/4CsCs1/4                                            1/4                                            r = r = λλ 3/43/4CsCs1/41/4



Electron microprobe / Analytical electron microscopy:Electron microprobe / Analytical electron microscopy:

Energy dispersive (XEnergy dispersive (X--ray) spectrometer, EDS (EDX)ray) spectrometer, EDS (EDX)

Wavelength dispersive (XWavelength dispersive (X--ray) spectrometer, WDS (WDX)ray) spectrometer, WDS (WDX)

Electron energy loss spectroscopy, EELSElectron energy loss spectroscopy, EELS

Quantitative analysisQuantitative analysis

etc.etc.







XRD and WDS



E




