
1

Transmission Electron Microscopy

www.lnls.br ugarte@lnls.br

Daniel Ugarte
Depto. Física Aplicada

Inst. Fisica Gleb Wataghin, UNICAMP
C.P. 6165, 13083-970 Campinas SP, Brazil

and
Laboratório Nacional de Luz Síncrotron (LNLS),

C.P. 6192, 13084-971 Campinas SP, Brazil



2

1      1       1__     __     __+      =
x      y       F

Lens Equation

Magnification

M = P / P´
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Lamp    ->    Electron Gun

Gun Parameters
I current
∆∆∆∆E Energy Width ( 1.5 eV THER, 0.5 FEG)

ββββ= I / (∆∆∆∆S ∆Ω∆Ω∆Ω∆Ω) Brightness

Stability, Life Time, Vacuum
Price
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Controlling Electron Movement

Magnetic Lens

Lenses

Cylindrically symmetric

Are always convergent
Cs is rather large (mm vs. Microns)
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The Nobel Prize in Physics 1986

b. 1933b. 1947b. 1906

d. 1988

IBM Zurich

Research

Laboratory

Rüschlikon, 

Switzerland

IBM Zurich

Research

Laboratory

Rüschlikon, 

Switzerland

Fritz-Haber-

Institut der 

Max-Planck-

Gesellschaft 

Berlin, Federal 

Republic of 

Germany

SwitzerlandFederal 
Republic of 
Germany

Federal 
Republic of 
Germany

1/4 of 
the prize

1/4 of 
the prize

1/2 of 
the prize

Heinrich

Rohrer

Gerd

Binnig

Ernst

Ruska

"for their design of the

scanning tunneling

microscope"

"for his fundamental 

work in electron

optics, and for the

design of the first

electron microscope“

Press Release: 
15 October 1986

The significance of the

electron microscope

in different fields of 

science such as biology

and medicine is now

fully established: 

it is one of the most

important inventions of 

this century
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Type 1
Projection System
(Transmission Elec. Mic., TEM) Instead of Projecting with a 

BROAD electron beam
SCAN a NARROW e- beam                                                           

Type 2
Scanning Elec. Mic., SEM

Electron Microscopes

E Gun

Illumination 
System

Sample, Slide

Objective Lens

Photo 
Camera,
Screen

Resolution: 0.1-0.5 nm Resolution: 1-5 nm

x1

y1
I 

Also a combination: Scanning Transmission Electron Microscope (STEM), Resolution ~0.1 nm
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Transmission Electron Microscopy, (TEM)
Projection System

Projection:  requires sample must be transparent .....
for high energy electrons

Sample thickness 20-80 nm
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Image

Diffraction
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Bragg’||s Law

2 d senθθθθ =  m λλλλ

m = 0,1, 2...

KDif-Ki= K                      |Ki| = |KDif|=1/ λλλλ

Sin θθθθ = |K|/2 / |Ki|   ⇒⇒⇒⇒ |K| = 2 Sin θθθθ/ λλλλ

|K| = 1/ d            ⇒⇒⇒⇒ Bragg’s Law

|K| = g            (Recip. Space Vector)

Determing g        we know all allowed
difracted beams

KDif

Ki

Diffraction
KDif

Ki

K

2 θθθθ

θθθθθθθθ
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Reciprocal lattice construction

Lattice r =  n a + m b + p c

Reciprocal Lattice

r* =  h a* + k b* + l c*

a*.b =a*.c=b*.a=b*.c=c*.a=c*.b= 0

a*.a*=b*.b* = c*.c*=1

a* = b ^ c /    Vc (Vc = a .b ^ c)

g hkl = h a* + k b* + l c*           |ghkl| =  1/ dhkl

Reciprocal Space |g hkl | = 1 / |dhkl|
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KDif

Ki

K

θθθθθθθθ

|Ki| = |KDif|=1/ λλλλ

KDif-Ki= K

|K| = g        diffracted beam
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Efeito da Lámina Fina

S > 0

S < 0

Erro de Exitação – s

sgK +=
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WE can obtain:  
Spatial information ->  images

(but selected diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)

Dif. Spots ->   Atomic plane distances -> lattice parameters

Angles -> symmetries

Selected Area Difraction (SAD)
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FCC

BCC

TEXTURE

Selected Area Difraction (SAD)

Rings Diameters: Lattice Spacings
Radial Profile: Powder Difraction (X-ray)

Poly-Cristalline Sample
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Convergent Beam
Electron Diffr.(CBED)
Some 3D Information

Selected Area
Electron Diffraction (SAD)
Bidimensional Information

αααα

SAD

Lattice parameter determination RX vs electron difraction
3D  vs mostly 2D informtion

But high spatial information (100 nm)

Image: Bidimensional (x,y) intensity distribution
We must calculate intensities!!!!!!
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Bragg´s Law: no intensitiy normalization
Many excited diffracted beams

Intensities must be coupled

Dynamical Diffraction

Difração Dinâmica
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Difração Dinâmica

Setting Two Beam Condition:
Controlling orientation of the sample

e-beam

Two axis
tilt

WE can obtain:  
Spatial information ->  images

(but diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)
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Condição de 2 Feixes – Two

Beam

Distância de Extinção [nm]

Parâmetro de Rede

kV

Fator de Estrutura

(Número Atômico)
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Distancia de Extinção [nm]

Condição de 2 Feixes – Dif. 

Dinâmica
Howie-Whelan eqs.

Intensidade do ponto de difração

Erro de excitação Efetivo

Similar to Coupled oscillators
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Erro de Exitação – s

sgK +=

Erro de Excitação (s) -

Intensidade
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Setting Two Beam Condition:
Controlling orientation of the sample

e-beam

Two axis
tilt

WE can obtain:  
Spatial information ->  images

(but diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)

Franjas 

de 

Espessura
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Franjas de Espessura

Setting Two Beam Condition:
Controlling orientation of the sample

e-beam

Two axis
tilt

WE can obtain:  
Spatial information ->  images

(but diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)
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Erro de 

Excitação (s) 

S>0

S<0

Ondas de Bloch

Predomina

S>0
Predomina

S<0
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Condição de 2 Feixes – Two

Beam
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Dislocations

Image contrast is induced by local changes of 
crystallographic order (expansion/contraction, 
orientation, etc.)

Dislocation: line defect (a line of atoms)
Resolution 10-20 nm!!!!  (subtle changes of the Crystal)

Inclusions
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Recommended Books
TEXTBOOK for TEM
I recommend the Williams & Carter for somebody starting with TEM. 
It has been specially written for graduate courses on TEM of USA. 

The other ones are rather more adapted for getting deeper knowledge once you have gained some experience.
Transmission Electron Microscopy: A textbook for Materials Science

D.B. Williams, C.B. Carter
Plenum Press 1996 
ISBN 0-306-45247-2 (hardbound)       ISBN 0-306-45324-X (pbk)

Conventional TEM (the Bible)
Electron Microscopy of Thin Crystals

P. Hirsh, A. Howie, R. Nicholson, D.W. Pashley, M.J. Whelan 
Robert Krieger Pub. Co., Huntington NY (1977).

General (and deeper) knowledge TEM (Gun, lens, etc)
Transmission Electron Microscopy

L. Reimer
Springer Verlag
High Resolution Transmission Electron Microscopy
High Resolution Transmission Electron Microscopy and Associated Techniques

P. Buseck, J. Cowley, L. Eyring
Oxford Science Pub. 1992
Electron Diffaction
Electron Microdiffraction

J.C.H. Spence, J.M. Zuo
Plenum Press NY 1992
TEM Sample Preparation
Thin Foil Preparation for Electron Microscopy

P.J. Goddhew
Elsevier 1985, ed. Audrey M. Galuert

Focussed beams, and analytical capabilities
RESOLUTION
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Z-Contrast

Minor Crystallographic effects (Incoherent scattering), 
RememberTEM constrast is based on Diffraction and phase contrast!!!

Annular Dark Field

Scanning Transmission Electron Microscope

Voyles et al, Nature 416, 826 (2002)



30

Microelectronics:

miniaturization 
and intrinsic 
materials limits 

Electron Energy Loss Spectrum
(EELS)

Muller et al, Nature 399, 758 (1999)

FutureFuture??????

Now: Automatization, informatization
(TEM as routine analysis in Industry)

Many softwares and interfaces
(similar hardware, better User Interface)

Still request “good feeling and fingers”

Next: New Hardware Generation
entering commercial microscopes

Correctors & Monochromators
Data treatment
In-situ experiments

RequirementsRequirements::
0.5 0.5 ÅÅ resolresol at 100at 100--300 keV, sub300 keV, sub-- ÅÅ probeprobe, 0.2 , 0.2 eVeV energyenergy spreadspread
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Filament: FEG 
(∆∆∆∆E ~0.6-0.9 eV)

Gun Monochromator
∆∆∆∆E: 0.2-0.3 eV

Gun

Illumination
System

UppercCs Corrector
(probe diam < 0.1 nm)

Cs Corrector
(HRTEM Resolution < 0.05 nm)

Objective Lens
Improved Information Limit

Enviromental Cell, High Temp. 
Pressure 10-50 Torr, chemicals

Projection
System

Screen ???
EELS Filter ( Aberration Corr.) 

(∆∆∆∆E Resolution ~ 0.1 ev)

High Sensitity, High Resolution
2D detectors (CCD)

High Resolution (some eV)
X-R detectors (ex. Calorimetry)


