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2.1. DEFINITIONS

Microscopy is the interpretive use of microscopes.®*»? No matter what
kind of microscope, employing whatever medium, in whatever manner,
with whatever kind of specimen, microscopy also requires a primary ob-
server to * tggret the image. Accordingly, microscopy can be interpreted
as science,@ art,** or a game—what is it?

Interpretation requires both a sharp eye and an active brain.t® To- -~
A 1pjgrosegpe is an instrument that increases resolution over that of the
human eye alone (about 150 um between two points or lines). lution is
the distance between two specific points or parts of the object as viewed by
the eye, microscope, camera, or video. Actually resolution is the revelation
of the two points or lines on two individual receptors (rods and cones),*?

stol_ving power is the ability to distinguish two points of an object as
Separate in an image (with their diffraction discs not overlapping more
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Pig. 331 (a) Virtual image construction. (b) Virtual object construction.

Lens Equation

N|b—t

+L_L
y F

Magnification
M=P/P’

Fig. 3.38 Compound microscope.
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FIGURE 3.12. (a) "Biological” type of compound microscope./'?) Courtesy of Olympus Cor-
poration.*!) (b) Diagram pertaining to Olympus microscope shown in Figure 3.12a.(%) Cour-
tesy of Olympus Corporation (™
For a circular aperture of diameter a
t(xy)=(m a2/2) J,(rar)/(mar) J, first orJer Fiessel £.

r=(x2+y2)i2

for a point source, the image would be a disk (airy-disk) of radius
Light 122/a .

Diffraction

The least resolvable distance

A=1227/0




Optica, ~zizroscopy

Theoretical value of resolution = A /2
for visible light 2000-3000 A

Electron microscopy

for electrons A=h/p

A= (150/E)12 AinA,EnV
For 100 keV electrons A =0.037 A

Typical resolution in EM 1-5 A due to severe
aberration from electron lenses.

angles, a= A/d
interatomic distances = 1-2 A

o =2102mrad (= 1°)
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Controlling Electron Movement
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Figure 1.1. The electron micrascope built by Ruska and Knoll in
Berlin in the early 1930s.
> The Nobel Prize in Physics 1986 v
NnICAMBE
"for his fundamental "for their design of the
work in electron scanning tunneling
3 "

optics, and for the microscope
design of the first
electron microscope** Ernst Gerd Heinrich

Ruska ¢ Binnig o Rohrer o

1/2 of 1/4 of 1/4 of

the prize the prize the prize
Press Release: Federal Federal Switzerland
15 October 1986 Republic of Republic of

Germany Germany
The significance of the

. Fritz-Haber- IBM Zurich IBM Zurich
e.lect.ron mlcrf)scope Institut der Research Research
in different fields of Max-Planck- Laboratory Laboratory
science such as bio]ogy Gesellschaft Riischlikon, Riischlikon,
and medicine is now gerhn, Federal Switzerland Switzerland
X epublic of

fully established: Germany
it is one of the most b. 1906 b. 1947 b. 1923
important inventions of d. 1988




%‘ Electron Microscopes
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Type 1
Projection System
(Transmission Elec. Mic., TEM)

Type 2
Scanning Elec. Mic., SEM

Instead of Projecting with a
BROAD electron beam

E Gun SCAN a NARROW e- beam

Ilumination
System

1

Sample, Slide

Objective Lens

Photo
Camera,
Screen

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

I Also a combination: Scanning Transmission Electron Microscope (STEM), Resolution ~0.1 nm I
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scattered electrons
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Secondary electrons from
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Transmission Electron Microscopy, (TEM)
Projection System
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Projection: requires sample must be transparent .....

for high energy electrons
Sample thickness 20-80 nm




3. COMPOSITION AND CONSTRUCTION
3. COMPOSITION AND CONSTRUCTION
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Space Vector)

Determing g we know all allowed

difracted beams
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Reciprocal lattice construction

Lattice r=na+mb+pc
Reciprocal Lattice

r¥= ha*+kb*+/c*

a*.b =a*.c=b*.a=b*.c=c*.a=c*.b= 0
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Ewald Sphere
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Figure 12.3. The Ewald sphere of reflection is shown intersecting a
noncubic array of reciprocal-lattice points. The vector CO represents k;,
the wave vector of the incident wave, and O is the origin of the reciprocal
lattice. kpy is any radius vector. When the radius of the sphere is similar to
the spacing between the points in the reciprocal lattice, as is the case for
X-rays, the sphere can only intersect a few points, as shown. When A is
much smaller, as for 100-keV electrons, the radius is much larger, the
sphere is flatter, and it intersects many more points.

K| = IKp,d=1/ A
KprK=K

Kl=g diffracted beam

Surface of reflecting—Y,.,

sphere 3
208

"

Inciden

7
I Reflections
! from FOLZ

Reflections

beam____ A

Section of the iy <=/
reciprocal lattice close ———| A

to the reflecting sphere 72'0

from ZOLZ
201
200
Direct beam
200 L1071 o
B i
10
002 ~ | Reflections
v > 002 | yom zOLZ
wf] =003 |
T30
1054 ooz
1%
105 1 .
e
107 NL ~_
N T
) R ey 106 | Refiections

T~ y 1 from FOLZ

12



Efeito da Lamina Fina

17 W DIFFRACTION FROM SMALL VOLUMES

A Particleshape  Relrod shape

! Cube Rods

phere Shells

Rod Disk and
B m— @, rings

Az
1001
011
101 {111
00041 --- - Ldhie
199 ) 110
wyx
rTo C
[001]’
Ewald
(112] sphere
S>0

J

Figure 17.9. Examples of how spots in reciprocal space have different
shapes, depending on the shape {Ih:plru) ‘which are diffracting.
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Figure 17.9. Examples of how spots in reciprocal space have different
shapes, depending on the shape of the particles which are diffracting.
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Figure 5.4. The effect of curvature of the reflecting sphere, without a tilted
beam. (a) Inler.mnnn belween .rjzhzrz and reciprocal lattice planes. (b)
Ce schematic diffr P sy ! Laue zones

Incident
beam

() (b)

Figure 5.5. The ¢ffect of curvature of the reflecting sphere, with a tilted
beam. (a) Inleueclmu between sphere and reciprocal lattice planes. (6)
C schematic diffr p Y. ical Laue zones
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Fig. 1:1. Optical ray diagram with an optical objective lens showing the principle of the imaging process in ¢
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electron microscopy {axial illumination)

WE can obtain:
Spatial information -> images
(but selected diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)
Selected Area Difraction (SAD)
(hk0) Refecting I Incident beam
planes

d ca-mere n H\'
Rt e L- teng

o arer a2

don e e glor=>

Eeaarrmred'
R zigze N2B
“,’,‘"“ L

Rd- 2L

:Diffmclion/ | e »
spots

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

Angles -> symmetries

15



54.74%

as®

o
I
S

.
200
. . t * égz
- A - _X
040 030020 00 020 040 (-3
. X e=X —a o
o022
fododyfo g0 * &
! 130 1204711 12
. X g/g l . . .
240230220 210200 220 240 237
KR OK K%
340 330 320 30 300
e X ® X @ . L
440430420 4i0400 420 440
42 g-2[o0] £:Z-us5 8:[0] gz=[inl]

(b} tc)

35.26°
.
._
222
,%”.4,4 g2+ ool %:%:'732 .. 1a4 ges:[oi] 8ez=[111]

(b) (c)

Selected Area Difraction (SAD)

Poly-Cristalline Sample W BN DFFRACTION PATTERS

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

16



Selected Area
Electron Diffraction (SAD)
Bidimensional Information

SAD

L

Convergent Beam
Electron Diffr.(CBED)
Some 3D Information

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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Fig. 12 Three in ? using an objective ap The center of the objectivi
apertuse is assumed to be set to the opfical axis » Bright-field method: b dark-field method: ¢ high-resolitios
electron microscopy (axial illumination)
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Bragg’s Law: no intensitiy normalization
Many excited diffracted beams
Intensities must be coupled

Dynamical Diffraction

Difracdao Dinamica

2nik -r
@ A = e‘r* F(0)
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Difra¢cdao Dinamica
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Setting Two Beam Condition:
Controlling orientation of the sample

Two axis
tilt

TEM

Incident beam

Specimen

SESTRETI
SR Y SN Objcctive —&-

To TEM imaging system (BF)  P"E™ To TEM imaging system (DF)

WE can obtain:
Spatial information -> images
(but diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)

19



Condig¢ao de 2 Feixes — Two
Beam
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Distancia de Extingao [nm]

Examples of Extinction Distances (in nm)

Material

hkt = 110 111 200 220 400
Al - 56.3 68.5 1144 202.4
Cu - 28.6 32.6 47.3 76.4
Au - 18.3 20.2 27.8 43.5
MgO - 272.6 46.1 66.2 103.3
Fe 28.6 - 41.2 65.8 116.2
w 18.0 - 24.5 35.5 55.6
Diamond - 47.6 - 66.5 121.5
Si - 60.2 75.7 126.8
Ge - 43.0 45.2 65.9

Condic¢ao de 2 Feixes — Dif.
Dinamica

Howie-Whelan egs.

dOg _ i,  omis, T
= e—..T“S-_*__
d.?.' &gq)ﬂ 0¢g

ddy _ mi T4 . 2nisz
— ___¢0 4 _¢ o 2misz
dz p 2’;g &

Similar to Coupled oscillators

Erro de excitagédo Efetivo

Seoff = \/S e \/“,- 1
ég &g

Intensidade do ponto de difragéo

0 |2= (7”) sin (ms?cff)
g £

(TUS cff)
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Erro de Exitagao
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Setting Two Beam Condition: ¢beam

Controlling orientation of the sample

Two axis
tilt

200]

TEM

Incident beam

Specimen  EES

EEEEENY Y GSEEEEE  Objccive ENENSSSS \ =

diay .
To TEM imaging system (BF) P8 To TEM imaging system (DF)

WE can obtain:
Spatial information -> images
(but diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)

Intensit
A 1 0 d 0

Top - 1

Franjas

Bottom Direct ? ]:ffracled de
Espessura

1A

beam beam

Top

B Wedge-shaped
specimen

C Dark fringe at t = %ég
BF image” ‘ /
// Dark fringe
Edge / i

Figure 23.2. (A) At the Bragg condition (s = 0), the intensities of the
direct and diffracted beams oscillate in a complementary way. (B) For a
wedge specimen, the separation of the fringes in the image (C) is deter-
mined by the angle of the wedge and the extinction distance, ég.
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Franjas de Espessura

Figure 23.1. (A) DF and (B) BF images from the same region of a
wedge-shaped specimen of Si at 300 kV tilted so that g(220) is strong.
The periodicity and contrast of the fringes is similar and complementary

in each image.

Setting Two Beam Condition: ebeam
Controlling orientation of the sample
Two axis
tilt
[200]
A

TEM

Incident beam

Specimen

e S Sy \ S

diaphrag N
To TEM imaging system (BF) P e To TEM imaging system (DF)

WE can obtain:
Spatial information -> images
(but diff information included, Bright Field, Dark Field)
Crystallographic information (but select area, SAD)
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Dislocations

Burgers vector
b

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

Line of
no contrast

|

-
-
|

T |

27



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

v Focussed beams, and analytical capabilities
A RESOLUTION
AEM
2
§ 1nm
S g
100 nm 10 nm
Volume excited Volume excited
~ 105 um3 ~ 108 um3
Thermionic FEG
source source

Figure 36.9. Comparison of the relative size of the beam-specimen in-
teraction volumes in an EPMA, a thermionic source AEM, and an FEG-
AEM with a bulk, thin, and ultrathin specimen, respectively.

LNLS
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Scanning Transmission Electron Microscope

LNLS

Annular Dark Field

Coherent incident
electron probe

Figure 4. Schematic of the STEM optics for incoher-
ent imaging.

°

Elagti e suﬂerm,_ t d=1p

Tre Ias'{‘x( 55;#&!‘“‘7;— < |° ®s50 @ HiliOceupied St OTi +0
Figure 19. (a) Reconstructed image and (b) atomic
structure for a ¥ = 85,{920} symmetric tilt
boundary in SrTiO; deduced using the 100kV
STEM. Strontium columns (seen bright) are spaced

Z-Contrast 3.9 A apart in the bulk crystal

oF

== Sin =~ ;—‘ (2‘ cohrfeso

Figure 3.1, Angalar dependence of the diferenial crons secions for clasic snd inelesic Sel
scatring of 100:4eV clectron from » carbon stom, clclsted usng the Lenz mode, Eqs.

‘median, mean, foot mean-square,
‘evaluated using Eqs. (3.53)-(3.56)

and efective-cutofl angles for total-inelastic scattring,

Minor Crystallographic effects (Incoherent scattering),
RememberTEM constrast is based on Diffraction and phase contrast!!!
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Sb-doped Si  Undoped Si

Figure 1 Annular dark-field scanning tranemizzion elactron micrascapy image of 2 cross-
zactian of highly Sb-daped 5i. The brightast datz {laff) a2 stomic calumns cantaining ana
armore Sb atams, absant in substrata right), whare thera i no Sb. Thicknass variations
along the weadge have basn subtractad using 2 2acand-order polynamiz! fit. The imaga
has baan low-pazs fiterad to emove 2can noie, and i displayed with 2 nonlinsar
intanzity acale to highlight bright faaturas.

Voyles et al, Nature 416, 826 (2002)
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BULLETIN

Microelectronics: tnis

farch 2002, Volume 27,

miniaturization
and intrinsic
materials limits

Alternative Gate Dielectrics
for Microelectronics
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Future???

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

Requirements:
0.5 A resol at 100-300 keV, sub- A probe, 0.2 eV energy spread
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Filament: FEG
(AE ~0.6-0.9 eV)

«
Gun —
Illumination ;
System /

y Ol

Projection
System

Screen 2?7 m—)- { E

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

LNLS

Gun Monochromator
AE: 0.2-0.3 eV

UppercCs Corrector
(probe diam < 0.1 nm)

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

Objective Lens
Improved Information Limit

Cs Corrector
(HRTEM Resolution < 0.05 nm)

EELS Filter ( Aberration Corr.)
(AE Resolution ~ 0.1 ev)

% High Sensitity, High Resolution
2D detectors (CCD)
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