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A better comparison

TEM
Electron —=
Light microscope , SOUNDE f\
- i Eve —
T
Electron —f—+
heam .
—5—$pec|men
Eye Vacuum
Wiewing

SCreen

the lamp in the light microscope is at the bottom, the electron source in the TEM at the top

There are already two significant differences :

1. In the TEM we do not observe the image directly but the electron beam is converted to
light by the viewing screen and that light passes through a front window and reaches our
eye.

2. The inside of the TEM is in vacuum, not air as the light microscope.

There are also a lot of differences between a light microscope and a TEM:

e.g., instrument weight and size, specimen size, microscope cost, operation easiness,
Illumination source, lenses, etc.
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Some Fundamental Properties of Electrons

Electron wavelength: based on de Broglie's ideas of wave-particle
duality we know 2 = h/p, where p is the electron momentum , h is
Planck’s constant, and % is corresponding wavelength of the electron.

In the TEM we impart momentum to the electron by accelerating it
through a potential drop, V, giving it a kinetic energy el/ This potential
energy must equal the kinetic energy:

2
_ Migh

el

p=my= _III,'fn_m“E.-L;

h fi 1227

Py 2mgeV - AV (valts)
However, for electron microscopy, relativistic effect cannot be ignored
at 100-keV energies and above because the velocity of the electron
become greater than half the speed of light. So the corrected
(relativistic effect is considered) electron wavelenath is:

For nonrelativistic electron wavelength

h 12.27
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Resolution SUSAS d

Resolution refers to the finest detail that can be distinguished in an
image

Resolving power and magnification are NOT the same thing

Ex: enlarge a picture again and again, the magnification will increase but the
resolution will decrease because image will blur




Resolution of an imaging system

0.61
p =

B nsin(o)

A = wavelength of the imaging radiation
n = index of refraction of the lens
a= illumination semi-angle

| Light Microscope | Electron Microscope |

h

h ~ 0.5 pum A :]ﬁ
n= 1.5 (glass) n= 1.0 (Vacuum)
a ~ 700 a < 1o

p~021 pm= 2100 A p~41A

= 0.068 A (30 kV)




Disadvantages of Electron Microscopes

* Expensive to buy and maintain
e Sensitive to external magnetic fields and vibrations

 Samples have to be viewed in a vacuum (in almost all
cases)




FIGURE 1.7. Photograph of two rhinos taken so that, in projection, they
appear as one two-headed beast. Such projection artifacts in reflected-light
images are easily discernible to the human eye but similar artifacts in TEM
images are easily mistaken for ‘real’ features.
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Incident

i Secondary
high-kV beam electrons (SE)

Backscattered
electrons (BSE) Characteristic
X-rays
Auger Vmblc
electronc Light
‘Absorb,ed' Eleclron-hole
electrons < pairs
/ g Bremsstrahluno
Specimen X-rays
Elastically Inelastically
scaftered Direct scattered

electrons Beam electrons



electron gun

condenser lens
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specimen port
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The Instrument

Objective Lens
Objective Aperture




Wehnelt cylinder \,
Anode ~ ﬁ

Condenser lens
Condenser aperture (100-400 ym} ——— s

Specimen

Objective lens

Diffrocted beams
Objective bock focal plone,
also plane of the diffraction
patiern and of the objective
aperture diophragm (20 or 5O um)

Single- stage mognified imoge,
oiso plane of the selector
aperture diophram (10-50 yum)—

intermediate lens - =

In (a) two- stage magnified image
in (b) diffraction pattern imoged
in one stage. Also plone of the
intermediate screen.

Projective lens

In {0) three-stoge magnified
imoge. In {b) two-stoge magnified
diffraction pottern. Final screen

or photographic plate, respectively

b)




L_gsaj-:-ij‘ i.o..

ool Sl 55 3| (GigU S i
s oo ol (Fe-Y- -k\V) odgazme 4o |, lpig uSIl @
plo gl YL (Go S
VL 33 b oS Sore by (7 =%+ KV) nsogto 515 b sSng Sie 0 30 (ol 5 @
39y o S (B =Y. kV)
057 O9 (o0 ooliil eS YL (6551 L slo gSing Se 03 4l
d..dl.a dxgd dgod Lg)‘L..; oolol LS‘J'.’ S e LSLQ u_i.».aS.’ ¢
RCSL RNV PVERVE PV IS PR~ I SO - PSR L SV [P Wi U I KV W d] P T SV F

)d ).».Q‘J L5’>‘)'b u.a‘).sl.u 09.».’ s u.».a.u oD ul.u.n )LJ9 l.s wl.u.a ugiwg)&n Coud
Zewl 5 canlio b 5L,



YU S aSI el & e (eSS ledLs
Cawl 00,5 abl>l 1) LD oS (Cding ailginl) dad alaass
s ol Bib o g iSUl joue sl By o] g j0 a5 ey 4 Jate 0l S

w‘ 0 o

J‘"&”’LSAU» 995...,3)&..@ QW L)95L’95 L.SLQ 4\.70)0 Ja.ws.’ Msd&w
.osmsoodw| 6).: 69.9&;.0.3)‘ dwul.:)l.u LSJJYL: (_;{Lo.af)).‘sd..gu.ds

(A) Diagram of an electron gun
showing filament, shield, and
anode. The shield is connected
directly to the high voltage (B)
Actual electron gun from TEM
showing filament (f), shield (s),
and anode (a).




Comparison of Electron Sources

Maxinmm Current (nd)
Normalised Brightness (-)
Energy spread (eV)
Source spotsize

Requred Vacuum (Pa)
Temperature (K)

Life time (hr)

Normalised Price (-)

W
1000

3-4
30-100 um
107
2700
60-200

LaBs
00
10-30
1.5-3
5-30 pm
107
2000
1000
10

FEG (Schottky)
300
2500
0.6-1.2
15-30 nm
107
1800
=2000
100




What is a Lens?

It is a device which focuses radiation.
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Figure 4.3 The two-lens condenser system. The spot of size 5| at the gun crossover (G) s de-
magnified to 51 by the first condenser lens Cl. The second condenser lens C2 is
used o focus the beam; it may also change the spot size to s3. (i). (i) and (iii) show un-
derfocused, focused and overfocused beams respectively. The convergence angle o

is controlled by the condenser aperture. An animated version of this diagram can
be found in MATTER: Intreduction to elect ron microscopes.
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The condenser lens system.

(A) In this mode, the 50 um gun crossover A B
IS reduced to 5 pum by condenser lens 1,

C1, and then slightly enlarged by GUN — |y | LV
condenser lens 2, C2, to yield a 10 ym ANOOE = == 50 um

—=
spot on the specimen that is five times spol
brighter than the initial gun crossover. ‘

(B) At higher magnifications, the 50
UM gun crossover is reduced to 1.5
um by a highly energized C1. This ( ‘
refracts the peripheral electrons to

such a great angle that they cannot ‘ EE

enter C2 and are therefore lost. -

After C2 slightly enlarges the C1 spot,
the resulting 2 ym spot is rather dim.

If C1is highly energized in order to generate a small spot
the focal length is made so short and the aperture angle
so great that many electrons are refracted to such an

extent that they do not enter C2. 10 um Specimen 2 1m
On the other hand, if C1 is weakened to generate a spot ? e )|
larger spot, the focal length is longer and the aperture Viery Bright Dim

angle is smaller so that effectively all electrons may now

enter C2

Therefore, as the C1 spot is made progressively smaller,
overall illumination tends to diminish.
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Apertures in Condenser Lenses. Depending on
the design of the transmission electron
microscope, one or both condenser lenses may
have apertures of variable sizes.

Generally, the C1 aperture is an internal aperture
of a fixed size, while the C2 aperture is by
inserting into the

of different sizes attached to the end of
a shaft.

A popular method is to use a molybdenum foil
strip containing 3 or 4 holes of 500, 300, 200, and
100 pum in diameter

larger condenser apertures give more .
illumination but with more spherical aberration.
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The rod contains a

Positioning screws (s) permit the precise alignment of
the apertures in the electron beam. An O-ring seal (0) permits the aperture to be
sealed off inside the vacuum of the microscope column. Insert shows enlargement
of the molybdenum aperture strip held in place by a brass retainer clip. Arrows point
to apertures in the strip.

27



beam

L
holder
*

a split polepiece
objective lens

*Most specimens are mounted on a copper meshwork or grid.
*Grids are placed into a specimen holder and, after insertion
into an air lock, the chamber is evacuated and the specimen
holder is inserted into the stage of the microscope.



the specimen may be subjected to stretching
and compression in a tensile stage, and

heating or cooling in specially modified
thermal stages.

Double tilt heating

Twin specimen holder Heating and straining
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Specimen

Objective lens

Diffrocted beams

also plane of the diffraction
patiern and of the objective
aperture diophragm (20 or 50 pum}

Objective bock focal plone, :T_

Single- stage mognified imoge,
oliso plane of the selector

aperture diophram (10-50 ym)

Intermediate lens

in (b) diffraction pattern imoged
in one stage. Also plone of the
intermediate screen.

In (a) two- stage magnified image ]

Projective lens /E

diffraction pottern. Final screen

In {a) three-stoge magnified
imoge. In {b) two-stoge magnified
y

or photographic plate, respectivel
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Some speclalized microscopes have an emergy filier below the specimen, LS:' "
which can be tuned to allow the passage of only clastically scattered )
electrons or electrons which have suffered a particular energy loss. This has

distinet advantages in. for example, high resolution electron microscopy (sce

section 4.2.4), since inelastic scattering degrades image quality, Tt is also useful

in the quantitative interpretation of diffraction pattern intensities, since there is

always a diffuse background of inelastically scattered electron intensity in an
unfiltered diffraction pattern. Energy filters can alse be deployed below the

camera as part of an electron energy loss spectrometer, They can give
dramatic improvements in the quality of images and diffraction patterns, es-

pecially from thick specimens where inelastic scattering effects are significant

Figure 4.6 A convergent beam electron diffraction (CBED) patcern fram relacively thick 5i,
taken with the incident beam along the [| 10] axis. Inelastic scattering gives a diffuse
background and loss of contrast in the unfiltered image (left). An energy filcer,
tuned to accept only electrons which have been elastically scattered (zero energy
loss electrons). removes this effect and gives a far clearer image (right). (Courtesy

of C. B, Boothroyd, University of Cambridge)

*

(24



Specimen anticontaminator or cold finger. The large container (c)
IS filled with liquid nitrogen to chill the cold finger blade (b) that is
located just above and below the specimen.

An O-ring seals the apparatus from the atmosphere.



Vacuum

X The vacuum around the specimen is around 107 Torr.
e The vacuum in the gun depends on the type of gun, either

around 107 Torr (the tungsten or LaB, gun) or 10 Torr (for
the Field Emission Gun).

gun

- | specimen
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Specimen preparation is an important aspect of the
transmission electron microscopy (TEM)
Objective: To make a TEM specimen which is

v’ representative of the material studied

v’ electron transparent

Methods: depend on both the type of material and the
information to obtain.



Low Speed Saw




Wire Saw




TEM Grids

* TEM grids are 3 mm supports of various
meshes

* You will handle them by the edges with fine
forceps




Powder specimen

Grind the material
Dissolve the powder into a solution, mix.

Splash one drop of solution onto a copper
grid with carbon supporting film

Wait until the specimen is dry before
observing in TEM



Powder

Epoxy mixture




Electrojet thinning

Powear supphy

[+ -1
s

Epecimen holder \\

E e ro|'5rtE lewel H"‘w.

7 Z

Figure 4,40 The stages of electropelishing a metal specimen, The thick, reugh sheet (g} be-
comes smoather and thinner (b) and eventually perforates (c). The thinnest regions

/ around the perferation should be suitable for examination in che TEM,
—”é L Resirculated

| |
xff;f'ﬂ}?»ff 2 electrolyie

Mozza

Specimen
anade {(+]

2.
1/

// Pume

Cathode [ =)

'1r

Fig. 31 Electrojet thinning for TEM examination.
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Window Technique

Cathode  Anode

|

e
f’---

Electrolyte

P _—

Fig. 22 The window tachnigus.
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Ultramicrotomy

USEd for SeCtIOnlng Specimen Thermally-advanced arm
biological material T Feed Direction

-~

Can create thin film of

. . resios)
multiphase material

Leave the chemistry of the
material unchanged

Specimen movement

But introduce deformation
structure to the material

Base




Ultramicrotome

Reichert Ultracut E Ultramiaotome
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Fig. 34 Procedure used to produce single-stage extraction replicas for the analysis of small particles originally
embeddad in a matrix. {a) The criginal material with particles embedded in a matrix. (b) The particles have
been stched to stand in relief, (c) The specimen is coated with a carbon film, usually by vacuum avaporation.
(d} The specmen is immersed in an aggressive solution to releass the particles from the matrix, Source: Ref 33
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Wehnelt cylinder

Anode

Condenser lens
Condenser aperture (100-400 pm) ——— s

Specimen
Objective lens @

Diffrocted beams
Objective bock focal plane, ]_

also plane of the diffraction
pattern and of the objective
aperture diophragm (20 or 5O um)

Single- stage mognified imoge,
olso plane of the selector
aperture diophram {10-50 Hm)'_-

Intermediate lens

In (a) two- stage magnified image

in (b) diffraction pattern imoged

in one stage. Also plone of the o
intermediate screen.

Projective lens /&

In {0) three-stoge magnified
imoge. In {b) two-stoge magnified
diffraction pottern. Final screen
or photographic plate, respectively
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Figure 3.3 The ray diagram of a two-stage projection micrescope showing the positions of the
diffiraction pattern (DD’ and EE") and image (BB’ and CC').
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Figure 3.5 Types of diffraction pattern which arise from different specimen microstructures. (a)
Asingle perfect erystal. (b) A small number of grains — notice that even with five
grains the spots begin to form circles. {c) A large number of randomly oriented
grains — the spots have now merged into rings.



Ring pattern

« Many fine particles in the illumination area, each of them
s a single crystal and orientated randomly

Ty

polyerystalline
BaTiO, spotty

Debye rings




SAED Patterns of Single Crystal,
Polycrystalline and Amorphous Samples

Lol (5908 45,51 4y by pe (535 0 abaii
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a. Single crystal Fe (BCC) thin film-[001]

b. Polycrystalline thin film of Pd,Si

c. Amorphous thin film of Pd,Si. The diffuse
halo is indicative of scattering from an
amorphous material.
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a-b = ab cos a.

be s ol = = o ==
&

N

)

m

Fia. A15-1. Sealar product of two
vertors,

(@ +b)-(c —d) = (a-c) — (a-d) + (b-c) — (b-d).
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bec=axb (5)‘0).39).«5“

b
A /
- c=axXbh,
Fia. A15-2. Veetor product of two ¢ = ab xin a.

vierrtors,

The magnitude of ¢ is simply the area of the parallelogram constructed on a and b

aXb=—(bXa).



A15-3 The reciprocal lattice. ('orresponding to any cryvstal lattice, we
can construcl a reciprocal lattice, so called because many of its properties
are reciprocal to those of the erystal lattice. Let the crystal lattice have a
unit cell defined by the vectors a;, ag, and a3. Then the corresponding re-
ciprocal lattice has a unit cell defined by the vectors by, by, and by, where

1

b, = — (az X a3), (1)
¥
1

by = 7 (ag X a;), (2)
1

b; = F (a; X a2), (3)

and V is the volume of the erystal unit cell.



la; X az|

he =
4 1

(area of parallelogram OA(C'R)

- (area of parallelogram OACB)(height of cell)

1 ]
OF  dyy
since ()P, the projection of ay on by, 15 equal to the height of the cell, which
in turn is simply the spacing d of the (001) planes of the crystal lattice,

i

Ab,

Fig. Al5-3. Loeation of the reciprocal-lattice axis b,
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(1) A vector Hyp; drawn from the origin of the reciprocal lattice to any
point in it having coordinates Akl is perpendicular to the plane in the erys-
tal lattice whose Miller indices are All. This vector is given in terms of its
coordinates by the expression

HhH = hb| + ﬂ‘hg + H.'l:q.

(2) The length of the vector Hyy, is equal to the reciprocal of the spacing
d of the (hkl) planes, or
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Fic. A15-4. The reciprocal lattice of a cubic crystal which has a; = 4A. The
axes a3 and by are normal to the drawing.
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The Ewald sphere construction

The relationship between the reciprocal lattice and the diffraction pattern can
he demonsirated rather more formally by the Ewald sphere construciion, which
1 shown in Figure 3.9,

Figure 3.9 The Ewald sphere construction.

{a) The dillracung crystal 15 represented by 1ts reciprocal latuce.

(h) The electron beam is represented by a vector of length 1/A, paralle]l 1o the
beam direction, and terminating at the ongm of the reciprocal lattice.

{e] A sphere (the Ewald, or reflecting sphere) of radius 174 15 drawn about A,
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Indexing Diffraction Pattern-ratio technique

Any 2-D section of a reciprocal lattice can be defined by two vectors so only need to
index 2 spots.

1.Choose one spot to be the origin and
measure ri

2.measure the spacing of a second spot r2

3.measure the angle, )

4.prepare a table giving the ratios of the
spacings of permitted diffraction planes
in the known structure

5.take measured ratio r1/r2 and locate a value close to this in

the table
6.assign more widely-spaced plane (lower indices) to the

shorter r value

7.calculate angle between pair of planes of the type you have
indexed

8.if measured ¢ agrees with one of possible value, accept
indexing. if not, revisit the table and select another possible

pair of planes
9.finish indexing the pattern by vector addition.




TNy T N TR il R

B oAk R

= : - - For allowable reflections in FCC
e AJRE % BE 4 1

hykil,

111 /200 | 220 | 311|222 | 400 [ 331 [420 |422 | 333

111 [1.00 | 1154 1.64 [1.92 |2.00 |2.30 [2.51 |2.50 |2.84 |3.00

200|865 [1.00 |1.42 [1.66 [1.73 [2.00 |2.18 [2.23 [2.45 |260

220 |-610 |.706 |1.00 [1.17 [1.22 |1.41 [154 [158 |1.73 |1.83

311|522 |.602 |.855 [1.00 {1.04 [1.20 [1.31 [1.35 [1.48 |157

1haksly (222 500 | 578 |.820 [.962 [1.00 [1.15 [1.26 |1.20 |1.41 |150

400 | 433 |.500 |.710 .834 |.870 [1.00 [1.09 |1.12 [1.23 [130

331 |-396 |.459 |.649 |.764 |.794 |.918 [1.00 [1.03 [1.13 |1.19

420 |-386 |.449 |.633 |.741 |.775 |.884 |.970 |1.00 |1.10 1.16

422 |-352 |.408 |.578 |.675 |.709 |.814 |.885 |.909 |1.00 |1.06

333|333 |.385 |.546 |.637 |.667 |.769 |.840 |.863 |.943 |1.00

%— = , - For allowable reflections in BCC

hikqly
110 |200 |211 |220 |310 |222 (321 |400 | 411,330

110 |1.00 [141 [1.74 (201 |224 (245 [265 [2.83 3.00

200 |-707 (1.00 [1.23 |142 [158 |1.73 [1.87 |2.00 2.12

211 |-575 |.813 [1.00 [1.15 129 [1.41 [153 [1.62 1.73

220 |498 |[.706 [.870 |1.00 |[1.12 [1.22 [1.32 [1.41 1.50
hokyl, [310 [446 [633 [775 894 [1.00 |1.10 |1.18 |1.26 1.34

222 |[409 |.578 |.710 |.820 |.909 [1.00 [1.08 [1.15 1.22

321 (378 |.535 |645 |.758 |.847 [.926 |1.00 |1.07 1.13

400 |-353 |[.500 |[.617 |.710 |.793 |.870 |.935 [1.00 1.06

411,

330 |333 |.472 |.578 |.667 |.746 |.820 |.885 |.043 1.00




Zone Axis of A SAD Pattern

Take any two g vectors, g, (h;k,l;) and g, (h,k,l,) from the diffraction
patter. The zone axis is given by the vector product:

The zone axis is parallel to the electron beam direction.



Indexing Electron Diffraction Patterns

200 220
- - - .
Swu=oTe| | 110 110 130
-
22 - #* - "-*
- - .
&1 000 020

If we know the index for two diffraction spots
It is possible to index the rest of the spots by
Using vector addition as shown. Every spots
Can be reached by a combination of these two

Vectors.
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FIGURE%.14. Raydiagrams showing how the objective lens and objective aperture are used n combinaton to produce { A)a BF image formed from the
direct electron beam, (B) a displaced-aperture DF image formed with a speaficoff-axis seattersd beam, and (C) a CDF image where the inadent beam is
tilted z0 that the scattersd beam emerges on the optic axis. The ares of the DP szlected by the obpetive aperture, as seen on the viewing screen, is shown

helow each ray diagram. (Images comparing BF and DF are givenin Part 3.)



Fig. 14 Bright-field image and diffraction pattern from an fcc matrix
(austenite) containing precipitates having the ordered fcc (L,,)

superlattice, Ni,(Ti,Al) .
The fcc spot pattern is indexed in the schematic key, and the superlattice reflections are indicated by an Flg’ ] 5 lmage Of ordered
arrow in the diffraction pattern. The beam direction, B, and the zone axis, z, are parallel. Courtesy of : H (o

i v Ni;(Ti,Al) precipitates

Image formed with the superlattice spot indicated
by the arrow in Fig. 14. Courtesy of T.). Headley




Diffraction pattern and bright-field and centered dark-field images of an iron-base superalloy

(a) The diffraction pattern is a [100] fcc zone axis pattern. (b) By imaging with the transmitted beam, the y' precipitates are not visible. Only the strain fields
associated with the precipitates are visible. (c) In centered dark field, using the [100] reflection from the y" precipitates as indicated by the arrow in (a), the
precipitates are clearly visible. Courtesy of T.J. Headley

(a) (b)
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Major Factors affecting TEM Image Contrast
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{o) (b}

Figure 4.10 An animal cell (a cartilage cell from chick trachea) photographed (a) with and (b)
without an objective aperture in position.



Bright field imaging

Ex. 1 - dislocations;

Dark Eright

dislocations
in superalloy




Figure 4.29 Two images of an array of screw dislocations in a niobium-stabilized steel, together
with the diffraction pattern in each case. In (@) one set of dislocations is out of con-
trast since its Burgers vector is perpendicular to the operating g vector. In (b)
both sets are visible.



Fig. 63 Bright-field/weak-beam micrograph pair showing a dislocation tangle in deformed aluminum

Note the improved resolution of the details of the dislocation tangle in the weak-beam image (right side). The diffraction vector is g = (220) for each
micrograph.







Convergent beam electron diffraction patterns
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Diffruction disest ) || [/ Figure 3,21 Convergent beam diffraction pattern from a [11 1] ariented gamma prime particle

in a nickel-base superalloy. The pattern shows the diffraction dises of the zero
Figure 3.19 Ray diagram for convergent beam diffraction. order Laue zone, and also excitation of higher order Laue zones (HOLZ rings).
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