What are Electron Microscopes?

Electron Microscopes are scientific instruments that use a beam of highly
energetic electrons to examine objects on a very fine scale. This
examination can yield the following information:

Topography
The surface features of an object or '"how it looks'', its texture; direct
relation between these features and materials properties (hardness,
reflectivity...etc.)

Morphology
The shape and size of the particles making up the object; direct relation
between these structures and materials properties (ductility, strength,
reactivity...etc.)

Composition
The elements and compounds that the object is composed of and the
relative amounts of them; direct relationship between composition and
materials properties (melting point, reactivity, hardness...etc.)

Crystallographic Information
How the atoms are arranged in the object; direct relation between these
arrangements and materials properties (conductivity, electrical properties,
strength...etc.)



Invention and Evolution of the
Moderm TEM

Iy 18932, inmwenibaed by E. Ruska ef al
Im 1986, Ruska received the MNMobel Priee

Ruska & Knoll




Difference between optical and
electron microscopes

e Electron Microscopy bridges the 1
nm — 1 um gap between x-ray
diffraction and optical microscopy



Image formation

Light rays coming out of an illuminated object

diverge from each point on the object

A lens can be used to refract the rays and

converge them at a different location

F1 F2

real image

This Is the basic mechanism of image formation

A lens changes
the angle of a
beam
depending on
its incidence
angle and
location of
entrance on
the lens



De/Magnification

image
size:

Common Gaussian form
of lens equation:

1 1 1
i e Linear magnification:
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Anatomy of a Light Microscope

* |llumination

— An even illumination
IS Important for
Imaging
* Objective Lens

— Collects light from
the sample and
nearly collimates it

 Eyepiece

— Refocuses the light
from the objective to
form the image
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Contrast

* \What causes contrast and how can we
guantify it?

Transmitted/absorbed

scattered

Micro/nano

particle/object - @ Phase shifts,
Fourier filtering etc.
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Light transmitted or scattered through a path / from a point depends on
material properties



Contrast Enhancement

By Placing optical components in the beam path, selective
Imaging is possible

By selecting different Transmitted/absorbed

angular components of

the light from the scattered
sample, contrast can
be enhanced ;:’
Micro/nano _
particle/object - @ Phase shifts,
Fourier filtering etc.
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Modulation Transfer Function

 |s a measure of how much of the constrast is

Imaged

Modulation and Contrast Transfer Functions
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Modulation Transfer Function
 Related to the Pomt-SDread Function

Fourier Relationship between MTF and

MTF

(2)

Cutoff (f(c))

Modulation

Spatial Frequency
f(c) = 2NAJL

Numerical Aperture Effect on Modulation Transfer Function

Point Spread Function (PSF)

Intensity

Radius at Image Plane
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Contrast enhancement and MTF

« Contrast enhancement can significantly

alter MTF

Contrast Enhancing Technique MTFs
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Contrast Inversion with Detocus

Cantrasl Retentian in
Defocusesd Paltema
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Focus series can be used to get
more information



Examples of Contrast

enhancement

Differential Interference Contrast

Phase contrast



Confocal Microscopy

* A laser beam (or sample) is scanned and
fluorescence is recorded

 Light is collected from the focused laser
spot only

« diffraction limited spot of submicron size
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Multiphoton Microscopy

A
photodamage =
. 2
focal volume v

Principle of fluorescence induced by one-photon absorption (left) and
two-photon absorption (right). While the resolution in two-photon
fluorescence mciroscopy (2PFM) is less good, photodamage is lower
and penetration depth is higher compared to single-photon (confocal)
fluorescence microscopy (1PFM)

Due to nonlinear nature of two-photon absoprtion, signal comes
not from the focal cone but from a smaller focal sphere



Why electron microscopy

* Primary reason: Spot size
i
h | 22 p
A= — = — ,u"1 —_— DeBroglie wavelength of a particle
P mu \ 2

If speeds are large or total acceleration voltage is close to rest mass of particle
You should better use relativistic formulas for energy, momenta etc.

For an electron with KE = 1 eV and rest mass energy 0.511

MeV, the associated DeBroglie wavelength is 1.23 nm, about a
thousand times smaller than a 1 eV photon.



Electron Optical Elements and Attachments

= Electron Sources

= Laenses

= Deflection Coils

- Stigmators

= Electron Detectors

= Adttachments for photons or Xorays

Electron Source

= Heneration of electrons that camn
be accelerated by high tension to
obtain the illuminating electron
bearm




Electron Source

= Thermmiuionic SGun
— triode or self-biasing gurn
— W, LaBg, CeBg

= Field Emission Gun
— simngle crystal W

Filamenit
WWehnelt

Electron Source
T hermionic Gun

— bias wvoltage (emission

parameter)

Anrnode
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Electron Source
T hermionic Gun

- Increasing bias voltage restricts emission,
thereby reducing the total emitted currenit

Electron Source
Thermionic Gun

= Brnghtness — eleciron curmeant by a source with unit area
and wnit solid angle

Oy — ™




Electron Source
T hermionic Gun

- Energy Spread

— iImprerfections of fHlament

— Imstability of high fension

— surface temperature

— Boersch effect (mutual interaction’})

— 30 purmn Ffor W
— 5 pm Tor LabBg

Source Spotsize

Electron Source
Field Emission Gun (FEG)

Heating Filameant
Single Crystal
Emitter
Suppressor Cap
Extraction Anode
Electrostatic lens
Electron secming:

SrTeimatire o e
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Comparisomn

of Electron Sources
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Lenses

= Prowvide means to (de)focus the
electron beam on the
spaecimen, o foocus the image.,
to change the magnimcation,
and to switch between image
and diffractiomn

RFoomnd T.enses

Magnetic lemses

r Chamze the directom of elecmomns
s Fiine ((diversimE]
diminishings {convarsing)
condenser lemoes, objectire e
imfermeediaie lEenses | poojeciion lenses

L B N

Electrostatic lenses: the Welhmnelt cap
— Sovania e

* ToAmom free
— Disadwantsea

» hish predsion in CoonSImoechom

*» hish precision in alismrrssawe
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Pole Lenseas

Pale lemses are all electromagnetc, mo elecirostatic
Dhifferernnt mMmagnifying posser in 2, v direction is possiblie
The constructiomn is just like the stigmators

Usualhy =sean im Os comeachors amnd EELS

Dudrapale, Hexapole, Thobupole lenses @ars cormamsom.

Lenses

Electromagnetc lenses ars
based on the fact the mowing
electrons are forced into a
spiral trajectorny, i.e. focuseaed
iNnto one point
=

F
‘Tq
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Lenses

VWworking Prninciple: Lorenz Force
— aelectrnons are aonby deffected by magnetic

fields

F {(po=atae= g

T F (imesatiwe gl

the focal length 1s

given by:

TICE Y

v -I»*

Lenses

BT

constamnt
acceleratimg vwoltage
wimdimmgs

lens curmant
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Electromagnetic Lenses for
Electrons

= Focus
= Magnimcation and demagnification

- Electron trajectory chhanged by magnaetic
held

= F— - ewxB R PV
- F = evB sing el
- IFfw /' B, F =0

Lenses

Saussian Lanw
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Lenses

Gaussian Law

Lenses
Spherical Aberration o, = C.ar

Lens impaerfectons lead to different
focal lengths in centre and at edges of
lens

3

Flane of least | _‘GemassEan
ilII'_'ﬂ.g:EIH].IE
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Lenses
Spherical Aberration

- . can be reduced by:
— Iincreasing the lens strengith
— decreasing the lens gap

EFrroosdoct (= Lans Foscal Tile Foirst
- ohjecttva O CGamp Laogts Axmele Besohsicn
Tecma 1 F-BooT oe L 5.3 e 0 o 5.1 =R 040 o
Tescmad 12T Wik 2.0 e 2 o 2T e =T O3S o
Lenses

Chromatic Aberration

= Blumng due to encaergy spread in
electron beam and lens current
fluctuations

o, = C'gc:t:'[ + 2 j
= a

1F



Leaenses

Astigmatism
Lens defect caused by magnetic field
asyrmimeaetny

can be corrected using stigmatorsl!

Lens System

= Condenser CllLaens

- Condenser C2 Lens

- O bjective Lens

= Imaging Lenses (TEM)
— diffraction {1st intermMmediate lens)
— intermediate
— projector

18



Lens Systerm of TEM

I._U—] p— Providing hish enesrzy e
[ =——==] == _—
] — — st and bearn comerl
— — O A
=7 1 a:n:—\
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| =] S mE the mdesired = bheanes
— — e Ap .-—"'- EE
— ] — SAD A
e — | ==

Tamaminiing and magnifying the
= === ]u..:m.:u...u: S first enlarped e or diffraction
== === I pabiern bo projector lemns
== === Prejesar a—— poojectng the beare or diffaction
e paiter i the sonesn

Lens System of SEM
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Lens System
Condenser C1 and C22

- A

— strong demagnifyimg
lens

— spoisize setting
- 22

— weak lens

— intensity control

Lens System &
Microscope Resolution

= Microscope resoluthon is
govermed by (for TEMNM)

— wawvelength of electrnons
— . of objective lens

— ofher lenses are less crucial
oS

F = 0.66 = a7

20



Depith of Field or Depth of Focus

Howwr to increase the depth of focus of SEMNL imagoe

Smaller oo

1) e sonalley OET apermre
L) inwrease Workbdn g Dhctame s




Deflection Coils

FProwvide means to shift or to il the
electron beam, to cormrect for
mechanical misalignments of the
optical system, and to obtain specific
imaging effects

Deflection Coils

Basic Pnnciple

Sun coils
Beam coils
Image coils
Scanninmng coil




Deflection Coils
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Stigmators

FProvide means o comect for deficiencies
in the magnetic lenseas

EM stigmators:

— Al condenser, objective and diffftaction lens
{TEM)

— At condenser, objective (SEM)
—_ ElﬂSEP_f pﬂEitiﬂnEﬂ o the lenses
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Stigmators

VWworking Principle

Electron Detectors

TEM

— phosphor screemn, Film, CCD, Iimage Plate_ ..
SEM

— SE detechor, BE detechor._ . _.

STEM

— BF detector, DF detector, - ______

24



Attachments for photons or X-rays

;

|
s%ﬁ
|
Ea

Longs acoguisition  Hme (~ 3400 o )
Hirsh energy resohrtion [~ 5 &)

:

- Solid Staie 3-ray Desectens

- detertns the enereEy of charsoiensos M-rays
- Sl iy detector is wsed as the 3 -ray detecbor
- Molti-Charmel Anabyzer (IC A

— Shoot acouisithen e {100 — 200 =5

- Luow enerpy resalotbon (1533 W for WMo B
=T .-

— deteciing the phaEons




The instruments and techniques

Statiomary Electron Beamm

— TEM: CTEM SADVBF/CDFWEBDF, HRTEM
— AEM: CBED, NBD, EDS, EELS, and EFTEM

Scannimg Electromn Bearm

— STEM (BF, DF, and HAADF)
— SEM (SEI, BEI)
— SEM + WDS — EPNM.A

Moderm TEMSs are all capable of HR works, bhauat for

soimee amnalytic works, attachments such as EDS and
EELS must e added.

AEM vs. Conventional TEM

(Differences in aimed signals)

CTEM and HREM deal mainky with the
elastically scattered electrons._

AEM deals mainhy with the in-elastically
scattered electrons and theimr resultimg -
rays (byw EELS or EDDS) for the composition
determination. But elastically scattered
electrons are also collected to obtain
structural information (by STEM).

prL



AEM vs. Conventional TEM
(Differences in Instrumentation)

Diffrerent illumination regquiremeaents: parall2e] iluamenadiom
for CTTEM (and HRETEM) buat comnical illumination for
AERA

Diffrerent designs for the objective lens o match the
lhumimation system

Wwithh analyviical attachmeants: EDS for characternstic <X-
rays, EELS for in—elastic scattered electrons, and
annular detecthors for incoherant elastic electrons.

Scanming function

Twypes of Information from AEM

= Image
= Structure
= Chemistmy

2F



Examples of AEM Applications to the
C haracterization of Materialss

Mormphology (Jmaging): CTEM (BF.DF), HRETMM,
and STEM (BF,DF, and HAALF)

Crystal Structure (diffrtaction): SAED, NBED, and
CBED

Chemistry: composition (EDS EELS, and STEM
HaAWMDEF), chemical state (EELS)

Electron diffraction

Diffraction pattermnm locates at the back focal plane of
the objective lens

Sammmle ===
J

Bawrk fical plane

Imaee plane

28



Driffractiom with parallel illuminatiom and conical
llumiimatiomn

Faral=s eams are Toeousaesd Ol e Doaeck focal plame

Farabs ominaton resuits sharp speobs: at e plame

CTonkcal lumination results dlscs al e plarss

LACBED patterm alomg [111] of Gafs wwith borie.d
IrwAvs guan b dots




A

LACBED pattesm alorng [111] of Ge

Spot pattern

Single crystal within the illumination arsea
The regular armrangemeant of spois

Spot bnghdiness relates to the structure factor
Spot position medlates to the d-spacimng




Standard spot pattern

Example 1 f.c.c

Standard spot pattern

Example 22 b.Cc.C
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Ring pattern

Mamny fine particles in the illumination area, each of them
is a single crystal and ornentated ramndormely

<&

Ring pattern

Typical polyvorystallime Aua diffraction patterm

33



Ring pattern: what can we obtain

d-spacing

R, = L&
R the measured ring radius
dp,” the d-spacing being measured
L: camaera emvgth
Ao owave length of electron beam
Camenra lengih calibration
Crystallimnee J particle ineness

Amorphous materials

Diffused ring patterm

Reflecting the short range orderesd structurne
Often seaen at contaminmatiomn layer or om cartsom
supEort mlrm




AMajor Facoors affecrning TEM mage Conirasr
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IC Cross section (CTEM BF)




BF vs. CDF (1)
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Precipitates in metal Allovs., |1

HRETEM of CrangiTy im 403 Martentishic Stainless Stheel

Precipitates im metal Alloys, 1 (comt.)

Cro/C, im 403 Martentistic Stainless Steel




Precipitates im meetal Alloys, 1T
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What is HREM™?

= It is NOT defined by its direct resaobution (1Tmm o O_Z2mnm2)

= It is NOT defined by directlhy sesing atomic struchurs (in
most cases it does ot directhy show orystal structurel)

= It displays many-bearm (20 interference innges

= It is phase contrast image

Manvy-beam

= Referred to the scattering efiect
= Comparng o diffraction contrast, “one-beam” technicgue

=

| | j Crystallime

Bnght field

0¥



HREM image formation

= Scabttenng is a sirnong interaction
— exocellent statistics and useiful signal
— o simple relationship beaetween an image and the
spaecimen structure
= Imaging system is_imperfect-
— Eaererally mo direct comeaespondasnce baebeweaen
Imagese & structurs
= Image interpretation is absolutely neasded

cTeEM BF and HRTEM

21



HRTEM for oxide thickhness
Measurement im MOS structure

Cross~sectonal Nkgph—ressos ticoem
ram smikssiomn [y g == T
(HRTEM]} Images Tor MOS strschuns
wih (@)-27 mm ard () ~2.4 e

HREM Image — Interface

S



Fundamentals of STEM

== D

BSED

difffracted, from the specrmen Specimen
Thee beam mEnsiy wvariaSomn

contains the useful informasom A SATYF
about the loocation whers beamrm

s situarbesd

oF

STEM BF and ADF images from a
semiconductor dewice

473



HREM ws. STEM HAADF Image — Interface
= (=3
8P

L

=i

HRETEM STEM HAMIDF

HAADF image of SiGe alloy layers




EELS configurations im TEM

Experimencal sebaps for measurimg EEL S data
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Post-column EELS

A typical EELS spectrum

(omts
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FPlasmon peak

Caused by the ocollecthve responss o e incidsnt bearm by all
e valemnce slecthoms

I the s=ampl= is thicker, the plasmon peak s also hegher amd e
s=comnd peak may appeear

The rats of plasmon peak imtensity o Zero-loss peak intensity
may estimate the sample thickhness

EELS vws. EDS

Mor= effcient sapnal collesciiom
—  ithe first ondesr phemnomes-ensoen

—  most of e ransmnitted electons enter the pris=sn. comparaeg o 1%
ket e

= rays beimng
Beitter sagnal o noise rakio

ﬁ::ecul.-'n is electonic simechrse sensiteve, =g O peaks inm Moo and
1 aere d

fferent in shape
Shghtly better spatial resolusticn

hagh background and worse peak o background ratic.  leading o

b
the 2o in guanishcation

Complex peak struchure makes identification dificult. €t is worst wwhen
e=ak cwerlap

ther= is
Thin samplse nesedad
o and intenpeeiabon are meore diffcult

A



EELS for light elements
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-

Energy filter

An ernaerngy selective sihit as small as 10eV i1s used
Signal within the st is colleected and displawyed .,
represaentimg the elfemant map

For better mapping, background must be properhy
remowed,. mnormmalhy by setting up windows bbefors amnd
after the st

Energy filter

49



EFTEM mapping of a DRAM

EFTEM mapping of the OMNO layer in a DRAM

Fero-loss Nitrogen




Elermvemnts analysis [ -
— ualitative, or guantitatve [ = 5083

El=rmvervtal

g b=ty Tal

Spatial resclution (wolamee of X ray generaton ) =

probe size

EDS systerm on TEM

51
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Spatial Resolution

= Beam broadening siZze bygwn < Do
= Beam broadening size by = < bens

Factors on Spatial Resolution

- Probe size

= [Interactron volume: (SEM)

- Specimen thickness (T EM)
- Specimen drift

= Contaminmation




Parameters of EITDS Collection

Contamination




Strengths and Weaknesses of EDS

- Strengths
— Cruick, ‘first look” analysis
— Wearsatile & inexpensive
— Druantitative for some samples (flat,
poalisheaed, homosgeneous)
- Wweaknesses
— Cruantimcation
— Size resirictions
— May spoil subseqguent analkysis

Cross-—sectional TEM characterisatiomn of TF T O




lon and Electron Optics

« We need something that changes the direction of
electrons or ions in a beam, depending on initial
direction and radial location within the beam

optical
= A g ~a | o

IS S.

SIS S S S

N
\
N
N

S

An electrostatic /lens



lon and Electron Optics

« Magnetic Lens

copper
windings ™

iron ¥
shell

polepieces” ¥ optic axis

FIGLRE 2.&. Cross-gactor through 3 magnst ¢ lens with lines shawing the
magnete fiele distnotion.

Cylindrically symmetric magnetic
Field with radial gradients

Somrce af
aleclrons I.-"' —
J “ Magnetic s
/ e
JI( P ) #J fiuld
Aris At '_,’ \w-.
R sk ,-r"' Fl.l-;.dl pint
Wajectory
Copper : ’ E'
windings

Trun elwoud

Field lens

Fleetramagnetic
aperture changer

Anriular ES detector
Annular 3E detector

Eeam booster

Mzagnetic lens

Scan coils

Electrostatic lens
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—
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CImen
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Sources
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 Field emission

Vacuum

[

Semiconductor

Field emission starts for E > 107 V/cm
High current density: J(E) = A-E2 @ exp (-B @12 /E)

Strong nonlinear current-voltage characteristic
Very short switching time (t <ns)

Small spot size due to field enhancement at the tip apex



lon and Electron Optics

 Electron beam sources

TAELE 2.1 Froperties of the electron sources commonly used in electron
zeam lithography tocls.

field emitter

source type brightness |source size energy spread | vacuum
(Ae"t}m?l"sr) (eV) requirement
(Tarr)
t t
N s ~10° 25 um 2-3 108
thermionic
LaBe ~108 10 um J:3 1078
thermal (Schottky)
i ST ~108 20 nm 09 1079
field emitter
cole
~10° 5 nm 0,22 10710




Source Size and Spot diameter

* The source size can be large
(micrometers) and, if so, must be
DEMAGNIFIED to achieve small

(nanometer) spot at the sample plane

Source Stabllity

« E-beam current must be stable and low
noise for clear imaging and stable electron
beam manipulation processes

Monochromatic beam is also important



Scanning Electron Microscope

« Sequential imaging similar to the optical
scanning confocal microscope

« Can be used in reflection or transmission
modes (STEM)



Electron Beam and Sample Interaction

* Depends on energy of beam, material of
the sample. The beam penetrates the
sample

« Beam Spot size isn’t everything
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Electron microscopy and microanalysis:
aims and means

- Microscopies: morphologies in small scales (micrometer
or nanometer)

Optical microscopy, Electron microscopy, Ion microscopy,
Scanning probe microscopy....., offer images only.

e Microanalyses: composition and/or structures in small
scales (micrometer or nanometer)

Energy Dispersive Spectroscopy, Wave-length Dispersive
Spectroscopy, Electron Energy Loss Spectroscopy, Auger
Electron Spectroscopy, Convergent Beam Electron
Diffraction,

Select Area Diffraction....., offer spectra and/or diffraction
pattern



Why electrons?

Wave Behaviour

— images and diffraction patterns

— wavelength can be tuned by energies
Charged Particle Behaviour

— strong electron-specimen
interactions

— chemical analysis is possible



Electron microscopy and microanalysis:
aims and means
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Why electrons =

= WFave Behawviouwurs
— imagres and diffractiomn patterms
— wwawvelemgth camn e tuned by energies
=  Charnged Particle Behawviowrs:
— stromg elecihronmn-speecimen interactioms
— chemical analysis Is possibie
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Interaction of high energy (—kKW) electromns wwith
(solid) materials-ill

Invberac-tiom wikiy a thick specamsemn (S ER)

Basic electron optics

=  Electrons and ons are charnged particles, they can
be acoelerated in a E fiebd.

=  The trajectory of an accelerated charged particle
can bpe defiected by E andfor B fiebd.

= According o de Brogife, the acoelerated (high-
encerngy) particles also behave like waves .
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Electron microscopes are operated 1n vacuum
because the mean free path of electrons 1s air 1s
short — this mean biological samples should not
degas — they can either be dehydrated or frozen —
pathology, not in-vivo.

*Electron microscopes have higher resolution than
optical microscopes — atomic resolution 1s possible.
*Chemical imaging and spectroscopy — mapping m
and ¢ bonds at 1nm resolution can be done.
eRadiation damage 1s severe and limits the image
quality and resolution (not as bad as x-rays or
neutrons though! — see R. Henderson, Quarterly

Reviews of Biophysics 28 (1995) 171-193.)



Comparison of Optical and Electron Microscopes

Light Mic__ruscnpe TEM SEM or STEM
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Where did Electron Microscopes Come From?
Electron Microscopes were developed due to the limitations of Light
Microscopes which are limited by the physics of light to 500x or 1000x
magnification and a resolution of 0.2 micrometers. In the early 1930's this
theoretical limit had been reached and there was a scientific desire to see
the fine details of the interior structures of organic cells (nucleus,
mitochondria...etc.). This required 10,000x plus magnification which was
just not possible using Light Microscopes.
The Transmission Electron Microscope (TEM) was the first type of
Electron Microscope to be developed and is patterned exactly on the Light
Transmission Microscope except that a focused beam of electrons is used
instead of light to ''see through'' the specimen. It was developed by Max
Knoll and Ernst Ruska in Germany in 1931.
The first Scanning Electron Microscope (SEM) debuted in 1942 with the
first commercial instruments around 1965. Its late development was due
to the electronics involved in "'scanning'’' the beam of electrons across the
sample



How do Electron Microscopes Work?
Electron Microscopes(EMs) function exactly as their optical counterparts
except that they use a focused beam of electrons instead of light to "'image"
the specimen and gain information as to its structure and composition.
The basic steps involved in all EMs:
A stream of electrons is formed (by the Electron source) and accelerated
toward the specimen using a positive electrical potential
This stream is confined and focused using metal apertures and magnetic lenses
into a thin, focused, moochromatic beam.
This beam is focused onto the sample using a magnetic lens
interactions occur inside the irradiated sample, affecting the electron beam
These interactions and effects are detected and transformed into an image
The above steps are carried out in all EMs regardless of type



1.The "Virtual Source" at the top represents the electron gun, producing a stream
of monochromatic electrons.

2.This stream is focused to a small, thin, coherent beam by the use of condenser
lenses 1 and 2. The first lens(usually controlled by the "spot size knob") largely
determines the "spot size"; the general size range of the final spot that strikes the
sample. The second lens(usually controlled by the "intensity or brightness knob"
actually changes the size of the spot on the sample; changing it from a wide
dispersed spot to a pinpoint beam.

3.The beam is restricted by the condenser aperature (usually user selectable),
knocking out high angle electrons (those far from the optic axis, the dotted line
down the center)

4.The bean strikes the specimen and parts of it are transmitted.

5.This transmitted portion is focused by the objective lens into an image

6. Optional Objective and Selected Area metal aperatures can restrict the beam;
the Objective aperture enhancing contrast by blocking out high-angle diffracted
electrons, the Selected Area aperture enabling the user to examine the periodic
diffraction of electrons by ordered arrangements of atoms in the sample

7.The image is passed down the column through the intermediate and projector
lenses, being enlarged all the way

8.The image strikes the phosphor image screen and light is generated, allowing the
user to see the image. The darker areas of the image represent those areas of the
sample that fewer electrons were transmitted through (they are thicker or denser).
The lighter areas of the image represent those areas of the sample that more
electrons were transmitted through (they are thinner or less dense)
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1.The "'Virtual Source' at the top represents the electron gun, producing a stream of
monochromatic electrons.

2.The stream is condensed by the first condenser lens (usually controlled by the ''coarse
probe current knob''). This lens is used to both form the beam and limit the amount of
current in the beam. It works in conjunction with the condenser aperture to eliminate
the high-angle electrons from the beam

3.The beam is then constricted by the condenser aperture (usually not user selectable),
eliminating some high-angle electrons

4.The second condenser lens forms the electrons into a thin, tight, coherent beam and is
usually controlled by the "fine probe current knob"

5.A user selectable objective aperture further eliminates high-angle electrons from the beam

6.A set of coils then ''scan'’ or "'sweep'' the beam in a grid fashion (like a television),
dwelling on points for a period of time determined by the scan speed (usually in the
microsecond range)

7.The final lens, the Objective, focuses the scanning beam onto the part of the specimen
desired.

8. When the beam strikes the sample (and dwells for a few microseconds) interactions occur
inside the sample and are detected with various instruments

9.Before the beam moves to its next dwell point these instruments count the number of
interactions and display a pixel on a CRT whose intensity is determined by this number
(the more reactions the brighter the pixel).

10. This process is repeated until the grid scan is finished and then repeated, the entire
pattern can be scanned 30 times per second
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All Electron Microscopes utilize an electron source of some kind with the majority
using a Themionic Gun as shown below:

Filament

‘wehnelt Cap
i negative potentialy

Space Charge

fnode Plate
[ pozitive potentiall

A Thermionic Electron Gun functions in the following manner

1.An positive electrical potential is applied to the anode

2. The filament (cathode) is heated until a stream of electrons is produced

3.The electrons are then accelerated by the positive potential down the column

4.A negative electrical potential (~500 V) is applied to the Whenelt Cap

5.As the electrons move toward the anode any ones emitted from the filament's side are
repelled by the Whenelt Cap toward the optic axis (horizontal center)

6.A collection of electrons occurs in the space between the filament tip and Whenelt Cap.
This collection is called a space charge

7. Those electrons at the bottom of the space charge (nearest to the anode) can exit the gun
area through the small (<1 mm) hole in the Whenelt Cap

8.These electrons then move down the column to be later used in imaging



This process insures several things:
That the electrons later used for imaging will be

emitted from a nearly perfect point source (the space
charge)

The electrons later used for imaging will all have
similar energies (monochromatic)

Only electrons nearly parallel to the optic axis will be
allowed out of the gun area



The energetic electrons in the microscope strike the sample and various reactions can occur as
shown below. The reactions noted on the top side of the diagram are utilized when examining
thick or bulk specimens(SEM) while the reactions on the bottom side are those examined in
thin or foil specimens (TEM). A diagram showing the generation depths of the interactions is
also available
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Bulk Specimen Interactions
Backscattered Electrons:

Formation
Caused by an incident electron colliding with an atom in the
specimen which is nearly normal to the incident's path. The
incident electron is then scattered ''backward' 180 degrees.
Utilization
The production of backscattered electrons varies directly with
the specimen's atomic number. This differing production rates
causes higher atomic number elements to appear brighter than
lower atomic number elements. This interaction is utilized to
differentiate parts of the specimen that have different average
atomic number. An example is shown in the SEM output section,
specifically the mechanically alloyed specimen micrograph.



Secondary Electrons:

Source
Caused by an incident electron passing "near" an atom in the specimen, near enough to
impart some of its energy to a lower energy electron (usually in the K-shell). This
causes a slight energy loss and path change in the incident electron and the ionization
of the electron in the specimen atom. This ionized electron then leaves the atom with a
very small kinetic energy (5eV) and is then termed a "secondary electron". Each
incident electron can produce several secondary electrons.

Utilization
Production of secondary electrons is very topography related. Due to their low energy,
SeV, only secondaries that are very near the surface (<10nm,) can exit the sample and
be examined. Any changes in topography in the sample that are larger than this
sampling depth will change the yield of secondaries due to collection efficiencies.
Collection of these electrons is aided by using a "collector” in conjunction with the
secondary electron detector. The collector is a grid or mesh with a +100V potential
applied to it which is placed in front of the detector, attracting the negatively charged
secondary electrons to it which then pass through the grid-holes and into the detector
to be counted.



Auger Electrons
Source

Caused by the de-energization of the specimen atom after a
secondary electron 1s produced. Since a lower (usually K-shell)
electron was emitted from the atom during the secondary
electron process an inner (lower energy) shell now has a
vacancy. A higher energy electron from the same atom can "fall"
to a lower energy, filling the vacancy. This creates and energy
surplus in the atom which can be corrected by emitting an outer
(lower energy) electron; an Auger Electron.

Utilization
Auger Electrons have a characteristic energy, unique to each
element from which i1t was emitted from. These electrons are
collected and sorted according to energy to give compositional
information about the specimen. Since Auger Electrons have
relatively low energy they are only emitted from the bulk
specimen from a depth of <3).



X-rays

Source
Caused by the de-energization of the specimen atom after a secondary electron
is produced. Since a lower (usually K-shell) electron was emitted from the
atom during the secondary electron process an inner (lower energy) shell now
has a vacancy. A higher energy electron can "fall" into the lower energy shell,
filling the vacancy. As the electron "falls" it emits energy, usually X-rays to
balance the total energy of the atom so it.

Utilization
X-rays or Light emitted from the atom will have a characteristic energy which
1s unique to the element from which it originated. These signals are collected
and sorted according to energy to yield micrometer diameter) of bulk
specimens limiting the point-to-point comparisons available



Thin Specimen Interactions

Unscattered Electrons

Source
Incident electrons which are transmitted through the thin specimen without any
interaction occurring inside the specimen.

Utilization
The transmission of unscattered electrons is inversely proportional to the specimen
thickness. Areas of the specimen that are thicker will have fewer transmitted
unscattered electrons and so will appear darker, conversely the thinner areas will have
more transmitted and thus will appear lighter.

Elasticity Scattered electrons

Source
Incident electrons that are scattered (deflected from their original path) by atoms in the
specimen in an elastic fashion (no loss of energy). These scattered electrons are then
transmitted through the remaining portions of the specimen.

Utilization
All electrons follow Bragg's Law and thus are scattered according to
Wavelength=2*Space between the atoms in the specimen*sin(angle of scattering). All
incident electrons have the same energy(thus wavelength) and enter the specimen
normal to its surface. All incidents that are scattered by the same atomic spacing will
be scattered by the same angle. These "similar angle" scattered electrons can be
collated using magnetic lenses to form a pattern of spots; each spot corresponding to a
specific atomic spacing (a plane). This pattern can then yield information about the
orientation, atomic arrangements and phases present in the area being examined



Inelastically Scattered Electrons
Source

Incident electrons that interact with specimen atoms in a inelastic

fashion, loosing energy during the interaction. These electrons are

then transmitted trough the rest of the specimen
Utilization

Inelasticaly scattered electrons can be utilized two ways
Electron Energy Loss Spectroscopy: The inelastic loss of energy by the
incident electrons 1s characteristic of the elements that were interacted
with. These energies are unique to each bonding state of each element
and thus can be used to extract both compositional and bonding (i.e.
oxidation state) information on the specimen region being examined.
Kakuchi Bands: Bands of alternating light and dark lines that are
formed by inelastic scattering interactions that are related to atomic
spacings 1n the specimen. These bands can be either measured (their
width 1s inversely proportional to atomic spacing) or "followed" like a
roadmap to the "real" elasticity scattered electron pattern.



The volume inside the specimen in which interactions occur while being struck with an
electron beam. This volume depends on the following factors:

e Atomic number of the material being examined; higher atomic number materials absorb or
stop more electrons and so have a smaller interaction volume.

*Accelerating voltage being used; higher voltages penetrate farther into the sample and
generate larger interaction volumes

*Angle of incidence for the electron beam; the greater the angle (further from normal) the
smaller the volume

Below 1s an example of a typical Interaction Volume for

*Specimen is predominately Atomic number 28

*Accelerating Voltage is 20 kV

(0 degrees tilt, incident beam is normal to specimen surface

noting the approximate maximum sampling depths for the various interactions. See
specimen interactions for details on specific interactions listed.

Electron Beam dugers 108 to 308

#,/f Backscattered <1-2 um
U

Fange of L X-rays

“Ranga of Electron Penetration
At 20 KV Accelerating Yoltage and Z=28



This technique 1s used in conjunction with SEM and is not a surface science
technique. An electron beam strikes the surface of a conducting sample. The
energy of the beam i1s typically in the range 10-20keV. This causes X-rays to
be emitted from the point the material. The energy of the X-rays emitted
depend on the material under examination. The X-rays are generated in a
region about 2 microns in depth, and thus EDX 1is not a surface science
technique. By moving the electron beam across the material an image of
each element in the sample can be acquired in a manner similar to SAM.
Due to the low X-ray intensity, images usually take a number of hours to
acquire. Elements of low atomic number are difficult to detect by EDX. The
SiLli detector (see below) is often protected by a Beryllium window. The
absorbtion of the soft X-rays by the Be precludes the detection of elements
below an atomic number of 11 (Na). In windowless systems, elements with
as low atomic number as 4 (Be) have been detected, but the problems
involved get progressively worse as the atomic number is reduced.



Sumimary

The goal of this short course 1s 1o prowvide woll
withh a better understanding of Some Cormrmon
technigques or tools of electron MICroscopy S
microanabhysis for materials characterization .

Mo single analytical technigue can sobve all of
wyour problems. Each technigue has its particular
adwvantage.

Sood specimen will give excellent results.




