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Scanning Electron Microscopes
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ElectronBeamc¢ Specimeninteraction

Def.:

Scatteringg interaction between beam electrons and atoms/electrons

2F 0KS aLISOAYSY NBadzZ GAy3a Ay aStlaidao
a0FGOGSNAYy €

Elastic scattering

r

A new trajectory
No kinetic energy loss

> >

Inelastic scattering

A The beam electrons lose energy and transfer it in various ways to the specimen
atoms¢ this transfer takes place gradually, so that the beam electrons
propagate through may atom layers into thespecimen before losing all their
energy
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Elastic scattering
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Inelastic scattering
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Electron

e cloud

Two mechanisms by which a higgnergy
electron is scatter by isolated atom

wCoulombic interaction within the electron
cloud results in lowangle () scatter

wCoulombicattraction by the nucleugesults
In high-angleé ‘soatter and complete
backscatter.

The potential within the electron cloud is
always positive

0<' <180
. ‘ _
typlgally =
M S+ ( wMn
o T o energy of electron
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A mathematical description of elastic scattering

Z 2 events q
Qe(> q) —_ 162)(10- 20 E— C(:)t2 g [electrorfatom/ cm?)]

GKSNBY Gorodsfpection a)Q (> 0 NI I OK S'dapproaches R S Y
(cr) for elastic scattering (i-€. (smga|ler scattering angle Bigher elastic cross section

robability of elastic scatterin . : .
Ec atomig/number J C less electron change their trajectories at 2@en

Ec electron energy in at 5°)
keV b) The probability of elastic scattering increases

stronglywith atomic numberQ,(> 0  n?(blecade
heavier atoms have much stronger positive charge on
the atomic nucleus

c) The probability of elastic scattering decreases as

an the electron energy decreasé€0 H* 0 2@ 1 9
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Mean Free Path MFP
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section and density of the atoms along the path

A ¢ Atomic weight (g/mol) )
N,¢! 223 RNR Qa ydaomSmbl) 6 c ®nHEW

[ = cm " ¢ density (g/cnd
N o (M) gEmem

1 Cross section is inersely proportional to
O Mean Free Path!!!
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different elements

Table 3.1. Elastic Mean Free Path, in Nanometers
(Scattering Events Greater than 2°)

Element 10 keV 20 keV 30 keV 40 keV 50 keV

C 53 22 49 89 140

Al 1.8 7.4 17 29 46

Fe 0.3 1.3 2.9 52 8.2
Ag 0.15 0.6 1.3 2.3 3.6
Pb 0.08 0.34 0.76 1.4 2.1
U 0.05 0.19 0.42 0.75 1.2

>

Project WND-POWR.03.02.00-00-1043/16

European Union
European Social Fund

Mean Free Path

A (nin)
Si
200
Cu
W‘ Au
0 T T T

100 200

Incident Electron Encrgy, Ej (ke)

Electron energyg, m ¢ <

International interdisciplinary PhD Studies in Materials Science with English as the language of instruction At0| I I IC n u I I I ber Z-b C <

Project co-financed by the European Union within the European Social Funds

O %Y
oYY



P AND MATERIAL: S SCIENCE :
M POLISH ACADAMY OF SCIENCES European Social Fund

E Eur%pean @M INSTITUTE OF METALLURGY European Union
undas

Knowledge Education Development

Elasticscattering
Theresult BackScattelElectronsBSE

Generally, these electrons have undergone
numerous elastic scattering events to
accumulate enough deviation from the

iIncident beam path to return to the surface
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Backscatter electrong a result of elastic scattering
Examples of BSE images
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b) Secondary electyon image d) Backscattered electron topographic image

A B C D
Chemical SiG, CaSiQ CaSiLO, CaSiQ,
composition

Mean atomic 10.76 13.45 14.02 14.40
number
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h=-0.0254+0.016Z - 1.88&10*Z2 +8.3x107Z® Reuter (1972

When a target is a mixture of elements that is
homogeneous on an atomic scale (e.g. solid

1 solution), the BC follovs the simple rule of

h = a Ci hi mixtures based on weight (mass)
i concentrations Cof the individual

constituents
where:iRSy 2054 SI OK O2yaildAddzsSyi:
pure element BC for element and the
summation is taken over all constituents
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BC as a function o
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Tilt dependenceof BSE

f tilt as measured for iron \

and calculated by Monte Carlo electron 1

Backscatter Coefficient, n

trajectory simulation for F8.22Si
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h(Q)= (1+ cosq)”

where:p = —
N

BC as a function of tilt as measured for iron as calculated for
several elements by Mont&arlo electron trajectory simulation

Project WND-POWR.03.02.00-00-1043/16

International interdisciplinary PhD Studies in Materials Science with English as the language of instruction

Project co-financed by the European Union within the European Social Funds



E European @A INSTITUTE OF METALLURGY European Union

Fu nds AAAAAAAAAAAAAAAAAAA P
i 'M AAAAAAAAAAAAAAAAAAAAAAA European Social Fund

eeeeeeeeeeeeeeeeeeeeeeeeeeeee

InelasticScattering

Inelastic processes can be separate Into
three components

1. Processes that result from collective
Interactions with many atoms

2. Processes that generate other (secondary)
electrons

3. Processes that generate-téys
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1. Processes that results from collective
Interactions with many atoms

A Plasmons
A  Phonons
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Inelastic scattering
Collective oscillations

Incident
electron
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Plasmonsre collective
oscillations of free

electrons that occur ‘ . . ‘ &
when the beam electron ' ‘_ . &
passes through the free — — (O
St SOUNRY o3l ad) @

Positive ion cores

Schematic diagram of a higanergy beam
exciting plasmon oscillation in a free
electron gas that permeates the ion core in
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Inelastic scattering

Collective oscillations

Phononsare oscillations where
all the atoms in the crystal lattice @
vibrate collectively. Such

vibrations of the atoms are
equivalent to specimen heating. Yy
You can reduce the number of 0\! |
phonons by cooling the specime

E European p INSTITUTE OF METALLURGY European Union

elastically by springs. The bonds vibrate when struck by high
energy electron creating lattice oscillations or phonons. electron
The lattice absorbs heat by creating phonons, so phonon excitation
IS equivalent to heating the specimen
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2. Processes that generate othe
(secondary) electrons

A Secondary Electrons SE

A Fast Secondary Electrons FSE

Highenergy electron which are generated in the specimen,

they are highenergy because the receive a large fraction of

the beam energy. At low beam energies we use in a SEM, FSEs
are not a problem, so nobody bothers about them (however

In TEM FSEs are generally both unavoidable and undesirable,
they degradespectroscopiciata)
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3. Processes that generate-bays
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X ray emission:
A Characteristic Xays
A Bremsstrahlung ays

Full scale = 108 cps Cursor2 9875 keV¥

0 2 4 B g 10 12 14 16 18 20
=3
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Signals from Inelastic Scattering

1. Secondary electrons with a continuous energy distribution

2. Auger electrons with characteristic energy

3. BrehmsstrahlungX-ray formed with a continuous energy
distribution

4. Characteristic Xays

5. Cathodoluminescenceadiation which is the emission of
ultraviolet, visible or infrared radiation

6. Lattice vibrations (heat)
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Elastic scatteng predominatesfor
high atomic humbelZ
Inelastic scattering préominatesfor
low atomic humberZ
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Beam electrons lose and transfer energy in various ways to the specimen. This
transfer takes place gradually, so that the beam electrons propagate through many
atom layers into the specimen before losing all their energy
Bethe (1930) described the rate of energy IdEsvith distance traveledlsas:

dE Zr l.16c Zr l.166

— =-2pe’*N.—— 1o 1) =-7.85x10"——1o '

dS p 0] AEI ge( J ) AEI ge( J )
where: ’

e ¢ electron charge 7™ e*= 1.304x16°for E in KeV
Ec electron energy

Noc¢! @23 RNR Qa Yy dzYo SNJ

Z ¢ atomic number

A ¢ atomic weight (gimol)

" ¢ density (g/cm3)

E ¢ average energy along the path segment s (keV)
J¢ mean ionization potential

Negative sign indicates the loss of energy
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J¢ mean ionization potentialg the averageenergy loss per
inelastic interaction considering all the energy loss
processes

1=(9.76Z +585Z2°°1910° [keV]

Table 3.1. Energy Loss Due to Inelastic Scattering

Element Z A p(giem?)  J (keV) dE/ds (keViecm) dE/ds (eV/nm)

Carbon 6 12.01 2.1 0.100 2.24 x 10* 2.24
Iron 26 55.85 7.87 0.285 6.32 %10 6.32
Silver 47 107.9 10.5 0.487 6.94 x 10° 6.94
Uranium 92 238.03 18.95 0.923 9.27 x 10* 9.27
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Simulation of interaction volume

To construct a electron trajectory simulation, the effects of elastic and inelastic
scattering are calculated to determine.:

w Scattering angles
w distance between scattering sites (MPF)
w the rate of energy loss

From these parameters the electron trajectories can be simulated in a stepwise
fashion from the location at which it enters the specimen to its final fate.

Random numbers are usedith a weighting factor to produce the
appropriate statistical distribution of the physical events. The
dzaS 2F N} YyR2Y ydzYoSNB 3IJALBS NARAS

The electron location in the specimen (coordinatesy,2 the electron velocity
vector {,, v,, v,) and kinetic energyriv?/2 are constantly updated.
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Monte Carlo electron
trajectory simulation of
| the beam interactionin Fe

E,= 20 kV, tilt = @

Plot of 5 trajectories showing
random variation

(b)

Plot of 1000 trajectories
projected onthe plane
perpendicular to the surface,
giving a visual impression of

The penetration range is not interaction volume

precisely defined!!!

H . . . Project WND-POWR.03.02.00-00-1043/16
Good statistics 1810*trajectories o T A
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e e 2 e
10 keV Eo I
(b)
e W0 b <rb
s I
20keV | -electron mean free path

increases with electron energy

dE, 1
dx E,

The higher electron energy, the lower rate of

Bethe equation

' energy loss with distance traveled dx, i.e.
v L 30keV
Monte Carlo electrortrajectory Electrons penetrate deeper into
simulation of interaction volume in iron materials
at beam energies of 10 keV, 20 keV and Project WAID POWR.03.02.00 001043/16
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Monte Carlo electron tre j;éétory simulations of the interactiorrvolume at 20 keV afd 0
tilt in various targets: carbon ¥shell, iron Kshell, silver kshell, uranium Mshell
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(@)

(b)

(d)

Monte Carlo electrontrajectory simulation in iron atg,=20keV for various tilts:a) 0° tilt, b) 45° tilt, 60° tilt

d) Schematic illustration of the origin of increased backscattering from tilted sample.

Consider a given average elastic scattering angle which produces the scattering toaelectron may land at any point on the base of the
cone with equal probability. At normal incidence, no matter where on the base of the cone the electron lands, it tends fapate into the
solid. When the specimen is tiltedome of the possible locatiosof the base of the scattering cone carry the electron out of thelid.
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Kanaya Okayama (1972)angeequation

Ri.o=— E.°" mm

where:

A ¢ atomic weight (g/mol),

Z ¢ atomic number

" ¢ density (g/cn?)

E, ¢ beam energy (keV)

To calculate R, in nanometers the constant becomes 27.6

Penetration range of electrons (w Y calculated based on-K equation

5 keV 10 keV 20 keV 30 keV
Al 0.41 1.32 4.2 8.3
Cu 0.15 0.46 1.47 2.89
Au 0.085 (1) 0.27 0.86 1.70
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Electron range at low
Incident beam energy
calculated by the Bethe %'
expression and modified by
Joy and Luo for Al, Cu and
Au

Range (um)
[ Illl] |

|

001

0.1

Incident Energy (keV)
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Joy & Luo in 1989 noted that at low beam energies the number
of processes contributing to the energy loss decreases; they
proposed amodified form of the Bethe energy loss relation

which is appropriate at low beam energies

E - 785a0 It 166E') (kev)

ds AE.

The modified mean ionization potential is . J
given by: J =

where: 1+ —

J is the value given by the conventional E
expression

k ¢ is a variable dependent on atomic number —
which is always close but less than unity k=0.731+ 0'06880910 Z

K- is the distance along the trajectory
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CHAPTER 3

- P
vy 52
- ¥
o

iy A

Incident

Electron a) Etching experiment performed in
Specimen polymethylmethacrylate (PMMA)
for an incident beam dose energy
of 20 keV at fixed dose; b)
Interpretation of etching
experiment of a) in terms of
contours of energy deposited in the
specimen (left) and as calculated
___with Monte Carlo simulation(right)
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Eg

Sample surface \ v /

A d i
K 1 nm - Auger electrons

5-50 A Secondary electrons

Backscattered electrons

Characteristic x-rays
E=E,
E=0

Continuum x-rays

—— Secondary fluorescence by

o continuum and

SRR characteristic x-rays

BSE spatial
resolution

~{ X-ray resolution =

Schematic diagram to show the interaction volume of the
primary electron beam
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A

>
50 eV Electron energy Eo

Schematic illustration of the distribution of electron signals and

their approximate energies, for a giveprimary beam energy.
Regions | and Il refer to backscatter electron contributions, while

Region Ill corresponds to secondary electron signal

+

lBeam = lgset!set!

setlgt aps

where:
Igeam© D€AM Current
Igsg O backscatter electron current
isg 0 secondary electron current
Ig © background current
Project WND-POWR.03.02.00-00-1043/16 iabs dabsorbed electron current
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SECONDARY ELECTRONS

Produced as a result of interactions between energetic beam
electrons and

a) Weakly bound conduction band electrons in metals

b) Outer-shell valenceelectronsin semiconductors and
Insulators

Because of great difference in energies between the beam
electrons and the specimen electrons only a small amount of
Kinetic energy can be efficiently transferred to the secondary
electrons

Project WND-POWR.03.02.00-00-1043/16
International interdisciplinary PhD Studies in Materials Science with English as the language of instruction

Project co-financed by the European Union within the European Social Funds



European INSTITUTE OF METALLURGY i
E Fundg ‘Mﬂ. AND MATERIALS SCIENCE European Union

; POLISH ACADAMY OF SCIENCES European Social Fund
Knowledge Education Development

The energy distribution of secondary electrons emitted from
the specimen is narrow and peaks at very low energy,
generally in the range of 5 eV.

d — n SE — | SE
n B | B
1 ¢ total secondary electron coefficient
Nge - NUMber of secondary electrons

IseG secondary electron current
IseamG NUMber of beam electrons

N (E) (arbitrary units)

0 5 10 15 20

o

Energy (eV)
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Experimental data for the secondary coefficients foad Au

overa range of energy

European Union
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5keV | 20 keV | 50 keV
Al 0.4 0.1 0.05
Au 0.7 0.2 0.10

Vd
u

¢KS aSO2YyRINE StSOGNRY O2SFFAOASYO + 3

beam energy is lowered
Why?

Because the escape depth of secondary electrons is small (in
the order of a few nanometers) so all secondaries created by

the beam electrons at depths greater than a few nanometers

are lost!
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W 10 - As a consequence of strong attenuation of
55 the SE due to inelastic scattering, the

58 . i probability of escape decreases

£3 exponentially with depth

0.0 2.5 5.0 7.5 o é, Z 6
Depth Z (nm) p eXIE —O0

¢ |
Maximum depth of
SYAé—é)\zy A a I Gz%jprobg)oility<

<c¢Mean Free Patlza 1 Z cdepth below the surface where the
f 5 SE is generated secondaries are

nm tor meta generated

<(C Mean Free Pathca <¢ Mean Free Path of SE

10 nm for insulators

P YY fnn<  f
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B Beam Electron

SEi 4 Total ' SE/SE
//4 SE,

N //4 A L C 0.05 0.06 0.18
e A~ l Al 0.1 0.16 0.48
Cu 0.1 0.30 0.9
Au 0.2 0.50 1.5

Backscattered Electron
BSE

o o o wSE prevails for C and Al (backscattering is low)

Utotar = Up + Uy d. wFor mean atomic number Z (e.g. Cu); SESE
wSE prevails for high atomic number
(backscattering is high)

Project WND-POWR.03.02.00-00-1043/16
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Total e m |tte d.e I e Ctro n CO effl C | e nt' 'b Table 3.6. Upper Crossover Energy for Various Materials (Normal Beam Incidence)

: Material Eyke Reference

1 as a function of energy il
Kapton 04 Joy (unpublished)

A Electron resist 0.55-0.70 Joy(1987)
Nylon 1.18 Joy (unpublished)
5% PB7/nylon 1.40 Krause ef al. (1987)
Acetal 1.65 Vaz (1986)
Polyvinyl chloride 1.65 Vaz (1986) )
Teflon 1.82 Vaz and Krause (1986)

1.0 Glass passivation 2.0 Joy (1987)

GaAs 2.6 Joy (1987)
Quartz 3.0 Joy (1987)
Alumina 4.2 Joy (unpublished)

n+d

reduced below 3 keV, the primary range

becomes so shallow that a much greater
o fraction of secondaries occurs within escape

Es Es RSWIK FYR + AYyONBI aSa
Beam Energy

Ast AYONBI &aSasx (G§KSNB OQahycalied theuphse (argacond )RrEsga¥dr ok, KI SANBIeaches a
value of unity. As the beam energy is lowered furtheb intreases above unitynore electrons are emitted from
the surface than are supplied by the bedh
14 0KS 0SFY SYSNHE& Aa FdzNI KSNJ NBwedgdiBsh ZrossokebpoiatE it eshed. Below
ES 'b | RSONBIF 4S5S4 6A0KeehRSQONBl:AAY I SYSNHES
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High-vacuum evaporation is one of the more popular ways of %
applying thinmetal and carbon films as coating layers on L ¢¢
specimens. The noble metals and thalloysare highly _ O —
conductive and are suitable as a coating fmost samples to

be images using secondary electrans

A

Carbon, though a relatively poor conductas one of the best S, ———
coating materials for studies involving-¥y microanalysis, g 7
provided one of the elements of interest is not carbon r )
n \ High
’: g ‘ 4__Vacuum
o - Sr.luuer »
S @W‘ Tonior

—
Gas Inlet
Valve
T
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0.6 —

0.4

n. HEINRICH

n, o

o o o BWITTRY |

ﬂ.ﬂ 1 | L | L | I | L
0 20 40 60 80 100

Atomic Number

' ¢ strongly increases with atomic numbet !!!

1 ¢ dependence with Z is not so strong!!!
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Scattered Primary
Electron

PierreAugerand Niels Bohr

Ny .
® Ejected Orbital

. e
Incident Electron

Electron

Electron Transition
LtoK

Scanned at the American (f X'Ray phOton

Institute of Pl ySCS . El I lltted

Electron
Emitted

N/
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The process of inner (K)
shell ionization and
subsequent Auger
electron emission.

The energy released
when L electron fills the
hole in the K shell is
transferred to an electron
L, ;shell which is ejected
as electron KL,

' INSTITUTE OF METALLURGY
'M AND MATERIALS SCIENCE

POLISH ACADAMY OF SCIENCES

® Auger
electron

i

Vacuum

Ec Conduction
Band

— ———Eg

EqL 1257 BB 1Els
E ,; binding energy different
from B, due to the presence

on the hole in the Lshell

ELz 3
. PP L,
Er, ‘I »
Incident
electron
beam
(e.g., 100keV) ‘
Eg O K
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Fluorescence yield

_ productionof photonskK
K K shell ionization
Z 4

a+Z"*

a = 10 for K shell

Auger Electron En
.'ss,o
n

W =

08+
Z; = 26 (Fe)

Z, = 33 (As)
089 z, = 40 (zn)

Probability
o
>
1

=]
~
1

for C. ~ 0.005

i 5 10 s 20 25 0 3335 40
H B | Ne P e Mn 2 Br zr for Ge+ K~ 0.5

Atom:z Number

Auger electron emission predominatfor light elements
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o

_l BSE spatial
resolution

X-ray resolution

Secondary electrons

—— Secondary fluorescence by

Ao European Union
'M European Social Fund
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Energy range of Auger electrons: from a
few hundreds eV to several keV

1 nm - Auger electrons

monolayels
Backscattered electrons

Characteristic x-rays
E=E,
E=0

Continuum x-rays

continuum and
characteristic x-rays

A A

Signal is emitted from a few

|deal technique for surface analysis
Scanning Auger MicroscopySAM

/V

50aV

Eo

Electron energy
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EO
o

Mi Ni

o C Cr Cr o

N(E) x10 + Cn T

Fe
N(E) Cu
i 1 1 7' l SreY, i d FE FE
0 2!;0 Y “’IO ) S(T)O ' .'“ J TOOO T T T T T T T T
ELECTRON ENERGY (eV) 100 200 300 400 Loo B0 100 ann ann 1non

Auger electron spectrum of silver excited
with an incident electron beam energy of
1 keV Integral (shown with two different
vertical expansions) and derivative
representations are shown

Kinetic Energy (e%)
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X-ray emission
E=hn= % keV where:
het £ 1 yO1Qa O2yadal yi
1.2398 A ¢ frequency
= nm c ¢ velocity of light
- < ¢ X-ray wavelength (nm)
Ec energy of photon (keV)
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T T T

/ Peaks

Continuum

/ X-rays
L periropesarpemtestpem st

Characteristic CuK,

|

, X-Ray spectrum of copper showingdéries and iseries o Xray peaks
and the continuous Xay spectrum obtained with a Si(Li) EDS detector
with an ultrathin X-ray window. Natural widths of peaks are much
narrower. A noise peak is measured at very low energies.

 SSEY (SN S| [N (TS S S| (A |

CuKB

LA

5

Energy (keV)

10

A typical Xray spectrum includes major spectral peaks
superimposed on droad background

Each elemenproducecharacteristic spectral peaks therefore
gualitative information can beextracted

Extracting quantitative information is also possible but more
complicated
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Continuum Xray production The maximum Xay energy
observed in the spectrum
(Bremsstrahlung corresponds to beam electrons
that have lost all of their incident
energy in a single event.

Since Xray wavelengths is
Inversely proportional to energy,
the most energetic Xays will
have a minimum wavelengti .

" E2© £k, or | g, called the short
Schematic illustration of the origin of V_Vayder_]gth limit orDuane Hunt
the Xray continuum which results limit which can be related to the
from the deceleration of beam incident energyEO
electrons in the Coulombic field of the
atoms
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Continuum Xray production
(Bremsstrahlung

20 keV
>
g 15 keV
g 1 Duane-Hunt
- 10 keV —, limit
0 5 10 15 20

Energy (keV)
DuaneHunt limit for simulated spectra from a carbon

specimen at beam energies of 10, 15 and 20 keV.
DuaneHunt limit is the energy where the continuum
background intensity goes taero.
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Continuum Xray production

(Bremsstrahlung
Kramer, 1923

|Cm<’ipZE°'En
E

n
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Continuum Xray production
(Bremsstrahlung

Counts (x10%)

5 l I 1 I [ | pel I 1
| Spectra generated by irrediating Co | e
| | ot X0, SV A0 180, boto the "cut-ofF" 110
AbSOl’ption Of A energy of the spectra at each k. i E »£ 93 e
a ‘ 5 4

the Xray by
Beryllium
window

COKG

Co,
E 4(,51«\/

A =10 keV

iy &@ | B=5keV
% w\m«v
' C =3 keV
8 9 10
Range (kel)

{150 Lirk svstars
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Continuum Xray production
(Bremsstrahlung

Theoretical(Cu, 20 keV)

7 I T T 4000
- Cu Lo Peak
2 5.30 X 105
o | |
e Cu Ko Peak
@ 7.53 x 10 2
o (7]
° S
£ ] £
=]
py \
=
>
=z 1 7

Kp
. 0
0 2 4 6 8 10
Energy (keV)

European Union
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Experimental(Cu, 20 keV)

T
4
Continuum I
‘//// X-rays J CuKp -
IL—‘I ) od o e e A 1 L‘/I\
5 10
Energy (keV)

Bremsstrahlungi a big problemduring analysis
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Characteristic Xay ¢ The ionization process

NI oo o s s o s s Incoming
electrons
(e.g., 100 keV)
Conduction band @ }s,f =
Valence bai \ﬁ‘*&
ff

Atomic

energy  E, ——@—@—@—@-L-
levels ) : ;

Characteristic

Eg @ ¥K— X-rays

Nucleus

An inner K=(K) shell electrons is ejected from the atom by a keglkrgy electron.
When the hole in the K shell is filled by an electron from the L shell, characteristic
KU X-ray emission occurs. The beam electron loses energy but continues on
through thesample
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Ll ab

K ab

v Al ®

:Iw ”n l,yl}” v I ,v'm Lo,
O N M L &

LIll
M,  NUCLEUS
IVIIV

My M, M,

M

M, ab M, ab

The compete range of possible electron transitions that give
rise to K, L and M characteristicrays
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Critical ionization inergy
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K K Electron _
( Removed Table 6.2. Critical Ionization Energies for Pt, Nb, and Si
Shell E. for Pt (keV) E_ for Nb (keV) E. for Si (keV)

T S K 78.39 18.99 1.839

] Ko

g L 13.88 2.697 0.149
5 o Kp Ly 13.27 2.464 0,099
o x L 11.56 2.370 0.099
= M 3.296 0.468
= L L-Electron My 3.026 0.378
% N Removed M 2.645 0.363
® S My 2.202 0.207
3] s e My 2.122 0.204
= M ‘S M-Electron

i 5 M Removed .
-l o
N & e The rule in SEM
=|N 1 Removed
Nomal e ; : :
—————————————————— —— We work with beam energies 3 times
Excitation -ray . . : .
Emission higher than Critical lonization Energy

Primaryionizationinvolvesremovingan electron from a boundstate in ashellto an effective
infinity outside atom. However characteristicSt E K (E-E) =1.740 keV<E=1.839 keV
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The energies of the electron shells vary in a discrighionwith atomic number

Knowledge Education Development

Thus, the emittedX-rays have energies characteristic of that atomic number

The difference in energy between shells changes in regular step when the atomic number

£ changes by one unit
== _— 2
i ) E — A (Z - C) A, Cc constants
' g _ €.J.
A C =1.13 for the K

series

(Z - C) 2 C =7 for the L series

'[he eAquation may be used to find energy oanny element K or L line
azasStsSeqQa ¢ T2N¥a -rayaihlysislid théidemtifichtionj dzl € A G F G A ¢
of elemental constituents
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Electron range expression
k ¢ depends on material parameter = 0.0276 AR
,-R — kE n ,mn E, ¢ is the incident electron beam energy (keV)
- o) [ cin the density

n ¢ is a constant between 1.2 and 1.7

Depth of Xray production (Xray range)

rR — k( E(r; _ @) m Fﬁé gr:iéilclzal ionisation energy (keV) of

n ¢ is a constant between 1.2 and 1.7
X-ray excitation depth Is
ALWAYS smaller than electron
excitation depth.
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AndersonHasler Xray Range

~ 0.064

r (Ei‘GS- Ei‘68) mn

Rk

E. =0keV
0.064

8.93
_ — Rhasunitin> Y%~ 9 Aa A
Cu- La(E, =0.933keV) VR hes Ay

0054 ogee - 0933%%)=100mm  Cu =893 glord

8.93 = 20k
Cu- Ka(E, = 8.980keV)

0.064 56 . g 980452 = 0.81mm

8 " 3 International interdisciplinary PhD Studies in Materials Science with English as the language of instruction

R = 20%® =1.10mm

R =

R =
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T I T T T
6 I R, (electron 4
al( )\
- 9 =
£ CuK,inAl
=
S 4 L i,
Q>< Al K, in Al
¢ 3 .
CCD CuL, inCu
©
. / f
1 % d
CuK,inCu
0 | L |
0 5 10 15 20 25 30 35

Beam Energy, E, (keV)

X-ray generation range (AnderseHaslet F2NJ ! £ Yh |y R [/ dz Yh 3
aLISOAYSY YR /dz Yh YR /dz [P AY | [ dz aLIS
Note that electron range for aluminunik, is larger than the Xay range of the X
ray line generated by the electron beam.
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X-ray spatial resolution
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Liu K L

9!

1
I

|
|
\ 7 : 20 keV
\ 1 ?
|
| ?K-O
R, s
o Calk
cCuK
~——F=0

Al,” ~ 3 glcn? Cu,” ~ 10 g/cn?

Comparison of Xay production regions from the specimen with densitiesof 3gfmt STi 0 I yR
(right) at the beam energy of 20 keV.

TheX-ray spatial distribution L.is found by projecting the maximum diameter of the-tdy distribution to the
surface of the specimen
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Monte Carlo simulation of
the generation of Al K
X-rays in pure Al.

At 30keVthe electron

beam enters the 7
specimen at the surface,

0, and progresses into the
specimen as a function of
distance Z.

(Left A - histogram of the
X-ray generation function
with depth, . (" Z).

X-ray generation
Increases to a maximum
just below the surface
and then decreases as
fewer Xray are generated Project WND-POWR.03.02.00-00-1043/15
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Interaction Yolume Simulation

Sample Conditions

W Generated Ly 30.0 Tilt: 0
0.00 M Emitted
. —— Mo. Trajectones: 1000
f = B.S. Coefhicient: 0.1730
1.00— —
—————— Take-off Angle: 19.3
2.00~ ]
——
o0~ - E 4 Bulk Al
.. — Line Al K
E 3
4.00- —
E 3
—
A= —
=
—
6.00 =
-
4
.00 = 5
! omments
8.00- i
i
9.00 f
10.00 1 ! . T S S . L ! Flchi):
6.21 496 372 248 124 000 124 248 372 49 G621 0.454
Microns
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Spatial resolution of Xay analysisn TEM

Interaction ¥olume Simulation
Sample Conditions

kY: 200, Til:0

Mo. Trajectories: 1000
B.5. Coefficient: 0,0000
Transmitted: 0.9980

Layer Mame Thickness

1 Cu 1000

M

I | L | |

0.0
6205 4964 3723 2482 0.0 1 2482 3723 496.4 6205

100

Angstroms

Cu,” ~ 10 g/cn? In TEM a spatial resolution is
dependent on beanbroading
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Cross section (probability) for inner shell ionization

n.b . .
Q=651x10 " —=510g,(C,U) gir s e

| I

C
n,number of electrons in a shell or subshell (e.g., ng=afor a ae
K shell ;E< 5 | -
b, ¢, constants for a particular shell g
E.critical ionisation energy (ke)of the shell
' a2 SN2t G 2S¢ %0 110 240 30

Overvoltage U

Plot of the cross section for inner shell ionization of the
silicon K shell as a function of overvoltage UEE/

E, beam energy

= The cross section increases rapidly from an overvoltage
U=—"= of 1 to a maximum of about & o

Ec E.g. forE Si K = 1.839 keV, maximum K shell ionizai®for EFf p ®p | S+
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X-ray production in thick targets

(Green 1963Lifshin1980)
aE - E_

L} ' O
|

a1
o )
|, = paég - 8 =i a(U- 1)

This is an intensity produced in the specimen prior to
its absorption as the radiation propagated through
the specimen
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ip the electron
beam current

a, n-are
constants for
particular
element and
shell. The value
of nis normally
in the range of
1.52.0
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CathodoluminescencéeCL)

Aninitial state before a
beam electron interacts
with valenceband
electrons

Knowledge Education Development

B: A valencéband
electron is excited across
the gap into the
conduction band, leaving
a hole in the valence
band

C: The hole is filled ny a conduction
band electron falling back into the
valenceband hole. Upon
recombination a photon of light is _ :
emitted ,with a frequency determined EGAP_ 1.leV (SI)
by the band gaghA = E;p
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