Chapter 2 Electron Optics/ Operation Modes

Electron gun
- thermionic source
- Field emission source
- Brightness of source
- Coherence of source

Magnetic lenes
- Spherical aberration
- Chromatic aberration
- Astigmatism
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2.1Electron Source

* thermionic source

» field-emission source

thermionic
LaBE

| crystal
no# /\ |

Tmm
| SR

energy/dispersion

keV

— real source
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A. Thermionic Source

« Work function: energy barrier required for an electron to escape from the metal
surface

®Polarization effect

@Image effect)

: thermionic

- LaBE

@ @+ 6> crystal

+ -

n

E — real source
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To extract electrons from the “tip”, work is needed.
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Thermionic tip

LabBs
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Thermionic tip
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Thermionic tip
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Richardson's Law

9
J=AT?e KT

« J ! current density (Amp/cm?)

* A : Richardson’s constant (A/cm2.k2) :

« T : operating temperature (°k)

® Requirement for a filament

1. low work function
2. high melting temperature
3. stable at high T

Femi

SEE Y

c 2 thermionic

vmxﬂSchonky

= .

. QLK

field emission

B SR
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Electron Source

Thermionic emission (tungsten, LaB6, Schottky emitter)

i T
....... gt .'Vo
C
Y
Filament is heated
Electrons are emitted from the tip
JW
l F...Filament
W...Wehnelt electrode
I
+0 ¢ +0 C...Ceramic high voltage insulator

Rb...Autobias resistor
le...Electron emission current

Thursday, March 21,



@
M
(@)
—
a
@)
0))
—t
Q)
Ly
(@)
0}
-
(0))

Thermionic gun

Optic :axis Filament

/’ heating
:I supply
Gun
(Wehnelt)
bias

///' \:\ @ O—
A\ Applied
]
o

LaBg
crystal

Wehnelt

N—

5 [+

0 | ;
i S LA L
94

Equipotential :
quipoten 1y‘ W G

lines :
Cross-over
/§) \ e—

\

Anode Plate / / \ \\\

/ -
S - E—
i, 1 Emission
Into ¥ current
illumination

Attaches to
insulator
& HT cable

Wehnelt —
cap

— Notice

Thursday, March 21,



equivalent
lens action
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Emission
(cathode)
current

ie

I

space charge
limited current

o

Operating
condition

temperature
limited current

= >

Filament (heating) current, if

Filament (cathode)
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Mcin ok
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Anode  jyNobias i) Optimum iii)High bias
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current current current
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Space Charge/ Boersch Effect

Filament
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Space Charge/ Boersch Effect

Filament

"8
2

Longitudinal Space Charge

Cathode Child's Law:
1 * Field from recent

¥
\qu electrons retards
i emission

«  Fundamentally limits
Anode| | |Anode current density:

jOCV3/2/d2
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Space Charge/ Boersch Effect

Filament

Longitudinal Space Charge

Cathode Child's Law:
1 - Field from recent

v
‘lqu electrons retards

$ emission
«  Fundamentally limits
Anode| | |/Anode current density:
j - V3/ 2 / d2
Homogeneous Effects Inhomogeneous Effects
"Space charge" Includes Boersch effect
Continuum model Discrete, stochastic model
p, V, and E are continuous Localized, random individual
functions of space and time charges and statistical collisions
"
vo ':v
7 e
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B. Field Emission Gun

E=V/r
I . radius of curvature of tip °

V:applied voltage
E: electric field

@ Generally, r <0.1um(1000A), V=kv(1000ev)--->E=10° V/m

strong electric field makes electron tunneling
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Field Emission Gun

FE tlp /l V VO
I -
anode
anode \, ;

(T>

V;=#kV:extraction voltageZ:EVE B

V,=100kV or more:accelerating

voltage(/NZRE )
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Optic :axis F;:lea::: ggt
LaBg Tl supply

crystal q\k_J

Gun
(Wehnelt)
bias

Wehnelt

' ‘o)
\ Applied
kV
o —0
0 " m
+
Equipotential
lines ‘/ ; d.«— Gun
, Cross-over
Anode Plate L \ \
Emnssnon
lnto current ——
1llummatlon =

Field Emission Source

Thursday, March 21,




LaB(,
crystal

Thermionic Source vs

Filament
heating
supply

Optic axis

Gun
(Wehnelt)
bias
Wehnelt
\'
=
Applied
kV
—0
1—
Equipotential 4
lines '/ —«— g «— Gun
0 Cross-over
ACide Plate /4\ \
N - -
R l Emission
Into current ——
illumination <

. Field Emission Source

|

First _—» /f i

anode ;i
ot~
anode |

—~——

S—

- —
i p—

Thursday, March 21,




‘Thermionic Source vs. Field Emission Source

g [ a5 S
E
¢ o A
Schottky
“ 554

Femi v

FERERME

X

Tr)ursday, March 21,



2.2. Brightness

A brightness vs intensity

Intensity: detector

(Amper/cm?*sec)
Brightness s  Source

(Amper/cm?*sr)

Advantage of FEG
Brightness is 1000 times higher

detector

Source

Drawback of FEG

stability is poorer,
Flash is needed
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Brightness(p)

* Cross-Over in electron gun

« current: I

¢ semi-angle : o,

—2
current density ieﬂ;—l (d_o\_
2 )
solid angle o,
. d, 1B 448 158 (1)
W = 50um
L886 — 10 Mm
FEG <10 nm

——————————— ————————

____________________

2 M ELF1E(do)
100 um

10 um
10 nm
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Importance of Brightness
Single atom spectroscopy ...

STEM /\j\

i HRD M
F Is5 (V) Energy band gap, phonon
scattering, electronic

structure
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Schottky Gun

ZrO,/W: Work function f ZrO2 is low. It takes advantage of both thermionic
gun (stability) and FEG (high brightness)
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Characteristics of the T]

Operating at 100kV

hree Principal Sources

Units Tungsten| LaB, Field Emission
Work function, ¢ eV 4.5 2.4 4.5
Richardson’s constant A/mK?* | 6x10° | 4x10°
Operating temperature K 27700 1700 300
Current density A/m? 5x10% | 10° 10"
Crossover size WYm 50 10 <0.01
Bringhtness A/m*/sr | 10° 5x 10" | 10"
Energy spread EV 3 1.5 0.3
Emission current stability | %/hr <] <1 5
Vacuum Pa 10 10 10°®
Lifetime hr 100 500 >1000

5% SR A

B CIR(ArE B AET L) M/ NGEE

LR(AFREE

-
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2. 4. Magnetic lens

« The magnetic lens in an EM is like 1 glass lens. It is always a
convergent lens.

optical axis

aperture

ein fact, the trajectory

object of electron is not
—7 straight line in lens
estronger lens means

smaller focal length

In typical EM - Bis
about 10 mrad ~

/focal point  (y c7o-

invert real image
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Induced Magnetic field
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magnetic circuit

water cooling

2.4.1 magnetic lens

Iron
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2.4.2 trajectory of electron

* F (Lorentz force)

, 0 angle between optical axis and
F|=ev BSin6 .

trajectory
0=0 , No force

0=90 max. force
2
Fl=evB=—", y="
Y eB

3.37x107° &ﬁ l O.9788x10‘6V):E
B

Y , V=100Kv, B=1Tesla, y ~1Imm
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* Higher magnetic field is needed for higher energy electron

—_

F = -e(V xB)
V . velocity of electrons

_E@ 3 B PR ' n: €
| o/ /rnoCz)é
_
. — —%\/%gi
r&é" %U“ i
R~ >——K ,\_,_{ﬁ?‘ d?r . n*B-r? _ 0
7 FAES, dz? 2V
' a9 _ nB
R dZ vV 2
Paraxial Egn. ~ =

*electron trajectory is hellical .
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Magnetic Lens

)

Object plane

Lens

Back focal plane

Lens problems:
spherical aberation C,

chromatic aberation C,
astigmatism

Image plane

Light optical analogue

r Y

h 4

Lens equation: 1/u + 1/v=1/f
Magnification M = v/u
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Geometric Optics

optical
axis

object
plane

'y

* Principal Optical
u Elements

--- object plane

--- back focal plane
=¥ --- Image plane

* image-object

(conjugate planes)

(Back focal plane BFP)
* U object position

'/ v Image position

f focal length

M magnification
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<[l & Z= (Spherical aberration)
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Chromatic Aberration Corrector

Crown /
A

AN

Achromatic doublet
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Hubble Telescope

aberration corrected
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C. #5¢(Astigmatism)
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Established Technologies

- Electron Optics design

- E-gun: Thermionic/ FEG gun

- Lenses: Condenser/ Objective lenses
- Multipole: Deflector/ Stigmator

- control electronic boards/ software

- image acquizition

Table Top SEM

-15kV

—

400um |

S * l st :\ll(‘dk‘
" -11kV

2™ Anode
ground = 0V

- BSED Detectors
Bde—— clectron Gun 1
'-— - wam o it A | lst 1'!._
l L - > condenser
| == lens
o
I a 2nd H
: L - -> condenser
| o = | lens
| 5 Detlector
— - - — - - - —
I I S '
! | L — 5 Objective /] .
| | , — ] stigmater
‘ | lens Ly
— — == = ' ‘1—\_‘.&—(

Ray Tracin g

3mm

FEG gun
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Established Technologies

Control Electronics Boards

{ sifie 3
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| 3 .
T 5 ' ~ : : "
S 4 1 T 0 PR T AR A R S Ty S S S
a 1 111
- - - — 4 I -, ‘= A

(a) (b) (©)

Voltage (gun)

vacuum (pump)

condenser lenses (spot size, resolution)
objective lenses (focus, magnification)
scanning (deflectors, magnifiaction)

Home Made Electron Detector e-beam

stigmatism (stigmators)

image acquizition (processing)
Auto-tuning and alignment (future)
. etc

20m
2 o electron
L ezzzal lmj—— detector
\ /
\ / back-scattered
\\ / electron
sample
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_Control Software Panel
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Voltage: 7, 15, 30keV
magnification: 30x-10,000x

resolution; 20nm
image size: 1280x960
scan time: 2.5sec

* 3 minutes from Air to Ready
* Fully automatic control
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Control Software Panel
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_Control Software Panel

N A
& R
A\

\!
MR G
\

; g*‘ f\ | «,"-“\.,‘\ .
AT

23 &
‘_!,{,\,,

15kV. X5000 S5pm 0000 1160BEC

o

-
o '
¢

15kV  X2,000 10pm 0000 1160BEC 15kv X5000 Spm 0000 1160BEC

Pixed X 640, Pixel Y 450 — —
600 rovezszizem 8 a® e
effective magrification= 600.000
. N - . » . .
.
(s -
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scan time: 2.5sec

* 3 minutes from Air to Ready
* Fully automatic control
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_Control Software Panel
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