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Elektronova emise



Kvalitativni popis elektronové emise

= Work function - rozdil mezi potencidlem
vakua a Fermiho hladinou energie

P¥i nulové teploté jsou obsazeny vsechny
energiové hladiny az po Fermiho energii

=
%

= P¥i zvySovani teploty se méni energiové
rozlozeni

= Termoemise: Teplota se zvysi natolik, ze

Energy relative to E (V)

néjaké elektrony maji tak vysokou energii,
ze prekonaji potencidlovou bariéru

= Pokud se prida pole k povrchu kovu dojde: Dien |7 Dicorommen
vacuum interface (nm)
(a) Ke snizeni potencidlové bariéry - ook bt i cumck oy Mo e b5

) oy , ., , side of the interface. At 0 K, the clectron energy levels are filled up to the Fermi level, £r, and
Schottkyho emise ( b) ziizen{ potencialové <ty e The i, . e e o pets s e e v e

bariéry, dochazi k tunelovému efektu -
Extended Schottky emission

= Nizka teplota a vysoké pole - k tunelovani
dochazi pouze v okoli Fermiho hladiny -
cold field emission



Kvantitativni popis emise

= Energiové rozlozeni elektronli v kovu je dano Fermi Diracovou statistikou

1

Ef(E,:Jr\/O)) (1)

f(E,T)=
1+exp( T

kde Efr je Fermiho hladina energie a parametr V{ definuje nulovou hladinu energie.

= Proudova hustota

2e
d*j = —5pf(E, T)D(Un)dp (2)

mh3
kde jsem rozlozili impulz na ¢ast normalni a te¢nou slozku p = p, + p, a
definovali jsme normalovou U, = ﬁpﬁ + V(z), a teénou Uy = ﬁ(pf + p?)
slozku energie (E = U, + U:). D(U,) je transmisni koeficient, ktery definuje
pravdépodobnost, Ze elektron, ktery dopadne na rozhrani projde potencialovou
bariérou.

= Brightness (proudova smérova hustota)

B =< (i) 3)
s dUt Ut:0



Kvantitativni popis emise

= Hybnost pomoci sférickych soufadnic

px = \/2m(E — V(z))sin(0) cos(¢) (4a)

py =/ 2m(E — V(z))sin(0) sin(¢) (4b)

pz = +/2m(E — V(z)) cos(0) (4¢)
pak

d3p = p2dpdQ = my/2m(E — V(z))sin(8)dEdAd¢ (5)

= Hybnost pomoci polarnich soufadnic

px = \/2mU: cos(0) (62)

py = \/2mUssin(9) (6b)

p: = \/2m(Un — V(2)) (6¢)
pak

d3p = m?p;tdU,dUdo (7)



Termoemise

= Nulova haldina - vrchol potencidlové bariéry

= Potenciélova bariéra V(z) = { “Er =W 2<0

0 z>0
= Transmisni faktor D(U,) = { (1) Zn i g
n

= Fermi Diracovo rozdéleni Ize aproximovat:

f(E, T)=-exp (—E+ W)

kp T



Termoemise

= Proudova hustota

epcosf 2
d3j = a3, = P ﬁf(Ev T)D(Un)d3p
4 E+W
~ T”;efexp (7 o ) sin(9) cos(9)dEdode (9)

= Po provedeni integrace pres polédrni a azimutalni Ghly dostaneme

4mme
h3

djr = (kg T)2exp (7 s W) dE (10)

kp T
= Po integraci pfes energiové spektrum (0 < E < co) dostaneme celkovou
proudovou hustotu

4mme w
i = ky T)? -—— 11
ir =T e TR ew (~25) (1)




Termoemise

= Pro odvozeni brightness je nutné pouzit cylindrické soufadnice a rozdéleni energie

na normalovou a te¢nou ¢ast

epz (7Un+Ut+W

Bj=d%, = T exp ) m?p; tdU,dU:do (12)
m kp T

= Po provedeni integrace pres polérni Ghel a U, dostaneme

A1 me Uy + W
djr = kg T ——— ) dU, 13
jr = ke Texp (— 2 ) du, (13)

4w me? w j
B,y = 1€ kaexp(— ): T (14)



Schottkyho emise

= Nulova hladina energie - Fermiho hladina

0 z<0
= Potencidlova bariéra V(z) = 2 Maximum
W—eFz— o~ z>0
TEQZ
potencidlové bariéry z, = /e/16megF a efektivni vyska bariéry
SF
V=W AW =W — /2 (15)
4meg
= Transmisni faktor
0 E<—(EF+ Vm)
D(Un) = 16
(Un) {1 E> —(EF + Vm) (16)

energie vzhledem k vrcholu bariéry.

= Vztahy bydou ekvivalentni jako v pfipadé termoemise, jen bude jind hodnota
potencialové bariéry ...

. 47tme E+ Vm)
djs = kg T)? = dE 17
js = — 5 (ks T) eXP( W (17)
4mme Vv, AW
s = kpT)? (f—m ) = exp(—=)j 18
Js = =5 (ke T)"exp T exp( kb.,_)JT (18)
47 me? Vm ejs
B, s= ky T -— )= 19
nST T exp( ka) ks T (19)



Extended Schottky emission

= Bariéra se stencuje - dochazi k tunelovani elektron(i pres potencidlovou bariéru

= Transmisni faktor
1

D( Un) = ﬁxp(c) (20)

G — Gamovilv exponent G(Up) = £ fzz \/2m(V(z) — Up)dz

= Lze integrovat analyticky, ale nevhodné pro dalsi Gpravy — obsahuje eliptické
integraly. K tunelovani dochazi je v blizkosti vrcholu bariéry - Ize ji aproximovat

parabolou
&2
Va(2) & Vin — ————(z — zm)? (21)
? 16mepz3,
pak
Vm — U h 1
G(Up) = % K= Wﬁ(4moeF3)4 (22)



Extended Schottky emission

= Po dosazeni pak dostaneme

i 4mme K

djes = —3 v log(1 + exp(E/k))dE (23)
M 14 exp ( = Tm)

) . 7q

JEs = Js— s q=nr/kT (24)

sinmwq

oi

Br,ES = &

25
kT (25)
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Studena emise (cold field emission)

= Nedochéazi ke zhaveni elektrod, emise je zpiisobend pouze vnéjsim polem - zizeni

potencialové bariéry. Vyrazné prevafuje tunelovy efekt

= Aproximace popsané napf. v Hawkes Principles of electron Optics II. My uvedeme

pouze vysledné vztahy

. 4mme bW exp(E/d)
djrr = TdeXP (*T)

B 47Tmed2ex (7%) yel

JTF =

h3 d ) sinmp
&jTF
B 1= —
7 UlP d
kde b~06d=—"-" __ s¢(y)~1+0.1107y'33 ap=k,T/d

26(AW /W)V2mW'’

1+ exp(E/kpT)

(26)
(27)

(28)
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Elektronové zdroje




Typy elektronovych zdroji

Nékolik zakladnich typi

= Termoemisni zdroje
= Schottkyho zdroje (field emission sources)

= Studend emise (cold field emission sources)
Zakladni parametry zdroj

= Proud svazku
= Smérova proudové hustota (brightness), velikost virtulniho zdroje

= Energiova Sitka

12



Thermoemisni zdroje

Thermionic Electron Gun

The filament is made from

high melting point material
i of relatively low

Bias | o function;

in order to emit many

electrons. Common choice

10-1000kV | are:

Filament

Wehnelt
Cylinder
Tungsten: ¢ = 4.5eV
Crossover HT + Lanthanum hexaboride:
Anode earth potential | ¢ = 3.0eV

Tungsten filament mounted
on a ceramic block.

Heating
power supply
Tungsten i}
filament Bias power
e supply
Y H Acceleration
/power
s supply
y T =
Wehnelt
Anode =

a) Thermionic gun (tungsten hairpin type
Tungsten is heated and energy is
applied to conduction electrons in
order to overcome the energy barrier

\ at metal/vacuum boundary.

A




Thermoemisni zdroje

i

( e Heating power
Sarbon  supply

Bias power
supply

LaBg
Wehaelt Acceleration
power
supply
Anode
b) LaBs gun

Lanthanum hexaboride (LaBs) having a
small work function (electrons are
readily emitted) is used instead of

tungsten
Ko i
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Studena emise - Cold field emission sources

% =

Flashing power supply

Extraction
= power
|
\1 J_‘ supply
Acceleration
| ypower
o =supply
(1st anode
E

‘ B || 28—
" { 2" anode

Butler type anode

iy

Field emitting tungsten tip.

c) Field emission (FE) electron gun
A strong electric field is concentrated on
the tip of tungsten single crystal, and
energy barrier is narrowed and electrons
\ forced out via the tunnel effect. /
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Schottkyho zdroje - Field emission sources

4 =

Heating power  power supply
supply

1 Extraction

o A ! ower
Zirconium / supply

§
o
Tip 1_
Suppressor _;,cceleratloxx
18 anode B power

2 || am—{serly

2nd anode

d) Schottky electron gun

Tip is coated with ZrO,, a strong electric
field is applied while heating and energy
barrier is lowered via Schottky effect to

K emit electrons.
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Srovnani parametra zdroju

TABLE 9.2
Comparison of Pertinent Electron Source Characteristics
Tungsten LaB, CeB; Cold Field Schottky Field
Units Filament  Emitter  Emitter Emitter Emitter
References 76 5,8,50 7 51,76,89,92,102  51,76,85,86,89-91,94
Angular current mA/str n/a n/a n/a <0.1 0.1-1.0
intensity
Source brightness Al(cm? - str) 10° 107 107 10° 10%-10°
Emitting surface area ~ pm? >>1 >1 >1 0.02 0.2
Crossover or virtual nm >10* >10° >10° 3-5 15-25
source diameter
Energy spread eV 1-3 1-1.5 1-1.5 0.2-0.3 0.3-1.0
Source temperature K 25-2900 1800 1800 300 1800
Work function eV 4.5 2.6 2.4 4.5 2.8
Operating vacuum Pa 10 106 10°¢ 10°-107" 1078-107
Short-term beam %RMS <l <1 <1 4-6 <1
current stability
Typical service life h 40-100 1000 >1500 >2000 >2000
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Kontrast v Elektronové
mikroskopii




Signal v rastrovaci elektronovém mikroskopu

= Sekundarni elektrony - primarni svazek vyrazi
elektron z atomu. Elektrony maji malou emisni
energii < 50 eV. Topograficky kontrast. Maly
interakéni objem. SE1

= Zpétné odrazené elektrony - primarni elektrony,
které jsou rozptylené na atomovém jadre.
Materialovy kontrast.

= Energie blizka energii primarniho svazku (true
BSE) - pruzné odrazené - maly interakén{
objem

= Pokud proniknou hloubéji do vzorku dochazi k
vicenasobnému rozptylu. Energie je pak

zpravidla vyrazné mensi nez energie primarniho
p y g p Inelastic Scattering -—

ceepoton ona e e (EELS)

svazku. S
Scanacing

Transmittod Electrons

= BSE dokazi také vyrazit sekundarni elektrony -
SE2

= Augerovy elektrony
= X-ray - materidlova analyza

= Katodoluminiscence 17



Signal v transmisni elektronové mikroskopii

Y T

incident clectrons  ——————————— ¥, ()

v ®

objective lens

objective aperture
(back focal plane)

image plane

20 =1v,’

optic axis

Pro tenké vzorky plati

Pe(x) = t(x)tinc(x)

Vliv zobrazovaci soustavy se zapodita ve Fourierové
obrazu

Vi(k) = Wi(k) exp(—ix(k)) = Wi(k)Ho(k)
pro vinovou funkci v obraze pa nalezneme
i = F 1 (We(k)Ho(K)) = e (x) ® ho(x)

Meéritelna veli¢ina je vSak pouze kvadrat absolutni
hodnoty vinové funkce

g(x) = [e(x) ® ho(x)|? (29)
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Signal v transmisni elektronové mikroskopii

incident clectrons Yind®)

specimen

objective lens

objective aperture
(back focal plane)

20 =1v,’

image plane

optic axis

Weak phase object (WPO) approximation
t(x) = eXp(iUeVz(x))

kde oo = 2Trme)\a’ya/h2 av, = / V(x,y,z)dz je
atomovy projekéni potencial. Malé je v;:

g(x) = |(1 +ivevz(x) + O(v)) ® ho(x)* =
= |(1® ho(x) + ioevz(x) ® ho(x)|* + O(vZ)

pokud pouzijeme
1® h(x) = F~1(8(k) exp(—ix(k))) = 1 dostaneme

g(x) =1+ oevz(x) ® (iho(x) — ihg (x)) + O(vz) =
=1+ 20evz(x) ® hyp(x)

Ve Fourierové obraze pak miizeme psat:

G(k) = 5(k) + 20¢ Vy (k) Hyp (k)

Hp (k) = 2(eX(9) — = X0) — sin(x(k))
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Signal v transmisni elektronové mikroskopii

Pokud uvazujeme pouze sférickou aberaci a defokus mize deviaci vinoplochy psat ve

tvaru (k = /X - prostorové frekvence)

2 1 1 1
x(a@) = Tﬂ- (5 Cia? + ZCgo/‘) =7 <C1k2)\ + §C3k4/\3>

pokud zavedeme K = k(C3)\3)% a D = —C;v/CG3\ dostaneme

1
x= (EK“ - DK2) (29)
10 ; 5
—D=1.0
D=15
—D=20
51 / =
S/ D=25
// /
- 4 ;
-~ /
10 L L - ) :
0.0 0.5 1.0 1.5 2.0 2.5
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Signal v transmisni elektronové mikroskopii

= Hywp(K) = sin(x(K)) osciluje - je tfeba nalézt nastaveni, kdy bude jeji variace co

nejmensi -

oblast >0.7, nebo <-0.7

= Oblast minima x maléla variace x i Hyp: x'(K) = 0 = Kuin = VD,

Xmin = 7%D2
= Nastavit D tak aby minimum x bylo v pozadované oblasti xmin = —%w — npm,
pak D = +/2np — 0.5

ng = 1 Scherzer defocus. Kmax volime tak,

aby Hywp < 0=

Kmax =V 2D = 1-51/4 = kmax = (&)% = ds = 1/kmax = 0-64(C3>\3)%
nd=1 nd =2 nd=3
10 \ m || 'I 10 il nﬁ" 1.0
. ;“'\ l \HIM . ] l ‘f‘l‘ u|i|“| o / “ "|ﬁ|
& /\‘I‘H g \HHH § o |
ES [ 1] ES | \‘|| H ES { \ f \‘ ‘
| \‘| ‘| ‘ | | ‘ ‘ | \ ) ‘
LU - TR SN A I
A ““UH L Al
00 05 10 p 15 20 25 00 05 10 p 15 20 25 00 05 10 « 15 20 25
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Signal v transmisni elektronové mikroskopii

= Hyp(K) = sin(x(K)) osciluje - je tfeba nalézt nastaveni, kdy bude jeji variace co
nejmensi - oblast >0.7, nebo <-0.7

= Oblast minima x maléla variace x i Hyp: X'(K) = 0 = Knin = VD,
Xmin = _%D2

= Nastavit D tak aby minimum x bylo v pozadované oblasti Xmin = —%71' — npm,
pak D = /2np — 0.5

s ng = 1 Scherzer defocus. Kmax volime takl, aby Hyp < 0= .
Kmax = V2D = 1.5Y*% = kpay = (&)z = ds = 1/kmax = 0.64(C3A3)4

—— E=30keV
—— E=60keV

8 — E=100kev
—— E=200keV
—— E =300 keV
—— E=1000 keV

ds[Ang. ]
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Signal v transmisni elektronové mikroskopii - nekoherence

= 200kev, Co= dmm. of1= 6004 a= 608

E= 200keV, Cs3= 1mm, Cs5= Omm, df= 600A, CA= 0.5mr, ddf= 100A
ey T
R
conerent 1} 1 h
[ " HiH “\ H
oo
0s Do
L
R L
‘Spatial Frequency (in 1/a} Vi
‘N
Fig. 35 BF-CTEM transfer function with two slightly different defocus values (solid line 600 A, L 1t
anddsbed 60 Whenthese s = !
3 eauencies !
Lend o svrags o2 1
i
B [
~0.5| partially coherent !
illumination ! IR
' ey
i " [
specimen specimen [T
. IS
</ 8o o1 CER 06 07
ey Spatial Frequency (in 1/A)

Fig. 3.6 Imaging with sonideal illumisation. The incident electrons have an angle f. The
Al angle o the objective lens is @ (angles measured
€ xi. & singl clectron jecory s shown on the I amd tht 1ol
c is shown on the right. Ay is typically the condenser
apeture and iy i the dbjective aperture

Fig. 3.7 The BF phase contrast transfer function with and without partial coherence (CA =
condenser aperture)

optic axs |
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