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7.1 Predstaveni plazmatu

Doporucena literatura:

 Francis F. Chen, Jane P. Chang, Lecture notes on principles of plasma
processing, 2003 ISBN 978-0306474972

* M. Lieberman, Principles of plasma discharges and materials processing,
John Wiley & Sons 1994 (1. vydani) nebo 2005 (2. vydani)



Co je plazma?

Plazma je ¢tvrté skupenstvi hmoty

Ti1 dobfe znama skupenstvi hmoty:

1 v’ Tato skupenstvi se odliSuji silou vazeb, které
drzi ¢astice latky pohromadé — relativng silné v
pevnych latkach, slabé v kapalinach a téméf
uplné chybi v plynech.

v’ Dulezitou fyzikdlni veliéinou je vnitini
kineticka energie (tepelna energie) Castic latky,
tj. jeji teplota. Rovnovaha mezi touto tepelnou
energii Castic a vzdjemnymi vazebnymi silami
urcuje skupenstvi latky.

pevna latka  kapalina plyn

v’ Zahiivanim pevné nebo kapalné latky ziskavaji jeji ¢astice vice tepelné energie az
do okamziku, kdy jsou schopn¢ ptrekonat vazebnou potencidlni energii
—> dochazi k fazovému piechodu pti konstantni teplotg.

hitp://www.harcourtschool.com/activity/states _of matter/
|




Co je plazma?

Plazma je Ctvrté skupenstvi hmoty
- lonizovany plyn

Co se d¢je, kdyz zahtivame plyn?

ionizovany plyn - plazma

v Dodanim dostate¢né energie molekuldrnimu plynu dochazi k jeho disociaci na atomy
v dusledku srazek téch castic, jejichZ tepelna energie piekraCuje vazebnou energii
molekuly.

v’ Jesté vétsi dodana tepelnd energie zpusobi piekonani vazebnych sil elektront k jadru
= 1onizace, t]. vznik volnych elektronii a iontl = plazma - kvazineutrdlni systém
nabitych Castic (electronu - n,, iontu - n;), ktery obsahuje 1 neutraly (n,)

plné ionizované plazma a = 1

stupefi ionizace: @ =n,;/(n,+n,)

slabg ionizované plazma a <K 1



Jak plazma vytvorit?

DostateCnym zvysSenim teploty

v’ Systém je v termodynamické rovnovaze — tj. popsan jednim parametrem = teplotou 7
v JestliZze uvazujeme systém N slabé interagujicich ¢astic, ktery je uzavieny
(nevymeénuje si castice s okolim), pak je primérna hodnota poctu Castic ve stavech s
energii £, dan Boltzmanovym vztahem (faktorem)

E.
N =& exp( kT)

kde C je normalizacni konstanta uréena ze vztahu e
Vyse jsme predpokladali, ze pocet stavi je pro kazdou skupinu stavil o energii E; stejny.

Z exp(—E;/kT)

Pokud musime vzit do Gvahy statistickou vahu stavu g,  _ E;
N; =C g; exp( )
kT
v’ Pro plazma v termodynamické rovnovaze je (elektronova) teplota a stupen ionizace

jsou svazany Sahovou rovnici. g

a = lC AT (_ Eioniz.)
l—a n P kT

v’ Laboratorni plazma neni obvykle v termodynamické rovnovaze, v piirodé je to
castéjSi (astrofyzikalni plazma). -



Jak plazma vytvorit?

Pridavnym i1onizaCnim procesem

v’ Plazma miZeme vytvofit i pomoci ioniza¢nich procest zvySujicich mnohonasobné
stupent ionizace nad jeho rovnovaznou hodnotu (po vypnuti zdroje ionizace dojde k

dohasinani plazmatu diky rekombinaci):

» fotoionizace — ioniza¢ni potencial napf.
atom. kysliku je 13,6 eV = foton o vlnové
delce 91 nm (dalekda UV oblast). Ionosféra
Zemg¢ - ptirodni fotoionizované plazma.

phoFon

S ejected electron

- —

atom resulting ion

» elektricky vyboj v plynu — el. pole
urychluje volné elektrony na energie
dostatecné k ionizaci atomu, laboratorni

plazma.
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Kde plazma najdeme?

Divame se na n¢j cely den!
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Zakladni parametry plazmatu
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T, se spiseudavav [eV] 1eV =11 600K
Mimo termodyn. rovnovahu jsou diilezité 1

teploty dalSich typu castic (7}, 7))

Ze zakladnich parametru n,, T, B jsou
odvozeny dalsi dilezité veli€iny:

1
EOkae ) 2

Ne€>

Debyeova délka Aj = (

neez)'l/.?

/4 Woe =
plazmova frekvence pe (meso

cyklotronova frekvence @c = gB/m
Larmortv polomér 1, = v, /w,
tepelna rychlost atd.



Podminky definice plazmatu

Kolektivni chovani ¢astic

» Plasma contains many interacting charged particles. Condition: ~ neAp > 1.

*Plasma exhibits collective behavior of electrons

(plasma frequency) ( N € ) 142
Wpe =

meEO

that 1s not much disturbed by electron-neutral collisions:

UJpe/(27T) > Ven

A plasma oscillation: displaced elec-
trons oscillate around fixed ions. The
wave does not necessarily propagate.

podle Chen & Chang 2003 e —



Podminky definice plazmatu

Kvazineutralita

Quasineutrality n_, = n. is fulfilled on the scale L > Ap. . (gokbn)%
d = 5

l.e. plasma dimensions are larger than the Debye length Ne€

Quasineutrality is violated in regions adjacent to walls and other solid
objects in contact with plasma — plasma sheath.

These regions are very important for plasma processing. Plasma
potential is always the most positive potential — electrons are repelled
by a Coulomb barrier, ions accelerated towards solid surfaces.




Plasma/wall interaction — Plasma sheath

Plasma quasineutrality is violated in regions adjacent to walls and other solid objects in
contact with plasma - plasma sheaths.

These regions are very important for plasma processing. Plasma potential is always the
most positive potential = electrons are repelled by a Coulomb barrier, ions accelerated
towards solid surfaces.

Simple model available for “Debye sheath”, i. e.
collisionless sheath with low potential drop in S o f
weakly ionized plasma with T. ~ few eV: : Py

» density at the sheath edge: ns ~ 0.5

» velocity of ions at the sheath edge (Bohm
velocity): v > /kT./m;

» density of e~ /ions in the sheath:

ZeV]‘”2

ne = nsexp(eV/kTes) ny=ns |1 —

p(eV/KT.) -

» electron and ion flux has to equal at floating
wall = floating potential

Vo = Vp = 4o In(220e )

Example: Ar discharge with 7. =2 eV, np = 108cm—23 =
floating potential approx. 57. = 10V, sheath thickness approx. 5Ap = 0.37 mm



Plasma/wall interaction — Plasma sheath

High-voltage sheath (a voltage is applied) can be approximated by a model with
Child-Langmuir sheath:

Sheath is artificially divided into Debye sheath
which contains electrons and high-voltage Child-
Langmuir sheath which has ions only.

v/

Debye
sheath

]

PLASMA

Then, current density /, voltage drop V, and
sheath thickness d are related by the Child-
Langmuir Law of Space-Charge-Limited Diodes
4 [2e\ /2 gV? g 2 (2N ;
"9(mi) 02 _3(chv) P

An exact calculation for a plane

sheath shows that C-L scaling is not
following previous example followed unless the sheath is very
with assumption V, = 400V = thick (notice log-log scale)

d = 30\p, total sheath thickness 35\p,

i.e. about 1 cm —IZ?‘* /

-aV /KT,




