Class notes for EE6318/Phys 6383 — Spring 2001
This document is for instructional use only and may not be copied or distributed outside of EE6318/Phys 6383

Lecture 10 Capacitively Coupled Plasmas

New homework problems:
Lieberman 12.2 and 12.3 Due April 25", 2001. — Last Set!

Wire/coil

Dielectric plate

Basic setup.

How do we find out how much current is being pushed about in the plasma? Well the place to
start is Maxwell’s equations.

VAE=-0B

VAH=]J . +3JD

VID=Pee

V3B=0

VSI=-p

If we take the curl of the first (second) equation we find
VA[V/\E=—3tB] V/\[V/\Hszree+8tD]
VA(VAE)=-9V AB VAVAH)=VAJ o+ VAD
VA(VAE)=-9uV AH VA(VAH)=VAGE+09dV A€eE
VA(VAE)==-0,(J o + D) V A(V AH)=V AoE +£,(-9,B)
VA(VAE)=-dJ e — 1D VA(VAH)=0(-0B)-¢&);B
VA(VAE)=-ud,oE — udleE VA(VAH)=-oudH-eud’H
VA(VAE)=-ucdE - ued’E VA(VAH)=-oud,H-eud;H

V(V ZE) -VE= —‘LLO'&[E - ue&fE V(V ZI‘I) —-V’H = —quatH - g‘uatzH
V(pfree/e) —~V’E = —ucd,E — ued’E
%/_/

assume = 0

V(,uV ZB) —V’H = —oud,H — eud;H
=0

V°E = ucdE + ued;E V?H = oud,H + euo; H
This leads directly to the general electromagnetic wave equation

Page 1



Class notes for EE6318/Phys 6383 — Spring 2001
This document is for instructional use only and may not be copied or distributed outside of EE6318/Phys 6383

VZE = OO, . +e82E
H|= M g T g
(DL N L (=P if o—:o)
n y o+icw £

sign deter mined by growth/ decay
(growth => —,decay => +)

_2m Vi,

ﬂ Py = L
A o’ ™ Jeu
This leaves us with a need to know what € and o are...

First, we know that the plasma is driven with an rf electric field. We can model this field as a
sinusoidal variation,

E = Re e,

This field will accelerate the electrons

my =gE-mv_ Vv
dt

where v, is the electron-neutral collision frequency. Hence the last term is simply the resistive

drag term that we need to have to transfer the power from the electrons to the neutrals and the
ions. Now assuming that the electron velocity is also sinusoidal, e.g. they follow the electric
field.
v=Reye”
Then we find that
mioReye” = qRe Be™ — my, Re e
U
= ﬂ_; 53
m(io+v,)
This is of course related to the free current density

jffree = quy‘:n_qz;E
m (io+v,)

=0, B

Where 0, = €,0 is the plasma conductivity.

2
Plio+v,)
Likewise, we have the displacement current density

inisplace = goatE = igow e,
Thus the total current density is simply
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VA H‘ = i:ota] = Jffree + yiiisplace

:|:n—qz_;+igoa):|lf
m (io+v,)

(1)2

—1 _ ps
=iwe,|1 (@ iav,) -4

e,
= {| wWE, + m}i

=iwe, +0,|E
= IcoepE: Iweoicpli
where €, is know as the plasma dielectric constant.

Now let us go back to the wave equation
V’E = uod,E + uedE

Further, we will use E =Re K& so that
V°E = iwucE — w’ucE

free Surent  disp Surrent
=iou,o E—-w’ueE
= ia)uo(ap + iwgo)E
=—0’l1,€ B
= -0’1y, E

CZ

Now we can assume a one-dimensional problem. So that
V’E=0,E

K'pE

>
= _Caz) k,E
=a’E
[}
E=(Ee“+Ee"”)

Because we cannot physically have the electric field grow as it goes to infinity than the first term
must be zero and

.0 1
a=iZK)t =<
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where 6 is the skin depth. Further noting that ¢ must be real (as well as @ and c!), we find
(0]

o =Limx!”
C

So... what is K'L/ *? From above

lwe i, = (lweo + op)

K. =1 iG
p wgop

PR
o’ (1-iv, /o)

a)Z

~ _%os 1
o’ (1-iv,/o)

where we have made the assumption that (9,235 >> @’ . This assumption is reasonable as

frequencies above the plasma frequency will be cut off. Further the plasma frequency is

typically several GHz compared to our typical 13.56 MHz driving frequency. Thus

12 Ops 1

-~ . 1/2
P o (1-iv, /o)
Now we can examine the different cases

Collisionless case: V,,/® <<1

2 zia)ps 1
p o (1 . 1/2
(1-iv, /o)
~ i @
w
U
o = 1
1)
_ o 1/2
—EIpr
_ 0By Dy
C W C
U
C
o6=—
(0]

ps
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Collisional case: v, /o >>1

L@ 1
/2 < jps

P o (1-iv,/0)"
0, 1
(i vm/a))”2

1

172 3/2,,1/2
' iy

(0]
. @
=1

D

1/2,,1/2
I Vi "

)
Il =

ol o8 &=

I

1/2
I K,
L
|1/2v1/2w
1/
1/2 =1/2
v)'’c i

1/2
5= ﬁlm(i”z)

Now what is Im( ”2)‘7

m(i"?) = Im| (") "°]

m
m
2

:Im[ein/4]

= Im[cos(n / 4) +isin(n / 4)]
| L L

=t 5155

:E

SO
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1/2

"0,
a= 1/2
vi2c2
and
1/2
vie
6= T
0?0 N2

So now we need to ask how much power is being deposited into the discharge?

The power deposited is

Pf’“’e - %J.‘”vm J EE*dT

For a planar system, this is very complex. If on the other hand, we where to assume that we have
a solenoidal coil, we end up with a simpler system. First, the both the current and electric field
are approximately azimuthal. Second, both the current and the electric field are approximately
constant. Thus,

1 *
Fave = EJIJVO| J3E dr

Lase ] o

- %% SE/ [[], a7
z%%zg%UWEJdg

_ %J¢ SE, 7R —(R-6))

- %Ja, SE, T(2R6 - 5°)l

1 .
= E J¢ ZE¢ 2TCR5I
Now we can use the plasma conductivity, o, = 800)‘233 : , to get
(io+v,)
pave - @ J;'
20

p
For high pressure discharge w <<v,,, so that

2
O, = EW—
m
_én
mv,,
and
_my mRdl _,
ave — ezn ‘]q)
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Further noting that
I, =J,16
so that
_ mv, R 2
* ens ¢’

1o
= 2 R,
SO
_2my, R
R="enis
is the resistance. The other part of the picture is the inductance. By definition the induction is
the total magnetic flux @ contained by the structure divided by the current I.
L,=®/I
For a single turn of the coil, the flux is
@ =nR’B,
= M()T':R2 H,
further the magnetic field produced by the induced surface current is simply
H,=J,0
If we assume that the source is a long solinoid then we can determine the magnetic field.

By symmetry in z and ¢, the magnetic field is only dependent on the radial position.

B=B(r) Further

B=Bx

Then by Maxwell’s equations

py' §B YAl = [[J3ds

With the exception of the curve shown above, the current through a given surface is zero. (Ok
you can pick some ‘fun’ surfaces that YOU can work with...) By letting D -> 0, with the coil
still passing through surface, we find
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po' §B 3l = 1L
u;'BL =
U

B =

p4

W,In” inside
0 outside

where N’ is the number of turns per length L.

The flux of the magnetic field from the coil (a) through a surface (b) is

@, = [[B, 30,

Further the induction is given by

LR

(Often L is used for self induction and M is used for mutual induction. Note that the mutual
induction is the such that M, = M,,. This can be shown from

@, = [[B, 3ds,
= ”(V AA,)3ds,
=§A, 3dl,
b

)
— ILL Ia 1
_ﬂ;—andla]Edlb
_Mola gl
—:—niiFdlaZdlb
=M,

Now let us assume that the plasma is a single turn coil of radius R inside the power coil of radius
b. Thus,

ar%io
T
q)rf p :q)rf rf W
NI
— »u'O rf TCRZ
L
and
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_No,

er p |

2
_ N R

Vii =ltoly 1y +iok, 1,

r
V=Rl =loL; | +ioL, |,

Now the impedance of the source is
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Vit
e er
Irf
w2L2
:ierf rf -rf :
(R,—iwl, ,)
2N12
] ‘LL N2 s w2‘llol_l2\ln2R4
=iw~—">—nb" - but R, << al
L 2mv, R . U, PP
(Zm_.wmz)
enld L
2 2
i N e Ot NTIR
L L
2
—iof N g - R)
L
=il
or to get the real part
2N12
2 AuON 2
2 o~ ’R
Zi= jotoN L 2mvmnR+ia)&nR2)

L ((vamnR)z . (w Hy _po )2)( enLs L

e’nLd L

2

BN" o ou,N’TR*  2mv_u,N*nR
e’ndL

=i

=i, + R,
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