Il. Electromagnetic uniformity: finite RF
wavelength in large area, VHF reactors:
standing waves, and telegraph effect

V. Uniformity in time: minimize transients, rapid equilibration to steady-state process parameters
- Direct pumping of a plasma reactor.

V. So where is the problem? - Causes of non-uniformity. Some recommendations.

A. Howling ICANS-23 Utrecht
August 23 (2009)
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Motivations for Very High Frequency (VHF: 30 - 300 MHz)

adapted from Jacques Schmitt Orleans ISPC XV 2001.

Larger power in for:

- less sheath voltage

- less ion bombardment
- better film quality

- higher deposition rate
reduced dust build up

L
capacitive sheath

plasma

S —

C

i
over-simplified C
equivalent
circuit R
for plasma
"

"For a given RF power in the plasma, require a given RF current i in the resistive plasma.
Sheath capacitances C dominates the total impedance.

For the current i, the RF Voltage across a capacitive sheath is Vgp =

IRe |
27 T lC

Therefore higher frequency has lower RF sheath voltage for given RF power"
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Motivation for VHF - some experimental measurements

120

N jon energy (pic) (eV)
—F—ion energy (expt) (eV)

—O—rf voltage/2 (V)

floating potential
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frequency (MHz)

For constant RF power:
RF voltage decreases with
frequency, therefore the
lon energy decreases
(down to floating potential)

total ion flux (counts/s)

W. Schwarzenbach, A. A. Howling, M. Fivaz, S. Brunner, Ch. Hollenstein,
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3aah Il J. Vac. Sci. Technol. A14 132 (1996)
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Very large plasma capacitor

1980 =

20 cm _
Reactor diagonal: 400 cm

2005
THE “NO-LONGER™ LIST:

= RF wave length >>reactor size? No

First electromagnetic source of non-uniformity:
Very High Frequency and the standing-wave problem

4 aah I
ICANS23
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m m
c o
520 T 2 \\
. . c = .
need reactor dimension less than 2 = : :
1/10 of vacuum wavelength > 10 5 ! o
(factor 4 for node-antinode, and = 5 ~ : :
. & a . - g
factor ~2.5 for worsening effect) = 2 = : : NN
Q ) H
S 2 S 2 : : l :
13 27 40 100 MHz

For 1 m diagonal,
- standing wave barely observable at 13 MHz
- contributing to profile non-uniformity at 27 MHz
- strong non-uniformity at 70 MHz

For 2 m diagonal,
- even 13 MHz is a problem

5 aah Il adapted from Jacques Schmitt Orleans ISPC XV 2001.
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RF coupling and RF voltage homogeneity

Film thickness
interferogram

Examples Experiment Calculation

13.56 MHz

RF coupling point

0.8
0.6
0.4
0.2
edge 70 MHz
20
depth cm) O O width (cm)
1
1
0.8 0.98
06 0.96
centre 70 MHz | %4
0.2 0.94
0
40 0.92
20 20 0 20 >
depthcm) O 0 width (cm) 09 depth(cm) 0 0  width (cm)
6 aah 11 L. Sansonnens, A. Pletzer, D. Magni, A. Howling, Ch. Hollenstein, J. Schmitt,

Plasma Sources ScienceTechnol. 6, 170 (1997)
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High frequency vacuum capacitor

from Feynman lectures :

. “ jungncs
=T _ = 7 e oam
2 T S ol o | o ®
F= =L CURVET, E : / Y
— a4 == ——| ® @/®
1 T - l of B B | | // / / He— _CURVE T}
. s W - Al
. LINES OF B r—=
LINES OF E _
(a) (b)

e

Fig. 23-4. The electric and magnetic fields between the plates of a capacitor.

self-consistent solution of oscillating E and B fields
an electromagnetic solution is necesary; no longer electrostatic!

> plates are not equipotential: Bessel function distribution

@; ¢\
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Axisymmetric Hjin a cylindrical reactor

wave equation (Vzﬂ + kg ﬂ)¢ =0

: . 1[0*H, 10H, 1 d [10H,
field equation -~ ol CHy| 4 |-
dz|e 0z

i @
el Or? r or re

}Jrkgﬂo(}

vacuum TEM mode Bessel function J(kgr)

T ransverse EIectroMagnetD 1.2 _
E vacuum electric field
l - Z
I i 9 2 o
g 1 0.8 @ o o 173
— 0.6 F ©
s 1 E=0
® 4 04 -
H,® |
¢ X T EZ 0.2
& 4 t
| ! 0“4 02 0 0.2 04
o measurements lﬂdlus [m]
Bessel function 100 MHz
)
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The capacitor in a vacuum chamber:
small skin depth in metal The hand-waving description

electrodes

RF current flow in a
capactive reactor

RF power
propagates
inwards from
the edges

.@; M Pr

9 aah Il courtesy of Jacques Schmitt
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CYLINDRICAL TRANSMISSION LINE APPROACH (6 optional slides)
Admittance of cylindrical parallel plates, gap |

Capacitance of parallel plates, C =

go2rr dr
|

Elemental cylindrical capacitance, dC =

Eglmr

Capacitance per unit length in cylinder along r =

Capacitive impedance =%, admittance = joC.
jow

o 27zr

Admittance per unit length (along r) of cyl. parallel plates, Y = jo

@3; ¢\
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Effective permittivity of plasma-&-sheaths

Plasma short-circuits the transverse electric field:

: : A
Combined capacitance of sheaths = 80—,

25

. . A
Effective capacitance of the gap = 808|eﬁ :

.. Effective permittivity of the gap, ¢4 = ZL
S

Effective admittance per unit length (along r) of plasma-&-sheaths

27Y

in cylindrical parallel plates, Y = jogy& N

(W
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Series impedance of parallel plates

B=0 7" |
1/ | —— i /(

D _
Ampere's law (uniform B between plates):

$B-ds = pl,
B = 14,1 /W, unaffected by plasma (z, =1),
Flux @ =B-ID = I -ID/W

Parallel plate inductance, L =@/l = 4,I|D/W

12 aah 111
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Series impedance of cylindrical parallel plates, gap |

. | dr
Inductance of cylindrical element, dL =~ —
2y
L .l dr
Impedance of cylindrical element = jw .
27y
I

Series impedance in cylinder per unit length along r, iIs Z = jaoy, Py
zr

@3; ¢\
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Consider a general cylindrical transmission line

Uniform voltage and current around the circumference, open circuit on axis,
series impedance Z, and parallel admittance Y, per unit length along r.

V V+dV Y d|
----- ﬁ—? 0 §I+dl Kirchoff's laws: W:-lz, a:—w.
B Substitute for I (or for V):
g i 2
_____ e | -(+dD) d_\zlz(l dedV +YZV, which is the
| " dr Z dr ) dr

general voltage wave equation.

<4 I
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Consider a parallel-plate cylindrical transmission line

gap Is constant, ﬁ . >
Vis variable. | $g D

: : I : 27y
Use the parallel-plate expressions: Z = jap, Pyt Y = Jwegye =
¥

: (; ccliZ j = 1 and the general cylindrical transmission line equation is:
r r

d?v  1av
—_I__—
dr> r dr
Bessel function solution J, (kr), where k* = —YZ = @° tiy&6etr = K§ et

Ko = 2—ﬂ, k = ky+/€q » and the wave phase velocity = L __¢

/’l\/ac 0 \//uOgO Eeff \/T |
(sheath width's, .. &4, assumed independent of V) .g%,  (l

15 aah 11
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Effect of plasma on vacuum capacitor

S ——— e

VACUUM k. = 2”-
— STANDING WAVE 0 /1\/
aC
Bessel
Kol moge = 2.405

function Jy(Kqr) I

\JO(Seffllz kor) 1 Seffllz kor e 2.405

ourtesy of Jacques Schmitt

P
E¢ '€quivalent dielectric” acts as a worsening factor for uniformity -(I ﬂ.
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Cylindrical reactor experiment

optical emission & surface electrostatic probes

H. Schmidt, L. Sansonnens, A. A. Howling, and Ch. Hollenstein, J. Appl. Phys. 95, 4559 (2004)
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Stan d | N g wave effeCtS With plasma, the first node moves inside:

dark ring atr = 0.3 m!

EXPERIMENTS AT 100 MRz E—EEE

E-field relative profile at 100 MHz probe array ion saturation currents
(bench test with scanning probe) (normalized to the central values)
1 “Ii‘i}iiii'a.. . 200 \)V i *0.5 Torr
08 :“;“i E‘i ' | % %%?x i { 10 mTorr
. i 5 i { 0.75 i
ol J r) 1=
"\\{ Electromagnetic olko ) :
: modeling : 0.5 ] }
04|
IN VACUUM : :
0.2 0.25 T i T
i {30(3-5 Ko r)}z t
o) oL—_- | |
0.4 0.2 0 0.2 O.4>m 0.4 0.2 0 0.4 m

o 1 metre C imete .@, i
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A compensation solution

Gaussian shape
dielectric “lens” a = a, exp(-g, ky* r2/4)

Plasma gap unchanged, at least one electrode with a lens

= Solution of Maxwell’s equations
m Constant vertical E-field across the diameter

= Still valid in presence of a plasma

Fig.2 of Patent US.6228438 777777777 7) a
(Unaxis) 1999 = =
\NSKESTIIIIIEESTN
-+
W\
19 aah 1 L. Sansonnens and J. Schmitt, Appl. Phys. Lett. 82, 182 (2003) _
ICANS23 ECOLE POLYTECHNIQUI
FFDFRAIF DF 1 ATISAMNBMNF




World's Simplest Lens Solution (4 optional slides)

adapted from P. Chabert et al, Phys. PIl. 11, 4081 (2004)

gap Is variable,
V, Is constant.

[ IE(I’) [ ivlens(r)
d(r)< | V(NS v

A \

We keep a constant plasma gap, I,
but add a variable thickness lens e(r).
Total electrode gap isnow d(r)=1+e(r).

The plasma voltage is V,, which we define constant,

the voltage across the lens thickness is V. (F).

20aah i The total electrode voltage is V (r) =V, +V,,(r).
ICANS23
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World's Simplest Lens Solution; introduction

RF current flow in a capactive
lens reactor;

design the lens so that

the plasma current j, & field E,
are uniform along r.

7 R R O

I(r) electrode surface current

)
21 aah Il 1(0) = 0 (%D-(I
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World's Simplest Lens Solution.

total radial conduction current =I(r)
along the electrode surface
1 4

S 1]

constant vertical electric field E,
A& displacement current density, J,

\
1) We require a constant vertical electric field in gap, E, = Tp = const.

JQ)EOEeﬁV

2) .. require constant vertical current density j, = I

3) The radial current in electrodes, 1 (r) = —j,zr?

(all the current entering radius r radially, must leave vertically,

because 1(0)=0, and j, = constant over all r.)

22 aah 111
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P _ ja)gogrvlens(r)

e(r)

<4 I

ECOLE POLYTECHNIQUI
FEDERAIFE DF T ATISANNF



World's Simplest Lens Solution.
4) To calculate V (r), use|Ohm's law radially: dV (r) = —1(r) Z(r)dr,

where Z(r) = jou, 2( r)
T

IS the series impedance of the gap, per unit radius.

5) Substitute: av (r) — jzﬂrZZ Ja)gog Vlens(r) J Oty —— d(l’)
dr e(r) 271’
dv r
- el e (D g 5 SNE V(1) =Vis (1) 4V,

V
6) Substitute for V. (r) using 2): V. (r) = Ceff I—pe(r) so that

r

e’(r)=—k025rd(r)%, and since d(r) =e(r)+1, d'(r) = — Ogd(r)

—kie,r’ :
7) .|d(r)=(1+e(0))exp T“ , a Gaussian lens.

Shape depends on g,, not ¢, 1.e. lens shape is independent of the plasma!

Also, 1(r) and V,, (r) o &, for given V. C%D -(I)ﬂ-

23 aah 111
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Experimental demonstration of a compensation lens

Probe array: ion current normalized to center

Parallel Plétes
1] {30(Eci®2KoN)F JFE E —I for 69 MHz |
0.75 i E i
0.5 % i
0.25 %
ElO mTorr E 100 mTorr
| | |
¢
0.4 0.2 0 0.2 04 m
R
0.75 Teflon Lens [
for 69 MHz
0.5! | |

Very non

uniform
a factor 3

Recovery
uniformity > 10%

<¢> ('
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Very large plasma capacitor

1980 ==
20 cm

2005

Reactor diagonal: 400 cm

THE “NO-LONGER” LIST again

= RF plasma potential is constant? No

Second electromagnetic aspect :
Current flow over long, resistive plasma

25 aah 111
ICANS23
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Edge perturbation due to a sidewall

- Small area reactor

plasma

RF plasma potential
averaged over the
whole reactor -

unequal sheath voltages

26 aah 111
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Large area reactor 0w 4
: = 2O
; Q 8 ©
. J | =
e Eco
! plasma “ E S5 >
: & | £
e Y o R
? c o 8
. 2% 5
Symmetric @
centre —
equal sheath
voltages

RF plasma potential is not the same everywhere
— how does the perturbation propagate?
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The telegraph equation

The plasma equivalent circuit is similar to a lossy transmission line

BRI IR UG R o

- T T T T T T

The propagation of the rf plasma potential perturbation !

V is described by the telegraph equation

2
v2\4=Lc:é)\i

2

+RC —
A

N

for Bessel fetishists

for complex wavenumber K,
Re{J,(kr )},
Is a damped standing wave

/The first kind Bessel function\

which is almost equivalent to its

inward-propagating damped
traveling wave component
Re{H,M(kr )}

\(a Hankel function)
27 aah 111
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Telegraph effect: probe measurements

Rectangular reactor 47 x 57 cm?

81 surface probes for DC voltage and current measurements

® ® © 5 ©) e
© ® ©® " | e © 6 O
7 om

® ® © @ © ©
©

@0 © @ | me e
|

@ e © e | ® ® ®
@ ® © © " ® @ ®
SO @ O |e; o

Theory: A. A. Howling, L. Sansonnens, J. Ballutaud, Ch. Hollenstein, J. P. M. Schmitt, J. Appl. Phys. 96, 5429 (2004)

Experiment: A. A. Howling, L. Derendinger, L. Sansonnens, H. Schmidt, Ch. Hollenstein, E. Sakanaka, J. P. M. Schmitt,
J. Appl. Phys. 97, 123308 (2005)
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Case A - 1elegraph effect...

[
rf electrode
ground electrode Case B - inverse asymmetry

rf electrode
oround electrode

(a} measuremenl s,

Ii" {a} measurement
4 J}
g |
g2
>
<]
0
)=
4
(_%.1 //I:Fa‘;!-'-*r i ﬁ@%@‘ﬁﬁﬁlﬁ“ “ﬁﬁﬁﬁi‘ gZ i\ “ “““’:" 7
> | ) lflf il ff‘fr"'" .ff l“!‘.“ Nty ‘1 s “1 111111 hﬁ?’%’f
= S Y,
" 1"‘ g

\ ! ,.-‘.f.l":f.f." o
\ x [mm] 400 L7
A
29 aa 0 0 ,
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.demonstrated

Case C - symmetric
rf electrode
ground electrode

¢\

ECOLE POLYTECHNIQUI
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odd mode, H(r,-z) =-H(r,z)

even mode, H,(r,-z) = H,(r,z)
EVEN in z EVEN & ODD in z

Hy oc cos( K7 2) J0(K0r) + sin(R7 ) (Kr)

E, o< cos( K3,z )Jo(Kyr) + sin( K52 ) Jo( Ky 7)

the first even & odd quasi-TEM modes give the complete solution
(higher modes are evanescent)

I ZA | N
., t . X 4 e top
g $ —. sheath quasl- @ 4 = sheat
: d Q ¢ — TEM ‘o E—
= ? = ® —
q.uaS| TEM 0------ iJ ———————————— > first O“‘g‘""‘: “““““ i ;S;r']f*
first even mode ; K ‘J‘__ allsrie odd © t — i
) “=—  bott ® v = bottom
% $ Ew sﬁestrl? mode | O] v 5l sheath
N }
ETPE Hjo E2o  Edo
¢\
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Physical origin: quasi-TEM even mode

the dispersion relation of the even mode
reproduces the intuitive equivalent circuit
of the standing wave effect:

plasma as
lossy dielectric
In a transmission line
electrode gap self-inductance L

RF current wave J
fm—fm

T 5)
el 11 AN
- sheath C

1

é

RF current wave J

.@; -(I’ﬂ-

ECOLE P OLYTECHN IQUI
FFFFFFFFFFFFFFFFFFF
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Physical origin: quasi-TEM odd mode

the dispersion relation of the odd mode
reproduces the intuitive equivalent circuit

of the telegraph effect:
A
|
|

sidewall

plasma as
lossy conductor
In a transmission line

RF current 4J

the telegraph effect.

Il
1
©
&"IN
SH S
Q
|l
1
=
N
1
I I
o
>
|l
1 I
(@)
= 1
L =F

is the e/m source of

||}—‘
electrode asymmetry

=
=
n

RF current 4J

33 aah Il
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Nonuniformity dominated by telegraph effect

12 : , , , low frequency 13 MHz
g) grounded
—_ _ _ J reactor box \,
S L1 Sheath electric field | =
N op i =l
TE excitation electr/ode
5 asymmetric
E sidewall
=h

r (m)

30 of amplitude of Ezn

Edge Localized Modes

(not the same as in a tokamak!)

- fringing fields due to discontinuities
(in permittivity and in geometry)

34 aah Il | 01
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Nonuniformity of standing wave effect only

high frequency 67.8 MHz

=

symmetric e J

. | sidewalls — |
202+ . | F

I

0 01 02 03 04 05 edgelocalized
r (m) modes - fringing fields due to discontinuities

30 of amplitude of Ezn

IE' | (normalized)

T A

35 aah 111 | o
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Standing wave & telegraph effect combined

—_
e
L
N
=
=
o)
|
)"
2 0.2
0
36 aah 1l
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high frequency 67.8 MHz

grounded
reactor box \,

7 JJ

excitation electr/ode
asymmetric | |
- —
sidewall
| l ] l \ )
01 02 03 04 05 edgelocalized
r(m) modes - fringing fields due to discontinuities

3D of amplitude of Ezn
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timeseries: wt =0

EVEN MODE
standing wave effect
observed for

ODD MODE
telegraph effect x10
(not observable

PLASMA RESPONSE
combined effect
observed for

. symmetric reactor In isolation) . asymmetric reactor
— -
0.8 \ -~ 0.08 ] 0.8
0.6 S 006 y 0.6
0.4+ 1 0.04 | / . 0.4 ]
= 02| | T0.02 1 = o2 ]
N N /7/4\ N
3 0 E— s 0 |
£ £ \ \ £
S 02 1 5-0.02} N 1 & -02} -
=S =S N =S
W .04 | W.0.04 N W 0a -
0.6 - 0.06 \/ 0.6 -
0.8} - 0.08+ \] 0.8} -
\
_1 | | | | _01 | | | | _1 | | | |
0 01 02 03 04 05 0 01 02 03 04 05 01 02 03 04 05
r(m) r(m) r(m)
)
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time series: wt =17/4

EVEN MODE

standing wave effect

1 —

T —
0.8 o |
I I
A
0.4r ' o
standing wave
= 0.2} oscillation |
(D)
N
= 0
£
o -0.2¢ |
=
W -0.4+ |
-0.6 ¢ |
-0.8+ 7
1 | | ‘ ‘
0 01 02 03 04
r(m)
38 aah Il
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0.5

0.1

0.08 -

0.06 -

0.04 -

o
o
R

E [normalized]

ODD MODE

telegraph effect x10

damped wave
propagation_-~,

o

o

o
T

o
o
=

E [normalized]

0.2+

_02 L

0.4}

-0.6+

-0.8+

PLASMA RESPONSE
combined effect

combination

01 02 03 04 05

r(m)
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time series: wt=27/4

EVEN MODE
standing wave effect

ODD MODE
telegraph effect x10

PLASMA RESPONSE
combined effect

0.1

— \\\
0.8 e . 008! 0.8 e ]
0.6¢ 4 006 0.6+ N
N
0.4r . 0.04 + 0.4r 1
S 0.2°F 1 5'0.02- S 0.2+- 1
(D) (D) (D)
N N N o
C_d O — C_d O ——— C_d O o =
£ £ £
o -0.2r 4 o0-0.02¢ o -0.2+ .
= =t =
W 0.4+ 1 W-0.04t W 0.4+ -
-0.6 + 8 0.06 | -0.6 g
-0.8+ 8 -0.08 | -0.8 | g
_1 | | | | _01 | _1 | | | |
0 0.1 0.2 0.3 0.4 0.5 0.1 0.1 0.2 0.3 0.4 0.5
r(m) r(m)
)
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time series: wt =37/4

EVEN MODE
standing wave effect

0.8

0.6+

0.4r 1

0.2r 1

E [normalized]

0.4 -

0.6+ o | 7

-o.s///l |
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ODD MODE
telegraph effect x10

0.1

0.08 /-
0.06 7

/]
/
[
s
. L / / I
/ /
’ /
- /

o

o

R
T

E [normalized]
1 -Io

o

N

o
o
=

-0.08 |

_01 | | | |

E [normalized]

0.8~

0.6~

0.4+

0.2+

PLASMA RESPONSE
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timeseries: wt=47/4
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time series: wt =57/4
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time series: wt=67/4
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timeseries: wt=77/4
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time series: wt =87/4
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1.2 m? film thickness profiles - individual effects
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Fig. 5. Mormalized a-5i:H film thickness uniformity deposited on a=
1.1 1.2 m?® substrate placed on the ground Aoor of a KAT-1200 asymmetric »
meactor at 40,7 MHz excitation frequency, 0.5 slm of silane and 0.5 slm of §
hydrogen at 0.5 mbar, and 400 W input power. (a) is for the parallel place J
configuration and (k) for the shaped of electrods configuration.

L. Sansonnens, H. Schmidt, A. A. Howling, Ch. Hollenstein, L. Sansonnens, B. Strahm, L. Derendinger, A. A. Howling, Ch. Hollenstein,
Ch. Ellert, A. Buechel, J. Vac. Sci. Technol. A24, 1425 (2006) Ch. Ellert, J.P. M. Schmittl, J. Vac. Sci. Technol. A23, 922 (2005)
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Electromagnetic summary

Only even and odd quasi-TEM waves, which have no low-frequency cut-off, can
propagate into a plasma reactor. They determine the electromagnetic fields
within the reactor volume.

The rf excitation voltage of the even quasi-TEM wave propagates along the
electrodes and gives rise to the standing wave effect. This nonuniformity can
be corrected using a shaped electrode.

In asymmetric reactors, the rf plasma potential perturbation of the odd quasi-
TEM wave propagates along the plasma. This is the telegraph effect; it is
absent in reactors with symmetric electrodes.

If these two sources of electromagnetic nonuniformity are corrected, only edge-
localized evanescent modes remain.

L. Sansonnens, A. A. Howling and Ch. Hollenstein, Plasma Sources Sci. Technol. 15 302 (2006)

A. A. Howling, L. Sansonnens and Ch. Hollenstein, Thin Solid Films 515 5059 (2007) )
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Intermediate Conclusions

» Require uniform RF voltage. If an electrode dimension is > (RF vacuum wavelength/10), then special
precautions are necessary to avoid the standing wave effect. This is therefore more likely to be a
problem at Very High Frequency.

» Use symmetric electrodes to avoid telegraph effect (RF current injection from asymmetric sidewalls).

» Avoid edge fringing fields due to discontinuities in permittivity and geometry.

Refs. L. Sansonnens, A. A. Howling and Ch. Hollenstein, Plasma Sources Sci. Technol. 15 302 (2006)
A. A. Howling, L. Sansonnens and Ch. Hollenstein, Thin Solid Films 515 5059 (2007)
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