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From Gudmundsson and Lieberman (1997) PSST 6 540
m The inductive discharge in the cylindrical configuration
m In its simplest form it is a tube made of quartz or ceramic
placed inside a solenoid (the primary coil) through which rf
current is applied

m These discharges have been explored extensively through
the YearsS  seee.g. Eckert (1986) Proceedings of the Second Annual International Conference ol

Plasma Chemistry and Technology, p. 171 — 202
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Faraday cage enclosure

l : \ Quartz tube
Hy/Ar p!

lasma Copper inductive coil

m We apply an inductively coupled discharge in the cylindrical

From Sultan (2019)
configuration for hydrogenation of semiconductors
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m An inductively coupled discharge in the cylindrical
configuration been translated into a plasma cell that is
approx 5 cm diameter and 1 m long




Introduction

From Lieberman and Lichtenberg (2005)

m The inductively coupled discharge is either in the
cylindrical or planar configuration

m Inductive coils are commonly driven at 13.56 MHz or
below, using a 50 €2 rf generator through a capacitive
matching network
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Lieberman and Lichtenberg (2005)

m The high inductive voltage required for the inductive coil
can be supplied from a 50 2 rf generator through a
capacitive matching network
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m Radio frequency (rf) inductively coupled plasma
discharges have been studied for over almost 140 years

m Their operation is based on Faraday’s law

oB

VXE:_W

m An rf current flowing through an antenna coil induces a
time-varying magnetic field which in turn produces an
induction field, which generates and sustains the discharge

m This system can be thought of as a transformer circuit in
which the antenna coil acts as the primary circuit, while the
plasma forms the secondary circuit with a single circular
loop
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m Inductive discharges date back to " .t
the first report by Hittorf in 1884 e oy T

(Fortsetzung von BA. 20, p.765)

m ‘| also discoverd a method to T ——

50. Die stetige Ausdehoung, welche das Glimmlicht auf

send a current through a gas that St s i Fumgraghn i,k i s

Strome, ganz wie beim Inductionsstrome, nur dann ein, wenn

dio Rohre, in deren Axe der negative Draht liegt, eine go-

depends on the inducing action st Ve . 5 g e ik 4G b,

desto grosser muss der Durchmesser sein.

. Auch in dieser Hinsicht darf ich mich auf meine erste
of another cu rrent and req uires Mittheilung beziehes, indem mit einer Ausnahme alle Ver-
hiltnisse, welche in § 4 derselben erbrtert sind, fur den gal-

vanischen Strom gelten.
no electrodes at a” » 51. Als Beleg fur diese Behauptung moge zuniichst eine
. Versuchsreibe dienen, in welcher zwei cylindrische Ribren
mit sebr verschiedenen Durchmossern (10Y; cm uad 1 om)
. und gleichen Electroden, die denselben Abstand von cinander
n HIttO rf Wrapped SeVG ral turns of hatten, einzeln in den Schliessungsbogen, welcher dieselbe
Elementenzabl und die hmlicke Widerstandsskule enthielt,
wrden. Beim Durch des
H I d H d b d Stromes durch die einzelne Rohre war ibr Gas durch einen
insulated wire around a tube an B gt s o 15 on Lie oo
2 mm Dicke bildeten die Kathoden (c); die Anoden (a)
. : waren Dribte desselben Metalles von derselben Dicke und
disch arg ed a Leyd en jar thro ug h Sorch don Abstand (17 mm vom oreren gooennt (B 1.
Die Rohren befanden sich gloichzeitig an der Quecksilber-
. ' . pumpe und enthielten jedesmal Luft von derselben Dichte.
|t —_ Wthh Caused a ﬂash n the Bemerkungen zu der Tabelle XVL Bei der Spann-
kraft der Luft von 1,45 mm (Nr. 1 und 2) und bei grosserer
. . bildet sich das Glimmlicht wuf dem Drabto der engen Robre
rarefl ed air bedeutend leichter, obgleich beide Drihte aus demselben
Stilcke urspringlich genommen waren. Solche Unterschiede
kommen, namentlich beim Aluminim, fast immer vor.

Hittorf (1884) Annalen der Physik 257 90 — ]
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m Hittorf’s experiments were picked up
. . LONDON, EDINBURGH, axo DUBLIN
by J ‘J Thomson and hIS StUdIeS PHILOSOPHICAL MAGAZINE
extended almost four decades
. . JOURNAL OF SCIENCE.
m Just like Hittorf, Thomson was I
convinced that the discharge was

formed due to induction phenomenon

m Based on this idea Thomson
developed a model of the discharge
— which we discuss later

m But the idea that the discharge was
due to induction was not aCCGpted by Thomson (1891) Philosophical Magazine, Series 5 32
everyone 321 — 336, 445 — 464 3




Introduction

= Nikola Tesla: “Prof. J. . Thomson’s view of the
phenomena under consideration seems to be that
they are wholly due to electro-magnetic action. | was,
at one time, of the same opinion, but upon carefully
investigating the subject | was led to the conviction
that they are more of an electrostatic nature.”
Tesla (1891a) The Electrical Engineer XII(165) 14—15

m and later “I did not, as Prof. J. J. Thomson seems to
believe, misunderstand his position in regard to the
cause of the phenomena considered, but | thought
that in his experiments, as well as in my own,
electrostatic effects were of great importance.”

Tesla (1891b) The Electrical Engineer XII(173) 233
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LXVI. On the Origin of the Electrodeless Discharge.
y K. A. MacKrswox, M.Se.*

L &LTHOU(}H the electrodeless discharge was dis-

L covered as long ago as 1884, there are still
conflicting views regarding its origin. Experimental
evidence has been given by many writers (Lehrmann
Tesla'®, Lecher(®, Steiner'®, etc.) that the discharge is
the result of the large alternating potential differences
which exist between the ends of a coil carrying high-
frequency currents, while according to Hittorf *, its
discoverer, and to J. J. Thomson ® the discharge is due
to e]utrbm.tgnehc induction. As recently as 1927,
Thomson 7, usmg excitation by spark discharges, has
given additie evidence the

view which he has always held. This paper was followed
by one by Townsend and Donaldson'® criticizing the
electromagnetic view. They point out that theoretically
the electrostatic intensity (E,) between the ends of a
solenoidal coil of ordinary dimensions is more than thirty
times the electromagnetic intensity (E.,) around a ring
inside the coil. Thus they are led to conclude that
the electrostatic forces are largely responsible for the
electrodeless discharge. In support of this conclusion they
give experimental evidence obtained with the use of
continuous wave (c.w.) excitation.

From MacKinnon (1929)

m The debate on the workings of the discharge lasted for

decades

m But in 1929 MacKinnon explained that electrostatic
potential between the coil ends (E mode) preceeded

electromagnetic induction (H mode)
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m At low power the discharge operates in E mode and at high

power in H mode
m There is a jump in the plasma density when the discharge

transitions from E mode to H mode
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m At low power, a dim discharge is 10000
observed (E mode), and on
increasing the rf power and coil
current, the discharge light emission
increases abruptly by almost two
orders of magnitude (H mode)

m Emission from the argon 419.8 and
420.0 nm lines in a pure argon B0t L
discharge at 0.1 Torr as a function of M 1)
the rf coil current amplitude

m A pronounced hysteresis is observed
— which can be due to stepwise
ionization and/or a change in the
EEDF during the mode transition

1.000

0.100 |

PMT signal (arbitrary units)

0.010

Kortshagen et al. (1996) Journal of Physics D 29 1224




Experimental characterization




Electrostatic probe diagnostics

m A metal probe, inserted in a discharge and biased
positively or negatively to draw electron or ion current, is
one of the earliest and still one of the most useful tools for
diagnosing a plasma.

m These probes, introduced by Irving Langmuir are usually
called Langmuir probes




Electrostatic probe diagnostics

Plasma

From Lieberman and Lichtenberg (2005)
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m At the probe voltage Vg = ¢, the probe is at the same
potential as the plasma and draws mainly current from the

more mobile electrons, which is designated as positive
current flowing from the probe into the plasma
m Forincreasing Vg above this value, the current tends to

saturate at the electron saturation current, but, depending o,
on the probe geometry, can increase due to increasing

effective collection area



Electrostatic probe diagnostics

m For Vg < &, electrons are repelled :
according to the Boltzmann relation,
until at ®¢ the probe is sufficiently
negative with respect to the plasma that
the electron and ion currents are equal
suchthat /=0

m O is known as the floating potential,
because it is the potential at which an
insulated probe, which cannot draw
current, will float

m For Vg < &y, the current is increasingly
ion current (negative into the plasma),
tending to an ion saturation current

From Lieberman and Lichtenberg (2005)




Electrostatic probe diagnostics

m The electron energy distribution function (EEDF) can be
determined from the / — V characteristics

om [2eV\'? &,
G (V) = ( )

eA\ m dVv2
m We often use the electron energy probability function
(EEPF)
9(€) = €71/2ge(€) (2)
m For a Maxwellian distribution
(&) = \;neTe—B/Q exp(—E/Te) 3)

such that In g, is a linear function of £




Electrostatic probe diagnostics

m The electron density n. is then

Ne = / g.(€)dE (4)
0
and the average energy of electrons

1 [ee)

€= | eaue)ae ©
e JO
m The effective electron temperature is defined as

2

Tetr = 3(€) (6)

m The maximum in the first derivative d/./d Vg of the electron
current is also a good indicator for the location of the
plasma potential ¢,




Electrostatic probe diagnostics

101

— 40 pbar 4
3.5{ — 20 pbar

—— Pab; = 800W
~-- Maxwellian

p = 20 pbar —— Paps = 500 W
10

n(e) [em™3v1]

4 10°
3.0 t {

500 550 600 650 700 750 800 0 2 4 6 8 10 12 14 16
Pabs [W] £lv]

m The measured electron density and electron energy
distribution function in the ICP source at 30 and 15 mTorr




Particle and energy balance in discharges




Particle and energy balance

m For low pressure discharges the plasma is not in thermal
equilibrium and the electrical power is coupled most
efficiently to plasma electrons

m Consider an argon discharge
m In its simplest form argon discharge consists of

e, Ar, Ar", Ar*
m There are electron-atom collisions
e+ Ar — Art +2e  (ionization)

e + Ar — Ar* + e — Ar+ e+ photon  (excitation)

e+ Ar — Ar+e  (elastic scattering)




Electropositive plasma equilibrium

m The reactions are described by rate coefficients

1/2 ,00
k(Te):<a(VR)VR>:<2e> /0 o(€)EV2f(E)dE

me

where o(Ww) is the cross section and w is the relative
velocity of colliding particles

m The most important rate coefficients for electron collisons

in argon are
k; : for electron-neutral ionization
Kox : for excitation

Kol : for momentum transfer




Electropositive plasma equilibrium

m The electron energy distribution function (EEDF) is usually
assumed to be Maxwellian

2 1 &
(€)= zmen(x,)

m We can also assume a general electron energy distribution
9e(&) = 12 exp (— ™)

1 [M(&)%?) 1 (&)
C1 = and © =
L3RI (&)) 2T e @
where {4 = 3/2x and £, = 5/2x
m Here x =1 and x = 2 correspond to Maxwellian and
Druyvesteyn electron energy distributions, repectively




Electropositive plasma equilibrium
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Gudmundsson (2001) PSST 10 76 — 81

m A plot of the electron energy probability function
9v(E) = ge(£)E~1/2 versus the electron energy




Electropositive plasma equilibrium

© 0% (o) ©

5 "
g oo g

Cramer (1959) Journal of Chemical Physics 30 641-643

m Argon ions collide with argon atoms

Art + Ar — Art + Ar  (elastic scattering)

ArT + Ar — Ar+ Ar"  (charge transfer)



Electropositive plasma equilibrium

m The total cross section for ions at room temperature
o & 10718 m?

m The ion-neutral mean free path — the distance an ion
travels before colliding is

1
330 p [Torr]

A=

= = )\i [Cm] =
ngO'i

where n, is the neutral gas density — A\; ~ 1 cm at 3 mTorr

m The combined ionic momentum transfer cross section
includes charge transfer and eleastic collision




Electropositive plasma equilibrium

m There are three energy loss processes:
m Collisional energy &. lost per electron-ion pair created

eX, ke 3me
5IZ+Z k’ o+ Te

m Electron kinetic energy lost to walls
& = 2T, if Maxwellian EEDF
m lon kinetic energy lost to walls

&~V

or mainly the dc potential across the sheath




Electropositive plasma equilibrium
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Hijartarson et al. (2010) PSST 19 065008

m The collisional energy loss per electron-ion pair created for
argon, hydrogen atoms and hydrogen molecules assuming
Maxwellian EEDF




Electropositive plasma equilibrium

m lons are lost at the Bohm velocity at the plasma-sheath

edge
ke T.\ 172

assuming Maxwellian energy distribution or more generally

B 2\"%  [r(&)
“=@ (M) &) ()2

where & = 3/2x, &, =5/2x and & = 1/2x




Electropositive plasma equilibrium

m At pressures for which the ion loss velocity is the Bohm
velocity ug, the overall discharge power balance for a
cylindrical plasma is

Pabs = engugActrE (7)
where

Pabs : power absorbed by plasma
A : effective area for particle loss

m Loss fluxes to the axial and radial walls are

Maxial = henous  and  Tragial = ARNoUB




Electropositive plasma equilibrium

m There are three regimes we need to take into account:

m Low pressure \; < (R, /). The ion transport is collisionless
and well described by an ion free-fall profile within the bulk

plasma
The profile is relatively flat near plasma center and dips
near edge,
ny
— ~0.5 for B> ¢ flat (8)
Mo

— ~04 for{ >R long cylinder (9)
0




Electropositive plasma equilibrium

m Intermediate pressures R,/ > \; > (R 0).
The transport is diffusive

B nsZ f 71/2
hg_no_086(3+2)\1> (10)
nsR R —1/2
= — ~0. 4+ —
o 080( +/\i> (11)

m High pressures \; < (R )
The transport is dlffuswe and the density profile is well
described by a Jy Bessel function variation along r and a
cosine variation along z

Ng EBZ
hy = — ~
“T no [1+<7TD>

—1/2




Electropositive plasma equilibrium

Te/Ti=100

ffffffffffff

B,
X,

) N4

hy 10 ~

Lieberman and Lichtenberg (2005) and Lee and Lieberman (1995)
m These regimes can be joined heuristically giving
0.86

hy ~ 12
[3+£/2); + (0.86Rug /7D, )2]

0.8
[4 4+ R/Xi + (0.8Rug /x01J1(x01)Da)?] 12




Electropositive plasma equilibrium

Paps

m We assume a uniform cylindrical plasma and the absorbed
power is P,y

m Particle balance

ngnoki, R?¢ = (2nR?hyng + 21 Rlhg no ) us

~———
ionization in the bulk plasma ion loss to walls




Electropositive plasma equilibrium

m Rearrange to obtain

ko (Te) 1
UB(Te) N ngdeff
where
deoV__RE
“t T 2 Rh, + ths

is an effective plasma size

m So given n, (pressure) and d.sr (pressure,dimensions) we
know T,

m The electron temperature is generally in the range 2 -5V




Electropositive plasma equilibrium
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Gudmundsson (2001) PSST 10 76 — 81

m The effective electron temperature versus x for a cylindrical
discharge of radius R = 15.24 cm and length ¢ = 7.6 cm




Electropositive plasma equilibrium

m The power balance is

Paps = (h€n027TR2 + hRn027TR€)UBe€T
<~

power in power lost

m Solve for particle density

P. abs

np=——>>
07 AcrUpesr

where
Aeit = 27 R?hy + 2w Rlhg

is an effective area for particle loss
m Assume low voltage sheaths at all surfaces

Er=&+&E+ &= &:(Te) + 2T, + 5.2T,




Electropositive plasma equilibrium
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Gudmundsson (2001) PSST 10 76 — 81
m Particle balance gives the electron temperature

m only depends on the neutral gas pressure and system
dimensions

m Power balance gives the plasma density
m Once we know the electron temperature




Electropositive plasma equilibrium

Number

Reaction

Rate Constant (m®/s)

Source

e + Ar elastic scattering

e+Ar — Art+42e
e+Ar —»> Arf+e

e+ Ar — Ar(4s) +e

e+ Ar(4s) — Ar+e
e+ Ar — Ar(4p)+e
e+ Ar(4p) — Ar+e
Ar(4s) +e — Ar(dp) +e
Ar(4p)+e — Ar(4s)+e
e+ Ar(4s) — Ar"+2e
e+ Ar(dp) — Ar" +2e
e+ Ar, —> Ar,+e

Ar, - Ar+hv

Ar(4p) — Ar+hv

2.336E-14 T,

% @0-0618(In Te)*~0.1171(In Te)
2.34E—14 TO% e 744/T
2.48E—14 TO3 ¢~ 1278/Te
5.0E—15 Tg.74 e*ll.Sé/Tc
43E-16 T2
14E—14 TO7! 7132/
3.9E-16 T2
8.9E—13 TO! ¢~ 199/Te
3.0E—-13 T2
6.8E—15 To.67 ¢ 420/
1.8E—13 TOO! ¢ =201/Te
2E-13
3.0E7 57!
32E7s7!
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Lieberman and Lichtenberg (2005




Power absorption — skin depth

RN Ge



Skin depth

m In an inductively coupled plasma source, power is
transferred from the electric fields to the plasma electrons
within a skin depth layer of thickness ¢ near the plasma
surface

m This is by collisional (Ohmic) dissipation and by
collisionless heating process in which the bulk plasma
electrons “collide” with the oscillating inductive electric
fields within the layer

m The spatial decay constant « within a plasma for an
electromagnetic wave normally incident on the boundary of
a uniform density plasma is

a= gIm{lﬁp }:5_1 (13) g




Skin depth

m From the relative plasma dielectric constant

2 2
Wpe w

~

O pE 720 ST C Ry

we can define three regimes
m vy < w, collisionless




m vy, > w, collisional

o= L (i) =
Vm
and

(17)

(18)

=S
«4O0>» «Fr «=)r» « )

RN Ge



Skin depth

m For 2§ > w, vy a stochastic collision frequency can be

defined
C.V.
Vstoc = ge z (19)
and
1/2
5o = — <20€Ve> (20)
Wpe wWohe
or

2C.c?V, 2C.v.\ "
5o = = 5
ww? wdp

is the anomalous skin depth and C, ~ 1/4.




Transformer model
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Discharge operation and coupling

Lieberman and Lichtenberg (2005)

m The inductive plasma source can be modeled as a
transformer

m Evaluating the inductance matrix for this transformer,
defined through

Vie = jwLithe + jwLioly

Vo = jwlothe + jwlool,

where the tildes denote the complex amplitudes




Discharge operation and coupling

m Assume a uniform density cylindrical discharge in the
geometry ¢ > R.

- - —-1 =1
m Assume AN turn coil of radius b > R
m The power absorbed by the plasma is

2
Pibs = ;Je27rF1’£6p (22)

Odc

and the plasma current

I = Jpls,




Discharge operation and coupling

m Here Jy is the amplitude of the induced rf azimuthal current
density at the plasma edge near r = R (opposite in
direction to the applied azimuthal current in the coil)

m The effective conductivity is

e?n,
Mgt

Oeff =
With vesr = vgoc + Ym @ sum of collisional and stochastic
heating

m Letting /, = Jylo to be the total induced rf current amplitude

in the plasma skin and defining the plasma resistance
through

Pus = 3R,




Discharge operation and coupling

m Thus we have the plasma resistance

27R
= 2
fy aaclop (25)

m The plasma inductance is found by using

® = Looly = poR?nH, (26)
where
H, = Jad, (27)
thus
TR?
Lo = Ho

14



Discharge operation and coupling

m The voltage applied to the coil is

Vig = jwlyqlg + jwliol, (29)
where
) N2 pomb?
Ly=7| = 7#; (30)
rf 1s=0
and
_ 2
M — L12 _ L21 _ (z)foﬂ _ /1’071'5 N (31)
Iy 1.
rf
m Earlier we had
P mR2
Lop = Tp =Ho—y—
P 17:=0




Discharge operation and coupling

Lieberman and Lichtenberg (2005)

m To describe the plasma use

V, = —1,(Ry + jwLy) (33)

whith

R
L=
P Veff
due to phase lag between the rf electric field and the

conduction current




Discharge operation and coupling

m Solve for impedance seen at the primary

Vie . w2 M?
L Jotn Rp + jow(Lo2 + Lp) (39)
SO
. ,u,07'l'R2./\[2 bi2
Ly = — g~ 1 (36)
if R2 +w?l5 < w?L3, and

oefil 5p

m Then

Pabs = %|Irf|2'qs



Discharge operation and coupling — low density

m At low densities when § > R the conductivity is low and the
fields fully penetrate the plasma

m In this case, applying Farday’s law to determine E, within

the caoil
do
Edt=-—— 39
A = (39)
SO
271rEy(r) = —jw,uoNerﬂrz (40)
or

Ep(r) = —SjwrpuoN he/t




Discharge operation and coupling — low density

m Then the induced current is

Jp = jwegrpEg (42)
and if v, < w
Jyp x norlnc (43)
m The power absorbed
R p2
Py, = 1/ Mdr (44)
2 0 Oeff

. 1 o 7T62n0VeffM§N2 R4

ot 8m¢ (49)

X Ng /r2f




Discharge operation and coupling

» To estimate the rf voltage across the sheath, Vy,, at the
high-voltage end of the coil, we note that the sheath
capacitance per unit area is ~ ¢g/sn, and the capacitance
per unit area of the dielectric cylinder is ~ ¢y /(b — R)

m Assuming that the plasma is at ground potential, then the
voltage across the sheath is found from the capacitive
voltage divider formula,

Sm

Vih = Vig—
b R+ sy




Discharge operation and coupling

m Using the modified Child law, we calculate the sheath
thickness from

2e\ /2 Sm 8/2 4

m

which is a cubic equation in s,
m However, for high densities for which s, < b — R this

simplifies to
s ~ (0820 (20 V3
"~ \enus ) \ M) (b—R)3

m S, in an inductively coupled discharge is much smaller
than in a capacitive discharge




Electromagnetic modeling
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Electromagnetic modeling

= In the inductive mode the gas discharge is sustained by
induction from a time-varying magnetic field
= Within the plasma, however, the primary field is attenuated
exponentially, characterized by the penetration depth or
skin depth of the plasma
m Assuming a discharge tube where ¢ > R we follow the
early derivations of Thomson
Thomson (1891) Philosophical Magazine, Series 532 321 — 336, 445 — 464
Thomson (1927) Philosophical Magazine, Series 74 1128 — 1160
m Maxwell’s equations for a medium of dielectric constant
e = €g¢p in cylindrical coordinates reduce to

adH,
ar

= —jweEg

and

d .
7a(f59) = —jwpoHz



Electromagnetic modeling

m The plasma dielectric constant is
2
wpe

eE=1-—
P w(weff - JVeff)

m In the limit that the that the displacement current jwe E is
small compared to the conduction current we can write

adH,
ar

m Eliminating H; from the equations we obtain

1d [ dE 1, ~

=—oky




Electromagnetic modeling

m For an inductive discharge in the in the cylindrical
configuration the boundary conditions are Ey(r = 0) =0
and Eg(l’ = R) = Ey

m The electric field amplitude at the radial boundary Eyg is
found from the power balance within the discharge

m The power density at a radius r is
1
pabs(r) = ERe[U(r)](EG(r))Z
and the total power absorbed in the discharge
R
P.ps = 27L / Pabs(r)rdr
0

from which we can find the electric field amplitude at the
sheath edge E,y for a given absorbed power




Electromagnetic modeling

% 10% [m

Paps =300W, ¢ =30cmand R =2.5cm

m We improve on the assumption of a uniform density and
assume a parabolic electron density profile

2
h(r) = (he = 1)

r
R2

is the normalized electron density within the discharge, ngy

is the centre density




Electromagnetic modeling
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Pys =300W, 2 =30cmand R =2.5¢cm

m The magnetic field along the discharge axis and the




Electromagnetic modeling

Pyps =300W, ¢ =30cmand R =2.5¢cm

m From Ohm'’s law, knowing the azimuthal electric field and
the plasma conductance, the current density at radius r is

Jo(r) = |o(r)Eq(r)|




The planar configuration
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Planar configuration
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From Hopwood et al. (1993a) JVSTA 11 147 — 151 From Lieberman and Lichtenberg (2005)

m The inductively coupled plasma discharge in the planar coil
configuration typically generates relatively uniform low
aspect ratio plasmas with densities between 107 and 108
m~3 over substrate diameters of 20 cm or more




Planar configuration

m The inductively coupled plasma discharge in the planar coil
configuration is a commonly used for materials processing
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From Hopwood et al. (1993b) JVSTA 11 152 — 156

m The ion density as a function of power for a planar
inductive discharge in argon and krypton
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From Hopwood et al. (1993a) JVSTA 11 147 — 151

m In axisymmetric geometry, the coil generates an inductive

field having magnetic components H,(r, z) and H;(r, z),
and an electric component Ey(r, z)




Planar configuration

From Lieberman and Lichtenberg (2005) or originally from Wendt (1997)

m When a plasma is formed below the coil, then from
Faraday’s law an azimuthal electric field Ey and an
associated current density Jy are induced within the
plasma

m The plasma current, opposite in direction to the coil
current, is confined to a layer near the surface having a
thickness of order the skin depth §
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1 mTorr argon from Godyak and Piejak (1997) JAP 82(12) 5944-5947
m Two-dimensional, phase resolved magnetic probe

measurements in a low pressure inductively coupled
cylindrical plasma source driven with a planar coil
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10 mTorr argon from Godyak and Piejak (1997) JAP 82(12) 5944-5947
m The rf electric field and current density distributions
determined from these measurements exhibit an abnormal
nonmonotonic spatial evolution — anomalous skin effect




Planar configuration
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From Mahoney et al. (1994) JAP 76 2041 — 2047
m Sometimes an electrostatic shield (Faraday shield) placed

between the coil and the plasma further reduces the
capacitively coupling if desired, which allowing the
inductive field to couple unhindered to the plasma




References

Thank you for your attention
The slides can be downloaded at

http://langmuir.raunvis.hi.is/~tumi/ranns.html

Amorim, J., H. S. Maciel, and J. P. Sudamo (1991). High-density plasma mode of an inductively coupled radio
frequency discharge. Journal of Vacuum Science and Technology B 9(2), 362 — 365.

Cramer, W. H. (1959). Elastic and inelastic scattering of low-velocity ions: Ne™ in A, AT in Ne, and AT in A. Journal
of Chemical Physics 30(3), 641-643.

Eckert, H. U. (1986). The hundred year history of induction discharges. In H. Boenig (Ed.), Proceedings of the

Second Annual International Conference on Plasma Chemistry and Technology, Lancaster PA, pp. 171 — 202.
Technomic Publishing.

Godyak, V. A. and R. B. Piejak (1997). Electromagnetic field structure in a weakly collisional inductively coupled
plasma. Journal of Applied Physics 82(12), 5944-5947.

Gudmundsson, J. T. (2001). On the effect of the electron energy distribution on the plasma parameters of argon
discharge: A global (volume averaged) model study. Plasma Sources Science and Technology 10(1), 76-81.

Gudmundsson, J. T. and M. A. Lieberman (1997). Magnetic induction and plasma impedance in a cylindrical
inductive discharge. Plasma Sources Science and Technology 6(4), 540-550.

Hittorf, W. (1884). Ueber die Electricitatsleitung der Gase. Annalen der Physik 257(1), 90-139.

Hjartarson, A. T., E. G. Thorsteinsson, and J. T. Gudmundsson (2010). Low pressure hydrogen discharges diluted
with argon explored using a global model. Plasma Sources Science and Technology 19(6), 065008.




References

Hopwood, J., C. R. Guarnieri, S. J. Whitehair, and J. J. Cuomo (1993a). Electromagnetic fields in a radio-frequency
induction plasma. Journal of Vacuum Science and Technology A 11(1), 147—151.

Hopwood, J., C. R. Guarnieri, S. J. Whitehair, and J. J. Cuomo (1993b). Langmuir probe measurements of a radio
frequency induction plasma. Journal of Vacuum Science and Technology A 11(1), 152-156.

Kortshagen, U., N. D. Gibson, and J. E. Lawler (1996). On the E-H-mode transition in inductively coupled rf plasmas.
Journal of Physics D: Applied Physics 29(5), 1224 — 1236.

Lee, C. and M. A. Lieberman (1995). Global model of Ar, O,, Cl, and Ar/O, high-density plasma discharges.
Journal of Vacuum Science and Technology A 13(2), 368-380.

Lieberman, M. A. and A. J. Lichtenberg (2005). Principles of Plasma Discharges and Materials Processing (2 ed.).
New York: John Wiley & Sons.

MacKinnon, K. (1929). On the origin of the electrodeless discharge. Philosophical Magazine Series 7 8(52),
605-616.

Mahoney, L. J., A. E. Wendt, E. Barrios, C. J. Richards, and J. L. Shohet (1994). Electron-density and energy
distributions in a planar inductively coupled discharge. Journal of Applied Physics 76(4), 2041-2047.

Sultan, M. T. (2019). Highly photoconductive oxide films functionalized with GeSi nanoparticles. Ph. D. thesis,
Reykjavik University.

Tesla, N. (1891a). Electric discharge in vacuum tubes. The Electrical Engineer 12(165), 14-15.
Tesla, N. (1891b). Electric discharge in vacuum tubes. The Electrical Engineer 12(173), 233.

Thomson, J. J. (1891). On the discharge of electricity through exhausted tubes without electrodes. Philosophical
Magazine Series 5 32(197), 321-336.

Thomson, J. J. (1927). The electrodeless discharge through gases. Philosophical Magazine Series 7 4(25),
1128-1160.

Wendt, A. E. (1997). The physics of inductively coupled plasma sources. AIP Conference Proceedings 403,
435-442.




	References
	Heimildir
	References
	Heimildir

