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Partially ionized plasma

e A plasma is a collection of free charged
particles, electrically neutral on the average

e The plasma is either partially or fully
ionized gas that contains electrons, ions,
neutral atoms and molecules

e In partially ionized plasma discharges
charged particles usually interact weakly
with each other and electron collisions are
most frequent with neutral atoms and

molecules

e Ionization of neutrals sustains the plasma
in the steady state

e The electrons are not in thermal

equilibrium with the ions
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Partially ionized plasma

e A plasma is characterized by the plasma
parameters, particle equilibrium
temperatures and particle densities

e Each species can have its own thermal
equilibrium temperature

e Here we will limit the discussion to low
pressure discharges

e Low pressure discharges are characterized
by
—Tex=1-10eV
- TiKTe
— ne ~ 101 - 10" m~?
e The neutral gas pressure is low

— p~ 1 mTorr — 1 Torr.
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/Partially ionized plasma \

e Low pressure, weakly ionized,
non-equilibrium gas discharge plasmas are
used for a variety of materials processing
applications

e The primary use of plasma processing in
the electronics industry is in semiconductor

chip manufacturing

e In integrated circuit processing plasma
processes are essential in achieving the

small feature sizes and packing density
k required by the electronics industry j
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Partially ionized plasma

e New high density plasma sources are being
developed to meet the requirements for the
future integrated circuit devices

e The simplest and most convenient design
for a high density discharge for materials
processing is the planar inductive discharge
which evolved from a century old idea

~

Discharges

Capacitive discharge

e In the early days capacitively driven radio
frequency (rf) discharges were commonly
used for dry etching
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Rf source

e A conventional capacitively coupled, rf,
parallel plate electrode discharge

e Batches of wafers are loaded onto one of

the electrodes, either powered or grounded
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/Discharges \

Capacitive discharge

e The typical rf driving voltage is
Ve =~ 100 — 1000 V operated at 13.56 MHz
driving frequency and the electrode
separation is [ &~ 2 — 10 cm

e Typical gas pressures are in the range 10 —
100 mTorr, and plasma densities are
relatively low, typically 10'® - 107 m—3

e Ion acceleration energy
~ Vrf / 2

e The plasma density is controlled by the
applied rf voltage which also determined
the ion energy

e No independent control of plasma
parameters, such as electron and ion

energy, charge density, and reactant density

e The capacitive discharge dominated in the

\_ /
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Discharges

e In the early 1990’s plasma processing
changed from batch operations to
single-wafer operations with 150 mm
diameter wafers; wafer sizes are now 300

mm diameter

e For single wafer processing and submicron
dry etching, a high plasma density and low
neutral gas pressure are desired to obtain
the desired profiles and processing rates to
compensate for the inherent throughput
problem of a single-wafer processing

e This has led to the development of a new
generation of low pressure, high-density
plasma sources, where the rf or microwave
power is coupled to the plasma via a

dielectric window

\_ /
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Discharges - Challenges

o High density

— Higher etch and deposition rates
e Low pressure

— Reduce scattering (anisotropy)
e Uniformity

— Larger wafers
e Low and controllable ion energy

— Radiation damage

/Discharges \
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Discharges

e The inductive and ECR discharges give 1 —
2 orders of magnitude ion density than a

capacitively coupled discharge

e Ton bombarding energy is about an order of
magnitude lower (and is controllable)

e In these new discharges there is
independent control of ion density and ion
bombarding energy
— The ion density is controlled by the

power applied to the inductive coil (or
microwave power)

— The ion energy can be controlled by rf
bias applied to the substrate holder

e Currently the inductive discharge
dominates in the electronics industry

\_ /
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Discharges
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Capacitive discharge  High density

Gas pressure [mTorr] 10 — 1000 0.5 —50
Power [W] 50 — 2000 100 — 5000
Driving frequency [Mhz] 0.05 — 13.56 0 — 2450
Electron density [cm™ 3] 109 — 1010 1010 _ 1012
Electron temperature [eV] 1 5 2 7

Ton energy [V] 200 — 1000 < 100
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The inductive discharge

e An inductive discharge in its simplest form
is a tube made of quartz or ceramic placed
inside a solenoid (the primary coil) through
which rf current is applied

e The inductive discharge was introduced by
W. Hittorf in 1884 [Hittorf, 1884]

e He describes a method to send a current,
induced by another current, through a gas,
without electrodes

\_ /
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The inductive discharge

e These early experiments caught the
interest of J. J. Thomson who repeated the
experiments [Thomson, 1891].

e Consequently Thomson developed a theory
assuming a purely inductive coupling

mechanism

e The discharge was taken to be a single turn
lossy conductor that is coupled to the
non-resonant coil

e The discharge forms a secondary loop that
has resistance R, a self inductance Lo and
a mutual inductance with the primary
circuit M

\_ /
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ﬁI‘he inductive discharge \

[

(e

e The resistance change seen in the primary
loop due to the discharge loop is then
;o w?M?2R,
r= R% + w22
were w is the driving frequency of the

current in the primary circuit

e N. Tesla was convinced that the discharge
was primarily of electrostatic nature, a
result of the large potential difference
which exists between the ends of the
inductive coil [Tesla, 1891]

e The nature of the discharge was a debate

for over five decades and is still not fully
K resolved /
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KI‘he inductive discharge \

e MacKinnon [MacKinnon, 1929] resolved
this question by demonstrating that as the
power is increased, a weak capacitively
coupled electrostatic mode (E-mode)
precedes the inductively coupled magnetic
mode (H-mode).

e The discharge is either maintained by the
axial electrostatic field or by an azimuthal
electromagnetic field of the inductor coil

To reach the magnetic mode the applied
power and current has to exceed a critical
limit

The electrostatic mode is characterized by

a uniform faint glow

The electromagnetic mode is characterized
by a bright ring-like discharge due to the
limited skin depth of the exciting field (the

K periphery glows more brightly) j
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The inductive discharge
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[Kortshagen et al., 1996]

e When the discharge changes from the
electrostatic mode to the electromagnetic
mode the brightness increases abruptly

e This change in light intensity can be a few

orders of magnitude

e Decreasing the applied power dims the
discharge emission slightly until an abrupt
change to much lower emission occurs

\_ /
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ﬁl‘he inductive discharge \
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e The change from electromagnetic mode to
electrostatic mode is generally at lower
power than the change from electrostatic to
electromagnetic mode

e The change in brightness is attributed to
the abrupt change in electron density that
occurs when the discharge goes through the
transition

e This change in density can be from a low
density mode n, < 1017 m~3 to a high

K density mode ne > 10" m—3 j
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The planar inductive
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e Around the mid-to-late 1980’s inductive
systems were introduced to plasma

processing

e Their simple design, construction and
operation make them attractive for
industrial applications such as in etching

and deposition processes

\_ /
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The planar inductive

discharge

e Other advantages include no need for dc
magnetic fields and the use of an rf power

source rather than a microwave source

e For materials processing they are often
operated in low pressure (< 50 mTorr) and
in low aspect ratio geometries, L/R < 1 for
a cylindrical discharge, and can be driven

by a planar coil

e The inductive coils are most commonly
driven at 13.56 MHz or below, using a 50 (2
rf power supply through a capacitive

matching network

e An electrostatic shield is often placed
between the coil and the plasma to reduce
possible capacitive coupling

\_ /
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The planar inductive
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e The substrate may be placed in close
proximity to the inductive coil

e In the planar configuration the coil is
typically separated from the plasma by a 1
— 3 cm thick quartz window and the
substrate is placed 5 — 10 cm below the
window (3 - 10 skin depths)

4 )

The planar inductive

discharge

e The inductive power transfer and lack of
electrodes leads to low voltages across all
plasma sheaths and wall surfaces

e The dc plasma potential and hence the ion
acceleration energy is typically 20 — 40 V
at all surfaces

e To control the ion energy the substrate is
placed on an electrode that can be
independently driven by a capacitively
coupled rf source

e Thus there is an independent control of the
ion/radical fluxes (through the inductive
source power) and the ion-bombarding

energy (through the substrate electrode)

\_ /
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Electromagnetic modeling -

Power transfer

Primary goal:

e Relate the plasma parameters (electron
density and temperature) to the external
electrical characteristics of the discharge
such as the rf current and rf voltage

Method:

e Apply Thomson’s transformer model of the
inductive discharge

e Develop a first principles model of the

components of the transformer circuit

e Use a global model of the plasma chemistry
to estimate the plasma parameters

\_ /
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Electromagnetic modeling -

Power transfer

\

M

o

Ly L,

o

Ly is the geometric inductance of the
plasma

L is the inertia inductance
Ry is the plasma resistance

M is the mutual inductance between the

primary and secondary circuit

/
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Electromagnetic modeling

Seen in the primary circuit the effect of the
coupled secondary circuit is to add the

impedance
Zs(wM)? /| Zo[?
to the primary circuit, where
Zy = Ry + jw[wLgy + wLe]

is the complex impedance of the secondary

circuit

26

Electromagnetic modeling

e For a planar inductively coupled discharge
the magnetic induction components
B.(r,z) and B,(r, z), the electric field
component Ey(r, z) and the plasma current
are calculated assuming axisymmetric

geometry

e The mutual inductance between the
primary and secondary circuit M, the self
inductance of the plasma Lo and the
impedance of the plasma are determined
theoretically and related to the properties

of the plasma

e The planar inductive discharge is modeled
as a transformer with the inductive coil
taken as the primary circuit and the
plasma as the secondary circuit to find the
impedance characteristics in the primary

circuit due to plasma load.

\_ /
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Electromagnetic modeling

e Plasma resistance
Ry ~ f(Vesr, M, electric field profile)
e Effective collision frequency
Veff = Ven + Vst + Vei

e Electron density and temperature are
related to pressure and applied power via
the global (volume averaged) model

e Electron inertia inductance

Weff
w

L. =R»

Veff

28
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Electromagnetic modeling

100 200 300 400 500 600 700 800 900 1000
‘Absorbed power [W]

e The induced plasma current Iy versus the
absorbed power for argon plasma at 120
mTorr neutral gas pressure, driving
frequency f = 0.56 MHz and dimensions
R =16 cm and L = 20 cm

Ig = (Pabs/R2)"/?
Ey = EgoJ1(717) exp(—2z7)

e The solid line shows the model estimate
and the circles the measured data (from

[El-Fayoumi, 1996])

\_ /
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/Electromagnetic modeling \

e The vector potential for each of the N
turns of the coil, Ag;(r, 2), is given as

Agi(r, 2) = Ho Iry (ﬂ)lm

T K \T

x [(1 - %n?) K (k) — E(ni)}

e Here a;, 7 =0,1,..., N — 1 are the mean
radii of each of the IV turns of the
inductive coil and r is the radial position as

K measured from the axis of the system J

30
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Electromagnetic modeling

e The magnetic induction along the axis

/J'oIrf 1

B.. -
ZZ(T) Z) 27‘_ ((al +’I")2 +Z2)1/2

2 .2 .2
a?—r?—z

X K +7’7

[ (i) (a; — )2+ 22

and in the radial direction

E(ni)}

HoIrf z
Byi(r,z) =
) 20 1 ((ai+ 1)+ )2
a? + 12+ 22
X |:—K(Iil) + mE(ﬁz)]

where K(k;) and E(k;) are the complete
elliptic integrals of the first and second
kinds respectively

e The parameter ; is defined by

9 4a;r
K4

o /
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/Electromagnetic modeling \

e The axial distance d from the plane of the
coil to the plasma is given by

d:%+wg+wq+<

where

— & is the width of the copper strip that
forms the primary coil

— wy is the gap size between the near edge
of the primary coil and the quartz
window

— w, is the quartz window thickness

— ( is the distance from the
quartz/plasma boundary into the

k plasma /
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Electromagnetic modeling

e We will normally take ( = 6/2, where § is
the skin depth in the plasma
e Assuming cylindrical symmetry, we have
1

Eo(r,z) = —;/ ' B, (r', z)dr’
]
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/Electromagnetic modeling \

e Because the skin depth § is small compared
to typical axial and radial scale lengths, we
can write the plasma current density

Jo(r,z) = Kg(r)/d

where Ky(r) is modeled as the surface
current density on a perfectly conducting
plane located at z = d

2B.(r)

Ko(r) =

(e}

e The azimuthal plasma current flowing

outside a radius r is then expressed as

Ig(r) = /°° Ko(r')dr'

and the total azimuthal plasma current is
then Iy, = I5(0) where

Electromagnetic modeling

N-1 d
fon = I (N‘ 2 <+d>/>

34

e The mutual inductance is found by
integrating the flux from the inductive coil
linking the plasma current in the discharge
over all radii

2w

oo
M = / rB,(r,d)Ig(r)dr
Irflé’o 0

e The self inductance
2 o0
L, = TW/ Ag(r', 2)Ko(r', z)r'dr'’
[90 0

e Ry and L, are determined by the electrical
properties of the plasma which are
described by the plasma conductivity

e2ne/m
Veff + JWefr

where vqg is the effective collision
frequency, ne is the electron density and

wesr 1 the effective driving frequency

35
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Electromagnetic modeling

e The current profile is assumed to be
related to the electric field by Ohm’s law
Jo = (0p + jweo) Eg where the electric field
is assumed to follow

E0 (Ta Z) X E0o eXP(—Z’Y)

e In our regime, the displacement current is
much less than the conduction current and

=) R
Pops = 271'/ dz/ rdrRe|o,]|Eg(r, 2)|?
0 0

e The rms current flowing through the
current path is found by integrating the
current density over the cross section of
this current path or

oo R
Iy =/ dz/ dropEg(r, 2)
0 0

\_ /
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Electromagnetic modeling

using Pps = Ra|Ig|? as

R
Paps 7r|’y|2 Re[Up] f ’r‘dr|A3(r)|

o

e The resistance of the plasma is then given

> 7 2~ Re[y] |opP? ‘

e The electron inertia inductance is found

from

Ry wesr
L.=—"72"%=
Veff W

S drAg(r) ‘2

37
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Electromagnetic modeling

e Seen in the primary circuit assuming a
purely inductive operation, the change in
plasma resistance is given by

_ w?M?R;

R2 + (wLe + wly)?

p

e The change in plasma reactance by

WM?*(wLy + wLe)
R2 + (wlhe + wly)?

e The equivalent impedance of the primary
circuit is
Zs =Ro+ p+ jw(Lo — x)

where R, is the resistance and L, is the

inductance of the primary coil

\_

coil and the plasma as seen in the primary

~

4 )

Electromagnetic modeling

e There is a high voltage across the inductive
coil

e Between the coil and the plasma is a
dielectric window which acts as a capacitor

e Next to the window a sheath is expected to
form with per unit area capacitance

~ €o/S8m Where s,, is the sheath thickness

e In addition there is both ohmic dissipation
within the plasma and stochastic

dissipation in the plasma sheath

/
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/Electromagnetic modeling \

e The capacitive terms appear in parallel
with the impedance of the coil and the
plasma Zg

1

T &
Zs & Zs
Rt

e The effective impedance seen in the

primary circuit when the plasma is lit

becomes
Z/ — Zsanp
s Zs + anp
where
1 1
an = -~ ~ ~
p = Rt + JwCl + JwCy
where

— Ry is the stochastic heating resistance

— (s is the sheath capacitance

k — C4 is the quartz window capacitance /
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/Electromagnetic modeling \

tho [Ohm]

(b)
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[Gudmundsson and Lieberman, 1998]

e The changes in primary resistance due to
capacitive coupling and plasma loading, peg

e The negative of the change in primary
reactance due to capacitive coupling and
plasma loading —xefr,

e Argon plasma at — 2 mTorr, - - 10 mTorr
and — - — 60 mTorr, compared to measured
K values for argon plasma j
41

/Electromagnetic modeling \

[Gudmundsson and Lieberman, 1998]

e The rms rf current I,¢ applied to the
primary coil versus the power absorbed
within the plasma

e The rms rf voltage V;.¢ applied to the
primary coil versus the power absorbed

within the plasma

e Argon plasma at — 2 mTorr, - - 10 mTorr
K and — - — 60 mTorr j
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Plasma chemistry

e The plasma is either partially or fully
ionized gas that contains electrons, ions,

neutral atoms and molecules

e The electrons are not in thermal
equilibrium with ions and molecules in

partially ionized plasma

The plasma chemistry can be complicated

Argon discharge consist of

e, Ar, Art, Ar* ..

Oxygen discharge consist of

e, 0, 05, OF, O, 057, 0—, 03, 0%, .....
SFg discharge consist of

e, SFe, SF#, SFS, SF4, F+, F—, F*, Fy, F,....

\_ /
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Global model

The global model is based on:
e Power equilibrium

e Particle conservation for all particles

For argon plasma (noble gas):

Power balance
e Absorbed power = Power loss
o P = enpupAcgér
Particle balance
e Particle loss at surface — Ionization in bulk

® noupAeg = kizngn(ﬂrRQL

\_ /
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Global model

Energy loss

The total energy loss for each ion that is lost is

Er=E+E + &
where

e &, is the collisional energy loss per
electron-ion pair created

kex,i + @31’)’1@

T,
ki, ki my

gc = Eiz + Z gex,i

e & is the average energy of each electron
that is lost. If we assume the electron

energy to be Maxwellian &, = 2T,

e & is the average kinetic energy of ions that
are lost and is determined by the sheath
potential

\_ /
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/Global model \

Rate coefficients

o Rate coefficients are calculated from cross
sections assuming Maxwellian electron

energy distribution

k= <2e>1/2 /Ooo EV26(E)f(E)dE

Me

Collisional energy loss

100000 pr— —_—

10000
= 1000
S

100

10 b -3

1L 1

T. [V]

e The collisional energy loss per electron-ion
k pair created &. j
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Global model

Advantages

e Give estimate of the plasma parameter
with relatively simple calculations
(n67 Te7 Vp17 ni)

e Tool to estimate which reactions are of
importance in particular mixtures
Limiting factors
e Does not give spatial distribution

e The electron energy distribution is given

\_ /
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/Oxygen discharge \

e Oxygen is relatively simple diatomic

molecule

e The oxygen discharge is weakly
electronegative, (negative ions O, O3 and
03)

e Negative ions have a significant influence

on the discharge due to recombination in
the bulk

For electronegative molecular discharge:
e Particle balance

e Quasi neutrality

N_ N4
Ne + E N—i= E Tt,j
i J

e Power balance

No Ny
%’S —e Z EX ki nxnete Z Kloss (Ee,i+Ei,i)nx+|;

(2 2

\_ /
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Oxygen discharge
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e The neutral densities of atomic and

molecular oxygen as well as the lowest

excited states versus absorbed power

The measurements by Fuller et

al. [Fuller et al., 2000] was made in an

inductively coupled discharge in a

cylindrical stainless steel chamber with

R =18 cm and L = 22 cm. The operating

pressure was 10 mTorr

Oxygen discharge
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e The densities of electrons n, and negative
oxygen ions, O™, Oy, and Oj, versus
discharge pressure at 500 W and flowrate
50 sccm for a cylindrical stainless steel
chamber with L = 7.6 cm and R = 15.2 cm
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Oxygen discharge
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|
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1500 W -------
0001 bt
1 10 100
p [mTorr]

e The electronegativity n./(n_ +na_ +ns_)
at 100, 500 and 1500 W versus discharge
pressure

o We assume flowrate to be 50 sccm and a
cylindrical stainless steel chamber with
L =76 cmand R=15.2 cm

/
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Creation - destruction of O~
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Creation - destruction of O~

e Creation of the negative ion O~ is mainly

~

through

e+0,(°S,) — O(®°P) + O~ reaction 3
og

e+02(a'Ay) — O(P)+ 0O~ reaction 20
in the pressure range 1 100 mTorr
Destruction is mainly through
0™+ 0" — O(®P) + O(®P)  reaction 6
at low pressure (< 10 mTorr) and

O(P) + 0~ — e+ 05(°T,)  reaction 9
og

0~ +07f — O(SP)+02(3EQ_) reaction 5

/

at higher pressure 10 — 100 mTorr
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The metastable O(a'A))

A reply to a comment on: ‘On the
plasma parameters of a planar
inductive oxygen discharge

Comment
Is oxygen a detachment-dominated
gas or not?

[Franklin, 2000] and
[Gudmundsson et al., 2000]

\_
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The metastable Os(a'A,)
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The metastable Oz(a'A))

e The model was applied to investigate the
influence of the metastable molecule
O2(atAy) on the discharge

e The influence of neglecting the reactions
0™ 4+ 0s(a'A,) — 05 +0  reaction 23
O™ +02(a*A,) — O3 +e reaction 33
05 +02(a'A,) — 202 +e  reaction 28
on the plasma parameters

e The effects are negligible at low pressure
but the error increases with increasing

pressure

57
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Summary

e The low pressure inductive discharge was
introduced

e A first principles electromagnetic model of

a planar inductive discharge was described:

— It was used to calculate the rf voltage
and current applied to drive argon
discharge

— It was applied to estimate the current

induced in the discharge
e A global model of an oxygen discharge was

used to:

— Investigate creation and destruction of
o0

— Look at the influence of the metastable
molecule O2(a'A,)
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