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Plasma modeling for a nonsymmetric capacitive discharge driven
by a nonsinusoidal radio frequency current
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An analytical solution for the sheath dynamics of an asymmetrically driven capacitively coupled
plasma is obtained under the assumptions of time-independent, collisionless ion motion, inertialess
electrons, and uniform current density. Modeling is performed considering that the plasma is driven
by a nonsinusoidal radio frequendyf) current which can be resolved into a finite number of
harmonic components. Together with different sheath parameters the equation for the bulk plasma
impedance is also obtained to calculate the overall plasma impedance and the overall rf voltage.
Assuming equal plate areas the solution for a symmetric discharge is also obtainable from this
model. We have found that the even harmonic components of rf voltage and impedance are always
present, even in a symmetric discharge. Experimental results are shown to be in qualitative
agreement with the theoretical model. The values of normalized rf voltage and impedance
harmonics assume lower values as the asymmetry of the plasma chamber decrea2682 ©
American Institute of Physics[DOI: 10.1063/1.1462425

I. INTRODUCTION the sheath, nonlinear oscillation motion of the electron
sheath boundary, nonlinear oscillating sheath voltage, and
the effective sheath impedance. Finally, we have included the
impedance of the bulk plasma to determine the overall im-
edance and the overall rf voltage between the two plates.
ssuming equal plate areas it is also possible to obtain solu-
ons for the symmetrical discharge from this model. For the

Capacitively coupled radio-frequencyf) plasmas play
an important role in a number of material processing appli
cations in the microelectronics industrin such a discharge
the electrons can be thought of as oscillating back and fortl
between the two electrodes, with most of the applied voItag%
dropped across the sheat_hs hear the glectrodeg. The MOUQylation of different parameters a comparison is made
of the sheath boundaries is highly nonlinear. Various author%i,[h the Lieberman modéf
have developed models to account for the electron and ion
dynamics within the sheatfis® However, the nonlinear ion
and electron dynamics are not treated self-consistently within
these models. Lieberman developed an analytical, selfl- MODELING OF RF PLASMA
consistent solution for the collisionless rf sheath considering

a single sinusoidal rf curret. This model was based on a sity at a particular distance from either of the plates is uni-

symmetrically driver{equal-area platgsparallel plate rf dis- form throughout the cross section of the plasma.
charge. The effect of asymmetrical sizes of the two plates

was not considered in the Lieberman model. In reality mosA. Analysis of plasma sheath

reactors used for plasma processing are asymmeffical, |, he sheath analysis all the assumptions made in the
where the powered electrode area is smaller than thgjeperman modél are also assumed to be valid in this
grounded electrode area. Again, due to the complex behaviq el except that the driving rf current is assumed to be no

of the plasma_shtze(z)aths:, the driving rf current always containg,nqer sinusoidal in nature. We assume that the rf current is
some harmonics-**which contribute significantly to each of ' ncinusoidal but it can be resolved into a finite number of

the plasma parameters. To date_ little work has been carriegh rmonic components whose frequencies are integer mul-
out on the analysis of the behavior of the sheath beyond thﬁples of the driving frequency. This is a good approximation
fundamental frequency of the rf current. , _when the current is periodic in nature in time space and the

In this work we have developed an analytical solution yaqnitude of harmonic components at very high frequencies
for a collisionless rf sheath considering a nonsymmetric cayg very small compared to the fundamental and can be ne-
pacitive discharge and all harmonic components of the rfyected. The structure of the rf sheath is shown in Fig. 1. lons
current. We obtain expressions for the time-averaged ion an ossing the ion sheath boundaryxat 0 accelerate within
electron densities, electric field and electric potential Withinthe sheath and strike the electrodexats,, with high ener-

m

gies. The ion density is sketched as the heavy, solid line in
dElectronic mail: menallyp@eeng.dcu.ie Fig. 1. The nonsinusoidal rf current can be expressed as a

In the following model we assume that the current den-

0021-8979/2002/91(9)/5604/10/$19.00 5604 © 2002 American Institute of Physics

Downloaded 30 Jan 2008 to 136.206.1.17. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 91, No. 9, 1 May 2002 Dewan, McNally, and Herbert 5605

A man’s equations is replaced by the nonsinusoidal current
density given by Eq(1). Thus the sheath parameters ob-
:Z%’;n tained in this model are given by the equations below. Their
"’ derivation is included in Appendix A. Most of the following
equations contain one or more integration operations. The
results after the integrations are not shown for simplicity as
the results are quite complicated.
Given the results of Appendix A, the time-average elec-

tron density can now be obtained by Eé&4). Differentiat-
~~~~~~~~~~~~ ing Eq. (A12), using Egs.(Al) and (Al14), and equating

0 t Sm dE/dx= pleg we obtain the net charge density as
Electron sheath edge, s(2)

Average electron density, 7,

Ion density, »;

Plasma. N Electron density, n,

Electrode

. - . ¢
FIG. 1. Structure of the high voltage, capacitive rf sheath. lons crossingthe  p= —n;e. (2)
ion sheath boundary at=0 accelerate within the sheath and strike the T

lectrode ak=s;, . . : .
electiode ak=s Note that the equations for the time-average electron density

and the charge density are the same as in the Lieberman
model’ except that the ion density; used in Eqs(A4) and
summation of several sinusoidal harmonic component$2) is given by Eq.(A18).
which flow along thex axis through the sheath and can be Integrating the instantaneous electric field given by Eg.

written ag? (A10) with respect tax, we obtain the instantaneous voltage
N V(t) from the plasma to the electrode across the sheath as
Js()=— 2, J,sin(pwt), (1) .
p=1 V(t):f E(x,t)dx
S

where J(t) = —J_p sin(pwt) is the pth harmonic component

of rf current densityJ, and » are the amplitude of thpth fw N

Jp
otp=1 PwE&Q

harmonic current density and the angular frequency of the
fundamental component of rf current, respectively.

In the derivation of the sheath parameters we followedJsing Egs.(A14) and (A15) and inserting into Eq(3) we
the same procedure as described in the Lieberman ffodelobtain the equation for the instantaneous sheath voltage
except that the sinusoidal current density used in LieberV(t), for O<wt<r, as

d
[cos(pww—cos(pcp)]ﬁd@. 3

N
ew?sonoV(t)=| > > pq{COS(IOwt)—COSPQD)}SiH(QQD)dQD—esz—SOm)
e

H
-c ‘

TpJ_quJs( 2p+q 2p—q
Sl + — — 5 Sl —

m¢’005{p—@¢’]{COE(Swt)—COE(Sgo)}sin(rcp)
N 3233.( 3 . ¢ o
|8—pzsm(2p<p)— %cos{chp)— 2

X{cogswt) —cogse)}sin(re)de |. (4)

V(t) in Eq. (4) is an even, periodic function ot with — 1 (=

period 2r. For — m<wt<0, V(t) is given by Eq.(4) with VO:; fo V(wt)dot, ®)
ot in the right-hand side of the equation replaced-bywt.
ExpandingV(t) in a Fourier series we have

_ 2 (7
VF;J V(wt)cogkwt)dowt (k=1,2,3,..). )
w 0
V(t)=Vo+ >, Vi cogkot), (5)
=T It is evident from Eq(4) that it is difficult to perform manu-
ally the analytical Fourier transforms given by E¢8) and
where (7). But using a personal computer it is very easy to perform
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these calculations numerically using any routine program- -

. Jk
ming language, such @dRTRAN, Pascal, G-+, etc. C=—r. 9)
Defining the effective capacitance per unit area using the KoV
relation From Eq.(A5) we obtain
— d — N
—Jksin(kt)=Cy [ Viccogkat)], tS) NUs= ”Opzl U, Sin(pe) = Noo, (10)
we obtain the sheath capacitan@e F/n?) for the kth har-  where Up=jp/eno and u0=22‘:1Up sin(pe). From Egs.
monic frequency (A14) and(A15) we obtain
|
dx & — 1 NN, 2p+q 2p—q
ewnNg—= Jy si - pq{ sin(p+ ————sin(p—
wnog, = 2, Jpsin(pe) eszGSOmO[; %1 o | ZppT g2 SNPH A e~ 5oz sinp-a)e
q#p
! p+a)e+ ! {p—a)
—=—————¢COo cogp—
N2 3 o 0 N
_p e _ _r - .
+p21 5 (szsm(chp) pis cog2po) Zpszl Jpsin(pe). (11)

Using ¢= wt andug=dx/dt we obtain from Eq(11)
N N

- S j"‘]_q( 2P Ginp+ @)oo sinp-)g— 5 —— ¢ cosp+a)
Us—Upg=— 550" Sl — — Sl — ———@CO
ST T 2 T e omnZ| E & b 2ppr g2 PV op(p— 2P T Ve 5 (pg) P ORPT D
q#p
N 2 N
b ecogp—q) ]+2 —"[—;3 Sin(2pe) — ~-cog 2p )—i] > J,sin(pe)=F(¢) (12)
2(p—q) ¢ "= e " 4p $)72p) | TeSPEIm L)

Now, following exactly the same procedure described in theponding to thekth harmonic frequency. Considering only

Lieberman modél we can write the average stochastic the kth harmonic component of rf current given by Ea)
power per unit area for a single sheath as we have

J(t)=—J, sin(kot). (16)

Similarly as in Eq.(15), using only thekth harmonic rf cur-
4m ™ rent given by Eq(16) instead of the total current and sim-
= W_nOFSfO (Us—Uo)NsUsde, (13 piifying, we obtain the average stochastic power for a single
sheath per unit area related to only tkén harmonic fre-
wherem is the electron mass and for a Maxwellian distribu- quency as
tion the incident electron fluX' can be written as+2223
_ 3mJ;

1 (8eT, S S
Fszzno( wme (14) stock ™ 8Kk2e3w Teeny ©

Inserting Eqs(10) and(12) into Eq.(13) we obtain

Estoc:n_ors<(us_ Uo) nsus><p

1/2

(17

wherel ' is given by Eq.(14) andJ, is the amplitude of the
kth harmonic current density. Now, the sheath conductance

_ m m No _ Gy per unit area for th&th harmonic frequency is defined by
Psioc= 5 L's f F(e) 2 Jpsin(pe)de. (159 the relatiod’
mENY 0 p=1
-

Equation (15) gives the total power dissipated in the P :Ei (18)
plasma sheath by the stochastic heating mechanism. Itis evi- = S 2 G’
dent from Eqgs(12) and(15) that it is impossible to separate . :
the amount of heating corresponding to a particular harmonigquatmg(ln and(18) we obtain
component of the rf current. As an approximation we as- 4k2 e3w2Teson8
sumed that only th&th harmonic component of rf current is Gk=; . (19
in operation while calculating the stochastic heating corre- 3J mb's
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Plate B R,=r+ (I —spp)tané. (26)
The effective bulk plasma lengtth and the separation be-
Blats . Ri-R, T tween the two platescan be related as
) y tand '
R, R, T d=I—=Sm—Sm2, (27
l l wheres,,; ands,,, are the ion sheath thicknesses at plate A
and B, respectively. Assuming that the plasma density is in-
4 7 "o versely proportional to the cross-sectional area of the plasma
| dx cylinder we obtain
Sml
‘>!< x » ] No1A1= NoxAx=NoA; . (28)
0 . . .
"S;I The subscripts 1¥, and 2 are used for the positions at the ion

sheath edge of plate A, at a distancéom the ion sheath
edge of plate A, and at the ion sheath edge of plate B, re-
spectively. Inserting Eq$22) and(28) in Eq. (21) we obtain

FIG. 2. The schematic diagram of the plasma.

B. Analysis of bulk plasma e’AiNg;

 kweom(ko—jrmAyl’

(29

Epx— &
In the calculation of the bulk plasma impedance the fol- px—=0

lowing assumptions were made. Using Egs.(20) and (29) and integrating fronx=0 to x

(@ The plasma outside the two sheaths can be repre= 4 \ye ghtain thekth harmonic bulk impedance as
sented as a solid cylinder of lenghwith a linearly varying
cross-sectional radius from plate A to plate(Bg. 2).2* I JD3+Dj e (002 (n12)]

(b) The plgsma density, is inversely prppprtional to Zk:2(r2—r1)dw8077 \/DiJnge '
the cross-sectional area of the plasma. This is a good ap-
proximation if we assume that the rf current is constant awvhere, a, and the coefficient®; are defined in Appendix
any distance from either of the plates. Thus the current derB.
sity becomes inversely proportional to the cross-sectional —Separating the real and imaginary parts of ktle har-
area and the plasma density increases almost linearly witfonic bulk impedance we can rewrite H0) as
the current densit§’ o Ze= Zreart I Zimag: (31)

The kth harmonic impedancéohm) of a bulk plasma
slab of thicknessix and cross-sectional arel,, at a dis- Where
tancex from the ion sheath edge of plate A can be written |
as? Ziea=

B dx
_jka)stAx

(30

\yD3+D3
: ;‘in<a—f), (32
2(r—rykeweom DI+ D3 2

' (20 | VD3+D3 g( ¢>)

Zimag= — cog a— —|.
M9 2(rp—rykeeem JD?+D3 2

dz,

where
(33

Note that if the value oD ; becomes negative, the value ®f
in Eq. (B6) should be chosen such that2< a<3#/2.

2
Wpe x

1= Ko(ko—jv,)

. (21)

Epx= &0

In this case, the electron plasma frequency
eZnOx 1/2
[} = s

pe X gom

andv,,=electron-neutral collision frequency. Herg, is the . .
plasma density at a distangefrom the ion sheath edge of To determine the ovgrall impedance be“’veef‘ the two
plate A, which is also equal to the electron density at thafelectroqles we need to |nc'lude three compo'nehi)sihe
position. From Fig. 2 shea_t_h impedance gt plate @, the bulk plasma impedance, _
and(iii) the sheath impedance at plate B. For an asymmetri-
A= 7R;=m(R;+xtanf)? (23)  cally driven, parallel plate rf dischargaonequal area plates
the sheath equations for plate B will be identical to those for
plate A, except that the harmonics of the current density
considered for calculation at plate A will be multiplied by a
factorb=A,/Ag, whereA, andAg are the cross-sectional
areas of plates A and B, respectively. The sheath voltage on
plate B will be similar to that of plate A but shifted by a
phase angler. We letV(wt) and Vg (wt) be thekth har-

(22 C. Overall impedance and rf voltage between the two
electrodes

and

Ro—=Ry rp—ry
d I

Herer, andr, are the radii of the plates A and B, respec-

tively, wherea}; andR, are the radii of the plasma cylinder

tanf= (24

at the two ion sheath edges. From Fig. 2 we obtain
Rl: r1+ Sml tan 0, (25)

monic voltages on plates A and B, respectively, with respect
to the plasma; then from E@5) we can write
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Va(@t) =V cogkot), (34) - PIM—T e T
_ _ rchmzr ,__._‘I?" E E
Ve ot)=Vgcogk(wt+ m)]=(—1) Vg, cogkot) i E :
(35) | 'Top electrode | E Smart PIM™ E
_ _ Anpﬁgzged } 1| acquisition unit E
whereV,, and Vg, are the amplitudes of thieth harmonic v 6:‘“ I e
sheath voltage at plates A and B, respectively, given by Eq. [ Bottom electrode r‘::t“jl:)‘r‘;(g
(7). Since the phase direction &fgz (wt) is opposite to '
V(wt) and the sheath capacitances are directly related to ﬁ ¥ Sensor 13.56 MHz
the sheath voltages, it can be seen from Ef5.(34), and v head RFP"}"‘“
(35) that the equation for the equivalent sheath capacitance p:;p e SUPPY

(in farad for two sheaths is

FIG. 3. A schematic diagram of the experimental equipment including the

I 36 PIM.

Ces = f— Ko 4
Ko{Vak—(—1)"Vgy
wherel, is the amplitude of théth harmonic rf currentin It is important to note.here that in the Lieberman model
there is no even harmonic overall rf voltage and hence no

amperes Thekth harmonic equivalent sheath resistance for S ) .
the two sheathéin ohms can be written as even harmonic impedance. This was always a problem with

this model, as our measuremefigge Sec. IY have always
1 1 observed even harmonic components. We have found that the
les k:rGM+ ?Gsk' 37 even harmonic components of rf impedance never become
zero in the present model. This is because the sheath resis-
HereG,, andGg are thekth harmonic sheath conductancestance associated with the stochastic heating in the two
(mho/n?) of plates A and B, respectively, given by E49).  sheaths and the bulk plasma impedance are always present,
From Egs.(19) and(37) and usingJ,g=bJ,s We obtain even for a symmetrical discharge. From E40) we see that
— in a symmetrical discharge only the sheath capacitance effect
3Jiaml’s is diminished in the overall impedance.

= 1+b3
Mook A2 T o qnia, (1 TP (38)

- - . . . EXPERIMENT
where J,, and J,g are the amplitudes of thkth harmonic

current density at plate A and plate B, respectively. Now, The experimental apparatus is a capacitively coupled
from Egs.(31), (36), and(38) and usingl .= A,J,» we ob-  Parallel plate reactor coupled with a plasma impedance

tain thekth harmonic overall impedandén ohmg between —monitor (PIM) shown by Fig. 3. It consists of two water-
the two plates as cooled circular aluminum electrodes separatgdab6 cm

gap. The diameter of the upper electrode is 28.5 cm whereas

3|_5st the lower electrode is 24 cm in diameter. A Pyrex cylinder
Zok=| Zrea™ —5 35 731+ b%) seals the whole plasma chamber. For reactive ion @R¢h)
4k“€*w TeeoNoAn operation the upper electrode is grounded and the lower elec-
— i trode is supplied by a 13.56 MHz rf generator. A replaceable
1 - Va— (=) Ve hollow circular shaped anodized aluminum plate is placed
+] Zlmag — ' (39 . . . .
P above the lower electrode which provides a variable effective

o area for the powered electrode. The word “effective” is used
For a symmetrical dischargb=1 andV,,=Vg,. Thus re-  here because the anodized plate acts as an insulator and thus
placing V. and Vg, by V,, andA,, by A we can rewrite only the exposed part of the powered electrode comes in
Eq. (39) for a symmetrical discharge as contact with the plasma. An impedance matching circuit is
placed between the rf generator and the powered electrode to
minimize the reflected power from the plasma chamber. A
mass flow controller unit controls the flow of inlet gases into
the chamber where a rotary pump maintains the necessary
vacuum in the chamber.
) (40) The PIM (shown by the dotted line in Fig.) 2omprises
a Scientific Systems Smart PIM™ unit interfaced to a per-
sonal computer. The Smart PIM™ is a microprocessor-based
electronic system for measuring rf plasnta&>~%’ The
current—voltage I(-V) sensor located between the matching
(41) network and the driven elec_trode of the plasma re_actor mea-
sures current and voltage signals that are proportional to the
whereZ,, is thekth harmonic overall rf impedance given by plasma rf current and voltage. The signal is fed vialth¥
Egs.(39) or (40). cable to the Smart PIM™ acquisition unit. Microprocessor

312ml’

2k2e3w?Toegn3IAS

Zox=| Zeart

v,
zimag—{l—(—l)k}lzk
k

+]

The overallkth harmonic rf voltage at the powered electrode
with respect to the ground can be obtained as

Vite=1Zok.
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TABLE I. Harmonic components of rf current recorded in the experimentthe relative contributions of each harmonic component of rf
for different effective diameter settings of the powered electrode. voltage and impedance. To analyze the trends in the data the
Diameter of the powered measured and the calculated values of the rf voltage and
electrodeD; (cm) LA LA 1304 1,A) Is@A) impedance were normalized with respect to their fundamen-
o 90797 01895 01627 01062 00399 tal co_mponents and plotted on the same graph.
18 00394 02011 01841 00491 00375 Figures 4 and 5 show the comparison between the mea-
20 94951 0.1836 0.1755 0.0557 0.0338 sured and the calculated values of the rf voltage and imped-
ance, respectively, while the diameter of the powered elec-
trode is set to 18 and 20 cm, respectively. It is clear from the
ures that the relative magnitudes of both the rf voltage and
pedance harmonics calculated using the present model fol-
w qualitatively the values measured in the experiment. In
: . e modeling we saw that the plasma equations are nonlinear
harmonic components is also computed. The fundament behavior and that they depend on the aforementioned three

and the f_irst four harmonic components of the current anq)-sma characteristi¢s,, T., andwy,) in a strong nonlinear
voltage signals and the phase angle between the respecti hion. This has a major impact on why the calculated rf

components are trgnsferred to the mlcrocor_nputc_ar via an Ir.\7oltage and impedance harmonics do not match exactly with
terface cable for display and further analysis using the Sci

. ) the measured values but follow the trend of relative magni-
entific Systems Windows™ based software, PIMSoft™. The[udes of each of the harmonic components. To obtaingim-

resolutions of this equipment for rf voltage, current, andproved results one should use the exact values of the above
phase aret1V, +1 mA and+0.01°, respectivel$®
The plasma system described above was run in RIE
mode with Ar gas at 180 W rf power, 30 mTorr chamber
pressure, and 4.35 sccm gas flow rate. The fundamental an
the harmonic componentsip to the fifth harmonic, where
fundamental frequeney13.56 MH2 of rf current, voltage,
and impedance were recorded using the PIM. The experi-g
ment was repeated for the same operating condition but dif-£ *°
ferent effective diameters of the powered electrode. The re-Z
sults obtained from the experiments were compared with thes
modeled parameters. :

. . . . fi
based analysis routines operate on the acquired signals ﬁa
yield the Fourier components of the fundamental and the fir%
four harmonic components. The phase angle between t

B Measured values
Calculated values

1ze

Normal
(=]
(4,

IV. RESULTS AND DISCUSSIONS

Using the fundamental and the first four harmonic com-
ponents of the rf current measured in the experimésitewn . Z A -
by Table ) as parameter@ther harmonics of rf current are o 1 2 3 4 5 6
assumed to be zerthe first five harmonics of rf voltage and Harmonic number
impedance were calculated. Since there was no facility in our
laboratory to experimentally measure the three characteristic
plasma parameters, i.e., the plasma dengjtyelectron tem-

(@)

peratureT ., and the electron-neutral collision frequengy, 15
typical values of these parametéshown in Table |l were BB Measured values
used in the calculations. These three parameters depen Calculated values

strongly upon the operating condition of the plasia.,
discharge power, operating pressure, the gas flow rate, an
the geometry of the plasma chamband change drastically
for a small change in one of these. For this reason it is very=
difficult to assume the exact values of these parameters an g
hence the calculated values of the different parameters majé wsl
vary significantly in absolute value from the measured val- 2 ™
ues. In this work we used typical values of these three
plasma characteristics to elucidate trends in the data such &

d RF voltage
=

00

I.%I Im ;. —_
2 3 4

Harmonic number

®)

TABLE II. Typical values of three plasma characteristics used for calcula- 0 1

tions.

n T v . . .
0 ° m FIG. 4. Normalized rf voltage as a function of the harmonic number for two

1x102% cm™3 35V 2x10" st different effective diameters of the powered electrdde; (a) D;=18 cm
and(b) D;=20cm.
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25

B Measured values : —— Measured for D; = 16 cm
Calculated values 10 7y —{J— Measured for D; = 18 cm
g or 3 1 —/\— Measured for D, =20 cm
g i —— Calculated for D, = 16 cm
é-ﬁ L i —J— Calculated for D; = 18 cm
. i —/\— Calculated for D, =20 cm
@ 08 |
<3
Q -
S0
= L
g O
z g |
5+ ;// —é 06 -
% 2"
/ T [
. i
0 .7 . N7 . £
0 1 2 3 4 5 5 s T
Harmonic number L
(@) 04
5 L
Il Measured values 02 -
Z Calculated values I
Q 1
=
3 L ’
2 I TR, - = e
E 3 0 1
E % Harmonic number
2 7
% 2t FIG. 6. Comparison of calculated and measured values of normalized rf
g voltage for the effective diameter of the powered electr@es 16, 18, and
b 20 cm, respectively.
| |
% IW/] the diameter of the grounded electrode is fixe8.5 cnj.
0 1 2 3 4 5 5 This is the main reason why the normalized curves of the rf
Harmonic number voltage and impedance harmonics shift downward for higher
®) D
1 .

FIG. 5. Normalized rf impedance as a function of the harmonic number for
two different effective diameters of the powered electrobg, (a) D, V. CONCLUSIONS
=18 cm and(b) D;=20cm.
We present an analytical solution for a high voltage, col-
lisionless, capacitive rf sheath driven by a nonsinusoidal rf
three plasma characteristic parameters, if available. current. We obtain analytical expressions for some important
Figures 6 and 7 show a comparison between the calcisheath parameters, i.e., the time-average ion and electron
lated and measured values of rf voltage and impedance hagensities, electrical field and electric potential within the
monics, respectively, for three different diameter settings oEheath, nonlinear oscillation motion of the electron sheath
the powered electrode. From these figures we see again thadundary, the effective sheath impedance, etc. The Lieber-
the overall qualitative trends are similar for measured andnan model’ for the sheath parameters is also obtainable
calculated values. But the values of both rf voltage and imfrom the present model if we assume that all the harmonic
pedance harmonics move to lower values as the effectiveomponents of the rf current, except the fundamental, equal
diameter of the powered electrod®;, increases. This can zero.
be explained in the following way. We saw in the modeling We have determined the overall rf voltage and imped-
section[see Eq.(40)] that there is no sheath capacitanceance for each of the harmonic frequencies considering an
effect on the even harmonic components of rf impedance foasymmetric discharge. We also obtained the equation for the
a symmetric discharge. That means that the harmonic phe&same quantities for a symmetric discharge. In the calculation
nomenon is reduced as the asymmetry of the system is ref the overall impedance we included the bulk plasma im-
duced. In other words, the fundamental component will bgpedance together with the two sheath impedances while the
more prominent in less asymmetric systems. When the habulk impedance was not included in the Lieberman model.
monic components are normalized with respect to the fundawe have found that the even harmonic components of rf
mental, they will be of lower value than those of more asym-voltage and impedance are always present in this model
metric systems. Now, an increase in the diameter of théeven for a symmetric dischargevhereas there is no even
powered electrode reduces the asymmetry of the system, &armonic component in the Lieberman model. This is be-
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40 APPENDIX A: DERIVATION OF PRINCIPAL SHEATH
r —— Measured for D, = 16 cm PARAMETERS
—{1}— Measured for D, = 18 cm
B —/\— Measured for D, =20 cm The relation between the ion density and the time-
—O— Calculated for D, = 16 om average potentiab within the sheath is given By
| —{J— Calculated for D, =18 cm —\ (12
30’: —/\— Calculated for D; =20 cm ZCI) (/2
[ ni=nol 1— — : (A1)
Te
g =L where ny and T, are the plasma density at=0 and the
g electron temperature, respectively. Hdpeand n; are func-
520 - tions ofx. The time-average electric fiell(x) and potential
0 ®(x) can be expressed as
E‘f' - dE e - o
i &—;O[ni(x) Ne(X)], (A2)
10 L _
: w__g A3
; - E (A3)
Ll
r wheree ande are the ion charge and the permittivity of free
i space, respectively. The time-average electron demsity
o within the sheath can be given'as
L _ ¢
Y I R B RS B B ne(X):(l__)ni(X), (A4)
0 1 2 3 4 5 6 ™

Harmonic number

where 2p(X) =2wt is the phase interval during whicd(t)
FIG. 7. Comparison of calculated and measured values of normalized rk: x: s(t) is the distance from the ion sheath boundary at
impedance for the effective diameter of the powered electidde; 16, 18, =0 to the electron sheath edge. The time-average electron
and 20 cm, respectively. L . ) . . .
densityng(x) is shown as a dashed line in Fig. 1.
Equating the displacement current given by Et). to
the conduction current at the electron sheath boundary, we

) i ] obtain the equation for the electron sheath motion as
cause the sheath resistance effect, associated with the sto-

chastic heating in the two sheaths, and the bulk plasma im- N )

pedance never become zero. Only the sheath capacitance —eni(s)a=—pzl Jpsin(pet). (A5)

effect is diminished at even harmonic frequencies when the

discharge is symmetric. The time varing electric field within the sheath is givert by
It is shown that the relative magnitudes of rf voltage and e [x

impedance harmonics determined by the present model fol- E= S—OL n(&)dé, s(t)<x=0, s(t)>x. (AB)

low qualitatively the values measured experimentally, as they
follow the trend of the relative magnitudes of each of thelntegrating Eq.(A5) we obtain
harmonic components. The values of the normalized rf volt-
age and impedance harmonics assume lower values both for EJ’
calculated and measured quantities as the asymmetry of the
plasma chamber decreases. This is possibly because the har- |
monic phenomenon decreases with a decrease of the asyfmUttings=x at wt=

N —

o J
ni(£)dé= D, ——[1-codpwt)]. (A7)

0 p=1 Pweg

¢ in Eq. (A7) we have

metry of the chamber. e (x N
— | ni(&)dé= P [1-co . A8
o JO (§)dg= 2, o [1-cogpe)] (A8)
Subtracting Eq(A7) from Eq. (A8) we obtain
ACKNOWLEDGMENTS e (x N j
. —J ni(£)dé= >, —"—[cogpwt)—codpe)]. (A9)
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provision of the Plasma Impedance Monit&@mart PIM™. Equating Eqs(A6) and (A9) we obtain
The authors would also like to thank Dr. Miles Turner,
School of Physical Science, Dublin City University, Dublin, D
Ireland for many useful discussions about this work. The — E(X,o)= 21 pwso[cos{pwt)—cos(pa)],
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Scheme is gratefully acknowledged. s(t)<x=0, s(t)>x. (A10)
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We note thais(t)=x at wt=¢ ands(t)<x when — ¢<wt

< ¢. Taking the time-average we obtain from E4.10) . 1
XSiN(p=Q)e= 507y ¢ CoIP+a)¢

E(x)=%J:E(x,wt)dwt. (A11) N T
Inserting Eq.(A10) into Eq.(A1l) and integrating we obtain - 2(p—q) ¢ cosp=a)et 21 Fp

_ X o n 3 ¢\?

E(x)zpz,l pws"ow Esin(p(p)—(pcoipgo)}. (A12) X zSIn(Zpsv)——COSKZpso) 20 (A15)

Inserting Eq.(A12) into Eq. (A3) we obtain
and from Eq.(A15), usingV=—®(¢=) the net dc volt-

1
== 21 pws p S'”( Pe)—¢cospe)|.  (Al3)  age across the sheath can be given by
Inserting Eq.(Al) into Eqg. (A5) with s(t)=x, wt=¢, we
obtain
_ NN ——
_ Vo101 1 Jpdg
—(12 ——_Z4Z ~pq
d_QD: ewno(l_zq)/Te) (12 (A14) Te 2 + 2 1+ ZewZTesono[ Z qzl p
— . - 9&
dx sy T,sinpe) 1 o
Dividing E_q. (A13) by_ Eqg. (Al14) and integrating we obtain X 0T )Cog(p+q)1-r_ ( )cos(p_q)ﬂ)
the equation for the time-average potential as P+q P—a
N —T2) 12
— — 3 J
B (35 S
T 2 2 ew’TeeomNg | (=141 P =
a#p
( 2p+q Sin(p+q) o — 2p—q Inserting Eq.(A15) into Eq. (A16) and integrating withe
2p(p+q)* 2p(p—q)* =0 atx=0 we have

N 0 1 NS N 333 e[ 2p+q —q
S e o [ fqpe_ 279
eonox= 2 pfo sinpe)de eszeswno[z 2 275 Jo | 2pprqrSPrae- 2p(p )2

1 1 . _2J
Xsirl(p—q)qo—mqocos(PJrq)wmwow—qm]sir\(r@)w t2 2

(A17)

J“’ 3 2 ? og2 e . g
X . 8—p28m( p@)—%coi D@)—ﬁ sin(re)de|.

Puttingx=s(t) and ¢=wt in Eq. (A17), we obtain the nonlinear motion of the electron sheath. Again usindAdy) and
puttingx=s,, at ¢ =7 we can calculate the ion sheath thicknggs From Eqs(Al) and(A15) we obtain the equation for ion

density as

. 2p—q . 1
zsin(p+q)e— WSW\(D—Q)QD— m@coipﬂﬂ@

J q( 2p+q
2p(p+q)

(A18)

-1
3
pcogp—0q)e |+ ( zsm(2ptr)——cos(2p<p)—2p)H :

" 20—-q)
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APPENDIX B: COEFFICIENTS USED IN THE
CALCULATION OF kth HARMONIC BULK IMPEDANCE
[EQ. (30)]

¢=tan kw)’ (B1)
Dy=eR,| % - k2w?+ 12) " Ycog /2 B2
1_e 1 kwsom ( w +Vm) Coid) )1 ( )
D,—eRy| — % _ l/2(|<2 24 12~ (14 giny( /2) (B3)
2 N kweom @ ¥m '

D=1

3—§n

{{(Rz—Du(RﬁD1)+D§}2+{DZ<R2—R1—2D1>}2
{(Ry+D1)(Ry—D1) + D35} +{Dy(R;— R~ 2D)}?|’

(B4)
D,—tan ! Da(R;—R;—2D4) .
(R;—=D1)(Ry+D1)+D3%

D,(R{,—R,—2D

_tartt 2(Ri—R; 1) ' (85)

(Ry+D1)(Ry—Dy)+D35
D
a=tan -2, (B6)
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