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Global model and scaling laws for inductively coupled oxygen
discharge plasmas
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For inductively coupled oxygen rf discharge plasmas, a global model which consists of the energy
and particle balance equations is formulated. The energy balance equation includes energy losses for
electron-neutral elastic collision, excitation, ionization, dissociation, pair production, and charged
particle wall loss. Particle balance equations are written for all species of interest. For a specified
discharge length and diameter, absorbed power, pressure, electron temperature-dependent reaction
rate coefficients and surface recombination constants, we solve these equations to determine the
densities of all species and the electron temperature. We measure these parameters by the Langmuir
probe method. According to the prevailing particle loss mechanism, the parameter space can be
divided into a volume recombination-loss-dominated region and an ion-flux-loss-dominated region.
Based on the global model equations, the scaling laws of plasma variables with the control
parameters for the ion-flux-loss-dominated region are estimated and compared with the
experimental results. €999 American Institute of Physids§0021-897@9)04019-7

I. INTRODUCTION Up to now, several attempts to analyze discharge plas-
mas based on the global model have been made, but those

Electronegative gases such as oxygen have found nwwere restricted to the low pressure caser the high pres-
merous applications in plasma processing such as thin-filrsure capacitively coupled ca3&his study intends to obtain
etching and deposition. The presence of negative ions conthe scaling formulas explicitly throughout the entire range of
plicates the discharge phenomena. The number of equatiolperating regions, especially around the transition region,
governing the equilibrium is large and analysis becomesnd to verify the scaling relations experimentally. Since the
difficult.1? There have been many approaches to describe thgcaling itself depends on the operating regions, a division of
electronegative plasma. Fluid models have been developdbe parameter space is needed.
for chlorine gas by Park and Econonicand by Sommerer In deriving the scaling formulas, we determine the pre-
and Kushnef. However, fluid models have some limitations vailing particle loss mechanism(recombination-loss-
in keeping track of the various interacting species since theglominated or ion-flux loss-dominatedrhe control param-
take considerable computational resources. Spatially avefter space consists of parametgis,(pressure times system
aged global models have also been developed for variod§Ngth, andncL (electron density times system lengtkve
regimes of rf discharge plasmi&>®and analytic equilib- classify operating regions in the entire control parameter
rium models have been proposed and compared with thgpacel.o In various regions, the discharge generally exhibits
experimental results and other simulation res{its. different scalings of the operating parameters. _

In a previous study we developed a two-dimensional ~ 1he main purpose of this work is to study scaling fea-
fluid simulation to treat an electronegative plasma in alures of oxygen rf discharges, and thereby to estimate the
parallel-plane discharge when a single positive ion species i51U€Nce of operating parametefiseutral gas pressure, ap-
important’ There we considered three fluid componentsp“eOI rf powey on the den_smes Of. the charged species and
(positive and negative ions, and electrom many electro- the electron temperature in the discharge and then to com-

negative plasmas, more than one positive or negative ioﬁ)arz_wr']tgg;e ﬁxze”rr?in;él-r:]'s dzlrtlz(a::]ed IZa(;r'gaemzz(:'oissfglr-e
species may be important. WS. | - 1, a physi IC equati

resented; in Sec. lll, the scaling laws of plasma variables

There is an increased demand to understand the scalifd . . .
) . With the operating parameters are derived. Section IV de-
of the plasma constituents with control parameters for such

multicomponent svstems. The scaling of plasma variablescribes the experimental apparatus and Langmuir probe di-
P y ' 9 P 3gnostics. Section V presents the results of the global model

(charged particle densities, sheath width, electron temper% comparison with the experiment, and discussions, and in
ture, and plasma potentjalvith the operating parameters Sec. VI. conclusions are summariz,ed '

gives useful information for the design and analysis of

plasma sources. Although the global model does not descrit“e PHYSICAL MODEL AND BASIC EQUATIONS
the spatial distribution of charged patrticles, it should pre-
serve the essential scalings of plasma parameters with con- The reactions considered in this model are

trol parameterS. e+0,—0, +2e (ionization 2
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e+0,—0" +0 (dissociative attachment) d[O*]
I Kpail O21[ €]+ Kisid Oz][ €]+ K[ O] e]
{K=8.8x10 Yexp —4.4/T,)}, 2
02++07—>02+O (recombination 2) ~Keel O J[OF]— Otosio-*-] _ %[Oﬂ. (16)
{Kecz= 1.5% 107 13(300/T4)%3}, ©)
B o The particle balance for the neutral species are written as
O +0"—20 (recombination 1)
{K ec=2.5% 107 *%(300/T )"} (4) A0 _ Qs
recl— < g9 ! dt = KA (Kot Kagt KissT Kpair+ Kaisi)[O2][ €]
e+0 —0+2e (detachment e N .
T Krecd 02 J[O7]+ 05 1464 O; ]
{K ge=2x 10 Pexp( —5.5/T,)}, (5) ) <
e+0,-0 " +0"+e (pair production +50Lsd O]~ Vp[oz], 17)
{Kpair=7.1x10" T > exp( — 17/T,)}, (6) 4[O]
e+0,—0+0"+2e (dissociative ionization ar - Kad Ozlle]+Krecd 0;1[07]
o — 16T 0.9 _
{Kasip=5.3<10" T %exp(~20Me)}, - (7) —OLos O]+ 0/oe{ O]+ 2K O5][ ]
+0—-0"+ ionizati -
&+0-07+2e (jonization +Kisid Ozl €]+ Kael O I[€] ~ Kiza[ O] ]
{Ki;1=9x10 15T % 7exp( — 13.61T,)}, (8) S
— +1_ _p
e+ 0,—20+e (dissociation T 2Kreed O ]1O7] \Y; [O] (18
{K giss=4.2X 10" exp( — 5.6/T¢)}, 9) The energy balance equation can be written as
O*—0 (wall recombination), 10
—ol ) 0 4GelT) Pa .
0, —0, (wall recombination), (11 da v £c2Kizd O2l[€]— Oz Losd et &1)
0+0—0, (wall recombination). (12 X[05 1= (K giset disst K pai® pair
The metastable species are not included. The energy lev- P Ko o.1-0o" +e)[OF
els of the metastable oxygen molecule and atom are typically aisiz® i) €1 O] = OLosd et €[ O7]
low (e.g., 1 eV, so their contributions via stepwise ioniza- — e K[ O][el. (19
tion are quite low. Therefore, the effect of metastable species o
are neglected for the parameter region we exarhimecon- The collisional energy loss can be expressed as

structing a globalspatially averagedmodel, we assume that
the spatial profiles of the charged and neutral particles are KizZSCZZKi128i22+Z K excsf exca Kelp€elz,
flat with their average values, and that the charged particles

have very small sheath regions. (20)
From these reactions above, the rate equations for the Ki,ie¢1=Kipieipi+ > Kexci€exert KeltEeits
spatially averaged charged particle densitige symbol[ ]
are useglare written as where theg; terms are the threshold energies required for the
d[e] processes of ionization, excitation, and elastic collision. The
T:Kdisiz[oz][e]—Kan[Oz][e]—Oszoss[OJ] energies of the escaping ions and electrons, and the plasma
potential are
T Kael O][e] +Kizd Ozl €]
S Telv 2T, V=l (Moz) (21)
gi=—5 , €= , =—1In .
+ K[ O[]~ 0/ O] - (L€, (13 R
d[O!] The wall loss rates for neutral atom and charged ions are
2 _
i =Kid Osl[€]~Kecd 03 (071~ 05 ,if O]~ Modeledas
VinA Ugo+ Ugo,*
S =y + - BOT oo 2
_Vp[oz], (14) OLoss™ Yrec VAR Loss deff ) 2 Loss deff ) (22
d[o] where y,.. is the surface recombination ratg,, is the ther-
TzKan[Oz][e]—Kreciog][O‘]Jerai,[Oz][e] mal velocity of the neutral atomA=27R2+27RL, V

=7R2L, Ugo+ anduBoz+ are the Bohm velocities of oxygen
—Kgel O J[e]—Keed O[O, (15 atom and molecule, and the effective system length is
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R2L lower pressure- and higher power-discharges have a larger
deﬁzz—. (23 atomic positive ion density. This study is restricted to lower
2(R°h +RLhg) power discharges.

Note thath, andhg are defined as the ratio of the elec- ~ For the purpose of deriving a simple scaling relations,
tron density at the bulk to that at the axial sheath and radiai'e Set the total positive ion density B8, ]. Then, the re-
sheath respectivef? If R>L, Eq. (23) reduces to combination loss is written &8

d L (24) I'ec= Krecd O;][O_]Vz Kad €][O,]V. (28)

eff~ 55 -
2h, The ion loss to the wall is written &s
Here, we usg
3713 r [€]Ueo,V (29)
a+[u(l)/u =g .
= [u(l)/ugc] } , (25) + dest
1+a
) . The ratio between these two losses is
wherea=2v;,\/ muggy, with v;,=K;,ng (ny is the neutral
particle density, A is the ion mean free pathy(l) is the Free Kreced O3 10 1dest Ko Oo]des
velocity of positive ions leaving the electronegative region, N = . (30)
and ugo is the average of Bohm velocities of the positive i Ugo, (€] Uso,*

ions. Theh, formula above is derived based on the one-
dimensional equilibrium modél.

Rewriting Eq.(25) for the adjustment to a spatially av-
eraged global modéP. we have

For a recombination-loss-dominated regiéf 1), the
scaling relations of the charged and neutral particle in terms
of the control parameters were derived based on a global
model for a capacitively coupled discharyelere, we con-

2K,/ moUgot (4vinag/ ougongl ) 313 sider an ion-flux-loss-dominated regioR(<1). Here, the

h = 17 2K T mou : (26)  jon-flux loss to the wall is much larger than the volume

iz BO . . -
recombination loss, and the other conditions are the same as
where o is the momentum transfer cross sectian, is the  those of Ref. 5. The ion-flux-loss-dominated region corre-
ratio of the negative ion density to the electron density, angponds to a discharge of low pressure, low power discharge
|=L/2. In this study, we assume thlat~hg. systemt?

The pumping§;) and flow(Q+) rates of neutral species From Eq.(14), if we consider the dominant reactions, we
are included to accurately model laboratory situations. In thisiave
study, a sinusoidal input power is used.

Papd t) = PpsSir?(2rft). (27)

Kizd O][€]=0; 14s{ O3 1+ Kiec{ 05 1[O7]. (3D)
From Eq.(30), we write
This model can also be used to study afterglow discharges by 930
turning the power off:!1:12 Ugo,*

Krecz[oz][oi]:RLd—eﬁ[e]- (32

IIl. SCALING LAWS Thus,

Scaling formulas can be derived providing a dominant
positive ion species, and a dominant loss mechanism can be
identified. We assume that) a steady state is reachg@)
the dominant mechanism of generating ions are the diredyote that[e] and[O; ] are of the same ordepr [O;] is
ionization of molecules and atom&) for the electron en- greater tharfe]), and we consider here a sm&| region
ergy balance the collisional energy loss is domindd, (R.[e]/[O;]<1).

Kizo=Kis1,Krec=Kec1- We note that in reality the positive From the energy balance equatideg. (19)],

and negative ion species have approximate parabolic profile

or flat-top profile combined with edge parabola along the Pane=VecoKiz Ozl €]+ VO, osf et e)[0z]. (34
axis. In this global model, we assume that the average den- compining Eqs(33) and (34), we can write

sity of the charged species over the spatial distribution is

represented as the symHdl Uso,*

It is known that the abundance of the atomic positive — Pavs=V(ecateetei) =[Oz ] (35
ion, O", depends on the surface recombination rate, gas of
pressure, and absorbed power. For a medium or high pres- From Eg.(34) and noting thate, =e.,+e.+¢; is the
sure discharge plasmas, Qs the major positive ion, and total electron energy loss, the electron density can be scaled
that the oxygen molecules are far from being completelyas
dissociated, due to a very high oxygen atom recombination
frequency on the reactor waftd However, it has been found elo Pabs (36)
that the degree of dissociation increases with the rf power. A pVe Kizo'

KO l[e]=| 1+ Rufel) oo, o (33)
izol Oz][ e]= [O;] dor [O,].
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FIG. 1. Schematic of a planar inductively coupled plasma source and Lang- . 10 100
muir probe diagnostics system. Pressure (mTorr)

Then from Eq.(33),

deiKizo Oz €] o deftPabs
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As the pressure increases, the electron temperature de-
creases. Thu34502+ decreases and;,, decreases. Sindg <
andhg are found to decrease with the pressuakg,increases

with the pressure. All these factors have nonlinear depen-
dence on the pressure and the power,dgﬁt/uBost ex-

hibits an increase with the pressure and are found to be

weakly dependent on the power. We also find that in this

region (low pressure and low absorbed poyére positive

ion and the negative ion have a similar scaling of pressure o 1000

and power. Power (W)
Thus, we have a scaling as

FIG. 2. The variation oh, as a function of the pressufe), and the ab-

[O;r] =[O0 JxpYPps(y>0). (38 sorbed powerb). y,=0.1.

Note thaty depends on the gas composition, operating re-
gion, and chamber geometry.

As the pressure further increases, the discharge are in the o
recombination-loss-dominated region. Then from Ezf),  SPeed 600 l/s backed by rotary pump giving a base pressure
Kid Ol €]=Keed O; 1071, and assumingO; ]=[0~],  Of about 5-8x10°° Torr. The equilibrium gas pressure in

we have the chamber is monitored with a cold cathode gauge. To
N - " further control the chamber pressure the gate valve was
[O; =[O0 ]*KizP s (39 manually adjusted to vary the pumping speed. The oxygen

Therefore we can notice that the positive ion density de9as pressure was varied in the range 1-80 mTorr.
creases slightly with increasing pressure in  the The induction coil is made of coppédwithout water

recombination-loss-dominated region sinkg, decreases €0oling and connected to a L-type capacitive matching net-
with pressure. work, a directional coupletAmplifier Research DC2600

and a power amplifieENI A-500) driven by a function
generatofThander TG200R A disk-type Langmuir probe is
used in the experiment to measure the positive ion density,
The plasma chamber consists of a stainless steel cylindelectron density, electron temperature, and plasma potential.
with diameter 30 cm and length 50 cm. A 1.9 cm thick by 27 ~ Experiments were conducted at several pressures and
cm diameter quartz plate mounted on the one end separatpswers. In order to allow the chamber to reach an equilib-
the planar one-turn induction coil from the plasma. Figure Irium, the plasma was turned on and allowed to run for an
shows a schematic of the planar inductive plasma source arftbur before taking any measurements. The results of the
Langmuir probe diagnostics system. Langmuir probe measurements are compared with the scal-
The diagnostic port is in the one fourth point to the ing laws based on a global model.
quartz plate along the cylinder axis. The plasma chamber is The saturated current above the space potential is given
evacuated by a turbomolecular pump which has a pumpingy

IV. EXPERIMENT
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FIG. 3. Measured charged particle densities as a function of the oxygen gas
pressure aP =58 W.
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wheree is the electronic charg&is the probe area, is the the transition from ion-flux-loss-dominated region to
electron densitym and M_ are masses of electrons and recombination-loss-dominated region takes place at about 20
negative ions respectivelyl,, and T_ are temperatures of mTorr. Below p=20 mTorr (ion-flux-loss-dominated re-
electrons and negative ions, respectively. gion), the positive and negative ion densities increase with
The positive ion saturation current is pressure according to Ed38), after that, they decrease
slightly according to Eq(39). This can be accounted for
from that at medium or higher pressures, the electron detach-
ment and neutral atom detachment become dominant, thus
wheren, is the positive ion density anMl .. is the positive Negative ion density decreases. The behavior of the ratio of
ion mass. We have density balance between negatively arfifgative ion to electron density is qualitatively consistent
positively charged particles given Ing+n_=n, . By mea- With the experimental results by TuszewSki and
suring electron and positive ion saturation currents and th&udmundsson” The ratio increases with increasing pres-
slope of the probé—V curve, one can obtain the densities of Suré. The variation of positive ion density with pressure is
electrons, negative ions, positive ions, and the electroR!sO in agreement with the experimental restfits”
temperaturé? The ratio of T, to T_(=T.) is assumed to be Figure 4 shows the comparison between the results of
50. To determine this ratio more accurately, one has to use € global model and the experimental results. The model
separate double probe along with the single prébe. gives an overestimated particle density, and we can note that
the transition point is around less than 10 mTorr. However, if
we use a higher ratio of electron temperature to negative ion
temperature in Eq(40), we can obtain larger charged par-
Using the simulation based on the global model equaticle densities approaching the calculated values.
tions presented in Sec. I, the effects of the gas pressure and Figure 5 shows an acceptable agreement between the
the input power on the charged particle densities and electroexperimental results of the electron temperature which indi-
temperature are investigated. For a sample calculafign, cates a decrease and the results of the global model. The
=400 I/s,Q¢s=40 sccm are used. prediction of the electron temperature being a weak function
In Fig. 2, calculatech, factor is shown as a function of of the absorbed power is also confirmed by the experimental
pressure and absorbed power. As theory preflitts,de- measurementgot shown in the figure
creases with pressure and power. Therefdgg,of Eq. (23) In Fig. 6, the calculated and measured positive ion den-
increases with pressure as was stated beforehand. sities are shown with varying absorbed power. The experi-
Figure 3 shows the results obtained from Langmuirmental results are obtained from measurements done at
probe measurements doneRy,=58 W for different pres- =10 mTorr for different powers. Although the global model
sures. The absorbed power is obtained by subtracting thgeroduces an overestimated values, both results have similar
power consumed by the antenna coil and the matching syslopes and are consistent with the scaling formulas within the
tem from the input power. The electron density, the positiveacceptable limit. Although not shown in the figure, the be-
ion density, and the negative ion density are measured astevior of the ratio of the negative ion to electron density is
function of the pressure. In this experiment, we can note thaqualitatively consistent with the experimental results by

FIG. 4. Comparison in positive ion density between the result of the global
model and the experiment.

1/2
+n_

(40

. Te 1/2
i.=0.6eSn, Vi : (41
+

V. RESULTS AND DISCUSSION
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50 oo — T more elaborate techniques including mass spectrometer dif-
1 ferentiating @ and O, optical emission spectroscopy are
45l 4 . . . )
o - Global Model needed tg mvesﬂgate the scaling relations of oxygen atom
- L} ) and atomic ion.
S 401 -0 Experiment g
o | O
o 35 |\ ] VI. CONCLUSION
2 = L . .
) I 5 The electronegative inductively coupled oxygen rf dis-
ol
® 30} = - X .
g 0 ~og ] charges have been simulated based on a spatially averaged
2 2s] 00 \D ] global model and the results are 'compareq. with the experi-
s I \D ] mental results. The charged particle densities and the elec-
g 20} \“o. . tron temperature are calculated as a function of the gas pres-
&’ sure and the absorbed power, and are measured by the
151 o Langmuir probe method.
. I . . . They are in agreement overally with each other except
0 0 10 20 30 40 50 60 that the global model predicts more or less overestimated
Pressure (mTorr) qua_n_tltle_s of the.charged par.t|cle densme; If a dominant
positive ion species and dominant mechanisms of the gen-
FIG. 5. Measured and calculated electron temperatufe,at- 58 W. eration and loss are identified, the global model equations

can be used to estimate the scaling laws.
We observe that there exists a transition from a ion-flux-

Tuszewski® and Gudmundssot. The ratio decreases with loss-dominated region to a recombination-loss-dominated re-
increasing power. gion. Each region has a different scaling of plasma variables,

The discrepancy of the order of the magnitude betweenvhich proves to be in a good qualitative agreement with the
the calculation and the measurement in Figs. 4 and 6 may hegredictions of various modelghe one-dimensional equilib-
due to the underestimation of sheath potentalin Eq.(21).  rium model and the global model
The absorbed power of 58 W does not guarantee that the The experimental results will be compared to the results
discharge is inductive. A capacitive mode makes the sheatbf fluid simulation and particle-in-cell simulation wherever
potential very high and causes the calculated charged particfgssible in a subsequent study. Dependences of charged par-
densities to be reduced by an order of magnitude. Then thiicle densities on the plasma reactor configuratittasget
global model is in fair agreement with the experimental dataarea and cylinder lengttshould be investigated further by
However, the experimental determination of the plasma pomore detailed analysis and experiments. Mass analysis such
tential with respect to the grounded wall excludes the possias quadrupole mass spectrometer is needed to investigate the
bility that the discharge is fully capacitive. In reality, the scaling relations in the discharge in a more detailed manner.
discharge seems partly inductive and partly capacitiveThe experiments in which a high power rf source and a
which causes the discrepancy between the calculation baseduble probe to measure the accurate value of the ratio of
on inductive mode and the measurement. electron temperature to negative ion temperature are being

More accurate descriptions bf andhg factor for elec-  performed to verify these scalings more precisely and to ex-
tronegative discharges should be included in a further studyplore the scaling relations at broader operating regions.
A hybrid model which combines the global balance with a
consideration of the one-dimensional profiles of the chargeA\CKNOWLEDGMENTS
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