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Parameters and equilibrium profiles for large-area surface-wave sustained plasmas
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The equilibrium profiles of the plasma parameters of large-area rf discharges in a finite-length metal-shielded
dielectric cylinder are computed using a two-dimensional fluid code. The rf power is coupled to the plasma
through edge-localized surface waves traveling in the azimuthal direction along the plasma edge. It is shown
that self-consistent accounting for axial plasma diffusion and radial nonuniformity of the electron temperature
can explain the frequently reported deviations of experimentally measured radial density profiles from that of
the conventional linear diffusion models. The simulation results are in a good agreement with existing experi-
mental data obtained from surface-wave sustained large-diameter plasmas.
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I. INTRODUCTION Most earlier theoretical investigations on SW discharges
are for long cylindrical plasma columrisee, e.g.[11-13
The generation of high-density plasmas with large vol-and references therginThe plasma is usually taken to be
umes has recently become a major concern in the semicoffomogeneous in the axial direction, so that charged particle
ductor and other industries. In particular, fabrication of largedransport in that direction can be neglected. The radial
area semiconductor wafers, laser crystals, plasma displayBlasma density profile in the diffusion-controlled discharge
solar cells, as well as processing and modification of tool§€gime, as in most low-pressure discharges used in the appli-
and materials, require substantial size up-scaling of existingations, then obeys the well-known expression
discharge chambers. Of special interest is the cross section
and volume uniformity of s_uch large plasrr[_as—_S]. For this Ne(r)~Ng(0)Jo( Br) 1)
purpose rf low-pressure discharges in cylindrical vessels of
large aspect ratigLAR) are appropriate for use in future
commercial large-area plasma processing facilities8]. from the classical linear diffusion theory. Herme, is the
Several types of rf discharges, including inductively andelectron number density and}, is the Bessel function of
capacitively coupled as well adelicon or surfacewave order zero. The constam depends on the electromagnetic
driven, can be used for producing large-area and voluméoundary conditions at the chamber wigdl. For example,
plasmagq 9] for industrial use. In this paper, we investigate for n,(R)=0 we haveB=py;/R, whereJy(poi) =0. How-
surface-wavéSW) sustained discharges with several distinctever, significant deviation, such as a flattening of the profile
features. In particular, the SWs make use of the plasma and) accompanied by a shift of the plasma density maximum
surrounding dielectric as a wave guiding structure with di-away from the chamber axis, have been reported for many rf
rectional power flows localized near the plasma-dielectric inand microwave discharges at low pressuisge, e.g.,
terface[2]. Due to the enlarged power deposition area, thg7,8,14,19). The radial profile flattening is usually attributed
plasma can extend to far outside the field applicator regiorio the intrinsic nonuniformity in power deposition and the
and can be remarkably large in volume and cross sef®ipn action of the ponderomotive for¢é6,17).
Furthermore, SW sustained discharges have proven to be For LAR discharges characterized R/L~1, whereR
very flexible with respect to the operation parameters. ThewndL are, respectively, the chamber radius and length, radial
can be sustained for a remarkably wide regime of driveinhomogeneity and axial diffusion can be crudibd]. In this
frequency, gas pressure, and composition, as well as plasnpaper we consider LAR rf discharges produced and sustained
size. Various types of wave launchers and impedance matclyy SWs propagating azimuthally along the circumference of
ing schemes allow stable generation of SW plasmas in théhe plasma. We shall take into account self-consistently the
frequency range from a few megahertz up to 40 G2{20]. radial variation of the electron temperature and hence also
Meanwhile, the operating gas pressure can vary from fracthe nonuniformity of the(spatially distributedl ionization
tions of millitorr to a few times atmospheric pressi{ize3]. source. Axial electron and ion diffusion, as well as radial
heat transport, usually neglected in unmagnetized SW dis-
charge models, are also included. The problem of self-
*Also at School of Electrical and Electronic Engineering, Nan- consistent particle and power balance is essentially nonlin-

yang Technological University, 639798 Singapore. ear, and we shall adopt a numerical approach. Realistic
fCorresponding author. density profiles for LAR cylindrical rf discharges are then
Email address: yu@tpl.ruhr-uni-bochum.de obtained. It is shown that the results from our model agree
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TABLE |. Main parameters and typical values.
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tively. At z==*L/2 the plasma column is short circuited by
metal plates. The wavelengthand the penetration distance

Parameter Notation Value A Of the SWs are assumed to be small compared to the
Electron temperature T, 07-22ey INternal radiusa of the chamber. The width of the near-wall
lon temperature T 0.026 eV plasma sheath is assumed to be small compared toooth

and\,. The SWs are thus almost electrostatic and propagate

Temperature of neutrals T, 0.026 eV .
Gas pressuréAr) Dy 0.1-0.76 Torr a!ong the interface between the edge of.the plasma and the

. 3, dielectric tubef18]. The wave frequencw is usually much
Plasma density n 10°-10% cm larger than the ion plasma frequency so that the ions do not
Absorbed RF power Q 60-300W " (ake part in the wave dynamics. The presence of the dielec-
Tube dielectric constant &4 4 tric tube allows for better excitation and coupling conditions
Tube thickness b—a 1.2¢cm  than that of pure metal chamber aldffd. Furthermore, the
Discharge length L 5-15¢cm  metal screen reduces the outward radiation flux, thus enhanc-
Discharge radius a 6.3-10cm  ng the efficiency of plasma productiga7].
Wave frequency w2 900 MHz and 2.45 GHz We shall use a warm-fluid description of the plasma. The
Recombination coefficient B 10 % cm®/s  electromagnetic fields of the SWs are calculated assuming
lonization thresholdAr) & 15.76 eV that the chamber is uniformly filled with plasma with density
4s excitation thresholdAr) Eas 11.5eV  equal to the spatially averaged plasma densitfrhe valid-
4p excitation thresholdAr) Eap 13.2 eV ity of this approach has been discussed in earlier theoretical
lon mass(Ar) m, 1836x40m,  and experimental workgl5,17. The plasma is assumed to
Radial fluid velocity vl (0-5)x10° cm/s  be uniform in the azimuthal direction and wave damping in
Axial fluid velocity v, (0-1.5x10° cm/s  that direction is neglected. The discharge is symmetrical with

respect to plang=0. The dependence of the electron tem-
perature on the axial directianis assumed to be weak. Fur-

quite well with the experimental data, and that the radiathermore, standing-wave effects in this direction are also ne-
plasma uniformity can be efficiently controlled by the oper-glected. The validity of our assumptions is discussed in Sec.
ating gas pressure. V.

The paper is organized as follows. The problem is formu-
lated in Sec. Il. Section Ill deals with the method of the
numerical solution. In Sec. 1V, the profiles of the plasma
parameters are computed for two different aspect ratios_ . 2 e ' .
RIL>1 and R/L~1. The results are then compared with Elg]lal electric field profiles of pure SWs in the plasma are
available experimental data. In Sec. V the validity of our
model and its results are discussed. A summary of this work
is given in the last section. Table | lists the various param-
eters and typical values used in this paper.

B. Wave electric fields

In the large plasma radius approximatice={\ ,\), the

E,~Aexd —«k(a—r)]

and

Il. FORMULATION E~i(k,/K)E,, 2

A. Basic assumptions

We consider an rf discharge in a cylindrical quartz tubewhere «*=k2—(w/c)%e,, &,=1-widw(w+ive) is
with metal casing. The plasma is sustained by SWs travelinghe dielectric constant of the uniform plasmayge
in the azimuthal¢) direction along the edge of the cylinder. = Jamne?/m, is the electron Langmuir frequency, and the
A sketch of the chamber is shown in Fig. 1, wharandb  field amplitude A can be obtained from the rf power ab-
are the internal and external radii of the quartz tube, respecorbed by the plasma column. Here,, is the electron-
neutral collision frequency for momentum transfer, amahd
m, are the electron charge and mass, respectively. The propa-
gation constank,, is obtained from the dispersion relation

Dielectric tube Metal

keqtepkgtan kg(b—a)]=0, 3

where kj=k’—(w/c)?s4, andeq andb—a are the dielec-

tric constant and thickness of the quartz tube, respectively.
The averaged plasma density will be computed from the

particle and power balance equations and substituted into Eq.

(3). The values of, x4, andk, are then obtained. The SW

field distribution(2) is updated every time a changennis

detected.

=-L2

FIG. 1. Schematic diagram of a SW sustained discharge.
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C. Particle and power balance where m, is the mass of the neutral; is the excitation

As the column is uniform in the azimuthal direction, the frequency from the ground state to leyehith a threshold
problem is two dimensiondPD) and the plasma parameters €Nergy&;, and&' is the ionization threshold. Stepwise ion-
depend orr andz only. It is assumed that the electron and 1Zation and excitation are neglected. o
ion energy distributions are Maxwellian with temperatures For argon gas, the rates for ionization and excitation to the
T, andT,, respectively. Furthermore, the ions and neutralsStates 4 and 4 are[23]
are kept at room temperatuf@00 K). For electrons the first . 0.68 _ -1
three moments of the stationary Boltzmann equation are V=813 X 10T exp( —ETe) 57
used, and for the ions the first two. For simplicity, the effects
of impurities, such as dust and negative ions, are ignored.
The overall charge neutrality conditionig=n;=n, where g
n. andn; are the equilibrium electron and ion densities, re-
spectively. Vap= 495X 1T Mexp( — &4, Te) sS4,

We assume that the discharge operates in the ambipolar-
diffusion regime, which is usually the case for low and in-wherepg is in Torr, T in eV, §=15.76 eV, &,s=11.5eV,
termediate pressurdd9,20. Accordingly, the particle bal- and&,;,=13.2eV.

v4s=1.7Tpo X 10PTY exp( — E4sTe) s 4,

ance equation for the electrons or ions is We now consider the boundary conditions for integrating
_ Egs.(4) and(5). Due to the symmetry, the radial gradients of
anlot+V - (nv)=nv', (49 the electron temperature and density are equal to zero at

=0, and the axial gradients are equal to zera=a0. At the
column edge(=a) the radial component of the fluid veloc-
ity is assumed to satisfy the well-known Bohm sheath crite-
rion v,(a,z)=\Te(a,2)/m; [9]. Similarly, at the side walls
v=~—V(nTy)/nmv;,, z=*L/2 we have v,(r,xL/2)=\T(r,=L/2)/m;. The
boundary conditions for the heat flow grE9]

wherev is the electron or ion fluid velocity, and' is the
ionization rate. We recall that in the ambipolar diffusion-
controlled regimd 9]

wherev;, is the ion-neutral collision frequency); is the ion
mass, andT;<T,. We shall assume that;,=2p, [Torr] der(@,2) =Te(@,2)(2+In VM /me)n(a,z) VTe(a,z)/m;
x 10" s™1 is constant in the entire plasma column and is

and
governed only by the gas pressyng[21].

The rf power balance in the discharge is given[hg] Qod T2 L/2)=To(r, = L/2)(2++In ymy /mg)
e 1 e\l »— | e
onTy 2 T = L2)Im
ate""gV'Qe:_nle"_Sextv 5) Xn(r,xL/2)JTe(r,£L/12)/m;,

_ o whereq., andqs are the radial and axial components of the
wherel, is the collision integral for the electrons, agg~ heat flux density.

—(5nTe/2Meve,) VT, is the heat flux density. The terBy,
denotes the rf power absorbed per unit volume by the plasma IIl. THE 2D FLUID CODE
electrons, which for the present problem can be written as
Equations(2)—(5) are solved numerically by integrating
Sexr~ (2/3)NveqMeu’, the governing dynamical equations in a self-consistent itera-
2 2 2 1 . tive manner. The numerical program consists of two blocks.
whereu,se~ (%[ E7 + E¢|/2mgw?) M is the time-averaged 0s- The profiles of electron density, temperature, and fluid ve-
cillation velocity of the plasma electronid9]. The equilib-  |ocities are calculated in the first block. The resulting elec-
rium state corresponds to settidg=0 in Egs.(4) and(5).  tron density distribution is used to compute the overall aver-
The necessity of retaining the time-varying terms in the NUage plasma density, which is then used in the second
merical computation is explained in the following section. program block to obtain the local values of the radial and
The approach here is valid for fixed SW power absorption inazimuthal SW electric fieldgnormalized byE ,(a,0)]. The
the plasma column, wit@ = 2/§”[§Se27rdrz, which also  computation is initialized using profiles of v, andT, esti-
yields the constan® in Eq. (2). It is assumed that the mated from less accurate analytical or computational results.
electron-neutral collision frequenay,, is constant. Its value In the first program block, the nonline&with respect to
for various parameter ranges is taken from the experiments, T,, andv) Egs. (4) and (5) are solved with the input
[22]. parameters from Eqg2) and (3). However, using the so-
If the excitation and ionization of the neutral gas is mainly called evolution(time-dependentapproach 24,25, one can
by electron impact, the collision integrél is equal to the effectively linearize the equations. The steady or equilibrium
average power lost by an electron colliding with a neutral.state is then obtained as a result of the time evolution of the

Accordingly system. This method is often used in the numerical solution
of the stationary states of nonlinear evolution problems
| ~(2m./m)Tov +2 P E4E [24,25. In fact, the nonlinear particle and power balance
e e n/ 'e¥en - 1™ !
J

equations are replaced by linear ones with asymptotic solu-
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r(Cm) FIG. 3. Same as in Fig. 2, for a uniform temperature plasma.

FIG. 2. 3D profiles of the plasma density in a 100 mTorr argon
discharge in a dielectric tube witty=4, a=10 cm, b=11.2 cm,
L =5 cm sustained with 120-W rf power at 900 MHz.

of the solution consisting of the product of the radial Bessel
profile (1) and the cos{z/L) axial solution[9]. The small
discrepancy can be attributed to the slightly different bound-
ary conditions: the analytical solution is obtained assuming
that the plasma density vanishes at the chamber walls, and in
he computation the Bohm sheath criterion for the fluid
luxes on the walls is used.

tions coinciding with that of Eq94) and(5) at steady state.
The linearization is achieved by replacing the nonlinear ter
§;¢j, where¢; and{; are any two plasma parameters taken]c

?t theg]thlstep at tirﬂai : byfgih‘lgj ’I Wlhe_regj_a Is known From Figs. 2 and 3 one can see that the radial distribution
rom t ebast (._ it sdtep oft Ie calculation. T_ ehlorqlzzaélona of the plasma density in short cylindrical SW discharge dif-
power absorption, and power loss terms on right-hand sideg, considerably from that of the UTP. First, there is a large
of Eqs.(4) and(5) are ‘?"SO Qvaluated using the values fromdip in the plasma density near the axis<0), and it does
the (J —1)th ste_p. The linearized equations are then solved Qot appear in the UTP. This profile is also different from that
obtain; . In this manner, all the plasma parameters are calfe orted earlier for long cylindrical SW discharges
culated at several subsequent time steps for the same S 2,13,26. In the latter case the maximum of the plasma
field distribution. The calculation is terminated when the pa’den’sit),/ is’ near the axisr€0). However, in a short SW

rameters no longer change noticeably with time, so that 3ustained discharge the maximumrofs closer to the dis-
steady state is reached. Using the steady-state profile of t%arge edge=a

electron number depsny, the spatially averaged vaiuie . Figure 4 shows the spatial profile of the electron tempera-
then c_:omputed straightforwardly. The latter is then s_ubstl-,[ure in a plasma column sustained by the SWs traveling
tuted into Eqs(2) and(3) (second program blogko obtain .along the cylinder circumference. Near the periphery of the

the updated _SW field parameters. T_his computation cycle Iaischarge,Te appears consistently higher than that for the
repeated until both the plasma and field parameters no Iongg

o . L TP case. However, in the vicinity of the axis the tempera-
change with time. Clearly, the resulting equilibrium states are
necessarily also dynamically stable. Further details of the

numerical scheme are given in the Appendix.
22

IV. SPATIAL PROFILES OF PLASMA PARAMETERS
A. Short plasma cylinder (a>L) S

We first consider the case when the axial dimension of the =, 1.8
plasma is smaller than the radial one. We shall focus on the =
difference between SW plasmas with radial temperature gra- 4 g
dient, as is the case in our simulation, and plasmas with
uniform T,. We shall refer to the latter case as “uniform
temperature plasmaUTP). The 3D density profile of a SW
sustained plasma is shown in Fig. 2. One can noticerthst 0.0
maximum near the discharge midplane=Q0) and dimin- 10 45
ishes towards the axial walls a& =+ L/2. In the radial direc- Z(cem)
tion, the plasma density clearly exhibits a maximas—7
cm away from the center. This profile is completely different  FIG. 4. Profiles of the electron temperature in the SW sustained
from the UTP case shown in Fig. 3. The latter is within 3% discharge of Fig. 2.

25 "o 2 (Kcﬁ‘\
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Furthermore, as Fig.(8) suggests, in a plasma column
with a>L, the fluid velocity in the discharge interior fea-
tures a strong radial component. In fact, this is the case for
. r<0.75(@), where the electrons/ions move towards the cen-
ter as well as drifting axially. It should be remarked that in
contrast to the long cylindrical discharge case, here the par-
ticles recombine at the planar sidewalts +L/2. Hencep,
does not vanish as is the case for long cylindrical SW dis-
1 charges[12,13,26,28 Meanwhile, recombination of par-
ticles at the discharge end walls also results in the diminish-
ing of the plasma density near the axigg. 2) of the short
SW discharge. However, the axial profiles of the plasma den-
sity appear to be close to the conventionatos@@z/L) pro-
file. This can be attributed to the fact that the axial variation
of the SW field and electron temperature profiles are weak
and they do not noticeably affect the axial diffusion.

. From Figs. %b) and Hc) one can see that near the axis the
axial electron/ion velocity is smaller than that in the UTP
case. Conversely, near the plasma edge, the opposite

1 situation takes place. This can be explained by noting that in
the discharge of our interest,>TY'" near the edge,
whereasT,<TJ™" holds atr=0. Here,TY™" is the electron
temperature of the plasma with uniformly distributed tem-
perature.

Variation of the power input also affects the plasma pa-
rameters, as depicted in FigdaB-6(c). Figure §a) shows
the radial profiles of the plasma density for different powers
absorbed by the plasma column. It is clearly seen that higher
electron/ion number densities can be achieved by increasing
the power input, which is a common feature of most of low-
temperature plasmé48]. In Figs. 6b) and Gc) the profiles of
the electron temperature and nondimensional square of the
total electric fieldEf,=EZ+EZ are shown. From Fig.(6) we
see that an increase in the power absorbed by the plasma
column results in a reduction of the SW field localization
scalex . Specifically,x " decreases from 0.94 cm to 0.53
cm while the power absorbed by the plasma electrons is el-

FIG. 5. Radial profiles ax=0 (a), axial atr=0 (b), andr=a evated from 60 to 240 W. Henpe itis _e>_(p_ected that _the el_ec-
(c) of the fluid velocity for the parameters of Fig. 2. The dashegtron temperatl_Jre W|II.|ncrease in the vicinity of the dielectric
curves correspond to the SW sustained discharge and the solfPundary, as is confirmed by Fig(t5.
curves are for the UTP.

v, (10 ‘crys)
N

15+

12r

v, (10 ‘onys)

0.0 05 1.0 1.5 2.0 25
z(cm)

. . . . B. Plasma column with 2a~L
ture (which can easily be obtained from the stationary form

of the particle balance Ed4), as also discussed [27]) of . We now turn our attention to the case when the chamber
the UTP appears to be higher. This may be due to locafliameter and length are comparable2L). The discharge
power deposition by the edge-localized field of BWs. density profiles are presented in Figa One can see that

The radial profiles of the radial component of the ionthe density minimum at the discharge center disappears.
velocity atz=0 are given in Fig. &). Figures %b) and c) Moreover, the radial density profiles also differ essentially
illustrate the dependence anof the axial velocity compo- from that of the UTP case. In fact, the plasma profiles in the
nent near the discharge axis and edge, respectively. The solfWW sustained discharge are flatter in the central part of the
curve corresponds to the UTP case. From Figs. 2—5 one cawlumn and feature large shoulders, which is normally not
see that the distributions of the plasma parameters in ththe case for plasmas with uniformly distributed temperature.
short cylindrical discharge are essentially different from thatOne also notices that the density shoulders become larger
of a UTP. The most remarkable difference is in the radialwith increasing pressure, spanning about 80% of the cross
fluid velocity [Fig. 5@)]. The plasma parameters of the UTP section atpy=300 mTorr. The radial profiles of the electron
case in Figs. 2-5 have been calculated for the same pressutemperature under the same conditions are displayed in Fig.
power absorption by the plasma, and discharge size as ifib). It is seen that the average electron temperature de-
case of SW sustained plasma. creases with pressure, but it becomes more nonuniform.
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FIG. 7. Radial profiles az=0 of the electron densitya) and
temperature(b) in a vessel witha=7.5cm, b=8.7 cm, andL
=15 cm. The discharge is sustained with 120 W of rf power at 900
MHz. The dashed, dotted, and dash-dotted curves stangdor
=100, 200, and 300 mTorr, respectively.(®, n(0,0) at 100, 200,
and 300 mTorr is 1.78 10 2.64x 10", and 1.9& 10" cm 3,
respectively. The solid curve corresponds to the analytical solution

. . ] ).

V. DISCUSSION
FIG. 6. Radial profiles of the plasma dens{yy, electron tem- ) ) ) ] ) )
perature(b), and E2,(r,0)/E2,(R0) (c), at po=0.1 Torr andz=0 In this section we shall d|scuss. in more detail the relation
for various powers absorbed in the plasma column. The dashe®€tween our model and the experiments of RifS] and[4]
solid, and dot curves correspond to 60, 120, and 240 W, respedSec. V A, the validity of the warm-fluid model used here
tively. The other conditions are the same as in Fig. 2. (Sec. VB, and the possible causes of the quantitative dis-
crepancies between the theoretical and experimental results

Our results are compared with the experimental data fron;?omted outin Sec. VC.

a discharge sustained by azimuthally travelliB§\s in a
metal-coated quartz cylindrical chamber wita212.6 cm A. Excitation mechanisms of SW plasmas

andL~14 cm[15]. In this experiment, the plasma was gen-  \ye shall discuss briefly the various excitation mecha-
erated by 500 W power microwaves at 2.45 GHz fed through,isms of SWs by the field applicator structures and their
a rectangular waveguide facing an axially aligned excitationg|ation to our model. In microwave slot-excited plasmas, the
slot in the metal atp=0 [15]. The quartz tube has a permit- gjots of various configurations act as field applicators. De-
tivity eq~4 and a thickness of 1.2 cm. The density andpending on the excitation conditions the power deposited to
temperature profiles at the discharge midplared are ob-  the plasma can either be localized in the vicinity of the slots,
tained (Fig. 8) under the conditions of the experimdds].  or be fairly uniformly distributed over the near-surface area.
The curve 1 corresponds to the UTP case and features arhe details of the excitation conditions and properties of SW
almost constant temperature throughout the cross sectiosustained plasmas can be found elsewh&le In general,
The curve 2 is the result from our model. One sees that oudirect measurement of evanescent electric fields near the
model yields a somewhat better agreement with the experiedge[29] is usually a fair indication of surface-wave excita-
ment than the UTP model. Possible reasons for the persistirtipn. Furthermore, when there were 8&\s near the edge to
discrepancy are discussed in the following section. create the plasma, the plasma particles there will diffuse to
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ror oo T T T the wave field and plasma density.

1 On the other hand, in the SLAN devi¢4] the plasma is
sustained by axially nonsymmetri8Ws propagating in the
axial direction, with the electric field components of the form
exdi(ksz— wt)Jcosfme), wherek; and m are the axial and
azimuthal numbers. Long tubular SW sustained discharges
sustained by axially propagatirf@W\s have been well studied
theoretically [11] and experimentally{30] for the m=1
modes. Although the geometry of the SLAN system is close
to that of Fig. 1, the SLAN experimenfd] feature multiple
| slots (e.g., m=10 for SLAN II), where the field maxima
S occur. In this case wave excitation is only possible when the
electron number density exceeds the critical value

Nmin= mew2(1+ Sd)/(47Tez),

) which can be achieved only with sufficiently high input pow-
12} . ers, since the latter must sustain the plasma density above the
excitation threshold even at distances much larger than the
D wavelength from the field applicatpd1]. When theSWs are

10r ] excited, the plasma density profile in the SLAN system is
linear in the axial direction. On the other hand, the appear-
ance of cosinelike diffusive profileFig. 12 of Ref.[4])
indicates the absence of SWs.

T (V)

B. Validity of the warm-fluid description

There exist in the literature also kinetic, mostly 1D, mod-
FIG. 8. Same as in Fig. 7 foa=6.3cm, b=7.5cm, L  €ls for discharge plasmg28,32-33. A kinetic approach
=14 cm, po=0.76 Torr. The discharge is sustained with a rf powerwould account for phenomena, such as collisionless wave
of Q=300 W at 2.45 GHz. Curves 1 and 2 are for the UTP and Swdamping and plasma heating, particle acceleration and trap-
sustained discharge, respectively. The experimental points are takging, etc. Most existing kinetic models are applicable in the
from Ref.[15]. collisionless or near collisionless regimes. In this paper we
have adopted a warm-fluid approximation in a fully self-
consistent nonlinear 2D model for describing the discharge.

the wall, and the density profile will be Bessel-like radially X
and cosinelike axially, as predicted by the diffusion equa’tion'vIany relevant workg13,25,3¢ have shown that the fluid

. ~approach is quite satisfactory for the pressure raizge00
(see also Sec. IV Hence, a careful analysis of the behav mTorr) of interest here. In this pressure range collisionless

'fﬁéss %feter:retr?;eals;srr?"nda i%nsét){SaLTgu::F Cgsfrf?gggtett'g zﬁlr?clzgj'ower absorption from nonlocal electron kinetic effects are
whether the Igsma s S\?v driven or Br/[ﬁﬂ eak compared to that of inelastic electron-neutral collisions
P : [37,38. In any case kinetic effects can only marginally affect

mel—glecea);?:”m‘l?r?et: czfzi?neﬁﬁg]ll feﬁgjvreel? amzngLi Sel?(::if[g da the dispersion and field pattern of the SV\&9], since the
through the g\J/\./rclveguide—facingyaxial slorﬁn the metal enclo—WaVe phase velocity , here is much larger the electron
sure of the quartz cylinddrl5]. In this case the normaliza- thermal speed . Note that the maximum value of, here

: . o . is 6x 10 ini is 7X :
tion constantE (a,0) used in our computation is the azi- Is 610" cm/s, whereas the minimuy, is 7 10° cm/s

muthal component of the rf field near the wave exciting sIotThUS' accounting for kinetic effects in the discharge consid-

= . . ) ered in the present problem would result in corrections that
at ¢=0. In microwave slot-excited plasmas standi@y\s are of order-~./ (<1)
with complex structure can be excit¢d]. To avoid excita- UTe!Uph '
tion of such standing waves, one can use another slot at the
opposite end = 7) of the tube and excite simultaneously
clockwise and counterclockwise propagating waves. In any
case, if there were no azimuthally propagati&y\s, one In Fig. 8@), the discrepancy between the experimental
would have observed microwave field and the excited15] and computational results is quite large. A possible rea-
plasma localized near the slot. However, Vlal. [15] re-  son is that our code has been developed assuming diffusion-
port almost uniform azimuthal microwave field and plasmacontrolled particle loss, which is usually the case at low and
density profilegFigs. 4, 8, 9 and 11 of Ref15]). Moreover, intermediate pressures. In the pressure range 76—760 mTorr
in Sec. IV B it has been shown that for the conditions of the[15], volume recombination can become important and take
experiment[15], azimuthally propagatinggWs are indeed part in the particle balance in the discharge. As a detailed
excited and are responsible for uniform azimuthal profile ofstudy of the recombination processes is beyond the scope of

C. Possible causes of discrepancy between model
and experiment
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' ' ' ' ' ' ' plasma, and our model assumes that the pd@absorbed
8r )l by the plasma electrons is equal to the power input through
the waveguide. Finally, inaccuracies in the Langmuir probe
9 1 measurements should also be mentiofts].
@
‘,:g 4r 1 VI. CONCLUSION
2 ol | A theoretical model for short tubular discharges sustained
c by azimuthally traveling SWs has been developed. Using a
2D fluid code, stationary profiles of the plasma density, tem-
oL, L : L - L —— perature, and fluid velocities have been computed. The nu-
6t 2 s 4 5 6 7 merical code developed here enables one to treat axial diffu-
20— . . . . . . sion and radial nonuniformity of the electron temperature
(b) self-consistently. The resulting radial thermal fluxes are thus
18y 1 nonlinear. We have applied the model to rf discharges in
16l | LAR chambers. It is shown that the spatial structure of short
tubular discharges differs essentially from that of long SW
< 4 1 sustained plasma columns. In particular, in LAR chambers
< 1ol with a>L, dips in the plasma density near the axis fre-
= quently reported experimentally have been confirmed. The
1.0} 1 maximum of the electron/ion humber density is shifted to-
wards the discharge edge-a. Furthermore, axial electron/
08p L ion motion can significantly affect the radial plasma density
o 1+ 2 3 4 5 6 7 profiles. It is also shown that the radial fluid velocity is di-
r(cm) rected towards the axis. On the other hand, for discharges

) . . _ with 2a~L the radial plasma density profiles appear to be
e o e e, T and more unfom than that in UTPS. The unformiy
. L " “improves with pressure. In particular, in argon discharge at
accounting for volume recombination. . . .
300 mTorr, one can expect generation of fairly flat density
profiles over 80% of the chamber cross section.
this work, we shall show by including a simple recombina-  The results obtained from the model are compared to
tion term to the particle balance equations that the neglect cdvailable experimental data and fairly good agreement has
volume recombination can indeed be a reason for the didheen found. However, at higher pressures recombination in
crepancy between our model and the experiment at highehe plasma bulk appears to be essential and should be ac-
pressures. counted for in improved models. In particular, it has been
Accordingly, we add a terng,n?, whereg, is an effec- assumed thav.,<w, which is the case in the UHF and
tive coefficient of volume recombination, to the right-hand microwave rangef9]. Thus, extension of our study to lower
side of Eq.(4). Taking as typical valug,~10 8 cm®/s[40]  frequencieso~ v, is warranted, and our results can be con-
and the parameters of the experimglf], the radial profiles sidered as a first step in obtaining fairly good quantitative
of the plasma densithFig. 9(a)] and temperaturgFig. Ab)]  agreement with that from the experiments.
are computed. One can see that agreement between our The proposed model and its results suggest that radial
model and the experiment is now significantly better. Fur-uniformity of the plasma column can be efficiently con-
thermore, the typical values of the electron temperature argolled by varying the operating gas pressiFgg. 7(a)].
now higher than that shown in Fig. 8. Although the fairly Similarly, one expects that the width of the reported shoul-
good agreement with the experimental results seems to juslers and the plasma density profiles can also be controlled by
tify our simple recombination model, nevertheless the detailsarying the rf power. The results also show that accounting
of the recombination process should be included in order tdor radial nonuniformity of the electron temperature and the
make a more definitive conclusion. corresponding heat flow yields a satisfactory explanation of
There can also be other reasons for the quantitative dighe frequently reported deviations of the measured radial
crepancy between our simulation and the experiment. Faprofile of the plasma density from that of Ed.). It may be
example, it is assumed in our model that the electron and ioof interest to point out that a shift of the maximum in the
elastic collision frequencies are constant throughout thelectron/ion number densities from the chamber ce(iiy.
plasma column, although,,, and v, is weakly nonuniform. 2) as predicted by the model has been observed recently also
The existence of weak turbulence in the plasma can alsim inductively coupled plasmas witR~L at lower frequen-
make the diffusion process anomaldukl]. Likewise, the cies[42]. This could be an intrinsic property of many LAR
assumptions of uniform rf power deposition and neglect ofplasmas, so that our model with appropriate minor modifica-
axial electron and ion motion may also be somewhat overtions may also be applicable to other LAR rf plasmas, espe-
simplified[15]. Furthermore, in the experiment it is difficult cially when the rf power is deposited within a narrow layer
to estimate the exact value of rf power absorption by thenear the column edge.
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(Sexdp-1- The solution of the linear segiAl)—(A3) yields
APPENDIX: METHOD OF NUMERICAL SOLUTION the values ofh, v,, andU attp=tp,l+ T.

Substitutingn,, (v,),, andU, into Egs.(A4)—(A6), one
then computesi, 1, (v,)p+1, andUp, 1, corresponding to
the time tp, =t,+7. Assuming n,_;=ng 1, (V)p-1
A(Nvy)ps =(v)pr1, andU, ;= Up.ﬂ, one obtains the dlsc_harge pa-
-2 rameters at, andt,, ;. This procedure for computing v, ,
9z v,, U is repeated with the same electric field until the pro-

(A1) files become constant in time. We have then obtained the
steady-state profiles of the electron density, fluid velocity,
and temperature, corresponding to the given, or current, rf
field distribution. The electron density is then spatially aver-
aged to obtairfi. Using the value of the average plasma

(ve)p=—(Np_1Mivin) ~*aU /or, (A3)  densityn, new distributions of the normalized SW electric
field in the plasma column are obtained. The entire cycle is
where U=nTe, (der)p=(5/2)[—Up_1/(Np_1Meer) U,/ repeated until again the density and field profiles no longer
ar+(U?) -1 /(N®Mevey)p-10n,/dr]. The second block change with iteration.

In our numerical solution, Eqg4) and (5) are first split
into the two blocks. The first consists of

Np—Np—1 E A(rNp_1vyp)
tp_tpfl r r?f

:(nvi)p—l_

Up_Up—l E&(rZQer)p

tp—tp-1  3r ar =(=Nlet+Se)p-1, (A2)

consists of The difference scheme approximating the particle and
power balance EqgAl) and (A2) was obtained using the
Nps1—Np  Np(0)pi1 o 1a(rngupy) balance(integrointerpolation method[24,43. The interval
+ =(nv'),—— , [0, a] was divided intom segments, with the edge coordi-

tps1—tp iz ar

natesr(i)=asin#(i—1)/2m], wherei=1,2,..m+1. This
enables one to concentrate the iteration points near the radius
Ugi—U, 2420 where the SW electric field changes most rapidly. Analo-
pri”“p £ N<ledptt =(—nlg+S.0),, (A5)  gously, the interva[OL/2] was divided onk segments. To
(tpr1—tp) 3 Jz ¢ e obtain the spatial distribution of the discharge parameters,
andU were calculated afr(i),z(j)), wherej=1,2,..k+1.
(vz)ml%(npmivm)*lﬁupH/az, (A6)  The values ofv, and v, were computed af([r(i)+r(i
+1)1/2,z(j)) and (r(i),[z(j)+z(j+21)]/2), respectively.
where @ez)p+1=(5/2)[—Up/(npmeven)aupﬂlazﬂt(uzl Equations(Al) and (A2) were multiplied by 2rrdrdz and
nzmeven)panp+1/az]. The indicesp—1, p, andp+1 corre- integrated over the radius fron{1)=0 to[r(1)+r(2)]/2,
spond to the times, 4, t,, andty, 1, respectively. then from[r(1)+r(2)]/2 to[r(3)+r(2)]/2,..., again from
The factors 2 in front 0§, andqe, in Eqs.(A2) and(A5)  [r(m—21)+r(m)]/2 to [r(m+1)+r(m)]/2, and eventually
have been inserted, since it is assumed that within the intefrom [r(m+1)+r(m)]/2 to r(m+1)=a. Similarly, inte-
val r=t,—t,_, heat propagates only in the radial direction. gration of the equations over the axial intervals(1)
The heat flowing through a unit surface in theirection is  =0[z(1)+2z(2)1/2), (z(1)+z(2)]/2[z(3)+2z(2)]/2),...,
then 2g,7. Similarly, during the(same¢ subsequent time ([z(k—1)+2z(k)]/2[z(k+1)+2z(k)]/2), and (z(k+1)
interval 7=t,,,—t, heat propagates only in thedirection,  +2z(k)]/2,z2(k+1)=L/2) has been performed. In this way,
with the corresponding flux@.,7 through a unit surface in the set of 2fn+1)(k+1) equations with the 2+1)(k
direction. Within the interval 2=t,,,—t,_; the total heat +1) unknown values oh(i,j) and Ey(i,j) is generated
flowing through a unit surface in the andr directions is  from Eqgs.(A1) and(A2).
then 2@+ 0e) 7. Thus, the averaged heat flux density dur-  Because of symmetry, we assumed=0 andg.,=0 on
iNng 27 is ger& e, , Which is the expression for heat flux the plasma column axig £0). Integration from{r(m+1)
density after Eq(5). +r(m)]/2 to a requires the linearized boundary conditions
The spatial profiles of the plasma parameters are con¥or the electron/ion and heat fluxesrat a
puted as follows. We recall that, ;, v,_,, andU,_; are

(A4)

the output of the previous steftime t, ;). The absorbed [n(a,z)v.(a,2)],=(2 \/ﬁ)’l[up(a,z) Mo-1
power density Sext)p_1=np_1venE§ﬁB entering Eq.(5) de- .
pends on the constarB, which is yet to be defined. +ny(a,2) 7,711
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[Qer(@,2)],=[2+In M]/(Z\/ﬁ)x[i?»Up(a,Z) ’75—11 Evgntually, fro_m Eqs_(Al)—(A3), the set of (.’m+_2)(k
+1) linear equations with the same number of variables has
—np(a,z)ngfl], been obtained. The linearized set corresponding to Egs.
(A4)—(A6) can be derived similarly.
where 7,_1=1[n(a,2)/U(a,2)],-1. The boundary conditions forvg),.1 and (@e,)p+1 at z

Equation(A3) for the fluid velocity was not integrated. —=| /2 at any radial position are
The value of ¢,), was found at the following points:

[r(D)+r@2)122(5)),  (r(3)+r(2)12z(j)),.... ([r(m - -1
1)+ r(m))/22(1)), where] = 1.2..k+1. Thus, there are  LM("L/2VTL2)]ps1=(23m) 2 {Up (1 L2)5,
m(k+1) values of (), to be found. In the discharge center +np(r,L/2) 5;1],

(r=0), v,=0, while atr=a the radial component of the

charged patrticle velocity is equal to the ion acoustic velocity. _ T _
To find (v,), at the above points, the following(k+1) [deAr.L/2)]p1=[2+]n mI/me]/(z\/ﬁ)

difference equations have been obtained from &&): X[3Up44(r,L12) 5;1

[oe(i0)]p=—2Rmwip[Np_ 1 (i+ 1)) +np_1(i.)) ]} —Np1(1,L12)8,°],

X[Up(i+ 1)) =Up(i, DIIr(i+1)—r(i,j)],
P P where 5p=\/[n(r,L/Z)/U(r,LIZ)]p. By symmetry, for any
wherei=1,2,..m, v.(i,j) is the fluid velocity at([r(i) radial coordinatep, and g., are assumed to vanish at

+r(i+1)]/2,z(j)), andn(i,j) and U(i,j) are the corre- =0. Finally, the linearized equations were solved by the
sponding values datr (i),z(j)). Gauss method.
[1] Plasma-Surface Interactions and Processing of Materiats Trans. Plasma ScR3, 550(1995.
ited by O. Auciello, A. Gras-Marti, J. A. Valles-Abarca, and D. [17] E. L. Tsakadze, K. N. Ostrikov, S. Xu, I. R. Jones, R. Storer,
L. Flamm (Kluwer Academic, Boston, 1990 M. Y. Yu, and S. Lee, Phys. Rev. &3, 046402(200)); E. L.

[2] Advanced Technologies Based on Wave and Beam Generated Tsakadze, K. N. Ostrikov, S. Xu, R. Storer, and H. Sugai, J.
Plasmas NATO Advanced Studies Institute Partnership Sub- Appl. Phys.91, 1804(2002.
series 3, edited by H. Schlueter and A. Shivargkduwer, [18] N. A. Azarenkov and K. N. Ostrikov, Phys. ReB08 333
Amsterdam, 1999 (1999.

[3] Microwave Discharges: Fundamentals and Applicatiovs!. [19] V. E. Golant, A. P. Zhilinskii, and I. E. Sakharo¥undamen-
302 of NATO Advanced Studies Institute, Series B: Physics tals of Plasma PhysicéViley, New York, 1980.
edited by C. M. Ferreira and M. Moisgflenum, New York, [20] T. Petrova, E. Benova, G. Petrov, and I. Zhelyazkov, Phys.

1993. Rev. E60, 875(1999.
[4] D. Korzec, F. Werner, R. Winter, and J. Engemann, Plasmd21] S. C. Brown,Introduction to Electrical Discharges in Gases
Sources Sci. Technoh, 216 (1996. (Wiley, New York, 1966.
[5] G. Sauve, M. Moisan, R. Grenier, and Z. Zakrzewski, J. Mi- [22] Z. Zakrzewski, M. Moisan, V. M. M. Glaude, C. Beudry, and P.
crowave Power Electromagn. Energ, 58 (1995. Leprince, Plasma Phy49, 77 (1977.
[6] T. Ikushima, Y. Okuno, and H. Fujita, Appl. Phys. Leit, 25 [23] S. Ashida, C. Lee, and M. A. Lieberman, J. Vac. Sci. Technol.
(19949. A 13, 2498(1995.
[7] H. Sugai, I. Ghanashev, and M. Nagatsu, Plasma Sources S¢24] S. K. Godunov and V. S. RyabenkDifference Schemes: An
Technol.7, 192 (1998. Introduction to Underlying Theory{North-Holland, Amster-
[8] S. Xu, K. N. Ostrikov, W. Luo, and S. Lee, J. Vac. Sci. Tech- dam, 1987.
nol. A 18, 2185(2000. [25] H. M. Wu, B. W. Yu, A. Krishnan, M. Li, Y. Yang, J. P. Yan,
[9] M. A. Lieberman and A. J. Lichtenber@rinciples of Plasma and D. P. Yuan, IEEE Trans. Plasma St%, 776(1997.
Discharges and Materials Processing/Niley, New York, [26] N. A. Azarenkov, I. B. Denysenko, A. V. Gapon, and T. W.
1994. Johnston, Phys. Plasm8s1467 (2002J).
[10] A. L. Vikharev, O. A. lvanov, and A. L. Kolisko, Tech. Phys. [27] F. Vidal, T. W. Johnston, J. Margot, M. Chaker, and O. Pauna,
Lett. 22, 832(1996. IEEE Trans. Plasma S7, 727 (1999.
[11] I. Zhelyazkov and V. Atanassov, Phys. R@35, 79 (1995. [28] Yu. M. Aliev, A. V. Maximov, U. Kortshagen, H. Schlueter,
[12] C. M. Ferreira, J. Phys. D4, 1811(1981). and A. Shivarova, Phys. Rev. &, 6091(1995.
[13] I. Peres, M. Fortin, and J. Margot, Phys. Plasn3asl754 [29] H. Sugai, I. Ghanashev, M. Hosokawa, K. Mizuno, K. Naka-
(1996. mura, H. Toyoda, and K. Yamauchi, Plasma Sources Sci. Tech-
[14] L. St-Onge, J. Margot, and M. Chaker, Plasma Sources Sci.  nol. 10, 378(2002J.
Technol.7, 154 (1998. [30] J. Margot-Chaker, M. Moisan, M. Chaker, V. M. M. Glaude, P.
[15] V. Viel, J. Bernard, and G. Laval, J. Phys.Z9, 1500(1996. Lauque, J. Paraszczak, and G. Sauve, J. Appl. Fe§/1134

[16] G. DiPeso, T. D. Rognlien, V. Vahedi, and D. Hewett, IEEE (1989.

046419-10



PARAMETERS AND EQUILIBRIUM PROFILES FOR.. .. PHYSICAL REVIEW B5 046419

[31] A. W. Trivelpiece and R. W. Gould, J. Appl. Phy30, 1784 (1997.

(1959. [39] N. A. Krall and A. W. Trivelpiece Principles of Plasma Phys-
[32] V. I. Kolobov and V. A. Godyak, IEEE Trans. Plasma St3, ics (Mc Graw-Hill, New York, 1973.

503 (1995. [40] L. M. Biberman, V. S. Vorob’ev, and I. T. Yakubokinetics of
[33] U. Kortshagen, C. Busch, and L. D. Tsendin, Plasma Sources = Non-Equilibrium Low-Temperature Plasniidlauka, Moscow,

Sci. Technol5, 1 (1996. 1982, in Russian.
[34] C. M. Ferreira and J. Loureiro, Plasma Sources Sci. TecBnol. [41] C. M. Ryu and M. Y. Yu, Phys. Scb7, 601 (1998.

528 (2000. [42] K. N. Ostrikov, S. Xu, and A. B. M. Shafiul Azam, J. Vac. Sci.
[35] M. Shoucri, A. Cote, C. Cote, G. Pacher, P. Matte, A. Cardi- Technol. A20, 251 (2002; A. B. M. Shafiul Azam, E. L.

nali, and R. Spigler, Bull. Am. Phys. So46(8), 169 (200J. Tsakadze, Y. Li, K. N. Ostrikov, S. Xu, and S. Lee, Bull. Am.
[36] R. A. Stewart, P. Vitello, D. B. Graves, E. F. Jaeger, and L. A. Phys. Soc45(7), 148 (2000.

Berry, Plasma Sources Sci. Techn#l.36 (1995. [43] A. N. Tikhonov and A. A. SamarskiiPartial Differential
[37] M. M. Turner, Phys. Rev. Letf71, 1844(1993. Equations of Mathematical Physig¢siolden-Day, San Fran-
[38] V. A. Godyak and V. I. Kolobov, Phys. Rev. Leff9, 4589 cisco, 1967.

046419-11



