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ABSTRACT

The penetration of RF energy into cylindrical devices is rdevant to the
production of uniform plasmas for etching and depogtion processes in the
production of semiconductor circuits. The so-called “anomaous skin effect”
has been invoked to explain irregularities not predicted by classcad dectro-
magnetic theory. These expectations are summarized for the collisondity re-
gimes of interest, and new results are given for non-kinetic effects caused by
smdl DC magnetic fidds and the ponderomotive force.

I. CLASSICAL vs. ANOMALOUS SKIN EFFECT

Inductively coupled plasmas (ICPs) ae commonly used in plasma processng of
semiconductor microchips, but the mechanism by which the gpplied radiofrequency (RF) en
ergy is digributed to produce a uniform dengty is not wdl undersood. In smplest terms, the
propagetion of e ectromagnetic waves into a plasma follows the dispersion relation

c’k? =w?- w3, (1)

where w, is the plasma frequency (ne2 /eom)llz. Since w << w, is wel stidfied in ICPs,
the propagation congtant k isimaginary, with the magnitude

ks ®wp/c, 2
leading to the classica skin depth
dc =c/wp. (3)

However, this e-folding disance is usudly so smdl that ionization should be concentrated
near the antenna, creating a much more nonuniform plasma dengity n than is observed. Fur-
thermore, the RF fiddd has been seen to decay non-monotonicaly away from the antenna,
firs by Demirkhanov et d.! and Joye and Schneider?, and more recently by Godyak and co-
workers®®.  These observations spawned a theory of “anomaous skin effect” by Weibd’ and
Sayaso\® based on the following kinetic effect. When the collisondity is sufficiently low,
eectrons impinging on the wal shesth a a glancing angle can day within the skin depth to
be accderated to hyperthermd energies by the RF dectric fidd of the antenna.  These fast
electrons can then scatter out of the skin region and transport an ionizing current to regions
far from the wadl, causng nonlocal power depositior™®. Theory and experiment on the
“anomaous’ skin effect, which refers only to anomdies rdated to kinetic effects, have been
extensively reviewed by Kolobov and Economout® and by Lieberman and Godyak™*.

The experiments of Godyak et d.>%° were peformed with a spird “stove-top” an
tenna, which covers a circular area, including antenna eements near the axis of the cylindri-
cd chamber. The presence of nonlocd power depostion is more evident in experiments
with antennas wrapped around the circumference of a cylinder, far from the axis. With a
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curved kin layer, it is difficult to see how dectrons can reman in the region of high dectric
field long enough to acquire high energy. Furthermore, experiments in our laboratory*? show
that the RF fieddd can exhibit non-monotonic decay even a pressures so high that kinetic &
fects can be neglected.  For this reason, this paper is written to clarify what can be expected
from classcd, collisond theory and what non-kinetic anomdies can be generated by smdl
magnetic fidds and by nonlinearities.  Cylindricd geometry is emphasized to diminae theo-
retical effects that can occur only in plane geometry, and redigic collison rates are condd-
ered.

[I. CLASSICAL, COLLISIONAL SKIN DEPTH
A. Basic equations

Congder perturbations varying as exp(-iwt) in a uniform plaama with temperature
KTe, dationary ions, and dendty np high enough that displacement current can be neglected.
Maxwell’ s equations then read:

N E=iwB, N B=mj, (4)
and the linearized eectron fluid equetion is
- iwmngv =- npeE - KT.Nny - mnpv (5)

where n; is the dengty perturbation and n is the tota eectron collison frequency with ions
(nei) and with neutrals (nen). This yields the dectron velocity

- & N, 0
V= |e. E+ KTeN_nl+_
mWw +in) & e Ng g

(6)

The plasma current isthen

. 2 o~
legWp & | KTe Nim &

j:-eno\/: -
W+|ne € Mg

()

For transverse waves with NXE = 0, the last term vanishes, but, in any case it will vanish
upon taking the curl of |, aslong as ng isuniform. Thus we can write

2
egw
j=sE, s=2P )
n-iw
The curl of Ampereé sLaw in Eq. (1) gives
N° N B=mN" j=msN" E=iwms B=- N°B, (9)

yielding avector Hemholtz equation for the wave magnetic field:
N2B +iwms B = 0. (10)
Henceforth, n will denote ng, and ny will not be used.

B. Plane geometry.
Anticipating an evanescent wave, we assume B to havetheform B p exp(-kx):
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v k’B=-iwms B, (12)
S0 that
k? = -iwms . (12)
Following Weibdl’, we define
e°tan'1nW, d°n/w, sothat d =tane. (13)

so that k? can be written

_aeiwrrbeowgg_wl%/cz_ whlic® e

2
ke = = 14
é n-iw £ 1+id (1+c|2)1/2e (14
Re(k) isthen:
Re(k) = cos(¥®)/dy ,  dp° de(@+d 2}/ 4, (15)
The collisona skin depth ds is given by
dg =1/Re(k) = dysec(e/2) . (16)
Expressng e intermsof d, one obtains
) 1/2
€ 21+d?) U
ds=dé : 2 )1/2"J (17)
gl+(1+d%)" g

Note that e is dways between 0 and p/2 as n/w varies between 0 and ¥. For large n/w, e/2is
aways near 45°, and the red and imaginary parts of d are nearly equd, as is the case in many
high-density plasma sources.  This skin depth applies to al components of B and depends on
KT only through the colligon term.

C. Effect of collisions.

In the cdculations the collison frequencies ng and ne, as functions of Te were fitted
to polynomids usng Spitzer resigtivity'® for ng and wel-known momentum-transfer cross
sections™, averaged over aMaxwadlian, for nen.  In practica units, we have

Nen(MH2) = Fn(T) p(mTor),  ng(MH2) p ngTe 32 = R (o) (0t em®),  (18)

where p is the pressure in mTorr, T, the ectron temperature in eV, and nyp; the plasma den
sty in units of 10'* cm®. The functions F, and F; for argon are shown in Fig. 1. The fitting

curves are the functions
F(X) =.0022 + 0.164x + 0.590%° - 0.114x°> +.0067x* 19
F (x) =3.48T5%/2

The boundary where n / w = 1 is shown in Fig. 2 for various dengties, pressures, and RF fre-
quencies. It is seen that electron-neutral collisions dominate in the 10'*2 cm® region, where
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the curves are horizonta, and that a argon pressures of order 10 mTorr the skin depth is col-
lisonlessa 13.56 MHz but collisona a 2 MHz.

The normd skin depth is increased by collisons, paticularly a low frequencies, but
it is ill smdl compared with typicd ICP radii (>15 cm). This is shown in Fg. 3, where ds is
plotted against dengty for various argon pressures. Even at the low frequency of 2 MHz and
a low density of 10 cm®, more than 10 mTorr is required for the RF field to penetrate far
into the plasma. Note aso that the curves follow the densty scding of dc [Eq. (3)] up to n »
10'** em®, where ds encounters a lower limit due to eectron-ion collisons. The effect of
collisonson ds is dso evident in Fg. 4, where ds is plotted againgt p for various values of Te.
Since d. does not depend on T, the variation with T, is entirdy due to collisond effects.
These dependences have been shown previoudy by other workers™, but without explicit cal-
culation of the collison rates.

D. Cylindrical geometry.

Congder an infinite cylinder of radius a with a uniform antenna surface current a r =

a. The RF fidd then varies only in the r direction, and B,z and jqa are the only components
of B andj. Eq. (10) then can be written

2
15,118 (2, =0, 20)
qr rqr
wherek isgiven by Eq. (14):
k=e'®/2/d, (21)

The relevant solution of Eq. (20) is a zero-order Bessel function of complex argument:
B(r) = Alg(kr) = Adg(ikr) , (22)

where the subscript z has been suppressed. When d is amdl, k reduces to 1/d. or 1/dp, and
lo(kr) represents the usua exponentiad decay modified by cylindricad geometry. However, in
many cases of interest d islarge, and e/2 is nearly 45°, o that the red and imaginary parts of
k are comparable. We can then consider B, as an evanescent wave with a phase shift (o) or
as a strongly damped propagating wave (Jp). The naure of the solution is best illustrated by
the method of Joye and Schneider?, which makes use of the familiar diagram'® of the com
plex function Jo(2). Consider B(r) to be a Jy function normdized to 1 onthe axis. Defining

r°rl/dg, (23)
we have
B(r) = Jo(ikr) = Jor e '8/2) = 3o(rd P-©)/2y0 3 (x +iy). (24)

The argument of Jp has a magnitude r/do and an angle a = (p - €)/2, which depends only on
n/w. Thisaglevaiesfrom p/2ate=0(Mn=0)top/dae=p/2 (n ® ¥). The function Jo(x
+ ) is shown in the modified Joye-Schneider diagram of Fig. 5, in which the solid lines are
contours of congtant [B|, and the dotted linesits phase f , defined by

B(r) =| B(r)[explif (r)]. (25)
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Since ¥p < a < ¥P, the accessible region is that to the left of the heavy line of dope 1, repre-
senting the case n ® ¥. The region to the right can be reached only in underdense plasmas,
where w > w, and the w? term in Eq. (1) has to be retained, changing the sign of k2.
Messurements of B(r) should lie on a draight line, as shown by the hypothetical points in
Fig. 5. The dope of this line is uniquey determined by n/w, regardiess of the collison
mechanism.  Once n/w is known, experimenta points should be found to extend from the
origin to r = aldp. A line dong the y axis represents evanescent waves decaying quas-
exponentidly from the boundary and described by lo(y) in the absence of collisons. A line
adong the x axis represents undamped propagating waves given by Jo(x); for example, micro-
waves injected symmetricaly from the wal. Damped waves would follow lines with an ar
gea < 45°.

Figure 5 provides a convenient way to distinguish between norma and abnorma skin
depths.  Radid profiles of wave amplitude can deviate from a draight line in the presence of
experimenta  imperfections, such as nonuniform densty profile but excursons into the for-
bidden region usudly indicate abnormdity. Henceforth, skin depths will be cdled “normd”
when they follow dasscd linear dectromagnetic theory without DC magnetic fidds, and
“abnorma” when they deviate from the predicted behavior because of nonlinear forces, Stray
magnetic fields, fag dectrons, or other effects. By convention, the term anomalous skin
depth will refer to kinetic modifications, thus, anomalous is a sub-class of abnormal.

Examples of fidd penetration into cylindrica plasmas are given in Figs 6-10. Since
d varies from smdl to large, the integral representation, not the asymptotic expanson, of 1o(2)
was used in the computations.

p p
.+ _ 1 x +xcosq I\ +xcosq .
[o(X+iy) == cos(ycosq)dq +— sin(ycosq)dq .
R 9

Fig. 6 shows radia profiles of B,| as n is varied from 10'° cm® to 10" cm®, so that d; varies
by a factor of 30. Only at the lowest density does ds/ a gpproach unity for a = 15 cm. More
importantly, the fidld aways decays monotonicaly from the wall, irrepective of any reflec-
tions from the other sde of the chamber. This fact can be gleaned from Fig. 5, where bound-
ing line for the normd region is tangent to the Jo| contour at the separatrix. Enhanced pere-
tration due to collisons is shown in Fig. 7, where the fidd profile is shown as afunction of
the neutral argon pressure for the low frequency of 2 MHz.  Since collisons cause k to have a
red pat, the damped oscillation dso propagates, with a phase variation shown in Fig. 8.
Note that the phase velocity at first decreases with increasing pressure, and then increases as
n/ w surpasses unity. In Fig. 9 the radid profiles of RF magnitude and phase are compared
for cylindrical and plane plasmas. Thereislittle difference with the parameters chosen.

Though the time-averaged magnitude of B, never reaches zero in a cylinder, its i
gantaneous radid profile can have a zero-crossng when k has an imaginary part due to colli-
gons. This is illusrated in Fig. 10, computed for a highly collisond case @ = 8) in a smdl
cylinder to emphasize this effect. Also shown is the radia profile of jq, which is the deriva-
tiveof B,. Both setsof curvesarenormdizedtolat=0andr =a.

[Il. DC MAGNETIC FIELDS

The effect of adding a smdl DC magnetic fidd pardld to the axis is subtle and a-
most counter-intuitive.  The disruption of the shidding eectron current does not greetly in-
crease the skin depth as one would expect; eectron flow in the previoudy ignorable z direc-
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tion has to be taken into account. In this section we describe the physicd mechanisms e
goonsble for this effect and give the two-dimensond trestment necessary to compute the
skin depth correctly.

Shidding of the fidd Ey applied by the antenna is caused by the induced azimuthal
electron currents in the plasma When a magnetic fidd Bg =Bpz pardle to the axis is -
plied, one would expect that these currents would be disrupted when the eectron Larmor ra-
dii r. become smdler than the plasma radius a. The skin depth would then increase until it
reaches c/W, when the ions would do the shielding, where W, is the ion plasma frequency.
However, the effect is complicated and requires more than a one-dimensiond andyss. Pre-
vious trestments of the magnetized case'® have smply added the By terms to the plasma d-
electric tensor or have concerned purdy collisonless and normaly unobservable effects such
as resonances between the Larmor radius r. and the tube radius. Though numerica stud-
iest"!® have dluded to the effects of By described below, the operative physicd mechanisms
are not obvious.

As a basdine, we first condder the one-dimensiond case of a cylinder in which N, =
Ny = 0. Since the infinitdly long antenna has no current in the z direction, there will be no
induced fidd in the zdirection: E; = 0. The linear €lectron equation now reads

miv/t=-eE+Vv” Bg)- mv. (26)
Assuming E p exp(-iwt) and solving for v, we have

= |eA Er"(ch/WgEq, = |eA Eq+I(V\;C/W2)Er , 27)
m 1-wg/w mv o 1- ws/w
where
W © eBy/m, WO w+in, W|O°(ne2 /eom)l/z, ko=w/c. (28)
The relevant components of the current j = - nev can then be written
[ e()WIZ) EI’ . [ egw % Eq
r=— = T - (29)
W(l- ws /W) W(l- wg /W)
Using thisin Maxwel’ s equations
N E=iwB, N B=my(j- iweyE), (30)
we obtain
N2?B +kZB +myN” j=0. (31)

By symmetry, B can have only one component B, , and j and E have only g components.
Hence,

co a1
0 =21 g, @
o w3 (R E), wiw B,
m(N™ )z = == (33)

c® (- w2/w?)  c? Wi1- w2/w?



Equetion (31) then becomes
K28, +Kk2B, - kg%sfo. (34)

The ko? term can safely be neglected, and we have Bessal’ s equation (20) with the solution

B, = Alg(Tr), (35)
where
. . -1/2
e =) 22 U
T=kedl+id)g- e g (36)
g (1+id)° g4
withd asinEq. (13). Defining
g°we/w, (37)
wecanwrite T as T = [T|exp(ly ). Without assuming ether d or g to be large or smdl, wefind
; -1/4
(38)

P
2 g1+d®-g° g

which reduces to Eq. (14) when g = 0. An example of this solution is shown in Figs. 11 and
12 for acase in which d = 0.23 and g= 1 a By = 5G. Note that the increase in skin depth is
not monotonic below this fidd because of the effect of collisons. This effect is even more
evident in the phase velocities seen in Fig. 12.

Although this ample trestment for E; = E, = 0 gives reasonable results, the results are
spurious.  This physicad dStuation cannot occur in a cylinder for the following reason. The
magnetic field bends the orbits of the orbits of the eectrons driven by the Eq fidd, causng
them to move in the r direction. In cylindrica geometry, this necessarily causes a buildup of
negative charge in the interior, leading to a radid fidd E,. Thus, the problem requires treat-
ing more than one component of both B and E. The solution is a linear superpogtion of two
modes, varioudy caled the TE and TM modes in eectromagnetic theory, ordinary and ex-
treordinary waves in plasma theory, and helicon (H) and Trivepiece-Gould (TG) modes in
helicon theory. The theoretica framework for the general case has dready been given in the
context of helicon waves™® and can easily be extended to the By = O case of ICPs. The gov-
erning equation for the wave magnetic fidd B is'®:

N N" B- gk,N" B+k2B =0. (39)

The generd solution is B = By + B», where B; sdtisfies N?B; +b;? B; = 0, and b are the roots
of the quadratic

Triksg =i (40)
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and we have assumed perturbations of the form B(r)exp[i(mq + k,z — wt). For clarity we take
g to be red here, as defined by Eq. (37); but callisons will be included in the computations
by replacing w by w + in. When g = 0 (B = 0), both roots yield the classcd skin depth 1/ks.
However, contrary to the TE results of Fg. 11, the magnetic field has no effect on the skin
depth if k; = 0. The physicd reason for this is shown in Fig. 13. At the RF phase in which
the antenna current is in the +q direction, as shown, the induced fild Eq isin the —q direc-
tion, driving the eectrons in the 4 direction. The Lorentz force —ev ~ By is then in the —r
direction, creating a negative charge accumulation because of the smdler volume a smdler
r. The resulting dectrogtatic fidd E; isin the —r direction, causing an eectron drift E; © By
in the originad +q direction. The fidd E» builds up until the force —eE,; on the eectrons ca+
cels the Lorentz force due to Bo. The origind dielding current j is then restored, and Bg no
longer affects it. If k, does not vanish, however, the charge accumulation can be dissipated
by eectron flow dong Bo, and jq will indeed be decreased, permitting deeper penetration of
the RF fied.

For m =0, theradid profiles of By, By, and B, in auniform plasmaare given by'®
B ,Bq HJy(Tr), B, p Jo(Tr), (41)

where

T=(b%- k)2, (42)

Examples of B, profiles are shown in Figs 14-16, with collisons taken into account as in
Sec. 1IB. In addition, ion collisons and displacement current have adso been included by e-
act evduation of the coefficients in Eq. (39) from the plasma dielectric tensor®®. Figure 14
shows that for k, = 0 the magnetic fidd has little effect on the skin depth up to the order of
1kG, the only effect coming from the collisonad pat of the smdl added terms. Figure 15
shows that the effect of k; is to reduce the «kin depth when By = 0. We next show the effect
of k; a afinite DC fidd of 100 G. There are now two modes, the TG mode, corresponding
to the + dgn in Eq. (40), and the H mode, corresponding to the — sign. Figure 16 shows that
the effect of k, on the TG mode is not monotonic, but in any case is not large. On the other
hand, Fig. 17 shows that the H mode becomes a propagating mode and reaches deeply into
the plasmawhenk; > Kmin, where

kmin0 2ks/g (43)

As can be seen from Eq. (40), both roots become real for k; > Kmin, but the TG mode is heav-
ily damped by colligons. It is clear that the k,-spectrum of the oscillations is critica in de-
termining the skin depth, and the two modes must be added together with te proper ampli-
tude ratio as determined by the boundary conditions.

The exact solution can be computed using the HELIC code developed by Arnust??
for hdlicon waves. Examples of such computations are shown in Fig. 18 for magnetic fidds
of 1 G to 1000 G for an antenna conggting of a single loop a z= 0. These curves are the re-
ault of summing over the H and TG modes with the proper phases and amplitudes, and sum
ming over the k-spectrum of the oscillations excited by the antenna  The cylinder is infinite
with no endplates, and the dengty is assumed to be uniform. These conditions are assumed
in order to compare with the previous results, athough the code is equipped to handle the
more generd case. It is seen in Fig. 18 that By indeed increases the skin depth, but not as
much as one might have expected. Though the |B,| profiles are amilar, the phase velocities
vay greatly as By is changed. This is because the k-spectrum, shown in Fig. 19 on a log-log
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scde, depends sendtively on By, The effect of changing the k-spectrum is illugtrated in Figs.
20 and 21, which show the same calculations as in Figs. 18 and 19, but for an m = 1 hdf-
waveength hdicd antenna 20 cm long. Since in this case the B, component is not the domi-
nant one in the midplane of the antenna, the magnitude of the total B is plotted here. The d-
fect of wave propagation is evident in the non-exponentid wave profiles, which do not even
increese monotonicaly with By.  In summary, the addition of a smdl DC fidd to skin depth
cacuations is nontrivid and requires an underganding of the underlying physicd meche-
nisms.

V. NONLINEAR EFFECTS

When the RF magnetic fidd B is large enough to affect the eectrons mation, nonlin-
ear terms in the equation of motion have to be retained. In the frame moving with an dec-
tron, its equation of mation is

md?\t/:-e(E+v’B)-rmv, (44

where E and B are evduated at the instantaneous position of the dectron. In the equivaent
flud formulaion, E and B are evduated in the laboratory frame, and the convective deriva
tive has to be added so that d/dt = /t + v sNv. Sincev sNv and v~ B partidly cance each
other, it is insufficient to congder the nonlinear Lorentz force v © B done, as some authors
have done?. Furthermore, since v and B are phase-related so as to make the electrons oscil-
late with a figure-8 motion, B cannot be averaged and treated as an effective DC magnetic
fidd®®. These nonlinear effects are best treated as a nonlinear force Fy., caled the pondero-
motive force in laser-plasma interactions, which causes a drift of the figure-8 orbits when
there is a gradient in the fied drength. Kinetic effects in collisionless plasmas can dso be
nonlinea®®, but these are irrdevant to high-density plasmas. The ponderomotive force can
cause nonlinear effects that have dready been seen, such as displacement of the plasma away
from the wall®®, generation of a second harmonic fidd a& 2w?®, and changes in the eectron
energy distributior?’.  Here we derive other ponderomotive force effects not considered ke
fore.

Following Schmidt®®, we solve Eq. (44) order by order. In lowest order, let the local
RF fidd be

E® =E_ coswt, (45)

where Es denotes the spatiad part. Neglecting the nonlinear terms in this order and integrat-
ing twice, we obtain

mav® / dt =- eEgcoswt - v

V= %Es(l+d2)' Y(sinwt+d coswt) = (d /at )dr @ (46)

dr® :iz Es(1+d 2)' 1(coswt - dsinwt),
mw

whered = n/w and dr? is the excursion of the electron. Faraday’s Law gives
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-dB® /dt =R" E® =R E4coswt

- 47)
B® =. 1R E sinwt.
w
These eguations are in the frame of the moving eectron. Hence, in second order, E must be
evaluated a the position ro + dr'®. The second order terms in the equation of motion are

then
dV(Z)

m =- gD N)E® +v® D). m?. (48)

Subdtituting the firg-order terms from Egs. (46) and (47), we obtain

2 2
av® ny@ = e 1 .
dt mw? 1+d? (49)

gcos’wt - d sinwtcoswt)? xN?  +(sin*wt +d sinwtcoswt)?,” (N” 2) 8
Using trigonometric identities and the vector identity
Eq” N Eq=%NEZ- (EoN)Eq, (50)
we combine the two vector terms to obtain

dv® e 1
——+nv@P = —
dt mAw? 1+d?

[G(1- cos2wt +d sin2wt) +H(cos2wt - d sin2wt)], (51)

where
GowNE:, H°ENE,. (52)

The so-cdled ponderomotive force per unit volume is found by multiplying the right-hand
side by mn and using the definition of wy:
_Wp 1 EoGEl

NL —

- u
- — 5 (1- cos2wt +d sin2wt) + E¢ XNE g(cos2wt - d sin2wt)(;.(53)
w1l+d“a 2 i
The DC term is the usud ponderomotive force®®, modified by collisons. The cos2wt terms
have been investigated extensively by Godyak et d.**%°.  In a plane wave with intensity
varying in the direction of propagation, (Es N)Es would vanish, Snce Es and N are perpen
dicular to each other. In our geometry of a symmetric cylinder, Esisin the g direction and
the only gradient is in the r direction, but (Es "N)Es does not vanish because the unit vector ?
vaies with . We then have E=E;?, and (Eg WN)Eg :-FEglr , a nonlinear centrifugd
force at the second harmonic. If we neglect thisterm, Fy takes the smple form

2
W o
Fal =- _p(1+d2)'1eAe—°N <E§>(1- cos2wt +d sin2wt) (54)

w2 g2

u
H
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This expression agrees with that given by Pigak and Godyak®!, who predicted that the sec-
ond harmonic would dominate when d >> 1. Indeed, squaring the 2v terms and averaging
over time, we find the 2w component to be given by

L ISR o e LS

The ratio of <Fau> to Focl is (1+d?)Y2/CR, which increases with d. Both Fpc and Foy de-
creasewith d, but Fpc decreases faster.

The DC force causes v to increase secularly. We can solve Eq. (51) for v® by &
suming v to be of the form
v = vt +v,sin2wt +v, cosawt (56)

and solving for vy, Vo, and v3 by matching the time dependences. After some algebra, we do-
tan

2 é u
v = e S (1+d2)_ C 1 d 1 3d 5 (57)
mew 5 ;
In cylindricd symmetry, G —H smplifiesto
G- H=YNE?+TE?/r =F(r*E2)q 4r*, (58)

where the prime indicates /1r.

In the absence of a DC magnetic fied, the only waves other than this dectromagnetic
wave which can propagate in a plasma are the éectron plasma wave and the ion acoudtic
wave. The former has a frequency near wp and cannot be directly excited by the RF. An ion
wave, however, can possbly be excited, ether directly by the ponderomotive force or
through the stimulated Brillouin scatering ingtability, leading to propagation of RF energy
beyond the skin depth. In second order, there are no effects at the frequency w which could
lead to excitation of ion waves. To find such an effect, we have to go to third order. For
amplicity, we neglect both d and H in this calculation. In that case, Eq. (57) amplifiesto

1
v® = ¢

2W3—NE 2 (2wt- sinawt). (59)
m
The third-order equation of motion is
dv® _
" gd r@ >N)E(2) +(dr (2 >N) EDy u+ v B@ 4y @~ B(l) (60)
m
where
E@ =(dr® s)E® (61)
and
@)
‘jj—tB =-N"E®. (62)

Both E@ and B® vanish with the neglect of Es XNEs, Integrating Eq. (59), wefind
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o _ € 1l 285 12 1 o)
dr' = =NES Wt“+—cosawt . (63)
8 2w

maw?® 8 @

Inserting this into Eq. (60) and multiplying by mn, we obtain for the third-order ponderomo-
tiveforce

F=-en® J 1{eH +(2W2H +15G, Gooswt- AwtH ,sinwt + (%G, - 2)cos3Nt} (64)

&mw2 g 161€
where
G,° (NEZN)E,, H,°NEZ" (N E,). (65)
In cylindrical symmetry, use of Eq. (50) yiddsH» = - G2, and G, can be written
G,° (NE2 ) E, = (E2)€¢ = 2(EY°E,. (66)
F3 then becomes
eNge € t')z 2 é 3 U
F,=- — 2 (EQ) E. 2w?%? - Y5)coswt + 4wt Sinwt +—cos3wt . 67

For wt >> 1, the dominant term in F3 is

seeEg o

F3 =-Yine 2 - w2t2E sCoswt . (68)

This is in the same direction as the force applied by E® and therefore cannot lead to any new
effects.

V. Conclusons

Classcd <in depths were caculated with arbitrarily large collisondity in cylindricd
geometry. It was found that non-monotonic radid profiles of |B,|, as are sometimes ob-
sarved, are not posshble in this context. Addition of a DC magnetic fidd affects the skin
depth in a way which is sengtive to the k, spectrum excited by the antenna. The skin depth is
greatly increased only when By is large enough for helicon waves to propagate. The nonlin-
ear ponderomotive force was caculated with arbitrary collisondity. The norma DC pon
deromotive force was recovered, as wdl as the well-known second harmonic force. Calli-
sons were found to weaken the second harmonic. The third-order ponderomotive force was
cdculated for the collisonless case. A secularly incressing force a the fundamentd fre-
quency was found, but this is in the q direction, not the r direction, and is in the same direc-
tion as that of the gpplied RF fidd. Non-monotonic behavior of B,|(r) cannot be explained
by collisons, by geometry, by DC magnetic fields, or by nonlinear effects induced by the
wave s magnetic fidd.

V1. Acknowledgments

This work was supported by Applied Materids, Inc, the Universty of Cdifornia
SMART program, and the Semiconductor Research Corporation. We thank R. Pigak for his
useful comments,



13
FIGURE CAPTIONS

Fig. 1. Curves used b fit dectronion and dectron-neutrad collison frequencies as functions
of electron temperature.

Fig. 2. Dividing line between high and low collisondity for various RF frequencies.

Fig. 3. Classcd skin depth vs. dendty at various neutral pressures.

Fig. 4. Effect of argon pressure on skin depth at various electron temperatures.

Fig. 5. Contours of congtant amplitude of the function Jo(x + 1y) (solid lines) and of its phase
(in degrees, dotted lines). The points are hypotheticd measurements of the radid
profile of wave amplitude, normaized to unity @ r = 0. The angle a depends only on
n/ w, and has been drawn here for n/ w = 1.The diagond line is the boundary for
“normd” skin depth measurementsin a collisond plasma

Fig. 6. Fidd penetration into a cylindrica plasma of various densties.

Fig. 7. Fidd penetration into a cylindrica plasma at various pressures.

Fig. 8. Variation of phase velocity with pressure. Note that the variation is not monaotonic.

Fig. 9. Effect of cylindrical geometry on field profiles.

Fig. 10. Indantaneous radid profiles of B, (left) and Jq (right) in a case with large n / w and

ds/ a. The curves are flipped during the second hdf-cycle. The shaded line is the
envelope of the magnitude of B;.

Fig. 11. Effect of an goplied DC magnetic field on penetration of a 13.56-MHz RF fied into
a 15-cm radius cylindricd plasma in the TE gpproximation. Electron colligons are
computed for Te=3eV, n=5 "~ 10" cm™, and p = 5 mTorr of argon; ion collisions
are neglected.

Fig. 12. Rdative phase of the RF signd for the case of Fig. 11.

Fig. 13. Physicd mechanism of RF penetration across a DC magnetic field.

Fg. 14. Computed fidd magnitude profiles for k; = O a vaious magnetic fields Bo.
Conditionsare: f = 13.56MHz, Te=3eV, p=5mT,n=5" 10 cm?®, a=15cm.

Fig. 15. Computed field nagnitude profiles for By = O and various values of k, . Conditions
arethesameasin Fig. 14.

Fig. 16. Computed fiedld magnitude profiles of the TG mode for By = 100 G and various
vaues of k, . Conditions are the same as in Fig. 14. The variation is not monotonic;
the curves appear in the same order asin the legend.

Fig. 17. Computed fidd magnitude profiles of the helicon mode for By = 100 G and various
vauesof k, . Conditions are the same asin Fig. 14.

Fg. 18. Exact cdculations of fidd profiles a various magnetic fidds usng the HELIC code.
Conditionsare asin Fig. 14.

Fig. 19. The spectrum P(k;) of power deposited per unit k corresponding to the curves on
Fig. 17. Logarithmic scales are used because the coupling efficiency is two orders of
magnitude lower a low By fields corresponding to ICP operation. The pesgks at high
fields correspond to eigenmodes of the coupled helicon- TG waves.

Fig. 20. Same as Fig. 18 except tha the antenna is a half-wavdength hdix with m = 1 sym-
metry, and the total |B| is plotted rather than |B; |.

Fig. 21. The spectrum of waves in the plasma producing the fied profiles of Fig. 20 at
various magnetic fields.



14

REFERENCES

! R.A. Demirkhanov, |.Ya Kadysh, and Yu. S. Khodyrev, Soviet Phys. JETP 19, 791 (1964).
2 B. Joye and H. Schneider, Helv. Phys. Acta51, 804 (1978).

3V.A. Godyak and V.I. Kolobov, Phys. Rev. Lett. 79, 4589 (1997).

4 V.A. Godyak and R.B. Pigjak, J. Appl. Phys. 82, 5944 (1997).

® R. Pigiak, VV.A. Godyak, and B. Alexandrovich, J. Appl. Phys. 81, 3416 (1997).

® V.A. Godyak, in Electron Kinetics and Applications of Glow Discharges, ed. by U.
Kortshagen and L. Tsendin (Plenum, New Y ork, 1998).

" E.S. Weibd, Phys. Fluids 10, 741 (1967).
8 Yu. S. Sayasov, Helv. Phys. Acta52 288 (1979).

® V.A. Godyak, R.B. Pigak, B.M. Alexandrovich, and V.I. Kolobov, Phys Rev. Leit. 80,
3264 (1998).

10v.1. Kolobov and D.J. Economou, Plasma Sources Sci. Technal. 6, R1 (1997).
1M A. Lieberman and V.A. Godyak, |IEEE Trans. Plasma Sai. 26, 955 (1998).

12 )D. Evans, F.F. Chen, and D. Arnush, Investigation of Electromagnetic Field Penetration
in ICP and Weakly-Magnetized ICP Discharges, Proc. 1CPP-2000, Quebec, Canada
(October 23-27, 2000), Paper GPL.017.

13 DL. Book, in A Physicist's Desk Reference, H.L. Anderson, ed. (Amer. Inst. Phys., New
York, 1989), p. 281.

14 W.L. Morgan, www.kinema.com.

15S. Shincharaand Y. Kawai, Jon. J. Appl. Phys. 35, L725 (1996).

16 E. Jahnke and F. Emde, Tables of Functions, 4" ed. (Dover, New York, 1945), p. 127.
1" R H. Cohen and T.D. Rognlien, Phys. Plasmas 3, 1839 (1996).

18 RH. Cohen and T.D. Rognlien, Plasma Sources Sci. Technol. 5 442 (1996).

19 FF. Chen and D. Arnush, Phys. Plasmas 4, 3411 (1997); UCLA PPG-1562 (Aug 1996).
20 D. Arnush and F.F. Chen, Phys. Plasmas 5, 1239 (1998), Appendix.

21 D. Arnush, Phys. Plasmas 7, 3042 (2000).

22 A.1. Smolyakov and . Khabibrakhmanov, Phys. Rev. Lett. 81, 4871 (1998).

23 M. Tuszewski, Phys. Rev. Lett. 77, 1286 (1996).

24 YuM. Aliev, |.D. Kaganovich, and H. Schliiter, Phys. Plasmas 4, 2413 (1997).

25 G. Tynan and SM. Yun, to be published.

26/ A. Godyak, R.B. Pigak, and B.M. Alexandrovich, Phys. Rev. Lett. 83, 1610 (1999).
27 C. Chung, S-H. Seo, and H-Y. Chang, Phys. Plasmas 7, 3584 (2000).

28 G. Schmidt, Physics of High Temperature Plasmas, 2" ed. (Academic, New York, 1979),
p. 47 ff.

29 EF. Chen, Intro. to Plasma Physics and Controlled Fusion, 2" ed., Val. 1 (Plenum, New
York, 1984), Sec. 8.4.

30v/. A. Godyak, R. B. Pigiak and B. M. Alexandrovich, Phys. Plasmas 6, 1804 (1999).
31 RB. Pigak and VV.A. Godyak, Appl. Phys. Lett. 76, 2188 (2000).




15

10
8 -
2
B
8 6
o
o
&
@ 4r
5
O
2 -
0 ! ! ! 1 *q)
0 1 2 Te(ev) 3 4 5
Fig. 1. Curvesusad to fit electron-ion and dectron-neutra collison frequencies as functions
of electron temperature.
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Fig. 2. Dividing line between high and low collisondity for various RF frequencies.
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Fig. 4. Effect of argon pressure on skin depth at various eectron temperatures.
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Fig. 5. Contours of congtant amplitude of the function Jo(Xx + iy) (solid lines) and of its phase

(in degrees, dotted lines). The points are hypothetical measurements of the radia profile of

wave amplitude, normdized to unity at r = 0. Theanglea dependsonly on n/w, and has
been drawn here for n / w = 1.The diagond line isthe boundary for “normal” skin depth
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Fig. 8. Variation of phase velocity with pressure. Note that the variation is not monaotonic.
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Fig. 10. Ingantaneousradia profiles of B; (l€ft) and Jq (right) in acase with largen / w and
ds/ a. The curves areflipped during the second half-cycle. The shaded lineisthe envelope

of the magnitude of B;.
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Fig. 11. Effect of an gpplied DC magnetic field on penetration of a 13.56-MHz RF fidd into
a 15-cm radius cylindricad plasma in the TE approximation. Electron collisons are computed
for Te=3eV,n=5" 10! cm?, and p = 5 mTorr of argon; ion collisions are neglected.
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Fig. 12. Relative phase of the RF signa for the case of Fig. 11.
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Fig. 13. Physica mechanism of RF penetration across a DC magnetic field.
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Fig. 14. Computed fidd magnitude profiles for k, = 0 a various magnetic fieds By.
Conditions are: f = 13.56MHz, Te=3eV, p=5mT,n=5" 10 cm?®, a=15cm.
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Fig. 15. Computed field magnitude profilesfor Bp = 0 and various vaues of k, . Conditions
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Fig. 16. Computed field magnitude profiles of the TG mode for By = 100 G and various
vauesof k, . Conditionsarethe sameasin Fig. 14. The variation is not monaotonic; the

Ccurves gppear in the same order asin the legend.
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Fig. 17. Computed field magnitude profiles of the helicon mode for By = 100 G and various
vauesof k, . Conditionsarethesameasin Fig. 14.
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Fig. 18. Exact cdculations of field profiles at various magnetic fields using the HELIC code.
The antennais asmple loop, and plasma conditions are the same asin Fig. 14.
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Logarithmic scdes are used because the coupling efficiency is two orders of

magnitude lower a low By fields corresponding to ICP operation. The pesks a high fidds
correspond to eigenmodes of the coupled helicon-TG waves.
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Fig. 20. Same as Fig. 18 except that the antenna is a haf-wavdength hdix withm =1

symmetry, and the totd [B| is plotted rather than |B; |.
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