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Helicons—The Past Decade

Francis F. Chen and Rod W. Boswell

Abstract—First observed in gaseous plasmas in the early first years were extremely difficult, since plasma processing
1960's, helicon discharges lay like a sleeping giant until they was practically unknown to federal funding agencies, and
emerged in the 1980’s, when their usefulness as efficient plasmathe semiconductor industry considered plasma science to be

sources for processing microelectronic circuits for the burgeoning a worthless diversion. The UCLA aroun on low-temperature
semiconductor industry became recognized. Research on helicons : group P

spread to many countries; new, challenging, unexpected problems Plasma physics had to be built from the ground up, literally.
arose, and these have spawned solutions and novel insightshen moving the laboratory to a new building, Chen and
into the physical mechanisms in magnetized radio-frequency Decker, who were later to receive the Maxwell and Ramo

discharges. Among the most baffling puzzles were the reasonpi, r ivelv. laid the floor til hemselv
for the high ionization efficiency of helicon discharges and the es, respectively, laid the floor tiles themselves.

dominance of the right-hand polarized mode over the left-hand
one. The most recent results indicate that a nonobvious resolution Il. BASIC DISPERSION RELATION

of these problems is at hand. The basic dispersion relation for helicon waves is that for

Index Terms—Helicon, plasma discharges, plasma processing, [ow-frequency whistlers confined to a cylinder with a coaxial

plasma source, plasma waves. dc magnetic fieldB,, under the assumptions that the electrons
are infinitely light and the ions are infinitely heavy. In this
|. INTRODUCTION case, the plasma current is entirely carried by fiiex B

N keeping with the precedent established, we begin wi . )
o ; ; the following vector Helmholtz equation for the wave
reminiscences of how all this came about. It was in 196

during a sabbatical, that Chen visited Peter Thonemannma?gneuc fieldB ~ exp i(mf + kz — wt), where/ is the
Harwell and was immediately imbued with the excitemerﬁXlal wavenumber
of a new discovery: the existence of very low-frequency kV x B = k2 B, V2B+a?B=0 (1)
electromagnetic waves, called helicon waves, in a gaseous
plasma. This wave, along with all the other waves, was latéfere
incorporated into the course notes for a graduate course in
plasma waves and instabilities, but remained as an interesting
curiosity. In retrospect, British and Australian theorists in the. being the electron cyclotron frequency, angl the plasma
period following this visit did a prodigious amount of workfrequency with density,o. The quantityk,, will be recognized
on helicons, and the advances in the past decade have b&githe wavenumber for low-frequency whistler waves along
largely due to the invention of the personal computer. By in free space. In a bounded systef, is not a free
During a second sabbatical in 1985, Chen broke awggrameter but will have eigenvalues set by the permitted angles
from the fusion group in Canberra long enough to visitf propagation corresponding to the different radial modes.
Boswell’'s laboratory. There, he found a small linear devicEhe notation used here is somewhat different from that used
with modest, subfusion caliber power supplies, creating im earlier papers because it is more natural in view of recent
nearly fully ionized plasma of ovel0!® cm~2 density with no advances in theory (Sections Ill, VIII, and IX). The solution
axial confinement. It was immediately apparent that this wa$ (1) in a cylinder of radius: is given by [153]
an order of magnitude better than anything he had previousl
seen, such as tghe plasma created byythe %onresongnt Lisita3r/10 By = Al(a + ) S (Tr) + (@ = k) Jimga (T7)]
coil. Chen carried this excitement to Japan on the way home, Bes =iA[(c+ k) Jn—1(T7) = (a0 = k) Sy 1 (17)]
but only Tatsuo Shoji took the idea seriously. He encountered B, =—2¢ATJ,,,(Tr) 3)
similar apathy back at UCLA, except from Robert Conn, co-
founder of Plasma and Materials Technologies, Inc., whi¢ihere the
now markets helicon sources worldwide. Around 1989, Chen T — o2 _ k2. ()
decided to leave the comfort of a strong and well-funded
group in laser plasma interactions, which he had founded, The boundary conditions set the possible valuesydb be
order to explore the possibilities of helicon discharges. Thpproximately

.gotions of the electrons. Maxwell’'s equations then lead [153]

k= ww%/wCCQ = wnoe /By = ak 2

J,, are Bessel functions and
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Fig. 1. Linear relationship betweeny and By [12].

right-hand (RH) circularly polarized, and the = —1 mode Although uniform magnetic fields are useful for experimen-
left-hand (LH) polarized, when viewed alorfsy,. tal checks of theory, the fields used in helicon discharges
According to (2), ifw and k& (or the phase velocitw/k) intended for practical purposes are made to diverge away from
are fixed, the plasma density should scale linearly with thiee region of ionization in order to spread the plasma out over
magnetic field, provided that the RF powRr; is sufficient to a wider region and to reduce the field at the target, where
produce the required density. That this basi® relationship it may cause damage to delicate circuits. The propagation
is obeyed above threshold valuesRyj and B, which willbe of helicon waves in a diverging field has been treated by
discussed further in Section VI, has been verified by a numb&mush and Peskoff [139], [140], [173]. Their method was to
of authors, e.g., Boswell and Porteus [6]. An example of suttansform to spherical coordinates, solve in a conical section,
data is shown in Fig. 1, where a constant slope is seen ab@val then join conical solutions together to match the curve

about 200 G and 400 W. of the field lines. If the plasma diverges keeping/By
constant, thems = 0 case can be solved in closed form;
I1l. N ONUNIFORM PLASMAS otherwise, a lengthy computation is required. As the plasma

The formulas given in Section Il are for a cylinder comtadius a increases, the wavelength is observed to decrease,
pletely filled with a plasma of uniform, and Bo. In practice, as required by (5), until it reaches the wavelength of a
the radial density profile is more parabolic or triangular thafhistler wave in free space. Only rough, qualitative checks
square, and therefore the varying density had to be accoun@édhe nonuniform-field theory have been made so far, but
for before detailed comparisons with experiment could Hother interesting effect has been observed. If the antenna
made. This was done first by Blevin and Christiansen [141§ located nearer one end of the discharge chamber than the
[142] and more recently by Cheet al. [158], [181], who Other, and a “cusp” field is created in the antenna region
included the displacement current and pointed out a numerié#yerging toward the short end of the machine, both the
difficulty that it causes. Indeed, the straightforward use ®eak density and the total ionization are increased [19]. One
the cold-plasma dielectric tensor for nonuniform plasmas R9ssible explanation is that the RF energy which would have
fraught with danger because singularities arise that mdhe away from the main experimental region is somehow
computer codes do not recognize. reflected.

The density profile modifies the field patterns and the
eigenvalues of,, at the density peak. A comparison of the
B- and E-field patterns of then = +1 and —1 modes for IV. WAVE FIELDS AND WAVE PROPAGATION
uniform and parabolic density profiles is shown in Fig. 2. As Early measurements of helicon wave fields were made by
might be expected, the fields are more concentrated tow@dswell [5] and Lehane and Thonemann [40]. Once calcula-
the axis when the density has a peak there. One sees alsotibat for wave fields in a nonuniform plasma became available,
the m = —1 mode has a narrower pattern than the= +1 it was possible to compare wave profiles with theory with more
mode, a fact which bears on one of the most baffling featuresafcuracy. Fig. 3(a) shows magnetic probe measurements [41]
helicon discharges which has been noticed in the last decadigthe three components &(r) generated by a helical antenna
namely, that the RH mode is preferentially excited under alesigned to excite then = +1 mode. It is seen that the
circumstances. It is true that whistler waves, of which helicqmints agree quite well with the theoretical curve computed
waves are a variety, exist only in the RH version in free spader the measured density profile. When the directionByf
but in a confined cylinder at such low frequencies that theas reversed, or when an antenna with the opposite helicity is
electron gyration direction is irrelevant, the LH mode shouldsed with the sam#,, them = —1 mode was expected to be
propagate equally well. seen. Instead, as shown in Fig. 3(b), a weaker +1 mode
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Fig. 2. Electric (dotted) and magnetic (solid) field lines for mn= +1 azimuthal mode (a), (b) and an = —1 mode (c), (d) in a uniform plasma
(a), (c) and one with a parabolic density profile (b), (d) [159].

was generated, the wave profiles differing greatly from the The propagation of helicon waves alor, was first
theory form = —1. Although some authors have claimed taletected with magnetic probes by early workers [40], [5], and
have seen thex = —1 mode [53], [54], [63], [65], [34], [49], by several others in recent years [23], [26], [28], [42], [53],
the difficulty in exciting this mode was corroborated by othg63]. Boswell's measurement 6B, (z)| is shown in Fig. 4 [5].
diagnostic methods and by other groups. For instance, Yasdkee most obvious feature of this curve is the appearance of
and Hara [65] have used bifilar antennas to produce RH aachplitude modulations, in this case clearly caused by standing
LH fields which rotate in time, and Suzukt al. [63] have waves. However, the modulations seen in a more recent
launched test waves with a helical antenna in a preformegperiment, shown in Fig. 5 [42], could not be explained as
plasma. A possible explanation for the predominance of tBeanding waves because the tube was many antenna lengths
m = +1 mode will be discussed in Section IX. On thdong, and the amplitude at the end was too small. Furthermore,
other hand, observations of plane-polarized patterns, whitte wavelength of the modulations did not correspond to half
are presumably combinations ef. = +1 and —1 modes, the wavelength of the helicon waves. Since the density varied
have been reported by several groups [51], [34]. With a plar&long > (Fig. 7), this could possibly have been a case of
polarized antenna, one would expect a standing wave pattdrstributed reflection, such as in the Budden problem where
to be generated in the azimuthal direction. The two points ifht entering a plasma density gradient gives rise to an Airy
view can be reconciled if» = —1 modes are generated in thepattern. A simpler explanation for the pattern in Fig. 5 was
near-field but damp rapidly away from the antenna. That thésailable, however. If one computes the wavenumbes
indeed happens has been confirmed by a recent experimeontes with variousn andn numbers in a nonuniform plasma,
with rotating fields [45]. one finds that there are two modes which lie within the peak of
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Fig. 3. Radial profiles of3,,, By, and B. as measured (dots) and calculated (lines). Antenna was set up to launeh=a}1 RH polarized waves and
(b) m = —1 LH polarized waves. Calculations are for the = +1 (solid) andm = —1 (dashed) modes [41].
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Fig. 4. Axial variation of the amplitude$B,:| and |B:| [5].

the antenna’&-spectrum. These are the first two radial modéenized discharge at relatively high pressure, with ~ 150

(n =1, 2) of themm = +1 RH mode, and the beat wavelengtiG, which we would now consider to be below threshold. In

of these two modes matches that observed. later work, Boswell [5] found that collision rates of order
The damping length of helicon waves had been found kD00 times classical would have to be invoked to explain

early work [40] to agree with theory, but this was in a weaklfis observations. In retrospect, this conclusion was drawn on
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Fig. 6. Variation of the local wavelength alogy,, showing anticorrelation
Fig. 5. Measurements of the magnitude Bf versus distance from the With the local density [42].
antenna [42]. Also shown are curves of the theoretical damping rate calculated
for electron—ion collisions plus electron—neutral collisions at various assumed » . .
pressures. thermal velocities of electrons in the 20-200 eV range. This
range is higher than typical temperatures of 2—4 eV in helicon
. . ' . di?charges, and a straightforward computation of the Landau
the basis of radial wave profiles, not direct measurementscf)

the axial decay lengths. Nonetheless, it was this observatioy NP9 rate [15.3] would show that this rate is -negl|g|bly
all. However, if the wave grows fast enough, it can trap

that spawned the Landau damping hypothesis discussed in & ;
paw ping Nypotnesi: .__thermal electrons and accelerate them to the phase velocity, as
next section to explore noncollisional dissipation mechanisms. . R : . :
R . . .~ IS'done in RF current drive in toroidal fusion devices. These
Improvements in diagnostics in recent years, particularly in th - - .
. . electrons would be efficient ionizers, since they have nearly
RF compensation of Langmuir probes [87], have made posSi- ) : P :
e energy of the maximum in the ionization cross section.
ble more accurate measurements of the electron temperature . . !
: urthermore, wave acceleration has the additional benefit that
KT,. Using local measurements &f7,, andng, the decay S .
) . X electrons can be reaccelerated after an ionization event. This
of wave amplitude by collisional damping could be calculate; ! . . . :
ep gave rise to the design of helicon sources in which the

and was found to agree with measurements (when averag 3 ; : .
. - ase velocity was matched to the optimum electron velocity
over the beat-modulations), as shown in Fig. 5 [42]. In th r ionization [151]
case of high density, electron—ion collisions were dominant, ' .
as seen from the similarity of the curves when the neutr, INumerous attempts were made to detect the high-energy
Blils in the electron energy distribution function (EEDF) which
would result from nonlinear Landau damping. For example,

pressure was doubled or halved.
Interferometric measurements with two probes could b@u and Boswell [71] observed fast electrons by their excita-
ion of spectral lines that have an energy threshold. Chen and

used to obtain the local wavelengths. Although one mig
expect that a dominant wavelengtwould be set by the li)ecker [11] gave indirect evidence through the charging of an

antenna length, once the wave leaves the ante_nna region Ierll%iplate to high negative potentials. Loewenhatdal. [43]
free to assume its natural wavelength. According to (2) and ; i :
. . gave clear evidence of tail electrons from Langmuir probe

(5), k should be proportional taq/By for fixed w, so thath L . ; . )
. characteristics in a helical fusion device heated by helicon
should vary asBy/ng. At least two recent experiments bear .
this out. Lightet al. [42] (Fig. 6) show varying inversel waves. Shojiet al. [118] showed that the EEDF broadened

- -9 ) g ying Y when w/k was increased. R. Cheet al. [18] deduced from

with in a uniform-diameter tube with a helical antenna. . .
"0 . . aLangmuw probe data the existence of electrons whose speeds
However, for a plasma expanding from a source into a Iar%er

chamber, Degelingt al. [23] have shown with a double-half- aried W'.th the phase velocity. The autho.rs above “S.e.d probes

turn antenna thad varies as Bo/no)!/2, which is expected that had inadequate or no RF compensation. At densities in the
) : ’ 10112 cm—3 range, Ellingboet al.[24], [25] showed that the

of whistler waves in free space.

excitation of spectral lines by fast electrons occurred in pulses
synchronized with the RF, as would be expected in wave-
particle interactions. Such pulses were detected directly with a
The anomalously efficient damping of helicon waves rdime-resolved gridded energy analyzer by Mohékal. [46],

ported by Boswell [5] inspired Chen [150], [153] to suggestho furthermore correlated the fast electron velocities with
in 1985 that perhaps a kinetic process—namely, Landthe helicon wave phase velocity. On the other hand, in dense
damping—could explain the rapid transfer of RF energy infadlasmas above 1® cm—2, Blackwell and Chen [2], using
ionization events. Helicon waves have the special propexgrefully compensated probes, could see no deviation from a
that their parallel phase velocities can easily be matchedpgore Maxwellian distribution. This null result may have been

V. THE LANDAU DAMPING HYPOTHESIS
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caused by the higher collision frequency but may also have
been an artifact of the floating-potential method used for RF
compensation, as was later explained by Chen [155]. The effect
of Landau damping on energy transfer has not been proved.
Indeed, the most recent results [61] show that both the damping
rate and the ionization rate can be explained on the basis of
collisions alone. Thus, the validity of the Landau damping
hypothesis is not yet resolved. There is ample evidence for a
fast electron population, but it has yet to be shown that this
is either caused by wave-particle acceleration or is relevant to
the overall energy balance of a helicon discharge.

VI.

In Section Il, it was mentioned that the helicon dispersion
relation was obeyed in helicon discharges above a certain
threshold. It is often observed, especially with plane-polarized
antennas, that the plasma density takes one or two sharp jumps
as either the RF power or the magnetic field is increased.
Examples are given in Fig. 7. Ellingboe and Boswell [26]
have studied this phenomenon extensively and have attributed
the behavior to the coupling mechanism. Initially, at low
powers or fields, the electrostatic potentials on the antenna
are capacitively coupled to the gas near the walls and break it
down into a weakly ionized plasma. A& or By is raised,
the fluctuating magnetic field of the antenna induces large
electric fields in the interior of the tube, and the density jumps

DISCHARGE INITIATION

has is a nonresonant inductively coupled plasma (ICP), whié
is commonly used in plasma processing. Finally, when (2) is

1200
Power (watts)

(b)

(a) Density jumps a®, is increased (from [5]) and (b) density jump &% is increased [115].
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3 ] o g ) $g 8. Axial distribution of ionized argon light intensity at various magnetic
upward. At this point, however, the density is still not highields [61]. The bottom four curves in (b), are the same as those in (a); the

enough to Satisfy the dispersion relation of (2)7 and what Oﬁg\zles 2re 100 G apart. The data are from a 5-cm diam discharge with 2 kW
7.12 MHz power.

satisfied, a helicon wave is generated, and the density takéshe m = +1 mode. Eventually, this peak grows to 20-30
another jump as the helicon ionization mechanism, whatevenes the height of the ICP peak.

it is, takes over. The benefits of a helicon discharge over anBoswell et al. have made time-resolved measurements in
ICP are dramatically demonstrated by measurements, shguuised helicon discharges [115], [7], [33], giving further
in Fig. 8, of the ionized argon light aB, is raised from 0 to insight into the startup process. They found that a short burst
900 G [61]. At By = 0, a faint discharge is localized to theof 200 eV electrons is generated initially, and these lead to
antenna region. Above about 300 G, a helicon peak rises uprapid ionization of the gas. Acceleration of the electrons was
only one side of the antenna—in the direction of propagatiaitributed to a multipacting mechanism, presumably during the
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time when capacitive coupling was operative. Only after 70 ns VIIl. FINITE MASS EFFECTS

did the discharge reach a steady state. When B, is sufficiently low, neglect of the quantity =

w/w. eventually fails. Finite electron mass effects had been
] ) _ i _considered by early workers [143], [162], [152], [128], but it
_ The study of hellcordlschgrgess conglderably more dif- ;1o only in recent work [166], [179], [129], [157], that we
ficult than the study of heliconvaves since the processes.,me g realize that the effects cannot always be neglected
of ionization and particle and energy transport have to be jen if § < 1. There are actually several different effects.

dressed. The problem can be simplified by dividing the plasrﬁ"f’ectron inertia parallel td3, causesk, to be nonzero even
into thenear-field regiorunder ano_l within a wavelength of thein the absence of collisions. This complicates the boundary
anienna, and thdownstream regioriarther away. A_survey conditions that have to be satisfied, but collisions are usually
gf)\f\?nest?j;%mreégirfr?’wg sTer’nZ(rj]g F;?:er?t?y pbo;eglljd:/am[@t{]]e frequent enough to mask the effect of parallel inertia. Electron
[16], [17]. The temperaturékT, was found to pe;';lk%—l' pgrpendicular i.nert'ia giyes rise to another branch of the
Wav,eleng.th past the antenna i’;md the discharge beyond %Sé)ersmn relation involving electron cyclotron waves. As we

: ' . ! shall see, these waves are strongly coupled to helicon waves
peak was defined as the downstream region. Since the wave

amplitude was too small downstream to contribute to heatir';jlnd provide much of the damping. At frequencies nercy-

the electrons, the monotonic decay/tr, downstream could Cthtron damping provides another possible collisionless damp-

be explained quantitatively by classical heat conduction bdY mechanism; this has been treated theoretically by Harvey

anced by electron energy loss from inelastic collisions wi nq Lashmore—Dawes: [168] but studied experlmentally n
ions. The plasma density, surprisingly, rose away from t licon plasmas only in an early paper by Christopowos
antenna to broad peak about 50 cm downstream before fin& 3(/\[/20]' )

decaying (Fig. 6). The rise in density was consistent with the hend # 0, (1) is replaced by
approximate constancy efy( KT, — e¢) along the field lines

and was therefore caused by the drop#ifi,.

With local measurements &7 andno, it was possible gjnce the differential equation is now of second order, a new
for Sudit and Chen [61] to calculate the radial losses due jp, e appears: this is an electron-cyclotron wave, which, in
classical diffusion at each position and compare those with 5 finite cylinder, is generally known as a Trivelpiece—Gould
the local ionization rate from the thermal electron d|str|but|oraTG) mode. We now have a helicon (H) wave, described by

In contrast with theB, = 0 ICP case, it was observed at highyo 46t two terms of (6), coupled to a TG wave, described
magnetic fields that the plasma was lost downstream fr 1 the first two terms. In most previous work, helicon the-

where it was produced, showing the effectiveness of magne(g did not treat finite electron mass, and quasielectrostatic

confinement of the electrons. Agreement between calculaig elpiece—Gould theory omitted the electromagnetic effects
plasma production and loss integrated owewas achieved incorporated in the last term, which is proportionaMox E.

to within a factor of two. However, this degree of agreeme . . T :
was achieved only when a depletion of neutral density lgzt?;?;::g (6) yields [128]8 = By + B,, with B, and B,

a factor of 4-5 was taken into account. This phenomenon,
first reported by_BOSV\_/eII [5], is caused by_the_ gas-pumping V x By = 1B, V x By = B> @)
effect [61], [33] in which the neutrals are ionized and then
accelerated to the ends of the tube by presheath potentials\fkre 3, and 3, are the roots of
the order of%KTE. Helicon discharges can be so dense that
the neutral gas is completely removed from the center, and the 632 —kB+ k2 =0. (8)
plasma is 100% ionized there [5].

An interesting conclusion can be drawn from calculationBhus, thej3; (H) and 52(TG) roots are given explicitly by
of power balance. If one assumes classical electron heat 12
conduction, the slope of7T.(z) at the boundary between By = & 17 (1- 46k, ©)
the near-field and downstream regions gives the heat flux. It R k2 '
was found that this amounted to about 70% of the total RF
input power, leaving only 30% to be transported backwarthe k—3 relationship of (8) is illustrated in Fig. 9. For given
to the short end of the tube and to be deposited by the> kmn = 2k, V5, the H branch has the smaller value of
waves in the downstream region [61]. This means that ti%e and the TG branch the larger value. Each branch has the
RF power is mostly absorbed in the near-field region, whogeve profiles of (4), but witil’? = 37 — k*. At large Bo,
length of about 20 cm is orders of magnitude shorter thah is much larger tharg;, and we see that the TG wave
the collisional or Landau damping length of helicon wavefas short radial wavelength, while the H wave occupies the
Clearly, the near-field region holds the clue to the efficiendyulk of the plasma. These waves are coupled at the boundary,
of helicon discharges. Ellingboe and Boswell [26] have madiit since the TG mode is heavily damped, it is essentially
detailed measurements of the wave fields in this regios.surface wave at larg8,, and the two waves are almost
Exactly what happens here is not yet known definitively bitidependent. However, a8, is decreased, the values 6f
will be discussed in Section IX. and/3, approach each other, and the two branches become well

VIl. DISCHARGE EQUILIBRIUM

VxVxB-kVxB+EB=0. (6)
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Fig. 9. Relation between parallel wavenumberand total wavenumbep for a 2.5-cm radius discharge at 27.12 MHz and various magnetic fields.
The diagonal line is the limit3 = & [129].

mixed throughout the plasma. Whénincreases beyond 1/2,current return is via circular end-rings. The = 1 end-
the H branch becomes evanescent. Bg approaches zero, rings alone have been used recently by Ellingboe and Boswell
both waves become evanescent coalesce into the skin-eff@é] and named a double half-turn antenna. Pure helices
fields of the ICP, modified by the dc magnetic field. without end-rings have been used by Kigh al. [35], who

These coupled modes have been seen by Cui and Bosvale also triedn = 2 straight antennas [34]. In industry,
[21], who variedé by increasing the frequency. A numbersymmetricrn = 0 antennas have been developed and marketed
of authors have seen density peaks occurring at #fields successfully [94], [95], [60]. Single- and double-loop antennas
where the TG mode should be important [12], [23], [95]have been investigated by Jiweet al. [28]. Tests of the
however, why the density should increase there depends retative efficiency of different antenna designs have been made
the coupling efficiency, which will be discussed below. by a number of authors (e.g., [12], [26]).

With light gases at high magnetic fields or low frequencies, Understanding of Nagoya Type lll antennas came from
ion motions become important. The relevant small parametgork on ion-cyclotron isotope separation at TRW, Inc., in
here isy = Q./w, whereQ. is the ion cyclotron frequency. the 1970’s. The strong magnetic field prevents electrons from
A simple way to take finitey effects into account is to replaceshort-circuiting the antenna field, and the skin depth is in-
6 in (6) by e = 6 — «, giving [128] creased front/w,. to ¢/£2,;, which is larger than the plasma

2 p radius. Furthermore, the, = 41 geometry and finitey act
(0 =7MVXVXB—kVxB+k,B=0. (10) together to convert the electromagnetic field of the antenna
. : . nto an internal electrostatic field in the plasma [73], [12].
We see that when > 6, which easily happens with element§ Iso for this project McVey wrote the ANTENA code [83],

like hydrogen or helium, the “slow wave” changes from a 41 which i mmonl d to model th ntenn nd
electron wave to an ion wave. The transition occurs wh ] ch 1S commonly used to model Inese antennas a
eir coupling to nonuniform plasmas.

w = (w.0.)Y2, at which point only the helicon branch exists' h X et al studv of th field
Peaks in density occurring at frequencies near the lower- hybnd e most complete experimental study of the near-fie

frequency in light gases were first seen by Shoji [56] and rec éF'OZWheredagtenn?l f|§I6dchJ:oupIe tg th§| plzslrp? was Tade by
measurements have been made by Sakatval. [51] and =''"9 O?danl <|)swe [ (}d smr?a ou eth at urg antenna, I
Yun et al. [66]. These peaks are not predicted by (10), which s 2 & o2y 08 S o e e nged from.
neglects dissipation. Explanation of these ion effects awalt&ve P of piing 9

computations which include dampina and antenna couplin capacitive to inductive, and finally to helicon waves. Using a
P PIng P gdouble saddle-coil antenna, they found that the fields under the

antenna were standing waves, which became traveling waves

IX. ANTENNA COUPLING as one moved from the antenna into the downstream region.

Several types of antennas have been used for applyiflgis led them to propose that the coupling mechanism is the
RF fields to helicons. Until recently, the double-saddle cditapping of electrons in the large fields under the antenna,
antenna was used almost exclusively by Boswell and cimllowed by acceleration of the electrons to ionizing energies
workers [4]-[8], etc. The plane-polarized Nagoya Type ll&s they moved into the traveling wave region. This model was

antenna [85], [88] was adopted by Chen and co-workeigrther elaborated on by Degelingt al. [23], who showed

[10]-[17], etc. Twisted Nagoya Type lll antennas (helicahat the measured phase velocity agreed with that for the most
antennas) of either RH or LH polarization were first useefficient ionization produced by electrons trapped from the
by Shoji [56]-[58] and later adopted by Chen al. These thermal distribution, and furthermore that the scaling of density
antennas all haven = +1 azimuthal symmetry, and thewith P,; agreed with the trapping model. Traveling waves can
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be produced even under the antenna if phased bifilar antendlaarge damage to thin oxide layers, is alleviated by the good
are used [64], [45], and one might expect that trapping woulthiformity and low magnetic field at the wafer surface that
be even more efficient in this case. can be achieved with helicon sources. In silicon etching, the
The Nagoya Type Il coupling mechanism mentioned aboy#asma plays a dual role and therefore has to be carefully
involves only the antenna currents paralleRg, and these are formulated. As shown in early experiments on pulsed plasmas
expected to excite wavelengthswhich are twice the antennaby Boswell and Porteus [92], it is neutral Cl (or F) that does
length L, and thisA = 2L component is enhanced by thehe actual etching. For this purpose, the plasma needs only
end-rings which provide the current return path. If the Typlereak up the molecules of the fill gas into atomic form. lons
[ll antenna is helical, however, the end-rings can generatea@ not wanted here, and in fact a low electron temperature
A = L component. This was observed by Ligktt al. [42] is desired so that there is as little ionization as possible after
and has been confirmed using two double-half-turn antenrthe Cl atoms are formed. On the other hand, trenches and
by Ellingboeet al. [26]. holes with straight walls can be etched only if anisotropy is
On the theoretical side, a number of authors have made quevided by unidirectional ions accelerated in a planar sheath.
merical calculations of antenna coupling; for instance, Fisch€hese prepare the surface at the bottom of a trench so that
et al. [166], Mouzouris and Scharer [172], Molvik al. [47], Cl atoms can attack it efficiently in a well-known symbiotic
and Borget al. [144], [145], [169], as well as the Boswell,process. For this purpose, charged particles are obviously
Chen, and Shoji groups. A series of papers by Shaetral. needed. Thus, an ideal plasma for etching would have low
[175]-[179] and concurrent work by Arnush and Chen [157F,, many neutral atoms, and just enough ion flux to give
have recently thrown new light onto this problem as a resutrectionality. A higher density plasma would increase the
of the inclusion of finite electron mass effects. Since the T&ch rate, but too high a density would overheat the wafer,
mode is highly damped near the surface of the plasma, a niemreasing the cooling requirements, or make the exposure time
mechanism is available for efficient absorption of RF energincontrollably short. There are many other procedures besides
which is not available to other RF plasma generators. Beca&ieetching: oxide etch, metal etch, metal or oxide deposition,
of the magnetic field’'s effect of electron motions, the antenmdnotoresist stripping, etc. Each of these requires a different
field can penetrate deeply into the plasma and couple to tiype of plasma. Thus, a good plasma source for industrial use
weakly dampened helicon mode there. The H mode then modbeuld have the flexibility to operate under a wide range of
couples via the boundary condition to the TG mode, which @&nditions.
strongly damped as it propagates inward, depositing its energyThe further development of helicon sources is proceeding
into the outer layers of the plasma. Computations [138] sham several fronts. First, the use of magnetic fields below
that the energy deposition has two peaks, one near the & G is emphasized because of their low cost and the
due to the H mode, and a larger one near the boundary dudact that densities in the0'* cm™2 range, achievable at
the TG mode. Indeed, many authors have reported seeinghigh fields, are not yet required. Second, the move toward
low magnetic fields, a ring of high density at large radii (e.gsilicon wafers larger than 30 cm in diameter, as well as
[23], [51]). In recent computations, it has been found that tHiat-panel display substrates larger than 50 cm on a side,
antenna couples much more strongly to the= +1 mode has triggered experiments with larger diameter and multiple-
than to them = —1 mode, perhaps because the = —1 tube helicon sources. Finally, etching with negative ions is
mode, with a narrower wave profile, has less amplitude at tegpected to decrease oxide damage and notching effects; and,
edge for coupling to the dissipative TG mode there. This woutdnsequently, there is experimentation with pulsed discharges,
explain why Shaji, in 1992, observed that an= +1 helical in the afterglow of whichKT, can decay to values consistent
antenna produced a dense, narrow plasma near the axis, wiith electron attachment to form Clor O~ ions [109].
anm = —1 antenna filled the chamber with a lower density The worldwide interest in helicons during the past decade
plasma, in spite of the fact that it has the narrower wave profileas resulted in a much better understanding of the physical
It was simply that the coupling te» = —1 was so poor that mechanisms than was available in the early years. During the
only nonresonant ionization was produced. The validity of theext decade, we expect that these ideas will be converted into
mode-coupling absorption mechanism will no doubt be testedactical devices for technologies of the future.
definitively in the next few years.
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