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The low-field density peak in helicon discharges
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Although the densityn in helicon discharges increases monotonically with magnetic Beldr B

larger than a few hundred gauss, as expected from theory, a pronounced density peak is often
observed aB~50 G or below. A peak in antenna loading is indeed found in computations using a
fluid code as long as reflections from an endplate are taken into account. Various tests show that this
peak is caused by constructive interference from the reflected wave. This effect can be used in the
design of compact helicon plasma injectors. In addition, it can be the cause of density enhancements
previously observed using cusped magnetic fields or aperture limiter8003 American Institute

of Physics. [DOI: 10.1063/1.1575795

|. BACKGROUND and coupling to the most common antennas, but the dc
aﬁ;]—field must be uniform. In the latest version, the antenna

convert radiofrequencyrf) energy into plasma density more Can be located at an arbitrary position between endplates,
efficiently than other rf plasma sources. In generalin- which can be conducting or insulating. The results obtained

creases almost linearly with dc magnetic fi&dd but this hgre should be reproducible by any of the other similar codes
dependence is violated at lo®, wheren(B) has a local With these features.

peak forB around 10-50 G and of order 132 cm™3. This The starting geometry for the computations is shown in
low-B peak was first detected in our earliest experiments Orll:lg 3, and variations from this Configuration will be studied.
helicong (Fig. 1) and has subsequently been seen in almosThe plasma has a radias=5 cm, and the antenna is a thin
all helicon discharges in this range ofand B. This effect ~ shell of radius 6 cm. The system is bounded by a conducting
has also been seen in the downstream plasma created byshell at a large radius of, say, 15 cm. The antenna is a single
7-tube array of helicon sourcesFig. 2. Though unex- m=0 loop located atd=10cm from the nearer endplate,
plained for over 10 years, this feature has a practical appliwhich is an insulator. The other end is far aw@p0 cm to
cation in rf sources for fabrication of semiconductor circuits,simulate injection into an unbounded volume. When tine
since the low value oB would make helicon reactors quite =0 antenna is replaced by am=1 antenna of finite length,
economical, and the densities are in a convenient range. Ng is the distance from the midplane of the antenna to the
natural frequencies of the plasma match the 13-27 MHz oéndplate. The standard density profile is flat, with a roll-off at
these experiments at fields between 10 and 100 G. The cloge edgesy as is often found in experimen[_ This profi|e is
est is the lower-hybrid resonantébut this would occur at  shown by the heavy solid line in Fig. 4, as compared with
4500 G under our conditions. A search for resonant phenonyarabolic and uniform profiles. Unless otherwise specified,
ena using a helicon code .with finite io.n magSec. 1)  standard conditions ame(0)=10"2 cm 3 andB=100 G.
yielded only smooth curves in the Io!3/+eg|on. Only.whel_"n Figure 5 shows the spectrum of energy deposition vs
endplates were added to the code did we see the first sign gfia| wavenumbeik in the standard configuration with

a lowB effect in the theory. The purpose of this paper is t0_ 102 cm=2 on axis andB=50 G. S(k) is the plasma re-
show that the lowB peak is probably caused by reflection sponse at eack, and P(k) is the net absorption including

from endplates and therefp re can eaS|Iy' be designed '.ntfhe antenna spectrum. The two peaks correspond to the first
helicon sources used to inject plasma into a processing, - dial modes ofn=0 helicon waves Figure 6 is the

chamber. radial distribution of power deposition for the same condi-
tions. A large peak irP(r) near the periphery due to the
Trivelpiece—Gould(TG) modé€ is seen, as is normal. This

A low-B peak in plasma loading of an rf antenna is peak would be even larger when weighted thyo account
predictable by helicon codes as long as wave reflection fronfor the solid angle. Figure 7 is the power depositionzys
endplates is included. The code used here isHthec code  with the insulating endplate at the left. For=0 it is seen
of Arnush? which is similar to many other collisional that P(z) peaks under the antenna and decays downstream
code$* used for helicon waves in that the plasma is reprevith a scalelength of about 20 cm. The peak would be down-
sented by a cold-plasma dielectric tensor. The tWO<tream from the antenna with an=+1 helical antenna,
dimensional(2-D) HELIC code treats radial density profiles \yhich launches waves in a preferred direction. The fields to
the left of the antenna are enhanced by waves reflected from
3E|ectronic mail: fichen@ee.ucla.edu the endplate.

Helicon discharges have drawn interest because they c

Il. COMPUTATIONS
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FIG. 3. Starting geometry used in the computations.

lIl. RESULTS 12
The lowB peak is clearly seen in computations of the Uniform

plasma resistandg, in ohms, vaB at various densities in the

standard configuratiotFig. 8). Each point on these curves is 08 | Standard

computed as follows. For giveky a fourth-order differential

equation inr is solved for the wave fields at th&t and < 06 | X

integration over thek-spectrum gives the total wave field. Parabolic

Integration ofJJ-E over the plasma volume then gives the 04

plasma loading. As a checl;E in the antenna is also cal- o2 |

culated; it agrees to withirc1%. A clear peak irR is seen

for 2x10"M<n<2x10?cm 3. At higher densities, the 0.0 - - ‘ -

peak moves to higher fields and becomes indistinct. This 1.0 05 0.0 05 10

behavior is also observed in the experimental data of Fig. r/a

2(b). In the density range where the peak is distinct, it 0CCUrsG, 4. Radial density profiles assumed in the computations. The heavy

at aB-field increasing linearly witm. curve is the standard one used in most cases.
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FIG. 5. Thek-spectra of waves excited in the standard configuratjk) FIG. 7. Energy deposition va (standard configuration The line is the
is the plasma response, aR{k) is the convolution ofS(k) with the an-  position of the single loop antenna.

tenna spectrum.

The curves of Fig. 8, however, are not those observed iensity profile. Both the position and the magnitude of the
experiment because they give the plasma resistance, not theak are sensitive to(r), suggesting that the TG resonance
density. The latter can be predicted only by codes that inmay be responsible. However, Fig. 11 shows that changing
clude ionization, diffusion, and circuit losses; but a generathe endplate from insulating to conducting greatly changes
scaling law is given in Sec. IV. As the loading changes, the nature of the lowB peak, suggesting that reflection from
would change at fixed powelP; and B, and the plasma the end is responsible. Figure 12 provides a definitive test:
would jump to a curve of different. An alternative repre- As the loop antenna is moved from 10 cm to 5 cm in front of
sentation is shown in Fig. 9, wheReis plotted againsh for the endplate, the lovd peak is changed; and if the plate is
fixed B. Consider, for instance, the curve at 50 G, where theemoved altogether, the peak no longer exists. There are a
peak inR is atnp,y, say. Ifn>ng,,, the energy deposition number of small peaks which appear in that case, and these
falls, andn will fall back towardsng.,. If n<n,.., the  could be due to the TG effect.
decrease irR will causen to fall further. Thus, only the
high-n side of each peak is stable, and the dc valuen of
depends on the available powef;. When the damping is

3.0

lowered by decreasing the pressure, the Byweak becomes n(em®)
sharper, as one would expect. 25 | '_:'_:::::

——GE+11
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The cause of the lo8 peak is certainly not the lower-
hybrid resonance, which occurs at much higher fields. It 20
could be due to a resonance between the helicon and T@
waves, which could have similar radial wavelengths at Iowg 18
B. It could also be due to constructive interference betweer 4, |
the forward wave and the wave reflected from the endplate
To distinguish between these two possibilities, several tesi o0s
runs were made. Figure 10 shows the effect of changing the
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FIG. 6. Energy deposition per unit area vs radisindard configuration FIG. 8. Plasma loading resistance®dor (a) low and(b) high values oh.
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FIG. 9. The lowB peak vsn at constanB. )
FIG. 11. Effect of the endplate material on the IBapeak.

In Fig. 13 we compare the performance ofras 0 loop

antenna with those of a half-wavelength heli¢gH10) m balance the energy losses. In helicon experiments, electrons
=+1 antenna and a Nagoya Type (N3) m= =1 antenna 9y i P :

in the low field region. The HH10 antenna is 10 cm long andare magnetically confined, but argon ions are not. The sign of

centered ati=10 cm from the endplate. The loB-peak is the radialE-field suggests that ambipolar diffusion does not

14 ; ;
: o . occur;” rather, the ions diffuse out freely, and the electrons
barely noticeable with it. This can be understood because th'f?nd a way to follow, crossing the-field either at the end-

antenna launches only a very weatk _.1 mode towards glates or via high-frequency turbulence. Hence, the total flux
the endplate, so that the reflected wave is very small. The N3.". ) . .
of ion—electron pairs out of the plasma is given by the ion

antenna, on the other hand, is bidirectional, launching stronﬁux at the sheath edge, about GGA, whereA is the sur-

m=+1 waves in both directions; hence the I@vpeak is . . . .
. L . . face area of the discharge, is the Bohm velocity(acoustic
more noticeable. The directionality of the HH10 antenna is : . .
o . velocity), and~0.5n is the density at the sheath edge. Each
clearly seen in Fig. 14, which shows how the energy depo-

T . ion carries with it an energyV;=0.5KT.+eVy,, where
sition is distributed alon@®. WhenB is reversed so that the 0.5KT, is its energy entering the sheath, aid,~4.5 eV is

m= +1 mode is directed to the left, the peak absorption is a% e sheath drop, so thl,~5K T, . Each electron carries out

the endplate, and the total loading is not as large as when tha T.. including its motion parallel to the walf. More im-
e .

n_u_)de Is directed downstream. Changmg the Iength_s and p%'ortant are the energy losses due to inelastic collisions while
sitions of them=1 antennas does not improve their I@v-

performance. It appears that tire= 0 loop antenna produces th? particles are in the plagma. The energy expenFjeq In cre-
the largest lowd peak ating each electron—ion pair includes not only the ionization

energy but also all the energy lost to line radiation, on aver-

age, before the ionization event. This energy, cafi&q , is

obtained by summing over all transitions and their probabili-
These computations of plasma resistance are relevant tgs and is a function oKT,. This curve can be fit with the

the density peaks observed because there is a nearly linefallowing function in the rangd,,=1-10 eV, wherdl is

relation between them at consta®y. The basic principles KTg in eV:

can be found in textbook:'2 here it will suffice to give a E.=22.96 ex)t3.687TL8Y. 0

0-dimensional treatment to show the scaling. Bgt be the

rf power deposited in the plasma. In steady state, it musfo balance these losseR, must be

IV. RELATION BETWEEN LOADING AND DENSITY
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FIG. 13. Comparison of am=0 loop antenndM) with m=1 helical (#)
and Nagoya Type II[O) antennas.

P o= 0.5n CoAgii( W, + W+ E,)

=0.5Cq1 Aei T (5Tey+ 2Ty +Eo), (2)

whereA.x is an effective area depending brandz profiles,
andcg; is the acoustic velocity at 1 eV. Using Eq), we can
write

Ppi=0.5nC51AciF(Te), 3
where
F(Te) =T 7Tey+22.96 exp3.68T55Y 1. (4)

This function is shown in Fig. 15.
The value ofT,y is determined by ionization balance.
The total number of ions created per second is

)

E = Veﬁnnn<a-v>ion )

whereV is an effective volumen,, the neutral density, and

(ov)ion the ionization probability(a steep function off).
The ion loss rate at the Bohm rate is

N
- a =0.9NCAf -

Equating these yields

(6)
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FIG. 14. Axial distribution of absorbed power for the 10-cm half-helical

antenna launching thle= + 1 mode to the righ(l) and to the lef(O). The
antenna lies between the vertical lin€sis the plasma resistance in each
case.
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FIG. 15. FunctiorF(KT,) describing the energy required to replenish each
electron—ion pair.

nnn<0'v>ionveﬁ: 0.5 CsAg - (7)

The plasma density cancels out, and for a long, thin cylin-
der of radiusa, A./Ves is Of order 24. We thus have

Te)= <0'U>ion.

After convertingn,, to pressure, in mTorr, this relation is
shown in Fig. 16. In the relevant pressure range 3—40 mTorr,
it is seen thaKT, varies from 2.5 to 4 eV. For this range,
Fig. 15 shows thafE(T,) is essentially flat. Equatiof8) then
shows than is proportional toP .

In the experimentsP; is kept constant by a matching
circuit, but P, depends on the circuit losses. Liet be the
resistance of the antenna and associated circuitryRatite
plasma resistance. The power delivered to the plasma is then

Pp=PrR/I(R+Rc). (€)

From Fig. 9, we see th& increases from=0.5 to ~2.5).

If R; has reasonable values of 0.1 toQ,5q. (9) predicts
that P, and hencen, will increase between 16% and 66%
at the lowB peak. This is comparable to the 10%—-50%
variations shown in Fig. 1. Exact agreement, of course, can-
not be achieved without detailed measurements ahd z
profiles and ofR., and these were not made because there

n,~f(T.)/a, where f(

®
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S
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FIG. 16. Relation betweeK T, andp, in a low-pressure gas discharge.
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was no theory at the time which called for them. Further-

more, a 2-D code would be necessary to treat these profile IG. 19. Radial density profiles in uniform and cusped magnetic fields

ef. 15.

V. APPLICATION TO OTHER DENSITY ENHANCEMENT ) . _ )
TECHNIQUES shown), effectively making it into an insulating endplate. A

slight further improvement could be made by applying both

At high values ofn and B, the plasma resistance is so techniques together.
high that essentially all the applied power is delivered to the  The effect of an endplate is illustrated in Fig. 18 for a
plasma, and there is no local maximummgfB). Nonethe-  density above 1§ cm 2 at 800 G'® and the effect of a
less, reflection from endplates can explain previously obgusped field is shown in Fig. 28.Both techniques are seen
tained results on density enhancement by aperture limiterg increasen significantly at the same power. In Fig. 19,
and cusped magnetic fields. In 1992, it was folirttat the  curves are shown for different field curvatures with the end
plasma density at given pressure and rf power could beoils turned off or reversed. In either case, the density inte-
doubled by adding an aperture limiter or endplate behind thgrated over the tube cross section is increased approximately
antenna, or by shaping the magnetic field so that it diverged factor of two.
sharply behind the antenna. These techniques are illustrated \When the plasma resistance is computed for the condi-
in Fig. 17. Tests were made with endplates that were eithefions of these experiments, one finds that adding an endplate
conducting(carbon or insulating (BN), with or without a  actually reduces the loading if(r) is taken to have the
1-cm diam hole in the center. These plates could be placestandard shape shown in Fig. 4. It is essential to use the
downstream of the antenna or within it, where they acted afctual, measuren(r) prof”es' which cannot be predicted
aperture limiters, or upstream of it, where they acted as endwithout an equilibrium code. To see how an endplate affects
plates. The optimum position was near the upstream end @nergy deposition at high fields, we mader.c calculation
the antenndthe short end of the vacuum chambesut the  for the parameters of Fig. 18. The result #¢z) in Fig. 20
exact position was not critical as long as it was behind theshows that the presence of the endplate causes peaks in the
antenna. Density enhancement could also be achieved by regllisional absorption and extends the range over which it

versing the current in the two end coilBig. 17 so that the  occurs. The plasma resistanRancreases from 1.21 to 1.97
field lines diverged sharply into the chamber walls (.

800 G, 1.8kW, 8mTorr

—— With limiter
R=197Q —=— No limiter

n (arb. units)
P@z)

Carbon block with 1.2 cm diam hole
just back of antenna

0.5

0 z(m)
r{cm)

FIG. 20. Energy depositioR(z) along theB-field for the conditions of Fig.
FIG. 18. Radial density profiles with and without an aperture limiter 18, with and without the aperture limiter. The antenna position is shown at
(Ref. 16. the bottom left.R is the plasma resistance in each case.
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