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Efficient plasma source providing pronounced density peaks in the range
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Radio-frequency discharges are performed in low magnetic fi@ld40 mT) using three types of
helicon-wave exciting antennas with the azimuthal mode numbgn|efl. The most pronounced

peak of plasma density is generated in the case of a phased helical antenna at only a few mT, where
the helicon wave wittm=+1 is purely excited and propagates. An analysis based on the dispersion
relation well explains the density-peak phenomenon in terms of the correspondence between the
antenna one-wavelength and the helicon wavelength, bringing forth the optimization principle of
plasma source design in very low magnetic fields.2004 American Institute of Physics
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The helicon-wave discharge has been extensively invegpendicular to the magnetic-field lines in a plasma, the
tigated because a high electron dengit9*>~10'3cm™3) is  helicon-wave behavior can be clarified even in the magnetic
obtained with comparative ease under a low gas pressure offild lower than the threshold field, above which the conven-
few hundreds mP ,zbeing used as a plasma source for ap-tional helicon wave is excited. A special emphasis is placed
plications to material processin&é,such as etching, plasma on the experimental relationship between the density peak
chemical vapor deposition, etc. Conventional helicon-waveand the antenna configuration in comparison with the the
discharges need strong magnetic fie{Bg>10 mT) gener-  helicon-wave dispersion relation.
ated by electromagnets with a measurable amount of power, The experiment is performed in a pyrex discharge tube
which is inconvenient from the commercial point of view in with the inner diameter of 9.3 cm and the length of 40 cm,
operating plasma sources with the lower running cost. Fowhich is connected to a stainless-steel vacuum chamber with
the purpose of expanding application fields of the heliconthe inner diameter of 26.3 cm and the length of 89 cm, as
wave source, it is significant to exploit an operation regionshown in Fig. 1a). An endplate is set &=59 cm, and the
where an efficient plasma production is performed in a veryargon gas is fed from a tube end at the gas pressuR,of
low magnetic field. In several previous works concerning the=5x 1072 Pa. A uniform magnetic fiel, below 11 mT is
mechanism of the plasma production with anomalously higtapplied along thez axis by solenoidal coils. The negative
density>’ on the other hand, a density increment likely at-sign of B, denotes that the direction of the magnetic-field
tributed to the helicon-wave behavior has been observed urines corresponds with zdirection. The helicon-wave an-
der a weak magnetic-field strength much smaller than théenna withjm|=1 is set on the outer surface of the tube. PMH
magnetic-field strength where the mode transition from arconsists of four elements, each of which is one-turn helical
inductively coupled discharge to the helicon-wave dischargeonductor wound in the left-hand direction along theaxis
appears. However, the reason why the helicon waves can lyith the length¢,=20 cm. Figure (b) shows the diagram of
excited within narrow limits of the low magnetic field has a radio-frequencyrf) power supply system. rf signals phased
not been exhibited at all. Ch&mecently suggested using a temporally through a phase shifter are supplied to two pairs
numerical code that the density peak observed in the lowf the antenna elements, each of which is divided into two
magnetic field is caused by an increase in the plasma loadranches and transmitted to the opposite terminals of the two
ing, which is due to the reflection of a wave at the endplatezslements spaced azimuthally 180°. When the phase differ-
near the antenna. But, this effect is noticeable only in theance of the rf signals is set 90°, the spatiotemporally rotating
case of loop antenna with the azimuthal mode number rf fields with the azimuthal mode numbgn|=1 are gener-
=0, while the density peak was also observed in other exated by PMH. The temporal rotation is fixed in the right-
periments using thgn|=1 antennas. Therefore, it is urgently hand direction with respect to thez+direction, and the
required to systematically investigate the density peak phechange fromm=+1 to m=-1 is attained by reversing the
nomenon, which leads to the clarification of its mechanismnagnetic-field direction fron,> 0 to B,< 0. In addition to
and the finding of an available method for efficient plasmapMH, HH (¢,=20 cm), and DHT are also used as the con-
production in the region of low magnetic fields. ventional helicon-wave antennas with|=1, each of which

In t_his letter, we <_:Iaim the avai_lab_ility of the helicon- g supplied with the rf power using only one transmission
wave discharge even in low magnetic fields below 10 mT byjine The rf frequency is/2=13.56 MHz and the rf power

using three types dfn|=1 helicon-wave antennas, a phasedis p <2000 W. Plasma parameters and magnetic fluctua-

multiple heIi%aI antenngPMH), a half-wavelengtrg3 helical tions are measured by an axially movatiteaxis) Langmuir
antenngHH),” and a double half-turn anten(@HT).” Since probe and a magnetic probe, respectively.

PMH is possible to excite spatiotemporally rotating electro- Figures 2a)-2(c) give the electron densities depending

magnetic fields with fixed wave numbers parallel and pergp the magnetic field for several rf powers in the cases of
using PMH, HH, and DHT, respectively. In the case of PMH,

?Electronic mail: genta@ecei.tohoku.ac.jp the electron density increases with increasingBg for
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m=+1, and the density has a peak B}~ +5 mT for  The theoretical dispersion relation of waves has been ex-
2000 W, where the density attains up to one order of magpressed for a cold uniform plasma:

nitude larger than that &,=0 mT, i.e., inductively coupled

plasma mode. The peak density becomes higher with in- 44 (2 (S+P) - 2, - 2 _p)=

creasing inP,, and B, yielding the density peak is different Pr+ (ML (S+P)=2PSr, (Srﬁ RLm, =P)=0,
between each rf power. On the other hand, the density (1)

scarcely increases fon=-1, and the peak density is almost whereP, S, R, andL are followed by Stix notatioh’ n, and
one-fifth of the magnitude of that fan=+1. The density n  are the refraction indexes parallel and perpendicular to
difference betweem=+1 andm=-1 becomes small in the B respectively. The radial profile &, obtained experimen-
case of HH[Fig. 2(b)] and, furthermore, is not observed in tally is almost fitted to the first Bessel functiah for the
the case of DHT as shown in Fig(@. The reason for the m=1 mode, and consequently the perpendicular wave num-
density increment foBy<0 is that DHT concurrently ex- perk, is calculated to be 58 ™ using the relation ok,
citesm==1 fields, andm=+1 field excited regardless of =3, /r under the assumption d,=0 at the plasma edge
magnetic-field direction gives rise to the density peak. Sinceg 5 cm). Figure 3 shows the dispersion relations of the heli-
H_H includes_double half-tu_rn parts at th_e both ends and exzgn wave(k, Versuswe , wee 27 Electron cyclotron fre-
citesm= +1 fields, the density increment is causedBg0  gyency, which are measuregtlosed circlesand calculated
[Fig. 2b)], which is far larger than that in the case of PMH. (gojig “line) with n, depending onB, for PMH at Py
When thez component of the magnetic fluctuatidy, is — =1000 W [Fig. 2a)]. The measured dispersion relation is
measured in the region af>0 cm, waves with a large am- ¢onsistent with the theoretical curve of the helicon wave in
plitude are observed to propagate toward the downstreanye range ofu />4 (B,>2 mT), while that differs in the

range ofw./ w<4. Open circles indicate the maximum am-

S L L LI L B a plitude of B, depending orB,, which is extremely small for
g T (@) we/l w<4. Hence, the discrepancy of the dispersion relation
o | c
= 4: [ ] for we/ w<4 is caused by the influence of antenna near
g 5 I fields rather than the helicon wave which strongly damps.
& r | : When the electron density and the magnetic field are
o — given, the wavelength allowed to exist in the plasma can be
”I“E 2 calculated by using the dispersion relation. Thus, the rela-
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FIG. 3. Dispersion relations of helicon wave measuf@J with PMH at
FIG. 2. Electron density depending on magnetic field for various rf powersP;=1000 W and calculate¢solid line). The maximal amplitude of axial

P, with (a) PMH, (b) HH, and(c) DHT. magnetic fluctuationiO) has a peak around../ v~ 10.
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rable to the one wavelength of the antenna. This finding
means that mapping the.—B, contour as a function of,
yields the optimunBy, for the effective plasma production in
low magnetic fields. As shown in Fig.(&, on the other
hand, we can recognize no clear-cut relationship between
andn, for the DHT case, since the fixed wave number with
thez component is hardly excited by DHT. Instead, the den-
sity is observed to slightly increase arouxg=59 cm corre-
sponding with the chamber length, which is considered due
to the standing-wave excitatioh.

In summary, we have clarified a practical aspect of the
helicon-wave discharge employing variolm|=1 antennas
in magnetic fields much lower than the ordinary magnetic
field where the density jump occurs. It is found that the ef-
fective excitation of the helicon wave and the efficient
plasma production causally take place even in the very weak
magnetic field when the axial wavelength of the phased he-
lical antenna launching spatiotemporally rotating electro-
magnetic fields is matched to that of the helicon wave deter-

=1000 W for PMH, HH, and DHT(b) Contours of constant wavelength in mined by the plasma dispersion relation. Thus, the optimum

magnetic field—density plane. Closed circles indicate the density dependin@agnetic'field_Strengt_h can be estimated in a plasma source
on magnetic field with PMH aP;=1000 W. design to obtain the highest density in the region of very low

magnetic fields.

FIG. 4. (a) Relationships between electron density and wavelengt;at

tionships between the electron densityand the axial wave-
length \, for P,;=1000 W are presented in Fig(aJ, where
we use Fig. 2 and Eq1) with A, fixed by the radial bound-
ary as mentioned above. The electron density is found t
become high at a specific wavelength, i.a,=20 cm
(40 cm for PMH (HH). Those wavelengths correspond wit
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