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Abstract

A plasma source excited by a double saddle helicon antenna outside the
glass vacuum vessel has been modified by inserting a second copper antenna
in contact with the plasma through the glass end plate. Both have the same
frequency of 13.56 MHz but have a different phase. The immersed antenna
is electrically floating, allowing a negative self-bias to form, leading to ion
bombardment and sputtering of the copper onto the inner walls of the source
tube. Dramatic changes in all plasma parameters (plasma density and
potential, electron temperature, self-bias) are measured as the copper film
increases in thickness, effectively shielding the power coupling of the
helicon antenna. For low helicon powers the density decreases with time,
but for high powers a copper free path is left in the glass adjacent to the
helicon antenna due to re-sputtering of the deposited copper and no change
in the plasma density is observed. This opens the possibility of having a
‘negative’ helicon antenna made of a copper cylinder with the antenna being
the ‘cut out’ portion, opposite to the normal construction of helicon systems.

1. Introduction independent control of the ion current and energy impinging
on the substrate. Fully immersed antennae have also been
In coupling radio frequency (RF) power in the megahertzsed in plasma immersion ion implantation to improve the
range to plasmas two basic systems have been employed, ‘orductive’ coupling of the antenna to the plasma and to enable
with the antenna immersed in the plasma and in direct cont#ieé plasma to be generated in an enclosed metallic vacuum
with the charged particles, and the other with the antenahamber. The plasma potential and the antenna self-bias,
outside the vacuum vessel containing the plasma. The navhen it was floating electrically, led to considerable sputtering
capacitive power transfer, where a dielectric barrier is us@fl the antenna [2]. Sugaét al [3] describe experiments
to shield the RF antenna from the plasma has shown to & external and immersed antennae and the generation of
more efficient over the one using electrodes directly exposiggige self-biases on the materials surrounding the antennae
to the plasma [1]. Typically, low voltages across the p|asnkgading to the release of impurities. For years there have been
sheaths are achieved and the impurities from directly expog@i@blems with impurities and undesirable deposited coatings
electrodes are avoided. Nevertheless, many plasma proce##e reactor which change experimental conditions and led to
require the thin film to be bombarded by energetic particles tgeproducibility. However, experimentalists have learned to
helpin breaking the bonds of the material in the case of etchirf}@! With these problems and there have been few reported
and in compacting a growing film in plasma deposition. Thidieasurements of these phenomena. . _
problem is normally solved by adding an electrode to mimic " this paper a small copper antenna was introduced into
the effect of the capacitively coupled systems, but with trfetraditional helicon source, having the same frequency as the

advantage of the higher ion density and the almost complet8iin helicon antenna. The small antenna was directly exposed
to the plasma and isolated from ground so that a self-bias

3 Also at the ‘Departement Sciences Pour 'fgieur’, Centre National de la was formed, giving rise to severe sputtering of the antenna
Recherche Scientifique, France. material.
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2. Experimental set-up (Vp) and floating potentialsif), the electron temperaturéd
and the plasma density;].

The horizontal helicon system used for the experiments

reported here has been described previously [4, 5]. T@c_a Results and discussion

experiments were carried out with argon at a pressure of

4 mTorr, and a decreasing magnetic field from the sourcetge plasma parameters;, T., V, and the self-bias on the
the diffusion chamber, with a maximum magnetic field o§mall antennays,, were measured as a function of the power
~100G in the source. A three-dimensional sketch of theh the H-antenna (up to 1kW) with a constant S-power of
antennae system is shown in figure 1. The plasma is excitgghw. The results are shown in figures 2 and 3 for three source
mainly by a 20 cm long double saddle type helicon antengg| conditions: a clean source wall (no copper coating), a
(H-antenna), one end of which is earthed. RF power gin copper coating and a thick copper coating on the source
13.56 MHz is fed to this antenna via a L-matching networkyall, respectively. The copper coating on the source walls
and the forward and reflected powers are monitored througdkuilts from the sputtering of the S-antenna in contact with the
a standing wave ratio meter (SWR). An additional 6 cm longlasma. Initial results with a clean tube (solid circles) show
bare copper antenna is immersed 8 cm into the plasma throyght ; increases monotonically with the H-pow@g,changes
the aluminium-end-plate of the source. The small antengary little (~3.5eV) and|Vs,| decreases as; increases,
(S-antenna) is also fed with RF power at 13.56 MHz via @hich is to be expected from power balance conservation.
separater-matching network, and the forward and reflecteResults obtained with a thin copper coating on the source wall
power are also monitored through a SWR. The power on théiamonds) were somewhat different: the increaseg ia less
H- and S-antenna will be referred to as H-power and S-pow@famatic, and the evolution @k, | Vs and Vp has changed.
respectively. The phase difference between the two antenimag a thick copper coating (triangles) the changes were even
can be separately controlled. For all experiments describe@re dramatic and the density was lower by a factor of 2-10
here the phase difference was kept constant. In addition to #i&r the H-power range compared to the initial experiments in
m-matching network the S-antenna is DC isolated by a 10 rFclean tubeT, changed once again aiidy| increased.
capacitor placed between the generator and the matching box Figure 26) shows that the density monotonically increases
allowing a negative DC self-bia¥y, to form on the antenna. with the H-power for the three wall conditions. However,
The latter is measured by using a low pass filter connectedft® a coated tube there is a density jump occurring at
the S-antenna. ~5.5x 10 cm~2 for power values between 300 W and 400 W
A Langmuir probe (LP) is introduced via the aluminiumand 600 W and 700 W for a thin and a thick copper layer,
end plate of the diffusion chamber, and is 1cm away

from the S-antenna in the horizontal plane of the antenna. a
The Langmuir characteristics are obtained using a Labview e Cloan
acquisition system, where the probe voltadg;, is swept e 3T e hin
from +40 to —30V with an increment of 0.7V (100 steps), | H ]
and the voltage is kept at30V between the sweeps. RF S ol  Thick i
plasma potential fluctuations can alter the current-voltage =
characteristics measured by a LP, but in our case the second % o=
derivative of the characteristic has typically a maximum and 1k -
minimum separated by less thakiig, and the amplitude of the a
floating potential fluctuation is less thaff,, which indicates
that the LP measurements are not effected by RF [6]. Analysis Oo 2(‘)0 4(‘)0 660 8(‘)0 1000
of the LP characteristics as described in [7] gives the plasma
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Figure 2. (a) Plasma density;;, and ) electron temperatur@;, as
Figure 1. A three-dimensional sketch of the antennae system,  a function of H-power, with a constant S-power of 20W and a
showing the double saddle type helicon antenna outside the constant Ar pressure of 4 mTorr. Closed circles are results obtained
cylindrical quartz tube, and the second copper antenna (S-antennaga clean quartz tube, while open diamonds and triangles are
immersed into the quartz tube through an aluminium end plate. Tlebtained in a tube coated with a thin and a thick layer of copper,
arrow indicates where the measurements in figure 5 were taken. respectively.
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%0 [ Figure 4. Plasma density as a function of time, with
L varying powers as follows: from 0 to 7.3 ®}: H-power= 300 W,
28 - S-power= 20 W, from 7.3 to 8 h Q): H-power= 250 W,
b S-power= 70 W; from 8 to 11.5h¢):
> 261 H-power= 150 W, S-power= 70 W; and from 11.5 to 12.2 K){;
Pioy r H-power gradually changed from 150 to 0 W and S-powerf0 W.
o L
22r increase the sputter rate by increasing the self-bias fr&®
20F to —100V, but keeping a total power input of 320 W. Under
18l ‘ ‘ ‘ ‘ 1 this condition the density increased by about 20%, surprisingly
0 200 400 600 800  100C showing a better efficiency of the S-antenna compared to that
Power on the H—antenna [W] of the helicon antenna in this case. However, no change in the

plasma density was observed with time. Therefore, at 8 h, the
powers were changed to 150 W on the helicon while keeping
70 W on the S-antenna (closed diamonds), hence lowering the
total power input to 220 W. The density decreased by 70%
respectively. The electron temperature, figuis 36 constant between 8 and 9.5 h, and remained constant thereafter. From

for a clean tube, except for the first measurement at 50 W. Jrr]re t012.1h, the S-power was maintained at 70 W while the
the case of a thin coating, is high (4.5 eV) at low powers, H-power was changed every 5min from 70 to 50, 20, 10 and

suddenly decreasing to a lower temperature (4.0eV) at 3g9¥ (open diamonds). The constant density measured in the
400 W. For a thick coating has a similar behaviour with a last phase showed that the helicon antenna was totally shielded

more pronounced jump occurring at 600-700 W. As previousigf H-powers<150W ¢ = 10h).

reported by many authors [8,9], a capacitive to inductive mode 1 n€ copper film deposited on the source tube during these

transition occurs with a density jump to higher values, usualfPeriments was clearly nonuniform. During the first 7h,
at a threshold of~5.5 x 102°cm=3. and associated with a'When no change in the plasma occurred, careful observations

sudden decrease if. For all wall conditions we measure ashowed that a small amount of copper was deposited on the
high T, of ~4.5eV when the measured density is lower thaffall, but a copper-free path was left on the glass along the
the threshold of-5.5 x 101 cm~3. Hence, our results indicate H-antenna. After 12 h the same pattern was observed, but with
that the plasma is in an inductive or helicon mode througho@tthin copper layer on the glass adjacent to the H-antenna
the whole H-power ramp for a clean tube, and when tifd @ thick copper on the part of the tube not affected by
tube becomes coated, the density threshold appears at highgrPresence of the H-antenna. The resistance of the copper
H-powers as the thickness of copper deposition increases. r was measured at various points and showed a high
copper deposited on the source wall probably acts as a Fara@}stance for thin copper coating and a low resistance for thick
shield for the helicon antenna [3, 10], suppressing some or &fiating, in agreement with the visual observations. This non-
the H-power coupled from the antenna to the plasma. uniformity in the copper deposition suggests that there exists
A controlled set of experiments, starting with a clea@ more negative potential bias on the glass wall adjacent to the
tube, were carried out over a period of 12 h (figure 4). Fdét-antenna[11,12], and that the copper deposited on the walls
the first 7.3 h the H-power was 300 W and the S-power 20 Wight be resputtered near the H-antenna.
(closed circles), i.e. a total power of 320W. The density To investigate this issue a third series of experiments was
increased from B x 10! to 55 x 10%'cm2 between 0 performed by measuring the potentig} on the clean source
and 1h, and subsequently stayed constant forz6& (7 h). wall [13, 14] adjacent to the H-antenna, with the S-antenna
The initial density increase was due to outbaking of residuegmoved from the plasma. With the LP in direct contact with
cleaning products (a stainless steel pickling gel (weld clean#ig wall, the first ‘static’ method consisted of connecting the
with 300 g I"* nitric acid and 50 gt* hydrofluoric acid) used LP directly to a high impedance (1) oscilloscope. The
for removing the copper coating deposited in the previosecond ‘dynamic’ method consisted of adjusting the bias on
experiment. After the first 7.3 h there was no obvious chantfee LP to obtain a zero current on the probe.
in plasma density and the H- and S-powers were changed The results shown in figure 5 were obtained for
to 250W and 70 W, respectively (open circles), in order tovo H-power conditions of 300 W (diamonds) and 150 W

Figure 3. (a) Self-bias,Vq, on the small antenna, and) plasma
potential,V,, as a function of H-power; same operating conditions
as figure 2.
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5 Antenna rise to s_ignificant sp_uttering of the antenna material (copper_).
Dramatic changes in all plasma parameters (plasma density
and potentials, electron temperature and self-bias on the

ar I S-antenna) where measured as copper was deposited on the

— source walls. The plasma parameters were measured as a
= . . L.
= ot 4 function of H-power for three different source wall conditions,
== i.e. clean wall, thin and thick copper coating. The capacitive
to inductive transition occurred at higher H-power thresholds
—4r | when the coating increased in thickness and acted as a Faraday
shield for the H-antenna. Monitoring the plasma density over
-8 ‘ ‘ ‘

; ; a period of 12 h for varying powers on the H- and S-antenna
18 21 Zé ,t.27 36 33 36 revealed the absence of the Faraday shield for high H-powers
osition [em] (>150 W): starting with a clean tube, a copper-free path was
Figure 5. The wall potentialyV,,, as a function of axial distance left on the glass following the geometry of the helicon antenna
along the source passing a section of the helicon antenna as showat high H-powers, while as for lower H-powers this area
by the arrow in figure 1. The size and position of the antenna strapyigs gradually covered by copper. The copper-free path was
drawn. Open and closed diamonds are obtained with 300W ¢ related to the measurement of a negative potential bias on
H-power, while closed triangles are with 150 W H-power. . . - - .
the wall adjacent to the helicon antenna, inducing resputtering
] o of the deposited copper material and allowing the antenna
(triangles), over an axial distance of 16 cm along the SOUrge fynction normally. This opens the possibility of having
wall intercepting the H-antenna as indicated by the aIrroyVnegative’ helicon antenna made of a copper cylinder with

in figure 1. A 4-6cm wide negative biased well adjacenfe antenna being the ‘cut out’ portion, opposite to the normal
to the H-antenna is observed for both powers, although lg§shstruction of helicon systems.

pronounced when the H-power is reduced to 150 W. The width
of the measured potential well agrees with the visual copper
free path previously observed and with sheath width modellifcknowledgments
[12]. With 300 W H-power a minimum potential 68V . .
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of ~—20V measured on a 1.2 cm thick insulation between &f the Plasma Research Laboratory, at the Australian National
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Since the RF voltage varies along the H-antenna, thE] Lieberman M A and LichtenberA J 1994Principles of
negative bias voltage measured at the wall is dependent on the \F/)\}ﬁz;;a Discharges and Materials Process{hgw York:
distance a_long the H-antgnna, t_he quality fac_tor of the Circuiby collins G A and Tendys 2994J. Vac. Sci. TechnoB
and the thickness of the insulation [3]. The ion acceleration 12875
to the wall adjacent to the H-antenna is dependent on thg] Sugai H, Nakamura K and Suzuki K 1994dpan. J. Appl.
plasma parameters and on the antenna voltage [12] and will  Phys.332189
induce a non-uniform resputtering of deposited copper alonif! Ch'SK'K' Shgn_dan -LE(SHOZI BosweR W 1999Plasma
the glass near the a_mtenna. Wi_th sufficiently large H-power_s 8] Cha?lg;c(ef DggeT”encg RV'\? Slheridan TE, Harris JH,
copper free path will be left adjacent to the H-antenna, while Lieberman M A and BosweR W 2000Phys. Plasmag
as for lower H-powers the resputter rate decreases, allowing 5232
for a copper coating along the H-antenna as well as on thi€] Flender U, Nguyen Thi B H, Wiesemann K, Khromov N A

remaining undriven part of the tube, hence creating a Farad and Kolokolo N B 1996Plasma Sources Sci. Technblb1
9 P 9 Z'y] Aanesland A and Fredriksen A 2001Vac. Sci. Technoh 19

shield. Additional experiments showed that even with larg 2446
H-powers, an initial clean tube is necessary for maintaining ] Keiter P A, Scine E E andBalkey M M 1997 Phys. Plasmad
copper-free path. 2741

[9] Schaepkens M, Rueger N R, Beulens J J, Li X,
StandaerT E F M, Matsw P J andDehrlein G S 1999

4. Summary and conclusion J. Vac. Sci. Technoh 173272
N ) -~ ) ~[10] SuzukiK, Nakamura K, Ohkubo H and Sugai H 198&sma
A traditional helicon source was modified by introducing a Sources Sci. Technadl.13

second copper antenna into the plasma. While the helicdd] Butler HS and Kino G S1963Phys. Fluids5 1346
antenna was separated from the plasma by a pyrex tube, [ffd Charles C, BosweR B andLieberman M A 200Phys.

second antenna was immersed and directly exposed to H‘I\-ﬁ Chzlr?;? gs;nngrg(s)ssm B 1995J. Appl. Phys78766

plasma. The small antenna was DC isolated from grourga] Charles C and BoswiR B 1995J. Vac. Sci. Technoh 13
so that a negative self-bias formed on the antenna and gave 2067

88



