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This paper develops a humped spiral antenna of top inductively coupled plasma with variable gap. Comparing

with planar spiral antennae, it investigates the performance of humped spiral antennae in the calculated electromagnetic

configurations and experimental results. It finds that the humped antenna has the improved uniformity of plasma density

in the radial direction and the decreased electron temperature in the top inductively coupled plasma. By experimental

and theoretical analyses, the plasma performance in the case of humped antennae is considered to be the combined

results of the uniform electromagnetic configurations and the depressed capacitively coupling effect.
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1. Introduction

Radio frequency (RF) wave through an induc-
tively coupled mechanism can excite a high density
uniform plasma (1011 — 102 em™2) under low gas
pressure (0.1-5Pa), which satisfies the requirements
of the plasma sources for ultra-large scale integrated
(ULSI) processing such as etching, deposition and
ion implantation.! =6 With the further development
of large area substrates, many efforts have aimed at
the excitation coil of top inductively coupled plasma
(TICP) for the improvement of the plasma uniformity
and the scaling-up capability. The enhanced coupled
efficiency is achieved by the optimized five-turn an-
tenna in Singh’s group.[”) The improved uniformity
of plasma density is reported in Srinivasan’s group
by the current reversal antenna.l® Gans and his co-
workers employ three coaxial coils to operate plasma
at comparatively low pressures, down to 10~2 Pa.l"]

With the increase of the discharge chamber di-
ameter, a spiral planar coil with an increased diam-
eter gives rise to inherent non-uniformity of plasma
configuration, due to the non-uniform magnetic in-
ductive field and the standing wave effect.[10=12] To
circumvent the plasma non-uniformity owing to single

antenna, several antennae are arranged on the dielec-

tric plate, so the plasma generated by each antenna
can overlap with others to acquire large-area uniform
plasma.[13-15]

Comparing with the planar spiral antennae, this
paper investigates the performance of TICP excited

by the variable-gap humped spiral antenna.

2. Experimental arrangement

The experimental setup is shown schematically in
Fig.1(a). It consists of vacuum system, RF system and
Langmuir double probe system. The vacuum stain-
less steel chamber ($400 x 500 mm) is pumped by a
620 L /s turbomolecular pump to 5x10~% Pa base pres-
sure. The gas flow (Ar, Ny, O3, 99.999%) is controlled
by mass flow controller and the pressure is controlled
by a gate valve. The RF system is comprised of three
components: RF power supply, RF matching network
and excitation antennae. 13.56 MHz RF power is cou-
pled into the plasma through a 30 cm diameter 18 mm
thick quartz dielectric. Based on the planar spiral an-
tenna, our group develops the humped spiral antenna.
The two turn planar spiral antenna (denoted as Al in
what follows) is 1mm thick by 8 mm width with
25 cm outer diameter and 15cm inner diameter.
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Fig.1. Schematic diagram of (a) the TCIP experimental
apparatus, (b) the humped spiral antenna with two turns.

The humped spiral antenna has the same character-
istic dimension with the planar spiral antenna men-
tioned above, except for the decreasing air gap be-
tween the antenna and the quartz window from the
inner circle to the outer circle, shown in Fig.1(b).
The air gaps of the inner ends of the antennae (de-
noted as A2 and A3 in what follows) adopted in our

0.14 1 (a)
0.12

B/T

0.10 A

0.081 29 x10-5

Z /m

0.06 A

0.04 1 5.4x107°

0.02 - 10-5

7.9%107° 5.4
T %I T /?@ﬂ?\ T

0.02 0.04 0.06 0.08 0.10 0.12 0.14
R/m

experiment are 50 mm and 100 mm, respectively. A
Langmuir double probe was employed to measure the
radial distribution of the electron density and the elec-
tron temperature in a plane 40 mm below the quartz
window. The tips of Langmuir probe are made of
the tungsten wire with 0.3 mm diameter and 10 mm
length. The sweeping saw tooth voltage applied to
probe diagnosis is 160V peak to peak at a frequency
of 45 Hz.

3. Experiment results and discus-

sion

The calculated electromagnetic configurations
generated by the two-type antennae are shown in
Figs.2 and 3. According to Faraday’s Law, the ax-
ial component of time-varying magnetic field generates
the azimuthal electric field, which accelerates electrons
and maintains the plasma. However, the axial irrota-
tional electric field dominates the ignition stage of
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Fig.2. The configurations of magnetic fields excited by (a) the planar spiral antenna, (b) the humped spiral

antenna with 5cm gap.

0.14
0.12 4
0.10
m
£ 0.081 o8
N
0.06 /,,,_\
0.04 1 1.0 x 102
0.02 m

0.02 0.04 0.06 0.08 0.10 0.12 0.14
R/m

0.14 A
E/(V/m)
0.12
0.10 A
£ 0.08 /\
N
0.06 - o
0.04 1 /’\\
98" | .73
002] / 1.3><10/’_2\
2.0x10
/ 1.(>‘><lm

0.02 0.04 0.06 0.08 0.10 0.12 0.14
R/m

Fig.3. The configurations of azimuthal electric fields excited by (a) the planar spiral antenna, (b) the humped

spiral antenna with 5cm gap.
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TICP when the capacitively coupling mechanism plays
the key roles. It means that the plasma will be gen-
erated at the central area, where the irrotational field
is intensive. Then the produced electrons will be ac-
celerated by the azimuthal field and ionize the neutral
particles through inductively coupling mechanism. In
the case of humped spiral antenna, the intensive az-
imuthal electric field is produced at only one place in
the radial direction of 120 mm, in contrary to the case
of planar spiral antenna with the intensive azimuthal
electric field at two places of 70 mm and 120 mm in the
radial direction, as shown in Fig.3. Simultaneously the
uniformity of magnetic field in the radial direction is
improved by the variable-antenna, as seen in Fig.2. In
the improved uniform electromagnetic configurations,
the electrons and ions subject to a less radial acceler-
ation due to the curvature of the magnetic field and
static ambipolar electric fields established by radial
electron acceleration, which results in the improved
density uniformity in the radial direction in compari-
son with the case of planar spiral antenna.

The density distribution of the plasma excited by
two-type antennae in the radial direction in oxygen at
0.5 Pa is shown in Fig.4. Values of power monitored in
our experiment are from the measurement of the inci-
dence power to the matching network, from which the
reflected power is subtracted. Thus, measured values
include power dissipation in external components as
well as in plasma. From Fig.4, it can be perceived that
the plasma uniformity is improved by the variable-gap
antenna at the cost of high coupling efficiency. The
quantitative comparison of density uniformity of the
plasma excited by three antennae is presented in Fig.5.
Here, we define uniformity D, which indicates the den-
sity uniformity in the radial direction.

Nmax - Nmin

D=—7———— 1
J\Tmax+]\]’min7 ( )

where Ny ax and Ny,;, are the maximum value and the
minimum value of the measured plasma density in the
radial direction, respectively. Good uniformity is in-
dicated by the small value of D, and vice versa. The
experimental data show that the uniformity D has a
tendency to decline with the increasing power and the
increasing air gap. The antenna with variable gap re-
duces the power coupling efficiency, so the low density
will be obtained by the antenna with large air-gap at
the same power. Here, we compare the uniformity
of TICP excited by two-type antennae in the same

3

plasma density about 6 x 10'%cm™3 in argon, which

corresponds to Al at 50 W, A2 at 60 W and A3 at
110 W. The values of uniformity D in those cases are
0.21, 0.18 and 0.14, respectively. Using the humped
antennae with variable gap, we can achieve the better
radial density uniformity in comparison with the same
plasma density in the case of planar spiral antennae.
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Fig.4. The density distribution of the plasma excited by
three antennae in the radial direction in oxygen at 0.5 Pa.
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Fig.5. The radial density uniformity D of the plasma ex-
cited by three antennae at the gas pressure of 0.5 Pa: (a)
argon, (b) oxygen, (c) nitrogen.

Figure 6 shows the power dependence of the
plasma density produced by three antennae (Al, A2
and A3) in Argon gas at 0.5Pa. It shows that the
plasma density increases along with increasing RF

power. At the same power, the highest density is
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generated by the planar spiral antenna A1, followed
by the humped spiral antenna A2 with the moder-
ate density and then the A3 with the lowest density.
The power coupling efficiency is very sensitive to the
air gap and decreases with the increasing air gap,
which accounts for the lowest density generated by
the antenna A3 with the largest equivalent gap at the

same power.
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Fig.6. The power dependence of the plasma density pro-
duced in argon gas at 0.5Pa by three antennae: Al the
planar spiral antenna; A2 the humped spiral antenna with
5cm gap between the inner antenna end and the quartz
window; A3 the humped spiral antenna with 10cm gap
between the inner antenna end and the quartz window.

Figure 7 shows that the electron temperature I
has a tendency to decline with the increasing air-gap,
which verifies the depressed capacitively coupling ef-
fect by the humped spiral antenna. The high RF volt-
age applied to drive the excitation antenna creates
a parasitic capacitive current pathway through the
quartz window and RF sheath to the plasma, which in-
creases the electron temperature by the stochastically
heating mechanism. The air gap can be considered
as an equivalent capacitance in series with the capac-
itance of the quartz window and the plasma. So there
are amount of voltage applied to the air gap, which
brings the significant decrease in the total voltage ap-
plied to the quartz window and the plasma. With the
depressed capacitively coupling effect, the decreased

electron temperature is observed in the TICP excited
by the humped spiral antenna.

81 .
. n
[ ]
6 .
A
- A A
>
= 4
&~
] = Al
21 e A2
4 A A3
0 T T T L} T T
20 40 60 80

Power /W

Fig.7. The power dependence of the electron temperature
excited by three antennae in argon at the gas pressure of
0.5 Pa.

4. Conclusion

Using the humped spiral antenna with specifically
chosen geometry, we will effectively achieve the plasma
with the improved radial density uniformity and the
reduced electron temperature. It considers the com-
bined results of the uniform electromagnetic configu-
ration in the radial direction and the depressed capac-
itively coupled effect in TICP excited by humped spi-
ral antennae. The humped variable-gap design is not
only applicable to the top inductively coupled plasma,
but also to the side inductively coupled plasma. The
variable-gap designation makes it possible to change
the plasma parameters in the central region and outer
region independently. The humped variable-gap an-
tenna is a tradeoff between the power coupling effi-
ciency and the improved plasma performance, but it
differs from the planar antenna with fixed air gap in
the modified electromagnetic configuration. The later
just moves the excitation region to the downstream
of RF electromagnetic field to acquire better plasma
performances.
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