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ABSTRACT

An original method for producing low electron temperature and high electron density plasma was
studied experimentally by using a rectangular grid-cage as a capacitively-coupled powered
electrode in a radio frequency (RF) discharge.

A rectangular grid-cage electrode was placed on a side wall of a grounded cubic-box chamber of
15 x 15 X 15cm? in volume. The cubic chamber was situated in a stainless steel vacuum
chamber 60 cm in diameter and 100 cm long. An argon plasma was generated by a 40 MHz
power source in a pressure range of 2.0 ~ 6.7 Pa. RF power Pgp 0f 5~ 60 W was supplied to the
grid-cage electrode directly through an impedance matching circuits with a dc blocking capacitor
for efficient plasma production.

The electron temperature T, and electron density n, were found to be strongly dependent on a
mesh size of grid-cage electrodes. If the mesh of the grid-cage was fine, T, decreased, while n,
increased, compared with those in the case of a coarse grid-cage electrode. By using a fine grid-
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of 60 W.

the continuous RF discharge.

electrode, T, dropped down to 0.5 eV, while n, reached up to 1.62 x 10'* cm™3 at the center of
the cubic discharge chamber of 15 x 15 x 15 cm® under argon pressure of 2.0 Pa and RF power

This discharge method easily provides low electron temperature and high density plasmas under

Keywords: Low electron-temperature plasma; high density plasma; low space potential; grid-cage

electrode; RF discharge.
1. INTRODUCTION

Currently, the studies on a production of low
electron temperature and high electron density
plasmas have been energetically proceeded in
order to establish negative ion plasma source for
neutral beam injection (NBI) in the fusion devices
[1,2]. Further, also in the semiconductor device
fabrication, NBI method has been used
extensively as an important plasma-free
technology for ultra-fine etching processing [3],
thin film deposition [4], and so on. For producing
a neutral beam, a technique to generate a high
density negative ion plasma is required. As is
well known, in order to produce negative ions
efficiently, it is necessary to generate high
density plasma with low electron temperature for
an efficient electron attachment.

By using such low electron temperature plasma,
several methods have been reported for
producing negative ion plasmas [1-7]. N.
Hershkowitz and T. Intrator created a two-
component plasma with negative ions SF; and
positive ions Art in a mixed gas of SF4 and Ar at
the downstream of the magnetic filter [5],
although the density of plasma dropped off one
decade during passage through the magnetic
filter. M. B. Hopkins and K. N. Mellon made use
of a pulsed discharge methode for generation of
negative hydrogen ions [7]. They observed
negative ions in the low-density plasma after the
discharge was stopped.

We also reported a grid-bias technique which
yielded a continuous decrease of T, and an
increase of n, by applying negative direct current
(dc) voltage V; to a mesh grid which separates
the plasma into two regions [8-11]. With a
decrease in V; from -5 V to —15 V, there
appears a clear drop of T, from 2.1 eV to 0.035
eV, which is accompanied by an increase in n,
[10]. The ion temperature T; is also lowered by
changing T, [12]. A production of high density
(=2x10"1 cm™3) and low electron temperature
(= 0.3 eV) plasma was realized by modified grid-

biasing method using inductively coupled RF
discharge at 200 W [13]. Although the grid is
covered with a thin film made of a diamond-like
carbon known as an insulating material, the grid
bias method can still control the electron
tmeperature over a wide range [14]. Also,
another method using a grid for T, control was
proposed. In this method, T, is controlled by
varying mechanically the length of slits in a
plasma [15]. This technique was applied to the
production of high-quality diamond prepared in
an RF discharge CH4/H, plasma [16]. In the
depositon experiment, the sample grown in the
high electron temperature (= 2.24 eV) plasma
was mainly amorphous graphite. On the other
hand, the film grown in the low electron
temperature (= 0.52 eV) plasma was indeed
diamond.

Up to now, a few important studies on the
production of negative ion plasma using a grid-
bias method have been performed [17-20]. We
observed that the negative to positive saturation
probe current ratio I-/I* was reduced markedly
from 28 to 1.2 as the grid bias voltage decreased
from 30 to —15 V in pure hydrogen gas [17]. This
result suggests the effective generation of
negative hydrogen ions due to a reduction of the
electron temperature. O. Fukumasa et al.
investigated a comparison between the grid-bias
method and magnetic filter method [20]. They
confirmed that in the case of an RF discharge
plasma the grid bias method was more suitable
to optimize plasma conditions for negative ions,
compared with the magnetic filter method.

In the future, the plasma production of low
electron temperature (<1 eV) and high density
(~2 x 10! cm™3) at the low power of 100 W will
be strongly desired for qualified plasma
processings. In this paper, we present a novel
plasma source with a performance described
above by employing capacitively-coupled
continuous RF discharge with a use of a
rectangular grid-cage electrode.



2. EXPERIMENTAL
MEASUREMENT

SETUP AND

2.1 Experimental Device

Fig. 1 shows a schematic of the experimental
apparatus. A rectangular grid-cage electrode is
placed on a side wall of a grounded cubic-box
chamber of 15x 15x 15cm® in volume. The
cubic chamber is situated in a stainless steel
vacuum chamber 60 cm in diameter and 100 cm
in length, which is evacuated to a pressure of 0.3
Pa by using a rotary pump. Since the outer wall
of the cubic chamber is grounded electrically, the
discharge turns on only inside the cubic
chamber. The gas pressure is measured by a
Pirani gauge. An argon plasma is generated by a
40 MHz power source in a pressure range of 2.0
~ 6.7 Pa (15 ~ 50 mTorr). The plasma produced
in our experiment was not exactly pure argon
plasma. But, in application to the plasma
processing, the working reactive gas is often
molecular gas with Ar as dilution gas. In this
experiment one can regard that the molecular air
gas is diluted by Ar. RF power Pgp of 5 ~ 60 W is
supplied to the grid-cage electrode directly
through an impedance matching circuits with a
dc blocking capacitor for efficient plasma
production. Usual 13.56 MHz will also be
available in our experiment. Here, electric power
was measured and displayed on a panel of the
RF generator.

2.2 Electrodes for RF Discharge

We used three types of RF electrode in our
experiment. The first one (Type A) is a flat plane
electrode made of aluminum with a surface area
of 5% 5cm? and a thickness of 0.1 cm. A mica
plate with the same area and thickness as Type
A electrode is sandwiched between this plane
electrode and a wall of the cubic chamber. These
plates are not shown in Fig. 1. The second one
(Type B) is a rectangular grid-cage electrode
made of stainless steel as shown by a dotted line
in Fig. 2. Back and side surfaces of this grid-
electrode are covered with mica plates of 1 mm
each in thickness, which are also covered with
grounded aluminum plates in 1 mm thickness for
electrical shielding. The back area and height of
Type B electrode are 5x5cm? and 1 cm,
respectively. The mesh size and wire diameter of
Type B are 1.97 mesh/cm and 0.5 mm,
respectively. The third one (Type C) is also a
grid-electrode which dimensions and shape are
the same as those of Type B, but the mesh size
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and wire diameter of Type C electrode are 6.3
mesh/cm and 0.29 mm, respectively.
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Fig. 1. Schematic of the experimental
apparatus for a production of low electron
temperature T, and high density n, plasmas
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Fig. 2. Diagram of the rectangular grid-cage
electrode
Plasma

2.3 Measurement Method of

Parameters

The plasma parameters are measured by a
single probe (diameter 3 mm, thickness 0.3 mm)
made of tantalum disk. The probe disk is welded
to a copper core wire of a 50 Q semi-rigid
coaxial-cable (outer diameter 2.2 mm), which is
sleeved with a glass fiber tube. One side of the
probe disk is used as a collector of the probe
current, and the other surface is covered with
Torr Seal which is a sealant made of low vapor
pressure resin. In our experiment, this sealant
did not deteriorate even in high-density plasmas
because of the low electron temperature. The
origin of the x-axis is set at the wall (x = 0 cm) of
the cubic-box chamber, in which the grid-cage
electrode is placed as shown in Fig. 1. The probe



disk is set at x = 2.5 cm or 7.5 cm. A ceramic
capacitor of 2,000 pF is connected in parallel to
the probe circuit in order to remove effects of RF
potential fluctuations causing a fatal error to the
plasma parameters, so that the dc current only
flows through the measuring circuit. The semi-
rigid cable described above is connected to a
3D-2V coaxial cable by a BNC connector outside
of the vacuum chamber. The 3D-2V cable is also
connected to Source Meter-2400 manufactured
by Keithley Instruments. The probe current I,
was measured at the probe voltage V, supplied
by Source Meter-2400. Before drawing each
current-voltage (l, - V) trace the probe surface
continued to be cleaned up by bombarding of
ions applied a negative voltage of —150 V for 20
s. The values of the dc probe current I, and
voltage V, collected through Source Meter-2400
are stored on the personal computer, and at the
same time, a probe characteristic curve is drawn
automatically on the display of the computer
using the software that we have created using
Microsoft Visual C++. By using this software
plasma parameters are also determined easily
from a semi-log plot of an electron current I,
which is obtained from a probe characteristic
curve. The method for probe measurement of
plasma parameters in RF discharge [21-23] was
explained in detail in Ref. [24].

3. EXPERIMENTAL RESULTS

31T, and n, Versus Pgr for Three

Different Electrodes

First, three RF electrodes are compared under
the same experimental conditions. Fig. 3 shows
dependencies of electron temperature T, and
electron density n, on RF power Pgr for three
different electrodes, i.e. a plate (Type A) and
rectangular grid-cages of two different mesh
sizes which are 1.97 mesh/cm (Type B) and 6.3
mesh/cm (Type C). Argon gas pressure Py, is 4.0
Pa (= 30 mTorr) and the probe position is fixed
at x= 2.5 cm. As shown in Fig. 3(a), in the cases
of the grid-cage electrodes, the electron
temperature is gradually decreased with an
increase in Pgg. Electron temperature T, becomes
1.7 eV and 0.9 eV at 60 W in the cases of the
coarse (Type B) and fine (Type C) mesh
electrodes, respectively.

On the other hand, T, simply rises up from 1.4 eV
to 3.4 eV as Py increases from 5 W to 60 W for
the plate electrode (Type A). Fig. 3(b) shows
dependencies of n, on Pge. The density obtained
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by using the plate electrode is 5 x 10° cm™3 at 30
W. This density is comparable to that obtained in
the normal capacitively-coupled RF discharge
plasma [19]. On the other hand, when the grid-
cage electrodes are employed, it is shown that in
the case of the grid electrode of 1.97 mesh/cm
(Type B), n. is roughly ten times higher than that
in the case of the plate electrode over a whole
range of Pgg. It is also shown that T, in the case
of Type C is reduced compared to that of Type B.
And, n, in the case of Type C is much larger than
that of Type B. Both of the electron temperature
and electron density are dependent on the mesh
size of the grid. In other words, T, can be
reduced and n, can be increased by employing a
finer mesh electrode. Therefore, the grid-cage
electrode of 6.3 mesh/cm (Type C) is most
suitable for a low electron temperature and high
density plasma source.

3.2T., n. and V; Versus Pgg for Type C
Electrode

Next, the performance of Type C electrode is
investigated in a lower pressure regime. Fig. 4
shows dependencies of the plasma parameters
on RF power Pz under Ar pressure Py, = 2.7 Pa
(= 20 mTorr) for Type C electrode. The probe
positions in Figs. 4(a) and 4(b) are x = 2.5 cm
and 7.5 cm, respectively. In the case of x = 2.5
cm, the electron density n. increases to 2.6 x
101cm™3 at Pz = 60 W. The density n, at x =
2.5 cm is roughly two times higher than that at x
= 7.5 cm. T, is gradually decreases with an
increase of Pgg in the range between 5 W and 30
W. But it shows constant value 0.6 eV at Py = 30
W. This feature of T, will be discussed in section
4. It is also shown that T, and time-averaged
space potential V; are independent of the probe
position x. Here, V; shows a low value of 15.5 V
due to the low electron temperature of 0.6 eV.

3.3T,, ne and V; versus Py,
Electrode

for Type C

In order to investigate pressure dependence of
the plasma parameters in the case of Type C
electrode, T,, n, and V; are measured at RF
power of Pgg = 60 W and x =7.5 cm as a function
of argon pressure P, as shown in Fig. 5 for the
case of the fine grid-cage electrode (6.3
mesh/cm, Type C). T, increases from 0.5 eV to
1.4 eV, while n, decreases from 1.6 x 10'*cm™3
to 0.35 x 101cm™3 as P,, rises from 2.0 Pato 6.7
Pa. These dependencies differ from those of
usual RF plasmas [25]. In addition, V; can be
kept low, i.e. 13.2 V at 2.0 Pa, due to the



decrease of T, so that ion bombardments can be
suppressed. Therefore, this grid cage electrode
is very useful for a damage-free processing
plasma source.
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convenient because the sheath potential in front
of the substrate placed in the plasma does not
vary during the film deposition, for example.
However, as shown in Fig. 5, V; increases
gradually with an increase in Ar pressure, i

It is also found that V; is kept almost constant accordance with the increase in the electro
when the RF power is increased. This is temperature.
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Fig. 3. Dependencies of (a) T, and (b) n. on Pgg for various electrodes. x =2.5cm
and P,. = 4.0 Pa
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Fig. 4. Dependencies of the plasma parameters (T,, n. and V) on Py for Type C
electrode. Py, =2.7 Pa. (@) x =2.5cm and (b) 7.5 cm
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Fig. 5. Dependencies of the plasma parameters (T, n, and V) on P,, for the fine mesh
electrode (Type C). x =7.5cm and Pgz = 60 W



3.4 Spatial Variation of Plasma
Parameters for Type B Electrode

Measurement of spatial profiles of plasma
parameters is important for considering a
mechanism of the production of low electron
temperature plasma outside the grid cage.
Especially, in order to investigate a role of
plasma produced inside the grid cage, spatial
variations of n., T,, and V, are measured through
the grid for Type B electrode, as shown in Fig. 6.
Here, the grid position is shown by a dotted line.
The x coordinate is defined in Fig. 1. In Fig. 6 it is
remarkable that the temperature T, inside the
grid cage is found to be about 4.3 eV, which is
higher than 1 eV outside the grid cage. The value
of 4.3 eV is quite similar to that in normal RF
discharge plasmas. The density n, at x = 2.5 cm
(outside) is about three times higher than that at
x = 0.5 cm (inside). Conversely, V, at x = 2.5 cm
(outside) is lower than that at x = 0.5 cm (inside).
It will be explained in section 4 that this potential
distribution is very important for producing the
low T, and high n, plasma in the outside of the
grid.

3.5T,, ne and V; versus Py,
Electrode

for Type B

The plasma parameters inside and outside of the
grid cage are shown in Fig. 7(a) and 7(b),
respectively, as a function of argon pressure P,,
for the case of Type B electrode (1.97 mesh/cm).
The probe positions of Fig. 7 (a) and (b) are x =
0.5 cm (inside) and 3.5 cm (outside),
respectively. It is remarkable that T, inside the
grid cage decreases with an increase in Py,
although T, outside the grid cage increases with
an increase in P,.. Conversely, n, inside the grid
cage increases with an increase in P,,, although
n. outside the grid cage decreases with an
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increase in P,.. On the other hand, the plasma
potential V; increases gradually with increasing
P,,, although Vj variation inside the grid cage is
small.

The behaviors of plasma parameter
dependences outside the grid cage are quite
different from those inside the grid cage. The
pressure dependences of the plasma produced
inside the grid cage are similar to those of usual
RF plasmas [25].
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Fig. 6. Spatial (x) variations of T, n, and V
for Type B electrode. The grid electrode
position is shown by a dotted line. Py, = 2.7
Pa and Py =20 W

4. DISCUSSION

Distances between the grid wires of Type B and
C are 4.58 mm and 1.29 mm, respectively, so
that the estimated grid transparencies are 81.3%
and 66.8%, respectively. In the case of T, = 1 eV
and n,=10°cm3, the Debye length i, =
740(kT,/n.)*/? is estimated to be about 0.075
mm. Thus, the grid wire distance is much
larger than the Debye length. Therefore, the
space between the wires is enough for the

electrons to pass through the grid.
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Fig. 7. Comparison of T,, n, and V¢ between (a) inside (x = 0.5 cm) and (b) outside (x =3.5cm)
of the coarse mesh electrode (Type B) as a function of P,, at Pgp =20 W



Since the grid cage has a space inside, the
plasma production takes place not only outside
but also inside the grid-cage electrode. Actually,
we observed high electron temperature plasmas
inside the grid cage and Ilow electron
temperature plasmas outside the grid cage, as
shown in Figs. 6 and 7. These two plasmas are
separated by the grid cage between these
plasmas. Fig. 8 shows RF self-bias dc voltage
V4. evolved on the Type C electrode as a
function of RF power in the case of Fig. 4. It is
noted that Vy. is negative and lowered simply
from —35 V to —82 V as Py is increased from 10
W to 60 W, while V; outside the grid cage is
almost constant at +16 V (see Fig. 4). Since Vj
inside the grid cage is also positive and higher
than that outside the grid cage (see Figs. 6 and
7), the negatively biased grid cage potential
V4.(< 0) electrically separates the high energy
electrons inside from the low energy electrons
outside, acting as a thermal barrier [26-29].

With an increase in the RF power the self-bias
voltage V. of the grid becomes more negative
and suppresses the high energy electrons
flowing from the inside to the outside. However,
since the grid potential oscillates in time, the high
energy tail of electrons can have a chance to
pass through the grid from the inside to outside
and act as primary electrons for ionization
outside the grid cage. The electrons generated
by such ionization outside the grid cage would
not get more energy because the space potential
outside the grid cage is nearly homogeneous as
shown in Fig. 6. Therefore, the bulk electron
temperature outside the grid cage can be kept
low. Moreover, these low temperature electrons
are well confined electrostatically due to negative
sheath potential surrounding the low electron
temperature plasma (see Fig. 6). Therefore, the
low energy electron confinement becomes better,
then its density becomes relatively high. Note
that the high energy tail of electrons passing
though the grid are observed to decay within 5
mm from the grid position due to ionization [10],
and the electrons in the other region outside the
grid are regarded as a single Maxwellian. The
electron density also increases with an increase
in RF power.

As shown in Fig. 6 the electron temperature
inside the grid cage is rather high, similar to the
conventional RF plasmas. Therefore, when the
confinement of such high temperature electrons
is weakened, high temperature bulk electrons
can leak into the outside. Then, the electron
temperature outside the grid cage increases.
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Fig. 8. Dependencies of self-bias dc
voltage V4. on RF power Py for Type C
electrode. Py, = 2.7 Pa. The experimental
condition is the same as Fig. 4

The important point in this case is not only
negative self-bias voltage induced on the surface
of grid wires, but also a confinement of bulk
electrons inside the grid cage by the grid
potential. The increase of electron temperature
outside the grid cage can be explained by the
loss of such high energy bulk electrons confined
inside the grid toward the outside. There exist
three ways to increase the electron temperature
outside the grid cage. The first one is to use a
coarse grid. Actually, when the coarse grid is
employed, the electron temperature outside the
grid increases as shown in Fig. 3. The second
one is to diminish the negative potential barrier
V4c by lowering the input power (see Fig. 8).
Actually, the electron temperature increases with
a decrease in RF power as shown in Fig. 4. The
third one is to increase collisions between the
electrons and Ar atoms by increasing Ar
pressure. The effect of electrostatic electron
trapping within the grid cage will be weakened by
increasing the collisions. In fact, as shown in Fig.
5 and 7(b), the electron temperature outside the
grid-cage electrode raises with an increase in Ar
pressure. Simultaneously, the electron density is
decreased due to an increase in the electron loss
toward the wall. On the contrary, T, inside of the
grid cage is decreased with an increase in P,;.
This is thought to be due to a collisional cooling,
as in the conventional discharges.

As explained above, trapping of high energy
electrons produced inside the grid cage electrode
is very important for producing low electron
temperature plasma outside the grid cage. As
shown in Figs. 3 and 4 the electron temperature
was simply decreased with an increase in the RF
input power in the cases of Type B and C



electrodes. Conversely, the electron temperature
increased with an increase in the RF power in
the case of the plate electrode (Type A). The
biggest difference between Type A and C (or B)
comes from the effect of electron trapping in the
grid-cage electrode. The plate electrode behaves
as if in a limit of the grid with zero transparency.

It is noted that such low T, and high n, plasma
mentioned above is also generated even when
the back side of the grid cage shown in Fig. 2 is
replaced by an aluminum plate. We have already
succeeded in generation of a low electron-
temperature and high electron density plasma.

Since the low electron temperature and high
electron density RF plasmas are produced by a
grid cage electrode discharge, this technique will
be applied to an efficient production of negative
ion plasmas, which are widely used in fusion
plasma heating and material processing by a
neutral beam injection.

5. CONCLUSION

We have developed a novel method for
generating a low electron temperature and high
density plasma by using a capacitively-coupled
continuous RF discharge with a powered grid-
cage electrode. In the case of the mesh
electrode of 16 mesh per inch (Type C), for
example, T, dropped down to 0.5 eV, while n,
reached up to 1.5x 10** cm™3 at P,, = 2.0 Pa
and Pgr = 60 W at the center of the discharge
chamber. Unlike normal RF discharge plasmas,
T, increased and n, reduced with an increase in
P, under a constant RF power. The phenomena
are able to be explained by electron generation
and trapping inside the grid cage. Conversely,
when the plate electrode was used, T, increased
with RF power and a very low density plasma
was produced.

Grid-cage electrode method is quite simple and
available for a production of low electron
temperature and high density plasma under the
continuous RF discharge.
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