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Electron-temperature control is performed on plasmas passing through a coarse mesh grid from a
discharge region. By increasing a negative potential applied to the grid, the electron temperature is
continuously decreased in a very wide range covering almost two orders of magnitude down to the
value nearly equal to the background gas temperature in case of direct current argon or helium gas
discharge. The temperature decrease is accompanied by an increase in the electron density. This
method of electron-temperature control can also be applied to plasmas produced by radio-frequency

and electron cyclotron resonance discharges.

In weakly ionized discharge plasmas, it is quite difficult
to control electron temperature over a wide range. With an
increase in the discharge power, the plasma density in-
creases, but there occurs no practical change of the electron
temperature. If a special method cannot be contrived for the
electron-temperature control, it is almost impossible to mea-
sure dependencies of particle elementary processes and
plasma collective phenomena on the electron temperature in
such weakly ionized plasmas, although they are often very
sensitive to the electron temperature. In reactive plasmas
widely used for material processings, there should be strong
effects of the electron temperature on products obtained from
such processings. The electron-temperature control is essen-
tial to find out the best conditions in the next-stage fabrica-
tions of devices for ultra-large-scale integration (ULSI) and
other material processings. Thus it is now of crucial impor-
tance to establish a simple method of electron-temperature
contro} covering a wide range for weakly ionized plasmas.

There have been several experiments on electron-
temperature contro] for weakly ionized plasmas. In the ex-
periment of Alexeff and Jones,’ the electron temperature was
decreased by replacing high-energy electrons with cold elec-
trons emitted thermionically from an auxiliary hot electrode.
On the other hand, Mackenzie et al.® raised the electron tem-
perature from 0.5 to 4.0 eV by applying a positive potential
to an auxiliary cold electrode consisting of fine tungsten
mesh, which was considered to absorb low-energy electrons.
The method employed by Hershkowitz et al.? is mechanical.
A grounded plate was moved in the region of surface multi-
pole magnetic field. The electron temperature was observed
to change by a percentage up to 30%, depending on the plate
position which determines the plasma surface geometry. Sato
et al.* also employed a mechanical method using pins in-
stalled in a large hollow cathode. The pin position was
changed in the hollow cathode under a weak axial magnetic
field. The electron temperature was found to decrease by an
order of magnitude with an increase in the pin length. Here,
we report a new simple method of the electron-temperature
control for weakly ionized plasmas. The electron temperature
is controlled by almost two orders of magnitude from a few
eV to 0.035 eV in a plasma passing through a coarse grid
biased negatively. Some preliminary results have already
been reported in Ref. 5.
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The experimental setup, which is shown in the Fig. 1, is
situated in a stainless-steel vacuum vessel 26 cm in diameter
and 220 cm long. The stainless-steel cylinder of the setup, 7
cm in diameter and 12 cm long, has an open end covered by
a coarse mesh grid which is stretched across a circular, 4.2-
c¢m-diam aluminum frame. The other end is closed. The grid
separates the experimental region into regions I and II. Six
different mesh sizes are employed in the measurements. For
mesh sizes of 6.8, 5.1, 3.4, and 1.7 mm, the grids are made of
4.2-mm-diam stainless-steel wires. The grids with mesh sizes
of 0.51 and 0.25 mm are made of 0.05-mm-diam stainless-
steel and 0.02-mm-diam tungsten wires, respectively. An ar-
gon or helium plasma is generated by electron emission from
three tungsten filaments biased negatively with respect to the
cylinder (anode) in region I, which is electrically grounded
together with the vacuum chamber. The grid is biased nega-
tively at the potential V; (<plasma potential in region I).
The plasma parameters are measured by small movable
Langmuir probes of 0.13 mm in diameter and 2 mm loag.
The electron densities, electron temperatures, and space po-
tentials in regions I and II are distinguished by adding sub-
scripts I and I to n,, T, , and V, respectively.

The plasma produced in region I passes through the grid
into region II. Unless V;>Vy, the plasma parameters are
almost independent of V; in region I. In region II, however,
they are very semsitive to V. In Fig. 2, dependencies of
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FIG. 1. Schematic of setup used for control of electron temperature.
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FIG. 2. Electron temperature T, vs potential difference Vg, between grid
potential V; and space potential V,; at z=7.0 cm in region II for various
grids with mesh sizes of 6.8 (W), 5.1 (A), 3.4 (@), 1.7 (O), 0.51 (A), and
0.25 (O) mm. Argon gas pressure is 0.4 Pa.

the electron temperatures T,y in region IT on potential differ-
ence Vg (=Vg— V) are presented for the six different grids
mentioned above. Here, the argon pressure is 0.4 Pa and the
Langmuir probe is located at z=7.0 cm from the grid posi-
tion. It is found that the grid with a mesh size of 6.8 mm is
too coarse for T,y to depend strongly on V. For other
mesh sizes, however, there appears a drastic decrease in
T, with a decrease in Vg, . The results are almost the same
for mesh sizes of 0.51 and 0.25 mm. The lowest electron
temperatures, 0.035 eV, are almost the same for mesh sizes
of 3.4, 1.7, 0.51, and 0.25 mm. This value is smaller by
almost two orders of magnitude than T, = T,;) for V==
V.1 and is supposed to be almost equal to the neutral gas
temperature. Figure 3 shows typical plots of the electron
densities, electron temperatures, and space potentials mea-
sured also at argon pressure 0.4 Pa at z=—1.0 cm in region
I and at z=7.0 cm in region II as a function of the grid
potential Viz. The grid mesh size is 3.4 mm. For V =
Vi ne=2.5%10° em™3, T,y = 2.0 eV, and V,;=7.0 V are
almost independent of V; in region I. In region II, however,
they depend on V. Vg decreases gradually as Vi; is de-
creased. With a decrease in Vg from —5 to —15 V, there
appears a clear drop of T, from 1.3 to 0.035 eV, which is
accompanied by an increase in n,g from 2.5X10% cm™ to
2.8%10° cm™3. For Ve<—15V, T, and n,y are almost
constant. It should be remarked that T,;; = 0.035 eV with
n,p is higher than n,; in this range of V.

In order to clarify the cooling mechanism of electrons in
region II, we present an axial variation of Langmuir probe
traces in Fig. 4. The probe is axially moved from the grid
position in region IL It can be found that there are only
high-energy electrons near the grid. At z=0.2 cm, their den-
sity is 1.2X108 cm ™3, which is about 5% of n,;. These high-
energy electrons corresponds to the high-energy tail electrons
in region I, which can pass through the retarding potential
difference provided by the grid biased negatively. With an
increase in z, however, the high-energy electrons are found
to decrease gradually, being accompanied by an increase in
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FIG. 3. Electron densities #, , temperatures T, , and space potentials V, vs
grid potential V; at z=1.0 cm in region I and z=7.0 cm in region IL. Grid
mesh size is 3.4 mm. Argon gas pressure is 0.4 Pa.

the low-energy electron density. At z=2 cm, there are no
appreciable  high-energy electrons and we obtain
Rer=5.4X10° cm™> and T,;=0.035 eV. For 2>2.0 cm,
there are no remarkable changes of Vy,n.y, and T,p, al-
though Vg and n,;; decrease gradually as z increases.

The density of the electrons passed through the retarding
potential difference provided by the grid is theoretically es-
timated to be much smaller than #,; observed in region II. In
order to understand the density increase observed in region
II, we have to take account of ionization due to these elec-
trons. The electrons produced there are free from mainte-
nance of the discharge which is sustained in region I. Thus
they need not be accelerated, providing the low electron tem-
perature in region IL In general, the plasma density is deter-
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FIG. 4. Langmuir probe traces at different positions z in region IL. Grid
mesh size is 3.4 mm. Grid potential V;=—30 V. Argon gas pressure is 0.8
Pa,
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mined by a balance between plasma production and diffusion
loss in such a low-density plasma as in our experiment. Since
the diffusion coefficient decreases with electron temperature,
the density increase is enhanced by the decrease in T,y in
region II. Being concerned with the ionization in region II,
the cumulative ionization due to collisions between electrons
and metastable atoms might not be neglected. The phenom-
ena observed become drastic as V; is decreased. This de-
crease in Vg reduces the flux and energy of the electrons
supplied from region I. Even if the electron energy would
decrease down to a value not sufficient for direct ionization
of argon atoms, it could still be high enough for the cumu-
lative ionization. In order to confirm this assumption, the
same measurements have been made on a plasma produced
by helium gas discharge. The direct ionization potential for
helium atoms, 24.6 €V, is much higher than that for argon
atoms, 15.8 eV. On the other hand, the cumulative ionization
potentials are almost the same, i.e., 4.1 and 4.7 ¢V for meta-
stable argon and helium atoms, respectively. Besides, the
metastable helium atoms have a very long lifetime (=6X10°
s) compared with that of the metastable argon atoms (1.3
s). It has been found in the measurements that a helium
plasma with low electron temperature is produced in region
IT as in case of the argon discharge in spite of the higher
direct ionization potential of the helium atoms. It is reason-
able to consider that this is due to the long lifetime of the
metastable helium atoms in addition to almost the same cu-
mulative ionization potentials of the argon and helium meta-
stable atoms.

We have also applied our method of electron-
temperature control to large-diameter plasmas produced by
magnetron-typed radio-frequency (rf) discharges and elec-
tron cyclotron resonance (ECR) discharges, which are uni-
form within a few percents of plasma density in diameter up
to 20—40 cm. The grid with mesh size of 3.9 mm has been
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employed in the measurements. In the region separated by
the grid from the discharge region, the electron temperature
decreases down to the value <0.1 eV with an increase in the
negative potential applied to the grid.

In conclusion, we have estabiished a new method of
electron-temperature control for weakly ionized plasmas.
The electron temperature is controlled in the region sepa-
rated by the grid from the discharge region. By increasing a
negative potential applied to the grid, the electron tempera-
ture is decreased by almost two orders of magnitude down to
the value of 0.035 eV, which is supposed to be almost equal
to the neutral gas temperature.

This decrease in the electron temperature is accompa-
nied by an increase in the plasma density. We cannot neglect
the cumulative ionization due to collisions between electrons
and metastable atoms in a region separated from the dis-
charge region. Our method would be useful for investiga-
tions on dependencies of particle elementary processes and
plasma collective phenomena on electron temperature in
weakly ionized plasmas. It could also be applied to process-
ing plasmas to find out the best conditions in the material
processings.

The authors would like to thank Professor R. Itatani and
Dr. A. Matsuda for their interest and encouragement in this
work. They also thank H. Ishida for his technical assistance.

I, Alexeff and W. D. Jones, Appl. Phys. Lett. 9, 77 (1966).

2K. R. MacKenzie, R. J. Taylor, D. Cohn, E. Ault, and H. Tkezi, Appl. Phys.
Lett. 18, 529 (1971).

3N. Hershkowitz, M. H. Cho, and J. Pruski, Plasma Source Sci. Technol. 1,
87 (1992).

4N. Sato, S. lizuka, T. Koizumi, and T. Takada, Appl. Phys. Lett. 62, 567
(1993).

5K. Kato, S. Iizuka, and N. Sato, in Proceedings of 10th Symposium on
Plasma Processing, Osaka, 1993 (Japan Society of Applied Physics,
Tokyo, 1993), p. 353.

Kato, lizuka, and Sato

Downloaded 03 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



