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Plasma processing in chambers located downstream from a source are gaining widespread use
because they allow etching and deposition with minimal damage. This minimized damage,
however, is achieved by using a low ion impact energy, which can lead to a poorer etch anisotropy.
The best anisotropy for a given impact energy requires the lowest possible ion temperature. Laser-
induced fluorescence measurements show that room temperature ions can be attained using a
multidipole-confined discharge. In comparison, ion temperatures downstream from electron
cyclotron resonance sources are much hotter, according to recent reports.

One aim of plasma processing research is the development of
systems offering anisotropic etching with reduced surface
damage. So-called diffusion plasma sources, which are de-
coupled from the substrate, provide independent control of
ion energy and flux to the substrate. This control can be used
to minimize surface damage or maximize etch anisotropy.

Two such plasmas are multidipole-confined and electron
cyclotron resonance (ECR) discharges. They can be used as
plasma sources for substrate etching and deposition.'™®
Typically, they are configured with a source chamber that
produces a plasma that flows downstream to a substrate.
They provide what is desired in the fabrication of microelec-
tronic circuits: good anisotropy, high etch rates, and little
substrate damage."” In this letter, we compare our recent
measurements of ion temperatures downstream of a multidi-
pole source® to those made downstream of ECR sources.'™
These temperatures can be used to predict the expected etch
anisotropy.

The etch anisotropy is limited by the distribution of ion
impact angles at the substrate.! The impact angle is deter-
mined by the ion velocities perpendicular and parallel to the
substrate normal, v; and v;. In a plasma there is a distribu-
tion of ion velocities, and thus a distribution of impact an-
gles. The latter distribution can be characterized by a ther-
mal impact angle 6

(1)

Here e is the electron charge, A®, is the potential between
the source and the substrate, and 7, is the ion temperature
transverse to the substrate normal. For the best etch anisot-
ropy, a small thermal impact angle 6 is desired. A direct
current (dc) or radio frequency (rf) substrate bias may be
used to increase A®,, and thus reduce 6. However, increas-
ing A®, raises the ion impact energy, resulting in more sub-
strate damage.'® Equation (1) quantifies this trade-off be-
tween anisotropy and damage.
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By using a discharge with a lower T}, , etch anisotropy can
be improved without increasing substrate damage. The col-
dest T, that one might hope for is the temperature of the
vacuum surfaces. This is because the ions are are produced
from neutral gas atoms, which are in thermal contact with
the chamber walls. There are several mechanisms that can
lead to ions hotter than the surfaces, but none that can make
them colder. Thus, the vacuum surface temperature is a low-
er limit on the ion temperature that can be attained. This
means that there is an ideal ion temperature—the tempera-
ture of the surfaces. In this paper, we demonstrate that this
ideal limit can be achieved in a downstream plasma configu-
ration.

Laser-induced fluorescence (LIF) offers a nonintrusive
and spatially resolved measurement of T, . Because of
Doppler broadening, the spectral line shapes of the ions cor-
respond to the shape of the ion velocity distribution.'° The
spectral line shape is measured by scanning the frequency of
a narrow band tunable laser through the line while a photo-
multiplier tube is used to collect the resulting fluorescence.
The ion temperature is computed® from the width of these
lines, correcting? for the laser bandwidth. When the laser is
directed transverse to the substrate surface,’ the line width
yields a measurement of T, .

We have reported LIF measurements downstream of a
multidipole source in an argon plasma.® A sketch of our
chamber is shown in Fig. 1. It consisted of a plasma source
chamber and a larger downstream chamber, aligned along a
common axis. These chambers were water cooled and main-
tained at room temperature, 7 = 0.025 eV. A grounded grid
separated the chambers. A laser beam from a 400-MHz-
bandwidth tunable dye laser was directed through the lower
chamber to measure the transverse ion temperature there.
Hot tungsten filaments were used to produce the plasma. Of
course, one would not want to use hot filaments for semicon-
ductor processing because of contamination. However, we
found this system convenient for demonstrating that low ion
temperatures are attainable with downstream configura-
tions.

We found that T, = 0.028 + 0.007 ¢V, which is nearly
room temperature. This was determined from the width of
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the LIF line shape, recorded by probing the 611.492 nm
argon ion line. Typical data is shown in Fig. 2. This measure-
ment was made on the axis of the downstream chamber, 25
cm from the source. Additional measurements show that
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FiG. 2. Laser-induced fluorescence (LIF) line shapes, obtained experimen-
tally. The upper curve is the line shape from our measurements in the multi-
dipole discharge. The lower curve for the ECR discharge is reprinted from
Trevor et al. (Ref. 2). Based on the linewidth, the transverse ion tempera-
ture is 7, = 0.028 eV in the multidipole discharge, which is nearly room
temperature. In the ECR discharge it is hotter, T;, <0.46 eV. Both tempera-
tures have been corrected for the finite laser bandwidths, shown in the inset.
Because of the lower T, the multidipole discharge should offer a better ion
impact anisotropy.
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this temperature was independent of the neutral pressure
(varied from 0.002 to 0.170 Pa), the discharge current
(0.12-6 A), and filament bias (20-80 V). Further details of
our results, as well as detailed descriptions of the chamber
and LIF apparatus, are presented in Ref. 9.

For ECR sources, T, has been reported by Den Hartog et
al.,' Trevor et al.,’> and Nakano et al.> Those three experi-
ments closely resemble our multidipole experiment, except
that they used commercial ECR sources, without a multidi-
pole field. They all used vacuum vessel configurations and
LIF methods similar to ours. For example, in Fig. 1 we com-
pare our setup to the chamber used by both Trevor et al.?
and Nakano, ef al.* In an argon discharge, Trevor et al.?
found that 7}, <0.46 eV at a neutral gas pressure of 0.046 Pa.
In a nitrogen plasma, Den Hartog et al.' found that T}
ranged from 0.12 to 0.24 eV, for pressures from 0.069 to

TABLE 1. Comparison to other experiments. Using LIF, we found that the
ions are at room temperature in the multidipole discharge. The authors of

Refs. 1-3 used commercial ASTeX ECR sources; the model numbers are
indicated.

This work Ref. 1 Ref. 2 Ref. 3

Discharge Multidipole ECR ECR ECR

Model no. $1000 S1500 $1500

Gas Ar N, Ar Ar,Ar/Ne,

Ar/He

P (Pa) 0.020-0.150 0.069-0.553 0.046 0.023-0.037

T, (eV) 0.02840.007 0.24-0.12 <0.46 0.54-0.22
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F1G. 3. Thermal impact angle  vs A®, for multidipole and ECR dis-
charges. Here, A®, is the bias between the source and the substrate. The
impact angle was computed from Eq. (1) using the temperatures reported
by Den Hartog ef al. (Ref. 1) for the ECR source and our result for the
multidipole discharge. Lower impact angles yield better etch anisotropy,
while lower biases result in less substrate damage. Thus, one should ideally
attempt to operate a discharge with parameters toward the lower-left-hand
corner of this graph.

0.553 Pa, respectively. Similar temperatures were reported
by Nakano et al.® for a variety of gas combinations. We can
summarize that the ECR sources used in Refs. 1-3 are char-
acterized by temperatures in the range 0.12<T; <0.54 eV.
These results are compared to ours in Table I.

Because the multidipole discharge has a lower T}, it
should provide a more anisotropic etch than can be attained
with the ECR sources reported in Refs. 1-3. In Fig. 3 we
compare the impact angles predicted by Eq. (1) as a func-
tion of bias AD,.

The best possible etch should offer good anisotropy and
low substrate damage. To achieve this, a small impact angle
and a low bias are desirable. This ideal region of parameter
space corresponds to the lower-left-hand corner of the graph
in Fig. 3.

Clearly, the multidipole discharge operates closer to this
ideal region than does the ECR discharge. One can deter-
mine how much closer by drawing lines of constant bias or
constant impact angle in Fig. 3. For a line of constant A®,,
the thermal impact angle is at least 2 times smaller for the
multidipole source. Likewise, for a line of constant impact
angle, the bias for an ECR source must be 5-10 times higher
than for a multidipole discharge. Because the ions are at
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room temperature in the multidipole discharge, it exhibits
the smallest thermal pitch angle that can be obtained for a
given bias A® .

Finally, we note that for plasma etching, a high ion density
is important because it provides a high ion flux, which con-
tributes to a high etch rate. It is reassuring to know that one
can attain comparable plasma densities in multidipole and
ECR discharges. Our LIF experiments were carried out for
various densities® ranging from 0.1 to 6 X 10° cm ~ 3. The ion
temperature was always the same, regardless of the ion den-
sity. Other researchers'' using multidipole discharges re-
ported achieving a density as high as 10'?> cm ~ . These densi-
ties are comparable to those found downstream from ECR
sources,? 10°-10! ¢cm ~3,

In summary, one should attempt to operate diffusion dis-
charges with the smallest possible 7, , to attain the best etch
anisotropy. We have demonstrated that temperatures as low
as room temperature are attainable in a multidipole-con-
fined discharge. ECR discharges, in contrast, have much
higher ion temperatures.’ Consequently, multidipole-con-
fined discharges should yield better etch anisotropy than the
ECR discharges reported in Refs. 1-3.

Acknowledgment: This work was supported by the Iowa
Department of Economic Development.

® Current address: Engineering Research Center for Plasma Aided Manu-
facturing, Room 101, 1410 Johnson Drive, University of Wisconsin,
Madison, WI 53706-1806.

® On temporary leave to: Max-Planck Institut fiir extraterrestrische Phy-
sik, 8046 Garching b. Miinchen, Germany.

) Current address: Physics Department, West Virginia University, 209
Hodges Hall, Morgantown, WV 26506-6023.

'E. A. Den Hartog, H. Persing, and R. Claude Woods, Appl. Phys. Lett.
57, 661 (1990).

2Dennis J. Trevor, Nader Sadeghi, Toshiki Nakano, Jacques Derouard,
Richard A. Gottscho, Pang Dow Foo and Joel M. Cook, Appl. Phys. Lett.
57, 1188 (1990).

* Toshiki Nakano, Nader Sadeghi, and Richard A. Gottscho, Appl. Phys.
Lett. 58, 458 (1991).

“H. R. Kaufman, J. J. Cuomo, and J. M. E. Harper, J. Vac. Sci. Technol.
21, 725 (1982).

>T. E. Wicker and T. D. Mantei, J. Appl. Phys. 57, 1638 (1985).

$Y. Ono, T Kurosawa, T. Sato, Y. Oka, and I. Hashimoto, J. Vac. Sci.
Technol. A 4, 788 (1986).

"Jes Asmussen, J. Vac. Sci. Technol. A 7, 883 (1989).

8T. D. Mantei and T. E. Ryle, J. Vac. Sci. Technol. B9, 29 (1991).

?M. J. Goeckner, J. Goree, and T. E. Sheridan, Phys. Fluids B (in press).

'Brian N. Chapman, Glow Discharge Processes Sputtering and Plasma
Etching (Wiley, New York, 1980), pp. 213-215.

"' Rudolf Limpaecher and K. R. MacKenzie, Rev. Sci. Instrum. 44, 726
(1973).



