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Plasma parameters (CHy/Hz+Ar plasmas) are spatially well controlled using a movable
magnetic filter. At any filter position, plasma parameters change dramatically across the
magnetic filter. The plasma is divided into two parts, the source plasma region (high
density plasmas with energetic electrons) and the diffused plasma region (low electron-
temperature plasmas without energetic electrons). Carbon thin films are prepared well in
the diffused plasma region. The effects of bias potential of the substrate and control of

neutral radicals on formation of thin films are discussed briefly.
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1. Introduction

The plasma chemical vapor deposition (p-CVD) method has been used successfully in
the preparation of various kinds of thin films. To this end, plasma parameters, especially
the energy distribution and density of electrons, must be carefully controlled, because,
in the initial processes, decomposition of source gas molecules or production of reactive
species including plasma production, are triggered by electron collisions.

To date, we have studied the applicability of a magnetically filtered multicusp plasma
source to a tandem p-CVD reactor.”) We have shown that the addition of a movable
magnetic filter and a plasma grid can spatially control the electron energy distribution
function (EEDF) and plasma parameters in reactive plasmas.?® In this paper, we will
further discuss the control of plasma parameters for various operating conditions and the

relationship between the control of plasma parameters and the formation of thin films.

2. Experimental Setup and Procedure

Figure 1 shows a schematic of the apparatus. The details are reported elsewhere.? %) The
source chamber (16 cm diameter, 30 cm long) is made of stainless steel and the outside
wall of the chamber is lined with 8 rows of ferrite permanent magnets arranged in an
alternating north pole-south pole geometry. This surface magnetic field layer confines
primary electrons and produced plasmas well.

Gas mixtures of (Hy+Ar) and CH4 were continuously introduced into the source cham-
ber. Steady-state plasmas were produced by dc discharge between the tungsten filaments
cathode and the chamber anode with discharge voltage V4 and discharge current I;.
Plasma parameters were measured by two cylindrical Langmuir probes (1.0 mm diameter,
3mm long). To obtain the EEDF using the Druyvesteyn method, the second deriva-
tive of the probe characteristics was also measured. Information on neutral particles was
obtained with emission spectroscopy.

A samarium-cobalt magnetic filter divides the entire chamber into an arc discharge
(source region, region I) and a diffused plasma (deposition region, region II). This magnetic
filter composed of two rods provides a limited region of transverse magnetic field (an

integrated magnetic field of about 130 G-cm) where only electrons are magnetized. The



magnetic field is strong enough to prevent all energetic primary electrons in region I from
entering into region II. However, cold electrons, together with positive ions, can penetrate

the filter and form a diffused plasma.

3. Experimental Results and Discussion

3.1 Effect of the magnetic filter on controlling plasma parameters

According to previous results,"® a remarkable change in plasma parameters (such as
EEDF, electron density n., electron temperature 7T, and floating potential V;.) across the
magnetic filter is clearly observed. Even if CH4 gas is introduced into Hy+Ar plasmas,
the magnetic filter can spatially control the EEDF and the related plasma parameters.
Here, we continue on discussion of these problems, including the effects of the gas flow
rate and total gas pressure p on the production and control of these plasmas.

Figure 2 shows the spatial variations of n. and T, in Hy+Ar plasmas for three different
flow rates under a constant p=2 mTorr, where the magnetic filter position Ly=17 cm apart
from the plasma mesh grid. In Fig. 2, the magnetic filter position (Lg=1Tcm) corresponds
to L=0, and the source and the diffused plasma regions are on the right and the left sides,
respectively. Partial pressures of Hy and Ar gases are 1 mTorr and 1 mTorr, respectively.
Both n. and T, vary markedly in their magnitudes across the filter. However, the spatial
distributions of n. and T, have similar patterns in spite of the different gas flow rates.
Namely, plasma parameters have almost the same magnitudes for various gas flow rates
if p is kept at a certain constant value.

Figure 3 shows the spatial variation of n, and T, for three different pressures under con-
stant gas flow rate (Hz/Ar=32/9.9 sccm). With increasing p, n, and 7, vary in magnitude
although their spatial dependence on the filter effect appears to be similar.

As shown previously,’®) the magnetic filter prevents only the high-energy electrons from
entering into region II. This feature of the magnetic filter is the most important point
for controlling the EEDF. Figure 4 shows spatial variations of V; corresponding to the
results in Fig. 2. Apparently, V¢ changes markedly across the filter. This shows another
example of the effect of the magnetic filter as V; depends on the high energy tail of the

EEDF. Controlling V; is important in etching plasmas when the energy of the etching ions



is directly related to V4.

According to the results shown in Figs 24, it is reconfirmed® that plasma parameters
(ne, Te,V;) for various operating conditions change dramatically across the magnetic filter,
and that the plasma is divided into the distinct regions of the source plasma with high-
energy electrons and high T, (region I) and the diffused plasma without high-energy
electrons and with low T (region II).

On this preferential reflection of high-energy electrons at the magnetic filter, as ex-
plained by Coulomb collisions in the presence of a magnetic field was previously reported.)
However, this is not the case in the present experiment and the role of the magnetic filter
is not well clarified. Therefore, we have proposed the following model??®) for the preferen-
tial reflection of high-energy electrons. Electrons entering the magnetic filter are trapped
in filter field B. Then, most electrons cross the magnetic filter due to E x B drift where
E represents thermally excited low frequency electrostatic fluctuations. Therefore, X x B
drift for electrons decreases with the increase of electron velocity (i.e., energy), because
fluctuating electric fields are averaged over their finite Larmor radii. Namely, high-energy
electrons diffuse at a lower rate thaﬁ do low-energy electrons. Both simulation results®
and experimental results?) support the model of the magnetic filter described above.

For control of T, in weakly ionized plasmas, a grid-bias method has been proposed by
Kato et al.®) Control of T, is performed on plasmas passing through a coarse mesh grid
from a discharge region. By increasing the negative potential applied to the grid (from
-5V to —15V), T, is continuously decreased from 1.3eV to 0.035eV. In future study,
we will examine the relationship between the magnetic filter method and the grid-bias
method.

The multicusp plasma sources with a magnetic filter are widely used and proposed as
promising sources of high current H~ /D~ ions for NBI heating in the fusion community.®")
H~ ions are generated by the dissociative attachment of slow plasma electrons (7, ~
1eV) to highly vibrationally excited hydrogen molecules Hy(v”), where these Hy(v”) are
primarily produced by the collisional excitation of fast electrons with energies in excess
of 20-30eV.”) With the use of the magnetic filter, the EEDF is optimized for the two-step

process of H™ /D~ formation. Therefore, these types of plasma sources are available for



the production of negative ion plasmas, such as Cl~, O~ and SF¢~.

3.2 Preparation of thin films

To date, we have successfully confirmed that the plasma parameters are spatially well
controlled using the movable magnetic filter. Next, in order to clarify the relationship
between the preparation of thin films and the control of plasmas, thin films are prepared
in both the source and the diffused plasma regions. Carbon thin films are prepared on
Mo substrates as functions of the gas flow rate and the substrate potential by supplying
CH,4 gas to Hy + Ar plasma. Properties of deposited thin films were analyzed with X-ray
diffraction, Raman spectroscopy, séanning electron microscopy (SEM) and infrared (IR)
absorption spectroscopy methods.

For a typical example of thin film formation, under the conditions whereby the mate-
rial gas flow rate Hy/Ar/CHy is 32/10/4 sccm and deposition time is 6h, thin films are
prepared in both plasma regions. Figure 5 shows SEM photographs of the prepared thin
films, where the substrate potential is the earth potential aﬁd the substrate position Lgy,
is 15cm away from the plasma grid. The film in Fig. 5(a) is deposited in the source
region, where p=2.3mTorr and the magnetic filter position Lf is 13 cm away from the
plasma grid. The films in Fig. 5(b) and Fig. 5(c) are deposited in the diffused plasma
region, where Ly=17cm and p=2.3 mTorr in Fig. 5(b) and 4.6 mTorr in Fig. 5(c).

As is shown in Fig. 2, under constant gas pressure, plasma parameters are maintained at
almost constant levels for the different gas flow rates. However, film formation (especially
in the diffused plasma region) depends strongly on the gas flow rate. With gas flow rates
decreasing to 9/2/0.6 sccm (p=2.3 mTorr, see Fig. 5(b)), thin films are not prepared in
the diffused plasma region, even if the deposition time is 6 or 8 h (Case A). However, thin
films are prepared in about one hour when the gas flow rate Hy/Ar/CH, is 32/10/4 sccm
(Case B). Deposition time (1h) in Case B is shorter by a factor 6 or 8 than that (6 or
8h) in Case A. On the other hand, the gas flow rate of CH, in Case B is 6-7 times larger
than that in Case A. Then, during the deposition time, the accumulated particle flux of
CH, to the substrate may be alﬁost the same for the two cases although film formation

is quite different. Therefore, these two results suggest that gas flow rate not only affects



radical transport but also enhances film formation (i.e., surface reaction). This point is
not clear at this time.

We have also confirmed the following characteristic features of film formation. In the
diffused plasma region, two types of thin films are prepared depending upon whether the
substrate potential is the floating or earth potential. On the other hand, films prepared
in the source region are of only one type, regardless of the substrate potential.

In both regions, the films deposited with earth potential (type I) have the Raman shift
such as shown in Fig. 6. Therefore, the films prepared in the diffused plasma region have
the same characteristics as those in the source region. According to the X-ray diffraction
patterns, there are no distinguishable peaks except those of the substrate material. So, the
thin films prepared in both plasma regions may be amorphous carbon although detailed
characterization of film quality is currently under study.

Under the condition that the substrate potential is floating (—3 ~ —6 V), a second type
of thin film (type II) is deposited in the diffused plasma region, although only type I films
are prepared in the source plasma region, where the substrate potential is about —30V.
Thin films in the diffused plasma region exhibit the IR spectrum shown in Fig. 7. The
absorptions derived from the bonds between C and H are observed. In the IR spectrum
of the type I films shown in Fig. 5, these absorptions are not observed. The effect of
substrate potential is a topic for further study. In the diffused plasma region, thin films
are prepared for two different substrate potentials, i.e., +10V and —10V. When the
substrate potential is set at —10V, prepared films are the same as the type II film. On
the other hand, when the substrate potential is set at +10V, prepared films are the same
as the type I film. From these results, it can be concluded that thin films prepared in the
diffused plasma region are well controlled by varying the substrate potential.

In addition to the above experimental results, plasma parameters in the diffused plasma
regions are easily controlled by changing the field strength of the magnetic filter and the
potential of the plasma grid. The diffused plasma region of this plasma source should be

a good reactor for precisely processing materials.



4. Conclusions

We have studied the potential for control of reactive plasmas with the movable magnetic
filter, and the applicability of the plasma source with the magnetic filter to p-CVD. Spatial
control of plasma parameters with a magnetic filter is well established. This method of
plasma parameter control can also be applied to plasmas produced by radio-frequency and
electron cyclotron resonance discharges. Preparation of thin films is realized in the diffused
plasma region. Furthermore, thin film formation in this region is well controlled by varying
substrate potential and gas flow rate. Therefore, this plasma source could be applied to
processing plasmas to determine the optimum conditions for material processing.

In the future, we will attempt to control plasma parameters continuously by varying the
field intensity of the magnetic filter. Characterization of prepared thin films and clarifying
the relationship between the control of plasma parémeters and thin film formation are

also ongoing investigations.
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Figure captions

Fig. 1. Schematic of the multicusp plasma source equipped with the movable magnetic
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2. Axial variation of n.(a) and T,(b) for three different gas flow rates in Hy+Ar

plasma, where the magnetic filter position(Lg=17 cm) corresponds to L=0. Exper-
imental conditions are as follows: discharge voltage V4=80V and current [3j=2A.
Total pressure is maintained at 2 mTorr.

3. Axial variation of n.(a) and T,(b) for three different total gas pressures p(2, 3,
4 mTorr), where the filter position(Lg=17 cm) corresponds to L=0. Gas flow rates of
H; and Ar are maintained at 32 and 9.9 sccm, respectively.

4. Axial variation of V; corresponding to the results in Fig. 2.

5. SEM images of the prepared thin films for two different regions: (a) source
plasma region (Lf=13cm), (b) and (c) diffused plasma region(L¢=17cm). Experi-
mental conditions are as follows: V3=80V, I3=2 A, p=2.3 mTorr for (a) and (b), and
4.6 mTorr for (c). Gas flow rate of Hy/Ar/CH,=32/10/4 sccm. Substrate potential
is the earth potential and substrate position Lgy;,=15 cm.

6. Raman Spectra of the prepared thin films (type I), corresponding to the results
shown in Figs. 5(b) and 5(c), where the substrate potential is the earth potential.

7. IR spectrum of the prepared thin film (type II), where the substrate potential is
the floating potential. Experimental conditions are the same as in Fig. 5 except that

the substrate potential is the floating potential (—4.5V).
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