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A methyl-radical formation is observed to be enhanced in an Ar-Cl& discharge plasma using a 
hollow cathode with movable pins inside. In the discharge with pins, high energy electrons in the 
radial edge region of the plasma column produce methyl radicals. They diffuse toward the central 
region of the plasma column, increasing their density, where the electron temperature is so low 
(-0.4 eV) that there occurs no reaction to decrease the methyl-radical density. 

In recent years there has been growing interest in plasma 
chemical vapor depositions of hydrogenerated amorphous 
carbon films and diamondlike films because of their advan- 
tages of large thermal conductivities, chemical inertness, and 
high electrical resistivities.’ Various methods have been re- 
ported for the production of such films.‘,3 It has commonly 
been recognized that methyl radicals are quite essential for 
the film deposition,4 promoting measurements of the methyl- 
radical density by using quadrupole mass spectroscopy5 and 
infrared absorption spectroscopy.6 

The production of radicals strongly depends on the elec- 
tron energy. Therefore, it is important to control the electron 
temperature T, and choose the most suitable condition nec- 
essary for material processings. For this purpose we have 
developed a so-called “pin-hollow cathode.“7*s The pin 
length changes a local discharge structure, yielding a T, con- 
trol in the central region of the plasma column. Here, we 
report a methyl-radical production depending on the local 
structure of T, . 

The plasma is produced by applying negative dc voltage 
of -(350-400) V to a 20-cm-diam pin-hollow cathode of 7 
cm long with respect to a 35cm-diam grounded anode with 
a lo-cm-diam hole at the center. The 48 pins are set inside 
the hollow cathode with equal spacing on a circle of 15 cm 
in diameter. The pin length S can externally be changed in 
the range of O-7 cm. When the pins are inserted in the cath- 
ode, the discharge takes place mainly in the radial edge re- 
gion (A), as schematically shown in Fig. 1. Here, the axial 
magnetic field is strong enough for confining electrons radi- 
ally. Therefore, the radial structure of T, in the cathode re- 
gion does not diffuse in the radial direction, persisting along 
the magnetic field into the plasma column. Then, the elec- 
trons of 2-3 eV are locally distributed in the region of r-27.5 
cm and there are only low-energy (-0.4 eV) electrons in the 
central region (B) of the plasma column. When the pins are 
pulled out, however, the discharge appears even in the cen- 
tral region and T, is 2-3 eV in the regions of (A) and (B). 

Typical experimental conditions are as follows: dis- 
charge current I,=O.l-1.0 A Ar pressure P,=S--10 mTorr 
with flow rate 98 seem, axial magnetic field B=120-150 G, 
and the anode-cathode distance is 10 cm in the experiment. 
The CH, gas with a flow rate 2 seem is introduced into the 
Ar plasma. The plasma density and electron temperature are 
measured by a heated wire probe of 0.1 mm in diameter and 
3 mm long. 

The methyl radicals CH3 are measured by a quadrupole 
mass spectrometer. The neutral particles sampled at the ra- 
dial center r=O cm are introduced through a l-mm-diam 
oritlce into a subchamber which is differentially evacuated. 
The threshold ionization technique (appearance mass 
spectrometry)5S9 is quite useful for the radicals which exhibit 
no optical emission. This technique is employed here to 
evaluate the methyl-radical density 11~~. The sampled gas is 
ionized by an electron beam before entering the quadrupole 
electrodes. If the beam energy is set at about 15-16 eV, a 
little higher than the appearance energy (-14.3 eV) for CH: 
ion generation due to dissociative ionization of CH4 and the 
appearance energy (==9.8 eV) for CH; ion generation due to 
direct electron-impact ionization of CH,, both the CHZ ion 
current I:,, and the CHZ ion current 13foE are detected even 
when the discharge is turned off, as shown in Fig. 2(a). 
When the plasma is turned on, the CH, is dissociated to 
produce the CHs in the plasma, which is also introduced into 
the subchamber. Then, two components appear in the CH,f 
ion current Izon: One is due to the direction ionization of 
CH, and the other is due to the dissociative ionization of 
(-334. 

A fraction of CH4 dissociated in the discharge 
is evaluated by the ratio of= vLE-~:,n)l~:o, 
=(nCH40E-nCH40n)IY1CH40fl, because these currents are ex- 
pressed as I&=A u44nbnc&0E and Zlon=A u+,nbnmO,, 
where A is determined by the measuring system, nw,,,, and 
nW,,n are the methane densities when the plasma discharge 
is turned on and off, respectively, nb is the electron beam 
density in the mass spectrometer, and a44 is the ionization 
cross section of CH, for producing the CHZ. a is indepen- 
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FIG. 1. Schematic drawing of discharge structure using a hollow cathode 
with pins inside, where (A) and (B) show high and low election temperature 
regions, respectively. 
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FIG. 2. (a) Typical output signak of quadrupote mass spectrometer at mass 
numbers of M=15 (CHa) and 16 (CH4) when the discharge is turned off 
(solid curve) and on (dotted curve). The currents, I:,a, Ii,,, I~Om and Izon 
indicate corresponding pe&. values, respectively. (b) Dependences of disso- 
ciation ratio LY on discharge current In with pin length 6 as a parameter. (c) 
Methyl-radical density 12~~. as a fuction of discharge current I, with pin 
length S as a parameter at the radial center. Total pressure=5X10W3 Torr. 

dent of the electron beam energy. Figure 2(b) shows a varia- 
tion of Q  as a function of Id with S as a parameter. The 
methane dissociation increases with an increase in Id. As Sis 
increased, the dissociation increases even for Id=constant. 
This means that the variation of discharge structure due to 
the pin length is important for an efficient methane dissocia- 
tion. 

From the output signals of the quadrupole spectro- 
meter shown in Fig. 2(a), the CHs density in the plasma 
na3 C=nm30n) is estimated from the relation 
n~3/n~off=(~~~~33)(1-~)(~~,a/~~,,-~~,~~~o~), where 
IJfon=Aff43nbn~on+Aff33nbn~H30”, Gaff =Aah3nbnmoff, 
cr4, and d3 are the dissociative ionization cross sections of 
CH4 to yield the CHZ and the direct ionization cross section 
of CH, to yield the CHZ, respectively. The dissociations 
from other products C,Hn into the CH: and CHZ are negli- 
gible for such a low electron-beam energy as in our case. 
When the beam energy is set at 15 eV, for example, 
a3,==0.56X lo-t6 crne2 and ~44-O.2X lo-t6 cm-2.10711 

Variations of na3 as a function of Id are shown with S 
as a parameter in Fig. 2(c). For S=6 cm we find an enhanced 
production of the CH,, which increases with Id, and when 
IpO.9 A, na3 is 2.5X1O’o cmW3. However, for S=O cm, an 
increase in ncEI, is relatively small compared to the case of 
S=6 cm. These variations are quite similar to the dissocia- 
tions shown in Fig. 2(b). 

A dependence of na3 on S is shown in Fig. 3. It is 
found that na3 starts increasing at S-2-3 cm and attains 
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FIG. 3. Methyl-radical density ~,a, electron temperature 27, and electron 
density nF as a function of pin length S at the plasma center. Total 
pressure=5X10-3 Torr and a discharge current=0.3 A. 

approximately 1.5X10t” cmW3 at S=5-6 cm. In order to 
investigate the relation to the plasma parameters, T, and n, 
at r=O cm are also plotted in Fig. 3. T, is found to decrease 
with S and becomes 0.43 eV for S-6 cm. Therefore, the 
higher ncn3 is observed in the very low Te plasma. As S is 
increased, n, also decreases from S=2-3 cm and at S=6 cm, 
it becomes about 20% of that of S=O cm. This is due to an 
enhanced production of negative hydrogen ions H- .I’ In 
spite of the decrease in II,, na3 increases as S is increased. 
Therefore, we presume that the CH, is produced not in the 
low T, region but in the high T, region surrounding the low 
T, region. It is to be remarked that na3 is more sensitive to 
T, rather than ne . 

The CH, density in the central region is determined by a 
balance between the production rate (or inward diffusion 
from the plasma periphery where the CH3 is produced) and 
the loss rate from the central region with different electron 
temperature. The CH3 is produced by the electron impact 
dissociation (e+CH4-+CH3+H+e) in the high T, region, 
although a small amount of the CH3 might be produced 
by an ion-molecule reaction (CHZ + CH4-CHz + CH,)! On 
the other hand, candidates for loss channels 
of the CH, are the volume recombinations 
(CH3+CH3-+HG, CH, +H-CH,), ion-molecule reactions 
(CH; + CH,-+H,f +Hz), and surface reactions [CH,’ 
(or CH3)--+CH(s)+H2, where (s) indicates an adsorbed spe- 
cies] on the chamber wall and the electrodes.4a5’13 Under our 
experimental conditions, however, the CH3-CH3 combina- 
tions would be negligibly small because the CH, density is 
relatively low (=lO” cm-“) and the time scale of the radical 
density decay [~l/(n~~~)] is more than 10 s because the 
rate coefficient K is of the order of lo-‘l cm3/s. The surface 
reaction rates are also supposed to be sma11.4*5 Therefore, the 
remnant ion-molecule reaction is a dominant loss process of 
the CH3t3 in our experiment. According to Ref. 4, the rate 
coefficient of this reaction is of the order of 10m9 cm3/s, 
larger by two orders of magnitude than K mentioned above. 

On the basis of these considerations, we can explain the 
mechanism of the CH, density increase with a decrease in T, 
in the central region. When S is large under a fixed discharge 
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current, the glow discharge appears in the radial edge region 
(A) of the plasma column, where electrons of T,=2-3 eV 
are pr0duced.s In this narrow region, the CI-& is dissociated 
to produce the CH,. The CH, moves into the inner region 
(B) where T,=0.4 eV and IZ, decreases drastically as shown 
in Fig. 3. In this region the ionization of the CH, is quenched 
and we can neglect the ion-molecule reaction mentioned 
above. In the region (B), therefore, there is no furious chemi- 
cal reaction decreasing naH,. This is the reason why an in- 
crease in ncn, is observed as 8 is increased. 

When S approaches zero, however, the high T, and II, 
plasma occupies the whole plasma column.8 In this case, the 
CH, is produced in the whole plasma column through the 
electron impact dissociation. The CH, is also ionized to yield 
the CH; which in turn reacts with the CH, to decrease the 
ncH3, balancing with the Cl& production. 

In our experiment, ncn, (-lXIOr” cmm3) is rather low 
compared with that in other works where ncx.r,=1011-1012 
cmW3 for pure CH, radio-frequency plasmas with CH4 pres- 
sure of lo-50 mTorrs*r4 In our work, the net CH, partial 
pressure in a CH4-Ar plasma is 0.16 mTorr, roughly less by 
two orders of magnitude than the values in those works. The 
density ratio ncn$z~,,-(0.7-1.0)X lOO-” at S=O cm, how- 
ever, gives an almost similar value to those in Refs. 5 and 14. 
The value of nm.&zWOn is enhanced by increasing 8, as 
shown in Fig. 3. Our work clearly shows that a local de- 
crease in the electron temperature provides a key mechanism 
for sustaining a higher methyl radical density. 

In summary, an effect of local structure of the electron 
temperature on the methyl-radical production has been clar- 
fied in an Ar-CH, discharge plasma produced by using a 

pin-hollow cathode. The methyl radical density is estimated 
using the quadrupole mass spectroscopy. A region of low 
electron temperature is very effective for sustaining a higher 
methyl-radical density in the discharge plasma. 
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