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1. Introduction 
     Among the various existing types of plasma sources, the one sustained by an induced electric 
field of high frequency; so-called an inductively coupled plasma, is much attractive, since it is 
very stable and in high density with low electron temperature, and thus a potential candidate 
plasma source for low damage material processing.1,2) In the inductively coupled plasma, 
however, the plasma generation is, to some extent, due to capacitive coupling of RF power from 
the induction coil in a certain condition, and thereby the threshold for its generation is existing.2) 
It is very important, therefore, to clarify the key parameters for the transition from capacitive 
coupling to the inductive plasma, particularly in that the plasma should be precisely controlled 
for high performance in material processings.1-3)The objective of the present work is to study the 
key parameters for the inductively coupled plasma generation and to find out its criterion. In 
this work, the frequency dependence of inductively coupled plasma generation is studied with a 
fixed production system which has been commonly employed. In particular, the inductively 
coupled plasma generations are examined with a single-loop antenna configuration in the range 
from 13 MHz to 60 MHz. A clear frequency dependence of the threshold power was obtained, 
and it was demonstrated that as a criterion for the mode transition there exists a minimum 
electron density which is determined by the frequency. 

 
2. Experimental Apparatus and Method 

The experimental apparatus employed 
in this study is schematically illustrated in 
Fig.1. An inductively coupled plasma 
(ICP) was produced in a stainless-steel 
chamber of 350 mm in diameter by 
supplying an RF power of the frequency 
13 MHz to 60 MHz through an AlN 
window ?εs=9.8) of 10mm in thickness at 
one end. The experiments were carried out 
with a single-loop antenna, constructed 
with a copper sheet of 0.3 mm in thickness 
and 20 mm in width, and the inner 
diameter of the antenna is 100 mm. The 
matching network employed in this 
experiment was basically a π type circuit       
in which the single-loop antenna was 
connected between the two vacuum variable                          Fig. 1 Experimental Apparatus 
condensers with the other terminals grounded. 
 The antenna voltage was monitored by using the digital oscilloscope 54615B (Hewlett Packard) 
through a wide band high voltage probe P6015A (Tektronix). In this work, the argon plasma 
was examined in the pressure range of 1-100 mTorr.The plasma parameters were measured by 
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using the Langmuir probe, plane one having a 1 mmf  diameter with an aid of the high-
frequency compensating filter up to the third harmonics.  
 
3. Experimental Results and Discussions 

Figure 2 (a) and (b) show typical example of the 
experimental results, where the electron density 
measured at 100 and 30 mTorr pressures are 
plotted against the power and compared for the 
two frequencies. At each condition of the 
frequency and the gas pressure, the electron 
density shows an abrupt increase at a certain RF 
power, suggesting the mode transition from CCP 
to ICP. Since the value of the electron density after 
the abrupt increase becomes more than one order 
higher than before, the high density mode may be 
inductively coupled. This kind of the coupling 
mode can also be confirmed by observing visually      
the intensity of the plasma emission along the    
circumference of the antenna, which has already                      Fig.2 (a) Electron density at 2 MHz 
 been reported in our previous paper.2) When the 
plasma is coupled with the antenna capacitively, its 
electron density, hence the plasma emission, 
depends on the antenna voltage. As demonstrated 
in our previous paper,2) the plasma emission 
intensity, which were observed from the bottom of 
the chamber, increased monotonically from the 
one feeder point of the antenna to another, 
indicating that the change in intensity corresponds 
to the antenna voltage distribution along the 
circumference of the antenna. In fact, the intensity 
change of plasma emission depending on the 
antenna voltage distribution was observed for all 
power tested at 60 MHz. From this experimental 
fact, the plasma at 60 MHz is found to be the 
capacitive mode in the power range considered.  

In Figs.2, furthermore, the values of the 
electron density just before the abrupt increase are                 Fig.2 (b) Electron density at 13 MHz 
 very consistent with the frequency and the gas 
pressure. As the frequency is increased, the critical 
electron density is increased. This critical may be 
explained as the following, by the difference of the 
electron energy absorption mechanism between the 
two coupling modes. According to the formulation 
by Lieberman1), the electron energy absorption Pc in 
CCP and PI in ICP can be calculated, and the results 
are plotted, in Fig.3,  for the electron density. The 
value of abscissa at the intersection of two curves in 
Fig.3 can be thought as the critical electron density 
shown above. In order to that the absorption power 
PI overcomes PC, a minimum electron density is 
required. This may be a criterion for the transition to 
the inductively coupled plasma mode.                                                             
                                                                                                         Fig.3 Critical electron density 
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