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Introduction 

 
Nonlinear behaviour of sheaths in capacitively coupled 

discharges gives rise to higher harmonic frequencies of RF 
voltage and current1,2. The higher harmonics influence the 
plasma parameters3,4, especially at low pressures. Moreover, 
they can be used for diagnostics purposes5,6. However, the 
higher harmonics show a complicated dependence on both the 
plasma and the reactor parameters including the parameters of 
the matching unit. Since the matching unit parameters are not 
constant during numerous plasma measurements or processes, 
it is useful to understand the influence of the matching unit 
parameters on the higher harmonics behaviour. Therefore, this 
article deals with measurements of the influence of the match-
ing unit parameters on the higher harmonic amplitudes. Since 
the higher harmonics are strong especially inside the plasma, 
they were measured by means of an uncompensated probe 
immersed directly into the plasma between the electrodes.  

 
 

Experimental 
 
The experiments were carried out in a spherical (i.d. ca 

33 cm) stainless steel grounded reactor with two horizontally 
mounted, parallel, stainless steel electrodes of 80 mm diame-
ter. The upper electrode, embedded in a grounded ring, was 
driven at the frequency of 13.56 MHz. The bottom electrode 
was grounded. Their distance was 40 mm. The reactor was 
exhausted by a turbomolecular pump with a membrane pump. 
The pressure varied within the range 4−32 Pa. The presented 

experiments were carried out in argon.  
The matching unit, which was placed between the RF 

generator and the powered electrode, consisted from two ca-
pacitors (one from them was tunable) and a tunable coil.  The 
schema of the electric circuit is shown in the fig. 1. The RF 
power varied within the range 10−45 W. The DC self-bias 
was measured on the coaxial cable between the matching unit 
and the reactor.  

The higher harmonic frequencies were measured by 
means of an uncompensated probe consisting of a metallic 
wire connected via a coaxial cable to the oscilloscope. Since 
the wire was immersed directly into the plasma, it was a sen-
sitive sensor of higher harmonics. The amplitudes of the har-
monics were calculated by Fourier transformation.  

 
 

Results and discussion 
 
Whereas the current and voltage waveforms measured 

on the coaxial cable between the matching unit and the reac-Fig. 1. Schema of the experimental apparatus 

Fig. 2. Two periods of a typical waveform measured by means of 
an uncompensated probe immersed into the plasma (upper 
graph) and two examples of the Fourier transformation of the 
probe waveform (bottom graph). The stars and circles represent 
measurements at 7 Pa and 23 Pa, respectively  
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tor showed only small deviations from a monofrequency sinu-
soidal behaviour, the uncompensated probe voltage was su-
perposed by a number of strong harmonic frequencies. A 
typical waveform measured by means of the probe and its 
Fourier transformation are shown in the fig. 2. The waveform 
consists from more than ten harmonic frequencies whose 
amplitude generally decreases with increasing order 
(frequency) of the harmonic. It is worth to mention that 
higher harmonics are stronger at low pressure since they are 
less damped by the electron-neutral collisions and they can 
eventually reach the series plasma-sheath resonance7. The 
relationship between the measured probe voltage waveform 
and the time dependence of the plasma potential is quite com-
plex, since the measured waveforms are affected by the probe 
electric parameters and by the thin nonlinear sheath around 
the probe. However, proper understanding of this relationship 
is not necessary for the plasma monitoring based on the un-
compensated probe. Consequently, simply the amplitudes 
measured by the probe were used for the purpose of this arti-
cle without an complicated calculation of the amplitudes of 
the plasma potential harmonics.  

Firstly, the uncompensated probe voltage waveforms 

were measured at various matching unit parameters and the 
higher harmonic amplitudes were calculated from the re-
corded data. The power produced by the RF generator was 
kept constant during these measurements. An example of the 
dependence of higher harmonic amplitudes on the matching 
unit parameters is shown in the fig. 3. This figure depicts the 
dependence of the harmonic amplitudes on the matching unit 
coil inductivity at argon pressure of 7 Pa. The picture shows 
behaviour of only five harmonic frequencies (second to sixth) 
because the other harmonics with higher order show very 
similar behaviour to the five depicted harmonics. Most of the 
harmonic amplitudes reach their maxima at the inductivity of 
approximately 0.84 µH, which corresponds to an ideal tuning 
of the matching unit. At this inductivity the RF power deliv-
ered to the discharge reaches its maxima resulting in the high-
est harmonic amplitudes.  

The measurements shown in the fig. 3 evoke a question 
whether the only reason for the depicted behaviour of higher 
harmonics is the change of the RF power delivered to the 
discharge. In order to test this hypothesis power dependences 

Fig. 3. The dependence of the amplitude of second and third 
(upper graph) and fourth to sixth (bottom graph) harmonic fre-
quencies on the inductivity of the coil in the matching unit. The 
power produced by the RF generator was kept at 30 W during this 
measurement   

Fig. 4. The dependence of the amplitude of second and third 
(upper graph) and fourth to sixth (bottom graph) harmonic fre-
quencies on the (non-reflected) power delivered to the discharge. 
The closed circles represent the power dependence measured at con-
stant matching unit parameters, the stars represent the dependence 
measured at various coil inductances (see fig. 3) and the open circles 
are measurements with various capacitances of the capacitor  
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of the higher harmonic amplitudes were measured at constant 
matching unit parameters. The parameters related to the best 
matching were chosen. These power dependences of the sec-
ond to sixth harmonic amplitudes measured at 7 Pa are shown 
in the fig. 4. The same picture shows the dependences of the 
harmonic amplitudes measured at constant generator power 
but at varying inductivity of the matching unit coil (the de-
pendences depicted in the fig. 3) or at varying capacity of the 
matching unit capacitor. In spite of the fact that the power 
produced by the RF generator was constant in these two 
measurements, the power delivered to the discharge varied 
due to the reflections caused by the unideal matching. There-
fore, both these dependences of the harmonic amplitudes can 
be shown in the fig. 4 as functions of the RF power delivered 
to the discharge. Since the three dependences shown in the 
fig. 4 (which are represented by closed circles, stars and open 
circles) do not coincide, the change of the higher harmonic 
amplitudes induced by the change of the matching unit pa-
rameters is not caused only by the change of power delivered 
to the discharge. In other words, any change of process pa-
rameters followed by a change of matching unit parameters 
can cause a change of higher harmonics even if the power 

delivered to the discharge remains constant.  
Since higher harmonics are produced by the nonlinearity 

of sheaths, all the measurements that were depicted in the fig. 
4 are shown in the fig. 5 as functions of the DC voltage of the 
sheath at the powered electrode. The value of the sheath volt-
age was estimated as a difference between the probe floating 
potential and the DC self-bias measured at the powered elec-
trode. This estimation neglects the difference between the 
floating potential of the uncompensated probe and the plasma 
potential, which is sufficiently small when compared with the 
sheath voltage. Since the discharge was strongly asymmetric 
at the pressure of 7 Pa, the sheath voltage at the grounded 
electrode was negligible when compared to the sheath voltage 
at the powered electrode. In this case, all the three depicted 
dependences coincide well. As a result, at our particular ex-
perimental conditions the behaviour of the higher harmonics 
induced by the change of the matching unit parameters was 
entirely controlled by the behaviour of the sheath voltage.  

The above described dependences were measured at the 
pressure of 7 Pa. The same measurements were carried out 
also at different pressures and examples of the measurements 
are shown in the fig. 6. The harmonic amplitudes changed 

Fig. 5. The dependence of the amplitude of second and third 
(upper graph) and fourth to sixth (bottom graph) harmonic fre-
quencies on the sheath voltage. The symbols and their meanings are 
the same as in the fig. 4  

Fig. 6. The dependence of the amplitude of the fourth (upper 
graph) and the seventh (bottom graph) harmonic frequency on the 
sheath voltage for three different argon pressures. The symbols 
and their meanings are the same as in the fig. 4 
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significantly when the pressure was changed since the har-
monics are sensitive to many pressure dependent plasma pa-
rameters like electron concentration, electron collisional fre-
quency, discharge asymmetry etc. However, the fact that the 
change of the harmonic amplitude induced by the change of 
matching unit parameters can be explained by the change of 
the sheath voltage remained approximatively valid. Certain 
deviation from this rule can be seen in the case of the pressure 
23 Pa. At this pressure the discharge was not longer asymmet-
ric enough to enable the neglect of the sheath at the grounded 
electrode and the influence of this sheath should be taken into 
account.  

 
 

Conclusion 
 
The dependence of amplitudes of higher harmonic fre-

quencies on the matching unit parameters was measured in 
asymmetric capacitively coupled discharge by means of an 
uncompensated probe immersed into the plasma. Most of the 
harmonics reached their maxima in the case of optimal 
matching, i.e. when the RF power delivered to the discharge 
was maximal. However, the decrease of the power delivered 
to the discharge due to the power reflection caused by a 
change of matching unit parameters did not explain the be-
haviour of higher harmonics sufficiently. It was shown that 
the behaviour of higher harmonics was at our experimental 
conditions determined by the sheath voltage.  
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Higher harmonic frequencies of electric voltage and 

current are significant features of low-pressure capacitively 
coupled discharges. Their behaviour is quite complex since it 
is a function of many plasma and reactor parameters. This 
article deals with the influence of matching unit parameters 
on amplitudes of higher harmonics, which were measured by 
means of an uncompensated probe immersed into the plasma 
of an asymmetric capacitive discharge. Most of the harmonics 
reached their maxima in the case of optimal matching, i.e. 
when the RF power delivered to the discharge was maximal. 
However, the amount of the power delivered to the discharge 
did not explain the behaviour of higher harmonics suffi-
ciently. It was shown that at our experimental conditions the 
behaviour of higher harmonics was determined by the sheath 
voltage.  


