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Phase resolved optical emission spectroscopy (PROES) of asymmetric capacitively coupled 

radio-frequency (ccrf) plasmas (13.56 MHz) was used to analyse different spatio-temporal 
excitation patterns depending on plasma process parameters power and total pressure.  

The rf plasma was generated between two plane and circular electrodes made of stainless 
steel at a distance of 25 mm and 80 mm in diameter. One of the electrodes was connected to the 
grounded wall of the vacuum chamber, whereas the other electrode was powered via matching 
network and rf generator. Hydrogen, oxygen, argon and mixtures of argon and oxygen were used 
as process gases. The pressure was varied between 20 and 100 Pa at total gas flow rate of 3 sccm 
and the rf power between 10 and 100 W, respectively. The PROES was performed by an ICCD 
camera and interference filters in front of it, which selected the emission of the lines at 656 nm 
(Hα), 751 nm (Ar), 777 nm (O), 841 nm (Ar) and 844 nm (O). To get phase resolved emission 
intensities the camera was gated and a pulse delay generator was used to shift the gate within the 
rf cycle. 

From the measured spatial (axial) and phase resolved emission intensities the excitation 
rates were calculated by use of estimated effective life times τeff (figure 1). 
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Fig. 1 Excitation rates calculated from 844 nm emission of oxygen at 100 Pa for (a) 10 W and  

(b) 77 W with -67 V and -348 V self-bias voltage, respectively.    
 
The excitation rates show four prominent patterns, which are already known from hydrogen 

[1], but also appear in oxygen for different process parameters. The patterns I – III appear due to 
electron impact excitation during the sheath expansion phase (I), the emission of secondary 
electrons from the powered electrode (II), and a short-timed field reversal at the sheath collapse 
phase (III). Furthermore, excitation by heavy particle collisions results in a fourth pattern (IV) 



directly in front of the powered electrode. Nearby the powered electrode, the collisions between 
accelerated positive ions or fast neutrals with background gas play an important role. The resulting 
excitation pattern in front of the powered electrode causes a second peak in time averaged 
emission profiles, whereas the time-resolved emission is characterized by a sinusoidal modulation 
[2]. 

In argon, oxygen and mixtures of argon and oxygen the formation of different patterns (I-
IV) shows a strong dependence on the plasma process parameters power and pressure. For 
example in oxygen plasma, the emission of the pattern due to field reversal (III) is observable only 
at low power (figure 1), whereas excitation by secondary electrons requires both, higher power 
and pressure (figures 1 and 2). Additionally, the increasing total pressure is combined with 
decreasing mean sheath thickness [3] as well as stronger sinusoidal modulation of excitation 
pattern IV. Furthermore, the transition of the plasma from the α-mode to the γ-mode is clearly 
visible (figure 2). 
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Fig. 1 Excitation rates of the transition from α- to γ-mode of the oxygen plasma for increasing total 

pressure and power. The diagrams on top are presenting the temporal behaviour for fixed axial 
positions to emphasize the change of dominance. 

 
Apart from the pure experimental analysis the calculated excitation rates were compared 

with excitation rates from PIC-MCC-simulations [4]. According to that, the assumed heavy 
particle collisions of O2

+ ions with the background gas reproduce quite well the pattern IV and its 
temporal modulation from our measurements for oxygen. Furthermore, the implementation of 
secondary electron emission in simulations results in qualitatively similar excitation patterns 
observed in experiment. 
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