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Capacitively Coupled Radio Frequency (CCRF) discharges are used for etching
processes in the semiconductor industry. For industrial applications these 
typically operated at low pressures (≤ 1 Pa) and are generally asymmetric. Howe
technological importance, the complexity of power coupling mechanisms in CC
at low pressures is not yet fully understood. Several theorems of stochastic heat
but there is a lack of experimental investigations providing access to plasma par
for the understanding of electron heating with temporal resolution within the RF 
 
A standard assumption in most of the existing work except [5, 6] is a sin
waveform. This is well justified at relatively high pressures or generally
discharges. However, in asymmetric discharges at low pressures of less than 
higher harmonics in the 100 MHz regime can arise and become even domina
frequency oscillations of the RF current waveform are caused by the Plasma Se
(PSR). The regime, in which the PSR effect plays an important, non-n
corresponds to the standard conditions for industrial applications. In this w
investigation of electron (stochastic) heating in this regime, is performed by com
experimental diagnostics, analytical models and simulations. The synergistic
combination allows access to important plasma parameters on a nanosecond ti
detailed understanding of electron heating. 
 
 

 

 

 

 
 
Fig. 1 Left: Comparison between measured (dots) and calculated (solid lines) space an
electric fields in the sheath region of a strongly asymmetric CCRF discharge in krypto
Pa, 8 W). Right: Spatio-temporal plot of the excitation into Kr 2p5 (11.7 eV) under the sa
 
Measurements are performed in a strongly asymmetric hybrid GEC cell in a kry
operated at 1 Pa and 8 W. Electron density, mean energy and electron ener
function (EEDF) in the bulk are measured using a Langmuir probe. The resulting
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EEDF is bi-Maxwellian indicating a regime, where stochastic heating is important. The electric 
field in the sheath at the powered electrode is measured space and phase resolved within the RF 
period by Fluorescence Dip Spectroscopy in krypton (dots in Fig. 1, [7, 8]). The measured fields 
are compared to results of a fluid sheath model (solid lines in Fig. 1, [7,9]) using experimentally 
determined input parameters. Under the same conditions the spatio-temporal excitation is 
measured by Phase Resolved Optical Emission Spectroscopy (Fig. 1, [7]). Using these results 
cause and effect of electron heating are directly compared: During the phase of sheath 
expansion a beam of energetic electrons is generated, that penetrates into the plasma bulk. At 
lower pressures multiple reflections of such beams at the plasma boundaries are observed (Fig. 
2, [7]). Electron beams are also observed in a Monte-Carlo simulation using electric fields from 
the fluid model as input parameters [7]. An analytical model shows that such electron beams 
lead to an enhanced high energy tail of the EEDF as it is measured by a Langmuir probe [7].   
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Fig.2 Left: Spatio-temporal plot of the excitation into Ne2p1 (19 eV) in a strongly asymmetric CCRF 
discharge in a Krypton (90 %) - Neon (10 %) mixture (0,2 Pa, 8 W). Right: Measured (blue line) and 
calculated (black line) RF current under the same conditions. The RF voltage (red line) is also shown. 
 
Simultaneously, the RF current waveform is measured by a current sensor implemented into the 
discharge wall and well reproduced by an analytical PSR model (Fig. 2, [6, 10]). Strong high 
frequency oscillations of the RF current due to the PSR effect are observed. These oscillations 
are correlated with the high frequency oscillations of the excitation during the later part of the 
RF period (Fig. 1). This correlation might be interpreted as Bounce Resonance Heating [11] of 
electrons confined in the harmonic ambipolar potential in the plasma bulk. The resonance 
frequency would then be the PSR frequency. In general the PSR leads to a faster sheath 
expansion and, therefore, enhances the generation of electron beams by the expanding sheath. 
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