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Non-thermal low temperature plasmas, in particular radio-frequency (rf) discharges, are 

widely used for technological applications. Increased demands on plasma technology have 
resulted in the development of various discharge concepts based on different power coupling 
mechanisms. Despite this, power dissipation mechanisms in these discharges are not yet fully 
understood. This limited understanding is predominantly due to the complexity of the underlying 
mechanisms and difficult diagnostic access to important parameters. Optical measurements are a 
powerful diagnostic tool offering high spatial and temporal resolution. Optical emission 
spectroscopy (OES) provides non-intrusive access, to the physics of the plasma, with 
comparatively simple experimental requirements.  

Insight into the electron dynamics within the rf cycle can yield vital information. This 
requires diagnostics with high temporal resolution on a nano-second time scale. Improved 
advances in technology and modern diagnostics now allow deeper insight into fundamental 
mechanisms. Phase resolved optical emission spectroscopy (PROES), within the rf cycle, provides 
non-invasive access with excellent spatial and temporal resolution [1-3].  

 The electron energy distribution function (EEDF) is a key parameter in plasmas, governing 
dissociation, excitation and ionisation processes with relevance in plasma applications. Electrons 
in a rf discharge acquire energy from the oscillating electric field and lose energy through 
collisions with the background gas. In rf discharges the EEDF shows a time dependent behaviour, 
which can be observed in the optical emission. Different power coupling mechanisms have 
different temporal behaviour in the emission. Therefore, PROES is a very powerful diagnostic 
technique for distinguishing between the different power coupling mechanisms, in particular in 
hybrid mode discharges. 

 The optical emission from rf discharges exhibits temporal variations within the rf cycle. 
These variations are particularly strong in capacitively coupled plasmas (CCPs), but also easily 
observable in inductively coupled plasmas (ICPs). Neglecting these variations in classical time 
averaged OES, based on balance equations, can result in serious misinterpretation. The effect of 
neglecting temporal changes is not as pronounced in ICPs as in CCPs. However, even these 
relatively small modulations can be exploited for insight into power dissipation. In the 
following we focus on interesting kinetic and non-linear coupling effects in capacitive systems. 

 
Experimental setup for phase resolved optical emission spectroscopy (PROES) 

A PROES set-up typically consists of a fast, gate-able, detector such as an intensified CCD 
camera (ICCD) with a spectral filter for spectral discrimination of an emission line. The ICCD 
camera is synchronized with a signal from the rf generators powering the discharge. 
Measurements with a defined gate width can be performed. For typical rf frequencies a gate width 
of 1 ns – 2 ns is required for detailed investigations. A variable delay between the camera gate and 
rf voltage allows for phase resolved measurements within the rf cycle. The intensities measured in 
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the camera gate are integrated over many rf cycles, for a certain phase setting, to obtain good 
signal to noise ratio. Fainter emission lines can be integrated for longer. The ICCD camera allows 
spatially resolved measurements in various discharge systems. From the measured phase resolved 
emission the excitation is determined by de-convoluting with the effective lifetime of the excited 
state.  

 
Single frequency capacitively coupled plasmas 
 The optical emission phase resolved within the rf cycle from a relatively simple 
asymmetric capacitively coupled plasma exhibits a very pronounced and complex dynamics. 
The chamber wall is grounded. A large sheath potential forms at the powered electrode and very 
small potential at the grounded chamber wall. This design ensures minimal interaction of the 
two plasma boundary sheaths in the system. In this work the plasma is operated in neon, a noble 
gas with simpler plasma chemistry compared to technologically employed molecular gases. 
 The Ne 2p1 emission is measured phase and space resolved in an asymmetric 2 MHz 
neon CCP for various pressures. Figure 1 shows the excitation as determined from the measured 
phase resolved optical emission at pressures of 64 Pa, 8 Pa and 1 Pa. Different electron impact 
excitation processes can be clearly identified at the different pressures.  At the higher pressure 
of 64 Pa the excitation at approx. 350 ns in fig. 1 (a) is due to secondary electrons being 
accelerated from the electrode surface into the plasma causing excitation on their way. The 
electron trajectory is very ‘straight’ indicating a very high velocity of the electrons that are 
accelerated through the entire sheath potential, of several hundred Volts, in front of the 
electrode. The high energetic electrons created in the sheath region also induce excitation when 
they enter the plasma bulk. This so-called gamma-mode is very similar to the sustaining 
mechanism in a dc discharge. 

At a lower pressure of 8 Pa the discharge is sustained in so-called alpha mode. This can 
be clearly observed through the main excitation structure starting at approx. 20 ns. During this 
phase electrons are accelerated from the powered electrode into the plasma bulk and with it 
these electrons gain sufficient energy for excitation. Comparing this mode to the sustaining 
mechanism in figure 1 (a) at 64 Pa, there are clear differences. At the higher pressure the main 
excitation structure is about 330 ns later than the sheath expansion at 8 Pa. A distinct difference 
between the two pressures is also the smaller sheath at the higher pressure indicating a higher 
density. 

Reducing the pressure even further to 1 Pa the discharge goes into another operating 
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Figure 1: Spatio-temporal plot of the excitation in front of the powered electrode in an 
asymmetric neon 2 MHz capacitively coupled plasma (CCP) at (a) 64 Pa, (b) 8 Pa and (c) 1 Pa. Dark 
regions denote high excitation. 
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regime [1]. Figure 1(c) illustrates the complex non-linearity of the sheath dynamics at the very 
low pressure operation limit of the discharge where kinetic effects dominate plasma 
sustainment. Wave particle interactions resulting from the flux of highly energetic electrons 
interacting with thermal bulk electrons give rise to a series of oscillations in the electron 
excitation phase space at the sheath edge. This instability is responsible for the sustainment of 
the plasma when so-called ‘ohmic heating’ is no longer efficient. Another interesting feature is 
the observable excitation structure very close to the electrode as the sheath collapses, this is 
similar to a field reversal as known from electron-negative and hydrogen CCPs. However, the 
electron acceleration mechanism is somewhat different here, and arises due to the large sheath 
width and electron inertia allowing the build up of a local electric field accelerating electrons 
towards the electrode. 

The different excitation structures in the plots clearly show the operation of the 
discharge in various modes: gamma-mode where the plasma is sustained through high energetic 
secondary electrons and well known from dc-discharges, and different rf modes where the 
discharge is sustained through the highly non-linear rf sheath dynamics, a topic in itself. The 
plots clearly illustrate the power of PROES to distinguish different power coupling mechanisms 
and mode transitions in plasmas.  
 
Dual frequency capacitively coupled plasmas 
 Multi-frequency discharges provide additional process control for technological 
applications. The electron dynamics exhibits a complex spatio-temporal structure. Excitation 
and ionisation, and, therefore, plasma sustainment is dominated through directed energetic 
electrons created through the dynamics of the plasma boundary sheath. Non-linear frequency 
coupling is observed in plasma boundary sheaths governed by two frequencies simultaneously. 
The nature of these coupling effects strongly depends on the ratio of the applied voltages. 
 Figure 2 shows the phase and space resolved excitation as determined from the emission 
of an asymmetric neon dual-frequency CCP (2f-CCP) operated at 1 Pa and 2 MHz and 14 MHz 
simultaneously for three different voltage conditions (a) when the 2 MHz dominates, (b) with 
equal voltages and (c) when the 14 MHz dominates. The phase axis shows one 2 MHz rf cycle 
with a time resolution, of 1 ns, within the high frequency rf cycle. The discharge is operated at 
relatively low powers and pressures to avoid secondary electrons. Thus, the discharge operates 
in pure alpha-mode where secondary electrons emitted from the electrode surface do not 
contribute to excitation or ionization. An alpha-mode discharge is preferred since as observed 
for the single frequeny discussed above secondary electrons can be very dominant and make it 
difficult to decipher the sheath dynamics within the discharge. 
 There are two noticeable differences in the plots, first, as more 14 MHz voltage is added 
the sheath width decreases. Secondly, the high frequency excitation structures become more 
dominant as the high frequency component increases. 

In figure 2 (a) at a phase of approx. 70 ns the sheath can be observed to expand from the 
electrode into the plasma bulk and along with it a strong excitation structure, emerging from the 
acceleration of electrons in the expanding sheath electric field. This is similar to the sheath 
expansion excitation in the single frequency case in figure 1 (b) and (c) above. However, in the 
dual frequency case here the excitation structure is followed by two pronounced but smaller 
excitation structures at a distance of around 100 mm from the electrode surface. They also 
propagate in the direction towards the bulk plasma. These minor excitation structures while 
similar to the single frequency oscillations in figure 1 (c), have a different origin. As the 14 MHz 



voltage component is increased these minor excitation structures become more pronounced and 
the number observed increases. When the 14 MHz voltage component dominates the 2 MHz, 
seven of these excitation structures can be identified. These correspond to the seven high 
frequency cycles that are within one low frequency 2 MHz cycle. The excitations can be explained 
through the acceleration of electrons during the phases when the sheath momentarily expands, due 
to the high frequency, during the low frequency cycle. 

In figure 2(a), the low frequency dominates the sheath dynamics and electrons are 
accelerated into the plasma bulk during the phase of sheath expansion. As in traditional single 
frequency CCPs, operated in alpha-mode, electrons gain energy as the sheath expands into the 
plasma (figure 1(a) above). Comparing fig. 2(a) to a pure single frequency 2 MHz plasma the 
main influence of the additional 14 MHz component is an enhancement of the excitation due to 
the simultaneous increase of both frequency components as opposed to the 2 MHz only. The 
acceleration of electrons and energy gain is governed by the sheath velocity. The velocity of the 
sheath edge in figure 2, at a phase of 70 ns, can be estimated, from the slope of the excitation 
trajectory, as 5.3×106ms−1, 4×106ms−1 and 3.5 × 106ms−1 for conditions (a), (b) and (c), 
respectively. This illustrates that the velocity of the sheath edge is governed by the sheath 
thickness; the larger the sheath the faster its velocity, in order to cover the greater distance in the 
same time. With dual-frequency excitation electrons gain energy during the phases of increasing 
voltage, giving rise to multiple excitation maxima in each low frequency cycle. The velocity of 
these oscillations depends on the motion of the sheath edge. The dynamics of the sheath in dual 
frequency discharges is particularly complex influenced by the sheath structure and spatial ion 
density profile within the sheath. This is the origin of the frequency coupling and non-linear 
interaction of the two frequency components in a dual-frequency sheath. 
 We have observed that the two applied frequencies couple to each other, and the voltage 
ratio can influence the electron dynamics in the discharge. Under technologically relevant 
conditions (low frequency voltage >> high frequency voltage) interesting phenomena depending 
on the phase relation of the voltages are also observed and will be discussed. 
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Figure 2: Spatio-temporal plot of the excitation in front of the powered electrode in a 1 Pa neon 
dual frequency capacitively coupled plasma (2f-CCP) operated at 2 MHz and 14 MHz  simultaneously 
for three different voltage conditions (a) V(14 MHz) = 25Vrms, V(2 MHz) = 125Vrms (b) V(14 MHz) 
= 125Vrms, V(2 MHz) = 125Vrms (c) V(14 MHz) = 125Vrms, V(2 MHz) =25 Vrms.  
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