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There has been considerable interest in reducing hollow cathode dimensions to below 

100µm for high plasma density and/or high (atmospheric) pressure operation. These micro-
hollow cathodes (MHC), are operated under DC or pulsed-DC conditions and have an open 
cylinder [1] or well structure [2,3]. Further scaling of DC-based devices is limited by reliability 
issues due to high gas temperatures and the high energy ion bombardment at the cathode. The 
mechanisms at play in these devices are as yet unclear. Lee [4] suggests that true hollow cathode 
operation, involving pendular electron motion, is possible up to 100µm diameter. However 
models by Kushner [5] show ionisation occurs predominantly within the sheath, due to 
extremely short mean free paths, and has estimated an upper limit of around 10µm diameter for 
pendular motion. With high frequency (RF) operation, electron heating during the sheath 
expansion phase may offer an alternative or complementary mechanism to secondary electron 
emission at the cathode. In a conventional parallel plate RF plasma, such sheath expansion 
heating plays a less significant role at high pressures. However for the MHC structure, the 
plasma is almost totally surrounded by the oscillating cathode sheath. This has beneficial 
implications for reliability at these dimensions since the requirement for self-sustaining 
secondary electron emission (γ-mode) is reduced and dominant ionisation may occur via sheath 
expansion heating in the bulk plasma. 

 
In this paper we explore RF MHC operation by comparison of the high energy portions 

of the electron energy probability function (EEPF) measured in an MHC with those of 
conventional hollow cathode devices. The MHC device consists of a 100 µm thick stainless 
steel cathode with a 50µm diameter aperture separated by 40 µm from an aluminium anode. 
Spectra were captured via fibre optic cables coupled to a 0.25nm resolution Ocean Optics UV-
NIR spectrometer. Estimates of effective electron temperature, i.e. EEPF slopes, are obtained 
via Optical Emission Spectroscopy (OES) of a neon-argon, gas ratio Ne:Ar = 98:2, plasma and 
pressures from 300 to 500 Torr . Information about the energy probability function (EEPF) 
around 13.5 to 19 eV was obtained by comparison of calculated and measured ratios of neon 
(585.2 nm) and argon (750.4nm) 2p1 emission lines.  
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Excitation rates (ENe, EAr) were evaluated as a function of average electron energy by 
assuming Maxwellian or Druyvesteyn-like EEPFs. The average energy was adjusted so that the 
resultant line ratios fitted those measured. For a pure Maxwellian, the analysis gives electron 
temperature (Te). For any other distribution (e.g. bi-Maxwellian, Druyvesteyn-like) it yields 
local EEPF slope around 13.5 to 19.0 eV, the respective excitation energies of argon and neon. 
The electron temperature of a Maxwellian is 2/3 the average electron energy, however it is not 
defined for non-Maxwellian distributions. In this case we also define the “effective electron 
temperature” <Te> to be 2/3 the average electron energy. Absolute determination of Te or <Te> is 
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not possible at these pressures without accurate quantification of de-excitation rates. No 
published values exist for neon so estimates, with upper and lower limits, from ongoing 
experiments [6] were used . All other parameters are known or measurable. 

To validate the OES methodology, the 
analysis was tested by performing 
simultaneous Langmuir probe measurements 
on a large inductively coupled plasma (ICP), at 
low pressure. Probe measurements show the 
EEPFs to be Druyvesteyn-like over the 13.5 to 
19 eV energy range. Good agreement (Fig 1) 
was observed giving a basis for confidence in 
the OES method. Quenching is insignificant at 
these pressures, so no conclusion on the 
estimates used can yet be drawn. 
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Fig 1: ICP Druyvesteyn-like <Te> v pressure:  
Circles: OES,  Triangles: Langmuir probe. 
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Fig 2: MHC D = 50 µm, G = 40 µm, Ne:Ar = 98:2. (a) Effective Temperature <Te> v pressure at RF 
power = 11W. Pressure varied by pumping (grey) or gas addition (black). (b)  <Te> v RF power. Power 
increasing (grey), decreasing (black). Maxwellian (squares), Druyvesteyn-like (circles) 
 

Figs 2(a) and (b) show the variation of <Te> evaluated for Maxwellian and 
Druyvesteyn-like distributions with power and pressure. Assuming a Maxwellian distribution 
would however require a constant (2 – 3 eV) slope up to 19 eV, which is unreasonable and 
hence the discharge is considered to be Druyvesteyn-like. In Fig 2(a) the <Te> values drop as 
pressure was varied from 300 to 500 Torr, whether by pumping (grey circles) or gas addition 
(black circles). Against power, <Te> rises (Fig 2(b)) from ~ 4.2 to 5.6 eV with increasing RF 
power (grey circles), then falls to ~ 5.0 eV on power reduction (black circles). This hysteresis 
with power may suggest pressure and/or gas ratio changes during these 10-minute experiments. 
The analysis is sensitive to gas ratio but not total pressure variation. Upper and lower neon 
quenching limits give <Te> ± 20% and almost identical trends with power and pressure. 

 
 Analysis and comparison with standard hollow cathode theory as well as comparison with  
DC-driven MHC devices/models will be presented. 
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