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Abstract: In this paper, a review on microplasma discharges is conducted. The different types and configurations used in 
microplasmas such as the Cathode Boundary Layer (CBL), Dielectric Barrier Discharge (DBD), Capillary Plasma 
Electrode Discharge (CPED), Inverted Square Pyramid (ISP), Square Cross Sectional Cavities (SCSC), Radio Frequency 
Inductively Coupled Discharge (RFIC), Radio Frequency Capacitive Coupled Discharge (RFCC), Micro-Hollow Cathode 
Discharge (MHCD), and microstrip technology (MS) discharges at different operating conditions are discussed. 
Numerical and experimental methods used for the analysis of the physics involved in these microplasmas, as well as the 
different construction methods used, are also described. 
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INTRODUCTION 

 Gas discharge plasmas are utilized in a variety of 
applications such as light sources, plasma display panels, 
lasers, etching of surfaces and deposition of thin layers in the 
semiconductor industry. In addition, uses are found in 
surface modification, deposition of protective coating, in 
analytical chemistry (for the analysis of mainly solid 
materials), biotechnological and environmental applications 
[1]. 

 Gas discharge characteristics are generally dependent on 
the pressure-distance product (Pd). In order to produce stable 
glow discharges, one needs to lie within a certain range of Pd 
product. According to Foest et al., [2], stable glow discharge 
plasmas at elevated pressures can be generated and 
maintained easily when the plasma is spatially confined to 
cavities with dimensions below 1 mm, the so-called 
microplasmas. Consequently, over the last few years, there 
has been an increased interest in the field of microplasmas 
driven by their ability to produce stable glow discharges, 
thereby triggering an increasing number of potential 
applications. This interest has resulted in numerous reviewed 
and research papers [2-7], conference workshops [8-14], 
symposiums [15-17] as well as a cluster issue on 
microplasmas [18]. 

 Generally, microplasmas have the prospect of being used 
in various medical and industrial applications including: 
sterilization, medical treatment of human skin, surface 
activation, nanomaterial synthesis, and thin film coating 
[19]. To date, microplasmas have been developed for local 
medical treatment of skin diseases, and especially for the 
treatment of corneal infections [20]. Furthermore, the ability  
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of the medical microplasma system to sterilize a surface has 
been demonstrated by Misyn et al., [21]. Microplasmas are 
used for the remediation of volatile organic compounds 
(VOCs) and in biological decontamination. A growing 
number of laboratories are investigating microplasma 
generation as an excitation source for portable sensors and 
chemical analysis. This work has been summarized by 
Karanassios [5] and includes examples of atomic emission 
and mass spectrometry using microplasma excitation 
sources. Sankaran et al., [22] has also reported the usage of 
microplasma to create silicon nanoparticles through short 
residence-time growth. These particles were 1-3 nm in size 
and also exhibited charging from the microplasma. 

 In the work of Mariotti et al., [6], microplasmas are 
discussed in applications related to the synthesis of 
nanomaterials. Some of the applications include the injection 
of vapour-phase precursors into a microplasma, nucleating 
nanoparticles homogenously. Additionally, by evaporating 
solid electrodes, a number of metal or metal-oxide 
nanostructures of various compositions and morphologies 
are constructed. Finally, microplasmas were found to reduce 
aqueous metal salts and to produce colloidal dispersions of 
nanoparticles when mixed with liquids. 

 A review on plasma medicine is presented by Kong et 
al., [7], focusing on plasma interaction with prokaryotic cells 
(bacteria), DNA, eukaryotic cells (mammalian cells) and cell 
membranes. The delivery of medically active ‘substances’ at 
the molecular or ionic level through effects on cell walls 
(permeabilization), cell excitation (paracrine action) and the 
introduction of reactive species into cell cytoplasm are 
thoroughly discussed. Additionally the effects of the electric 
fields, charging of surfaces and current flow in room 
temperature atmospheric pressure microplasmas are also 
analyzed. 

 According to Fridman et al., [23] an increased interest in 
the use of microplasmas for bio-medical applications has 
developed recently. The microplasmas are able to generate 



46    The Open Applied Physics Journal, 2011, Volume 4 Papadakis et al. 

diffuse atmospheric pressure plasmas with dimensions 
between 10-500 μm that can be used in medical diagnostics 
and environmental sensing. Becker and his colleagues [3, 24] 
have been able to develop different microplasma sources 
which can be used for the removal of VOCs, suitable for 
remediation of gaseous waste streams, detection of trace 
contaminants in gas flow, generation of high intensity 
ultraviolet (UV) radiation, and sources suitable for micro-
sized plasma reactors. Regarding the temperatures observed 
in these microplasmas, the temperatures can vary from room 
temperature in noble gases to 2000  °K in molecular gases. 

 Ozone generation efficiency is traditionally produced 
using Dielectric Barrier Discharges (DBD). It is now 
suggested [25] that the efficiencies for ozone production can 
be improved by utilizing atmospheric pressure Micro-
Hollow Cathode Discharge (MHCD) and Capillary Plasma 
Electrode Discharge (CPED). 

 Generally, in microplasmas one should bear in mind that 
the interface between the plasma and the solid boundary 
considerably affects the discharge characteristics, due to the 
large ratio of surface area to the plasma volume, which 
makes the characterization of plasma-surface interactions 
necessary. Since microplasmas are in a non-equilibrium 
state, they have applications related to functional material 
synthesis, micro-electromechanical systems, ultra-short 
wavelength light sources, and active plasma devices [26]. 

 In order to analyze the physics involved in the above 
microplasma devices, one can either use experimental and/or 
numerical techniques. To study the microplasma behaviour 
experimentally, various techniques are discussed as well as 
methods used for the micromachining of the microplasma 
devices. 

 For the numerical characterisation of microplasmas, 
kinetic and fluid analysis models are discussed. Special 
emphasis in this paper is attributed to fluid models which are 
capable of analyzing these microplasma discharges 
efficiently, provided that the charges exhibit Maxwellian 
velocity distributions. To analyze the charged plasma 
behaviour of electron, positive and negative ions’ in 
microplasmas one needs to solve the conservation for 
charges equations coupled to Poisson’s equation to account 
for the electric field, and the Navier-Stokes equations to 
account for the neutral gas dynamics such as gas heating 
effects. Consequently, for the numerical analysis and 
characterization of microplasmas, the formulation of the 
necessary equations able to capture the physics is identified 
and a specific numerical method to solve the above 
equations is discussed. In the equations, all the important 
physics phenomena such as total conductive, displacement 
and external currents, photoemission and photoionization 
effects are described. Furthermore, the various methods for 
calculating the transport properties of the different gases 
used in microplasma fluid modelling are also identified and 
discussed. 

 In brief, this paper discusses the different configurations 
used to generate microplasmas. It also reviews recent 
advances in the field of microplasmas, and points to future 
trends and their prospective applications. The aim of this 
paper is to provide all the necessary tools and information 

for researchers who are new to the field, to conduct research 
in the emerging field of microplasmas. 

MICROPLASMA CONFIGURATIONS 

 According to Ishii [26] and Yokoyama et al., [27], 
different types of microplasmas are classified into roughly 
three modes, namely, concentrated energy mode, space-
limited mode and mass-limited mode. In the concentrated 
energy mode, the microplasma is generated at the electrode 
tips with concentrated high electric field strengths [28] and 
therefore high electrical energy. In the space-limited mode, 
the microplasma volume is limited by solid boundaries such 
as microcells or capillaries found in plasma display panels. 
In the mass-limited mode, the microdischarge develops 
between electrodes using an initial material such as powder, 
or droplet with no surrounding walls. 

 There are many different types of microplasma 
configurations which are discussed below: 

Cathode Boundary Layer Microplasma (CBL) 

 Fig. (1) shows the typical configuration of a CBL 
discharge [29-31]. It is a DC glow discharge and consists of 
a planar cathode and a ring-shaped anode. In this 
configuration, the discharge is restricted to the cathode fall 
and the negative glow which serve as a virtual anode. The 
CBL is found to be an efficient source of excimer radiation. 
It exhibits a positive slope for the current-voltage 
characteristics over a wide range of currents, which permits 
the parallel operation of such devices without the need for 
any ballast resistors. Belinov [30] shows that there is no need 
to deploy special techniques to explain patterns of glow 
cathodes [32, 33], but rather traditional glow discharge 
analysis using drift/diffusion approximation for the charged 
carriers, including volume ionization, attachment, recombi-
nation, and secondary electron emission. 

 The lifetime operation of DC microdischarges is of the 
order of a few hours since the surface of the microplasma is 
destroyed from the sputtering effect, forcing the 
microplasma to cease to exist [34, 35]. Regarding the scales 
of the CBL discharge, the diameter of the cylindrical cavity 
is in the range of a fraction to several millimetres, and the 
dielectric has a typical thickness of the order of 100 μm and 
with a cavity of the same diameter as the anode [3]. 

 

Fig. (1). Typical configuration of a CBL microplasma. 

Dielectric Barrier Discharge Microplasma (DBD) 

 A DBD microplasma is a discharge which uses dielectric 
boundaries to prevent the discharge to transit into an arc by 
prohibiting the charges being absorbed into the electrodes. A 
typical DBD microplasma configuration is shown in Fig. (2) 
that consists of a planar dielectric barrier discharge with two 
electrodes coated with an insulating layer, forming an air gap 
between them for the microplasma discharge to develop at 
low power operation of less than 250 mW. An atmospheric 
pressure air microplasma ionization source has been 
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successfully constructed with operational lifetimes in excess 
of 5000 hours [36]. The frequencies of operation are as low 
as several kHz to greater than 20 MHz. Using the technique 
described in [37], the neutral gas temperature calculated 
using the rotational temperature of the second positive 
system of N2 was found to remain at ambient, suggesting 
preferable ionization conditions for chemical analysis 
applications. An extensive review of the different DBD 
configurations utilized for microplasma applications can be 
found in [38]. 

 

Fig. (2). Typical configuration of a DBD. 

Capillary Plasma Electrode Discharge Microplasma 
(CPED) 

 The CPED as shown schematically in Fig. (3) is a variant 
of the barrier configuration invented by Kunhardt et al., [39], 
which obtained plasmas with electron densities above 1012 
cm-3. In the CPED, dielectric capillaries are used that cover 
one or both electrodes of a discharge device, and as a 
consequence, the CPED discharge exhibits a mode of 
operation that is not observed in DBDs, the so-called 
“capillary jet mode” [40]. The idea behind the dielectric 
capillaries is to suppress the glow-to-arc transition instability 
by stabilizing the cathode fall region of the discharge. It can 
be driven both by DC and AC voltages, depending on the 
application. The CPED reactors have applications in the 
display, semiconductor, storage disk and optical 
communications industries, with implications in the 
etching/cleaning of electronic structures, surface 
modification, medical sterilization and thin film deposition 
processes. For example, cleaning of metal surfaces such as 
Al (or stainless steel) has been achieved using novel CPED 
plasma operating in atmospheric-pressure ambient air, and 
by monitoring the power, plasma density, residence time and 
feed gas composition. The hydrocarbon removal rates were 
almost 100% for residence times of only a few seconds [41]. 

 Panikov et al., [42] have utilized CPED plasma reactors 
for the destruction of spore-forming bacteria, which are 
believed to be among the most resistant micro-organisms. 
Optical emission spectroscopy (OES) and other plasma 
diagnostic studies have shown that these discharges when 
compared to other atmospheric-pressure discharge plasmas 
experience lower sustained voltage of the order of a few 
hundred volts, lower energy input density and higher average 
electron energy at lower gas temperatures. 

 A diffuse mode of operation is observed at low 
frequencies of the order of a few kHz and plasma bright jets 
are observed above a certain threshold frequency. The 
threshold frequency depends on the length and diameter of 
the capillary holes used. As the distance between the 
capillary holes decreases, the discharge exhibits a uniform 
phase since they overlap. The capillary holes due to their 
non-uniform geometry enhance ionization phenomena and at 

the same time allow direct contact with the metal electrode. 
The non-uniform shape of the capillaries enhances the 
electric field, which in turn enhances ionization by providing 
much more energetic electrons than in a uniform geometrical 
electrode. Due to the existence of capillaries on one of the 
electrodes, the current pulses observed are shown to be 
asymmetric. Studies of the He discharge for similar 
configurations have shown that for the diffuse mode, 
electron densities observed were of the order of 1010 cm-3, 
whereas for the capillary mode were of the order of 1012 cm-

3. However, in another study by Panikov et al., [42], electron 
densities of up to 1014 cm-3 were observed. 

 

Fig. (3). Capillary plasma electrode discharge (CPED) 
configuration. 

 The capillaries have typical diameters in the range of D = 
0.01-1 mm and length-to-diameter ratios (L/D) of the order 
of 10:1 or 1:1 [3, 43] and their operation is limited to 
hundreds of microseconds. 

Micro-Hollow Cathode Discharge Microplasma (MHCD) 

 A MHCD consists of two closely spaced hollow 
electrodes separated by a dielectric layer with a voltage 
applied between them. Fig. (4) shows a typical configuration 
of a MHCD. The diameter of the hole and the thickness of 
the dielectric are of the order of some hundreds of microns. 

 According to Shi et al., [44], the MHCD exhibits three 
distinct regions of operation, the Townsend mode at low 
current, the hollow discharge mode and the abnormal glow 
mode. Within the Townsend and the abnormal modes, the 
discharge operates at positive current-voltage characteristics 
and therefore it can be used in parallel operation of 
microdischarge devices without the use of any ballast 
resistors. Shi et al., have managed parallel operation of 
MHCD in DC argon discharges without the use of ballast 
resistors by extending the operating regime of positive 
current-voltage characteristic of the discharge. 

 Meyer et al., [45] have shown that the lifetime operation 
of a MHCD when compared to that of a DC microplasma 
discharge reduces the electrode sputtering by a factor of 6.5, 
therefore extending the lifetime operation of these 
microplasmas into a similar range. Long term operation of 
DC and MHCD are of the order of a few hours, for example 
17 hours in a particular case. The size of the diameter of a 
typical MHCD is of the order of 250 μm [43]. 

 Stable direct current glow discharges at atmospheric 
pressure air using MHCD as plasma cathode were also 
generated by Abdel-Aleam et al., [46] with lengths from 1 
mm to 2 cm and attaining electron densities between 1011-
1013 cm-3. The sustaining voltage was increased linearly with 
the length of the microplasma, and at currents of 10 mA, the 
electron densities exceeded 1013 cm-3 close to the cathode, 
and reduced to 1011 cm-3 as one moved away from the 
cathode. In the case of two microdischarges operating in 
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parallel at a current of 8.5 mA, the two discharge plasmas 
were found to merge for gaps larger than 0.5 cm, when their 
axes were separated by a distance of 0.4 cm. 

 Schoenbach and co-workers [47] have been able to 
produce stable atmospheric-pressure microplasmas up to 
power densities of 100 kWcm-3. These MHCDs can be 
utilized as plasma cathodes for generating a diffuse 
discharge between the MHCD cathode and a third positively-
biased electrode placed some distance away. This is the so-
called Micro-Cathode Sustained Discharge (MCSD) 
configuration, which can be operated as a non self-sustained 
discharge. 

 MCSD constructed by Schoenbach and co-workers [47] 
operate at DC and exhibit positive voltage-current 
characteristics and allow parallel operation without the need 
for any ballast resistors. Alexeff et al., [48] have also 
demonstrated the operation of a large-area DC discharge at 
atmospheric-pressure, making use of a water-impregnated, 
high-resistivity cathode.  

 According to Puech [49], the MCSD appears as a unique 
tool for producing at high pressure, large fluxes of O2( 1

g) 
metastable states. Schoenbach [50] suggests that, in order to 
achieve stable operation of MHCD one needs to fine-tune 
the Pd product to be in the range of 0.1-10 Torr cm 
depending on the type of the gas, the type of the electrodes 
and the geometry used. MHCD generally operate under DC 
and pulsed conditions and exhibit cathode fall and negative 
glow regions in the abnormal glow regime at high pressures, 
with gas temperatures of the order of 2000 oK in air and 400 
oK in Neon, and can be used as intense excimer emitters. 

 

Fig. (4). Typical configuration diagram of a MHCD. 

Inverted Square Pyramidal Microplasma (ISP) 

 Spatially uniform glow discharges at ambient 
atmospheric air, extending over lengths of at least 0.5-1 mm, 
have been produced in Si (50 μm)2 inverted pyramidal 
microdischarge device. The above device serves as a plasma 
cathode device with a metal or dielectric anode electrode, 
driven at frequencies from 5-20 kHz [51, 52]. This device 
seems ideally suited for environmental analysis of air 
samples by emission spectroscopy. 

 The emitting aperture (pyramid base dimensions) for the 
device shown in Fig. (5) is 50  50 μm2 and the thickness is 
of the order of 100 μm, whereas ISP microplasmas as small 
as 10 x 10 μm2 have been constructed [53]. In the work of 
Park et al., [54], more than 70% of an inverted squared 
pyramid array of 200 x 200 exhibited the initial radiative 
power after 100 hours of continuous operation. 

Square Cross-Sectional Cavities Microplasma (SCSC) 

 SCSC microplasmas have been shown by Park et al., [55] 
to be used as UV radiation sources by utilizing the formation 
of XeO excimer microplasmas [3]. SCSC microplasmas 
constructed by El-Habachi and Schoenbach [56] reached 
efficiencies of 8% for Xe excimer microplasma sources. 
Arrays of microplasma devices fabricated using 

square/circular cross-sectional microcavities in a 
photodefinable glass were also constructed by Kim et al., 
[57], in which each pixel has a circular or rectangular cross 
section and a characteristic dimension of 75-100 μm. The 
microplasmas have the ability to be driven either by DC or 
AC applied voltage. Arrays as large as 25 x 25 pixels have 
been tested operating in the abnormal glow regime in Ne 
pressures between 200-700 Torr [58]. A typical 
configuration of an SCSC microplasma discharge developed 
by Kim et al., [58] is shown in Fig. (6). 

 

Fig. (5). Typical configuration of an ISP microplasma. 

 

Fig. (6). Typical configuration of an SCSC microplasma discharge 
developed by Kim et al., [57]. 

Radio Frequency Inductively Coupled Microplasma 
(RFIC) 

 RFIC microplasmas are electrode-less discharges which 
utilize induction through a coil wrapped around a dielectric 
wall to generate microplasmas as shown in Fig. (7). The 
electric fields generated are usually parallel to the dielectric 
walls, thereby minimizing the sputtering effect which, in 
general, prohibits the prolonged operation of microplasmas. 
However, an RFIC, when operated at high pressures in order 
to obtain large densities of charged species, becomes 
inefficient due to the increased surface to volume ratio, as 
well as due to the fact that the inductance of the coil 
decreases faster than the parasitic resistance. A solution is to 
operate them at higher frequencies such as in the VHF and 
UHF bands; however, the maximum frequency of operation 
is limited by the AC resistance and the self-resonance  
frequency of the coil, as well as from the electron collision 
frequency [34]. 

Radio Frequency Capacitive Coupled Microplasma 
(RFCC) 

 RFCC at high pressures tend to be constricted and easily 
transit to arcs, therefore dielectric layers are often used to 
prevent charges from entering the electrodes, thus 
prohibiting the development of the sheath near the 
electrodes, and thereby the transition to an arc [34]. Fig. (8). 
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shows a typical configuration of a RFCC microplasma 
discharge which has an inter-electrode gap of 65-500 μm. 

 

Fig. (7). Typical configuration of a RFIC microplasma discharge. 

 In contrast with the RFIC, the electric field is 
perpendicular to the dielectric walls, with the consequent 
effect that sputtering prohibits their lifetime operation, as 
well as the pressures of operation. Studies have shown that 
when operating these discharges above the Radio Frequency 
(RF) region, a reduction in the breakdown voltage occurs 
[59] and the efficiency increases [60]. 

 

Fig. (8). Typical configuration of a RFCC microplasma discharge. 

Microstrip Microplasma (MS) 

 MS microplasmas utilize microstrip technology to 
transfer electromagnetic fields into a small air gap in order to 
generate microplasma. A typical schematic diagram of a 
split-ring resonator microplasma source is shown in Fig. (9). 

 

Fig. (9). Typical configuration of a MS split-ring resonator. 

 Hopwood et al., [61] have utilized microstrip 
transmission line technology in the form of a split-ring 
resonator to ignite and sustain 25 m wide discharge 
microplasma between two co-planar gold electrodes. The 
golden electrodes were the two ends of a microstrip 
transmission line that was microfabricated on an Al2O3 
substrate at a resonant frequency of 895 MHz. Within the 
microplasma, optical emission in the UV region was 
obtained, and no plasma induced erosion was observed after 
50 hours of continuous operation. 

 For the detection, as well as size distribution of 
nanoparticles, it is necessary to electrically charge the 
particles and then classify them depending on their 

individual mobilities. This particle classification is 
commonly performed using a Differential Mobility Analyzer 
(DMA) [62]. In their work, Xue and Hopwood [63] have 
generated argon microplasmas in a 350 μm microstrip 
transmission line discharge. This microplasma device is 
alternatively used for the classification and detection of 
nanoparticles by basically negatively charging the 
microparticles using stray electrons, directing them towards 
the potential well of the microplasma, and therefore trapping 
the nanoparticles within the microplasma. The balancing of 
the electrostatic force of the potential well against the 
molecular drag force enables the trapping of the particles. 
The nanoparticles retain the negative charge after the 
microplasma is extinguished, which can later be 
electrostatically detected and identified. 

 Hopwood et al., [61] microstrip technology has been 
shown to offer a major advantage in atmospheric-pressure air 
microplasmas in comparison to the other methods, as it 
minimizes the ion sputtering effect on the dielectric walls 
without the use of any flow gases, As such, their lifetime 
operation is extended, as well as improving the power 
consumption, cost and ease of manufacture of these 
microdevices. 

 In a latest work by Hopwood and co-workers [64], a 
microstrip split-ring resonator (MSRR) discharge operating 
at 1.8 GHz in atmospheric-pressure helium was constructed 
capable of being used as an excitation source. Microwave 
power of 0.2 W is necessary to continuously maintain the 
microplasma with no electrode damage. It was used for 
chemical detection and as a sensor for gas chromatography. 

 Jaeho et al., [65] have used an alternative to the split-ring 
resonator microstrip technology in order to generate 
atmospheric-pressure air microplasmas. Fig. (10) shows such 
a configuration which comprises of a microwave source, a 
stub element for matching purposes, an electrode aluminium 
strip, alumina protrusions and an etched air gap for the 
microplasma to develop. In a recent work by Gregorio et al., 
[66], microplasmas within gaps of 50-200 μm were created 
using the microstrip transmission line technology. 

 

Fig. (10). Typical microstrip configuration using a microwave 
source [65]. 

 The plasma temperatures were measured using OES, 
whereas the electron densities using Stark broadening 
measurements of the H  line-emission profile. The rotational 
and vibrational temperatures in air were between the ranges 
950-1400 oK and 5200-5800 oK respectively, whereas in 
argon the rotational and excitational temperatures were 550-
630 oK  and 5800 oK, respectively. High electron densities of 
the order of 1014 cm-3 were observed within volumes of 10 4 - 
10 3 cm3. 
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 Jaeho et al., [65] and Gregorio et al., [66] suggest using 
higher frequency microwave sources, of the order of 24.5 
GHz, in order to allow the formation of air microplasmas at 
smaller sizes. 

NUMERICAL ANALYSIS 

  To perform numerical analysis of a physical system, 
three important steps are necessary. Firstly, the physical 
problem must be clearly defined and this is achieved by 
identifying the characteristic quantities that best describe the 
physical system. The second step is to define the governing 
equations which relate to the characteristic quantities 
involved in the system. Finally, the third step is to select the 
appropriate numerical method to solve the selected system of 
equations, as well as the suitable initial and boundary 
conditions. Thereafter the numerical method is formulated 
and implemented in computer software and executed to 
obtain the behavior of the physical system. 

 To describe the state of microplasmas rigorously, it 
would be necessary to numerically analyze all the particle 
locations and velocities and describe the electromagnetic 
field in the plasma region. However, it is generally 
impossible, with the current computer resources, to keep 
track of all the particles in the plasma due to excess memory 
and processing CPU time required. Therefore, plasma 
physicists commonly use two different descriptions, which 
are less detailed, known as fluid and kinetic models. 

Fluid Models 

 Fluid models describe partial differential equations in 
terms of smoothed variables such as mass, momentum and 
energy conservation. A frequent simplified fluid model used 
is the magnetohydrodynamic model, which treats the plasma 
as a single fluid model coupled to Maxwell and probably 
Navier-Stokes equations. Moving into a more detailed 
plasma simulation one uses the two-fluid model, where 
electrons and ions partial differential equations are solved 
separately. In order for a fluid model to be accurate, the 
medium generally, and in this case the plasma, must undergo 
a significant number of collisions such that the plasma 
velocity distribution function is close to that of Maxwell-
Boltzmann. 

 Another popular fluid model utilized for plasma 
simulations is based on the velocity moments of the 
Boltzmann transport equation (continuity equations of 
particle density), usually coupled to Poisson’s equation to 
calculate a self-consistent electric field distribution [67]. The 
drawback of this model, is that it assumes that the plasma 
species are more or less in equilibrium with the electric field, 
which is not always the case, such as in regions of high 
electric fields as in the cathode fall region of a high pressure 
glow discharge. However, by solving the Boltzmann 
momentum and energy transport equations, the non-
equilibrium behavior of the plasma species can be accounted 
for. 

 Fluid models depend on input transport and the rate 
coefficients parameters and are calculated either 
experimentally as functions of the ratio of electric field over 
neutral gas density per unit volume (E/N), or numerically by 
solving the electron distribution Boltzmann equation. In the 
numerical case, the electron distribution function is generally 

non-Maxwellian and is calculated by utilizing the collisional 
cross sectional data by solving the Boltzmann equation. 
Commercial software packages such as ELENDIF [68], 
BOLSIG [69], and BOLSIG+ [70] are used to calculate the 
above transport parameters. Specifically, according to 
Hagelaar and Pitchford [71], a two-term approximation 
method by expanding the electron distribution in terms of 
Legendre polynomials of cos  is used to formulate a set of 
equations for the expansion coefficients, whereas for high 
E/N, as in the case of the cathode fall region of normal and 
abnormal glow discharges, a six-term approximation is 
necessary to ensure that the results are accurate [72, 73]. The 
presence of dielectrics in microplasmas ensures that the 
electric field near the electrodes will not reach extremely 
high values rendering the two-term approximation valid in 
diffused discharges, which makes the use of fluid 
approximations in these microplasmas ideal. Therefore 
depending on the type of microplasma and the fields 
generated, a two-term approximation can be sufficient. 
However there is a limit at which one can use this  
approximation, and not revert to higher order terms for the 
approximation to be sufficiently accurate, especially within 
cathode fall regions that have high electric fields. 

 In fluid simulations, physical systems are characterized 
by solving partial differential equations which incorporate  
the physical processes of the problem under investigation. 
These partial differential equations are classified into three 
major categories: elliptic, parabolic and hyperbolic. There 
are three different methods that are widely used for the 
solution of these equations, which are the Finite Difference 
(FD), the Finite Element (FE) and the Finite Volume (FV) 
methods. 

 An extension to these methods is the incorporation of 
adaptive mesh techniques to analyze fluid simulations. 
Adaptive mesh methods utilize error indicators to calculate 
gradients of the variables being analyzed and move the mesh 
accordingly [74]. Fine mesh resolution is used at locations of 
high gradients and low resolution at locations where small 
gradients are observed. 

 The FD method uses a local Taylor series expansion to 
approximate partial differential equations. A major 
disadvantage of the FD method is the usage of only regular 
meshes for the discretization of the partial differential 
equations. Therefore, in highly irregular complex 
geometries, finite differences are unable to capture 
efficiently the correct physics and FE and FV methods are 
preferred due to their ability to perform well in irregular 
geometries. 

 The most popular FE method used is the Galerkin FE 
method which is based on a set of weight functions w(x) set 
to be the same as the basis function Ni(x), with the 
distribution functions varying from 0 to 1. Thereafter 
Dirichlet boundary condition are applied, if necessary, by 
imposing constant values to the independent variables and 
forcing the weighting functions to be equal to zero at the 
boundaries. The Neumann boundary condition is imposed by 
the variational formulation automatically, which is the 
reason to call this boundary condition a natural boundary 
condition. Otherwise, one has to change the right hand side 
of the equation, so that it includes a boundary integral term 
in the variational formulation. 
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 In the FV method [75, 76], partial differential equations 
are evaluated as algebraic equations. Similar to the finite 
difference and finite element methods, they are calculated at 
discrete places on a meshed geometry, with the finite volume 
being the small volume surrounding each node point on a 
mesh. Breaking space into such cells is called the Voronoi 
Diagram of a set of points. The FV integrals which contain a 
divergence term are transformed into surface integrals by 
using the divergence theorem and the terms are evaluated as 
fluxes at the surfaces of each finite volume. Since the flux 
entering and leaving a certain volume is identical, these 
methods are conservative. The advantage of the FV method 
over the FD method is that it easily enables the usage of 
unstructured meshes. 

 Generally, a numerical scheme is analyzed according to 
three different concepts which are consistency, stability and 
convergence [77]. Consistency of a numerical scheme is 
whether its discrete operator converges towards the 
continuous operator (with derivatives) of the partial 
differential equation, as the time step and mesh resolution 
tend to zero, thereby vanishing the truncation error. 
Regarding stability, one needs to consider the Courant-
Friedrichs-Lewy (CFL) condition, which is the condition for 
the stability of explicit schemes devised by Courant, 
Friedrichs and Lewy in 1928. A scheme is said to be 
convergent if the difference between the computed solution 
and the exact solution of the partial differential equation 
decreases, as the mesh size and time stepping is decreased to 
zero. 

 There are two different methods available to solve a 
linear system of the form Ax=b where A is a matrix, x and b 
are column vectors, namely the direct and iterative methods 
[78]. Iterative methods use a number of steps in order to 
converge towards the final answer and perform well in 
sparse matrix and parallelized solutions, whereas direct 
methods such as Gaussian elimination are more accurate, 
albeit more computationally expensive. 

 The important parameters for the simulation of air 
microplasmas are the electric field, the electric charges as 
well as the neutral gas effects. Generally, the stability of the 
glow discharge depends on the extent of the heating of the 
gas since if high temperatures are reached, the air 
microplasma will revert into a spark or an arc and will cease 
to exist. Therefore if one is to generate stable glow 
discharges in air microplasmas, it is important that the 
temperature effects are taken into account as well during the 
air microplasma simulation. Consequently, the behavior of 
charged particles is calculated through the calculation of the 
electric field and of the behavior of the charged particles, and 
this is achieved by solving the Poisson equation together 
with the continuity equations. Regarding the behavior of 
neutral gas particles, the Navier-Stokes equations need to be 
solved to account for the neutral gas heating effects and 
density variations within the air microplasma. Therefore, to 
analyze and optimize air microplasmas, the Poison, 
continuity and Navier-Stokes equations are solved and 
coupled together. The authors have a particular interest in the 
simulation of ambient air microplasmas since no vacuum 
tubes are necessary and it is much cheaper to develop such 
applications. To analyze ambient air microplasmas, one must 
also be able to capture the important secondary physical 

processes which occur in microplasmas such as 
photoionization and photoemission. 

Poisson, Continuity and Navier-Stokes Model 

 The characterization of microplasma phenomena requires 
the simultaneous solution of the Poisson equation to account 
for the electric field, of the charged particle continuity 
equations to account for the space charge and of the Navier-
Stokes equations for the neutral gas changes. Papadakis et 
al., [79], coupled this set of equations and analyzed heating 
effects in atmospheric discharges starting from a single 
electron as the initial condition. The complete fluid model is 
depicted below: 
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where the following equations hold: 
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 Ne, Np, Nn are the electron, positive and negative ion 
densities, e is the electron charge, We, Wp and Wn the 
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corresponding velocity vectors,  the ionisation,  the 
attachment, ep the recombination between electrons and 
positive ions, pn the recombination between positive and 
negative ions and De the electron diffusion coefficients. The 
positive and negative ion diffusion coefficients are usually 
omitted since they have a negligible effect. Furthermore, q is 
the net charge density, g the general permittivity, V is the 
potential difference,  the neutral gas density, E the electric 
field,  the neutral gas thermal energy density, I the unit 
stress tensor, v the neutral gas velocity vector comprising of 
vx, vy and vz components, J the current density, fts the 
percentage of energy density of charged particle with 
subscript s that is transferred as thermal energy to the neutral 
particles due to inelastic collisions, with s taking values of e, 
p and n for electrons, positive and negative ions, 
respectively, P the pressure, K is the Boltzmann constant, T 
the temperature, N the number of neutral gas particles per 
unit volume, MTs the momentum transfer of charged to the 
neutral particles due to elastic collisions comprising of 
MTs{x}, MTs{y}, and MTs{z} components, μ the viscosity 
coefficient, m the mass of the neutral gas particles, ms, qs, 
Ws, μs, the mass, charge, velocity vector and mobility of 
charged particle s, and  the shear stress tensor which 
comprises of the ii and jj components. 

 Papadakis et al., [79] in order to analyze heating effects 
in atmospheric-pressure air plasmas, have used transport 
parameters such as collision coefficients and drift velocities 
of the charged particles measured from experimental data of 
Morrow and Lowke [80] as a function of E/N. The charged 
particle continuity equations are coupled to Poisson’s 
equation via the electric field strength and to the Navier-
Stokes equations via the E/N and their pressure. Poisson’s 
equation is coupled to the continuity equations via the net 
charge density. As far as the Navier-Stokes equations are 
concerned, these are coupled to Poisson’s equation via the 
electric field strength and to the charged particle continuity 
equations via production and loss processes, and via 
momentum and kinetic energy exchange between charged 
and neutral particles. 

 If one wishes to include the conservation of momentum 
and energy density for electrons, positive and negative ions, 
the differential equations should have the general form: 
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 Subscript s represents the electron, positive and negative 
ions, and the various terms are similar to the ones used for 
the neutral gas particle conservation equations. 

 Secondary production processes such as photoemission 
and photoionization are important in the development of a 
microplasma discharge. The photoemission effect can be 
neglected in long gaps, whereas it must be included in the 
analysis of short gaps where the plasma simulation interacts 
with the electrodes. 

 

 

Photoemission Model in Air 

 In order to calculate the photoemission effect on the 
cathode, the following formula is used: 

Ne
s
=

p  Neb  ab  |Web | VbZ e μac

|Wes |4 c3  (22) 

where p is the photoemission coefficient, Vb is the volume 
of the element, Neb is the number of electrons per unit 
volume at volume Vb, ab is the ionization coefficient within 
volume Vb, which is usually a function of E/N, Web is the 
velocity of electrons within volume Vb, Wes is the velocity of 
electrons within surface dA, c is the distance from volume 
element Vb to elemental area dA, Z is the vertical distance of 
volume Vb from the cathode and μa is the absorption 
coefficient. Fig. (11) shows a schematic diagram used to 
calculate the photoemission depicting the elemental area of 
the cathode dA to undergo the photoemission due to 
photoemission from volume Vb. 

 In order to calculate the photoemission effect, the 
contribution from all the volume elements at a single cathode 
surface needs to be calculated, thereby conducting a number 
of numerical operations equal to the number of cathode faces 
multiplied by the number of volume elements within the gap. 
In the case where the number of operations is extremely 
large, one can significantly simplify the number of 
calculations. This is achieved by separating the grid into 
equally spaced regions and by interpolating the above values 
into the equally spaced grid and calculating the 
photoemission effect on that grid and then interpolating it 
back to the original mesh. This will of course have the effect 
of compromising the accuracy of the ensuing results; 
however it will give a very good approximate solution of the 
photoemission effect with reduced calculations. 

 

Fig. (11). Photoemission at the elemental area of the cathode dA 
due to photon emission from volume Vb. 

 To demonstrate the effect of the photoemission 
coefficient on the development of a microplasma discharge, 
we have analyzed the avalanche, streamer and glow 
discharge in a parallel plate configuration of 1 cm separation 
using three different photoemission coefficients. Therefore, 
Fig. (12) shows a one-dimensional plot of the conductive 
current in the microplasma versus time for three different 
photoemission coefficients in a parallel plate discharge gap 
of 1 mm at an applied DC voltage of 5600 V (20 % above 
the breakdown threshold voltage) in ambient atmospheric 
air. Three different photoemission coefficients were used, 
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which are most extensively quoted in the literature: 0.001 
used by Morrow et al., [80], 0.005 used by Kunhardt and 
Tzeng [81] and Steinle et al., [82] and finally 0.0005 for 
comparison purposes with the absorption coefficient being 
equal to 15.2 cm-1. 

 As far as the conductive current for three different 
photoemission coefficients is concened, the larger the 
coefficient, the more electrons are released from the cathode 
and therefore more ionisation collisions and avalanches that 
produce more current are expected. Furthermore, the higher 
the photoemission, the faster the formation of the avalanche 
the primary streamer and the glow discharge is, as shown by 
the time difference among the three curves in Fig. (12). 

 

Fig. (12). Conductive current versus time for three different 
photoemission coefficients in a parallel plate of 1 cm apart at an 
applied voltage of 5600 V. 

 Fig. (13) shows the one-dimensional neutral gas 
temperature distribution along the symmetry axis for three 
different photoemission coefficients. The higher it is, the 
more heating is experienced throughout the discharge. The 
photoemission plays a major role in the heating of the 
cathode as the difference in temperature between different 
levels of photoemission is largest in that region. 
Furthermore, according to theory, local constrictions due to 
non-uniformities of the neutral gas are expected to form, as 
shown by the large temperature gradients that exist all along 
the symmetry axis of the discharge. Fig. (13) shows that the 
cathode emission properties, such as photoemission, are vital 
to the heating of the neutral gas. The dynamics of the 
discharge is shown to be quite extreme, since within a few 
nanoseconds, the temperature of the neutral gas is raised 
from 300-700 oK. 

Photoionization Model in Air 

 The physical model of photoionization in air assumes 
that UV radiation originates from the nitrogen molecules, 
N2(C35u) in singlet excited states b 1 , b  1

u
+, and c 4 

1
u

+ in 
the wavelength range of 980-1025 Å, which is then absorbed 
mainly by oxygen and leads to photoionization [83]. The 
wavelength of 1025 Å corresponds to the ionization 
threshold of oxygen. It is worth noting that the rate of 
photoionization in air depends on the oxygen fraction and 
tends to zero when the oxygen fraction also reduces to zero 

[84]. In the photoionization model, two elemental volumes 
dV1 and dV2 are considered, with the distance between these 
elemental volumes being r. The rate of photoionization is 
then calculated as the number of electron-positive ion pairs 
generated every second over each cubic centimetre from the 
radiation of an elemental volume dV2 to the elemental 
volume dV1 as shown in Fig. (14) by: 

Sph (dV1,dV2 ) =
R(dV2 ) f (r)

4 r2
dV2  (23)  

where the function f(r)/4 r2 is the probability of photon 
absorption at the distance r from the emission point, R(dV2) 
is the integral intensity of emission of the source volume dV2 
(the number of photons produced per second per cm3) to the 
receiving acceptor volume dV1 and it is proportional to the 
rate of collisional ionization frequency  as follows: 

R(dV2 ) =
Pq

P + Pq
NeWe  (24)  

R(dV2 ) =
Pq

P + Pq
NeWe  (25) 

where P [= 760 Torr] is the gas pressure, Pq is the quenching 
pressure of the radiative states (for ambient air, Pq = 30 Torr 
[85]),  is the probability of ionization of a molecule by 
photon absorption which is a dimensionless factor,  is the 
coefficient of excitation of the radiating states of molecules 
by electron impact, and  is the ionization coefficient. The 
factor Pq/(P+Pq) is the quenching factor, and reflects the 
concurrence between radiative and collisional quenching of 
emitting molecular states [83]. The function f(r) is calculated 
as follows: 

f (r) =
exp Po2r min exp Po2r max

r log( max / min )
 (26)  

where min = 0.035 and max = 2 cm 1 Torr 1 are the minimum 
and maximum values of the coefficients of absorption by 
oxygen of ionizing radiation in the wavelength domain 980-
1025 Å, with PO2 = 150 Torr [86]. 

 

Fig. (13). Neutral gas temperature along the axial coordinates for 
three different photoemission coefficients in a parallel plate of 1 cm 
apart at an applied voltage of 5600 V. 
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Fig. (14). Photoionization at the elemental volume dV1 due to 
photon emission from volume dV2. 

 The absorption coefficient  is the number of photo-ions 
generated in a layer of unit thickness at distant r from the 
radiation source, per unit of solid angle, per one ionizing 
collision in the discharge, at unit pressure. Experimental 
calculations of the absorption coefficient  in dry 
atmospheric air have been reported [87]. The absorption 
coefficient  is calculated according to the following 
formula: 

=
f (r)Pq

4 (P + Pq )P
 (27)  

 For the experimental measurements to be approximately 
identical to the experimental ones in [87], the factor  = /  
is calculated by the author to be equal to 0.015. This figure 
should be contrasted with that of Hallac et al., [88, 89], 
where the dimensionless factor  is taken equal to 0.2, 
following the experimental results of Penney and Hummert’s 
[90] at low pressures. The latter neglect the effect of the 
radiating states at high pressures. 

 The photoionization model is no longer valid at (Pd) 
values of 760 Torr cm and higher therefore, for the 
atmospheric discharge analyzed in this paper; the 
photoionization phenomenon has an effect up to a distance 
of approximately 1 cm or less. The absorption coefficient  
becomes negligible to a value of the order of 10-10 Torr-1 cm-

1 at Pd = 760 Torr cm, thereby reducing the numerical 
calculations considerably in long gaps. To simplify further 
the number of calculations performed, a coarser secondary 
grid is generated and photoionization values for a coarser 
grid are interpolated between two meshes. 

Conductive Current Model 

 The total conductive current I during the evolution of the 
discharge is found by calculating the contribution of each 
element to the conductive current by multiplying eNsWs by 
the volume of each element dV. Therefore the equation is as 
follows: 

I =
1

Va
El

V

.JsdV  (28)  

where Va is the applied discharge voltage and El is the 
Laplacian field. 

 

Displacement Current Model 

 In order to calculate the displacement current, there are 
two distinct methods [91]. In the first method one calculates 
the displacement current using the equation: 

Id = Cg

dV

dt
 (29)  

 In the case of an AC supply, the input voltage is 
V=Vocos( t), and the current is found to be: 

Id = Cg Vo sin( t)  (30)  

 Now to calculate Cg, one can calculate the total charge 
reaching the electrode and divide by the maximum applied 
voltage value of Vo. 

 The total charge reaching the electrode can be calculated 
by measuring the incoming electron and ion fluxes towards 
the electrodes [92], according to the general equation: 
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where s is the charge flux vector, n̂  is the outward normal 
vector on the boundary of the dielectric and s is the charge 
density which when multiplied by the area of the electrodes, 
will give the total amount of charges moving from the 
microplasma into the electrodes. 

 The second method calculates the displacement current 
using the equation of Morrow and Sato [93] as follows: 
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 Since the applied voltage is given by: 

V = Vo cos( t)  (33)  

one can calculate the Laplacian electric field El by: 

El = Eol cos( t)  (34)  

 Substituting (34) into equation (32), gives: 

Id =
o

Vo cos( t)
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t
.

Vol
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which simplifies to: 
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o sin( t)

Vo
EolEol

Vol

dVol  (36)  

 If one compares the two expressions for the displacement 
current, one can derive a formula for the gap capacitance: 

Cg =
o

Vo
2 EolEol

Vol

dVol  (37)  

External Current Model 

 Generally, if one wishes to calculate the external current 
in a discharge in which metallic electrodes are covered by 
dielectrics, the external current is expected to solely be the 
displacement current, since no net charge flows between the 
dielectric medium and the electrode metallic plate. 
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Dielectric Boundary Conditions 

 To calculate the voltages on the boundary air-dielectric 
medium, Gauss theorem can be used, taking into 
consideration the surface charge accumulated on the 
dielectrics together with the charge sources included [92]: 

n
^

. V r n
^

. VD =
e

o

( ion e )  (38)  

n
^

x( V VD ) = 0  (39)  

where e is the electron surface charge density, ion is the ion 
surface charge density both for positive and negative ions, 
VD is the voltage on the dielectric medium, with o and r 
being the permittivity of free space and relative permittivity, 
respectively. 

Fluid Model Results 

 In a recent work, the authors have simulated a DC 
microplasma discharge (CBL) using the suggested fluid 
model and studied the formation of the avalanche, the 
primary streamer, the secondary streamer, the accumulation 
of charges on the cathode and the radial expansion of the 
plasma towards the outer boundaries of the discharge in 
ambient atmospheric air. In this paper, the authors have 
observed electron densities of the order of 1 x 1014 cm-3, 
temperatures increases from ambient of 300 oK up to 450 oK 
and conductive currents of 11 A. Regarding the boundary 
conditions, the dielectric boundary conditions were used 
from equations (38) and (39) and for secondary processes, 
photoionization phenomena in ambient air was also included 
as described by equations (23) to (27). 

 The microplasma configuration consists of a DC source 
voltage of 11.2 kV applied between two metallic parallel 
plates 4 mm apart. Two rectangular blocks of dielectric 
medium of relative permittivity 8 having a 1 mm thickness 
each, are attached to both the cathode and anode metallic 
electrodes, leaving the remaining 2 mm for the atmospheric 
barrier air discharge to develop. 

 At the start of the simulation, an initial electron is 
released close to the cathode and the electron, in the presence 
of the uniform electric field, advances towards the anode, 
ionizing the ambient air and forming the avalanche effect. 
After 4 ns, the avalanche reaches the anode dielectric, and 
charges continue to accumulate there for subsequent 
avalanches, until a significant electric field is formed able to 
change the Laplacian electric field. Thereafter, a primary 
positive streamer is formed and travels from the anode 
towards the cathode. The propagation of the primary 
streamer towards the cathode is aided by subsequent 
avalanches originating from the cathode. When the primary 
streamer hits the cathode dielectric at around t = 9 ns, the 
charges of the streamer are accumulated on the dielectric 
cathode. At t = 12 ns, a secondary streamer is formed at the 
anode travelling towards the cathode. The secondary 
streamer, while traversing towards the cathode, also expands 
radially towards the outer boundaries of the discharge, 
covering the whole cathode dielectric surface with charges. 
The accumulation of these charges at the electrodes 
significantly reduces the electric field into the inter-electrode 
gap and increases the electric field into the dielectric 

coatings. This leaves only the existence of radial electric 
field gradients along the cathode dielectric surface to push 
the discharge outwards towards the outer boundaries. 

 Fig. (15) shows the total conductive current with respect 
to time as calculated by equation (28). The microplasma 
discharge is simulated for duration of 0.32 μs. The current 
during the first 25 ns, which includes the formation of the 
avalanche effect, the primary streamer and the secondary 
streamer is very low, however it increases significantly with 
the arrival of the secondary streamer at the cathode. This 
marks the initiation of the redistribution of the charge at the 
cathode dielectric, where it increases the conductive current 
rapidly to 11 A. When the secondary streamer head is 
completely absorbed, the conductive current is stabilized, 
and thereafter the current tends to decrease. However due to 
the increased net charge densities and electric field formed at 
the cathode dielectric, the heating of the gas increases, and 
the neutral gas density expands radially outwards. This 
results in a neutral gas density reduction and since the 
ionization and attachment processes within the discharge are 
exponentially dependent upon the neutral gas density, the 
small decrease of the neutral gas density increases the total 
conductive current in the discharge. 

 

Fig. (15). Plot of the total conductive current versus time. 

 Fig. (16) shows the one-dimensional plot of the neutral 
gas temperature at three different instances of time. It is 
shown that there is a significant increase in the temperature 
of the discharge, rising from an initial ambient temperature 
of 300 oK, to a maximum value of approximately 450 oK. 
This shows that heating effects are important, and that their 
inclusion in the analysis of DC atmospheric-pressure air 
microplasmas is necessary. Similarly to other measured 
variables, the temperature rise, which is caused solely from 
the Joule heating effect, follows a striations pattern, in 
accordance to experimental and numerical results [9, 12]. As 
expected, most of the heating occurs along and close to the 
symmetry axis, where most of the discharge activity takes 
place. However, the plot shows that significant heating also 
occurs radially outwards from the symmetry axis. This rise 
in temperature is expected to cause movement of the neutral 
gas density, generating compression and rarefraction waves, 
which disturb the initial uniform neutral gas density, and 
therefore the ionisation processes within the air gap. 
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Fig. (16). Plot of the neutral gas temperature history along the 
radial coordinates at an axial distance of 1.2 mm from the cathode (t 
= 0.2938 μs (blue solid line), 0.3263 μs (red crossed line) and 
0.5045 μs (green circled line). 

 Fig. (17) shows the two-dimensional neutral gas 
temperature distribution at time t = 0.3263 μs. It is shown 
that most of the heating within the microplasma occurs along 
the symmetry axis where most of the activity takes place. 
The column of heated air extends to a radial distance of 0.2 
mm, and the temperature is raised approximately 120 oK. It 
is also shown that striations occur between the anode and the 
cathode. Along the dielectric electrodes, the temperature is 
larger than in the inter-electrode gap, but smaller than that 
along the symmetry axis.  

 

Fig. (17). Plot of the two-dimensional cylindrical axisymmetric 
neutral gas temperature at time t = 0.3263 μs. 

 Fig. (18) shows the two-dimensional axial electric field 
distribution at time t = 11.8 ns. In the center of the discharge, 
there exists a cathode fall, negative glow, positive column 
and anode regions, similar to those of a normal glow 
discharge. At a radial distance of 1.5 mm, a secondary 
streamer forms which travels from the anode towards the 
cathode. The secondary streamer is shown to extend radially 
up to the outer boundaries of the discharge and at later 

stages, when it hits the cathode, the sheath region spreads 
throughout the cathode dielectric surface. 

 Fig. (19) shows the one-dimensional plot of the electron 
density along the radial coordinates at times t = 0.2938 and 
0.3263 μs at an axial distance of 1 mm. The electron density 
is shown to be of the order of 1019 m-3, and it is shown to 
vary along the radial axis. At a time of t = 0.2938 μs, the 
electron densities at the cathode dielectric are approximately 
4 x 1019 m-3 and vary fairly smoothly along the radial 
direction. After some time, the average value of the electron 
density reduces to values of approximately 2 x 1019 m-3. 
Even though the average value for the electron density is 
nearly halved, the electron density varies abruptly along the 
radial directions forming axial and radial electric field spots. 

Kinetic Models 

 In kinetic models, the particle velocity distribution 
function is analyzed at each position in the plasma domain 
by solving the Maxwell Boltzmann equation, rendering the 
Maxwell Boltzmann velocity distribution assumption 
unnecessary [94]. Generally, kinetic models are much more 
computationally intensive than fluid models. In low pressure 
collissionless plasmas, a kinetic description must be used 
since fluid models are no longer valid. 

 

Fig. (18). Plot of the two-dimensional axial electric field 
distribution at time t = 11.8 ns. 

 Examples of kinetic modeling include the Monte Carlo 
(MC) simulations [95] which are mathematically simple, and 
accurately account for the non-equilibrium behaviour of the 
plasma species. In the MC simulations, the trajectories of 
individual particles are described by Newton’s laws, and the 
collisions are treated as random, therefore a large number of 
individual particles are simulated such that statistically valid 
results are reached. However, MC simulations are very time-
consuming, especially for slow-moving particles. Moreover, 
a MC model in itself is not consistent, because it requires a 
certain electric field distribution as an input value. This 
problem is overcome by the Particle In Cell-Monte Carlo 
(PIC-MC) method [96], which couples MC simulations for 
the behaviour of ions and electrons, to the Poisson equation 
for a self-consistent electric field distribution, which includes 
the kinetic description of the trajectories of a large number of 
individual particles. However, this makes this modelling 
approach computationally even more time-consuming. In 
plasma physics applications, the method amounts to 
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following the trajectories of charged particles in self-
consistent electromagnetic (or electrostatic) fields computed 
on a fixed mesh. 

 In the paper of Takao et al., [97], the microplasma 
characteristics of an RFIC microplasma have been 
investigated using PIC-MC calculations (kinetic model) and 
a fluid model (collisional model) in a two-dimensional 
axisymmetric geometry at pressures of 370-770 mTorr and at 
a frequency of 450 MHz. It has been shown that a thick 
sheath structure is formed in which the electron energy 
distribution function (EEDF) is non-Maxwellian, thereby 
providing different results from those used in the fluid 
model. Furthermore, the pressure is shown to exhibit 
different dependence between the two models, implying that 
even at high pressures where the electron collision frequency 
is less than the driving RF frequency, non-collisional effects 
may exist. 

 

Fig. (19). Plot of the electron density history along the radial 
coordinates at an axial distance of 1.2 mm from the cathode (t = 
0.2938 μs (blue solid line), 0.3263 μs (red crossed line). 

 The time-averaged electron density in a miniature RFIC 
microplasma source based on the collisional model and the 
kinetic model are calculated and compared in [97]. The peak 
value of the electron density in the kinetic model is found to 
be 8.2 x 1010 cm 3 instead of 7.8 x 1010 cm-3, in the 
collisional model. 

 Electron and ion kinetics in various microplasmas are 
analyzed by Iza et al., [34] using one and two-dimensional 
PIC-MC simulations. The open source codes of XOOPIC 
[98] and XPDP1 [99] and the source code developed by Iza 
and co-workers of APPS2 [100, 101] were used to study 
various microplasmas. Due to the high computational cost of 
the PIC-MC simulations, the number of species and their 
reactions were limited, thereby including electrons and 
single charged ions (Ar+, He+, Ne+, and Xe+) in the models, 
with the neutral gas temperature assuming to be uniformly 
distributed at ambient values. The processes included in the 
simulations were the elastic, excitation, and ionisation 
electron-neutral collisions, whereas Coulomb collisions were 
excluded due to computational constrains. According to Iza 
et al., the electron/electron collisions must be included when 
the energy transfer in electron/electron collisions is similar to 

those of electron/neutral collisions, whereas Coulomb 
collisions should be considered at microdischarges with 
densities above 1014 cm-3. 

Hybrid Models 

 Since each method has its advantages and disadvantages, 
one can also use hybrid models [102] i.e. use PIC-MC 
methods for regions where the plasma species are not in 
equilibrium with the electric field, and fluid models for 
slower plasma species, where the velocity profile of the 
particles follows a Maxwellian velocity distribution. Hong et 
al., [103] compared simulation of microplasmas using a fluid 
model and a PIC-MC model. The kinetics of He discharges 
at 760 Torr and Ne/Xe DBD discharges at 300 Torr at 
various geometries and driving currents are analyzed. It is 
found that near the sheath region, the EEDF exhibits a non-
equilibrium behavior, whereas in the rest of the discharge 
fluid models are adequate to simulate accurately the 
behaviour of the discharge. This is expected since the sheath 
region is associated with high electric fields that force the 
fast moving electrons outside the Maxwellian distribution 
regime. 

Molecular Dynamics Models (MD) 

 In case where one needs to study plasma wall 
interactions, one can revert to molecular dynamics 
simulations for example to study thin film deposition 
processes. Molecular dynamics simulations [104] utilize 
Newton’s laws using the interatomic interaction potentials 
between all species to analyze the above interactions, 
however they are computationally very time consuming. 

EXPERIMENTAL ANALYSIS 

 For the experimental analysis of microplasmas, Optical 
Emission Spectroscopy (OES), Cross-Correlation 
Spectroscopy (CCS), Laser Interferometry (LI), Diode Laser 
Absorption (DLA), Laser Induced Fluorescence (LIF), 
Molecular Beam Mass Spectrometry (MBMS), Langmuir 
probes and Thomson scattering are used to provide 
spatiotemporal evolutions of the different species involved. 

Optical Emission Spectroscopy (OES) 

 Generally, to characterize the plasma dynamics 
experimentally, OES is widely used to obtain spatiotemporal 
evolutions of the plasma parameters. OES of plasmas can be 
measured through a sapphire tube connected with an 
Intensified Charge Coupled Device (ICCD) camera with 
subnanosecond shuttering speeds, a spectrometer with an 
instrumental resolution of 0.1 nm and a data acquisition 
computer to record the measurements. 

 Electron densities can be measured using the OES based 
on the Stark broadening width of the H  line, with hydrogen 
possibly added to the microplasma to obtain a detectable 
level of H  emission intensity, and from the N2 first and 
second positive band systems. The electron temperature can 
also be measured from the N2 first and second positive band 
systems. 

 The characteristics of the electron energy in microwave 
atmospheric-pressure argon microplasma are investigated by 
a spatially resolved OES technique in a microstrip split-ring 
resonator. By adding a tiny amount of xenon (< 1 ppm) as 
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tracer gas into the argon discharge, spatial distributions of 
two electron groups, one with electron energy of 8.3 eV and 
one with electron energy of 11.5 eV, have been identified, 
showing spatial non-uniformity [105]. In a work by Mariotti 
et al., [106], OES has been used to obtain gas and electron 
temperature distributions. 

 Spatially resolved temperature measurements at normal 
pressures in microplasmas have been conducted by Staack et 
al., [107, 108] and Laux et al., [109, 110]. The vibrational 
and rotational temperatures of DC normal glow discharges 
were measured by Stack et al., using the emission spectra of 
the second positive system of N2 with spectroscopic 
measurements from the discharges. The second positive 
system of bands gaps has been used several times for 
temperature measurements of plasma systems. The 
temperatures observed are in close agreement with the 
results obtained by Papadakis et al., [111], which showed an 
increased temperature rise near the cathode and anode 
regions, with intermediate temperatures within the inter-
electrode gap. Temperatures recorded in MHCD using OES  
were found to be in the range from 1700-2000 oK [112]. In 
atmospheric-pressure discharges, the rotational and 
vibrational temperatures varied from the range of 600 to 
above 2000 oK over different discharge currents and voltages 
in the normal glow operating regime. Rotational, vibrational 
and excitational temperatures of the neutral gas can also be 
measured using the emission spectrum of the OH A-X 
transition around 300 nm. 

 In the work by Zhu et al., [113], OES is used to measure 
the neutral gas temperature, and the electron density and 
temperature of a microwave excited microstrip split-ring 
resonator in argon microplasma near atmospheric-pressure. 
With less than 100 ppm of water in the plasma, the gas 
temperature is calculated by the rotational temperature of the 
hydroxyl molecule (A2 +, v = 0), whereas the electron 
density is measured by the Stark broadening of the hydrogen 
Balmer  (H ) line. Thereafter, the electron temperature is 
estimated from the measured excitation temperature of argon 
4p and 5p levels using a collisional–radiative model. The 
above parameters were not found to increase as the gap 
resonator length was reduced, but with the increase in power 
the above parameters, especially the electron density, were 
found not to increase significantly. 

 Zhu et al., have calculated the electron density for  
different microplasma gaps of 67, 80, and 115 μm. It is 
found that the electron density is of the order of 1.1 x 1014 
cm-3, and reduces as the gap is increased, with the electron 
density reaching values of 5.5 x 1013 cm-3. The decrease is 
attributed to the larger volume to surface ratio of the 
discharge which makes surface processes less effective and 
secondly due to the reduction of the electron temperature and 
therefore of the ionization processes in the microplasma 
discharge. 

 Since the dominant heating mechanisms in microwave 
excited atmospheric-pressure argon microplasmas are the 
elastic collisions between electrons and atoms, the rotational 
temperature is used to calculate the neutral gas temperature 
of the microplasma. This is because the typical lifetime of 
such species, of the order of approximately 10-100 ns, is 
much longer than the rotational to translational energy 
transfer characteristic time which is approximately between 

0.1-1 ns. Zhu et al., [113] also measured the rotational 
temperature along the microplasma split-ring resonator at 
three different gaps of 67, 80 and 115 μm. The rotational 
temperature reaches values of 580 oK and reduces to 525 oK 
at a gap of 80 μm, and reduces further to a value of 515 oK at 
a distance of 115 μm. Since the electron density decreases 
with the increase in the gap distance, it is expected that the 
neutral gas temperature will also decrease. 

Cross-Correlation Spectroscopy (CCS) 

 Another method used to obtain spatiotemporal evolution 
in microplasmas is the CCS [114-117]. This is an OES 
method that uses the time-correlated single photon counting 
technique to provide spatiotemporal evolutions in scales 
smaller than mm in space and ns in time [118]. The CCS 
utilizes the luminosity of the 0–0 transitions of the second 
positive system (  = 337.1 nm) and the first negative system 
(  = 391.5 nm) of molecular nitrogen to produce the 
spatiotemporal evolutions. The CCS measures repetitively 
light emissions and uses statistical averaging of the cross-
correlation function of two optical signals that both originate 
from the discharge light pulse itself. The two optical signals 
are the main signal, which is a spatially and spectrally 
resolved single photon, and the synchronization signal. By 
using the time delay between the two signals, relative time 
information is calculated for each photon [119, 120]. 

Laser Induced Fluorescence (LIF) 

 LIF uses the optical emission from molecules which have 
been excited at higher energy levels by absorption of the 
electromagnetic radiation. In LIF, a pulsed-laser beam is 
used to selectively excite the plasma atoms causing them to 
emit a pulse of fluorescent light at a characteristic 
wavelength. LIF measurements using nanosecond laser in 
plasmas have been conducted by Nakane et al., [121] and 
Sdorra and Niemax [122]. In the work of Margetica et al., 
[123], they use femtosecond LIF to study the expansion of a 
femtosecond laser produced microplasma at different 
pressures. 

 LIF when compared with emission techniques, has better 
spatial and temporal resolution and a longer observation time 
due to the fact that atoms or ions can be excited even after 
the emission has ceased [123]. A high signal-to-noise ratio 
exists which allows LIF to have very short observation times 
during experimental measurements. 

 Two-Photon Laser Induced Fluorescence (LIF) has been 
used to study the density of atoms in nitrogen plasma jets [124] 
and to provide spatial profiles of absolutely calibrated atomic 
oxygen densities [125, 126]. Consequently, the two-dimensional 
distribution of the ground state absolute densities of atomic 
oxygen of a planar atmospheric-pressure plasma jet for a helium 
flux of 2 m3 h-1, 0.5 vol% O2 admixture at a RF power of 150 W 
was analyzed. The initial atomic oxygen ground state density at 
the nozzle is measured to be 1  1016 cm 3, and as expected 
reduces significantly as one moves away from the nozzle. It is 
also shown that at a distance of 10 cm, the density of the atomic 
oxygen reduces significantly, however it is still within 
approximately 1% of the initial value at the nozzle. In a further 
work, Tachibana [127] has used LIF to study the N2

+ ions in a 
microplasma jet. 
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Molecular Beam Mass Spectrometry (MBMS) 

 MBMS has recently been used to determine the ionic 
composition of negative and positive ions in microplasmas 
[128, 129]. A typical MBMS instrument combines a time-of-
flight mass spectrometer with single-photon, vacuum 
ultraviolet photoionization and a quadrupole mass 
spectrometer with electron-impact ionization. The single-
photon near threshold ionization allows a way to reduce the 
formation of fragment ions, while at the same time 
identifying the different species by their ionization [130]. 

 MBMS has been used to study the nucleation of particles 
in inductive microplasmas, which is the transition phase 
between individual small molecules to macromolecules. One 
of the major advantages of MBMS is its ability to study a 
large number of different species which usually exist in a 
microplasma discharge [131]. 

Diode Laser Absorption (DLA) 

 In the work of Miura and Hopwood [132, 133], spatially 
resolved DLA, by using the Ar 801.4 nm transition (1s5-
2p8), was used to study a 900 MHz microstrip split-ring 
resonator microplasma in argon. Gas temperatures and the 
Ar 1s5 line-integrated densities were obtained from the 
atomic absorption lineshape at operating pressures of 100-
760 Torr. The laser is focused at a 30 μm spot, and by 
translating the laser path using a xyz microdrive, spatial 
distributions of the gas temperature were obtained. It was 
observed that at ambient pressures, the core temperature of 
the microplasma was approximately 850 oK over an area of  
0.2 mm wide and it is suddenly reduced to ambient 
temperature at the edge of the discharge. At lower pressure, 
reduced gas temperatures were observed and the spatial 
profiles were more diffused. 

Laser Interferometry (LI) 

 LI is used for the spatiotemporal evolution of the electron 
density in microplasmas. According to Harilal et al., [134], 
electron plasma densities can be measured using LI 
techniques where the variation of the refractive index of the 
medium is used to calculate the various plasma parameters. 
Different methods can be the beam-deflection angle 
measurement (shadowgraphy) or the phase measurement 
(interferometry). In the case of phase measurements, two 
beams propagate on separate paths and recombine at a later 
stage and depending on the phase shift of the two beams, the 
plasma parameters are calculated. In the case of the 
shadowgraphy, a light probe is scanned through the plasma 
and a photographic camera, such as a plate or a charged 
coupled device camera, is utilized to record the data. Some 
of the typical amplitude interferometers used are the Sagnac, 
Mach Zehnder, Michelson and Nomarski interferometers. 

 Tachibana [127] has measured the electron density radial 
profile of a microplasma jet at a distance of 1 mm from the 
nozzle exit and the maximum electron density was found to 
be of the order of 2.5x1012 cm-3 at a current of 120 mA when 
atmospheric-pressure He gas was fed at a flow rate of 6 
L/min. The spatiotemporal distribution of the electron 
density and the refractive index of a microplasma jet in air 
and helium were also measured by Bukin et al., [135] using 
LI at a precision of 1.5 μm using a femtosecond laser. 

Other Techniques 

 For the calculation of the electron density, other 
techniques are used such as Langmuir probes, microwave 
interferometry, and Thomson scattering. In the density range 
from 1015-1018 cm-3, the Stark broadening of visible spectral 
lines is also used. 

 Finally, general microplasma parameters, such as electric 
current, voltage, electrode temperatures and power 
dissipation can also be measured using standard laboratory 
equipment. 

CONSTRUCTION OF MICROPLASMAS 

 To analyze the surface structures formed, visualisation 
tools such as Scanning Electron Microscopes (SEM) and 
Tunnelling Electron Microscopes (TEM) can be used. 
Experimental methods used for the micromachining of the 
microplasma devices are Focused Ion Beam (FIB) [136], 
photolithography, plasma etching, plasma deposition and 
excimer laser techniques. 

 Since there are various methods of constructing 
microplasmas, one example on how to construct a metal-
dielectric-metal sandwich structure with inverted square  
pyramidal hollow cathode from the work of Wen et al., 
[137], using a novel maskless plasma etching system, is 
provided. The dielectric chosen was polyimide due its very 
good overall electrical, mechanical, thermal and other 
properties. Metal nickel was chosen to be used as electrode 
material and etch mask for the polyimide due to low cost, 
high melting points and low sputtering yields. The length of 
the squared base is 100 μm2 and 70 μm in depth, with the 
thickness of metal nickel and polyimide film being 200 nm 
and 8-10 μm, respectively. 

 In the construction of inverted square pyramidal hollow 
cathode microplasmas, 12 different steps are used. The 
microplasma is formed by anisotropic wet etch. First, a p-
type-100 orientation Si wafer is thermally grown with silicon 
dioxide (Si02) on both sides. Next, the Si02 is patterned as a 
mask layer of Si by reactive ion etching, and the inverted 
hollow pyramid is formed by anisotropic wet etching in 30% 
KOH at 70°C with Si02 as a mask, which is subsequently 
removed in a buffered oxide etch. Thereafter, a Ni film of 
200 nm is sputtered on the wafer to be used as cathode. By 
using spin coating twice, the polyimide attaches on the 
device. The polyimide then goes a high temperature cure 
according to a series of controlled ramps and dwells in a 
programmable convection oven, in an attempt to optimize its 
electrical and mechanical properties. Thereafter, a liftoff 
process based on image reversal resist (ARU4030) is used to 
pattern the anode Ni as an etching mask of polyimide. 

 By utilizing a SEM or a TEM one has the visual means to 
construct and inspect the construction of microplasmas, 
which can be used especially for the air gap region, to study 
its uniformity, surface roughness, etching depth and quality 
and accurate air gap width, upon which the microplasmas’ 
stability and lifetime operation primarily depend on. 

DISCUSSION 

 In this paper, a general overview of microplasmas is 
conducted. Firstly, the various applications of microplasmas 
such as photonic devices, plasma cathodes, remediation of 
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VOC’s, and many others have been discussed. The different 
configurations of microplasma devices have been reviewed, 
as well as the different experimental and numerical methods 
to analyze these microplasmas. 

 Undoubtedly, in the future new microplasma devices and 
configurations are expected to be developed. Microplasmas 
are used in some applications due to their unique ability to 
generate stable glow discharges from μm to mm scale with 
energetic high density electrons in the presence of a rather 
unheated neutral gas. In many cases, positive current-voltage 
characteristics are observed which facilitates the parallel 
operation of these microplasmas without the need for ballast 
resistors. 

 Very little work has been conducted regarding the 
plasma-wall interactions, such as sputtering effects and this 
is due to the complexity of the physical processes involved, 
as well as the large computational resources necessary to 
analyze such phenomena. 

 As far as the different microplasma configurations are 
concerned, the CBL microplasma is an efficient source of 
excimer radiation and the parallel operation of such devices 
is permitted without the need for any ballast resistors. 
However, the lifetime expectancy of these microplasmas is 
of the order of a few hours. DBD microplasmas have rather 
longer operational times and can be used as ionization 
sources. CPED microplasmas exhibit the capillary jet mode 
that suppresses the glow to arc transition and are used in the 
display, semiconductor, storage disk and optical 
communications industries, as well as plasma sources. Their 
lifetimes are short, typically hundreds of microseconds. The 
MHCD microplasmas can be utilized as plasma cathodes and 
excimer emitters and can be operated in parallel without the 
use of any ballast resistors, with a lifetime operation of a few 
hours. 

 The ISP microplasmas can also be used as plasma 
cathodes and photonic devices and exhibit hundreds of hours 
of stable operation. SCSC microplasmas are used as UV 
radiation sources and arrays of microplasmas as large as 25 x 
25 pixels have been constructed operating in the abnormal 
glow discharge regime. RFIC microplasmas with an increase 
in the surface to volume ratios, are incapable of producing 
large charge particle densities. Even though they work better 
at VHF and UHF frequencies, their frequency of operation is 
limited, whereas lifetime operation is not an issue due to the 
almost non-existence sputtering effect due to the parallel 
electric field that exists on the cathode. RFCC microplasmas 
are able to operate at high pressures however the normal 
electric field at the walls increases the sputtering effect and 
reduces their lifetime of operation. MS microplasmas are 
well suited for longer operational lifetimes due to the higher 
frequencies which minimize the ion sputtering effects on the 
electrodes. 

 For modelling purposes, one can use fluid models, or 
kinetic models, or combine both methods in a hybrid 
approach. It is common in microplasmas near high electric 
field regions, for the electron dynamics to be non-
Maxwellian, thereby requiring the usage of a kinetic 
approach to analyze accurately the discharge dynamics. 
Since the kinetic approach is very computationally intensive, 
the hybrid approach remains the best solution. Since 

microplasmas exhibit high temperatures in the gas, it is 
useful to include the neutral gas temperature effects by 
solving the Navier-Stokes equations together with the 
charged particle dynamics and Poisson’s equations. 

 For experimental diagnostics of microplasmas, the most 
widely used methods are OES and LIF. LIF has better spatial 
and temporal resolution and a longer observation time than 
OES due to the fact that atoms or ions can be excited even 
after the emission has ceased. 

 As far as high pressure microplasma in air is concerned, 
it has been shown that the future lies in the utilization of (a) 
microstrip technology and (b) DBD. Examples of such 
technology were (a) the split-ring resonator at 895 MHz at an 
input power of 3 W, (b) the microstrip technology at 2.45 
GHz at an input power of 1 W, and (c) the DBD from several 
kHz to greater than 20 MHz at an input power of 0.25 W. 
The above configurations have proven to be the only 
methods capable of producing stable glow discharges in high 
pressure air microplasmas, with a lifetime operation of more 
than a few days. 

 Finally, the main drawback of the microstrip technology 
is the large size of the devices, of the order of a few tens of 
millimetres. The way forward would be the construction of 
ambient air microplasmas with air gaps in the submillimeter 
scale and device sizes of the order of a few millimetres, with 
a long lifetime operation, at low power consumption and low 
costs, without the use of any flow gases. This could be 
achieved by using much higher operating frequencies, 
thereby reducing the wavelength and enabling the 
construction of microplasma devices with sizes of a few 
millimetres. The use of a higher frequency would result in 
the more frequent reversal of the field within the air gap, 
which does not enable the ions to gain significant 
momentum before colliding with the dielectric walls, thereby 
reducing the ion sputtering effect and extending the lifetime 
operation of these microplasmas. The amount of power 
necessary to ignite and sustain the microplasma is expected 
to be considerably reduced due to the smaller air gaps used, 
paving the way for these microdevices to be incorporated in 
semiconductor microwave circuits. 
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