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Abstract
Numerical simulations of radio frequency atmospheric pressure argon glow discharges were
performed using a one-dimensional hybrid model. The discharge simulations were carried out for a
parallel plate electrode configuration with an inter-electrode gap of 1.0 mm together with an external
matching circuit. The external matching circuit parameters were found to have significant effect on the
discharge characteristics. The results indicate that the discharge can operate at either the α or γ mode
depending on the matching circuit parameters. The two modes of operation were found to be distinctly
different. The predicted Ar∗ density was considered to provide qualitatively the visual appearance of
the α or γ mode discharge. The α mode was found to have a luminous region in the center of the
discharge. On the other hand, the γ mode had luminous regions very close to the electrodes which
were followed by alternating dark and bright regions. The appearance of the simulated γ mode was
found to resemble that of an atmospheric pressure direct current glow discharge. The predicted gas
temperature indicated the γ mode to have higher gas temperature compared with the α mode.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Plasma processing of materials has developed into a vital
technology in electronics, aerospace, automotive, biomedical
and other industries. This is because of the capability of
plasmas to produce reactive species having high and uniform
reaction rates over a relatively large area [1]. They are being
used in materials processing over a broad range of areas which
include thin film coatings [2], etching [3], cleaning [4] and
surface activation [5]. Most of the plasma sources that are
commonly employed for these processes operate in the low
pressure range. Operating the plasma in low pressure however
has several drawbacks, such as expensive vacuum systems,
high maintenance cost and low deposition/etching/reaction
rates. Also, the dimensions of the object that can be treated are
limited by the size of the vacuum chamber, making it a ‘batch’
process. These constraints of the low pressure plasma sources
result in increased manufacturing cost of the end products.

Atmospheric pressure glow discharges are attractive for
materials processing applications due to their operational

1 Author to whom any correspondence should be addressed.

flexibility afforded by the removal of the vacuum system. The
use of atmospheric pressure plasma would therefore expand
the current scope of material processing [6]. Of the different
atmospheric pressure plasma sources [6–10] that have been
developed in recent years radio frequency (rf) capacitively
coupled plasma (ccp) discharges are of special interest because
of their low neutral gas temperature, large volume and ability
to treat large surface areas [11]. Experimental studies have
been conducted by various researchers [12–15] to characterize
and understand the physics of these atmospheric pressure rf
ccp discharges. Park et al [11, 12] studied the gas breakdown
mechanism in the atmospheric pressure rf ccp discharge for
different gas mixtures. They also reported the voltage–current
characteristics and gas temperature measurements for a parallel
plate rf ccp discharge operating at atmospheric pressure
helium. Laimer et al [13] reported two modes (α and γ ) of
operation for a helium discharge operating in a parallel plate
configuration with gas flow. They observed a transition from
α to γ mode at high input powers. The sensitivity of pressure
on rf ccp discharges was studied by Moravej et al [14]. Their
experimental system consisted of a parallel plate configuration
with perforated electrodes to allow gas flow through them.
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Figure 1. Schematic of the parallel plate plasma glow discharge
circuit. The numbers represent the node in the circuit, ‘0’ indicates
grounded nodes.

They conducted experiments for both argon and helium gases
and also reported the effect of gas impurities on the discharge
characteristics. Several modeling studies [16–20] have been
conducted to obtain understanding of the plasma dynamics,
dominant physical and chemical mechanism and structure
of the rf ccp discharges. A one-dimensional self-consistent
fluid model was developed by Yuan and Raja [16] to study
atmospheric pressure glow discharges in helium. The model
considered a Maxwellian electron energy distribution function
(EEDF) and did not solve for the neutral gas temperature.
They reported the effect of nitrogen impurities and inter-
electrode gap width to the discharge characteristics. Shi and
Kong [17] developed a one-dimensional self-consistent hybrid
model for a rf helium glow discharge. The model predicted the
observance of α and γ modes [17] and identified volumetric
and localized gas ionization to be the dominant mechanism for
the α and γ modes, respectively [18]. The effect of plasma
excitation frequency on the plasma stability was studied by
Shi and Kong [19]. Their study reported the use of high
excitation frequencies for expansion of the stability range of rf
atmospheric glow discharges. However the models developed
do not take into account the effect of the external matching
circuit, which is a key component for the operation of rf ccp
discharges [21].

In this work we report the results of a one-dimensional
hybrid model to simulate atmospheric pressure rf glow
discharges in argon. The model also includes the external
matching circuit for the rf discharge. The aim of the work
is to study the effect of the matching circuit parameters on
the plasma characteristics and also to identify the operational
regimes for the α and γ modes. The paper is organized as
follows: section 2 of the paper provides a description of the rf
atmospheric pressure glow discharge system modeled in this
study, a brief description of the model is presented in section 3,
followed by results and discussions in section 4 and a summary
with conclusions in section 5.

2. Schematic of the problem geometry

Schematic of the parallel plate rf argon glow discharge is
shown in figure 1. The inter-electrode separation and electrode
diameter was set to 1.0 mm and 10.0 mm, respectively. For
the present one-dimensional model, the electrode diameter is

Table 1. Parameters for the atmospheric pressure rf argon plasma
discharge simulations with CL = 100 pF.

Supply
voltage Loading Tuning
amplitude, capacitor, capacitor,

Case Vs (V) CL (pF) CT (pF)

1 5.0
2 10.0
3 15.0
4 25.0
5 50.0
6 75.0
7 100.0
8 102.5
9 300 100 105.0

10 107.5
11 110.0
12 125.0
13 150.0
14 200.0
15a 10.0
16a 15.0
17a 25.0

a Case 9 was provided as an initial condition.

required only to calculate the current through the external
circuit. The discharge is powered by an rf power source
which is connected to the electrodes through an external
circuit. The external circuit contains a resistance R, a matching
circuit (showed within dotted lines) and a capacitor CP. The
resistance R is the internal resistance of the power supply.
The capacitor CP, represents the parasitic capacitance which
is present intrinsically because of the external cables. An ‘L’
type matching circuit couples the rf power supply with the
plasma discharge for the purpose of impedance matching. The
matching circuit consists of a loading capacitor CL, connected
in parallel, an inductor, L and tuning capacitor, CT connected
in series to the power supply. The matching circuit is similar to
Plasmatherm AMNS–500E circuit used for the PECVD system
in our laboratory. In the simulations Rwas set to 50.0 � which
is the internal resistance of the Plasmatherm HFS–500E rf
power supply. The CP is fixed at 5.0 pF, which corresponds
to the estimated value for the experimental setup. Similar
to the Plasmatherm AMNS–500E the inductor Lwas fixed at
1.0 µH, while the loading and tuning capacitors, CL, and CT

were varied to obtain impedance matching. In this study the
supply voltage amplitude Vs was fixed at 300 V, the frequency
of the power supply was fixed at 13.56 MHz, the resistance
R was kept constant at 50.0 � the parasitic capacitor CP and
the matching circuit inductor L were fixed at 5.0 pF and 1 µH,
respectively. Simulations of the plasma characteristics were
obtained by varying the loading and tuning capacitors, CL,
and CT. Details of the variable external circuit parameters
considered in the simulations are given in tables 1, 2 and 3.

3. Mathematical model

The model equations consider the temporal and spatial
effects of the discharge in the direction perpendicular to
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the electrode plane. The discharge model consists of
coupled conservation equations for different species (electrons,
ions, excited and neutrals), conservation of energy for the
electrons, conservation of momentum and energy for the multi-
component gas mixture, state relations and Poisson’s equation
for the electric field.

3.1. Governing equations for the rf discharge

The transport equations for the charged species are as follows.
The electron conservation is described by the electron den-

sity continuity equation with a drift–diffusion approximation
for the electron flux:

∂ne

∂t
+ ∇ · (µene∇φ − De∇ne) = ṅe, (1)

where ne is the electron number density, µe is the electron
mobility, De is the electron diffusion coefficient, φ is the
electrostatic potential and ṅe is the source of electrons
produced or consumed due to ionization and recombination.

For the heavier species (ions, excited species and neutrals)
in the discharge, the conservation equation is given by:

∂ni

∂t
+∇ · (ni �u) = −∇ · (−Di∇ni +niqiµi∇φ + Ṡc)+ ṅi , (2)

where ni is the density of species i, �u is the mass averaged fluid
velocity, Di is the diffusion coefficient, qi is the charge and µi

is the mobility for the corresponding species. The source term
ṅi represents the rate of change of ni due to chemical kinetics.

The term Ṡc in equation (2) accounts for thermal and
mass diffusion and appears as a result of the Stefan–Maxwell
treatment [22] to satisfy the condition of mass conservation.
The expression for Ṡc is as follows:

Ṡc = nDT
i

∇T

T
+ niDi

∇M

M
+ ni

∑
j

Dj∇αj

−ni

∇M

M

∑
j

Dj∇αj − ni

∇T

T

∑
j

DT
j , (3)

where n is the total density of the fluid, M is the molecular
weight, T is the gas temperature, DT

i is the multi-component
thermal diffusion coefficient and αj is the mass fraction of
species j .

For the averaged density, the continuity equation is
written as:

∂n

∂t
+ ∇ · (n�u) = 0, (4)

where n = ∑
k nk is the total density of the fluid (positive ions,

excited species and neutrals).
The momentum equation for the averaged (neutrals,

excited species and positive ions) fluid can be written as:

∂n�u
∂t

+∇·(n�u�u) = −∇p+µ∇2 �u+
µ

3
∇(∇· �u)+

∑
k

nk
�Fk, (5)

where the pressure p is the sum of the partial pressures, µ is
the dynamic viscosity and �F is the body force term acting on
species k. For ions, it is the product of ion charge qi and the
electrostatic field �E.

The enthalpy h of the gas mixture is expressed in the
following form:

∂(nh)

∂t
+ ∇ · (nh�u) = −∂p

∂t
− ∇ ·

(
−κ∇T +

∑
k

hk
��k

)

+Q̇k +
∑

i

�ji · �E + (τ · ∇ �u), (6)

where κ is the thermal conductivity of the gas mixture, hk is
the partial enthalpy of species k, Q̇k is the rate of change of
enthalpy due to chemical reactions and elastic collisions and
��k is the flux of species k. The last two terms in equation (6)
account for Joule heating due to acceleration of ions in the
electrostatic field having current density ji and viscous heat
dissipation, respectively.

In this model the electric potential φ(t) is determined
using the following implicit expression [23]:

∇ · [ε + eµen
(t+
t)
e 
t]∇φ(t+
t) = e

[ ∑
k=ions

qkn
(t+
t)
k − n(t)

e

]

−e
t[∇ · De∇n(t+
t)
e + ṅe], (7)

where ε is the electrical permittivity of the medium, qk is
the sign of the ion charge, nk is the ion density, µe is the
electron mobility, De is the electron diffusion coefficient, e is
the electron charge and ṅe is the source of electrons produced
or consumed due to ionization and recombination. It is worth
noting that for 
t → 0 equation (7) is reduced to Poisson’s
equation, and for 
t → ∞ it expresses the conservation of
electrons described by equation (1).

In order to accurately describe the sheath region in
atmospheric pressure rf glow discharge [17], conservation
equation for the electron energy Te was included. This is an
improvement to the model that was reported previously [24].
The electron energy equation is expressed in the following
form:

3

2

∂

∂t
(neTe) + ∇.

(
5

2
Te ��e − 5

2
neDe∇Te

)
= �je. �E

−ne

∑
k

nkηk − 2ne
me

mneutral
(Te − kTg)ve, (8)

where Te is the electron temperature, De electron diffusion
coefficient, nk is the heavy particle, ηk is the rate coefficient
for energy loss for collisions of electrons with species k, me

and mneutral are the mass of the electrons and neutral species
respectively, Tg is the gas temperature and ve is the electron
momentum transfer collision frequency. The first term on the
right-hand side represents the energy gain due to electron Joule
heating and the second and third terms represent the energy loss
due to inelastic and elastic collisions, respectively.

3.2. External circuit model

The external circuit model (figure 1) consists of the following
coupled equations to obtain the discharge voltage.

dVCL

dt
=

(
ipwr − iL,CT

CL

)
, (9)
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dVd

dt
=

(
iL,CT − id

CP

)
, (10)

diL,CT

dt
=

(
VCL − VCT − Vd

L

)
, (11)

dVCT

dt
= iL,CT

CT
, (12)

ipwr = Vpwr − VCL

R
, (13)

where CL, CT and CP are the loading, tuning and parasitic
capacitors, L is the matching circuit inductor, R is the internal
resistance of the power supply, VCL and VCT are the voltage
drops across the loading and the tuning capacitors, respectively,
Vd is the discharge voltage, Vpwr is the power supply voltage,
ipwr is the power supply current, id is the discharge current and
iL,CT is the current through the branch having the inductor L

and the tuning capacitor CT.
The plasma model and the external circuit model are

coupled via the discharge current id and discharge voltage Vd.
The plasma model calculates the discharge current,

id = A.

(
ε
∂E

∂t
+ e ��i − e ��e

)
(14)

for a given potential at the electrodes. In the discharge current
expression, A is the surface area of the electrode, ε is the
permittivity of the medium, E is the electric field, e is the
elementary charge, ��i and ��e are the ion and electron flux,
respectively. The first term on the right-hand side represents
the displacement current, the second and third terms represent
the ion and electron currents, respectively. Based on the
discharge current the external circuit model recalculates the
voltage at the electrodes.

3.3. Chemical kinetics

The plasma-chemistry model used in this work is the same as
in [24]. The model considers five species: electrons, argon
monomer and dimer ions (Ar+, Ar+

2), electronically excited
argon monomer (Ar∗) and neutral argon (Ar). A total of
nine reaction steps were considered, these include elastic
scattering, ionization, three-body recombination, molecular
ion conversion, excitation, de-excitation and dissociative
recombination.

The electron transport coefficients (mobility µe and
diffusion coefficient De) and rates of the electron induced
reactions are calculated using the EEDF obtained as a solution
of the Boltzmann equation using the two-term spherical
harmonic expansion (SHE) [25]. In order to simplify the
numerical efforts, a modified local-field approximation [23]
was employed in this work. In this approximation, the EEDF
is calculated for different values of the reduced electric field
(E/N) and electron number density (ne). Two-dimensional
look-up tables for electron transport coefficients and reaction
rates are produced this way. These look-up tables are
prepared first and used for the present plasma calculations
instead of running the numerically expensive Boltzmann solver
simultaneously with the discharge simulation model. In

the present model the electron energy balance equation is
solved to accurately resolve the sheath region and take into
account the non-local effects induced by electron thermal
conduction. Hence, the electron temperature (Te) and the
electron number density (ne) are used to obtain the electron
transport coefficients and the reaction rates.

3.4. Boundary conditions

Flux boundary conditions were imposed for all the species
densities at the electrodes. The electron flux ��e at the
electrodes is given as:

��e = 1

4
neuth − γ

∑
i

qi
��i, (15)

where γ is the secondary electron emission coefficient and
uth is the electron thermal velocity. The effect of secondary
electron emission due to ion bombardment was taken into
account through the boundary conditions for the electrons. A
secondary electron emission coefficient of 0.01 was set for our
calculations.

The boundary condition for the ions takes into account
both the thermal and drift flux and is given as:

��i = 1

4
niβuth,i + bµi

�Eni

×
{
b = 0, electric field directed away from electrode
b = 1, electric field directed toward the electrode

}
,

(16)

where uth,i is the thermal velocity of the ion and β is the surface
interaction coefficient. At the electrode surfaces all the ions
and excited species are quenched to neutral species due to
surface reactions. For all the surface reactions the surface
interaction coefficient β was set to unity.

The boundary condition for the electron energy Te is
expressed as:

2Te ��e = 5

2
Te ��e − 5

2
neDe∇Te, (17)

where ne is the electron number density and De is the electron
diffusion coefficient.

The electrode surfaces are set to be isothermal walls
with room temperature 300 K for solving the gas mixture
temperature. No slip boundary condition was maintained at
the electrodes to solve the fluid averaged velocity.

The initial value of the electron density was set to
1010 m−3, which is the free electron number density at
atmospheric pressure [21]. The initial values for VCL , VCT , Vd,
ipwr and iL,CT for the external circuit model were set to zero.

3.5. Numerical scheme

The control-volume method is used to discretize the species
conservation, energy conservation, momentum conservation
and Poisson’s equation. The Scharfetter–Gummel exponential
scheme [26] was used for the convective–diffusive terms in
the electron and electron energy conservation equation. For
the convective–diffusive terms in the ions, excited and neutral
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Table 2. Parameters for the atmospheric pressure rf argon plasma
discharge simulations with CL = 50 pF.

Supply
voltage Loading Tuning
amplitude, capacitor, capacitor,

Case Vs (V) CL (pF) CT (pF)

18 50.0
19 60.0
20 300 50 65.0
21 70.0
22 75.0
23 100.0

Table 3. Parameters for the atmospheric pressure rf argon plasma
discharge simulations with CL = 75 pF.

Supply
Voltage Loading Tuning
Amplitude, Capacitor, Capacitor,

Case Vs(V) CL(pF) CT (pF)

24 50.0
25 300 75 75.0
26 100.0

species conservation, a second order upwind scheme [27] is
used. A second order upwind scheme is also used for the
convective–diffusive terms in the mass-averaged momentum
conservation and the neutral energy conservation equations.
Poisson’s equation was solved for the electric potential using
a central difference scheme. A non-uniform grid was used
with 100 cells. The grids were dense near the electrodes in
order to accurately resolve the sheaths. The smallest grid
resolution near the electrode surface was 0.85 µm. An implicit
time marching scheme was used with time step size equal to
10−10 s. The time marching calculations are continued until
the variation of the variables is less than 10−4 of the value of
the variable from the previous time step. The solutions are
then considered to be quasi-steady.

In this work, the CFD-ACE+ code [28] is used to simulate
the plasma and a general purpose circuit simulator, SPICE [29]
is used to simulate the external circuit. The CFD-ACE+ solver
calculates the transport of the charged and neutral particles and
electric field by solving the PDEs. The solver calculates the
currents at the electrodes for a given potential at the electrodes.
Based on the currents the SPICE code recalculates the voltage
at the electrodes by solving the equations for the external
circuit. For each time step, the overall solution is iterated
until the convergence of voltage/current is reached.

4. Results and discussion

Simulations were carried out for the rf atmospheric pressure
argon discharge (figure 1) by varying the external circuit
parameters (tables 1–3). The loading (CL) and tuning (CT)

capacitors of the matching circuit were varied for this purpose,
while the resistance R, inductance L, parasitic capacitor CP

and the supply voltage amplitude Vs were kept constant. The
frequency of the power supply was maintained at 13.56 MHz
for all the cases.

Figure 2. (a) Simulated wave forms of the discharge voltage (dotted
line) and the discharge current, (b) simulated waveforms of the
supply and discharge current and (c) Lissajous plot of
voltage–current for a argon rf atmospheric pressure glow discharge
operating in the α mode. IdRMS = 0.0538 A, VdRMS = 105.20 V,
PdRMS = 4.03 W (case 1).

Since the discharge operates in two different modes we
analyze two cases (1 and 12) in detail to determine the
different plasma characteristics. Figure 2 shows the simulated
waveforms of the discharge voltage, discharge current
(figure 2(a)), supply current (figure 2(b)) and the Lissajous
plot of discharge voltage–discharge current (figure 2(c)) for
case 1 (α mode). In the α mode, both the discharge voltage
and current waveforms are smooth and sinusoidal, indicating
a mostly linear response of the discharge (figure 2(a)). The
RMS discharge voltage, current and discharge power is found
to be 105.20 V, 0.0538 A and 4.03 W, respectively. The
capacitive nature of the discharge can be clearly seen as the
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(a)

(b)

Figure 3. Time averaged spatial profile of (a) electric field and
(b) electron temperature for a discharge operating in the α mode.
IdRMS = 0.0538 A, VdRMS = 105.20 V, PdRMS = 4.03 W (case 1).

current waveform is found to lag the voltage waveform by
83◦. Comparing the discharge and supply current waveforms
(figure 2(b)) it is seen that in the α mode the discharge is
poorly matched due to low ratio of discharge to supply current.
The ratio of RMS discharge to supply current was found to be
0.03. Lissajous plot of the discharge voltage–discharge current
is presented in figure 2(c). The phase difference between
two signals governs the Lissajous patterns and provides a
better understanding of the capacitive/resistive nature of the
discharge. For the present case 1, the Lissajous plot has a
smooth elliptic shape, due to about 83◦ phase shift between
the discharge voltage and current (as indicated in figure 2(a)).
This indicates the discharge to be more capacitive, which is
one of the key features of a α mode discharge [17].

Spatial profiles of the time averaged electric field and
electron temperature for the α mode (case 1) are shown in
figure 3 to provide insight into mechanisms responsible for
the two different glow modes. The maximum electric field
is found to exist at the electrode surfaces (figure 3(a)). The
electric field has a magnitude of 820 kV m−1 at the electrode

(a)

(b)

Figure 4. Time averaged spatial profile of (a) Ar+
2 , Ar and Ar∗

number density and (b) ions (Ar+
2 + Ar+) and electron number

density for a discharge operating in the α mode. IdRMS = 0.0538 A,
VdRMS = 105.20 V, PdRMS = 4.03 W (case 1).

surfaces and decreases almost linearly to a very low value in
the central region. The sheath region is characterized by a
region of almost linear fall of the electric field. A total sheath
thickness of about 450 µm is observed for a discharge current
of 0.0538 A. A peak electron temperature of about 2.37 eV
occurs near the electrode surface (figure 3(b)). Joule heating
being the main source, the peak electron temperature exists
near the location of the maximum electric field (figure 3(a)).
The electron temperature was thereafter found to decrease
to about 2.24 eV. The loss of the electron energy is due to
the collision of electrons with background neutral argons,
resulting in the formation of argon ions and argon excited
species (figure 4(a)). The space between an electrode and
the location of the minimum electron temperature is where the
majority of the gas ionization takes place. In the mid-region of
the discharge the electron temperature was found to increase
to about 2.32 eV. The increase in the electron temperature is
due to the energy gain from the electric field.

Figure 4(a) shows the spatial profile of the time averaged
species densities of Ar+

2, Ar+ and Ar∗ for case 1. It can be
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Figure 5. Spatial profile of the time averaged ion current density for
a discharge operating in the α mode. IdRMS = 0.0538 A,
VdRMS = 105.20 V, PdRMS = 4.03 W (case 1).

seen that the maximum density of the ionic and electronically
excited species are located at the central region of the discharge,
indicating significant volumetric production of these species.
In the α mode, the electrons have the maximum energy outside
the sheath region, in the volume of the discharge. As a result
most of the ionization and excitation processes occur outside
the sheath region, within which the ionic and the electronically
excited species are trapped by the rapidly oscillatory field of
the applied voltage. The density of Ar+ and Ar+

2 ions and
electronically excited Ar∗ monomer drops near the electrode
surfaces due to the surface quenching processes. Ar+

2 is
found to be the dominant ionic species which is two orders
of magnitude larger than that of Ar+. Since the electronically
excited Ar∗ monomer is responsible for the brightness of the
discharge, the Ar∗ distribution profile indicate two luminous
zones in the volume of the discharge. These luminous zones
are found to exist close to the electrodes. Time averaged spatial
distribution of the combined ion (Ar+ + Ar+

2) and the electron
density for the same case are presented in figure 4(b). In the
present α mode, the discharge is found to be quasi-neutral over
a distance of about 550 µm in the central region. Large sheaths
were observed having dimensions of about 225 µm.

Figure 5 shows the time averaged ion current density for
case 1. The maximum ion current density was 0.63 mA cm−2

for the discharge current of 0.0538 A. The small ion current
density also implies the smallest effect of secondary electron
emission from the electrode surfaces. The maximum
electron current density due to secondary electron emission is
0.0063 mA cm−2, for a secondary emission coefficient of 0.01.
This small value of secondary electron emission due to ion
bombardment indicates the discharge to be volume dominated.
The temperature profile in the α mode (case 1) shows a peak
gas temperature at the central region of the discharge (figure 6).
The peak gas temperature obtained is 370 K which is 70 K
above the ambient temperature. The contributions of different
neutral gas heating mechanisms are summarized in figure 6(b).
The time averaged spatial profiles of ion Joule heating, heating

Figure 6. Spatial distribution of the (a) neutral gas temperature and
(b) time averaged energy source terms for a discharge operating in
the α mode. IdRMS = 0.0538 A, VdRMS = 105.20 V, PdRMS = 4.03 W
(case 1).

due to elastic collisions and heavy particle reactions are shown.
It can be seen that in the α mode the dominant gas heating
mechanism in the bulk plasma is due to elastic collisions. The
ion Joule heating has the maximum value at the electrodes.
The peak magnitudes of both ion Joule heating and heating
due to elastic collisions are of the order of 107 W m−3. The
contribution of ion Joule heating in the central region of the
discharge is small and is comparable to the maximum value
of heating due to heavy particle reactions. The maximum
value of heating due to heavy particle reaction was found to be
∼6 × 104 W m−3.

The simulated wave forms of the discharge voltage and
discharge current, and supply and discharge currents are shown
in figures 7(a), and (b) for a γ mode discharge (case 12). The
Lissajous plot (discharge voltage versus discharge current) for
the above case is shown in figure 7(c). Both the discharge
voltage and current are observed to be sinusoidal but with
significant distortion in the peaks. The RMS discharge current
and voltage are 0.5220 A and 169.78 V, respectively. The
current lagged the voltage by 40◦, which is 43◦ smaller than
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(a)

(b)

(c)

Time (µs)

Time (µs)

Figure 7. (a) Simulated wave forms of the discharge voltage (dotted
line) and the discharge current, (b) simulated waveforms of the
supply and discharge current and (c) Lissajous plot of
voltage–current for a argon rf atmospheric pressure glow discharge
operating in the γ mode. IdRMS = 0.5220 A, VdRMS = 169.78 V,
PdRMS = 95.88 W (case 12).

that observed in the α mode (case 1). The decrease in the phase
difference is due to the conductive nature of the discharge. In
the γ mode, the discharge operates at a significantly higher
power, having a RMS value of 95.88 W. Furthermore the
discharge is also found to be better matched having RMS
discharge to supply current ratio of 0.29 (figure 7(b)). The
Lissajous plot of voltage–current (figure 7(c)) in the present
case (γ mode) is skewed due to the decrease in the phase
angle between the current and the voltage signals. The plot
is also observed to have distortions, instead of the smooth
profile seen in case 1 (α mode) (figure 2(c)). The skewed,
distorted Lissajous pattern is due to the higher conductivity
of the discharge. At higher power the discharge transitions

(a)

(b)

Figure 8. Time averaged spatial profile of (a) electric field and
(b) electron temperature for a discharge operating in the γ mode.
IdRMS = 0.5220 A, VdRMS = 169.78 V, PdRMS = 95.88 W (case 12).

from being capacitive to conductive. The γ mode of operation
of a rf ccp is identified through this conductive nature of the
discharge [17].

The time averaged spatial profiles of the electric field and
the electron temperature in the γ mode (case 12) are shown in
figures 8(a) and (b). Compared with the α mode (figure 3),
the electric field has a maximum value of 5270 kV m−1 at
the electrode surfaces, an order of magnitude higher. The
sheath thickness is found to decrease significantly. It has a
total thickness of about 90 µm. In the γ mode of operation,
a peak electron temperature of about 3.0 eV is observed
(figure 8(b)). The higher electron temperature results due
to the higher electric field in this mode (figure 8(a)). The
higher electron temperature in the γ mode suggests that the
electrons are substantially accelerated in the sheath and thereby
is capable of inducing gas ionization in the sheath region.
The electron temperature reaches a minimum value of about
1.75 eV in between the sheath and the bulk plasma. This
indicates the location of the maximum ions (figure 9(a)), since
the electrons lose most of their energy during the ionization

8
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Figure 9. Time averaged spatial profile of (a) Ar+
2 , Ar and Ar∗

number density and (b) ions (Ar+
2 + Ar+) and electron number

density for a discharge operating in the γ mode. IdRMS = 0.5220 A,
VdRMS = 169.78 V, PdRMS = 95.88 W (case 12).

process while colliding with the neutral argon atoms. In the
bulk plasma region the electron temperature has a constant
value of about 1.83 eV.

Figure 9(a) shows the spatial profiles of the time averaged
species density for case 12. It can be seen that in the γ mode,
the maximum density of the ionic and electronically excited
species are located near the electrode surfaces. The γ mode
operates at higher discharge currents and has a higher electric
field in the sheath region (figure 8(a)). As a result, the electrons
have higher energy at the sheath region and therefore can
perform the ionization and the excitation processes. The peak
species density is observed in the location of the minimum
electron energy as most of the electron energy is lost during
the ionization and excitation processes. The decrease in
the species density in between the sheath and the bulk is
the consequence of the low electron energy in that region
(figure 8(b)). As the electrons start acquiring energy in the
bulk plasma, the species density increases in the bulk region
which is reflected in the species profiles. Similar to the α mode
the Ar+

2 is found to be the dominant ionic species. However
it is one order of magnitude larger than that of Ar+, compared

Figure 10. Spatial profile of the time averaged ion current density
for a discharge operating in the γ mode. IdRMS = 0.5220 A,
VdRMS = 169.78 V, PdRMS = 95.88 W (case 12).

with the two orders of magnitude difference observed in the
α mode. The Ar∗ spatial profile indicates that the discharge
has two thin luminous regions immediately adjacent to the
electrodes. This is followed by a dark and bright region
respectively. The luminosity of the discharge in the γ mode
is similar to the ‘negative glow’, ‘Faraday dark space’ and
‘positive column’ observed in direct current (dc) atmospheric
glow discharges [10,24]. Comparing the number density of the
electronically excited Ar∗ monomer the γ mode has a higher
luminosity. The peak Ar∗ density in the γ mode is larger by
two orders of magnitude. The density distribution of the Ar∗

monomers for both the α and γ modes match the visualization
studies of rf ccp discharges reported in the literature [21,30]. In
figure 9(b) the spatial profiles of the time averaged combined
ions (Ar+ + Ar+

2) and electron densities are shown. In the
γ mode of operation, the discharge is quasi-neutral in most
of the volume apart from the sheaths. Small sheaths having
thickness of about 45 µm were observed. The sheath thickness
is similar to that observed for a dc atmospheric pressure argon
discharge [24]. Comparing the sheath thicknesses between the
two modes, the γ mode sheath was smaller by a factor of 5. The
time averaged ion current density for the same case is shown
in figure 10. The discharge has a peak ion current density of
385.60 mA cm−2 for a discharge current of 0.5220 A. This is
three orders of magnitude larger than that observed in the α

mode (case 1). The electron current density due to secondary
electron emission is 3.856 mA cm−2, which is also larger by
three orders of magnitude. The higher value of the secondary
electron emission current indicates the discharge to be surface
dominated. In figures 11(a) and (b) the spatial distribution
of the neutral gas temperature and the time averaged energy
source terms are shown for case 12. Significant change in the
temperature profile can be seen when the discharge operates in
the γ mode. The peak gas temperature was found to be 650 K,
280 K higher than the α mode. The peak gas temperature is
seen to exist adjacent to the electrodes, at the location of the
peak ion and electron density. This resembles the maximum
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Figure 11. Spatial distribution of the (a) neutral gas temperature
and (b) time averaged energy source terms for a discharge operating
in the γ mode. IdRMS = 0.5220 A, VdRMS = 169.78 V,
PdRMS = 95.88 W (case 12).

temperature observed in the negative glow of an atmospheric
pressure dc glow discharge [24]. The contributions of different
gas heating mechanisms indicate ion Joule heating to be the
dominant gas heating mechanism in the sheaths. The higher
ion Joule heating in the γ mode results due to the high electric
field and ion current density (figures 8(a), 10). The maximum
ion Joule heating was found to be ∼4 × 1010 W m−3 in the
sheaths, which is three orders of magnitude higher than that
observed for the α mode (case 1). In the central region of the
discharge, heating due to elastic collision has a more dominant
effect. The heating due to elastic collision in the central region
of the discharge is found to be ∼4×108 W m−3, which is larger
by one and three orders of magnitude than the heating due to
heavy particle reactions and ion Joule heating, respectively.

To observe the evolution of the sheath thickness with
increasing discharge current the spatial profiles of the time
averaged electric field for different RMS discharge currents are
shown in figure 12 (cases 1, 3, 5, 7 and 12). These cases are
chosen so that a gradual evolution in the α mode to a transition
to the γ mode can be observed. For all the cases the maximum

Figure 12. Spatial profile of the time averaged electric field for
different discharge currents (cases 1, 3, 5, 7 and 12).

electric field is at the electrode surface and it increases with
an increase in the discharge current. The maximum electric
field changed from 820 kV m−1 at 0.0538 A to 5270 kV m−1 at
0.5220 A. At 0.1321 A discharge current (case 7), just before
an onset to γ mode, the peak electric field was found to be
2662 kV m−1. The sheath thickness of the discharge is found
to decrease with an increase in the discharge current. The
sheath region is characterized by a region of almost linear fall
of the electric field. The total sheath thickness decreased from
450 to 90 µm for a discharge current increase from 0.0538 to
0.5220 A. Just before the onset to the γ mode the total sheath
thickness reduced to about 220 µm (case 7). Due to the small
sheath thickness and high electric field, the secondary electron
emission due to ion bombardment starts to become significant.
The discharge starts becoming surface dominated rather than
volume dominated.

Time averaged spatial profiles of Ar+
2, Ar+ and electrons

for different RMS discharge currents (cases 1, 3, 5, 7 and 12)
is shown in figures 13–15, respectively. It can be seen that
with an increasing discharge current Ar+

2, Ar+ and electron
density increases and starts expanding in the axial direction.
At low discharge currents the Ar+ and electron density profiles
are bell-shaped and similar to that observed in low pressures
[31]. The density profiles of Ar+

2 and Ar+ suggests volumetric
production outside the sheath when operating at low discharge
current. As the discharge current increases the peak density
of Ar+

2, Ar+ and electrons starts shifting toward the electrodes.
For a discharge current of 0.1321 A peak ions (Ar+

2 and Ar+)

and electron density is observed to shift toward the electrodes
(figures 13–15). This indicates the initiation of gas ionizations
in the sheath region of the discharge. The secondary electron
emission due to ion bombardment would also start to play
a significant role, because of the presence of the peak ion
density near the electrodes. The change in the spatial density
profile indicates a transition in the mode of operation of the
discharge. The discharge is found to change from α mode
(volume dominated) to γ mode (surface dominated) with an
increase in the discharge current.
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Figure 13. Spatial profile of the time averaged Ar+
2 number density

for different discharge currents (cases 1, 3, 5, 7 and 12).

Figure 14. Spatial profile of the time averaged Ar+ number density
for different discharge currents (cases 1, 3, 5, 7 and 12).

The voltage–current (V –I ) characteristics resulting from
the simulations (cases 1–17) is shown in figure 16. Two
distinct modes of operation can be clearly seen, which are
the α and the γ modes. In the α mode of operation the
discharge voltage sharply increases with an increase in the
discharge current resulting in large positive impedance in this
regime. This is the ‘abnormal glow’ operating regime, which
has also been observed in other studies of atmospheric pressure
rf plasma discharges [11, 16, 30, 32]. As the current increases
above 0.1083 A, the discharge voltage increases less for a given
increment in the discharge current. For a 21.9% increase
in the discharge current (IdRMS, 0.1083–0.1321 A), a 1.1%
increase in the discharge voltage (VdRMS, 186.37–188.25) is
observed. At a discharge current of 0.1552 A (point C) a
transition is observed (showed in dotted line). The discharge
voltage decreases from 188.25 V at 0.1321 A to 164 V at
0.1552 A, a decrease of ∼24 V. The decrease in the discharge
voltage with an increasing discharge current indicates the
existence of negative differential impedance in this region.

Figure 15. Spatial profile of the time averaged electron number
density for different discharge currents (cases 1, 3, 5, 7 and 12).

Figure 16. RMS voltage–current characteristics of the rf argon
discharge at 760 Torr (cases 1–17). The ‘solid square’ denotes a
solution where a γ mode discharge was provided as an initial
condition.

This evolution is consistent with the experimental observation
of α–γ transitions in atmospheric pressure rf glow discharges
[30,32]. Once the discharge evolves to a γ mode the discharge
voltage is once again observed to increase with discharge
current. However the positive differential impedance of the
discharge in the γ mode is smaller compared with that of the
α mode. While in the γ mode, the discharge is also found
to be operating as an ‘abnormal glow’. Once in the γ mode,
the discharge remains in the same mode of operation even
with decreasing discharge current (case 15). For these cases
a γ mode discharge (case 9) was given as an initial condition.
In figure 16 these points are shown by square symbols. A
second transition is observed at point D for a discharge current
of 0.0652 A, where the discharge evolves back into the α

mode (point A). The hysteresis loop ‘ABCD’ is similar to
those observed in atmospheric pressure rf discharges [30].The
simulated V –I characteristics is found to match the general
trends of experimental studies [30, 32].
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Figure 17. Time averaged peak Ar+
2 and Ar+ number density as a

function of RMS discharge current (cases 1–17). The ‘solid square’
and ‘solid circle’ denote the peaks Ar+

2 and Ar+, respectively, where
a γ mode discharge was provided as an initial condition.

Figure 17 represents the time averaged peak Ar+
2, Ar+

density as a function of the RMS discharge current for cases
1–17 (table 1). Over the range of discharge current the Ar+

2 is
found to be the dominant ionic species. At lower discharge
current the peak Ar+

2 density is larger by a two orders of
magnitude from that of the Ar+ density. The peak Ar+

2 density
is found to be one order of magnitude higher than that of
Ar+ in the higher discharge current range. Over the high
discharge current range the increase in the peak ion density
is significantly lower compared with that observed in the low
discharge current range. The peak Ar+

2 density increased from
3.49 × 1018 m−3 at 0.1321 A to 6.21 × 1018 m−3 at 0.1552 A
when the α–γ transition occurred. Once in the γ mode the
discharge remains in the same mode of operation even with
decreasing current. For a discharge current of 0.1069 A, the
peak Ar+

2 is 3.62 × 1018 m−3 while still operating in the γ

mode (showed with ‘solid square’, case 15). A γ –α transition
is observed when the discharge current is reduced to 0.0813 A.
The time averaged peak electron density as function of the
RMS discharge current and voltage are shown in figures 18(a)
and (b) for cases 1–17. The dependence of the peak electron
number density on the discharge current has similar trends
as the peak ion density. The peak electron density increased
from 3.35 × 1018 m−3 at 0.1321 A to 5.97 × 1018 m−3 at
0.1552 A. Both the peak ion and electron density show a
gradual increase when the discharge evolves into the γ mode.
The dependence of peak electron density on RMS discharge
voltage (figure 18(b)) shows an increase in the electron density
with the discharge voltage until the α–γ transition. The peak
electron density increases sharply just before the transition,
in the discharge current range of 0.1083–0.1321 A. As the
discharge transitions from the α to the γ mode the peak electron
density increased with a decrease in the discharge voltage.
This is due to the secondary electrons being emitted from the
electrode surfaces, which dominates in the γ mode. Once in
the γ mode, the peak electron density starts increasing with an
increase in the discharge voltage. In the γ mode the discharge

Figure 18. Time averaged peak electron number density as a
function of (a) RMS discharge current and (b) RMS discharge
voltage (cases 1–17). The ‘solid square’ denotes peak electron
density where a γ mode discharge was provided as an initial
condition.

remains in the same mode of operation even with decreasing
current. For a discharge current and voltage of 0.1069 A and
152.66 V, respectively, the peak electron density was found to
be 3.43 × 1018 m−3. Raizer et al [33] have established that in
moderate pressure rf plasmas, the α–γ transition occurs if the
plasma density exceeds a critical value for sheath breakdown.
The critical electron density is given by [33]:

necritical = Bp

e
ε0

A′
[

ln

(
A

ln(1 + γ −1)

)
+ ln(2pA)

] , (18)

where A and B are constants for argon gas (12 cm−1 Torr−1

and 180 V cm−1 Torr−1 [21]), p is the pressure (Torr), γ is the
secondary electron emission coefficient of the electrodes, e is
the electron charge, ε0 is the permittivity and A′ is oscillation
amplitude of the plasma boundary. The α–γ transition occurs
when the oscillation amplitude A′ of the plasma boundary
exceeds the total sheath thickness ds, i.e. 2A′ = ds. For a
total sheath thickness of 220 µm, just before the transition,
one obtains a critical electron density of 1.82×1018 m−3. This
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Figure 19. Time averaged peak ion current density as a function of
RMS discharge current (cases 1–17). The ‘solid square’ denotes
peak ion current density where a γ mode discharge was provided as
an initial condition.

compares favourably with the predicted peak electron density
of 3.35 × 1018 m−3 (figure 18(a)) just before the transition.

The time averaged peak ion current density for different
discharge current is shown in figure 19 (for cases 1–17).
Sharp increase in the ion current density is seen in the low
discharge current range. The maximum ion current density
increases from 0.63 mA cm−2 at 0.0538 A to 18.44 mA cm−2

at 0.1321 A. The transition to the γ mode occurs for a peak
ion current density of 32.25 mA cm−2. In the γ mode,
gradual increase of the peak ion current density is observed
over the discharge current range 0.1552–0.6370 A. The ion
current density ranges 32.25–448.53 mA cm−2 in the γ mode
operation regime. Compared with the α mode the γ mode has
significantly higher ion current density. The higher ion current
density indicates higher flux of ions coming to the electrode
surface. With higher ion flux, the role of secondary electron
emission starts to play a significant role. Similar to the peak
ions and electron density, while in the γ mode of operation
the peak ion current density took a different route with a
decreasing discharge current (showed with ‘solid squares’).
For a discharge current of 0.1069 A (γ mode) the peak ion
current density was found to be 19.17 mA cm−2.

The effect of the loading and tuning capacitors on the
discharge power is shown in figure 20 for all the cases listed
in tables 1 and 2. For a fixed loading capacitance of 100.0 pF,
it can be seen that for small tuning capacitance value the RMS
discharge power to supply power ratio is low. This indicates
a poor matching of impedance between the discharge and the
power supply since very little of the applied power is going into
the discharge itself and most of it is being lost in the resistive
element of the circuit. For a tuning capacitor of 5.0 pF the
power ratio is 0.01. The power ratio increases from 0.01 for
a tuning capacitor of 5.0 pF to 0.06 for a tuning capacitor of
100.0 pF. In the entire α mode the discharge is found to be
poorly matched. The discharge to supply power ratio starts
to increase when the discharge evolves to the γ mode. A
sharp increase in the ratio is seen in the tuning capacitance

Figure 20. PdRMS
PsRMS

(RMS discharge power to supply power ratio), as a
function of tuning capacitor CT for fixed value of loading capacitor.

range 102.5–107.5 pF. In the γ mode small changes in the
tuning capacitance had significant effect on the discharge
power. The RMS discharge to supply power ratio increased
from 0.08 to 0.33 in the γ regime. This better matching is
due to the low differential impedance of the discharge in this
region (figure 16). By reducing the loading capacitance to
50.0 pF, it was found that better matching could be obtained.
However the discharge was still poor in the α mode. For a
fixed loading capacitance of 50.0 pF the discharge to supply
power ratio ranged from 0.13 to 0.47 for a tuning capacitor
range 60.0–100.0 pF.

RMS discharge current contours and mode of operation
of the discharge as a function of loading and tuning capacitors
CL and CT, respectively are shown in figures 21(a) and (b).
It can be seen that for a low value of CL a large increase in
the RMS discharge occurs for small incremental change in
CT value, resulting in transition to γ mode from the α mode.
Only a small region of α mode operation exists for a small
CL (figure 21(b)). The α mode exists only in the CT range
50.0–57.0 pF for a CL value of 50.0 pF. For larger CL values
the discharge current steadily increases with increase of CT

(figure 21(a)). The α mode discharge is observed to exist over
a wider range of CT (figure 21(b)) for larger CL values. A larger
CL suppressed the transition to γ mode, therefore providing
more control to the mode of operation, which was not observed
for small values of CL.

5. Conclusions

A one-dimensional hybrid model has been developed to
simulate atmospheric pressure rf argon glow discharge together
with an external matching circuit. The simulations were
conducted for parallel plate geometry with an inter-electrode
separation of 1.0 mm. The loading and tuning capacitors of the
external circuit were varied to study the effect of the matching
network on the plasma characteristics. The predicted voltage–
current characteristics predicted two modes of operation of the
discharge. In the low discharge current range the discharge
operates in the α mode and evolves to a γ mode at high
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(a)

(b)

Figure 21. (a) Contours of RMS discharge current and (b) mode of
operation of the discharge as a function of tuning and loading
capacitor.

discharge currents. In the V –I characteristics a sharp linear
increase in the discharge voltage is observed in the α mode.
This indicates large positive differential impedance in this
regime. In the α–γ transition the discharge voltage is found to
decrease with increasing discharge current. Once the discharge
evolves to the γ mode the discharge voltage increases with
discharge current. However the differential impedance of the
discharge in the γ mode is found to be less than that in the
α mode. Furthermore a hysteresis in the V –I characteristics
was observed in the α–γ and γ –α transitions. The critical
electron number density for α–γ transition was predicted to
be 3.35 × 1018 m−3 which agreed favorably with the literature
values [33].

The model predicts the discharge to evolve from being
capacitive at low discharge current to being conductive at
higher discharge current. The tuning and the loading capacitors
of the matching circuitCT andCL have significant effects on the
plasma characteristics. For small values of the tuning capacitor
the discharge is found to operate in the α mode. Furthermore
the discharge is found to be better matched when operating in
the γ mode. The model predicts volume and surface dominant
ionization for the α and γ modes, respectively. Higher gas
temperature is observed in the γ mode of operation due to
the high electric field and high ion current density. The peak

gas temperature predicted in the γ mode was 650 K which
was 250 K higher than that of the α mode. The calculated
gas temperature suggests the discharge to be a non-thermal
non-equilibrium discharge. The different species density
predicted by the model provides insight into the physico-
chemical processes. The simulations indicate the molecular
argon ion to be dominant for an atmospheric pressure rf glow
discharge. The profiles of the electronically excited species
density provided insight into the visual appearance of the
discharge. In the α mode luminous region in the central region
of the discharge and in the γ mode luminous region adjacent
to the electrode followed by dark and bright regions were
observed. The alternating bright and dark regions predicted
in the γ mode resemble the ‘negative glow’, ‘Faraday dark
space’ and ‘positive column’ observed in dc glow discharges.
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