
 

Abstract—Low temperature radio frequency plasma is 

widely used in low temperature plasma processing medium for 

material processing in many fields including microelectronics, 

aerospace, and the biology. For proper utilization of the process, 

it is very much important to know the plasma parameters. In 

this paper a technique is reported to determine the plasma 

parameters from the electrical discharge characteristic of a 

capacitivly couple radio frequency argon plasma. The 

homogeneous discharge model is modified to make it applicable 

in low pressure by incorporating the plasma series resonance 

effect. The effect on the plasma resistance by the change in drift 

velocity of the electron with rf electric filed is also considered. 

The electron density and temperature is found to be well agreed 

with the Langmuir probe diagnostic result, which is in the 

range of 0.5x10
10

 to 4.5x10
10

 cm
-3

  and 1.4 to 1.6 ev for wide 

range of rf power. 

 
Index Terms—Capacitive couple radio frequency plasma, 

discharge characteristic, homogeneous discharge model, 

plasma parameters, power balance.  

 

I. INTRODUCTION 

Radio-frequency (rf) plasma is widely used as a low 

temperature plasma processing medium for material 

processing in many fields including microelectronics, 

aerospace, and the biology [1, 2]. As a result of energetic ions, 

chemically active species, radicals and also energetic neutral 

species, rf discharges are widely used in etching, deposition 

and surface treatment, particularly in the semiconductor 

industry. Although, much processing is done on an empirical 

basis for a particular device, a full characterization is 

desirable for reproducibility, consistency, better 

understanding the process, and more importantly 

transformation of process from one device to another [3].  

The yield of ion implantation process like plasma enhanced 

chemical vapor deposition (PECVD), plasma immersion ion 

implantation (PIII) strongly depends on the ion density [4]. It 

is therefore important to investigate the plasma parameters in 

such discharge. There are several diagnostic techniques 

employed for the determination of electron density and 

temperature in dc plasmas which includes Langmuir probe [5, 

6], plasma spectroscopy [7,] microwave and laser 

interferometries, and Thomson scattering [8-10]. Several 
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characterization techniques are reported in recent literature to 

characterize the atmospheric pressure capacitively couple 

radio frequency (CCRF) plasma for different experimental 

parameters [11-14].  The electrical discharge characteristic 

can be also used to estimate the plasma parameters, which is 

simpler, easier, quicker and no additional equipment is 

required [11]. Li et al [11] estimated the electron density and 

electron temperature from the current-voltage and 

current-power characteristic of an atmospheric pressure 

CCRF plasma by using homogeneous discharge model. They 

have estimated the plasma density in mode of atmospheric 

pressure CCRF plasma. They assumed that the electron 

density ne is only proportional to the rms value of the applied 

current because of the frequent electron neutral collision in 

atmospheric pressure, which makes the drift velocity of the 

electron independent on the variation of applied electric field 

[11]. This model can be used to evaluate the plasma 

parameters in atmospheric pressure CCRF plasma. However, 

large range of measurements on discharge characteristics is 

required to evaluate the plasma parameters. In addition, in 

low pressure, which is very much important in material 

processing works when the electron neutral collision reduced 

and the electron gain more energy from the applied electric 

field, this model cannot be used directly to evaluate the 

plasma parameters. In addition, the nonlinear plasma series 

resonance (PSR) effect is also dominant in low pressure 

particularly in mtorr range, and produces several harmonics 

to the rf current, which need to be considered in calculating 

the plasma parameters.   

In this paper, we have reported a method to evaluate the 

plasma parameters from the electrical discharge 

characteristic of CCRF plasma system in low pressure argon 

environment. The homogeneous discharge model of CCRF is 

modified to make it applicable in low pressure particularly in 

mtorr range by adopting the nonlinear PSR effect. In this 

method, we have also consider that the plasma density 

depends on the rms current as well as rms voltage, since the 

drift velocity of the electron is strongly affected by applied 

electric field in low pressure due to the reduction in collision. 

Furthermore this model is used to evaluate the plasma 

parameters from the experimental data for wide range of 

power and operational parameters.  

 

II. EXPERIMENTAL DETAILS  

The experiment is carried out in a 13.56 MHz CCRF 

system. The experimental setup of the CCRF system is 

shown in Fig. 1. The electrode assembly of the rf discharge 
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consists of two water cooled circular disc shaped parallel 

stainless steel electrodes separated by 11 cm. The diameter of 

the lower powered electrode is 8 cm and the upper grounded 

electrode is 10 cm. The pressure in the stainless steel vacuum 

chamber was maintained by a combination of rotary and 

turbo molecular pumps. Series of mass flow controller are 

used for 

 
Fig. 1.Experimental setup. 

maintaining gas flow rates. The discharge current is 

measured by a Tektronix TCP0150 current probe and the 

signals are recorded in a Tektronix DPO-4104 oscilloscope 

for further analysis. An automatic matching network (ENI 

MWH-5-01) is connected in between the rf power supply and 

the electrodes to deliver maximum power to the load. The rf 

power generator (ENI ACG-6B) can deliver up to a 

maximum of 600 watt and is equipped with a pair of meters to 

monitor simultaneously the forward power and reflected 

power. Electrical signals from the plasma are recorded only 

when there is no reflected power from the load. Bulk plasma 

is produced and filled in the space between the electrodes and 

the electrodes are covered by sheath regions. A negative dc 

potential is develops between the bulk plasma and the power 

electrodes, which is commonly known as „self bias‟ in rf 

plasma. This self bias is generated as a consequence of the 

geometrical asymmetry of the electrode system. Due to this 

„self bias‟ the ion energies near the power electrode reaches 

up to few hundred eV. This feature makes the rf discharge 

suitable for application in different material processing areas 

[2, 15-19]. The experiment is carried out in 35 mtorr chamber 

pressure and the rf power is varied from 10 watt to 120 watt. 

The three measured quantities i.e. Irms, Vrms, and average 

power P are used to calculate plasma parameters from the 

modified homogeneous discharge model as describe in the 

next section. 

 

III. THE EQUATIONS AND MODELING 

In homogeneous discharge model of CCRF, the plasma is 

considered as a series of sheath capacitor (Cs), a bulk plasma 

resistor (Rp), and a bulk plasma inductor (Lp) as shown in Fig. 

2.  

In the bulk of the discharge plasma, the electron frequency 

(p), the capacitance of the parallel electrode (C0) can be used 

to express the  inductance due to the inertia of the electron in 

the bulk of the plasma [11, 20], 

 
Fig. 2.Equivalent circuit of the CCRF plasma discharge according to 

homogeneous discharge model. 

2

0

2

1

eAn

md

C
L

ep

p 


             (1) 

 

where, m is the mass of the electron, d is the distance between 

the electrodes, A is the surface area of the parallel plate, ne is 

the electron density. The plasma bulk is assumed to be 

quasineutral and (for simplicity) homogeneous. The radio 

frequency current through the discharge is carried by electron 

conduction alone. The dependence of the current density on 

the electric field can thus be modeled by a generalized Ohm‟s 

law. It takes into account the acceleration of the electrons by 

the electric field and their momentum loss due to elastic 

collisions with the neutrals of the background gas. The 

collision rate is given by momentum transfer collision 

frequency. For simplicity, considering only the Ohmic 

heating the resistance of the bulk plasma can be express as 

[11, 20] 
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where, is the electron neutral collision frequency. cf is a 

correction factor introduced to the plasma resistance to take 

into account the change in drift velocity of the electrons with 

the variation of the electric field and the PSR effect. Since the 

electrons have sufficient distance to travel and accelerate in 

the bulk plasma at low pressure, we anticipate that the 

resistance of the bulk plasma changes due to the change in 

drift velocity of the electrons. Besides, it was reported that 

due to the PSR effect the measured rms current is higher than 

the current predicted by homogeneous discharge model [13, 

14]. It has also been experimentally observed that at the 

beginning of the rf cycle the plasma sheath expands and as a 

result energetic electron beams are generated [14, 21]. The 

PSR effect enhances the generation of these highly energetic 

electron beams due to the rapid expansion of the sheath. 

These electrons travel from the sheath region and propagate 

through the bulk plasma and enhance the total plasma current. 

The electron neutral collision frequency can be express as 

[20], 
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where, dcol is the electron neutral collision cross section and 
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Te is the electron temperature. Combining equation (2) and 

(3), 
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In homogenous model, the sheath capacitance can be 

express as [11, 20] 
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The rms values of current (Irms) and voltage (Vrms) can be 

correlated according to the homogeneous discharge model 

and can be express as, 
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Shou-Zhe Li et al [11] shows that for atmospheric pressure 

CCRF plasma the rms value of voltage follows the variation 

of the rms value of current according to one branch of 

hyperbola. This is a special case of the equation (6), when the 

drift velocity of the electron in the bulk of plasma depends 

trivially with the variation of electric field due to the frequent 

electron-neutral collision at the atmospheric pressure. 

The dissipated power of the plasma and the rms values of 

current and voltage can be express in terms of power factor 

as, 

 

cosrmsrms IVP                 (7) 

 

where,  is the phase difference. The equation (7) can be 

express from the equivalent circuit of the homogeneous 

discharge model as, 
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The power density p (W/cm3) can be express in terms of 

temperature and density as power balance equation [11], 
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where, Tg is the gas temperature, Kiz and iz are the ionization 

rate coefficient and first ionization energy from the ground 

state. a∗ represents the first excited state of the atom, εa
∗ and 

εiz
∗ are the first excitation energy and ionization energy of the 

state a∗, Kex is the excitation rate coefficients, and KiZ
∗ is the 

ionization rate coefficient from the first excited state. In this 

equation, Kel,e–i, Kel,e–a, and Kel,e–a∗ are the electron-ion, 

electron–atom, and electron– excited state collision rate 

coefficients respectively. Eq. (9) includes many energy 

dissipation factors involved in the discharge process; 

however, in the case of cold plasma generation with low 

power density, many terms becomes negligible. The radiation 

loss does not influence considerably on the power balance 

equation for the cold non-equilibrium plasmas. Hence, 

considering only the significant terms in Eq. (9), the power 

balance equation reduce to,  
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The temperature dependent terms in equation (10) can be 

express as [11, 12], 
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The equation (6), (8), and (10) are solve simultaneously 

coupling with the equation (11-13) to determine the three 

unknown plasma temperature Te, plasma density ne and the 

correction factor cf. 

 

IV. RESULT AND DISCUSSION 

The instantaneous plasma current for different operational 

power are shown in Fig. 3 at 35 mtorr chamber pressure. 

From this figure it is observed that the phase difference 

of the  

 
Fig. 3.Typical current waveforms at 35 mtorr pressure  for different rf power. 

current is varying with different rf power. The distortion 

observed in the current waveforms is a clear indication of the 

PSR effect.  The PSR effect is observed for all the current 

waveforms irrespective of rf power. To study the PSR effect, 
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Fast Fourier Transformation (FFT) of the current waveforms 

is performed and the results are shown in the Fig. 4. Several 

harmonics of the applied frequency are observed in the   

 
Fig. 4.Fast Fourier Transform of the current waveforms for different rf power 

at 35 mtorr argon operating pressure. 

 
Fig. 5.Variation of measured Vrms and Irms with operational rf power. 

 
Fig. 6.Vrms-Irms characteristic and the change in the phase difference with Irms.  

 
Fig. 7.Variation of total plasma impedance with Irms. 

current waveforms. The intensities of the harmonics are seen 

to increase with increasing rf power with a maximum 

intensity of the third harmonic. The value of the Vrms is 

calculated from the voltage waveforms after subtracting the 

DC components produced by self-bias [22]. The variation of 

the measured Irms and Vrms with rf power are shown in Fig. 5. 

Both the Vrms and Irms are seen to increase with increasing rf 

power. The corresponding current density calculated to be in 

the range of 4.7 mA/cm-2 to 25.5 mA/cm-2. During the 

experiment it is observed that the plasma is completely filled 

in between the electrode. The Vrms – Irms characteristic and the 

phase difference between the current and voltage are shown 

in Fig. 6. The Vrms – Irms characteristic is almost linear in our 

present experimental range and it is almost similar with the 

previously reported characteristic obtained in atmospheric 

pressure rf plasma [11, 23, 24] for higher current density, 

which can be assumed as a straight line. However, the Vrms – 

Irms characteristic at lower current density is different from 

the atmospheric pressure rf discharge [11, 23, 24]. It may be 

due to the considerable variation in resistance of the bulk 

plasma with the electric field in lower pressure and the 

existence of the PSR effect. The phase differences are 

observed to be in between 0.43 to 0.44, which is a direct 

consequence of the capacitively couple discharge. The 

variation of the total plasma impedance (XT =Vrms/Irms) with 

Irms is presented in Fig. 7.  The XT  is found to decreases with 

the increases Irms. 

 
Fig. 8.Variation of calculated electron density and electron temperature with 

rf power. 

 
Fig. 9.Variation of calculated electron density and electron temperature with 

Irms. 

 
Fig. 10.Variation of calculated correction factor with rf power. 

The computational results obtain for electron density and 

electron temperature for different rf power by solving the 

equation (6) ,(8), and (10-13) are shown in Fig. 8. The 

electron density are found to be in the range of 0.5x1010 cm-3 

to 4x1010 cm-3,   and the electron temperature in between 1.4 

ev to 1.63 ev, which is well agree with the reported rf 

compensated Langmuir probe measurement data with the 

same experimental conditions [2]. The variation of electron 

density and electron temperature with Irms are shown in Fig. 9, 

International Journal of Applied Physics and Mathematics, Vol. 1, No. 2, September 2011

127



  

which shows a linear increment of density with current, 

which is obvious due to the increment of the collision with 

increasing current. The electron temperature is initially 

increased rapidly with increasing current and slow down the 

rate of increment as the current increased. It may be due to 

the increased of drift velocity of the electron with increasing 

electric field. Even the electric field is almost linearly 

increased with current, the drift velocity is not increasing 

linearly due to the increased of collision in higher current. 

This may be the cause for the nonlinear increased of electron 

temperature with Irms. The computed correction factor for 

different rf power is presented in Fig. 10. The correction 

factor is increased with increasing power, which is due to the 

increased of the drift velocity of the electron with increasing 

power. However, the observed correction factor is almost 

constant as the power increased beyond 80 watt. This is 

because the limitation on the increased in drift velocity with 

electric field at higher power due to collision.  The correction 

factor is expected to become one in atmospheric pressure, 

when the drift velocity of the electron depends trivially with 

the variation of electric field due to the higher collision in 

atmospheric pressure and the PSR effect diminished 

completely. To find out the dependency of electron density 

on rf current a plot of  )( rmse In verses Irms is presented 

in figure 11. Unlike the atmospheric pressure rf discharge 

where the electron density only depends linearly on current 

(= constant) [11], in low pressure the electron density 

shows considerably nonlinear dependency with current. The 

dependency factor in low pressure initially increases with 

increasing current and the rate of increment is reduces as the 

current increases further. These observations agreed with our 

initial assumption on the change in the plasma resistance due 

to the change in drift velocity of the electrons. 

 
Fig. 11 .Dependency of electron density with Irms. 

 

V. CONCLUSION 

A simple computational model is developed to 

characterize the rf argon plasma from discharge characteristic 

and power. The homogeneous discharge model of CCRF 

discharge is modified by incorporating the PSR effect and 

extent it to evaluate the plasma parameters from the electrical 

discharge characteristic.   This evaluated plasma parameters 

in a CCRF argon plasma in different rf power and the results 

arewell agreed with the results obtained by rf compensated 

Langmuir probe.    This model can be also used in 

atmospheric pressure CCRF plasma.  
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