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This study presents a comparison of the Orbital Motion Limited (OML) and Allen-Boyd-
Reynolds (ABR) models for describing positive ions behavior in low-temperature RF 
magnetron (Ar-N2) plasma containing 70%, 60%, and 50% Ar in generated using 20W 
RF magnetron sputtering. Analysis performed on the I-V characteristics (0 to -40 V) 
obtained from a cylindrical Langmuir probe employed four criteria: a comparison of 
experimental and theoretical ion saturation current, the Sonin plot analysis, I2-V the 
linearity in the ion saturation region, and the Pilling-Carnegie criterion 
(d(log10V)/d(log10I)) versus V- Vplasma. The ABR model accurately predicted the 
experimental results for the first and second criteria. The OML model agreed with the 
third and fourth criteria. Although this agreement was limited for the fourth criterion at 
β=0.16, the third criterion  revealed increased linearity of the I2-V curve of Ar-N2 plasma 
with 70%, 60% Ar, indicating better agreement with the OML model in the saturation 
region than the 50% Ar plasma. Fourth criterion (the Pilling-Carnegie) indicates good 
agreement with the OML model for β=0.08 and 0.1, but deviation occurs at β=0.16. 
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1. Introduction 

Langmuir probes are essential tools for plasma 

diagnostics, particularly in determining the plasma 

parameters within the ion saturation region of the I-V 

characteristic [1]. Accurate measurements of positive 

ion current are crucial for understanding fundamental 

plasma physics and various plasma-enhanced surface 

processes, including chemical vapor deposition, ion 

implantation, etching, surface coating, and thin film 

fabrication [2-17]. The collection of positive ions by 

the probe is significantly influenced by their thermal 

motion and, in many cases, ion-neutral collision. Two 

primary theoretical models describe these processes: 

the orbital motion limited (OML) theory, applicable in 

the thick sheath limit the probe radius (rp) is less than 

the Debye length (rp/λD≫1), the Allen-Boyd-Reynolds 

(ABR) theory is suitable for the thin sheath limit the 

probe radius (rp) is much larger than the Debye length 

(rp/λD≫1) [18-21]. The OML model assumes the ions 

follow orbital trajectories, not all of which intersect 

the probe, while the ABR model assumes radial 

trajectories, leading to complete ion collection [18,19]. 

However, the applicability of either model a priori is 

often uncertain, and experimental results frequently 

fall between their predictions [12,17]. Neither model 

fully accounts for ion-neutral collision [22,23], 

highlighting the need for a more comprehensive 

model incorporating these effects [24-26]. 

Furthermore, challenges arise in interpreting 

Langmuir probe data in RF plasma due to RF pick up 

and neutral collisions, especially in high-density 

plasma where deviation from theoretical predictions 

occurs [27-29]. 

This study addresses these challenges by 

experimentally investigating positive ion collection in 

low-temperature RF argon–nitrogen plasma using a 

cylindrical Langmuir probe. The applicability of OML 

and ABR models was evaluated by analyzing the ion 

saturation region of the I-V curve characteristics using 

four criteria: (1) a comparison with theoretical 

predictions, (2) the Sonin plot analysis, (3) I²-V 

linearity, and (4) the Pilling-Carnegie criterion (d 

(log10V)/d(log10I)) versus V-Vplasma. The experimental 

setup and theoretical framework, including relevant 

model equations (Poisson’s equation and the ion 

continuity equation), are described in the following 

section. The selection of an appropriate theoretical 

model for plasma diagnostics remains uncertain prior 

to its application. Various approaches exist for 

modeling gas discharges, including analytical models, 

fluid models, the Boltzmann transport equation, 

Monte Carlo (MC) simulations, Particle-in-Cell Monte 

Carlo Collisions (PIC-MCC) simulations, and hybrid 

models combining fluid and Monte Carlo methods 

[30-35]. Each approach has unique advantages and 

limitations, with the optimal choice dependent on 

specific gas discharge and conditions. 

 

2. Experimental Part 

This section details the experimental setup used to 

diagnose an RF plasma generated by a magnetron 

sputtering system (schematic shown in Fig. 1a) [8]. 

The system comprised a cylindrical silica glass 

chamber (24 cm inner diameter and 20 cm length) 

evacuated to get a base pressure of 5x10-6 mbar. The 

vacuum system consists of an Edward 5 rotary pump 

and silicon oil diffusion. The gas mixture ratio was 

controlled by independently regulating the flow rate of 

Ar and N2 gases using flow meter control (Tylan 

General). The base pressure was 5x10-6 mbar. For a 
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50/50 Ar/N2 mixture, the resulting partial pressures 

were 2.5×10−3 mbar for Ar and 2.5×10−3 mbar for N2.  

For a 60/40 Ar/N2 mixture, partial pressures were 

adjusted to 3×10−3 mbar for Ar and 2×10−3 mbar for 

N2. The 70/30 Ar/N2 mixture results in partial 

pressures 3.5×10−3 mbar for Ar and 1×10−3 mbar for 

N2, resulting in a total of 5x10-3 mbar (measuring 

using a manometer). The gas flow rate was regulated 

using flow meters (Tylan General). A 6 cm diameter 

steel magnetron gun connected to a matching network 

and a 13.5 MHz RF power supply operating at 20 W. 

A matching circuit is essential for delivering 

maximum forward power to the plasma chamber 

while minimizing reflected power to the RF system. 

The cylindrical Langmuir probe is immersed between 

the target and substrate. The space between the 

substrate and the target was held at 5 cm. 

 

 
Fig. (1) A schematic diagram of the RF plasma magnetron 

sputtering system and Langmuir probe system 

 

Accurate Langmuir probe measurements in RF 

plasma require careful consideration of several 

electrical and electronic arrangements, such as probe 

size, probe material, RF filter, and proper grounding. 

Figure (1b) illustrates a cylindrical Langmuir probe 

design. A 3 mm long cylindrical molybdenum wire (a 

radius rp of 0.35 mm) was chosen to minimize 

secondary electron emission and sputtering processes 

resulting from collisions between particles and the 

probe. The probe electric circuit included a 100 VDC 

power supply and a 100 kΩ, 10-turn potentiometer for 

precise voltage control. An RF filter (two 75 μH 

inductors and a 100 nF capacitor) was connected to 

the single probe to block RF interference, ensuring 

only DC was measured. Optimal probe design requires 

careful choices of rp, rc, and L (probe radius, chamber 

radius, and probe length, respectively) to satisfy the 

following conditions: rp,rc<<L, λD<<L, and L<<λe, 

where λe is the mean free path of electrons and λD is 

the Debye length. These conditions ensure accurate 

sheath measurements. 

 

3. Results and Discussion 

Several criteria exist for analyzing the results of 

ions collected by a cylindrical Langmuir probe. These 

criteria differ significantly in critical aspects and are 

discussed in this work. The OML or radial nature of 

the collected positive ions is independent of the 

chosen criterion. The following section describes 

these criteria. 

The first criterion compares the experimental 

results of the I-V probe curve characteristics obtained 

at negative probe bias (within the ion sheath) to the 

theoretical predictions based on the radial model and 

OML theory. The governing equations for each model 

are given below [36]: 

𝐼𝑒 = 𝐼𝑒𝑠 𝑒𝑥𝑝[
𝑒(𝑉−𝑉𝑝𝑙𝑎𝑠𝑚𝑎 )

  𝑘𝐵𝑇𝑒
]   (1) 

The electron saturation current, Ies is given by 

𝐼𝑒𝑠 = 𝑒𝐴𝑛𝑒(
𝑘𝐵𝑇𝑒

2𝜋𝑚+
)   (2) 

where e is the electron charge, A is the cylindrical 

probe surface area, ne is the electron density, Te is the 

electron temperature, kB is the Boltzmann constant, 

and m+ is the ion mass 

Figure (2) shows the experimental I-V 

characteristics curve of cylindrical probes in argon-

nitrogen plasma and theoretical curves according to 

the radial and OML theories. The OML curve occurs 

at V<VFloating, where Vplasma is the plasma potential, 

VFloating is the floating potential, and V is the probe 

potential. The radial curve is valid for potentials 

V<Vplasma, according to the following equation [36]: 

𝑉 < 𝑉𝑝𝑙𝑎𝑠𝑚𝑎 − (
2𝑘𝐵𝑇+

𝑒
)   (3) 

Figures (2a), (2b), and (2c) show the I-V 

characteristics for an RF Ar-N2 magnetron plasma at 

the RF power of 20 W and a pressure with varying the 

Ar concentration: (a) 70%, (b) 60%, and (c) 50 %. The 

experimental data in figures (2a) and (2b) show good 

agreement with the prediction from the radial model 

ABR across a wide range of positive ion current 

regions. However, figure (2c) shows less agreement 

with the ABR model. Significant discrepancies exist 

between the experimental curve and the OML model 

prediction. Therefore, the success of this criterion 

depends on the agreement between experimental 

results and either the radial or OML model. 

The OML theory assumed that the orbital angular 

momentum of ions limits the ion current in the 

saturation region. At the sheath edge assumed the 

Maxwellian of ion energy distribution. The plasma 

potential Vp(r) as a function of r, the radius of circular 

orbital motion around the probe. 

The second criterion utilizes a Sonin plot [37], a 

suitable representation for the positive ion collection 

by the cylindrical Langmuir probe. This criterion plots 

the dimensionless ion current 𝐼′(𝑥𝑝, 𝑦𝑝, 𝛽) from Eq. 

(4) [38] 

𝐼′(𝑥𝑝, 𝑦𝑝 , 𝛽) =
𝐼+(𝑥𝑝,𝑦𝑝,𝛽)

𝑒𝑟𝑝𝑛+
√

𝑚+

2𝜋𝑘𝐵𝑇𝑒
  (4) 

versus dimensionless parameters derived from the ion 

current and probe radius in Eq. (5). The probe 
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potential is held constant during the analysis in this 

criterion [38]: 

𝐼′(𝑥𝑝, 𝑦𝑝 , 𝛽)𝑥𝑥𝑝
2 =

𝐼+(𝑥𝑝,𝑦𝑝,𝛽)𝑒𝑟𝑝

𝜀0
√

𝑚+

2𝜋𝑘𝐵
3 𝑇𝑒

3 (5) 

where ε0, r, xp, and I+ are the vacuum dielectric 

permittivity constant, probe radius, dimensionless 

probe radius, and ion saturation current, respectively.  

 

 
(a) 

 
(b) 

 
(c) 

Fig. (2) The I-V characteristics in the ions saturation region of 

RF Ar-N2 magnetron plasma at a pressure of 5x10-3 mbar and 

the power RF 20 W with varying the Ar concentration is varied 

as follows: (a) 70%, (b) 60%, and (c) 50%. Experimental results 

compare the orbital (green) and radial (blue) models 

 

The dimensionless probe radius xp and Debye length 

λD are defined as [39]: 

𝑥𝑝 =
𝜆𝐷

𝑟𝑝
     (6) 

and  

𝜆𝐷 = √
𝜀0𝑘𝐵𝑇𝑒

𝑒𝑛𝑒
    (7) 

The dimensionless probe biased potential ysp can 

be calculated from equation [39]: 

𝑦𝑠𝑝 = −
𝑒𝑉𝑠𝑝

𝑘𝐵𝑇𝑒
    (8) 

where Te is the electron temperature obtained from the 

integrated EEDF curve or the slope of the log current-

voltage curve for a probe 

The Sonin plot used to analyze the motion of the 

ions around the Langmuir probe depends on two key 

parameters: normalized thickness sheath, space 

potential ysp, and the temperature ratio β=T+/Te are the 

ion and electron temperatures, respectively. The OML 

predicts the Sonin plot coordinate from the equations 

[38]: 

𝑦𝑠𝑜𝑛𝑖𝑛 𝑝𝑙𝑜𝑡 =
2

√𝜋
√𝛽 +

𝑒𝑉𝑠𝑝

𝑘𝐵𝑇𝑒
  (9) 

Plot versus 

𝑥𝑠𝑜𝑛𝑖𝑛 𝑝𝑙𝑜𝑡 =
2

√𝜋
√𝛽 +

𝑒𝑉𝑠𝑝

𝑘𝐵𝑇𝑒
(

𝑟𝑝

𝜆𝐷
)2  (10) 

The validity of different theoretical models is 

assessed by comparing the experimental Sonin plot to 

the theoretical prediction. These include the Sonin plot 

in (Sonin 1966) [38], the Laframboise OML model 

(with Peterson and Talbot’s fitting curve) [38-40] and 

the Allen, Boyd, Renold ABR theory (radial model) at 

different values of β [41-43]. 

Figure (3) represents the experimental Sonin plot 

curve for positive ions in RF Ar-N2 magnetron plasma 

collected by the cylindrical probe for ysp=25 at values 

of β=0.08, 0.1, and 0.16. The experimental results 

suggest that the radial theory is the best description for 

collection in the Ar-N2 plasma, while the OML theory 

is not consistent with the experimental observation. 

 

 
Fig. (3) The Sonin plot of positive ions collected by the 

cylindrical probe in RF Ar-N2 magnetron plasma for ysp=25 

under values of β=0.08, 0.1, and 0.16 

 

The third criterion analyzes the linearity of the 

relationship between the square of the ion current (I2) 

and the negative probe potential (V) within the ion 
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saturation region of the experimental curve. The ion 

current is given by [22] for V<<<Vplasma: 

𝐼+ = −𝑒𝐴𝑛+√
𝑘𝐵𝑇+

2𝜋𝑚+

2

√𝜋
√(1 −

𝑒‖𝑉−𝑉𝑝𝑙𝑎𝑠𝑚𝑎‖

𝑘𝐵𝑇+
) (11) 

where T+ is the ion temperature 

This criterion can determine ion density [3,28]. 

This criterion depends on the linearity of the I²-V 

curve. The advantage of this criterion is that it can be 

used over a wide range of the current-voltage curve. 

This criterion determines whether the motion of 

positive ions around the probe is orbital or non-orbital. 

Figure (4) shows the I²-V characteristic curves for 

argon-nitrogen plasma under different conditions. 

Figures (4a) and (4b) depict the I2-V curves of Ar-

N2 plasma with 70% and 60% Ar, respectively, 

exhibiting greater linearity in the ion saturation 

compared to the curve in Fig. (4c) at 50% Ar. This 

indicates that the linearity of the I2-V curves in this 

region correlates with the Ar/N2 gas mixture ratio, 

with higher Ar concentration associated with greater 

linearity. The increased linearity in figures (4a) and 

(4b) suggests better agreement with the OML theory 

in these cases, while the reduced linearity in Fig. (4c) 

indicates a deviation from the OML model. However, 

this correlation doesn’t prove that the OML theory 

solely governs the observed motion of ions in RF Ar-

N2 plasma. Increase the Ar percentage, reduce charge-

exchange collision affecting ion motion before the 

probe arrival [26]. The following criterion will help us 

to determine the best model to describe the observed 

ions' motion. 

The fourth criterion, the Pilling-Carnegie criterion, 

assesses ion collection mechanisms by analyzing the 

relationship between d(log10V)/d(log10I) and V-Vplasma 

[22,44]. According to this criterion, ion motion is 

consistent with the OML theory when the curve of d 

(log10V)/d(log10I) versus V curve tends to the absolute 

2 value. Figure (5) shows this relationship in the ion 

saturation region (V<<Vplasma) for β=0.08, 0.1, and 

0.16. The curves β=0.08 and 0.1 approach the absolute 

2 value, indicating the good agreement of the OML 

model. However, for β=0.16, the curve doesn’t 

approach the absolute 2 value only over a limited 

voltage range. This suggests that the OML model 

provides a reasonable approximation for β =0.08 and 

0.1, deviations occur at β=0.16 in an RF Ar-N2 

plasma. 

Table (1) summarizes the applicability of the four 

criteria to RF Ar-N2 plasma using a cylindrical 

Langmuir probe. The ABR model shows agreement 

with two criteria (comparison of experimental and 

theoretical I-V curves and Sonin plot), while the OML 

model shows agreement with two criteria (linearity of 

I2-V and Pilling-Carnage) under specific conditions. 

Table 1 also details the Advantages and disadvantages 

of each criterion, considering both orbital and radial 

ion motion. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. (4) Square ion saturation current I2 plotted against probe 

voltage V for RF Ar-N2 magnetron plasma at power source 20 

W, and pressure 5mbar. The Ar concentration is varied as 

follows: (a) 70 % Ar,(b) 60 % Ar, and (c) 50 % Ar 

 

The study highlights the limitations of the OML 

and ABR models in accurately predicting low-

temperature RF magnetron sputtering Ar/N2 plasma at 

low power, several challenges contribute to these 

limitations, including the effect of RF waves, 

magnetic field, and the electronegativity introduced by 

nitrogen molecules. Applying these models using the 

four criteria mentioned before may reveal significant 

deviations, particular with increase the N2 percentage. 

This is evidenced in a comparison of experimental and 

theoretical ion saturation current criteria, a trend 
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supported by previous studies, the ABR, and OML in 

Ar plasma with the I-V curve [21-23]. The 

discrepancies underscore the need for a more 

comprehensive model. Particularly considering the 

motion of ions in nitrogen plasma, near the magnetic 

field at the target, and the distribution of ion density 

surrounding the probe. This study lays the basis for 

such a model, which will incorporate measurement of 

ion velocity distribution and other parameters not fully 

captured in this work. The development of this new 

model represents a significant challenge and a future 

research direction.   

 

 
Fig. (5) d(log10(V)/d(log10(I)) curves for Ar-N2 plasma RF 

magnetron experimental data from cylindrical Langmuir probe 

at values of β= 0.08, 0.1, and 0.16 
 

4. Conclusion 

This study investigates positive ion motion in Ar-

N2 RF plasma using four criteria. The ABR model 

accurately predicted the experimental results for the 

first and second criteria. The OML model agreed with 

the third and fourth criteria. Although this agreement 

was limited for the fourth criterion at high β values. 

The results suggest neither the OML nor ABR models 

fully describe ion behavior under all conditions. The 

ABR model shows good agreement for β=0.08 and 

0.1, deviations occur at β=0.16 in an RF Ar-N2 

plasma, while the OML model shows better agreement 

for at β=0.16 values. 
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Table (1) Comparison between the criteria and applicability of them to OML or ABR models 

 

Criterion Applicability OML/ABR Advantages Disadvantages 

Comparison of the experimental 
(I-V curve) and theoretical 
curves (OML and ARB models) 
in the ion saturation region 

-ABR model (Applicable) 
-OML model (Not applicable) 

 

-Applicable to a wide range 
of ion saturation in I-V curves 

- Its insensitivity to noise 
-It is independent of the β values 

(Sonin plot) 
-ABR model Applicable at (β 

= 0.08 and β = 0.10) 
-OML model (Not applicable) 

-This criterion applicability 
depends on the β values 

-It offers helpful diagnostic 
techniques for positive ions 

-Noise influences the criterion 
-This criterion utilizes a single point data point 

(current) from the experimental I-V curve 

- It's high sensitivity to the β values 

(I2-V) curve 
-ABR model (Not applicable) 

-OML model Applicable in 
Ar/N2 at (70% and 60 % Ar) 

-It used a wide range of I-V 
curves 

- The linearity of the curve affects the level of 
noise in the data. 

- It ensures orbital or non-orbital motion for ions 

(Pilling-Carnegie) 
-ABR model (Not applicable) 
-OML model Applicable at (β 

= 0.08 and β = 0.10) 

-It depends on the values β 
-It used a wide range of I-V 

curves 

-The experimental noise   effect on the 
logarithm of the voltage and current makes it 

difficult to arrive at the limiting value of 2 
-It determines whether ions undergo orbital or 
non-orbital motion, but provides no information 

about their radial behavior 

 

 

 


