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Abstract: The combined method of Navier-Stokes equation and direction simulation Monte-Carlo method was used to simulate the 

flow in the reaction chamber, and the relationship between gas flow velocity and plasma density was analyzed by the Langmuir probe 

detection equipment. Results show that the flow uniformity can significantly impact the plasma uniformity. Under the pressure of 6.5 

Pa, the plasma density and flow velocity show a positive correlation, which is consistent with the experiment results in atmosphere 

pressure. This research verifies that improving the flow uniformity can enhance the plasma oxidation uniformity.
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Plasma-enhanced chemical vapor deposition (PECVD) is 
one of the commonly used techniques for vacuum coating. 
This technique was firstly developed in the late 1970s and has 
been widely used in the production of consistent low-
temperature coatings, particularly in the manufacture of 
semiconductor films. With the Langmuir probe diagnostic 
device and hybrid method combining the Navier-Stokes (NS) 
equation and the direct simulation Monte Carlo (DSMC) 
method, the plasma state can be diagnosed and analyzed, 
which ameliorates the plasma distribution to achieve greater 
uniformity and to improve the growth and quality of the film.

The study of plasma uniformity is typically conducted in 
the gas environment. Hao et al[1] studied the effects of 
chamber radius and chamber height on the plasma parameters 
and uniformity in the inductively coupled plasma source with 
frequency of 2 MHz. The pressure ranges from 0.5 Pa to 10 
Pa, and the results show that the uniformity of plasma 
distribution in the chamber gradually deteriorates with 
increasing the pressure. Gao et al[2] used the Langmuir probe 
and COMSOL simulation software to investigate the electron 

density of plasma at different pressures. Significant 
differences exist in the plasma distribution at various 
pressures. The experiment and simulation results are in good 
agreement at pressure of 2 Pa and low radio frequency (RF). 
Most researches focus on different pressure environments, 
particularly the relationship between the number of non-
flowing gas particles and the amount of plasma. However, in 
the complex flow process in PECVD chamber, stronger 
correlation exists between the number of gas particles affected 
by gas flow velocity and the plasma quantity.

In 1980, Coburn et al[3] used the spectral diagnostics to 
correlate gas flow rate with plasma density. Sun et al[4] used 
the two-dimensional self-consistent model to study the 
uniformity of plasma in the wafer chamber and demonstrated 
the effect of strong diffusion on plasma uniformity. Larijani et 
al[5] used the optical emission spectroscopy to investigate the 
plasma production through the activation of gas phase CH4+
H2 by both hot filaments and plasma discharge in chemical 
vapor deposition. It is found that the flow rate of methane gas 
affects the plasma uniformity. Zhang et al[6] described the 
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effect of O2 addition on the spatial uniformity of one-
dimensional helium plasma jet arrays. With increasing the O2 
flow rate, the addition of excessive O2 may result in the 
quenching of discharge in the plasma jet array. Liang et al[7] 
used the two-dimensional self-consistent electrostatic fluid 
model and found the radial uniformity of plasma in 
capacitively coupled nitrogen discharge. Although the effect 
of electrode gap on plasma uniformity was analyzed, the 
impact of flow rate changes resulting from reduction in 
electrode gap was neglected.

These results all demonstrate the effect of flow velocity on 
plasma and the influence of gas environment, but the flow 
field is rarely investigated. This omission may be attributed to 
the restrictions of simulation methods. In most cases, the 
environment of plasma chamber is complex and contains 
multiple flow regimes, leading to difficulty of current fluid 
simulation methods. Therefore, it is important to develop an 
effective method to visualize the relationship between gas 
flow velocity and plasma density.

In the environments with multiple flow states, such as 
PECVD, there are significant differences between the 
calculated results obtained by NS method based on the 
continuity assumption and the actual values in regions with 
large Knudsen numbers (Kn). DSMC method is based on the 
probability and statistics, which can accurately simulate the 
flow field, but it can only apply to regions with high Kn. 
Therefore, a hybrid NS-DSMC method which combines the 
efficiency of NS method and the accuracy of DSMC method 
is proposed. This method is commonly used to simulate the 
rarefied flows in outer space and can be applied to calculate 
complex flow environments in PECVD[8]. In this research, the 
relationship between the velocity of the rarefied flow and the 
plasma density was studied.

11  Experiment  Experiment

Fig. 1 shows the schematic diagram of experiment device: 
the vacuum chamber had an inner diameter of 340 mm, the 
height was 350 mm, and the spacing was 60 mm between the 
upper and lower plates. The upper plate was made of metal 
mesh. The gas was injected into the vacuum chamber through 
three lines, and the flow was controlled by the mass flow 
controller. The upper plate was connected to RF power source 
(13.56 MHz) and generated plasma through capacitive 
coupling. The experiment parameters were set based on the 

optimal parameters for the oxidation process. The working 
vacuum was 6.5 Pa, and RF power was 200 W. The ratio of 
gas mass flow rate of Ar:O2=1:1, and the Ar/O2 gas flow rate 
was 5 mL/min.

The Langmuir probe used the conventional tungsten probe 
which was adjusted in position by the drive system, 
eliminating the sawtooth waveform with the output of ±110 V. 
Because the probe tip might be easily contaminated and the 
accuracy of experiment result could be affected, the probe was 
sequentially cleaned by acetone and alcohol solution before 
the experiment. The Langmuir probe was located at the 
position of 20 mm away from the lower plate during the 
diagnosis. The needle tip was moved outward along the probe, 
starting from the center of the lower plate. The initial position 
of the probe was recorded as 0, representing the chamber 
center. The position 10 indicated the edge of plate, and its 
distance from initial position was 10 cm.

22  Numerical Method and Validation  Numerical Method and Validation

2.1  NS method

Based on the open-source software OpenFOAM, a steady-
state solver rhoSimpleFoam was used in the continuous flow 
regime. A three-dimensional model was used for the 
simulation. The calculation grid adopted the tetrahedral mesh 
with better adaptability over a wide range and locally used the 
hexahedral mesh with higher accuracy. The continuous regime 
simulation method used the density-based compressible flow 
model[9]. The fundamental governing equations included the 
continuity equation, momentum equation, and energy 
equation, and they were discretized by the finite volume 
method. The laminar flow model was used in the turbulence 
model. Thermal radiation was neglected in the calculation. NS 
method is based on the assumption of continuity. However, 
with increasing the non-continuum effect, the kinetic theory 
suggests that NS equation is gradually invalid[10].
2.2  DSMC method

Transition regimes in the microchannel flow field were 
resolved by DSMC procedure in the dsmcFoam module of 
OpenFOAM software[11]. DSMC method is based on the 
statistical methods instead of the solution of continuity 
assumption equations. DSMC method describes the system 
state by tracking the positions and velocities of a large number 
of particles. Therefore, this method can be used for various 
flow regimes. Each calculated particle in DSMC represented a 
specific number of real particles. Through grid division, the 
motion state of particles in each grid area could be calculated 
to represent the flow state of that specific area. The molecular 
free path (λ) was calculated as follows:

λ =
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where ω is the temperature coefficient of viscosity, m is the 
atomic mass, k is the Boltzmann constant, T is the 
temperature, μ is the gas dynamic viscosity, and ρ is the gas 
density. If the mesh size is a fraction of free path[12], the time-
step size is a fraction of the average collision time, and the Fig.1　Schematic diagram of PECVD reaction system
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average number of particles per cell is 25. A variable hard 
sphere collision model was used[13–14]. The Maxwell wall 
condition is suitable for rarefied flow interaction, and it was 
also used in the simulation[15]. The computational efficiency of 
DSMC method depends on the number of particles, which in 
turn is related to the free path. Therefore, DSMC method is 
mainly used to solve the non-continuous state of the flow field.
2.3  NS-DSMC method 

NS-DSMC hybrid method was adopted to simulate the 
microchannel jet flow from transition flow state to continuous 
flow state in this research. Various techniques were used to 
solve the problem of algorithmic coupling.

The statistical scatter calculated by DSMC only caused 
numerical fluctuations of the boundary grids, exerting slight 
effect on the internal grids. Therefore, the overlapping grid 
method could be used to transfer the internal data for 
coupling[16]. DSMC region was extended into NS region to 
create the overlapping region[17]. The coupling process must be 
conducted in the continuous domain for smooth program 
transition from the particle domain to the continuous domain. 
The size of the overlapping grid had slight effect on the 
results[18], which transferred the internally stable solution of 
DSMC and ensured the validity of NS method in the coupling 
region. Therefore, DSMC area was extended to NS area, as 
shown in Fig.2.

A state-based coupling approach was proposed[19–21]. 
Boundary conditions were imposed on the rarefied gas 
molecular simulations by Chapman-Enskog velocity 
distributions[18]. Compared with the boundary conditions of the 
Maxwellian distribution, the Chapman-Enskog distribution is 
more suitable for the boundary conditions close to the 
equilibrium region[16]. The flow velocities of simulated 
molecules entering DSMC boundary cells were determined by 
the Chapman-Enskog velocity distribution function based on 
the macroscopic flow variables[22].

Furthermore, by adopting the sub-relaxation technique, the 
statistical errors of DSMC can be effectively reduced[23]. Both 
sub-relaxation technique and overlapping grid were used to 
transfer the stable results from DSMC domain to NS domain. 
The overlapping grid and the Chapman-Enskog distribution 
were used to exchange boundary conditions between 
continuous domains and molecular domains[24].

The time decoupling of the steady-state coupling process 

was achieved by the Schwarz alternation method. By adopting 
the serial Schwarz alternation method, the exchange of steady-
state solutions between subdomains was achieved, promoting 
the evolution of entire flow field. Using the Schwarz 
alternation method and Dirichlet boundary conditions, the 
location of the solver interface for the two domains was pre-
specified to facilitate the data exchange. This method is 
suitable for the coupled low-speed steady-state problems, 
which uses the implicit iterative coupling method to 
circumvent the explicit integration to achieve the global 
steady-state[18].

NS-DSMC results are consistent with DSMC results, as 
shown in Fig. 3. The DSMC method has high computational 
accuracy[25], but it requires a large number of computational 
resources in the continuous regime. The computational 
efficiency of coupling method should be primarily considered, 
rather than the computational accuracy. Therefore, in order to 
achieve the same level of accuracy with higher computational 
efficiency, the results of NS-DSMC method are compared 
with those of DSMC method.

33  Results and Discussion  Results and Discussion

3.1  Langmuir probe detection
Under the same discharge parameters, Fig. 4 shows the 

electron density and probe position of the plasma measured by 
the Langmuir probe. The plasma electron density gradually 

Fig.2　Schematic diagram of calculation area division

Fig.3　Variation of NS-DSMC results and DSMC results

3.0

2.8

2.6

2.4

2.2

2.0

1.8

E
le

ct
ro

n 
D

en
si

ty
/×

10
10

 cm
-3

Fig.4　Electron density distribution of plasma measured by 
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increases from the plate middle to the plate edge. In the 
central region of the plate, i. e., at position 0, the electron 
density of the plasma is slightly higher than that at position 1. 
The electron density reaches 2.1×1010 cm−3 at position 0, 
whereas it reaches 2.0×1010 cm−3 at position 1. At position 9, 
the plasma electron density reaches the maximum value of 
2.6×1010 cm−3. However, with moving the probe tip further 
away from the plate center, the electron density of the plasma 
is rapidly decreased. When the distance between the probe tip 
and the plate center exceeds 9 cm, i. e., at position 10, the 
electron density decreases to 2.3×1010 cm−3. Because the plate 
has symmetrical structure, the plasma spatial distribution 
exhibits the symmetrical shape along the axial direction.      
Eq. (2) shows the general formula for calculation of plasma 
uniformity[26–27]:

Uniformity =  (1 -
Max - Min
2 × Average ) × 100%                        (2)

where Max refers to the maximum plasma intensity, Min 
refers to the minimum plasma intensity, and Average refers to 
the average plasma intensity.

The device is operated at working pressure of 6.5 Pa and 
RF power of 200 W to activate the mixed gas of argon and 
oxygen (Ar:O2=1:1, Ar flow rate=5 mL/min). The plasma uni-
formity between the plates is approximately 85%, which is 
good but still needs further improvement. Usually, the main 
reasons for the non-uniform distribution of plasma are the 
standing wave effect, skin effect, edge effect, and the uneven 
distribution of gas. However, if the skin depth is greater than 
half of the plate spacing, the skin effect can be ignored[28]. The 
distance between the plates in this experiment was 60 mm, 
and the skin depth was about 100 mm. The standing wave 
effect normally exists in the process of large-area plasma 
discharge[29–30]. Using RF power supply with frequency of 
13.56 MHz, the RF wavelength is significantly larger than the 
electrode diameter. Therefore, the impact of the standing wave 
effect in this experiment can be basically ignored. The effects 
of standing waves and skin effect can be ignored in this 
experiment. Therefore, the main reason for the non-uniform 
distribution of plasma in this experiment may be the edge 
effect and the uneven gas distribution.
3.2  Flow field simulation results 

To further investigate the influence of edge effect and non-
uniform gas distribution on the unevenness of plasma 
distribution, the flow distribution in the axial plane of the 
probe was discussed. The flow field was simulated by NS-
DSMC method throughout the entire chamber. The simulation 
results show that when the gas enters the vacuum chamber, 
only a small amount of gas can reach the plate center. More 
gas molecules exist at the plate edge rather than in the middle. 
According to Fig. 5, the flow characteristics of the gas 
movement are asymmetric: a large amount of gas exists on the 
left side, compared with that on the right side. This 
phenomenon results in the non-uniform distribution of 
plasma. The plasma density at the plate edge is higher than 
that at the center position.

The distribution of electron field in PECVD device was 
analyzed. Fig.6 shows the electric field distribution simulated 
by ANSYS software. It can be observed that the electric field 
is concentrated near the plate edge, whereas it is relatively 
uniform in the central region. The electron density and 
velocity of the flow field have similar variations, as shown in 
Fig.7. It can be seen that the flow is basically consistent with 
the electron density in the central region (area A) with 
uniform electron field. With moving the position to edge part 
(area B), the strength of the electric field is increased. The 
increase in the difference between electron density and flow 
rate can be explained by the combined effect of flow rate and 
electron field strength on electron density.

In the central region, the electric field is uniform, and an 
approximately linear relationship exists between velocity and 
electron density. The relationship between plasma density and 
gas flow velocity is consistent with the results in Ref. [31]. 
Yambe et al[31] established the relationship between plasma 
and flow velocity under atmosphere pressure. The plasma 

a

b

Fig.5　Schematic diagram of cross-section of PECVD reaction sys-

tem (a); two-dimensional streamline of velocity simulation (b)

Fig.6　Simulation morphology of electric field
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density is logarithmically related to the gas flow velocity. 
There is no obvious logarithmic relationship under the 
condition of 6 Pa, but the positive correlation between 
velocity and electron density is consistent with the results in 
Ref.[31].
3.3  Structural improvement

To enhance the plasma distribution of PECVD equipment 
and to improve the surface quality of workpiece, the structure 
of PECVD device should be optimized by considering the 
uniformity of gas distribution. The intake device is gradually 
developed into a showerhead, as shown in Fig.8.

The new structure has the original microchannel with      
1.2 mm in diameter coupled with the microchannel with 0.8 
mm in diameter. The hole depth (microchannel length) is 
increased to enhance the flow resistance of the showerhead. 
This design achieves a uniform pressure distribution in the 
showerhead and minimizes the flow difference between       
the holes. In addition, the holes are uniformly spread along  
the horizontal x and y directions to maximize the uniformity 
of inflow. The results show that although a significant  
velocity difference exists between the center and the edge,   
the uniformity of the flow field in the center region is 
significantly improved.

The simulation results show that the amelioration of the air 
intake device can improve the gas balance in the vacuum 
chamber, as shown in Fig.9. Along the x direction, within the 
range of 0–0.08 m, the flow velocity ranges from 4×10−5 m/s 
to 4.8×10−5 m/s. The gas distribution between the plates 
significantly improves after the amelioration.

44  Conclusions  Conclusions

1) Non-uniformity and edge effects can lead to the decrease 
in the uniformity of plasma distribution.

2) The enhanced electric field caused by edge effects 
increases the plasma density. Under a uniform electric field in 
the rarefied environment of 6.5 Pa, the gas flow velocity is 
positively correlated with the plasma density. The simulation 
results are consistent with the experimental ones under 
atmosphere pressure.

3) Hybrid NS-DSMC method can accurately obtain the 
flow field values and can be effectively used to analyze the 
plasma uniformity.

4) By modifying the inlet structure, the gas uniformity can 
be improved, thus enhancing the plasma uniformity. This 
research provides support for the investigation about the 
influence of rarefied flow uniformity on plasma distribution, 
presenting wide application potential.
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基于NS-DSMC耦合方法与Langmuir探针诊断的射频等离子体

氧化过程中等离子体分布

刘万锁 1，王志宝 2，3，王 庆 1，蔺 增 1

(1. 东北大学  机械工程及自动化学院，辽宁  沈阳  110819)
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(3. 泰安真空表面工程工业技术研究院，山东  泰安  250111)

摘 要：采用Navier-Stokes方程和直接模拟蒙特卡罗方法相结合的方式模拟了反应腔内的气体流动，并结合Langmuir探针检测设备分

析了气体流速与等离子体密度的关系。结果表明，流体均匀性对等离子体的均匀性有显著影响。在6.5 Pa的压力下，等离子体密度和流

速呈正相关，与在大气压下的实验结果一致，说明提高流体均匀性可以提高等离子体的氧化均匀性。

关键词：等离子体氧化；等离子体诊断；NS-DSMC方法；Langmuir探针；等离子体均匀性
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