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Abstract

The uniformity of the deposition in the plasma-enhanced chemical vapor deposition (PECVD) process is greatly influenced
by the uniform effect of the microchannels in the showerhead. Most of the previous studies on showerheads have primarily
focused on the axial-direction of microchannels. However, there is a lack of comparative studies on the influence of radial
changes and different flow regimes on the flow characteristics of microchannels. In this paper, we utilized the coupling of
the Navier—Stokes and Direct Simulation Monte Carlo (NS-DSMC) methods to compare the differences between expansion
type microchannels and equal-diameter type microchannels in the slip and transition regimes. The results indicate that in the
slip flow regime, the microchannel of equal diameter exhibits a stronger jet compared to the expansion type. However, this
situation reverses as the slip flow regime transitions to the transition regime. This reflects the influence of the flow regime

on the characteristics of the microchannel and the potential of the combined type to enhance deposition uniformity.

Keywords NS-DSMC method - Transition regime - Showerhead - Microchannel flow - PECVD uniformity

1 Introduction

Plasma-enhanced chemical vapor deposition (PECVD) is
a manufacturing process used in film production. Its char-
acteristic is to conduct the plasma combination reaction by
ionizing the reaction gas in a rarefied environment and then
depositing the product on the surface. Therefore, the uni-
formity of the gas will directly affect the uniformity of the
final deposition on the surface.

To enhance the uniformity of the gas, a showerhead struc-
ture is typically incorporated into the reaction chamber. This
structure is typically a circular baffle that improves the gas
uniformity through the microchannels on it. Lee et al. (2019)
studied the distribution of holes in the showerhead, specifi-
cally focusing on the influence of the hole open area ratio
in the showerhead structure on the film thickness distribu-
tion within the wafer. The results indicated that the shape of
film deposition could be controlled, and the uniformity of
film thickness was improved by optimizing the hole open
area ratio of the showerhead structure. In addition, there are
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other researchers who are focused on studying the struc-
ture of holes. Wi et al. (2012) present the characteristics
of hydrogenated microcrystalline silicon thin films depos-
ited from a SiH,/H, in the PECVD system equipped with a
showerhead. The results show that a higher deposition rate
is found in the deep and dense hole region when the shape
and density of the holes on the electrode are varied. Xiang
et al. (2019) investigated the deposition of a large-area sili-
con—nitride film using silane and ammonia by PECVD in a
300 mm apparatus with a vertical showerhead. The inher-
ent non-uniformity of films could be improved by utilizing
showerheads with holes of different depths. These studies
not only demonstrate the influence of hole structure on the
uniformity of the showerhead but also examine two types of
hole structures: the equal-diameter type and the expansion
type. It can be observed that the distribution and structure
of holes directly affect the uniformity of the showerhead.
Not only does the structure of the showerhead itself
affect uniformity but also the fluid environment can also
impact its performance by affecting the flow through the
holes. Guensuk et al. studied the Amorphous Carbon Layer
(ACL) deposition rate at 733 Pa and 550 °C, the Knudsen
number (Kn) is around 0.02181. Moreover, Sung-Suk et al.
studied the PECVD reactor at a pressure of 8 torr and a
temperature of 200 “C, and the Kn is approximately 0.00132.
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Fig.1 System of PECVD reaction

Furthermore, Kim and Lee (2017) investigated the structure
of a showerhead in a capacitively coupled plasma (CCP)
reactor, which utilized an axisymmetric fluid mode in the
regime of transition flow. The flow regimes in the above
articles are between the slip flow regime and the transition
flow regime. From the information in microchannel research
(Weng et al. 1999), it is believed that the flow regime would
affect the pressure distribution in the microchannel of the
showerhead. Therefore, it is necessary to study the influ-
ence of rarefied characteristics of the microchannel on the
uniformity of the showerhead.

The research on microchannels in rarefied fluids mainly
focuses on the distribution of gas pressure, velocity, and
temperature within the channel. However, there is a lack of
relevant research on jet uniformity. This article focuses on
microchannel research and investigates the impact of various
microchannel structures and flow regimes on showerhead
jet uniformity, by integrating microchannel flow with show-
erhead uniformity. On one hand, it can enhance research
on the flow characteristics of radial structural variations in
the microchannel. On the other hand, it can be beneficial in
improving the flow uniformity of the showerhead.

2 Experimental procedure

To validate the simulation method used for transition
regimes, we conducted experiments to detect plasma using
Langmuir probes. The experimental device is shown in
Fig. 1. The inner diameter of the vacuum chamber was
340 mm, and the spacing between the upper and lower plates
was 60 mm. The gas was injected into the vacuum cham-
ber through the showerhead, and the flow is controlled by
the mass flow controller. The upper plate was connected to
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a radio frequency power source (13.56 MHz) and gener-
ated plasma through capacitive coupling. The experimental
parameters were set based on the optimal parameters for
the oxidation process. The working vacuum was 6.5 Pa,
and the radio frequency power was 200 W. The ratio of gas
mass flow rate between Ar and O, was 1:1, with both gases
flowing at a rate of 5 sccm. The Langmuir probe utilized a
conventional tungsten probe that was adjusted in position
by the drive system. It sweeps the sawtooth waveform with
a=+ 110 V output. By using the Langmuir probe, the plasma
density can be measured. In this paper, the cross-section of
the probe above plate 20 mm was selected for analysis.

3 Numerical method and verification

There are various possibilities for the flow regime in the
microchannels of the PECVD chamber. Normally, it will be
in the slip flow or transition flow regime. There are signifi-
cant differences in the calculation methods used for the two
flow regimes (Yuan et al. 2020). The continuum flow method
that incorporates a slip boundary correction is appropriate
for the slip flow regime, but it is not suitable for the transi-
tion flow regime. In this paper, a coupled Navier—Stokes
and Direct Simulation Monte Carlo (NS-DSMC) method
was used to calculate the transition regime. The regions
where the continuum flow method is not applicable were
determined by calculating the Kn. The region would be
appropriately expanded and solved using a DSMC method.
Thermal radiation is not considered in the calculation, and
the heat transfer mechanism between the gas flowing inside
the microchannel and the wall is only through molecular
interaction. This is because diatomic molecules do not par-
ticipate in radiant heat exchange under the current rarefied
conditions (Huang and Lai 2012).

3.1 The NS method

A three-dimensional model was used for the simulation.
The calculation grid adopted a tetrahedral mesh with bet-
ter adaptability over a wide range, while locally using a
hexahedral mesh for higher accuracy. The fundamental
governing equations, which include the continuity equa-
tion, momentum equation, and energy equation, were dis-
cretized using the finite volume method. The inlet pressure
was 800 Pa, and the outlet pressure was 667 Pa. The Kn was
0.0091-0.0109, and a slip boundary correction was adopted.
The tangential momentum accommodation coefficient o was
properly chosen, and the NS solution became in agreement
with the experiment when the finite slip velocity was intro-
duced along the microchannel surfaces (Arkilic et al. 1997a;
Beskok et al. 1996) given by
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where ug is the dimensionless slip wall velocity, u,, is the
dimensionless no-slip wall velocity, o is the tangential

. . d
momentum accommodation coefficient, and <1

"/ wall
the normal velocity gradient at the surfaces. The accom-

modation coefficients o =1 are invoked to model diffuse
reflection walls (Rafi et al. 2019). The density-based com-
pressible flow (Gad-el-Hak 1999) and SST turbulence model
were adopted. The calculation convergence accuracy is 107,
The maximum velocity and average pressure were moni-
tored, and the monitoring data reached a stable value before
the calculation was completed. The NS method is based on
the continuity assumption. However, as the non-continuum
effect increases, kinetic theory suggests that the NS equa-
tions would become invalid (Fan and Shen 2001).

denotes

3.2 The DSMC method

Bird proposed the DSMC method, which is based on statis-
tical methods instead of solving the continuity assumption
equation (Bird 1976). The DSMC method describes the state
of the system by tracking the positions and velocities of a
large number of particles. Each calculated particle in DSMC
represents a specific number of real particles. Through grid
division, the motion state of particles in each grid area can
be calculated to represent the flow state of the grid area.

Based on the open-source OpenFOAM software, the rare-
fied fluid was simulated using the dsmcFoam module with
the DSMC method (Palharini et al. 2015). The molecular
free path (1) was calculated as

1/2
_ [ 25—2w)(7-2w) " _m_
1= (=) () (257) @

where w is the temperature coefficient of viscosity, m is the
atomic mass, k is the Boltzmann constant, 7 is the tempera-
ture, u is the gas dynamic viscosity, and p is the gas den-
sity. Ensuring that the mesh size was a fraction of the free
path (Cai et al. 2022), the time-step size was a fraction of
the average collision time, and the average number of par-
ticles per cell was 25 (Ghazanfari et al. 2022; Scanlon et al.
2010). A variable hard sphere (VHS) collision model was
used (Rafi et al. 2019; Moss and Price 1997). The Maxwell
wall condition, which is suitable for rarefied flow interaction,
was used (Virgile et al. 2022). The computational efficiency
of the DSMC method depends on the number of particles,
which in turn is related to the free path. Therefore, the
DSMC method is mostly used to solve the non-continuum
regime of the flow field.

3.3 The slip flow method verification

In the slip flow simulation, the FLUENT calculation mod-
ule in ANSYS software was used for the simulation. The
accuracy of the microchannel jet calculation is verified by
comparing it with other scholars’ research.

Beskok et al. (1996) studied the combined effects of com-
pressibility and rarefaction in gas microfluidics in slip flow
structures with Kn less than 0.3. Arkilic et al. (1997b) pro-
posed an analytical solution for the pressure distribution in
microchannels based on a first-order slip boundary condition
model. The models of ARKILIC et al. and BESKOK et al.
demonstrate that compressibility can lead to non-linear pres-
sure distributions. In previous studies (Huang and Lai 2012;
Jang and Wereley 2004; Ko and Gau 2011; Pong et al. 1994;
Zohar et al. 2002), it was shown that the pressure distribu-
tion in microchannels exhibits non-linear behavior, which
is expressed as S, jincar- The formula for calculating the
dimensionless non-linearity is defined as:
snon—linear

non — linearity =

Sbase (3)
L
w here Snon—lineaI:/() (P(x) - Plinea_r(x))dx
Spase=(Pin — Pou)L/2. Considering the fluid's thinness, Gao
et al. (2018) modified formula (3) to:
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where L is the pipe length, c is the pipe flow velocity, Ma
is the Mach number, T is the temperature, R and r, are the
viscosity coefficients, and Re is the Reynolds number. It is
shown that for a given gas type and microchannel, the non-
linearity in the continuum flow region depends on Ma and
Re. In order to study the characteristics of microtube flow
more succinctly, the pressure ratio (1) is utilized to simplify
formula (4). Because 7 has considered the influence of Ma
and Re on non-linearity. Gao et al. provided a simplified
formula as follows:

2
3730+ 1) ®)

non — linearityg,_g, =

Formula (5) shows that non-linearity is the only effect
of pressure ratio in the continuum flow regime. The non-
linearity increases with the increase of 7. When 7 approaches
infinity, it can reach the maximum limit of non-linearity
(33%). When # approaches 1, the non-linearity becomes 0,
and the compressibility of the fluid disappears.

Weng et al. (1999) normalized the flow field values in
their study of microchannel flow, as shown in Fig. 2a. In this
figure, D, represents the inverse Knudsen number
(Dy = %). Figure 2a shows the non-linear characteristics
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under different pressure ratios and rarefaction. It demon-
strates that the non-linearity decreases as the pressure ratio
decreases. Comparing our simulation data with Fig. 2b, it
can be seen that the non-linear characteristics of our simula-
tion results are consistent with the research findings of
WENG et al.

The analysis results of Gao et al. (2018), Huang and Lai
(2012), Jang and Wereley (2004), and Pong et al. (1994)
are compared, as shown in Fig. 3. The range of Kn studied
includes slip flows. GAO et al. studied a range of 0.02-6.6,
Huang et al. studied a range of 0.0015-0.014, Jang et al.
studied a range of 0-0.104, and PONG et al. studied a range
of 0-0.155. The analysis results of Huang et al., Jang et al.,
and Pong et al. are very consistent with the formula (5) pro-
vided by Gao et al. In #=1.2, the non-linear result of for-
mula (5) is 3%, while our simulation result is 4.53%. The
simulation result is consistent with the previous findings.
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Fig.2 Relative outlet pressure distribution curves, a Pressure curves
of different inverse Knudsen numbers and pressure ratios (Weng et al.
1999), b Pressure ratio 1.2 pressure curves
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3.4 The transition flow simulation method
and verification

In the case of an inlet pressure of 8.35 Pa and an outlet pres-
sure of 6.5 Pa, the Kn value ranged from 0.0025 to 1.12.
The flow field in the PECVD chamber was primarily in
the laminar continuum flow regime, whereas the gas in the
0.8 mm diameter microchannel was in the transition flow
regime (Aktas et al. 2001). We adopt the NS-DSMC cou-
pling algorithm to solve this multi-flow regime problem. The
NS-DSMC coupling method is based on the open-source
OpenFOAM software. A steady-state solver called thoSim-
pleFoam was used in the continuum flow regime. Rarefied
regimes in the microchannel flow field were solved using the
DSMC procedure in the dsmcFoam module.

The DSMC method has a high computational accuracy
(Wagner 1992), but the disadvantage is that it requires a
large number of computational resources in the continuum
regime. The NS method also exhibits high reliability specifi-
cally for the continuum domain. Therefore, we established
the coupling of NS and DSMC methods to solve different
regions. Our coupling method did not modify the two mod-
ules; instead, it facilitated interaction between two excellent
algorithms at an appropriate position. We believe that the
key issue to be solved by the coupling method is not com-
putational accuracy, but computational efficiency. Therefore,
we compared the results of the NS-DSMC method with
those of the DSMC method in order to achieve the same
level of accuracy but with higher computational efficiency.

First of all, the statistical scatter calculated by DSMC
will only cause numerical fluctuations of the boundary grids
but will have little effect on the internal grids. Therefore,
the overlapping grid method can be used to transfer internal
data for coupling (Schwartzentruber and Boyd 2006). The
DSMC region was extended into the NS region to create an
overlapping region. The coupling process must be carried

Nonlinearity (%)

104 Rongkang Gao et al. (2018)
1 B Simulation value
51 ® Pongetal. (1994)
1 1 Jiang and Wereley (2004)
(U Vv Huang and Lai (2012)
0 é 4I¥ é EIE IIO 1I2 1I4 16

Pressure ratio (1)

Fig.3 Comparison of calculation and experimental results
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out in the continuum domain in order to smoothly transi-
tion the program from the particle domain simulation to the
continuum domain (Eggers and Beylich 1994). The size of
the overlapping grid has little effect on the results (Aktas
and Aluru 2002), and its purpose is to transfer the inter-
nally stable solution of DSMC and ensure the validity of the
NS method in the coupled region. Therefore, we extend the
DSMC area to the NS area, as shown in Fig. 4.

Second, a state-based coupling approach is adopted
(Roveda et al. 1998, 2000; Farber et al. 2016). Boundary
conditions are imposed on rarefied gas molecular simula-
tions using Chapman-Enskog velocity distributions (Aktas
and Aluru 2002). Compared to the boundary conditions of
the Maxwellian distribution, the Chapman-Enskog distribu-
tion is better suited for boundary conditions that are close to
the equilibrium region (Schwartzentruber and Boyd 2006).
The flow velocities of simulated molecules into DSMC
boundary cells are obtained from the Chapman-Enskog
velocity distribution function, which is based on macro-
scopic flow variables.

Furthermore, by adopting the sub-relaxation technique,
the statistical errors in DSMC can be effectively reduced
(Sun and Boyd 2005). Both the sub-relaxation technique and
the overlapping grid are used to transfer the stable results of
the DSMC domain to the NS domain. The overlapping grid
and the Chapman-Enskog distribution are used to exchange
boundary conditions between continuum domains and
molecular domains (John and Damodaran 2009).

Also, we adopted a two-way coupling method instead of
the traditional one-way coupling method (Rafi et al. 2019;
Virgile et al. 2022). Normally, the NS-DSMC method is
calculated using the NS method and then handing over the
larger Kn domain to the DSMC method. The data is one-
way from NS to DSMC. We applied the two-way method to
feed the DSMC method data back to the NS method, both of
which would evolve simultaneously. The comparison results
between one-way and two-way coupling are shown in Fig. 5,

oo® DSMC
i

Microchannel

NS RPN
Chamber Overlapping grid

Fig.4 Schematic diagram of calculation area division

which indicate that the two-way coupling method achieved
higher efficiency and accuracy.

Finally, the time decoupling of the steady-state coupling
process is achieved by employing the Schwarz alternation
method. By adopting the serial Schwarz alternation method,
the exchange of subdomain steady-state solutions is realized,
allowing for the evolution of the entire flow field. Using the
Schwarz alternation method and Dirichlet-Dirichlet bound-
ary conditions, the location of the solver interface for the
two domains is pre-specified to facilitate data exchange. This
method is suitable for coupled low-speed steady-state prob-
lems, and the implicit iterative coupling method is used to
avoid the issue of explicit integration to the global steady-
state (Aktas and Aluru 2002).

In Fig. 6, NS-DSMC (NS) represents the calculation
result of the NS subdomain in the coupling method, and
similarly NS-DSMC (DSMC) is the result of the DSMC sub-
domain. The results showed that the NS-DSMC results were
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Fig.5 Comparison of 10,000-60000 calculation step result curves
between one-way coupling and two-way coupling at the inlet position
of the microchannel, a one-way coupling method, b two-way cou-
pling method
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highly consistent with the DSMC results which illustrate
that the coupling method has been completed. The electron
density obtained from Langmuir probe detection equipment
and the flow field velocity calculated using the NS-DSMC
method are shown in Fig. 7. The cross-sectional position is
situated in the middle of the chamber. The position of 0.00 m
represents the center of the chamber, and the position of
-0.10 m indicates the edge of the chamber. It can be seen
that the results of the NS-DSMC method are consistent with
the experimental results, which aligns with the findings of
Yambe et al. (Yambe et al. 2014).

4 Results and discussion

The microchannel and chamber geometry studied in this
article are shown in Fig. 8. The coordinate system uses the
vertical direction (gas flow direction) as the z-axis and the
horizontal direction (radial direction) as the x and y axes.
The coordinate origin is the center of the outlet of the micro-
channel, situated at the center of the chamber.

In the slip flow regime situation, as shown in Fig. 9a,
b, the equal-diameter type had a stronger jet, and the axial
velocity of the equal-diameter type was higher than that of
the expansion type. The results in Fig. 9b is in the middle
line of the microchannels in Fig. 9a. In the transition regime
situation, the characteristics of the jet were inverted for the
two types of microchannels. As shown in Fig. 9c, the line
out of the microchannel labeled as “z 0.0015” indicates a
distance of 0.0015 m from the outlet. The equal-diameter
type had a higher velocity than the expansion type, but the
situation changed at “z 0.004” where the expansion type had
a higher velocity. The velocity distribution exhibits a signifi-
cant disparity between the slip flow regime and the transi-
tion flow regime. Figure 9a and c have different velocity

Microchannel inlet—>:

Microchannel outlet !
—

Velocity (m/s)

—a— DSMC
—e— NS-DSMC (NS)
—A—NS-DSMC (DSMC)

T T
0.000 0.002
Position (m)

T T T
-0.002 0.004 0.006 0.008

T
-0.004

Fig.6 Comparison of NS-DSMC and DSMC result curves of micro-
channel flow field
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Fig.7 Comparison of electron density and velocity calculated by NS-
DSMC method

magnitudes, mainly due to calculations performed under
two different pressures. This does not affect the conclusion.
Although (a) and (c) have different pressures and velocities,
we are comparing the performance of the equal-diameter
type and expansion type under the same conditions, i.e., (a)
or (c). It needs to be explained here that the reason why the
pressure is not adjusted to make the flow rate level consistent
is because the pressure environment used is the continuum
pressure and transition flow pressure that will appear in
actual production.

First, the difference between transition flow and slip flow
can be analyzed by examining the pressure in the micro-
channel. As shown in Fig. 10, the pressure evolution was
smoother for the transition regime in the microchannel. The
pressure in the slip flow regime significantly decreased at
the outlet. This means that the fluid consumed more energy
to expand in the outlet, resulting in the formation of a high-
velocity jet of the equal-diameter type. In addition, the
area around the outlet would form vortices to stabilize the
jet, which resulted in the equal-diameter type producing a
stronger jet than the expansion type in the slip flow regime.

The difference in jet behavior between slip flow and tran-
sition flow for equal-diameter types is analyzed above. After
that, the difference between the equal-diameter type and
expansion type in the transition regime is shown in Fig. 11.
The figure illustrates the velocity distribution in the horizon-
tal direction. The equal-diameter type has a high horizon-
tal velocity, indicating that the flow energy is expended in
the horizontal direction. The fluid expanded differently for
the expansion type and equal-diameter type microchannels.
For the expansion type, the fluid would expand within the
conical cavity. The direction of fluid energy diffusion was
primarily focused on the vertical direction due to the con-
straints imposed by the walls. By comparison, the diffusion
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direction for the equal-diameter type would be in all direc-
tions from the outlet.

To eliminate the differences caused by the flow rates
of the two types of microchannels, we also analyzed the
effect of flow resistance. The velocity of the equal-diameter
type is used as the base. By decreasing the diameter of the
expansion type, the flow resistance was increased. The 100%
increase in flow resistance shown in Fig. 12 indicates that
the expansion type got the same flow resistance as the equal-
diameter type. It shows that the expansion type got a higher
flow velocity, even when the flow resistance increased to 1.7
times that of the equal-diameter type.

Last but not least, it is important to ensure that the com-
posite structure exhibits the same characteristics as the
microchannel in different flow regimes. The microchannel
composite structure is shown in Fig. 13. The flow in the
chamber was simulated in both slip flow and transition flow
regimes using the same structure. In the center of the cham-
ber, the velocity in the slip flow regime was higher than
that in the transition regime, and the velocity was higher in
the transition flow regime at the edge of the chamber. This

phenomenon was observed in the slip flow regime, where
the equal-diameter type exhibited a stronger jet compared to
the expansion type. However, this situation would reverse in
the transition regime. The result is consistent with the flow
characteristics of the single microchannel.

From the above, it can be seen that in PECVD production,
when attempting to control the deposition distribution of
the film using various types of microchannel combinations,
it is essential to have a thorough understanding of the fluid
regime. Under various flow regimes, the flow velocity varied
significantly among different microchannels. The expected
film thickness distribution can only be obtained through the
correct microchannel distribution. Otherwise, a significantly
different distribution might result.

The expansion type microchannel exhibited a signifi-
cantly higher velocity than the equal-diameter types in the
transition regime. The expansion type should be placed in
the center of the PECVD chamber, while the equal-diameter
type should be placed at the edge. In this way, the veloc-
ity difference between the central area and the edge can

@ Springer
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Fig.9 Microchannel jet velocity
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Fig. 10 Pressure distributions of slip flow and transition flow in
equal-diameter type microchannels

be reduced, thereby improving the uniformity of the film
thickness.

5 Conclusion

In this paper, the NS-DSMC method, which is commonly
used for return capsule and micro-thruster plume analysis
in near-Earth space, is applied to calculate the flow field in
PECVD. Different from other PECVD flow field calculations
that use continuum flow methods, the NS-DSMC method
can accurately obtain the gas flow characteristics in the tran-
sition regime or molecular state within the microchannel on

Fig. 11 Horizontal distribution
of jet velocity
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Fig. 12 Comparison of the velocity distribution of the expansion type
and the equal-diameter type under different flow resistances

the showerhead, as well as its jet characteristics. This is of
great significance for PECVD processes that are sensitive
to flow field effects.

We also adopted a two-way coupling approach in our
study. Different from the conventional one-way coupling
method, the data in the two-way coupling method will be
transmitted bidirectionally between the NS and DSMC
modules. This allows for simultaneous updates of the two
calculation domains, resulting in improved calculation effi-
ciency. The NS-DSMC coupling method matches the results
of the DSMC method and is consistent with the experimen-
tal findings.
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Fig. 13 Velocity distribution
curves in slip flow and transi-
tion flow regimes with the same
microchannel distribution at

1 mm above the wafer
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By comparing the microchannel jet data under different
flow regimes, we found that the fluid regime influences the
pressure distribution in the microchannel, which in turn
affects the jet characteristics of the microchannel. The equal-
diameter type exhibits a higher jet velocity in the continuum
regime. In the transition regime, the expansion type micro-
channel has a higher velocity. Therefore, the design of the
showerhead microchannel needs to be compatible with the
process environment. Different fluid regimes can result in
variations in velocity distribution and cause changes in the
thickness of the deposited film.

In addition, when using a combination of various micro-
channels, it is recommended to place the type with higher
velocity in the central area and the type with lower velocity
on the edge. This arrangement helps to minimize the dif-
ference in flow velocity between the center and the edge,
resulting in improved deposition uniformity. Different from
other methods of altering the length of the microchannel, the
flow rate can be adjusted by enlarging the size of the out-
let. This could potentially be a new approach for improving
showerhead functionality.

The NS-DSMC method used in this paper is not a state-
of-the-art adaptive boundary method. The adaptive bound-
ary method can automatically determine the coupling posi-
tion based on the distribution of the flow field, instead of
using a pre-specified position as adopted in this paper. In this
paper, the method of pre-specified coupling position serves
two purposes. One purpose is to facilitate the establishment
of two-way coupling, while the other purpose is to serve as
the foundation for establishing a unified coupling method in

@ Springer

Position (m)

the future. Using the two-way coupling and unified coupling
methods can greatly improve the calculation efficiency of the
showerhead flow field.
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