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We conducted computational fluid dynamic (CFD) simulations to improve the thickness unifor-
mity of cluster-sputtered porous metal films. The cluster sputtering equipment was divided into a
module where the sputtered metal atoms condensed and cluster nanoparticles formed and a cham-
ber where porous metal films were deposited. To optimize the equipment geometry, we performed
simulations and deposition experiments for various planar nozzle positions and nozzle-to-substrate
distances in the module. The simulated gas velocity distribution 25 mm above the substrate ex-
hibited a similar tendency to the thickness distribution of the deposited porous Cu films. When a
4-mm nozzle was located 40 and 240 mm from the module center and substrate, respectively, the
simulated gas velocity distribution exhibited uniformity to within 8.4% for the substrate with a
70-mm radius. The thickness uniformity and the deposition rate of the deposited porous Cu films
were 9.3% and 2 μm/min, respectively, using equipment with the same geometry.
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I. INTRODUCTION

Porous metal films are metal film materials with a high
porosity (e.g., films containing nanosized pores), where
their structures are connected to the surface of the ma-
terial. Recently, porous metal films have attracted at-
tention as next-generation films because of their high
surface-to-volume ratios, easy conversion to metal ox-
ides, and their possible applications in the preparation
of small, light, and flexible devices [1]. Such porous films
can be used in various applications, such as carrying out
measurements through molecular recognition due to the
selective separation and adsorption reactions of specific
substances [2, 3]. In addition, they can be applied in
chemical and biosensor areas, such as in biochemical re-
action detection [4–6], in energy device areas, such as in
high-capacity capacitors, secondary batteries, and fuel
cells [7], and in catalysts for accelerating various chemi-
cal reactions [8].
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Representative existing methods for the formation of
porous metal films include de-alloying [9,10], templated
deposition [11–14], and solution-based direct deposition
[15–17]. The de-alloying method is the most actively
studied method, where the formation of alloy films is
followed by the removal of one component by using a
chemical solution or plasma to give a nanoporous struc-
ture. In this instance, the resulting structure is de-
termined by the alloy composition and by phase sep-
aration within the alloy. However, this method tends
to be limited to chemically or electrochemically stable
precious metals, such as gold and platinum, and has
a drawback in that the substrate can be damaged by
the highly corrosive solution or the high-energy plasma-
phase gas species required for component removal. In
contrast, the templated deposition method forms porous
metal films by using a nanostructured template (e.g., a
metal colloid, polystyrene, or silica particles), with the
metal film being deposited on top of the template and
template being subsequently removed. This method is
complicated because the process is divided into several
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Fig. 1. (Color online) Schematic diagram of the simulation
and experimental equipment employed for cluster sputtering.

steps and has a drawback in that impurities may form
if complete template removal is not achieved. Unlike
the above described methods, the solution-based direct
deposition method directly forms nanoparticles on a sub-
strate from a solvent-nanoparticle solution. This method
can be categorized as electrochemical deposition, sol-gel
deposition, or self-assembly, depending on the method of
nanoparticle dissolution/formation employed. However,
these wet methods are not environmentally friendly due
to the generation of waste liquor and have a drawback in
that the nanostructure geometry and materials that can
be formed are limited.

Thus, we herein wished to examine the use of the en-
vironmentally friendly cluster sputtering method for the
formation of high-purity porous metal films with less re-
strictions on deposition materials and less damage to
the substrate. Figure 1 shows a schematic representa-
tion of the equipment employed for depositing the porous
metal films by using cluster sputtering. More specifically,
this equipment consists of a cylindrical upper module,
in which sputtering and nanocluster particle formation
occur, and a rectangular lower chamber, in which the
nanoparticles ejected through the nozzle are moved by
the gas flow and film deposition occurs. The formed
nanocluster particles are combined through sputtering
due to the supercooling effect, and these particles are
discharged from the module through the nozzle due to
a high pressure difference, transported to the substrate,
and deposited to form porous metal films. The nozzle
is simply a cylindrical hole with a diameter of 4 mm in
the plate separating the module and the chamber. As
this method is based on sputtering, it can be carried out
at room temperature, and the deposition materials and
the substrates employed are not limited. In addition,
nanostructures can be directly formed without compli-
cated intermediate processes [18]. However, high device
development costs are involved because this is a vacuum-
based technology, and ensuring uniformity for large area
deposition is difficult. Thus, we wish to determine the

Fig. 2. (Color online) Variations in the equipment dimen-
sions for the simulations and the experiments.

mechanism by which the formed nanocluster particles
are moved by the fluid by means of predictions through
computational fluid dynamics (CFD)-based simulations
and derivation of related physical values [19]. The veloc-
ity distribution of the fluid is then examined while the
planar position of the nozzle and the nozzle-to-substrate
distance, which are expected to affect the flow of the nan-
ocluster particles significantly, are adjusted. In addition,
we attempt to form porous metal films by constructing
the same equipment designed earlier, for which a flow
analysis is conducted through simulations, and the uni-
formity of the film thickness is measured according to the
deposition position. Finally, the gas velocity distribution
in the vicinity of the substrate as calculated through sim-
ulations is compared with the thickness uniformity of the
deposited films obtained experimentally to find a corre-
lation, and the usefulness of the development of such a
cluster sputtering device using flow analysis simulations
is discussed.

II. EXPERIMENTS AND DISCUSSION

Figure 2 shows a cross-section of the equipment used
in this study, in addition to the ranges of equipment di-
mensions employed in the simulations and experiments.
Eight symmetric gas inlets were distributed for injection
to the target surface, and 12 outlet orifices were symmet-
rically positioned below the substrate in order to form a
uniform flow. The pressure of the chamber was fixed at
30 mTorr. As shown in Fig. 2, X, which is the position
of the 4-mm-diameter nozzle through which the gas in
the module is ejected into the chamber, was varied from
the center to positions away from the center by up to 50
mm (X = 0, 30, 40, or 50 mm). In addition, the nozzle-
to-substrate distance, Z, was varied from 160 to 240 mm
(Z = 160, 180, 210, or 240 mm) in the simulations and
the deposition experiments.
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Table 1. Simulation and experimental deposition condi-
tions employed herein.

Computational Experimental

simulation deposition

Module diameter 287 mm

Chamber size 750 × 750 mm

Gas inlet 3.79 × 10−6 kg/s
Ar 125 sccm,

He 22 sccm

Chamber pressure 30 mTorr

Nozzle position X 0–50 mm from the center of the plate

Nozzle-to-substrate
160–240 mm

distance Z

Meshing
1,860,000

-
hexagonal meshes

Sputtering -
6′′ Cu target,

DC 400 W

Simulations were conducted using Fluent (v. 19.0, AN-
SYS Co.), which is software based on the finite volume
method that uses the conservation of scalar quantities,
such as mass, momentum, and energy, as its governing
equations. For the purpose of the simulations, we as-
sumed that the flow was incompressible, that it exhibited
a steady-state and standard turbulent motion, and that
the plasma did not affect the heat or flow. This assump-
tion was made because the effect of the plasma on the
inside of the module was negligible as the pressure differ-
ence between the inside of the module and the chamber
was large, and the volume expansion and flow that oc-
curred as the nozzle was passed were also particularly
large.

The mass flow rate at the inlet was set as the simula-
tion boundary condition and was set to 3.79 × 10−6 kg/s
by converting the injected gas flow into a mass. The out-
let was fixed to a vacuum of 0 Torr. In the deposition
experiment, Ar (125 sccm) and He (22 sccm) were in-
jected. He were used because it promotes the supercool-
ing effect through its high thermal conductivity of 0.151
W/m·K and facilitates the formation of a high-density
plasma due to the Penning effect. Moreover, cooling wa-
ter at a temperature of <10 ◦C was circulated inside the
module wall to accelerate supercooling of the nanoparti-
cles. Table 1 summarizes the conditions employed for the
simulations and the experimental deposition procedures.

The planar and the cross-sectional geometries of the
deposited porous metal films were captured and exam-
ined using field-emission scanning electron microscopy
(FESEM, S-430, Hitachi, Japan). The film thicknesses
were measured at various points on the SEM image, and
average values were calculated. The thickness uniformity
on the wafer was defined as follows by using the measured
thickness values:

Thickness uniformity(%) =
tmax − tmin

2taverage
. (1)

Fig. 3. (Color online) (a) Pressure changes and (b) gas
velocity changes of the module and chamber according to the
nozzle’s position, as obtained through simulations.

Figure 3 shows the changes in the pressure and the
gas velocity in the chamber and the module according to
the planar position of the nozzle, X, obtained through
simulations. As shown in Fig. 3(a), the pressure changes
in the module and the chamber were not significant with
respect to the nozzle’s position. More specifically, when
the nozzle was at the center, the pressure difference was
slightly higher (i.e., ∼1.05 Torr) than for the other ge-
ometries (i.e., ∼1.03 Torr). The pressure inside the mod-
ule where sputtering occurs is significantly higher than
that of the general sputtering process, and the mean free
path for the collision of gas particles is as short as several
tens of micrometers. Therefore, we concluded that clus-
ters can be easily generated by frequent collisions under
conditions where the supercooling of the He atmosphere
with a low module wall temperature and a high ther-
mal conductivity is highly likely to occur. In the sput-
tering equipment fabricated using the same dimensions,
the pressure of the module was measured after the same
gas had been injected with the pressure of the chamber
maintained at 30 mTorr. As a result, an almost identical
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Fig. 4. (Color online) (a) Gas velocity and cross-sectional vector distributions and (b) the gas velocity distribution at a
25-mm height above the substrate through the application of substrate rotation according to the nozzle’s position, as obtained
through simulations.

pressure was observed. As shown in Fig. 3(b), a partic-
ularly high gas velocity was observed at the nozzle due
to the large pressure difference between the module and
the chamber. More specifically, the velocity was 520 m/s
when the nozzle was at the center and 440 m/s when it
was at other positions. In addition, the gas velocity was
found to decrease significantly when the substrate was
closer due to the lack of a pressure difference inside the
chamber and to the surface resistance of the substrate
and the chamber wall to the gas flow. Owing to this
influence of the velocity change, the nanocluster parti-
cles are expected to move straight with a high velocity
immediately after discharge from the module, although
their velocity will significantly decrease as they enter the
chamber and move towards the substrate.

Figure 4(a) shows the velocity distribution and the
vector directions of gas particles in the cross-sections of
the module and the chamber according to the nozzle’s
position, as determined from CFD simulations. When
the nozzle is at the center, two symmetric and clear re-
circulation centers are formed on the substrate, thereby
confirming circulation of the gas. As the nozzle devi-
ates from the center, the gas movement vectors become
asymmetric. In addition, for a nozzle position 30 mm
from the center (X = 30 mm), the left recirculation cen-
ter could not form a completely closed ellipse, and the
vector direction was separated into two. When X was
40 mm, the left recirculation disappeared, and only the
right recirculation was formed while for X = 50 mm,
the left gas velocity vectors significantly deviated from
the substrate. Figure 4(b) shows the gas velocity dis-

tribution according to the substrate point considering
the substrate rotation based on the CFD simulation re-
sults of Fig. 4(a). As a no-slip condition was provided to
the substrate surface, the velocity distribution at a 25-
mm height above the substrate is shown. We assumed
that the substrate rotation had no effect on the gas ve-
locity and the vector distribution because the substrate
rotated at a slow speed of 5 rpm during this process.
To consider the rotation of the deposition substrate, we
show the average values of the velocity distributions ob-
tained while the three-dimensional velocity distribution
data were rotated at 45◦ intervals. When the nozzle was
at the center (X = 0 mm), a large peak was present
at the center of the gas velocity distribution curve, and
the velocity significantly decreased as the distance from
the center increased. When the nozzle was 30 mm away
from the center (X = 30 mm), a flat area was formed in
the middle. When the nozzle was 40 mm or more from
the center, two peaks were formed. Thus, as the nozzle
position deviated from the center, the average gas ve-
locity gradually decreased, but the uniformity of the gas
velocity along the substrate increased.

Figures 5(a) and 5(b) show the gas velocity graph ob-
tained from the simulation and the thickness graph ob-
tained from the deposition experiment, respectively, at
various nozzle positions. In the deposition experiment,
the condition in which the nozzle was positioned at the
center was excluded. A comparison of the two graphs
revealed that the changes in the gas velocity and the de-
position thickness had similar tendencies. As the nozzle
was moved further from the center, both the overall av-
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Fig. 5. (Color online) (a) Gas velocity at a 25-mm height
above the substrate, as obtained through simulations, and (b)
the thickness of the porous copper films, as obtained through
the deposition experiment, according to the nozzle’s position.

erage gas velocity and the deposition thickness decreased
while the uniformity of the gas velocity and the deposi-
tion thickness along the substrate increased. This was
attributed to the formation of nanoparticle clusters in
the module that could be supplied to the substrate at
a higher flux at points with a high gas velocity. More-
over, in the porous film growth mechanism taking place
during cluster sputtering, the flux at which the nanoclus-
ter particles are supplied can determine the deposition
thickness of the growing films because the nanoclusters
do not have sufficient energy to move on the substrate’s
surface when they arrive at the substrate.

Figure 6 shows the cross-sectional and the surface SEM
images of the porous Cu films deposited using the cluster
sputtering equipment fabricated according to the simu-
lation design. Spherical particles in the range of 30-50
nm forming a porous structure were observed, and the
films were confirmed not to have been densely formed.
The porosity of the porous films calculated through a
comparison with the Cu bulk density in consideration
of the mass change before and after film deposition, in
addition to the average film thickness, was ∼81.8%. Al-
though the thickness varied depending on the nozzle’s

Fig. 6. (a) Surface SEM image and (b) cross-sectional SEM
image of the porous copper films obtained from the deposition
experiment.

position and the point of deposition, the surface geome-
tries were comparable. This appears to be because the
spherical nanocluster particles had already formed in a
shape that could be seen from the films inside the mod-
ule, and these were then transported and deposited on
the substrate by the gas flux.

Figure 7(a) shows the velocity distribution and the
vector directions of gas particles in the cross-sections of
the module and the chamber according to the nozzle-to-
substrate distance, Z. As the previous deposition ex-
periment showed that the thickness uniformity was low
when the nozzle’s position was ≤30 mm from the center
and that the deposition rate was particularly low when it
was 50 mm from the center, the nozzle was fixed at a po-
sition of 40 mm from the center (X = 40 mm), and fluid
simulations were performed while the nozzle-to-substrate
distance was varied between 160 and 240 mm. As the dis-
tance between the target and the substrate was fixed, the
space inside the module was reduced when the nozzle-to-
substrate distance was increased. The simulation results
showed that the pressure difference between the module
and the chamber was constant at 1.03 Torr in all cases,
and the same pressure difference was measured in the
equipment fabricated using the same dimensions. The
flow analysis results showed that the number of recir-
culation centers was two when the nozzle-to-substrate
distance was 160 mm (Z = 160 mm), but it decreased to
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Fig. 7. (Color online) (a) Gas velocity and cross-sectional vector distribution and (b) the gas velocity distribution at a
25-mm height above the substrate through the application of substrate rotation according to the nozzle-to-substrate distance,
as obtained through simulations.

one when Z was 180 mm or higher. Moreover, as the dis-
tance increased, the recirculation gas flow center moved
towards the center of the substrate and the straightness
of the velocity vectors that had deviated from the sub-
strate increased. Figure 7(b) shows the gas velocity dis-
tribution at a 25-mm height above the substrate con-
sidering the substrate rotation based on the CFD simu-
lation results presented in Fig. 7(a). When the nozzle-
to-substrate distance was 160 mm, two clear peaks ap-
peared. As the distance were increased, the magnitudes
of the peaks decreased, and a flat area appeared in the
middle of the substrate. Therefore, the overall average
velocity of the gas decreased while the uniformity of the
gas velocity increased as the nozzle-to-substrate distance
increased. This appears to be because the gas veloc-
ity component parallel to the substrate became larger
than that perpendicular to the substrate as the nozzle-to-
substrate distance was increased, and thereby the center
of recirculation moved towards the substrate’s center.

Figures 8(a) and 8(b) show the gas velocity graph
obtained from the simulation and the thickness graph
obtained from the deposition experiment, respectively,
with variations based on the substrate point at various
nozzle-to-substrate distances. In the deposition exper-
iment, the case with a nozzle-to-substrate distance of
160 mm was excluded. A comparison of the two graphs
reveals that the gas velocity change of the simulation
and the thickness change of the deposition experiment
have similar tendencies, as in the case of the results pre-
sented in Fig. 5. As the nozzle-to-substrate distance was
increased, both the overall gas velocity and the depo-
sition thickness decreased while the uniformity of both

Fig. 8. (Color online) (a) Gas velocity at a 25-mm height
above the substrate, as obtained through simulations, and
(b) the thickness of the porous copper films, as obtained
through the deposition experiment, according to the nozzle-
to-substrate distance.
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the gas velocity and the deposition thickness along the
substrate increased. In particular, when the nozzle-to-
substrate distance was 240 mm, the gas velocity change
had a high uniformity of 8.4% within the range of 70
mm from the substrate center in the simulation, and the
thickness uniformity was within 9.3% in the deposition
experiment.

III. CONCLUSION

Computational fluid dynamic (CFD) simulations
were conducted to predict the thickness uniformity of
porous metal films deposited using cluster sputtering
equipment. To verify the usefulness of the simulation,
we constructed an actual system by using the optimized
simulated conditions, and we deposited porous copper
films. The planar position of the nozzle in the module
and the nozzle-to-substrate distance were found to affect
significantly the gas velocity and the vector distribution
in the simulation, as well as the deposition rate and
the thickness uniformity of the porous copper films in
the actual cluster sputtering system. In particular, we
confirmed that the gas velocity distribution at a 25-mm
height above the substrate in the simulation and the
thickness distribution of the porous Cu films in the
actual deposition system exhibited similar tendencies.
The porous Cu films deposited by using the experimen-
tal deposition system with the same optimal conditions
obtained through simulations exhibited a uniformity of
4.7% within a radius of 50 mm from the substrate’s cen-
ter and a uniformity of 9.3% within 70 mm; the average
deposition rate was 2 μm/min. The CFD simulation
performed in this study is expected to be of particular
use in the development of experimental equipment as it
was demonstrated to predict successfully changes in the
deposition rate and the thickness uniformity of porous
metal films deposited by using cluster sputtering.
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