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Abstract: During a thin film application, the surface of the coating liquid applied to the substrate
becomes uneven because of the geometry of the substrate, viscosity of the coating liquid, surface
tension, and its contact angle with the substrate. The surface is particularly uneven at the edge
corner portion of the substrate and is thicker than the average coating thickness. This study used
the volume-of-fluid (VOF) method to examine the surface unevenness of the coating liquid in terms
of the contact angle of the substrate surface and sides. After the coating liquid was evenly applied
to the substrate, the maximum height of the uneven region of the coating liquid at the edge of the
substrate increased as time passed. The point of maximum height moved away from the edge corner
portion of the substrate. The coating liquid applied to the substrate with a contact angle less than 90◦

exhibited a pinning effect in which the contact point was fixed at the edge. The surface unevenness
was more pronounced in the absence of the pinning effect than in its presence, due to the effects of
the viscosity of the coating fluid and the surface energy of the substrate.
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1. Introduction

During a thin film application, the surface of a substrate is treated with inorganic or organic
material in the form of a thin film to endow the substrate surface with high functionality, such as
conductivity, magnetic properties, light reflectivity, and anti-corrosion property [1,2]. There are many
coating techniques such as spray processes, dip coating, sol-gel, CVD, PVD, micro-arc oxidation, and
anodization [3–15]. This coating technology is employed for special-purpose lenses, automobile and
ship painting, and roll-to-roll printing [16–26]. Following thin film application, the surface of the
coating fluid at the edge of the substrate becomes uneven because of the effects of the viscosity of the
coating fluid, surface tension, and surface contact angle with the substrate [27]. During photoresist
application in lithography processes, the surface at the ends of the wafers (edge bead) is uneven,
causing problems that could lead to material failure [28]. In the case of an unevenly coated lens surface,
optical signals cannot be received accurately, and signal processing errors can occur [29]. To resolve
this problem, the uneven parts on a coated surface can be removed using chemical or mechanical
removal technologies [30–32]. However, these methods need to be performed as an additional process
after the coating, and they are time-consuming and expensive. Experimental studies have shown that a
uniform thin film can be attained without any additional removal processes by adjusting the ultraviolet
or plasma exposure time [32,33]. However, because the unevenness of a coating fluid is affected by
many factors such as its viscosity, surface tension, and surface contact angle with the substrate, it is
necessary to study the various physical phenomena and the variables involved.

The effects of certain physical parameters, such as the wetting properties between the ink and the
surface (hydrophilic or hydrophobic), can be studied more conveniently and economically through

Coatings 2019, 9, 162; doi:10.3390/coatings9030162 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0002-5313-5553
http://www.mdpi.com/2079-6412/9/3/162?type=check_update&version=1
http://dx.doi.org/10.3390/coatings9030162
http://www.mdpi.com/journal/coatings


Coatings 2019, 9, 162 2 of 13

numerical simulations than through experiments. Numerical simulations can be used to quantitatively
examine the unevenness of a coating fluid at the microsecond (µs) scale, which is otherwise difficult
through experiments. Despite the potential advantages of numerical simulation, it has been thus far
performed only on simple surfaces, coated using the spray method [34,35].

The motion of the free surface between a fluid and the surrounding air can be simulated based on
the Navier–Stokes equations, via two main methods: The moving-grid method and the volume-of-fluid
(VOF) method [36–38]. The moving grid method is a Lagrangian finite element method in which a
grid is created to represent the free surface so that the position of the boundary surface of the moving
fluid can be expressed geometrically. However, to achieve this, excessively large grid and structure
remeshing (at each time step) is required [39,40]. The other approach, i.e., the VOF, is a Eulerian finite
element method and can be used to express complex fluid motion in terms of the change in the fraction
of volume a fluid occupies in a given volume over time. This study uses the VOF method to analyze
the coating fluid behavior and surface unevenness at the edge portion of a coated surface, based on
the changes in the contact angle of the substrate surface, which is an important factor influencing the
surface unevenness.

2. Numerical Simulation

2.1. Volume of Fluid

Numerical simulations were performed to analyze the unevenness of the coating fluid in terms of
the surface contact angle of the substrate, using the VOF mode in CFD-ACE+ (ESI group) software
2017.0. In computational fluid analyses, the VOF method was used to numerically simulate abnormal
flow models and to model free surfaces. It uses the fraction of the fluid volume occupied by liquids or
gases in a grid to calculate the position and movement of the free surfaces, which are the boundary
surfaces between the two fluids. Current numerical models include both liquid and gas phases.
Therefore, the integral equation form is used to describe the motion of fluids. The mass and momentum
conservation equations are as follows, respectively:
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V

ρdV +
∮
S

ρu · ndS = 0 (1)

∂
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∮
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∫
V

(ρg + f )dV (2)

where ρ is the density (kg/m3), t is time (s), u is the velocity vector (m/s), n is the unit normal vector,
g is the acceleration due to gravity (m/s2), f is the surface tension force (N), τ is the stress tensor
(N/m2), S is the closed surface (m2), and V is the control volume (m3). φ is defined as the volume
fraction of the liquid for the VOF model. If φ is 0, the grid interior is filled with gas; if φ is 1, the grid
interior is filled with liquid. If 0 < φ < 1, the value of φ in the grid specifies the liquid-to-gas ratio.

φ =


1, inside the liquid phase;
> 0,< 1 at the free surface;
0, inside the gas phase.

(3)

The position of the free surface was determined using the following passive transport equation:

∂φ

∂t
+ u · ∇φ = 0 (4)

The shape of the free surface was recreated using the second-order piecewise linear interface
construction (PLIC). For the grid including the free surface, the density ρ and the dynamic viscosity µ

(kg/(m·s)) are based on the volume fraction φ and can be calculated as follows:
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ρ = φρl + (1− φ)ρg (5)

µ = φµl + (1− φ)µg (6)

where ρl and ρg are the densities of the liquid and gas, respectively, and µl and µg are the dynamic
viscosities of the liquid and gas, respectively. The surface tension force can be expressed as follows:

f = σκns, ns = ∇φ/|∇φ|, κ = −(∇s · ns) (7)

where σ is the surface tension coefficient (N/m), κ is the local free surface curvature (m−1), and ns is
the unit normal vector to the free surface. ∇s denotes the gradient operator applied along the direction
tangent to the surface [41].

2.2. Simulation Model and Conditions

To perform computational fluid analysis on the unevenness of the coating fluid in terms of the
surface contact angle of the substrate, a computational domain was set up, as shown in Figure 1.
Due to the axisymmetric condition of the numerical model, the simulation was conducted in 2D. The
substrate height was set to 50 µm and its length to 1000 µm. A wall condition and a no-slip condition
were applied to the substrate surface. An axis symmetric condition from the substrate centerline was
set up. The static contact angle between the substrate and the coating fluid was set to wetting (15◦,
30◦, 45◦, 60◦, 75◦, and 90◦) conditions, i.e., the shape of the coating fluid front was only driven by
surface tension without any additional dynamic flow effects. The coating fluid, which had an initial
height of 30 µm, was set to be applied to the entire area of the substrate surface, and the form of a thin
film was assumed. The coating fluid was set as a Newtonian fluid, with constant liquid viscosity. The
coating fluid had a density of 997 kg/m3, a dynamic viscosity of 0.0012 kg/ms, and a surface tension
of 0.0236 N/m. It was assumed that the coating fluid and substrate were surrounded by gas (air) at
room temperature (25 ◦C) and ambient pressure (101,325 Pa). The gas density was set to 1.1614 kg/m3,
and its dynamic viscosity was set to 1.846 × 10−5 kg/ms. The gravitational acceleration was set to
−9.81 m/s2 in the y-direction. Any evaporation, which might have influenced viscosity and surface
tension, was ignored during the thin film application process. For the numerical simulation, the time
step was 0.1 µs and the structured grid was used. The grid independence and convergence test [42]
was carried out, as shown in Figure S1.
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3. Results

3.1. Validation of the Numerical Model

To validate the numerical model, the results of the surface contact angle simulation were compared
with theoretical data. The theoretical data can be analyzed from the standpoint of thermodynamic
equilibrium, which is attained when a liquid is placed on a solid surface. A theoretical curve was
plotted through the geometrical aspect ratio (Ho/Wo), where Wo and Ho are the width and height
of the liquid drops, respectively, based on the changes in the substrate contact angle [43]. Figure 2
shows the theoretical curve plotted with respect to the geometric aspect ratio of the liquid drops
obtained from the simulation. The results show that the simulation is in reasonable agreement with
the theoretical data. In addition, validation was conducted experimentally using the contact angle
data on a silicon wafer as shown in Figure S2. Therefore, our numerical model is considered accurate
enough to examine the coating fluid surface in terms of the substrate contact angle.

Coatings 2019, 9, x FOR PEER REVIEW 4 of 13 

 

3. Results 

3.1. Validation of the Numerical Model 

To validate the numerical model, the results of the surface contact angle simulation were 
compared with theoretical data. The theoretical data can be analyzed from the standpoint of 
thermodynamic equilibrium, which is attained when a liquid is placed on a solid surface. A 
theoretical curve was plotted through the geometrical aspect ratio (Ho/Wo), where Wo and Ho are the 
width and height of the liquid drops, respectively, based on the changes in the substrate contact angle 
[43]. Figure 2 shows the theoretical curve plotted with respect to the geometric aspect ratio of the 
liquid drops obtained from the simulation. The results show that the simulation is in reasonable 
agreement with the theoretical data. In addition, validation was conducted experimentally using the 
contact angle data on a silicon wafer as shown in Figure S2. Therefore, our numerical model is 
considered accurate enough to examine the coating fluid surface in terms of the substrate contact 
angle. 

 
Figure 2. Comparison between the simulation results and theoretical curve plotted using the 
geometric aspect ratio of the liquid drop. 

3.2. Same Wetting Condition 

After the thin film is applied, the coating fluid surface becomes uneven at the edge portion of 
the substrate due to the effects of the viscosity of the coating liquid, surface tension, and contact angle 
with the substrate. Because the surface is uneven at the edge of the substrate, the wetting of the 
substrate sides is an important variable affecting the formation of a uniform thin film. If the substrate 
has undergone preprocessing, such as a sputter process or dip coating, the substrate surface and sides 
will be under the same wetting conditions. Accordingly, the behavior of the coating fluid was 
analyzed over time by assuming that the substrate surface and sides had the same contact angle (same 
wetting condition). Table 1 lists the conditions (cases) for performing the computation analysis. 

Table 1. Parameters used in the simulation cases under the same wetting conditions. 

Case 
Contact Angle of 

Substrate (°) 
Contact Angle of 

Side Wall (°) Liquid Properties 

same_15° 15 15 

ρ = 997 kg/m3 
σ = 0.0236 N/m 

same_30° 30 30 
same_45° 45 45 
same_60° 60 60 
same_75° 75 75 
same_90° 90 90 

Figure 2. Comparison between the simulation results and theoretical curve plotted using the geometric
aspect ratio of the liquid drop.

3.2. Same Wetting Condition

After the thin film is applied, the coating fluid surface becomes uneven at the edge portion of the
substrate due to the effects of the viscosity of the coating liquid, surface tension, and contact angle
with the substrate. Because the surface is uneven at the edge of the substrate, the wetting of the
substrate sides is an important variable affecting the formation of a uniform thin film. If the substrate
has undergone preprocessing, such as a sputter process or dip coating, the substrate surface and sides
will be under the same wetting conditions. Accordingly, the behavior of the coating fluid was analyzed
over time by assuming that the substrate surface and sides had the same contact angle (same wetting
condition). Table 1 lists the conditions (cases) for performing the computation analysis.

Table 1. Parameters used in the simulation cases under the same wetting conditions.

Case Contact Angle of Substrate (◦) Contact Angle of Side Wall (◦) Liquid Properties

same_15◦ 15 15

ρ = 997 kg/m3

σ = 0.0236 N/m

same_30◦ 30 30
same_45◦ 45 45
same_60◦ 60 60
same_75◦ 75 75
same_90◦ 90 90
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Figure 3a shows the analysis results of the coating fluid surface over time when the contact angle
of the substrate surface is equal to that of the sides, i.e., 15◦. Figure 3b shows a quantitative analysis of
the surface profile of the coating fluid. As time passes, the maximum height and length of the uneven
region increase, and the point of maximum height moves away from the edge corner portion (edges).
With the application of the coating fluid, the surface becomes uneven at the substrate edges with the
passage of time, and the fluid tends to reach an energy equilibrium state because of the effects of the
surface tension and the surface energy of the substrate. The coating fluid even covers the sides of the
substrate because of its hydrophilic properties. The surface shape changes while the contact point is
fixed at the edge corner portion of the substrate.
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This phenomenon is called the pinning effect. In this phenomenon, even when the volume of a
droplet attached to a solid surface (sessile droplet) is reduced, the parallel contact line of the droplet
remains fixed. The computational analysis results show that the coated surface exhibits a pinning
effect for contact angles ranging from 30◦ to 75◦ because of its hydrophilic properties. Moreover, the
coating fluid covered the sides of the substrate. Figures S3–S6 show the results of the computational
analysis for contact angles ranging from 30◦ to 75◦.

Figure 4a shows the analysis results of the behavior of the coating fluid over time when the contact
angle of the substrate surface is equal to that of the sides, i.e., 90◦. Figure 4b shows a quantitative
analysis of the surface profile of the coating fluid. As in the case of the hydrophilic surface, the
maximum height and length of the uneven region increase as time passes. However, unlike the
substrate surface with a small contact angle, the contact point moves away from the corner portion
(edge) over time, and the coating does not cover the edge surface of the substrate. This is because
the applied fluid tends to reduce its contact area with the substrate, and the surface shape changes
while the contact line is not fixed because of the large contact angle between the coating fluid and
the substrate.
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To perform a quantitative analysis of the degree of unevenness on the coated surface and the
behavior of the applied contact surface fluid in terms of the changes in the substrate surface energy, the
maximum height (h), x-direction position of the maximum height of the surface unevenness (xh), and
uneven region (luneven) were measured. Each measured value was divided by the initial height of the
coating fluid (ho) to express the values as dimensionless variables. Figure 5a shows the analysis results
of the maximum height of the surface unevenness based on the contact angle between the substrate
and the coating fluid. The deformation during the initial 30 µs shows similar trends in all the analysis
cases, and a higher level of deformation is seen after 30 µs because of the increase in the contact angle.
With the increase in the surface contact angle, the maximum height increases because the coating liquid
tends to reduce the contact area with the substrate surface due to the low surface energy. Because of
these results, the surface unevenness was more severe in the absence of the pinning effect than in its
presence. Figure 5b shows the analysis results of the x-direction position of the maximum height of the
surface unevenness. The deformation during the initial 30 µs shows similar trends in all the cases, and
the x-direction position of the maximum height is close to the substrate edge with the increase in the
contact angle. This is because the applied coating fluid at the substrate corner edge tends to reduce
the contact area with the substrate, and the shape of the surface changes, while the contact line is not
fixed. Figure 5c shows the analysis results of the uneven region. In all the cases, the deformation of the
coating fluid during the initial 20 µs is more rapid, showing similar trends. The deformation from 20 to
30 µs is gradual, following which the amount of change in the uneven region rapidly increases again.
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3.3. Different Wetting Condition

Like silicon wafers, the sides of the substrate are sometimes not processed during substrate
processing. Assuming this is the case, the behavior of the coating fluid over time was analyzed for
different contact angles of the substrate surface and sides (different wetting conditions). Table 2 lists
the conditions under which the computational analysis was executed.

Table 2. Parameters used in the simulation cases under different wetting conditions.

Case Contact Angle of Substrate (◦) Contact Angle of Side Wall (◦) Liquid Properties

diff_15◦ 15 180

ρ = 997 kg/m3

σ = 0.0236 N/m

diff_30◦ 30 180
diff_45◦ 45 180
diff_60◦ 60 180
diff_75◦ 75 180
diff_90◦ 90 180

Figure 6a shows the analysis results of the coating fluid surface over time for a substrate surface
contact angle of 15◦ and a side contact angle of 180◦. When the coating fluid is applied to the substrate,
at 8 µs, satellite droplets are formed, which deviate away from the surface of the coating fluid at the
edge portion of the substrate. Satellite droplets are created due to the high fluid inertia force that can
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break the surface tension force. These satellite droplets have average diameters of 5 µm and velocity
magnitudes of 1.86 m/s. The satellite droplets move to the outside of the liquid film and fall down due
to gravity. Figure 6b shows a quantitative analysis of the surface profile of the coating fluid over time.
The pinning effect, in which the contact point is fixed due to the hydrophilic properties of the substrate,
is induced at the edge corner portion, as shown in Figure 5b. However, unlike the results shown in
Figure 5b, in which the coating fluid even covers the sides of the substrate, Figure 6b shows that the
sides are not covered owing to their non-wetting properties. When the substrate surface contact angle
ranges from 30◦ to 75◦, the pinning effect and satellite droplets occur in all the analysis cases. The
substrate’s sides are not covered because of its hydrophilic properties, similar to that observed when
the angle is 15◦. In addition, the satellite droplets are also formed with similar average diameters of
5 µm and velocity magnitudes of 1.75 m/s to that observed when the angle is 15◦. Figures S7–S10
show the computational analysis results for contact angles ranging from 30◦ to 75◦.
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Figure 7a shows the analysis results of the coating fluid surface over time for a substrate surface
contact angle of 90◦ and a side contact angle of 180◦. With the increase in the substrate surface contact
angle, the size of the satellite droplets increases. These satellite droplets have average diameters of
16 µm and velocity magnitudes of 1.55 m/s. The satellite droplets are 5.3 times larger in diameter
and 1.2 times lower in velocity than the satellite droplet formed at the low contact angles (15◦–75◦).
At 50 µs, the substrate edge is not coated because of the movement of the contact point. Figure 7b
shows a quantitative analysis of the surface profile of the coating fluid over time. In the coating fluid
surface profile, the maximum height and length of the uneven region increase as time passes, similar to
that shown in Figure 4b. However, the loss of coating fluid is due to the effect of the satellite droplets,
and the maximum height of the surface unevenness is lower than that shown in Figure 4b.
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To perform a quantitative analysis of the unevenness of the coating fluid surface and the behavior
of the applied fluid, the maximum height (h) of the surface unevenness, the x-direction position of the
maximum height (xh), and the region with surface unevenness (luneven) were measured. Each of the
measured values were divided by the initial height of the coating fluid (ho) of the coating liquid to
express them as dimensionless variables. Figure 8a shows the analysis results of the maximum height
of the surface unevenness in terms of the contact angle between the substrate and the coating fluid.
With the increase in the contact angle from 15◦ to 75◦, the maximum height of the surface unevenness
increases. When the substrate surface contact angle is 90◦, the height is lower than that when the
contact angle ranges from 15◦ to 75◦. This is because of the formation of large satellite droplets and the
loss of applied coating fluid, unlike that when the surface had a low contact angle with the coating fluid
applied to the substrate edge corner portion. Figure 8b shows the analysis results of the x-direction
position of the maximum height of the surface unevenness. The deformation during the initial 30 µs
shows a similar trend in all the cases, and the x-direction position of the maximum height becomes
closer to the edge of the substrate with the increase in the contact angle, except when the contact angle
is 90◦. When the contact angle is 90◦, the substrate surface fluctuates because of the contact point
movement at the edge and the formation of satellite droplets. Because of the surface fluctuation, the
x-direction position of the maximum height moves closer to the substrate edge, as observed at 100 µs.
Figure 8c shows the analysis results of the uneven region. During the initial 20 s, the coating fluid
deforms rapidly, showing similar trends in all the cases. The deformation is gradual from 20 to 30 µs,
following which the change in the uneven region increases rapidly again. The formation of the uneven
region can be attributed to the small difference in the contact angles.
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4. Conclusions

This study examined coating fluid behavior and surface unevenness in terms of the surface energy
of the substrate surface and sides during a thin film coating process. The VOF method was used
to simulate the free surface between the coating liquid and the surrounding air and to describe the
surface unevenness formation at the microsecond scale.

• When the contact angle of the substrate surface was equal to that of the sides, the length and
height of the uneven region increased with the increase in the contact angle and passage of time.
When the substrate contact angle ranged from 15◦ to 75◦, a pinning effect was induced, with fixed
parallel contact lines of the droplets on the substrate edge corner portion, and the coating fluid
covered the sides of the substrate. Consequently, the substrate sides were also coated.

• When the substrate contact angle was 90◦, the substrate edge surface was not coated, because the
applied fluid tended to reduce the contact area with the substrate. Moreover, the surface shape
changed while the contact line at the corner portion was not fixed, as the contact angle between
the coating fluid and the substrate was high. Because of this, the coating fluid on the substrate in
the absence of the pinning effect experienced more severe unevenness than in its presence.

• When the contact angles of the substrate surface and sides were different, the formation of satellite
droplets and the loss of application solution were observed in all the analysis cases. The satellite
droplets could have led to problems in the coating process. They formed as they escaped from the
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cohesiveness of the coating fluid due to the difference in the fluid inertia, which created energy
equilibrium, and the surface energy of the substrate side (non-wetting conditions).

• When the contact angles ranged from 15◦ to 75◦, the pinning effect was generated at the edge
corner portion, similar to that observed when the contact angle of the substrate contact surface
was equal to that of the sides. However, the results were promising in cases where the substrate
sides were not covered because of their high surface contact angle. Therefore, to reduce surface
unevenness, it is necessary to actively control not only the wetting of the substrate surface but
also of the side surface. The sides of the substrate must have a contact angle greater than 90◦, and
the substrate surface must have a surface contact angle lower than 90◦.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/9/3/162/
s1: Figure S1. Variation of the maximum height of the surface unevenness with the grid number; Figure S2:
Comparison between the (a) static contact angle of the silicon wafer and (b) the simulation result of the contact
angle; Figure S3: (a) Coating fluid behavior over time at the edge of the substrate under the same wetting condition
of 30◦, (b) surface profile under the same wetting condition of 30◦, (c) maximum height, (d) maximum position,
and (e) uneven region analysis of the surface unevenness at the edge of the substrate under the same wetting
condition of 30◦; Figure S4: (a) Coating fluid behavior over time at the edge of the substrate under the same
wetting condition of 45◦, (b) surface profile under the same wetting condition of 45◦, (c) maximum height, (d)
maximum position, and (e) uneven region analysis of the surface unevenness at the edge of the substrate under
the same wetting condition of 45◦; Figure S5: (a) Coating fluid behavior over time at the edge of the substrate
under the same wetting condition of 60◦, (b) surface profile under the same wetting condition of 60◦, (c) maximum
height, (d) maximum position, and (e) uneven region analysis of the surface unevenness at the edge of the
substrate under the same wetting condition of 60◦; Figure S6: (a) Coating fluid behavior over time at the edge of
the substrate under the same wetting condition of 75◦, (b) surface profile under the same wetting condition of
75◦, (c) maximum height, (d) maximum position, and (e) uneven region analysis of the surface unevenness at the
edge of the substrate under the same wetting condition of 75◦; Figure S7: (a) Coating fluid behavior over time
at the edge of the substrate under a substrate surface contact angle of 30◦ and a side contact angle of 180◦, (b)
surface profile under different wetting conditions, (c) maximum height, (d) maximum position, and (e) uneven
region analysis of the surface unevenness at the edge of the substrate under different wetting conditions; Figure
S8: (a) Coating fluid behavior over time at the edge of the substrate under a substrate surface contact angle of 45◦
and a side contact angle of 180◦, (b) surface profile under different wetting conditions, (c) maximum height, (d)
maximum position, and (e) uneven region analysis of the surface unevenness at the edge of the substrate under
different wetting conditions; Figure S9: (a) Coating fluid behavior over time at the edge of the substrate under a
substrate surface contact angle of 60◦ and a side contact angle of 180◦, (b) surface profile under different wetting
conditions, (c) maximum height, (d) maximum position, and (e) uneven region analysis of the surface unevenness
at the edge of the substrate under different wetting conditions; Figure S10: (a) Coating fluid behavior over time
at the edge of the substrate under a substrate surface contact angle of 75◦ and a side contact angle of 180◦, (b)
surface profile under different wetting conditions, (c) maximum height, (d) maximum position, and (e) uneven
region analysis of surface unevenness at the edge of the substrate under different wetting conditions.
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