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1. Introduction

Recently, electrohydrodynamic instability as a new technique 
for patterning thin polymer films has attracted a great deal of 
attention [1, 2]. The advantage of this patterning technique 
is that the pattern can be formed through a one-step process 
with inexpensive equipment in comparison with traditional 
photolithographic methods. In this patterning technique, a 
thin polymer film deforms and self-assembles into micro and 
nanostructures under either a featureless mask or patterned 
mask subject to a high electrostatic voltage. The successful 

replication of sub-micron periodic grating structures in 
polymer has been demonstrated by this method [3, 4].

Figure 1 shows the experimental setup used in this 
 patterning technique. A polymer film deposited on a 
 substrate is heated above its glass transition temperature 
and then annealed for a period of time in the presence of an 
 electrostatic field spatially modulated by a patterned mask. 
Under such a field configuration, the rheological behavior of 
the liquid membrane can lead to an ideal replica of the pattern 
present on the upper electrode. Upon cooling the system back 
to the room temperature, solidified micro/nanostructures 
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Abstract
Electrohydrodynamic instability patterning (EHDIP) as an alternative patterning method has 
attracted a great deal of attention over the past decade. This article demonstrates the faithful 
transfer of patterns with a high aspect ratio onto a polymer film via electrohydrodynamic 
instabilities for a given patterned grating mask. We perform a simple mathematical analysis 
to determine the influence of process parameters on the pressure difference ∆P. Through 
numerical simulation, it is demonstrated that thick films subject to large electric fields 
are essential to realize this faithful replication. In particular, the influence of the material 
properties of the polymer on pattern replication is discussed in detail. It is found that, to 
achieve the smaller periodic patterns with a higher resolution, film with a larger value of the 
dielectric constant and smaller value of the surface tension should be chosen. In addition, 
an ideal replication of the mask pattern with a short evolution time is possible by reducing 
the viscosity of the polymer liquid. Finally, the experiments of the pattern replication with 
and without defects are demonstrated to compare with the numerical simulation results. It is 
found that experiments are in good agreement with the simulation results and prove that the 
numerical simulation method provides an effective way to predict faithful replication.
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can be obtained. Such an integration of the top-down 
and  bottom-up methods has potential applications in the  
fabrications of micro- electro-mechanical systems, chemical or  
biological sensors, optoelectronic devices, etc.

Numerous theoretical and experimental works have been 
carried out to understand this phenomenon [5–24]. These 
studies are mainly based on linear stability analysis, whereas 
the dynamic evolution process of the interface growth can 
be studied by nonlinear simulation. A lot of simulations 
 demonstrate that, under a featureless mask, the polymer film 
organizes itself into hexagonal arrays, which is in agreement 
with weakly nonlinear analysis [25–32]. The order of the final 
hexagonal pattern largely depends on the thickness ratio ξ of 
the air gap to the film thickness. Under patterned masks how-
ever, well-ordered polymeric microstructures can be obtained 
over large areas, which means the pattern of a mask can be 
replicated in the film.

Full numerical simulations also can explain the dynamic 
behavior of the EHDIP process and provide insights on 
 intelligent design of masks to produce long range ordered 
patterns. Kim’s simulations reveal the rich dynamics and 
show that the final structure is not solely determined by 
energetics: the kinetic process can play an important role. 
Tuning the electric field can produce a variety of patterns 
[25]. Verma gave the conditions for ideal templating of the 
top electrode pattern for a continuous sinusoidal profile in the 
film [26]. In a previous work, we have reported how to define 
the limit period, LP, i.e. the fabrication limit of the periodic 
nanostructures by employing finite element analysis methods 
[33]. Tian gave a generalized formulation for the numerical 
characterization of the EHDP processes by coupling liquid 
dielectrophoresis (L-DEP) and the phase field of the air–
liquid dual phase. It has also been found that the scale effects 
such as the liquid–solid interface slip, L-DEP wetting angle, 
and non-Newtonian viscosity of the polymer can impact the 
accuracy of the numerical simulation performed at micro or 
nanoscale tremendously [34]. However, one practical issue is 
how one can guarantee the faithful replication of the pattern 
in the mask electrode into the polymer film for a given mask 
with grating patterns. In other words, how to find the critical 
conditions under which one can achieve optimum replication 
of the mask in polymer, which is not answered by previous 
simulation works. This article is dedicated to answering this 
question by using the finite difference method to solve the 
partial differential equation of the dynamic evolution of the 
air–film interface, and to find the critical conditions under 
which faithful replication can be achieved for high aspect 

ratio in polymer for a given mask. A central difference scheme 
with the Everett method interpolation was used for spatial 
discretization of the equation. The time integration was done 
using Gear’s method, which is especially suitable for stiff 
equations [26]. The influence of process parameters on the 
pressure difference ∆P was first studied with the help of a 
simple mathematical analysis. Furthermore, how the material 
parameters of the film such as dielectric constant and surface 
tension affect the period of the mask in the replication process 
was studied. The evolution time of the EHDIP  process is also 
discussed. Finally, experimental validation of the numerical 
simulation is demonstrated through manufacturing perfect 
and defective replicas of the mask.

2. Theoretical analysis

A thin polymer film under the influence of the homogeneous 
electric field, which is considered to be an incompressible 
Newtonian and perfect dielectric medium, is spun-coated on 
a rigid solid substrate with high surface energy. We ignore 
inertial effects in both fluids, so the governing equations 
for motion are the following continuity and Navier–Stokes 
equations:

∇⋅ = ⋅v 0i (1)

μ−∇ + ∇ = ⋅p v 0i i i
2 (2)

where Vi is the velocity vector in fluid i (i =1 for the film and 
2 for the bounding fluid), pi is the pressure in fluid i, and μi is 
the viscosity of fluid i. The fluid velocities satisfy no-slip and 
no-penetration conditions at the bottom and upper plates and 
therefore,

= = = =z z dv 0 at 0 v 0 at 1 2 (3)

At the interface y=h(x) between two fluids, the system sat-
isfies continuity of velocity conditions and then we have,

  ⋅ = ⋅(v n) (v n) .1 2 (4)

The kinematic condition at the interface describes the evo-
lution of the interface position h(x, t). Because there is no 
mass transfer at the interface, the normal velocity of V is equal 
to the normal velocity at the interface h(x, t),

= = = = ∂
∂

+ ⋅∇y h x y h x
h

t
hv ( ( ) ) v ( ( ) ) v .s1 2 (5)

Because the lateral length scale is much larger than the 
film thickness, lubrication approximation theory or long scale 
approximation is generally used to simplify the N-S equation. 
By using the kinematic boundary, the nonlinear evolution 
equation of the interface can be obtained [26, 28, 36]:

μ ∂ ∂ −∇⋅ ∇ =h t h P3 ( / ) [ ] 0.3 (6)

Later, we perform a simple mathematical analysis that is 
sufficiently realistic to capture the essential physics of the 
EHDIP process with the aim of determining the influence of 
process parameters on the pressure difference ∆P between the 
peak A and valley B shown in figure 1. Since the large value 
of pressure difference ∆P can ensure a faithful replication 

Figure 1. Schematic diagram of the thin film resting on a rigid 
substrate subjected to an externally heterogeneous electric field.
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of the pattern onto polymer film [35]. Here a ‘faithful 
replication’ means that polymer film replicates the gratings 
on mask exactly. This is of practical importance because those 
polymeric gratings with high aspect ratio are desirable to 
facilitate etching and other pattern transfer processes. For the 
homogeneous electric field, the total pressure at the interface 
in the long wavelength limit is denoted by:

γ= − ∂
∂

+ +p p
h

x
p h p h( ) ( )el0

2

2 dis (7)

where P0 denotes atmospheric pressure and γ is the surface 
tension. The second term, the Laplace pressure, plays an 
important role in maintaining the stability of the film. The 
third term, electrostatic pressure, in terms of mathematic 
equation, can be described by:

ε ε ε= − −p E( 1)el r r p0
2 (8)

ε ε
=

− −
E

U

d h( 1)
p

r r
 (9)

where Ep is the electric field strength in the polymer film, ε0 
is the dielectric permittivity of the vacum, εr is the  relative 
dielectric constant of the polymer film, U is the applied 
voltage, d is the separation distance between the template and 
the substrate, h is the film thickness. The fourth term denotes 
the disjoining pressure.

Under the heterogeneous electric field, assuming the 
 interface profile is described by h=h0+ξcos(kx), then the pres-
sure at the peak A and valley B on the interface (in figure 1) 
would be (referring to equation (7[37]))

ε ε ε
ξ ξ ε

γξ= − −
+ + − − −

+P P
V

h d p h
k

( 1)

2[ ( ) ]
A

r r

r
0

2
0

0 0
2

2 (10)

ε ε ε
ξ ξ ε

γξ= − −
− + − +

−P P
V

h d h
k

( 1)

2[ ( ) ]
B

r r

r
0

2
0

0 0
2

2 (11)

The pressure difference ∆P between point A and B would be

⎡
⎣⎢

⎤
⎦⎥

Δ γξ ε ε ε

ξ ξ ε ξ ξ ε

= − = − + −

+ + − − −
−

− + − +

P P P k
V

h d p h h d h

2
( 1)

2

1

[ ( ) ]

1

[ ( ) ]

B A
r r

r r

2
2

0

0 0
2

0 0
2

 

(12)

A strong lateral gradient in the pressure possibly induces 
additional flow and overwhelms the spinodal effects [38], 
ensuring the perfect transfer of the electrode pattern into the 
polymer film in the absence of any physical contact between 
the pattern-directing template and the liquid film. In the 
 following, we will discuss the influence of process parameters 
such as surface tension on the pressure difference ∆P. The par-
tial derivative of ∆P with respect to γ can be expressed by,

Δ
γ

ξ∂
∂

= − <p
k2 02 (13)

Apparently, the partial derivative of ∆P with respect to γ 
is less than zero. Therefore, decreasing the surface tension 
is helpful for increasing the pressure difference. The partial 

derivative of ∆P with respect to initial film thickness h0 is 
shown in equation (14)

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

Δ ε ε ε

ξ ξ ε ξ ξ ε

∂
∂

= −

+ + − − −
−

− + − +

p

h

V

h d p h h d h

( 1)

4

1

[ ( ) ]

1

[ ( ) ]

r r

r r

0

2
0

2

0 0
3

2
0 0

3
2

 

(14)

Because the difference between the two denominators in 
the brackets on the right-hand side of the equation is less 
than zero in equation (15) and other coefficients are larger 
than zero,

ξ ξ ε ξ ξ ε

ξ ξε ε

+ + − − − − − + − +

= − − <

h d p h h d h

p

[ ( ) ] [ ( ) ]

2 2 0

r r

r r

0 0 0 0
 

(15)

Δ∂
∂

>P

h
0

0
 (16)

Hence, the partial derivative of ∆P with respect to h0 is 
larger than zero. Therefore, increasing the value of the film 
thickness is helpful for increasing the pressure difference ∆P.

The partial derivative of ∆P with respect to applied voltage 
V is shown in equation (17),

⎡
⎣⎢

⎤
⎦⎥

Δ ε ε ε

ξ ξ ε ξ ξ ε

∂
∂

= −

+ + − − −
−

− + − +

P

V
V

h d p h h d h

( 1)

1

[ ( ) ]

1

[ ( ) ]

r r

r r

0

0 0
2

0 0
2

 

(17)

Due to equation (15) and the other terms being larger than 
zero, the partial derivative of ∆P with respect to V is larger 
than zero,

Δ∂
∂

>P

V
0 (18)

Therefore, increasing the value of the applied voltage is 
helpful for increasing the pressure difference ∆P.

The partial derivative of ∆P with respect to the  relative 
dielectric constant of the polymer film εr is shown in 
 equation (19),

⎧

⎨

⎪
⎪
⎪
⎪
⎪⎪

⎩

⎪
⎪
⎪
⎪
⎪
⎪

⎡
⎣⎢

⎤
⎦⎥

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

⎫

⎬

⎪
⎪
⎪
⎪
⎪⎪

⎭

⎪
⎪
⎪
⎪
⎪
⎪

Δ
ε

ε

ε
ξ ξ ε

ξ ξ ε

ε ε ξ

ξ ξ ε

ξ

ξ ξ ε

∂
∂

=

−
+ + − − −

−
− + − +

+

− − +

− + − +

− − − −

+ + − − −

P V

h d p h

h d h
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h d h

d p h

h d p h

2

(2 1)
1

[ ( ) ]

1

[ ( ) ]

( 1)
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r

r
r

r

r r

r

r

2
0

0 0
2

0 0
2

0

0 0
3

2

0

0 0
3

2

 (19)

Because the equation (15) and the difference between the 
two denominators in the second brackets (equation (20)) is 
larger than zero,
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ξ ξ ξ− + − − − − = + >d h d p h p( ) ( ) 2 00 0 (20)

Therefore, the partial derivative of ∆P with respect to εr is 
larger than zero.

Δ
ε

∂
∂

>P
0

r
 (21)

Therefore, increasing the value of relative dielectric 
 constant of the polymer film is helpful for increasing the 
 pressure  difference ∆P. These results are of paramount 
 importance to the design, optimization and fabrication of nan-
ochannels for practical applications.

3. Presentation of the simulation model

In the model, the polymer film is considered to be an  isothermal 
and perfect dielectric fluid confined between the top patterned 
mask and the bottom substrate as shown in figure 1. The initial 
film thickness is represented by h0. When the film is perturbed 
by an externally heterogeneous electrostatic field, the local 
film is destabilized, forming the replica of the mask in one-
step. The mask with voltage V is positioned above the substrate 
at a distance d. For a patterned mask, the depth of electrode 
protrusions, the width of the electrode protrusion, the period, 
are denoted by p, w, and l, respectively, as shown in figure 
1. The three-dimensional model provides a comprehensive 
computational study of the dynamic self-assembly process. 
The finite difference method is used to solve the  partial 
differential equation of the dynamic evolution of the air-
film interface [26, 28]. We converted the partial differential 
equations of the dynamic evolution of the air-film interface 
to an ordinary differential equation using a finite difference 
discretisation with respect to space. The resulting equation is 
then integrated with respect to time by the stiff Gear method 
[40]. Periodic boundary conditions were applied at the domain 
boundaries, and the initial condition was a volume preserving 
random disturbance of small amplitude. Numerical accuracy 
and convergence were checked by varying the number of 
grid points. The electric field can be obtained by solving the 
 analytical equation (9). A van der Waals-like repulsive force is 
imposed on the top electrode and substrate to prevent the air-
film interface from penetrating the upper electrode. The form 
of the repulsive force is similar to that used in reference [26].

4. Simulation results and discussions

Representative results are presented in this section. Unless 
otherwise noted, the following material parameters are used 
in our simulations. The viscosity μ of the film is 1 Pa.s, the 
 surface tension γ is 0.038 J m−2, dielectric constant of the 
film ε1 is 2.5 and permittivity of free space is 8.85 × 10–12 
CV−1 m−1, the applied voltage between two electrodes is 
100 V, the  separation between two electrodes is 1 µm. For con-
venient observation of the self-assembly process of the film, 
six successive pictures taken over time are given, and then six 
3 D surface profiles of the images corresponding to the former 
six pictures are shown.

On the basis of intensive simulations, it is found that the 
final morphology of the film in the presence of a spatially 
modulated periodic electric field crucially depends on the 
periodicity of the top electrode pattern, the surface tension 
and dielectric constant of the film. However, regardless 
of the above-mentioned conditions, the initial structure 
always organizes itself on a length scale close to the pattern 
 periodicity l. However, later stages of evolution are dominated 
by l, together with the surface tension and dielectric constant 
of the film. By tuning the material property of the film, initial 
film thickness and the applied voltage, one should be able to 
obtain the ideal replica of the top electrode pattern in the film.

The following section describes the means to obtain 
the  perfect replica of the pattern for the given mask in the 
 polymeric film. The pattern chosen for the mask is a grating of 
period of 3.7 µm, for a depth and width of the grating stripes 
of 0.2 µm. Figures 2 and 3 depict the final morphology of the 
formed structure in the thin film. For different initial film thick-
nesses h0, 0.30 µm in figure 2 and 0.33 µm in figure 3, parallel 
ridges are formed under each protrusion of the top electrode 
where the electric field is the strongest. If the evolution time is 
long enough, a secondary instability develops and leads to the 
transformation of the grating patterns into pillar-like structures 
with a length scale of natural wavelength λ [5]. In the sixth 
image of figure 2(a), the adjacent pillar-like structures merge 
with each other both along and perpendicular to the directions 
of the stripe, therefore preventing the accurate replication of 
the mask. This incompleteness of the replica shown in figure 2 
results from the small pressure difference ∆P, that is to say the 
effect of varying electric field in the EHDIP process is weak. 
In general, when the pressure difference ∆P is small, the thin 

Figure 2. (a) Evolution of a 0.30 µm thick film in the presence of 
a periodically varying electric field in a 14.8 µm×14.8 µm domain. 
The top electrode pattern consists of four periodically gratings with 
a length of 14.8 µm, a width of 0.2 µm and a height of 0.2 µm. The 
dimensionless time of evolution for images 1–6 are T =0, 6268, 
10745, 22385, 39398 and 125360 respectively. (b) 3 D surface 
profiles of the images obtained in part (a).

J. Micromech. Microeng. 24 (2014) 075006
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film initially grows into sinusoidal waves, which replicate the 
 patterned mask. Those waves then start breaking into indi-
vidual pillars because of the enormous surface energy penalty 
for further growth without changing the periodicity. Finally, 
the intrinsic characteristic length sets in and forms pillars, 
which is totally different than the gratings pattern on the mask.

In order to realize the replication process, the film thickness 
has been gradually increased to a critical value of 0.33 µm in 
order to increase the pressure difference ∆P. A different final 
morphological feature is obtained and shown in figure 3. The 
merging of adjacent pillar-like structures occurs this time in 
the direction of the stripe so that the pattern in the mask can be 
replicated in the film. In general, by increasing the value of the 
film thickness, the second instability can be suppressed so that 
one can achieve a good replication of the pattern in the film.

4.1. Influence of the electrostatic field

In order to realize the replication of the mask in figure 2, we 
adopt another method by gradually increasing the value of the 
applied voltage to a critical value with the aim of obtaining the 
larger pressure difference ∆P. For convenience of comparison, 
the periodicity l in figure 4 is the same as the value used in 
figure 2, but the applied voltage is set to be 111 V in order 
to investigate the effect of electric field strength on the final 
 structures. In the process of increasing the value of the voltage, 
the order of the feature in the polymer film becomes uniform 
gradually. The simulation result shows that in this case the 
pattern on the top electrode can be faithfully replicated in 
the film. The pillars in line are incorporated into stripes by 
absorbing the surrounding material at t = 20389.9, so that 
continuous periodic liquid stripes are formed corresponding 
to the positions of the trough and crest of the top electrode, 

resulting in a nearly perfect templating. Thus, the condition for 
ideal templating can be generalized on the basis of this result. 
It was indeed verified that an ideal replication of the electrode 
pattern becomes possible by increasing the strength of the 
applied electric field if the induced features are non-uniform.

4.2. Influence of the surface tension

The reduction of the surface tension favors smaller features. 
Decreasing the surface tension means that a larger pressure 
difference ∆P can be obtained. When applying the same 
 conditions as in figure 2, except for the surface tension being 
reduced to 0.019 J m−2, the final feature in figure 5 resembles 
the case when the applied voltage is 111 V. The final  pattern 
has the same periodicity as that of the electrode pattern. 
A useful result found here is that it is propitious to attain the 
desired ordered structures in thin film of soft materials by 
decreasing the surface tension. In this situation, the period  
l of the mask can be decreased to 2.9 µm so that the replication 
is still successful. Therefore, by tuning the surface tension of 
the material, a replica of the mask with a smaller period could 
be obtained. Figure 6 shows the relationship of the period of 
the mask, which can be replicated against surface tension γ. 
In general, when the surface tension becomes smaller, a mask 
with smaller period l can also be replicated. Specifically, the 
smallest period that can be achieved is 1.7 µm when electrode 
protrusion has a width of 0.3 µm and a height of 0.3 µm for an 
applied voltage of 100 V and surface tension γ of 0.019 J m−2.

4.3. Influence of the dielectric constant

When applying the same conditions as in figure 2 except 
that the dielectric constant is increased from 2.5 to 4, i.e. 

Figure 3. (a) Evolution of a 0.33 µm thick film in the presence 
of a periodically varying electric field in a 14.8 µm × 14.8 µm 
domain. The top electrode pattern consists of four gratings with a 
length of 14.8 µm, a width of 0.2 µm and a height of 0.2 µm. The 
dimensionless time of evolution for images 1–6 are T = 0, 4789, 
8745, 8418, 12782 and 17491, respectively. (b) 3 D surface profiles 
of the images obtained in part (a).

Figure 4. (a) Evolution of a 0.30 µm thick film under the same 
conditions in figure 3 except that the applied voltage is 111 V.  
The dimensionless time of evolution for stages 1–6 are T = 0, 9515, 
16311, 20389, 28545, and 67966, respectively. (b) 3 D surface 
profiles of the images obtained in part (a).

J. Micromech. Microeng. 24 (2014) 075006
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the pressure difference ∆P is increased, it is found that the 
 electrode pattern can be ideally replicated into the film as 
shown in figure 7. The strength of the spatially modulated 
electric field is indeed enhanced so that it overcomes the 
natural characteristic wavelength based on average separa-
tion between two electrodes. In this situation, the mask with a 
period of 2.8 µm can be replicated. In general, increasing the 
electrostatic stress at the interface by enhancing the dielectric 
contrast between bottom and top layers allows the replication 
of smaller features. Figure 8 shows the relationship of the 
period of the mask, which can be replicated against dielectric 
constant ε. As shown, l decreases when the dielectric constant 
increases. Specifically, the smallest period can be achieved 
here is 1.7 µm for electrode protrusions with a width of 0.3 µm 

and a height of 0.3 µm when a voltage 100 V is applied and the 
dielectric constant is 4.5.

4.4. Influence of the viscosity

Depending on the viscosity of the polymer film, the duration 
for pattern formation varies drastically from seconds to weeks. 
Figure 9 shows the effect of the viscosity of the film on the final 
morphological feature in the film. In this case, the viscosity 
of the film is 0.1 Pa.s. The result shows that by decreasing the 
 viscosity of the film, the replication process cannot be improved 
effectively. But the evolution time of the dynamic process under 
the heterogeneous field is reduced significantly. In order to 
compare the time of evolution for different viscosities of the 

Figure 5. (a) Evolution of a 0.30 µm thick film under the same 
conditions as in figure 3 except the surface tension is 0.019 J m−2. 
The dimensionless time of evolution for images 1–6 are T =0, 
3581, 10745, 23281, 25072 and 71634, respectively. (b) 3 D surface 
profiles of the images in part (a).

Figure 6. The dependence of the period l on the surface tension 
γ for the case w=0.2 µm, 0.3 µm, and p=0.2 µm, 0.3 µm, h0=0.3 µm 
and d=1 µm.

Figure 7. (a) Evolution of a 0.30 µm thick film under the same 
conditions as in Figure 3 with the exception of a dielectric constant 
of 4. The dimensionless time of evolution for images 1–6 are T = 0, 
18338, 27507, 55015, 73353 and 458468, respectively. (b) 3 D 
surface profiles of the images obtained in part (a).

Figure 8. The variation of the period l with the change of the 
dielectric constant ε for the case of: w = 0.2 µm, 0.3 µm, and  
p = 0.2 µm, 0.3 µm, ψ = 100 V, h0 = 0.3 µm and d = 1 µm.

J. Micromech. Microeng. 24 (2014) 075006
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film, we compare dimensional time. The dimensional time of 
evolution for image 6 is t = 14 ms with viscosity 1 Pa.s in figure 2 
but t = 1.4 ms with viscosity 0.1 Pa.s in figure 9. Thus, by simply 
tuning the viscosity of the film, one can effectively control the 
electrohydrodynamic instability patterning experimental time. 
In general, the characteristic wavelength is independent of the 
viscosity ratio between top and bottom fluids as long as they 
are both perfect insulators, however, the viscosity influences the 
time for pattern formation strongly. This offers an advantage in 
EHDIP for decoupling time and length scales by varying the 
molecular weight of polymers [39].

5. Experimental results

Experiments were conducted to verify the numerical simulation 
results. The following parameters were taken: a dc voltage of 
130 V and 150 V was applied and a hotplate was used to heat 
the polymer SU8 at the temperature of 120°C for 10  minutes, 
the electrode space was 45 µm, the period of mask grating is 
40 µm, the width and the depth of the grating is 17 µm and 
9 µm, respectively. The results of the experiments are shown in 
the optical micrographs in figure 10. Here, the induced faithful 
structure has the same period of 40 µm (figures 10(b) and 
10(c)) as that of the mask as shown in figure 10(d). Depending 
on spatiotemporal modulation of the electric field, we observe 
either a perfect grating pattern with no flaws (figures 10(b) and 
10(c)) or a striped structure where the grating emerges partially 
ruptured along the same line and merged with a neighboring 
grating (figure 10(a)). The different ordering phenomena 
originate from the different initial thicknesses h0 of the polymer 
film and the varied applied voltages. Figure 10(a) shows that 
faithful replication cannot be realized when the initial thickness 
h0 is 16 µm and the applied voltage is 130 V. However, faithful 
replication can be realized in figure 10(b) when the initial 

Figure 9. (a) Evolution of a 0.30 µm thick film under the same 
condition in figure 3 except the viscosity of the film is 0.1 Pa.s. 
The dimensionless time of evolution for images 1–6 are T = 0, 
8954, 17908, 71634, 89542 and 125368, respectively. (b) 3 D 
surface profiles of the images obtained in part (a).

Figure 10. (a) Optical microscopic image of the grating fabricated 
in the polymer film with an initial thickness of 16 µm. The grating 
stripe emerges partially ruptured in the same line and merging 
between the adjacent lines, which indicates the unsuccessful 
replication of the mask. (b) Optical microscopic image of the 
successfully replicated uniform grating in the polymer film with 
an initial thickness of 23 µm. (c) Optical microscopic image of the 
successfully replicated uniform grating in the polymer film with 
applied voltage 150 V and an initial thickness 16 µm. The applied 
voltage in (a) and (b) is 130 V, the electrode spacing is 45 µm. 
(d) Optical microscopic image of the pre-patterned nickel mask 
with a grating period of 40 µm, the ridge of the grating has a width 
of 17 µm and a height of 9 µm.

Figure 11. Simulation results corresponding to the experimental 
results in figure 11. (a) The initial film h0 is 16 µm, the applied 
voltage is 530 V. (b) The initial film h0 is 23 µm, the applied voltage 
is 530 V. (c) The initial film h0 is 16 µm, the applied voltage is 
600 V. The surface tension γ is 0.038 J m−2, dielectric constant of the 
film ε1 is 4. (d) The surveyor’s rod of the simulation results.

J. Micromech. Microeng. 24 (2014) 075006



H Li et al

8

thickness h0 is 23 µm. In addition, by increasing the applied 
voltage to 150 V, as shown in figure 10(c), grating structures 
can be obtained in the polymer film.

The simulation results in figure 11 correspond to the 
 experimental results with the process parameters such as the 
period, width and depth of electrode protrusion, the initial film 
thickness, electrode spacing being the same for the two sets of 
figures. The surface tension γ is 0.038 J m−2, dielectric constant 
of the film ε1 is 4 in figure 11. A slight deviation between the the-
oretical and experimental voltage is witnessed, which might be 
due to the mismatch of surface tension and dielectric constant of 
the film between the simulation model and experimental study. 
Ordered and disordered patterns can be clearly seen in figure 11.

6. Conclusions

This article uses a three-dimensional model to simulate the 
 electrostatic field induced thin-film instability process. The 
simulation results reveal that the replication of the given pattern 
in the mask can be obtained only when certain conditions are 
met. It is found that larger initial film thickness and higher 
applied voltage help to achieve the replication of the pattern. 
Furthermore, it is found that a higher dielectric constant and 
smaller surface tension are helpful for achieving replication of 
the mask with a smaller period. Although decreasing the  viscosity 
of the polymer shortens the duration of the replication process, 
it does not affect the replication results. For a fixed separating 
distance between the template and the substrate, if the polymer 
thickness changes, the air gap varies accordingly, leading 
to different ∆P values. Increasing the film thickness means 
decreasing the air gap, which increases the pressure  difference 
∆P, so we just discuss the effect of film thickness on the pressure 
difference ∆P. Among the process parameters, consisting of 
surface tension, voltage, polymer thickness, dielectric constant, 
the voltage is the most critical factor, by which the experiments 
can be performed flexibly. In general, these simulation results 
are helpful for the experimental control in obtaining uniform 
ordered patterns in polymer with desired feature sizes.
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