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This article studies the effect that different types of patterned electrodes have on the electrohydrodynamic
instability patterning (EHDIP) process for the faithful replication of micro- and nanostructures. Two types of
patterned electrodes are studied. One is fully conductive, i.e. both pattern and substrate are conductive. The
other type has conductive microstructures fabricated on a dielectric substrate. By employing the
COMSOL™ Multiphysics software package, a rigorous numerical simulation of the EHDIP process has
been carried out for both types of electrodes. The simulation results show that both electrodes can
realize a faithful replication of the micro- and nanostructures once the variable, AE/Ax, reaches the
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film thickness is employed; a partially conductive electrode is preferred for larger film thickness. These
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Introduction

Electrohydrodynamic patterning, as a novel lithographic tech-
nique, employs capillary thin film instability for the manufac-
ture of micro- and nano-scale structures. When a liquid film is
subjected to a uniform electric field, the electrical stress at the
surface of the film generates periodical pillars with space equal
to the largest unstable wavelength under some conditions.'”
The competition between electrostatic stress and capillary
effects determines a characteristic wavelength A, which is
proportional to y*H**V !, where v is the interfacial tension, v
the voltage applied to the electrode, and H is the separation
between the top and bottom electrode. Due to its potential
applications for making micro- and nano-scale structures
economically and efficiently, a lot of experimental®**® and
theoretical**° studies have been carried out and show the onset
of instability in a viscous film when the electrical force domi-
nates over the stabilizing surface tension force. Recently, full
numerical simulations were developed to explain the dynamic
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pattern replication of structures for a variety of applications in MEMS or micro/nanofluidics.

behavior of the EHDIP process and to provide insights for the
intelligent design of templates to produce long range ordered
patterns.>*~’

To obtain certain types of ordered patterns, the application
of a spatially varying electric field by using a topologically
structured electrode was also reported as a useful means of
controlling the lateral dimensions of the microstruc-
tures.”®*"**37 The patterned electrode modulates the electric
field spatially, which has a two-fold influence on the develop-
ment of the surface instability. The instability is directed
towards the template protrusions by the pressure gradients that
are induced by the height variations of the template. In addi-
tion, the protruding structures of the template lead to an
increased electric field strength that leads to a locally increased
growth rate of the instability. As a result, a positive replica of the
structure in electrode is obtained.

In order to manufacture grating patterns in thin film,
methods include the utilization of a patterned conducting
surface as a master template,””'*** of dielectric patterns on
a conductive substrate’®***® and of patterns in conductive
material on a dielectric substrate.” Compared with the type of
conductive patterns on a dielectric substrate, the other two
types have stronger modulation of the spatial distribution of the
electric field, which helps to guarantee the faithful replication
in thin film easily. So the two types of patterned electrodes are
studied emphatically in this article by employing the
COMSOL™ Multiphysics software package. A faithful replica-
tion of patterns in the underlying polymer film is determined by
the interplay of the two lateral length scales that are intrinsic to

This journal is © The Royal Society of Chemistry 2016
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the EHDIP process. One lateral length scale is the aforemen-
tioned characteristic wavelength A. The other length scale is the
periodicity of the patterned master electrode on the substrate.
In this case, the periodicity of the pattern is greater than the
largest unstable wavelength. Periodic pillars or replica of the
template due to the coalescence of periodic pillars can also be
formed in the film. In that case, the periodicity of the pattern on
template is smaller than the largest unstable wavelength and
disorder structures will be formed due to the relatively weaker
gradients induced by the patterned template.** Therefore,
a greater lateral gradient in the electric field is needed to
guarantee the faithful replica of the template in the film.

One notable question needs to be addressed here is how to
design the optimum pattern electrode so that a strong enough
spatially modulated electric field can be obtained to realize the
faithful replication of patterns in the film. Normally, a fully
conductive template (pattern and substrate) is used as the
master electrode. Here, we propose a new type of partially
conductive template consisting of conductive patterns on
a dielectric substrate. The schematic drawing of the experi-
mental sandwich - like configuration is sketched in Fig. 1.
Consider a polymer film surrounded by air resting on a planar
substrate under the influence of a heterogeneous electric field.
Fig. 1A shows a patterned electrode and planar substrate, both
electrically conductive. Fig. 1B shows the conductive patterns
on a dielectric substrate. For a patterned mask, the height of the
electrode protrusions, the width of the electrode protrusions,
and the period of the grating mask are denoted by p, w and [,
respectively. The master electrode applied with voltage u is
positioned above the substrate at distance d.

The template shown in Fig. 1B has a stronger modulation of
the spatial distribution of the electric field. A stronger lateral
gradient in the electric field distribution results in additional
flow and overcomes the spinodal effects, which helps to guar-
antee the faithful replication in thin film. To further understand

()

_ Polymer

Substrate
(B)

I
! c;?:uluctive pattern W C")
ﬂ Polymer

Substrate

Fig. 1 Schematic diagrams of a polymer film resting on a planar
substrate under the influence of a heterogeneous electric field. (A) A
conductive patterned electrode. (B) A conductive pattern on a dielec-
tric substrate.
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the advantages of partial conductive template over the tradi-
tional fully conductive template, a numerical model of the
EHDIP process has been developed by employing the
COMSOL™ Multiphysics software package (Version 4.3). Based
on the model, we demonstrate that micro- and nanostructures
can be realized easily. Furthermore, it is found that, under some
conditions, partially conductive template is more effective in
comparison with the traditional fully conductive template. The
numerical simulation results provide useful guidelines for the
experimental work to achieve the faithful fabrication of micro/
nanostructures by applying the optimum process parameters.

Model analysis

The evolution equation of the free surface, derived from the
Navier-Stokes equation and continuity equation in the long
wave limit, governs the dynamics of a thin liquid film subjected
to an external electric field

ot~ o a1 2

In eqn (1), & is the local thickness of the film at the position
x; t is the time; u is the viscosity of the film. P, the total pressure
at the interface in the film, can be defined as

P =Py — yV’h + Py(h) (2)

where P, is the ambient pressure. The second term in the right
hand side of the equation is the Laplace pressure introduced by
the curvature of the film. The third term, P, is the electrostatic
pressure, defined as

Py = —0.5¢0e,(e; — DE,’ (3)
u

Ep = &d — (e, — DA )

where Ej, is the electric field strength in the polymer film; ¢, is
the dielectric permittivity of the vacuum; ¢, is the relative
dielectric constant of the polymer film; u is the applied voltage
and d is the separation distance between the template and the
substrate.

Assuming a periodic pattern for the template, the generated
electric field will be spatially modulated. The electric field
strength distribution at the film at the initial stage will therefore
follow a sinusoidal profile and can be decomposed into
a Fourier series:*

E, is the mean value of the electric field. The second term on the
right-hand side of eqn (5) is the varying component of the
electric field. w is the periodicity of the features on the template;
E, is the electric field intensity of the n™ harmonic in the
Fourier series.

In general, the large value of pressure gradient ensures
a faithful replication of the pattern in the underlying polymer

RSC Adv., 2016, 6, 112300-112306 | 112301
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film.*>”**%” With reference to Fig. 1, the difference of internal
pressure of polymer film between point A, a peak in the field
distribution, and point B, a valley, is the difference of electro-
static pressure between point A and point B, as the atmospheric
and Laplace pressures at both points are the same. The eqn (1)-
(5) provide the calculation method of the electric field strength
in the polymer film and the electric field strength at point A and
B are E, and Ey separately. Thus, a parameter, AE/Ax, can be
defined between points A and B, to characterize the effect of the
difference of electrostatic pressure on the growth of the polymer
film, with the aim to qualitatively measure the effect of the
varying electric field on the EHDIP process,

AE Ex— Eg

TX - XB — XA (6)
where Ax is the distance between A and B. The value is disparate
for different templates. As AE/Ax increases, the effect of the
modulating electric field on the film increases. This effect can
suppress the homogeneous field instability and result in the
formation of a faithful replication. Because the electrical field
distribution is influenced by the electrical properties of the
template, the value of AE/Ax for fully conductive patterned
electrode and partial conductive patterned electrode is different
even with the same structural parameters. Different
manufacturing limit can be obtained for a given template with
different electrical conductivities.

Numerical method

Fig. 1 shows the geometry of the problem and the initial
configuration: a film coated on the substrate. For reasons of
periodicity only four periods are modeled. Properties of the
polymer liquid used in the simulation are presented in Table 1.
In this simulation, the level set two-phase flow application
module and electrostatics module found in the COMSOL™
Multiphysics software package are adopted. Navier-Stokes
equation and continuity equation have to be considered.****”

v
Pw+P(V'V)V=7Vp+V'(,lLVV)+F (7)
d
a—’;+v-(pV):o 8)

In the equation, V is the flow velocity vector, P, p and u are
respectively the pressure, density and kinematic viscosity of
each fluid. F, the volume force, is caused by the atmospheric
pressure P,. The surface tension Fg = oxdn, and the electrostatic
pressure Py, and is denoted by F = (P, + gk + Pg)on, where o is
the surface tension coefficient (N m™), « is the curvature, § is

Table 1 Properties of the material used in the simulations

Density Simulated dynamic Dielectric Surface tension
(kg m™—?) (Pas) constant (Nm™
1000 1 2.5 0.038
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a delta function concentrated to the surface, and n is the unit
vector pointing outward perpendicularly to the interface.

To track and follow the evolution of the interface between
the two fluids (liquid and air), we use the level set method,
which has proven popular in recent years for tracking, modeling
and simulating the motion of moving interface or boundaries.
Where the interface between the two fluids is represented by the
0.5 contour of the level set function ¢, which is in the range of
0 to 1. A smeared out Heavisides function is used with ¢ < 0.5 for
one phase and as ¢ > 0.5 for the other and the transition is
varied smoothly across the interface. ¢ smoothens the surface
tension which is concentrated at the interface between fluids
and is approximated according to the relation

0= |Vellp(l — ¢)| )
The interface normal and the interface curvature are deter-
mined by eqn (10) and (11) respectively.

Vo
n= 2
Vel

(= V. (%) (11)

The electric field is solved by using the Laplace equation for
the voltage assuming that there is zero free charge in the bulk
fluid:

(10)

V-Vu=0 (12)

The interface moves with the fluid, whose flow velocity
vector, V is described by the following equation:

2 V-qu:'yV-(quS—qﬁ(l—qﬁ)%) (13)
where v is the stabilization parameter; ¢ is the parameter that
controls the interface thickness and should have the same order
of magnitude as the computational mesh size of the elements
where the interface propagates. The parameters y and ¢ deter-
mine the thickness of the region and the amount of re-
initialization or stabilization of the level set function, respec-
tively. The density and viscosity are calculated from

p=p1+(p2—p)o (14)
po=pr ¥ (2 — pr)g (15)

where p, and p, are the fluid densities of the air and polymer
film. The parameters u, and u, indicate the dynamic viscosities
of the air and the polymer film. This model is solved by the
finite elements method embedded into the software package.
Fig. 2 shows the geometry, boundary conditions and mesh of
the two-dimension model in the case of four periods of the
pattern. For a conductive patterned electrode, a DC voltage is
applied between the bottom (boundary 2) and the top electrode
with electrical potential (boundaries 5, 6, 7---19, 20 and 21). For
a partially conductive electrode, the boundaries 5, 9, 13, 17 and

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Schematic diagram introducing the geometry, boundary
condition and mesh of the two-dimension model. The red line is the
air—film interface. Dimension unit is um.

21 are set to be at zero potential, other boundary conditions are
similar to those of a conductive patterned electrode. The
boundary conditions for the fluid flow are: (a) no slip at
boundaries 2, 5, 6, 7---19, 20 and 21; (b) periodic boundary at
boundaries 1, 3, 22 and 23; (c) initial fluid interface at boundary
4. In order to simulate a periodic structure, it is necessary to
introduce the periodic boundary condition at boundaries 1, 3,
22 and 23. The sources 1 and 3 corresponding to the destina-
tions 23 and 22, respectively. The expressions for the sources are
the pressure in the fluid P and the flow velocity vector V.

Results and discussions

The influence of the film thickness with the fully conductive
electrode has been studied.’” The results show that the faithful
replication can be completed when the initial film thickness is
changed from 0.3 to 0.5 um. When the film thickness is smaller
or larger, the replication of grating microstructures is unsuc-
cessful. In this article, we use the same template as shown in
Fig. 1 to study the effect that the two types of patterned elec-
trodes have on the electrohydrodynamic instability patterning
(EHDIP) process for the faithful replication of microstructures.
We chose different film thickness of 0.3, 0.4 and 0.5 pm.
According to the eqn (4), the voltage is proportional to the film
thickness. So the voltages set for different film thicknesses are
different to guarantee the faithful replication.

The detailed evolution of the electrically induced patterning
process with patterned conductive template is shown in Fig. 3.
Simulation results show a two-dimensional periodic micro-
structure induced by a conductive patterned electrode with
protrusion height of 0.2 pm and width of 0.2 pm. The period [ of
the protrusion is 1 pm. The gap d between the electrodes is 1
pm. The initial polymeric film thickness is 0.3 pm. The applied
DC voltage on the top electrode is 230 V and the bottom elec-
trode is grounded. At the start, the polymer film surface is flat as
shown in Fig. 3A. As the spatial heterogeneity of the electrostatic
field induced by the patterned top electrode increases, the
polymer liquid grows upwards firstly under the protrusion of
the top electrode due to the higher electric field as shown in
Fig. 3B. The resulting uplifted polymer experiences a greater
electrostatic force as the polymer approaches the top electrode,
pulling the polymer fluid further towards the protrusion of the
top electrode as represented in Fig. 3C. The growing polymer
touches the surface of the top electrode, and is stopped from

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Spatiotemporal evolution of a 0.3 pm thick polymer liquid
interface. Red colour represents the polymer liquid, and the blue
colour represents air.
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Fig. 4 Initial electric field strength located at the surface of the
polymer film in the EHDIP process as shown in Fig. 3.

moving further upwards, forming structures similar to the
pattern on the template as shown in Fig. 3D.

Fig. 4 shows the initial electric field strength distribution at
the air/polymer interface. As can be seen, the electric field
distribution follows a sinusoidal profile. The electric field
strength underneath the center of the protrusion (point A) is
much larger than that in other areas. The electric field strength
underneath the center of the cavity (point B) is the smallest.
Accordingly, the internal pressure at this point is smaller than
those in other areas.

Fig. 5 shows the relationship between the normalized vari-
able AE/Ax and the applied voltage when the polymer film
thickness is 0.3 um. For convenience, the parameter AE/Ax is
normalized by dividing this quantity by the critical AE/Ax
defined as the minimum value needed to be reached to obtain
faithful replication in the underlying polymer film can be real-
ized. The critical AE/Ax value for a fully conductive template is

RSC Adv., 2016, 6, 112300-112306 | 112303
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Fig. 5 Dependence of the normalized variable AE/Ax on the applied
voltage u for the casew=0.2um,andp=0.2 um. hg =0.3pmand d =
1pum.

1.98 x 10" V m > when the applied voltage is 226 V where it is
9.37 x 10" V m™? for the partial conductive template and an
applied voltage is 265 V. Therefore, if the normalized AE/Ax
equals 1, the applied voltage is 226 V for conductive template
and is 265 V for partial conductive template, respectively.
Increasing the voltage helps improving the modulation of
electrical field. It is also clear that a lower applied voltage than
in the partially conductive template is needed to achieve the
same gradient of electric field for conductive template. The
conductive template is therefore preferred for this condition.
A detailed comparison of the EHDIP process for different
types of template is reported in Fig. 6. Fig. 6A shows the induced
structures in polymer under the heterogeneous electric field
generated by a conductive patterned electrode when the value of
the applied voltage is 226 V. As is shown in Fig. 6A, the pattern
1.00

I -
wAW

\_J \ J \ B

=1 pm w=p=0.2 pm ho= 0.3 pm d=1 pm u=226 V 10.7

10.6
10.5

J A J L J L J | BECI¥

=1 pm w=p=0.2 pm he= 0.3 pm d=1 pm u= 265 V
0.3

0.2
0.1

C

/=1 pm w=p=0.2 pm he= 0.3 pm 4= 1 pm u= 265 V

Fig. 6 EHDIP spatio-temporal evolution results for different types of
templates and voltages. The film thickness is 0.3 pm. Red color
represents the polymer liquid; blue represents air.
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from the master electrode is well replicated by the polymeric
film. However, if the voltage is increased to 265 V as shown in
Fig. 6B, the uniformity of the replicated pattern in the film is
better than that of Fig. 6A. If the master electrode is changed to
be partially conductive and without changing any other process
parameters, the EHDIP evolution process is rather different. As
is shown in Fig. 6C, there is only one column well replicated in
the polymeric film. In this case, the voltage needs to be
increased larger than 265 V to realize the replication of the
pattern in polymer as shown in Fig. 6D. In general, the results
reveal that the fully conductive electrode performs better in
comparison with the partially conductive electrode when
a lower necessary applied voltage is provided.

Fig. 7 shows the relationship between the normalized vari-
able AE/Ax and the applied voltage when the polymer film
thickness is 0.4 pm. The critical value of AE/Ax for the
conductive template is 3.44 x 10"* V m~? for a voltage of 195 V
and 1.32 x 10" V m~? for the partially conductive template for
a voltage of 198 V. The geometric structure resembles that of
Fig. 3. In this case, it is clear that conductive template is pref-
erable to the partially conductive template as a lower voltage is
possible to realize the faithful replication.

The detailed comparison of the EHDIP process for different
types of the template when film thickness is 0.4 pm can be seen
in Fig. 8. Fig. 8A shows the induced structures in polymer under
the heterogeneous electric field generated by a conductive
patterned electrode for an applied voltage of 195 V. The pattern
from the master electrode is well replicated by the polymeric
film. For an increased value of applied voltage to 198 V as shown
in Fig. 8B, the uniformity of the pattern replica in the film is
improved. However, if the master electrode is changed to be
partially conductive, without changing other process parame-
ters, the EHDIP evolution process is rather different. As is
shown in Fig. 8C, there is only one pillar formed. When the
voltage is increased to 198 V in Fig. 8D, a fair replication of the
master can be achieved. In general, the results revealed that the
fully conductive electrode performs slightly better than with the
partially conductive electrode in terms of necessary applied
voltage.

1.10——————
> —=—template with a conductive patterned electrode
< —e— template with the conductive patterns
= 1.05+ on a dielectric substrate
< i
E 1.00 -

s

> _

< 0.95-

o

< i

g 0.90

=

=

: -
0.85

170 180 190 200 210
applied voltage (V)

Fig. 7 Variation of AE/Ax as a function of the applied voltage u for the
casew =02um,and p =02 um. hg =04 pmand d =1 um.
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Fig. 8 EHDIP spatio-temporal evolution results for different types of
template and voltage when film thickness is 0.4 pm. Red colour
represents the polymer liquid, and the blue colour represents air.

Fig. 9 shows the relationship between the normalized vari-
able AE/Ax and the applied voltage when the polymer film
thickness is 0.5 um. Again, increasing the applied voltage
always helps to achieve the replica of the master. In this case,
the critical value of AE/Ax for the conductive template is 5.7 x
10" V m ™ for a voltage of 155 Vand 1.73 x 10"V m > avoltage
of 135 V in the partially conductive case.

The detailed comparison of the EHDIP process for different
types of the template when film thickness is 0.5 um can be seen
in Fig. 10. Fig. 10A shows that only unordered structures emerge
at the surface of the polymer with a voltage of 135 V for
patterned conductive electrode. When the applied voltage is
increased to 155 V, the perfect replication of the pattern is

- t'empl'ate with a conductive pa{ternled electrogle
1.2 -o- template with the conductive patterns
on a dielectric substrate

normalized value AE/AX
[E—y
=

120 130 140 150 160 170
applied voltage (V)

Fig. 9 Evolution of AE/Ax of as a function of the applied voltage u for
the casew =02 um,and p = 0.2 um. hg = 0.5 umand d =1 um.
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Fig. 10 EHDIP spatio-temporal evolution results for different types of
template and voltage when film thickness is 0.5 pm. Red colour
represents the polymer liquid, and the blue colour represents air.

realized as shown in Fig. 10B. However, as shown in Fig. 10C,
only 135 V is needed for a partially conductive patterned elec-
trode to realize the perfect replication. If the voltage is increased
to 155 V as shown in Fig. 10D, the uniformity of the replicated
pattern in the film is better than that of Fig. 10C. In general, the
results indicate that the partially conductive electrode performs
better in comparison with the fully conductive electrode in
terms of the lower necessary applied voltage.

Moreover extensive numerical simulations predict that
different types of template have their own advantages depend-
ing on the film thickness. Compared with other technological
parameters, the film thickness is much easier to be controlled
experimentally. Thus, we study the effect of the film thickness
specially for the formation of the microstructures. As is shown
by above simulation results, fully conductive template is
preferred for smaller film thickness and partial conductive
template is preferred for larger film thickness.

Conclusions

In summary, the EHDIP process can realize a faithful replica-
tion when the variable, AE/Ax, reaches a critical value. If the
critical value of AE/Ax meets the requirement, larger voltage
helps to achieve a better replication. Some similar experiments
are conducted. The 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. In the experiment, grating structures can be obtained
when the film thickness is set at 16 and 23 pum, which is
consistent with the rule of chosen the film thickness mentioned
previously. In addition, experimental results show a better
replication can be achieved when the voltage is increased to

RSC Adv., 2016, 6, 112300-112306 | 112305
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150 V, which is consistent with the simulation results. In
general, a fully conductive template is preferred for smaller film
thickness and a partially conductive template is preferred for
larger film thickness. These results shed some light on the
structure optimization of the electrode for the EHDIP process to
realize the perfect pattern replication.
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