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Abstract

This article demonstrates the manufacturing of microstructures in a thick polymer using
electrostatic-induced lithography. Unlike previous work reported elsewhere, it focuses on the
fabrication of structures from meso- to micro-scale. The electrostatic-induced lithography
technique is proven to work with not only dc voltage but also ac voltage. Microstructures
including microchannels, sinusoidal surface profile microstructures, waveguide core,
microlens array and binary Fresnel zone plate have been successfully fabricated. The aspect
ratio obtained for some samples is up to 4.5:1. The whole fabrication process is fast,
cost-effective in terms of the simple experimental setup and no photosensitive material is
needed. This process is expected to find applications in microfluidics, photonics or

micro-opto-electro-mechanical systems.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent decades, a large body of literature has been reported
on the formation of self-assembled and ordered structures in
polymers induced by electrostatic forces [1-16]. The physical
explanation and simulation of the formation of specific
structures induced by electrostatic pressure have also been
reported [17-28]. In all these articles, a polymeric film with
a thickness of around 100 nm was used to grow structures
with dimensions ranging from sub-micron to several microns.
However, this paper concentrates on the feasibility of this
technology, called electrostatic-induced lithography, for the
fabrication of deep microchannels and wafer bumps, to name
but a few applications, at the meso-scale and micrometer scale.

0960-1317/13/035018+-08$33.00

Electrostatic-induced  lithography  offers  several
advantages over traditional photolithography techniques.
Firstly, there is no expensive optical equipment involved since
no UV light source unit and corrective optics are needed.
Secondly, any polymer whose viscosity decreases at elevated
temperature, in principle, should be suitable for this technique.
The fabrication cost would thereby be greatly reduced in
the case of manufacturing of tall structures because thick
photosensitive photo-resists are quite expensive. Thirdly,
there is no development process needed due to the one-step
pattern formation after annealing of the polymer. Comparing
with other prevalent methods such as soft lithography and
injection molding, electrostatic-induced lithography has also
a number of advantages. Firstly, the shape as well as the
aspect ratio of the fabricated microstructures are absolutely

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Experimental setup for the fabrication of microchannels in
the polymer by electrostatic-induced lithography method.

determined and limited by the mold for soft lithography
and injection molding. However for electrostatic-induced
method, the shape of the fabricated microstructure can
be flexibly controlled by carefully adjusting the process
parameters (the polymer thickness, the air gap between
the mold and the polymer and so on) to form the binary
as well as continuous surface profile. Besides, the aspect
ratio of the fabricated microstructures also can be flexibly
tuned. The other advantage of electrostatic lithography is
that the surface of the fabricated microstructures is much
smoother than that obtained by soft lithography and injection
molding due to the formation of microstructures by the flow
of the fluid for the case when the process is conducted in a
non-contact mode. For soft lithography and injection molding,
the surface roughness of the manufactured structure is limited
by that of the mold. The smooth surface is important for
photonics, optics, tissue engineering, genetics, biomedicine
and microfluidics. In particular for microfluidics, the smooth
surface is helpful to avoid unnecessary energy losses as the
fluid flows through microchannels. It is all these advantages
of electrostatic-induced lithography over other prevalent
methods that makes it a very attractive method and have
a great potential to be applied for microelectromechanical
systems (MEMS) and microfluidics applications.

This paper reports the preliminary work carried out to
demonstrate the processing capability of this technology. A
brief review of the previous work in electrostatic-induced
lithography as well as the motivation behind the current
work is presented followed by the fabrication method and the
materials used. The fabrication results of some samples and
their characterization are then presented. Finally, conclusions
and future work as well as possible applications are suggested.

2. Materials and method

The experimental setup used in this work is illustrated in the
schematic given in figure 1. A nickel-based microchannel plate
fabricated by the UV-LIGA process and shown in figure 2 is to
be used as a master [29]. The microchannel considered has a
width of 100 um for a depth of 76 um and the verticality
of the walls is around 88°. In this process, a hot plate is
used to heat the polymer to a temperature beyond the glass
transition temperature. A glass plate is used as a spacer to
control the gap between the two electrodes although a high

100HM

Figure 2. The nickel mould fabricated by the UV-LIGA process
used in this experiment.

precision machine could be used to control the gap between
the master and the replicated structure in real time. A novolac-
based polymer of glass transition temperature of around 100° C
(AZ9260 photoresist from Clariant (Clariant Co., Charlotte,
NC) and a thickness of around 25 wm was coated onto a pre-
cleaned 3 inch glass wafer by spin coating. A multi-layered
Ti/Cu/Ti metal thin film, with a thickness of 300 nm, was
deposited by an e-beam evaporator to render the glass wafer
electrically conductive. An electrical potential difference was
then applied between the nickel master electrode and the glass
wafer as depicted in figure 1. The formation of the structure
occurs during the annealing of the polymeric film when the
temperature exceeds the glass transition temperature of the
polymer.

3. Fabrication results and discussions

The experiment was conducted with the following parameters.
A dc voltage of 1000 V was applied and a hotplate was used
to heat the polymers at a temperature of 120 °C. A glass
plate with a thickness of around 85 pum is used to control
the gap between the top electrode and the polymer. Figure 3
shows the fabricated microchannels in the polymer for an
annealing time of 1 h. The results clearly depict the accuracy
of the approach in terms of uniformity as well as the accuracy
of the method. Here, the microchannel’s width of 100 um
matches the one of the master. Furthermore, the developed
height of these channels was around 83 pm for an initial
polymer thickness of around 25 pum, thereby allowing the
possibility to produce structures of height higher than those
usually permissible by the manufacturers’ recommendations.
From the figures, there is still some polymer of thickness of
around 10 um remaining in the central area of the channels.
One possible reason for this is that the annealing time was not
long enough implying that some of the polymer did not have
sufficient time to migrate fully. However, the more plausible
reason for this behavior is that the gap was not large enough to
accommodate the whole volume of the polymer to fully form
the channels before reaching the surface of the master. Indeed
the polymer can be seen to have touched the top electrode as



J. Micromech. Microeng. 23 (2013) 035018

G Liu et al

1
[L— RTTER
I
[ B B A L LB
0.4 06 08
Distance (mm)

Figure 3. Scanning electron microscope (SEM) images and surface profile of the fabricated microchannels with a width of 100 um
measured using the Zygo optical interferometer NewView™ 700 s. (a) Top view of the fabricated microchannels imaged by SEM, (b) side
view of the exit end of the fabricated microchannels imaged by SEM, (c¢) 3D (top) and 2D (bottom) surface profile of the fabricated
microchannels measured by the optical interferometer indicated a verticality of the walls of around 70°.
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Figure 4. SEM image of the microchannels at their end (left) and the continuous surface relief structure measured by the Zygo optical

interferometer (right).

shown in figure 3(a), where the top surface of the structures is
quite flat. Had the initial thickness of the polymer been less, it
is quite possible that the same channel height could have been
attained without any polymer being left within the channel.
Figure 3(b) depicts the scanning electron microscope (SEM)
image of the edges of the microchannels at the edge of the
master. As can be seen, the microchannels have a relatively
straight wall (further confirmed by the optical profilometric
measurement in figure 3(c)) and the surface of these sidewalls
is also quite smooth. This is important for the microfluidic
channel to ensure unnecessary pressure losses or a reduction
in flow velocities. The wall at the end of the structures has a
relatively large slope as too much of the polymer has migrated
to this area from outside the microchannel. To avoid this, it is
possible to control the straightness of the formed structure by
carefully defining the spacing. In addition, the breakage of the
structure, shown in figure 3(b), occurred during the separation
process of the master from the wafer and suggests that the
surface of the master should be modified to have a low surface
energy to avoid any strong adhesion with the polymer during
the replication process.

Furthermore, microstructures with continuous surface
profile can also be fabricated by this method using the
same nickel master. Figure 4 (right) shows the SEM image
and the 3D surface profile measured by the Zygo optical

interferometer New View™ 700 s. The formed microstructures
have a height of around 9 pum. The ability to fabricate
microstructures with a continuous surface relief structure
makes the electrostatic-induced lithography a possible method
to fabricate some contoured optical structures in polymer
like sinusoidal gratings, e.g. Fresnel zone plates. Therefore,
with a properly designed master, it is possible to create, in
a single-step process, continuous profile structures such as
those presented in figure 4 and 2.5D structures such as the
microchannels shown in figure 3.

Besides microchannels, other microstructures in different
materials have also been demonstrated by electrostatic-
induced lithography. Figure 5 shows the core of an optical
waveguide of diameter of 50 um and height of 10 um
fabricated in the UV-cured polymer LightLinkTM XP-6701
(A-Z) Core (Rohm and Haas Electronic Materials LLC).
The detailed fabrication process parameters can be found in
[30]. The fabricated waveguides have a round shape and the
surface is pretty smooth which is helpful to reduce optical
losses. However, the end of the waveguide is not straight
and has a large slope, which could be cut away by laser or
dicing machine to make it straight so that the light can be
guided in easily. Figure 6 shows a square pillar array with
a diameter of 100 um and a height of 20 um fabricated in
novolac-based polymer. The flat surface and some cracks on



J. Micromech. Microeng. 23 (2013) 035018 G Liu et al

o

100FH

Figure 5. (a) SEM image of the fabricated straight polymeric waveguide core array with a width of 50 pem, a height of 10 um and a pitch of
250 pm fabricated in the UV-cured polymer LightLinkTM XP-6701 (A-Z); (b) SEM image of the fabricated curved waveguide core array
with the same width and height as those of (a); (¢) SEM image of the nickel mold for the waveguide core array fabrication. The mold for the
waveguide core has a binary shape with a width of 50 ym, a height of 50 m and a pitch of 250 um. The electric field strength used here is
10 V um~" and the gap between master and the surface of the polymer is 30 um.
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Figure 6. SEM images of square pillar array with a width of 100 pm and a pitch of 170 um fabricated in the polymer (figure 6(a)—(b)) and
SEM image for the nickel master (figure 6(c)). The electric field strength used here is 10 V um~' and the gap between the master and the
polymer surface is 15 pm. The mold for the square pillar array has a binary shape and each pillar has a width of 100 um and a height of
70 um. The pillar pitch for the mould is 170 pem.
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Figure 7. SEM images of the self-assembled islands with microlens array on the top fabricated in PDMS (figures 7(a)—(b)), SEM images of
the corresponding nickel mold (figure 7(c)) and 3D and 2D surface profiles of the fabricated microlens measured by laser scanning confocal
microscope (figures 7(d)—(e)). The electric field strength used here is 10 V um~' and the gap between the master and the polymer surface is
20 pum. The mould has a pattern of concave microlens arrays with a pitch of 60 um and each lens has a diameter of 40 «m and a depth of
19 pum.
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Figure 8. SEM images of binary zone-plate array fabricated in PDMS (figures 9(a)—(b)) and the corresponding nickel mold (figure 9(c)).
The electric field strength used here is 10 V um™" and the gap between the master and the polymer surface is 20 ;zm. The mould has a
pattern of concave microlens array with a pitch of 1115 um and each lens has an outer diameter of 1065 pm and a height of 70 pm.
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Figure 9. SEM images of the microchannels formed in the polymer by electric-field-induced lithography (figures 9(a)—(b)) and the
corresponding nickel mold (figure 9(c)). The electric field strength used here is 10 V um™' and the gap between the master and the polymer
surface is 20 um. The mold has a pattern of microchannels with a width of 100 um and a depth of 70 pm.

the top of the structures are due to the contact formed by
the polymeric structure with the nickel master and the release
of the structure after annealing, respectively. Figure 7 shows
arrays of 40 um diameter microlenses rested on the top of
the self-assembled islands fabricated in polydimethylsiloxane
(PDMS, sylgard 184, Dow Corning). This experiment was
conducted with PDMS in a liquid state prepared by mixing
ten volumes of curing agent with one volume of PDMS
monomers. The process parameters were similar with those
of experiments conducted with the novolac-based polymer.
The self-assembled islands are formed as the air gap between
the master electrode and the substrate is so large that the
master electrode actually acts like a flat electrode. In this case,
the self-assembled islands with the feature size much larger
than that in the master electrode are formed in the polymer.
Once the self-assembled polymeric islands touch the master
electrode, the excessive polymer flows into and fills up the
cavity array with a concave spherical surface to form the
microlens array rested on the top of the islands. It is worth
pointing out that the manufacturing process is not mature yet
and defects as evidenced by the absence of some microlenses
on some islands can be seen in figure 7(a). More work needs
to be conducted to make this process more robust and reliable.
The dark spots appearing on the microlenses in figure 7(b) are
due to the accumulation of the electron charge on the surface
of the lenses, which could be eliminated by over coating
a thin layer of quality conductive film before observation

under SEM. Figures 7(d)—(e) show the 3D and 2D surface
profiles of a single microlens measured by a laser scanning
confocal microscope (BX61, Olympus). As can be seen from
figure 7(e), the measured surface profile matches with the
theoretical spherical profile very well. The largest deviation
of the measured curve to the theoretical one is only 1 um.
Figure 8 shows the binary Fresnel zone plate with a height
of 90 pum fabricated in PDMS. As the smallest width of the
ring is only 20 pm, an aspect ratio of 4.5:1 has been achieved.
Dark features appearing in figure 8 mean the defects, which
were probably caused by the breakage during the separation
of the mold from the fabricated microstructures. This can
be eliminated by modifying the surface of the mold to be
hydrophobic to reduce the chance of the breakage happening
during the separation.

In the above experiment, as the induced microstructure
touches the electrode, the breakage of the microstructure
occurs during its separation from the mould. This problem can
be overcome by modifying the surface of the master electrode
to be hydrophobic. A self-assembled monolayer is formed
on the nickel master surface to change its wettability, which
is achieved by the immersion of the nickel master into the
solution of a 5 mM of octadecanethiol (ODT) in toluene.
The breakage of the induced microstructure can be avoided
as shown in figure 10 where the fabricated microstructure has
a reasonably smooth surface on the sidewall as well as on the
top surface.
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Figure 10. A series of images taken by a digital camera shows the polymer growth process. The broken line on the first figure indicates the

interface between the polymer and air.

4. Monitoring the fabrication process

Monitoring the polymer growth in real time during
electrostatic-induced lithography is a helpful tool to
understand the process. Because the nickel master and
the wafer are opaque to visible light, it is not possible to
observe the polymer growth from the top or from underneath.
One possible way is to observe the process from the side. The
following approach was used to achieve this. An Olympus
optical microscope with a large field of view equipped with
a ring light head was used to observe the polymer growth
in real time. The experimental setup to demonstrate this is
similar to the setup depicted in figure 1 except that the air
gap was 30 um and an ac voltage of 250 V peak-to-peak
was applied with a frequency of 50 Hz. Since the formation

of the microstructures in the polymer is obtained by the
electrostatic field distribution, the alternative voltage does not
change the heterogeneity nature of the electric field generated
by the patterned mould, therefore the polymer moves toward
the strong electric field area irrespective of the frequency of
the applied voltage. The observations were started from the
time when the temperature of the hotplate reached 25 °C.
A series of images shown in figure 10 were taken by a
digital camera at different time intervals after the hotplate was
switched on.

As can be seen from the picture taken at 25 °C, the
interface of the polymer and air, shown by a line drawn on
the first photograph, is somewhat clear. However, after 2 min
at 60 °C, the interface becomes blurred. After 3 min at 69 °C,
the polymer growth starts occurring. After 4 min at 80 °C, the



J. Micromech. Microeng. 23 (2013) 035018

G Liu et al

polymer growth can be seen very clearly. At 5 and 7 min, the
polymer growth continues and the grown polymer has touched
the top electrode in some areas due to the unevenness of the
gap. After 8 min at 110 °C, the polymer had touched the top
electrode in most of the area. Finally, after 14 min at 120 °C,
the polymer had touched the whole of the top electrode. The
polymer growth occurs very fast, normally a few minutes after
the temperature reaches certain temperatures (here 69 °C). The
whole growth process only takes about 15 min, suggesting that
it is possible to reduce the whole process time from 1 h to
15 min or less.

5. Conclusions

In conclusion, the paper presents the process of generating
microstructures using electrostatic-induced lithography.
Microchannels and other microstructures with very smooth
side walls have been fabricated in thick resist. The
electrostatic-induced polymer growth has been monitored in
real time and shows that the formation of the microstructure
formation can be achieved within just 15 min for the case
reported in this paper. This technology presented is proven
to be a simple, flexible and a cost-effective solution for
microfabrication, which can be of use in various applications
which include microelectronics, photonics, MEMS, etc.
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