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Abstract. Electrohydrodynamic instability, in a polymer–air or polymer–polymer bilayer settings, gives rise to the formation of the ordered micropillars or microwells at the initial planar interface. It is well known that the complex interplay among
the controlling parameters, such as the intensity of the electrostatic field, film thickness, interfacial tension and dielectric
constants of the layers determine the morphology of the interface. In this report, for the first time, experimentally it is shown
that rheological property of the lower polymer layer [here, polydimethylsiloxane (PDMS)] has a significant influence on the
morphological evolution. We probe the kinetic time scale of the evolution by inducing fast destabilization of the interface due
to the high dielectric contrast between two layers (liquid crystal–PDMS) and reduced interfacial tension. At this time scale,
it was demonstrated that micropillars are formed for thin viscoelastic ‘soft’ PDMS film, whereas microwells were observed
for viscoelastic ‘hard’ film in similar settings. A transition from micropillar to microwell was observed for viscoelastic ‘soft’
film when the thickness of the film increased from ∼4 to 11 µm. Based on this observation, by controlling the rheological
properties, different patterns were developed from similar templated PDMS substrates.
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1. Introduction
Fabrication of micro/nano pattern in thin polymer film
has immense scientific importance and diverse technological application [1–9] and thus, attracted the interest of the
scientific community in recent years to develop such patterns following various approaches [10–14]. Among these,
dewetting, soft lithography, electric field induced lithography (EFL), etc. demand appropriate control of the rheological
properties of the thin polymer film. The instability of the liquid
film due to applied electric field first reported by Swan [15] in
1897 and later by Cressman [16] in 1963. Almost after four
decades, Chou et al [17,18] and later Schaffer et al [19] experimentally shown that electrohydrodynamic (EHD) instability
can be used to pattern a liquid polymeric thin film. Contemporarily, Herminghaus [20] theoretically shown that a liquid
film lying on a rigid conductive substrate, upon application
of electric field, undergoes instability with a characteristic
length scale when confined by a conductive liquid medium
from top. Subsequently, EHD instability further investigated
experimentally [21–28] and theoretically [29–35] for liquid
as well as for soft viscoelastic thin films at various settings.

In classical EFL experimental set-up, an air–polymer
bilayer arrangement is placed between two parallel plate
electrodes emulating a capacitor and is subjected to an electric field. The planer air–polymer interface reorganizes into
micro/nano columns or wells to minimize the global energy of
the system. This phenomenon happens when the destabilizing
electrostatic force at the interface is high enough to overcome
the stabilizing surface tension and/or restoring elastic force
and induce interfacial perturbation. Eventually, this perturbation grows following a dominant wavelength and leads to the
topographically patterned landscape at the interface. For viscoelastic polymer, by controlling the extent of cross-linking,
one can tune the ratio of the viscous to elastic component of
the polymer [36]. This gives a tunable tool to pattern a viscoelastic polymer in significant viscous state and to freeze the
pattern by making it predominantly elastic at later stage by
inducing more cross-linking [27], which can be done either
by raising the temperature or by UV curing, depending on the
type of the polymer used.
In a recent study, it is pointed out that an elastic thin film
in classical EFL set-up, undergoes reversible morphological
switching following bonding–debonding cycle by ramping up
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and down the applied electric field [37]. The wavelength (λ)
of the EFL instability is known to follow long wavelength
scale in the viscoelastic liquid-like film (i.e. storage modulus (G  ) < loss modulus (G  )) and is dependent on the
applied electric field, film thickness and the interfacial tension nonlinearly. Whereas, for a viscoelastic solid-like film,
i.e. when G  > G  , the film obeys short wavelength-scale
of deformation and beyond a threshold applied electric field,
the wavelength is only linearly dependent on film thickness
(λ ∼ 4h), the scaling of which is similar to that of elastic contact instability observed in debonding of an elastic adhesive
from a rigid surface. In both the viscoelastic liquid-like regime
as well as in solid-like regime, it was found that the wavelength (λ) of the morphology is insensitive to the rheological
properties of the polymer film except the narrow transition
regime from liquid-like to solid-like film [38].
Experimentally Lin et al [39] and later numerically, Wu and
Russel [40] showed that a bilayer system undergoing EFL,
forms holes within the bottom layer, if the dielectric constant
of the relatively thin bottom layer is smaller than that of the
thick upper layer. Numerical study of Wu and Russel [40]
also suggested that for a fixed ratio of dielectric constants of
lower film to that of upper film (ε), there exists a critical film
thickness below which pillars instead of holes are formed. Till
date, there is no experimental evidence on the morphological
variations (pillars/holes) in EFL settings depending on the
rheological properties of the film.
In view of the above discussion, in this paper, we report an
experimental investigation of EFL of viscoelastic liquid-like
polydimethylsiloxane (PDMS) films with two distinct rheological characteristics. In the first case, the G  ≈ G  , which
is in the range of ∼60 Pa at a frequency of 1 rad s−1 with G 
marginally higher than G  and in the second case, G  << G  ,
having G  ∼ 100 times smaller than G  , which is ∼1.5 Pa at a
frequency of 1 rad s−1 . From now on, we will refer the former
as ‘hard’ sample and the latter as ‘soft’ sample. Instead of classical air–polymer bilayer arrangement, we have used nematic
liquid crystal (NLC)–polymer bilayer for the EFL experiments (figure 1a and b). 4-cyano-4 -pentylbiphenyl (5CB)
was used as the upper NLC layer to induce small length and
time scale of destabilization [41] due to the smaller interfacial
tension of 5CB–PDMS (γPDMS/LC ≈ 4.5 mN m−1 ) [42] compared to the air–PDMS (γPDMS/Air ≈ 20 mN m−1 ) [43] and
very high dielectric contrast between the two layers (dielectric
constant of nematic 5CB is ε ∼ 19.7 [44], and that of PDMS
is ε ∼ 2.65 [45]). In this report, we have shown that within a
very small time scale of destabilization, which is kinetically
controlled, the morphology of the interface is also dependent
on the rheology of the viscoelastic film.
2. Experimental
2.1 Materials
Indium tin oxide-coated glass plates (ITO, 10  sq.−1 ) were
obtained from Macwin India, India. PDMS precursor kit
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having cross-linkable oligomer and crosslinker was procured
from Dow Corning, Mumbai, India (SYLGARD 184). Analytical grade solvent n-hexane was procured from Sisco
Research Laboratories Pvt. Ltd., India. 5CB NLC was
obtained from Sigma-Aldrich (99.99% pure, N–I transition
temperature ∼34.5 ± 0.5◦ C). All these chemicals were used
without any further purification.
2.2 Methods
2.2a PDMS film preparation: Viscoelastic PDMS thin
films were prepared by spin-coating the precursor solution
on properly cleaned 15 × 15 mm2 ITO-coated glass substrates (bottom electrode). For viscoelastic soft films, 1%
(weight percentage) crosslinker and for viscoelastic hard
films, 2% crosslinker were mixed with oligomer. This sticky
semisolid mixture was then dissolved in n-hexane to prepare
a homogeneous solution. The thickness (h) of the spincoated PDMS film (∼680 nm to ∼11 µm) was controlled
by varying the concentration of the oligomer-crosslinker
mixture in n-hexane. Before spin coating on a cleaned
ITO surface, provision for spacers and electrical contacts
were ensured by covering the ITO electrode with magic
tape (Scotch Magic Tape-810 series, 3M India Ltd). After
spin-coating at a spin speed of 2500 rpm for 120 s, the
magic tape was removed and the samples were baked in
a vacuum oven. For viscoelastic hard samples, the baking
was done at 120◦ C for 12 h, whereas for the soft samples, the baking temperature was maintained at 80◦ C for
1 h. After removing the samples from the vacuum oven,
they were cooled to room temperature before performing
the EFL experiments. The thickness of the PDMS film
was measured with a stylus contact profilometer (Dektak
Veeco). The rheological properties of the viscoelastic hard
and soft samples were measured using cone and plate assembly (Physica MCR 301, Anton Paar). The storage G  and
loss modulus G  of the hard and soft samples against
the frequency of the oscillation of the cone is shown in
figure 1c.
2.2b EFL experiment: Commercial hard polyimide tape,
having thickness of ∼35 µm, serves as spacers between two
ITO electrodes as shown in figure 1a, b. Approximately, 5 µl
droplets of 5CB were dispensed on the PDMS film, and a
bare cleaned ITO glass slide was placed carefully over the
spacers with the conducting side facing 5CB layer, so that
no air bubble was trapped inside. This arrangement formed
a parallel plate capacitor geometry with 5CB–PDMS film
bilayer sandwiched between two ITO-coated glass slides (figure 1a and b). The copper wires were attached to the two ITO
plates with the help of copper tape and clips. These wires
were connected to a DC voltage source (SES Instruments
Pvt. Ltd., EHT-II) and the voltage was applied at a ramping
speed of ∼2 V s−1 until a potential of 300 V was reached.
The morphology was observed and recorded using an optical
microscope (Leica DM2500 M) equipped with a CCD camera
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Figure 1. (a, b) Schematic of the experimental set-up. 5CB–PDMS bilayer is sandwiched between two
ITO electrodes, separated by spacers. Upon application of the voltage, the 5CB–PDMS interface destabilizes.
(c) Storage modulus (G  ) (filled symbols) and loss modulus (G  ) (open symbols) as a function of angular
frequency depicts viscoelastic ‘hard’ PDMS (pink square) has significantly higher storage modulus compared
to viscoelastic ‘soft’ PDMS (blue circle).

(Leica DFC450 C). The temperature during the EFL experiments was maintained at 23◦ C, at which the 5CB remained at
nematic state.
2.2c Pattern fabrication using templated substrate: Initially, the viscoelastic hard and soft films were prepared
following the procedure described in section 2.2a. To pattern
the homogeneous and uniform PDMS film, a TEM sample
holder (CF300-Cu, Carbon film on Cu 300 sq. mesh, Electron
Microscopy Sciences), with box-grid pattern was placed on
the PDMS substrate to use it as a mask, and the arrangement
was kept inside the UV ozone (UVO) chamber (Novascan
PSDP Pro system) for 1 h. The open box pattern has a dimension of 55 × 55 µm2 ) and covered grid region has a width of
25 µm. Due to UVO exposure, the silicone was oxidized to
silica and formed a hard, rigid crust on the open box area of
the PDMS surface [46,47]. The covered grid area maintained
the softness (rheological properties) of the original viscoelastic film. Here, a point to be noted that in the viscoelastic soft
films, while placing the TEM grid, a significant amount of the
polymer material was dislodged from the masked area due
to the slightest pressure applied, rendered the film thickness
under the mask, much reduced compared to the initial film
thickness. This reduction of film thickness happened because
of the significantly low viscosity and low elastic modulus of
the soft film.
2.2d Characterizations: To investigate the morphology
of the PDMS thin film after the EFL experiment, first, the
top ITO electrode was removed carefully. Excess 5CB NLC
was then removed using a filter paper without disturbing the
morphology developed on the PDMS surface. To petrify the
morphology on the PDMS surface, the film was then exposed
in UVO for 20 min, which imparts a stiff silica layer on the

film. Then, the substrate was washed with DMSO (Merck,
India) and dried under the nitrogen flow. DMSO, a polar
aprotic solvent, removed 5CB molecules preferentially without swelling the PDMS [48]. As the deformed PDMS surface
became hard and rigid due to the silica crust formation, it facilitated the characterization of the surface morphology using
an atomic force microscope (AFM; Innova Iris, Bruker-Icon
analytical equipment).

3. Results and discussion
3.1 Length scale and morphology
Application of electric field, across the NLC-PDMS bilayer,
induced Fréedericksz phase transition in the NLC layer, i.e.
the nematic 5CB domains tried to align its directors toward
the direction of the applied electric field [49,50]. At this point,
it should be noted that the 5CB molecules maintained its
homeotropic anchoring on PDMS surface, i.e. the long axis
of 5CB molecule remained perpendicular to the PDMS surface [51,52]. Whereas the 5CB molecules anchored in planer
fashion on ITO surface at the top, i.e. 5CB molecular long
axis remained parallel to the ITO surface [53]. Apart from
these two boundaries, the bulk of the 5CB molecules aligned
towards the direction of the electric field, leading to a director
gradient near the top ITO electrode. At this point, Maxwell
stress, generated at the interface of LC-PDMS, induced destabilization by overcoming the stabilizing interfacial tension
and restoring elastic force. This destabilization grows within
a very short time and leads to the formation of micro/nano
structures at the interface.
The length scale of the morphological evolution was found
to be governed by the short time kinetics and the fastest
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Figure 2. AFM images of viscoelastic (a–c) soft and (d–f) hard PDMS film after the EFL experiment.
The film thicknesses for (a, d) are of ∼0.7 µm; (b, e) are of ∼4 µm; (c, f) are of ∼11 µm. Predominantly,
(a, b, c) micropillars for soft PDMS film, and (d, e, f) microwells for hard PDMS film, were obtained after
EFL experiments. (g) Characteristic wavelength (λ) of the morphology as a function of film thickness is
portrayed. (h) It depicts the ratio of loss moduli of the upper LC layer (G  2 ) to that of lower PDMS film
(G  1 ) against the film thickness. The (a–f) AFM images were identified in the figure (h), which portrays
the morphological variation as a function of film thickness and the ratio of loss moduli. Black dotted line
in (g) represents estimated λ from equation (1). Open pink square () and filled blue circle (•) represent
experimental data points for hard and soft films, respectively.

growing wavelength (λmax ) was survived. Although the final
morphology was governed by the global energy minimization of the system, i.e. thermodynamically favourable energy
state, here we focussed on the short time scale morphological
evolution of the interface.
Upon application of electric field, LC–PDMS interface was
readily destabilized, and viscoelastic ‘hard’ samples gave
rise to the formation of microwells in the PDMS film irrespective of the film thickness. Whereas, micropillars were
formed when ‘soft’ PDMS samples (h ranging from ∼680 nm
to ∼4 µm) were used. On relatively thick (∼4 to ∼11 µm)
viscoelastic soft film, intermediate mixed morphology of
micropillars within microwells was observed (figure 2b, c).
Figure 2g shows the wavelength, λmax (i.e. average centre–
centre distance) of the microwells or micropillars against the
PDMS film thickness. Theoretical estimation of λmax for an
isotropic bilayer system is well established [27,29,30,34,38,
54]. Although molecular fluctuation may play a significant

role in the present scenario, we resort to a very simplistic
approach assuming that LC and PDMS are both Newtonian
fluids, and the continuum approximation is applicable to the
system. Hence, inspite of the anisotropic nature of the LC
molecule, we will assume that nematodynamic has a negligible effect on the morphological evolution and λmax can be
estimated as:
λmax


2π 2γ {ε2 d + h(ε1 − ε2 )}3

=
,
V 2 ε0 ε1 ε2 (ε1 − ε2 )2

(1)

where V is the applied bias voltage, ε0 the dielectric permittivity of the vacuum (8.854 × 10−12 F m−1 ), ε1 , ε2 are
the dielectric constants of 5CB and PDMS respectively, γ
the interfacial tension at PDMS–5CB interface. For the film
thickness, h ranging from ∼680 nm to ∼11 µm, the wavelength varies from 4.27 ± 0.37 µm (3.24 ± 0.34 µm) to
21.89 ± 1.96 µm (25.16 ± 2.86 µm) for hard (soft) samples.
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Figure 3. Variations of (a) feature (micropillars/microwells) diameter and (b) height (of micropillars)/depth
(of microwells) as a function of film thickness. Open pink square () and filled blue circle (•) represent
experimental data points for hard and soft films, respectively.

From figure 2g, it is evident that equation (1) (represented by
the black dotted line) successfully predicts the trend as well as
the magnitude of the λmax with experimental value marginally
lower than the theoretical estimation. This may be due to
the simplistic approach, we have adopted by neglecting the
anisotropic behaviour of the upper LC layer. At this juncture,
it is important to note that although the spatio-temporal average direction of the NLC molecules aligns with the applied
electric field, due to the thermal noise, they always fluctuate
locally. This imparts local director fluctuations along with the
physical properties associated with the anisotropic nature of
the molecules. The incident is reminiscent of noise activated
escape from a trapped state due to attenuated effective energy
barrier [55–59]. The local fluctuation of the NLC molecules
thus, diminishes the effective energy barrier of destabilization and may results in the marginally smaller wavelength
than predicted by equation (1).
In case of the viscoelastic hard sample, it was observed
that the size of the microwell and the wavelength had low
standard deviation. Whereas, for the viscoelastic soft sample,
the distribution of the size and wavelength of the micropillars were relatively wide, except at the very low thickness
of the film. In fact, for a soft film having the thickness of
∼4 µm or above, the size distribution of the micropillars was
bimodal in nature (figure S1a, b). We also observed that as
the thickness of the soft film increased over the large surface
area, the randomness in the size of pillars also increased. In
some places, however, patches of well-arranged hexagonal
patterns with dominant wavelength were survived (h∼4 µm,
figure 2b). The range of thickness, where the randomness of
the size of the micropillars was significant in soft film, actually corresponded to the transition regime (∼4 to ∼11 µm)
from micropillar to microwell morphology.
Numerical simulation by Wu and Russel [40] demonstrated
that irrespective of the elastic modulus of the polymer film,
if the upper layer has higher dielectric permittivity compared

to the lower polymer layer, the later must have microwell
instead of pillar for a film thickness larger than a critical
value. Here, we have experimentally established that certainly there exists a critical film thickness below which pillar
structure survives, but rheological properties (G  and G  )
of the film also influence the morphology of the film (figure 2). The ratio of loss moduli of upper LC layer (G 2 ) to
that of lower PDMS film (G 1 ) for both hard and soft films
were plotted as a function of film thickness and the morphology (i.e. micropillar or microwell) of the film after the
EFL experiment was identified in figure 2h. The transition
regime from microwell to micropillar might be influenced
by the rheological property of the film and shifted towards
the much lower film thickness regime in case of the hard
film having relatively high G  value. To verify this, we
performed one experiment with hard PDMS film having thickness as low as 26 nm. Surprisingly, at this low thickness
also, we found microwells instead of micropillars in the EFL
experiments.
Figure 3 shows the feature diameter (figure 3a) and the
height (depth) (figure 3b) of the pillars (wells) formed by
EFL for both the hard and soft films. The diameter and
the height/depth of the feature were measured from the
AFM images. Although the feature size (diameter) increases
from ∼1.5 to ∼7 µm monotonically with the film thickness (∼680 nm to ∼11 µm), the height/depth are scattered
within the range of ∼300 to ∼30 nm, resulting high standard
deviation.
Figure 4a and d depict the polarized optical micrograph
(POM) of the LC–PDMS interface during the EFL experiment
with viscoelastic soft and hard PDMS sample, respectively.
After the EFL experiment, the top electrode was removed
carefully, and the excess LC was soaked with filter paper
leaving the trace of the LC on the sample. Corresponding
bright-field images (figure 4b, e) and POM (figure 4c, f)
of the soft (first row) and hard sample (second row) are
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Figure 4. Morphology as observed in viscoelastic (a–c) soft and (d–f) hard PDMS film. (a, d) and (c, f) are the POM
during EFL experiments and after the EFL experiments, respectively. (b, e) are the bright field image after the removal
of the excess LC. (b, c) Trace of LC adheres to the micropillars, which acts as the pinning sites, while removing excess
LC. (e, f) LC filled microwells after removal of the excess LC. For both the (a–c) soft and (d–f) hard PDMS films, the
thickness was ∼3 µm.

shown in figure 4. In the next sections, we demonstrate the
fabrication of two different patterned multi-length scale morphology by tuning the rheological properties of the PDMS
film.
3.2 Templated pattern with the viscoelastic hard film
We used a templated PDMS substrate to fabricate multi-length
scale patterns using EFL. A TEM grid was used to chemically
pattern the PDMS hard and soft films as described in the experimental section 2.2c. On top of this modified templated PDMS
substrate, 5CB was dispensed, and an ITO-coated glass slide
was placed as the top electrode, and the usual EFL experiments were performed. A viscoelastic hard PDMS film with
thickness ∼11 µm underwent EFL experiment, which led to
the formation of an array of single microwells within the
unexposed and unmodified grid area of the PDMS sample
(figure 5b). The UVO exposed square box area remained flat
and undeformed due to its high rigidity. As the width of the
unmodified PDMS surface (covered grid area), W (≈ 25 µm),
followed the relation λ11 < W < 2λ11 , only an array of single microwells was observed. Here, λ11 (≈ 20 µm) was the
natural wavelength of the destabilization of a flat homogeneous viscoelastic hard sample of thickness ∼11 µm. This
EFL of the templated PDMS film ultimately provided two
length scales in the pattern generated: one was governed by the

template periodicity (∼80 µm) and another was by the inherent length scale of the instability (∼20 µm). In this case, the
well diameter and depth were ∼10 µm and ∼375 nm, respectively (figure 5c1).
For a thin hard film of ∼3 µm, an array of ∼4 microwells in a single grid width was observed (figure 5e). The
result is reminiscent of the patterned electrode-induced EFL
[27] or template-induced elastic debonding [60], where commensuration of template dimension and natural wavelength
of the instability of a viscoelastic film dictate the final
morphology of the surface. For ∼3 µm film, the well diameter and depth were ∼3 µm and ∼170 nm, respectively
(figure 5f1).
3.3 Templated pattern with the viscoelastic soft film
Similar experiment as that of the previous section was
performed with viscoelastic soft PDMS film of ∼3 µm
and micropillar morphology with wavelength ∼1 µm was
obtained (figure 6) within the unmodified grid covered area
of the film. The obtained wavelength was much smaller than
that expected as per equation (1). As the film was significantly
liquid like, the slightest pressure dislodged the materials
from underneath the TEM grid and rendered the effective
film thickness (h∼700 nm) much less than the initial thickness. Hence, a reduced wavelength of the morphology was
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Figure 5. (a) Optical micrograph of the templated viscoelastic hard PDMS film (thickness ∼11 µm). The box area
remains undeformed during EFL experiment due to the formation of hard silica crust, while exposed to UVO and array
of single microwell is formed in the grid area (b). (c) Atomic force micrograph showing topography and the line scans
(c1) depicting the surface profile and the wavelength of the morphology for ∼11 µm film. The well diameter and depth
are ∼10 µm and ∼375 nm, respectively, for ∼11 µm hard film. (d) POM of the templated viscoelastic hard PDMS film
(thickness ∼3 µm) during EFL experiment. The bright-field image of the undeformed box area and an array of ∼4
microwells in the grid area after removal of LC (e). (f) Atomic force micrograph showing topography and the line scans
(f1) portraying the surface profile and the wavelength of the morphology for ∼3 µm film. The well diameter and depth
are ∼3 µm and ∼170 nm, respectively, for ∼3 µm hard film.
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Figure 6. (a) Optical micrograph of the templated viscoelastic soft PDMS film (initial thickness ∼3 µm). The POM
of undeformed box area and of micropillars in the grid area during EFL experiment (b). (c, d) Atomic force micrograph
showing the topography of the micropillars and the line scans (d1) depicting the surface profile and the wavelength of
the morphology. The pillar diameter and depth are ∼450 and ∼150 nm, respectively.

observed. In this case, the pillar diameter and depth were
∼450 and ∼150 nm, respectively (figure 6d1).

4. Conclusions
In summary, we have demonstrated experimentally for the
first time that for a combination of bilayer undergoing EFL
within a very short time scale, not only the dielectric constant and the film thickness, but also the rheology of the
bilayer influences the morphology (micropillars or microwells) of the polymer film. The short time scale of the evolution
is achieved using 5CB liquid crystal as an upper layer to
realize and low interfacial tension and high dielectric contrast across the LC–PDMS interface. Earlier, morphological
variation during EFL was predicted numerically by Wu and
Russel [40] in a combination of the dielectric contrast and
the film thickness ratio. In the present experimental study, we
have shown that for viscoelastic hard sample, irrespective of
the film thickness, microwells are obtained. Whereas for viscoelastic soft sample, micropillars prevail for relatively thin
films and a combination of micropillars and microwells are
observed for a film of ∼11 µm. Lastly, we have demonstrated
a pathway to fabricate multiscale patterns of planer boxes and
grids, decorated with micropillars or microwells by tuning the
rheological properties of the polymer films.
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