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Electric-Field-Induced Patterns in Soft Viscoelastic Films: From Long Waves of Viscous Liquids
to Short Waves of Elastic Solids
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We show that the electric field driven surface instability of viscoelastic films has two distinct regimes:
(1) The viscoelastic films behaving like a liquid display long wavelengths governed by applied voltage and
surface tension, independent of its elastic storage and viscous loss moduli, and (2) the films behaving like
a solid require a threshold voltage for the instability whose wavelength always scales as ~4 X
film thickness, independent of its surface tension, applied voltage, loss and storage moduli.
Wavelength in a narrow transition zone between these regimes depends on the storage modulus.
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The formation of self-organized instability structures in
a thin liquid film [1-3] and a soft solid polymer film [4] is
of great interest in diverse scientific and technological
applications involving functional interfaces (adhesion,
wetting, optics, etc.) and mesopatterning [2,3], especially
with an applied electric field [3]. Despite the fact that a
majority of polymeric thin liquid and solid films are vis-
coelastic, the role of viscoelasticity or rheology in the
spinodal pattern formation has not been systematically
studied and remains unclear. Theoretically, it is understood
that the instability length scale in a purely viscous liquid
film has a long-wave character governed by a competition
between the destabilizing field strength and surface tension
[1-3]. However, in a purely elastic solid, theory predicts a
short-wave character with its length scale depending line-
arly on the film thickness, regardless of the field strength or
elastic modulus [4]. Isolating the effect of viscoelasticity in
ultrathin ( < 100 nm) liquid films destabilized by weak
intermolecular interactions such as van der Waals is com-
plicated by a host of other ill-defined factors [5] such as
glass transition, residual stresses, unknown details of in-
termolecular interactions, preparation conditions and nu-
cleative (rather than spinodal) dewetting. On the other
hand, previous studies on soft solid films are limited to
contact instabilities induced by adhesion/debonding or
peeling [4,6,7] where lateral heterogeneities of the field
and elastoviscous fingering play significant roles. The
objective of this work is to directly investigate the role of
viscoelasticity or rheology in the process of spinodal pat-
tern formation in a thin film destabilized by a field and to
understand the transition from viscous to elastic behavior.
Towards this end, we employ an electric field [3] to desta-
bilize a polydimethyl siloxane film [Fig. 1(a)] which is
cross-linked to various degrees in order to uncover the
entire spectrum of viscoelastic behavior, [6] from a viscous
liquid film displaying the long-wave instability to a soft
elastomeric solid with a short wave instability, and the
nature of transition between the two regimes. The use of
an electric field, rather than the van der Waals interaction,
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allows a precise tuning of the destabilizing force, which
has to be made strong to induce instability of elastic films.
Further, although the electrostatic field lithography [3] has
been shown to be a promising mesopatterning technique
that has been widely applied to viscous melts, response of
viscoelastic liquid and solids to an electric field has not
been probed. Interestingly, a recent theoretical study points
to the possibility of direct patterning of soft elastic solid
film by an appropriately tuned electric field [8]. Further,
some theories and simulations of viscoelastic films [9,10]
suggest that the instability length scale, although different
for liquid and solid films, is essentially independent of the
precise rheology. In what follows, we report on the con-
ditions for the pattern formation, length scale of patterns
and their morphology while going seamlessly from films
behaving as viscoelastic liquids to films behaving as soft
viscoelastic solids.

A wide variety of viscous and elastic films were prepared
by varying the cross-linker concentration in a commer-
cially available two-part polydimethyl siloxane (PDMS)
based elastomer, Sylgard 184 (Corning, USA). The cross-
linker (CL) percentage (which is usually about 10% for the
soft lithography stamps) was increased to obtain increasing
ratio of w (elastic storage modulus) to G” (viscous loss
modulus), both of which were characterized by a Bohlin
Rheometer (see Fig. 1 of the supplementary material [11]).

FIG. 1 (color online). (a) Schematic diagram showing the
experiment with PDMS film thickness, /# and air gap d intro-
duced by a spacer pair. The Au coated top cover-glass contactor
was typically placed with the Au side facing up. (b) Hexagonally
ordered circular columns formed in a viscoelastic liquid PDMS
film with 1.5% CL concentration, 7 = 6.2 yum and V = 35 V.
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The rheological response was essentially similar to that
reported previously [6] where the films with cross-linker
concentration, CL < 1%(u/G" < 1) corresponded to a
liquid regime, whereas the films acquired a substantial
permanent, zero-frequency elastic modulus when CL was
in excess of 2% (u/G" > 1).

The experimental setup for the electric field induced
pattern formation involved placing the polymer film on
the substrate electrode in the capacitor geometry with the
counter parallel plate at a distance controlled by spacers as
shown in Fig. 1(a). Transparent, conducting, precleaned
ITO coated glass slides were used as substrates on which
the PDMS mix was spin coated and then cross-linked [7].
Films of thickness in the range of 1.5 um-75 um were
obtained by varying the spin coater speed (500 to
4800 rpm) and the polymer concentration. Films with 0%
to 3.5% cross-linker were then annealed at 60°C for
4 hours or 110 °C for 24 hours to obtain uniform films
with surface roughness <10 nm. The counter electrode
was in the form of a flexible cover glass (18 mm X
18 mm, thickness = 160 wm) or a rigid plate resting on
a spacer (controlling the electrode-film distances,
0.03 um < d < 100 pm) made of a photoresist. The flex-
ible contactor had a semitransparent gold coating of thick-
ness =50 nm on its top surface. A high voltage supply
with controllable ramp rate (<0.3 s) was used to apply the
voltage between the two electrodes. The patterns were
observed under a microscope and the images were captured
using a digital camera. The additional voltage drop across
the gold coated glass cover slip was accounted for in the
calculations of the applied electric field.

For all viscoelastic films with a cross-linker concentra-
tion of 1% or less, an array of circular columns packed
locally in a hexagonal order appeared on the surface of
film regardless of the voltage applied [Fig. 1(b)]. Their
spacing remained constant from the earliest time an order
could be detected on the film surface (~100 ms; see Fig. 2
of the supplementary material [11]). Interestingly, the
wavelengths of all these viscoelastic films could be
described by a single master curve for a purely viscous
liquid film [3], notwithstanding their elastic storage moduli
(at CL = 1%; low frequency modulus ~20 Pa, 10 Hz
modulus ~1000 Pa). Figure 2(a) shows this master curve
for a purely viscous liquid: A = C[VE3]"/2 where, C =
2m{2y/€,€0(e, — 1?12 and  E=V/[(d+ h)e, —
h(e, — 1)]. This observation is partly explained by a
recent theory and simulations for viscoelastic liquids
without a zero frequency elastic modulus [9], where A is
determined solely by a competition between the de-
stabilizing force and the surface tension, but not by the
factors that influence the kinetics, such as high frequency
elasticity and viscosity, both of which vary greatly in the
CL range of 0%—1% (see Fig. 1 of the supplementary
material [11]). However, the dynamics of full pillar for-
mation was seen to depend on the CL concentration or
viscoelasticity.
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FIG. 2 (color online). (a) Wavelength, A vs VE 3 in log-log
scale for viscoelastic liquidlike films for 0% < CL < 1%,
25 um<h<75 um and d=30nm, 25 um, 4 um,
20 pm, 40um, under bias conditions of 5 V<V <150 V.
The line represents the viscous film theory (y = 19.8 mN/m
and €, = 2.65). (b) A formed in solidlike viscoelastic films for
different CL concentrations, the line represents the best fit with
slope = 4.1. (c) Transition between the liquidlike and the solid-
like regimes with predictions of Eq. (1) for 4 = 31.5 um, d =
50 pm; V =30V for liquidlike films and >V, for solidlike
films.

When the CL concentration was increased be-
yond 2%, an entirely different scaling emerged as shown
in Fig. 2(b). The onset of instability now required a mini-
mum critical voltage (discussed later). The resulting pat-
tern in these soft solidlike films was in fact indistin-
guishable from the case of liquidlike films with identical
morphology of circular pillars packed in a hexagonal lat-
tice. Interestingly, the wavelength in this regime becomes
independent of the applied critical voltage, as well as the
CL concentration or precise level of solid viscoelasticity.
For these solidlike films, the wavelength exhibits a linear
relationship with the film thickness with a best fit of A ~
4h [Fig. 2(b)]. This is reminiscent of the elastic contact
instability seen in debonding and peeling of elastic adhe-
sives [4].

As shown in Fig. 2(c), the crossover from the viscous
liquidlike behavior to elastic solidlike behavior is continu-
ous, although confined to a narrow range of elastic modu-
lus. This is unlike the discontinuous first order transition
found in a study of debonding of viscoelastic layers [6].
The above observations can be understood from a more
general linear stability analysis which gives the following
dispersion relation for a viscoelastic thin film with constant
viscous and elastic moduli [10]:

(nw/w) = [=(y/hp)g® + (h/ w)ST2¢Y ()] = 1 (1)

where, q = kh, Y(q) =[(1 + €27)? + 4e214%] X
(=14 ¢* —4e*ig)™" and S = (97/0h) = €ye, V(1 —
€,)%(e,d + h)™> where w is the growth coefficient of
instability, k is its wave number, 7 is surface tension, u
is elastic shear modulus, 7 is viscosity, d is air gap, h is
film thickness, 7 is excess electric pressure at the interface,
€ is dielectric permittivity of the free space, €, is dielec-
tric constant of the polymer ( = 2.65), and V is applied
voltage. From the above relation, the liquidlike scaling is
obtained when the parameter (y/hu) is large, whereas the
solidlike scaling A ~ 3h is recovered for small (y/hw).

254502-2



PRL 102, 254502 (2009)

PHYSICAL REVIEW

week ending

Figure 2(c) shows the wavelength obtained from Eq. (1)
which adequately describes the features of transition from
the liquidlike behavior at low (< ~10 Pa) elastic modulus
to elastic solidlike behavior at moderately high values
(> ~1000 Pa). Interestingly, the wavelength in all cases
is independent of viscosity as predicted by Eq. (1). Further,
in both the liquidlike and the solidlike regimes, it also
becomes independent of the elastic modulus, which re-
mains important only in the transition regime. Basically,
in the liquidlike regime, surface tension is the dominant
stabilizing mechanism, whereas in the solidlike regime, the
elastic strain dominates. The transition is thus governed
both by surface tension and elasticity in the form of the
parameter, (y/hu). Further, in the solidlike regime, A is
solely governed by the pattern that minimizes the elastic
energy penalty [4,8,10] and the film viscosity merely gov-
erns the dynamics of pattern formation [10]. The solid-
regime scaling may be physically understood by a simple
scaling relation for the elastic strain energy (per unit area)
of the film given by [4]: U ~ wh&*(A~! + Ah™?)%, where
w is the elastic shear modulus, / is film thickness and 6 is
the vertical amplitude of the pattern. Basically, the energy
penalty is high both for very short (A < h) and for very
long (A > h) waves, and thus the minimum elastic energy
pattern (for which dU/dA = 0) has a length scale of the
order of the film thickness, A ~ h. Thus, unlike the case of
a liquidlike film, instability in a viscoelastic solidlike film
is independent of the nature of the destabilizing force, as
long as it exceeds a critical value to overcome the elastic
stiffness of the film. For a rigid top electrode, the critical
voltage, V. for the onset of instability may be obtained
from Eq. (1) and is given by [7,8]:

,_ 62 (ed+h)
© e e(e, — 1) h '

2

It was indeed observed that the onset of instability in
solid films required a critical voltage and pillars were not
formed when V was maintained marginally lower than the
V. even for several hours. The pillars formed at V >V,
could extend and contact the flexible-thin contactor for the
entire range of experiments where d varied from 2.5 pm to
90 pwm. The trend of the V. values predicted by Eq. (2)
with respect to 4 is observed qualitatively in our measure-
ments shown in Fig. 3. When d is small compared to £, V,
increases with h. However, for large values of d, the V.
scales inversely with /4. Notwithstanding these qualitative
trends, Eq. (2), with © = 0.1 MPa, quantitatively predicts
voltages that are several times larger than the experimental
values and are in fact large enough to cause a dielectric
breakdown of the polymer and air! In our experiments, we
could observe elastic pillar formation only when either a
flexible top electrode was used where a small bending
(~2 pm at 500 V; much smaller than the air gap) of the
electrode at its center was observed or slightly nonparallel
rigid electrode was used. This small bending of the elec-
trode, and the lateral field gradient thus created, is an
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FIG. 3. Dependence of critical voltage, V.. on film thickness, %
for different values of air gap, d. The hollow and solid symbols
represent CL concentrations of 3% and 3.5%, respectively.

essential factor in kick-starting the elastic instability which
is a nucleation phenomena at much lower voltages.
However, the length scale of instability (=4h) and the
pattern morphology (hexagonally packed circular pillars)
were still as predicted in simulations involving rigid elec-
trodes [8].

Finally, we briefly present some other notable distinc-
tions between the behavior of viscoelastic liquidlike and
solidlike films. In the transition regime, mixed signatures
of both the regimes were observed. For example, 1.5% CL
films required a critical voltage for the onset of instability
as in the solidlike regime, but showed liquidlike ripening of
structures at longer times. Scaling of wavelength with the
film thickness, A = nh, with n >4, is also found inter-
mediate to the liquidlike and the solidlike films and could
be predicted by Eq. (1) (see Fig. 3 of the supplementary
material [11]). In liquidlike films, pillars formed initially
coalesce rapidly, thus altering the pattern dimensions, den-
sity and geometry as shown in Fig. 4(a) for a transition
regime viscoelastic film at 1.5% CL. Eventually, the pillar
structure (polymer-in-air) is transformed into a pattern of
voids surrounded by the polymer [last picture in Fig. 4(a)].
This morphological phase inversion was also predicted in
simulations of purely viscous films [12]. The kinetics of
pillar formation and their coalescence could be hastened by
increasing voltage and decreasing viscosity. Upon removal
of the electric field, pillar patterns disappeared, but the
inverted void patterns remained robust because of their
greater area of adhesion. The late time pattern ripening
and morphological inversion extended well into solidlike
regime, albeit at much slower rates, when the elastic and
loss moduli were comparable (u/G" <5; CL < 2.5%;
frequency range —0.1 Hz to 10 Hz). In that part of the
transition regime that shows a solidlike behavior for the
wavelength (1.5% < CL < 2.5%), the film behaves elasti-
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FIG. 4. (a) The growth of the hexagonally ordered pillars into
isolated voids for 1.5% CL concentration, h =3 um, d =
25 pum and V=60V at time, t=0s, t=5s, t=065s.
(b) Optical micrograph of elastic PDMS film surface with 3%
CL concentration and 7 = 6.6 um, d = 2.5 um for V=97 V
(=V,). (c) Pillar size growth for 3.5% CL concentration (h =
752 pm and d =50 um) for external voltage V = 630V
(=V,.)and when V = 850 V (right side) with a slew rate <0.3 s.

cally at short times but flows in long times. In contrast, in
dominantly elastic films (CL > 2.5%), coalescence of the
pillars was not observed even after long times [Fig. 4(b)].
An abrupt increase in V (>V,) for these elastic films
merely increased the pillar contact radius while maintain-
ing a constant A [Fig. 4(c)]. Upon removal of the electric
field, a large hysteresis in the form of persistence of the
pillar pattern was observed in the elastic regime.

In summary, a viscoelastic film subjected to an external
destabilizing field displays two clearly distinct regimes of
instability which have wavelengths corresponding to a
purely viscous liquid and a purely elastic solid, regardless
of their detailed rheology. The transition between the two
regimes of long and short waves is confined to a narrow
zone of a parameter, (y/hu). Wavelength in the liquidlike
regime depends on the applied field, film thickness and
surface tension in a nonlinear fashion, whereas the wave-
length in the solidlike elastic regime depends linearly on
the film thickness independent of the field strength and
material properties. However, the kinetics of instability is
influenced by rheology. An important difference between a
liquidlike film and a solidlike film is the presence of a
critical voltage required to engender the pillar formation in
the latter case. These observations are of general interest in
the instability, pattern formation and self-organized meso-
patterning in thin viscoelastic films under the influence of
destabilizing forces such as electric fields and intermolec-
ular interactions.
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