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Understanding morphological instabilities at soft interfaces
is important in a variety of diverse problems, such as adhe-
sion/debonding in polymer films!!! and biological cells,”” fric-
tion,”’! cavitation, and patterning.*! Non-specific interactions
of electromagnetic origin play an important role in these in-
stabilities. Spontaneous surface patterns appear in soft solid
films that are in contact proximity (<50 nm) with a rigid con-
tactor (or another film) due to a competition between destabi-
lizing van der Waals attractive force (between the film and
the contactor) and the stabilizing elastic-strain energy. It is
known that the wavelength of the pattern that appears de-
pends only on the film thickness.” These instabilities, while
profoundly influencing the adhesion/debonding characteris-
tics,® also provide an attractive route to patterning and mor-
phological control of soft thin films by external interactions.
However, intermolecular interactions, being material proper-
ties, cannot be easily modulated. Moreover, these interactions
are short-ranged and thus even nanometer-scale surface
roughness and defects affect the robustness of these patterns.

Here, we show the effect of electric fields on the generation
and movement of patterns on solid surfaces. Previously, exter-
nal fields have been used only to control surface instabilities
and patterns in thin liquid films® %! where, unlike the solid
films, the instability is dominated by a long-wavelength mode
and is strongly dependent on the field strength and its decay
characteristics. Unlike the control of liquid movement!'® and
wetting/dewetting!"”! by electric fields, the movement, adhe-
sion/debonding, and pattern formation in soft solids by elec-
tric-field-induced elastic deformations are completely unex-
plored phenomena. The application of an electric field
modulates the morphology, dimensionality, and the adhesive
strength of surface patterns—elements that are useful in the
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design of smart adhesives. On application of an electric field,
distinct morphological changes to the patterns are observed.
These are “edge straightening”, “finger elongation”, and “pil-
lar formation”. This ability of the electric field to control
these adhesive and morphological properties of a soft inter-
face can also be employed to engineer surface structures for
microfluidics!" and soft-lithography[lg‘zol related applications.

Our experimental setup consisted of a wedge-shaped geome-
try schematically shown in Figure 1. A contactor is placed on
top of a soft elastic film with one end on the film and the other
on top of a spacer. The contact between the cover slip and the
film engenders a zone of complete adhesive contact terminat-
ing in a finger pattern and an air gap (d) between the cover slip
and the film ahead of the finger patterns. The air gap in this
wedge geometry increases along the y-direction away from the
contact zone. The finger patterns cease to exist in the absence
of the top contactor. Small-amplitude, well-defined finger pat-
terns (Fig. 2a), formed due to the adhesive van der Waals!® in-
teractions were ensured before turning on the voltage. Upon
introduction of the voltage the patterns were modified. The re-
sponse to the electric field (EF) can be classified based on the
appearance of three distinct surface morphologies: “edge
straightening” (Fig. 2b), “finger elongation” (Fig. 2c), and
“pillar formation” (Fig. 2d). The manner in which the patterns
evolve depended on the film parameters such as the shear
modulus () and the thickness (). These emerging morpholo-
gies can be understood in terms of the stiffness parameter (u/h)
(the ratio of the shear modulus to that of the thickness of the
elastic film). “Edge straightening”, “finger elongation” and
“pillar formation” processes were observed for high, inter-
mediate, and low stiffness (u/h) films, respectively.

For highly stiff films (10 pm <A <100 pm and x>6 MPa),
the electric field appreciably decreases the amplitude (a) of
the initial finger patterns beyond a critical voltage (¢cric). It is
observed that the amplitude decrease is not accompanied by
any discernable change in the wavelength of the finger pattern.
The straightening of the finger pattern occurs asymmetrically,
with a decreasing with respect to a stationary tip of the finger
pattern, leading to complete intimate contact (Fig. 2b, inset).
A complete straightening of the fingers happens, i.e., a—0,
leading to a straight edge at a higher voltage (Fig. 2b). Further
increase in the voltage results in a gradual displacement of this
linear edge towards regions of lower electrostatic energy,
thereby increasing the adhesive contact area. The other fea-
tures that are observed are: i) @i does not depend signifi-
cantly on the ramping rate or on the polarity of the voltage.
The emergent morphology is dependent on the electrostatic
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leading to the formation of patterns with a network
of undulating fingers (Fig. 2c). It is observed that
this “elongation” process is irreversible; i.e., upon
switching off the voltage, the patterns remain
trapped in the new metastable state. The fingers re-
main elongated and do not relax back to the origi-
nal configuration even after one day.

In the case of films with low stiffness
(1 MPa<u <4 MPa and 10 um <A <100 pm), an ar-
ray of pillars of nearly circular cross section emerge
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Figure 1. Schematic of the experiment. The left part of the cover slip (contactor) is in
contact with the soft polydimethylsiloxane film on indium tin oxide (ITO) glass, while
the right part is well above the film. Due to the presence of the spacer, the air gap d
increases along the y-direction. The wavy pattern in the middle shows the “finger pat-
tern” with wavelength 4. The area of the film in contact with the top cover slip is

shaded. Vippiiea: applied voltage.
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Figure 2.a) Typical finger pattern in absence of electric field (shear modulus
1=3.9 MPa and thickness h=37.2 um); b—d) “edge straightening” (high-
stiffness parameter films, u=6.9 MPa and h=76.8 um), “elongation” (inter-
mediate stiffness parameter films, 1=3.95 MPa and h=37.2 um), and “pil-
lar formation” (low stiffness parameter films, 4 =2.2 MPa and h=29.9 pm)
under a suitable electric field, respectively. The inset in (b) shows the pat-
tern-straightening process as a function of the applied voltage.

energy (square of voltage). ii) The “edge straightening” be-
havior is reversible as the initial small-amplitude fingers reap-
pear on switching off the EF, but the recovery time is quite
slow (as long as thirty minutes) compared to a nearly instanta-
neous response in the EF switch-on experiment. The slow
recovery of the pattern is indicative of weak adhesive interac-
tions in the absence of the electric force.

The response to the EF for films of intermediate stiffness
parameter (4 MPa<u <6 MPa and 10 um </ <100 pm) is dif-
ferent. Beyond a critical voltage (¢cic), the amplitude of the
finger pattern rapidly increases by an order of magnitude
(~0.2 mm to 2 mm). These patterns continue to evolve be-
yond ¢ > ¢ic. The tips of the growing and expanding finger
patterns ultimately undergo multiple scissions (tip splitting),
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above a critical value of the EF. Beyond ¢y, the
film surface ahead of the finger pattern (the region
initially not in contact with the top contactor) spon-
taneously rises to form a row of pillars without any
appreciable change in the finger pattern. It is inter-
esting to note that the spacing between the pillars in
the x-direction along a row is also proportional to
the wavelength of the adjacent finger pattern. Upon
further increase of voltage, the diameter of the circular pillars
increases and additional rows of pillars emerge. The pillar di-
ameter and its adhesive zone decreases as a function of dis-
tance in the y-direction from the original fingers. These fea-
tures can be attributed to the weakening of the electric field
with an increase in the distance due to the wedge geometry.
The pillars are arranged in a nearly hexagonal periodic ar-
rangement, with a spacing of ~3.5 & (Fig. 2d), consistent with
the theoretical calculations of contact elastic instability.?!! The
short-wave spacing of the solid pillars observed is independent
of the magnitude of the local electric field, which is in complete
contrast to the long-wave lateral structures observed in the case
of liquid films where the periodic spacing is a strong function of
the local electric field."!! The periodic pillar pattern is sus-
tained for a long period (~24 h), even after the removal of the
field, highlighting the metastability of the field-induced pillars.
The critical voltage (i) to induce a morphological change
in the initial finger pattern can be estimated analytically by the
following energy-minimization procedure. The total energy of
a film configuration consists of electrostatic capacitive energy
that favors morphological change and elastic-strain energy that
exerts a stabilizing influence. Due to the curved geometry of
the contactor (cover slip), the air gap d separating the contac-
tor from the film surface gradually varies along the y-direction
(see Fig. 1), while the gap distance is constant along the x-di-
rection. The important region of interest is the zone just ahead
of the finger patterns where new patterns appear and d
(<100 nm) << A. This allows for an approximate quasi-one-di-
mensional stability analysis in the y-direction. The total poten-
tial energy density (energy per unit length) at a particular d is

L
1 1 & 80@02
() =+ / (_§ (epd + ) . (ep — 1)14(X))dx
0
oS sk .

where u is the normal (periodic) elastic displacement of the
film surface, ¢, is the dielectric constant of the film, & is the
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permittivity of space, a,, are the Fourier amplitudes of the dis-
placement (for the associated wavenumber k,, =2t n/L, where
L is the length of the film). In Equation 1, the function

 2&(1 + cosh (2¢) +2&%)
- sinh (2¢) — 2¢

S() )
is the dimensionless elastic stiffness of the Fourier mode with
wavenumber k! Taking u=a,exp(ik,x), the energy den-
sity (Eq. 1) for the mode k,, accurate to second order in a,, is
2 2
u 1 (ep — 1)"gpe00*\ ,
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For voltages greater than ¢, the term in the parenthesis of the
above equation becomes negative, signifying a lowering of the
energy by deformation. The most unstable mode corresponds to
the lowest elastic stiffness S, which gives h k,=2.12 or wave-
length A~ 3 h, whichisindeed seen to be the case for all the struc-
tures reported here. The critical voltage can then be obtained as

2 622 (epd + h)?
cric h (Sp B I)ZSPSO

(4)

For a polydimethylsiloxane (PDMS) film (eppms~3,
u~1 MPa) of thickness 10 pm and a gap distance 0.1 pm
(d << h), the calculated critical voltage of ~2500 V is within an
order of magnitude of the experimental observations of
200-500 V for similar films. The lower values seen in experi-
ments are due to the compliance (bending) of the elastic con-
tactor, which is not incorporated in the simple stability analy-
sis. Furthermore, roughness and inhomogeneities on the film
surface contribute to enhancement of local electric fields lead-
ing to lower critical voltages. The electric-field-induced mor-
phological evolution occurs at much larger gap distances than
the case of short-ranged van der Waals forces (critical gap dis-
tance <5 nm).[”” Another important outcome of the analysis is
that the wavelength of the emerging pattern depends linearly
on the film thickness and not on the applied voltage (so long
as it is above the critical voltage).

Figure 3 depicts the variation of ¢ with the film parame-
ters for the onset of morphological changes corresponding to
“edge straightening”, “finger elongation” and “pillar forma-
tion”. The variations indicate that ¢;. depends linearly on #,
with a weaker dependence on u of the films. In the zone where
patterns form d <<k, the above equation gives @ericoc i (V).
Thus, @i depends linearly on the film thickness, as is indeed
observed in the experiments (Fig. 3). The linear dependence
of @i with thickness 4 is independent of the precise mor-
phology and is only weakly sensitive to shear modulus. How-
ever, the shear modulus governs the morphology.

A morphological phase diagram as shown in Figure 4, in
terms of the variable external parameters u and /&, summarizes
the entire set of observations. The diagram also reveals the
crossover pathways across the phase boundaries. For example,
at a constant thickness /#~40 pm, as u is increased from
3 MPa to 7 MPa, the surface-morphology pattern accordingly
changes from the “pillar formation” to the “finger elonga-
tion” phase, and finally to the “edge straightening” phase.
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Figure 3. Critical voltage @i versus thickness h of PDMS films with dif-
ferent u for each morphological phase.
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Figure 4. The phase diagram (u versus h) obtained from EF-induced pat-
terns in PDMS films. The dashed lines are a guide to the eye and repre-
sents the phase boundary.

The emergent morphology of the film subsequent to the
attainment of criticality depends strongly on different compet-
ing energies in the system: the elastic deformation energy of the
film, the bending energy of the flexible contactor, and the elec-
trostatic capacitive energy. As the voltage is increased, the elec-
trostatic energy essentially favors a larger area of contact be-
tween the cover slip and the film surface. This increase of
contact area may be achieved differently in two limits. If the
bending energy of the contactor is small compared to the elas-
tic-deformation energy of the film, then the contactor can de-
form substantially to form complete contact, but the film defor-
mation is minimized due to the high elastic-energy penalty.
Both of these factors encourage formation of a zone of uniform
contact and inhibit pattern formation. Since the elastic defor-
mation energy is controlled by the stiffness parameter u/h, these
conditions are achieved where the film has high shear modulus
and small thickness. Indeed, the “edge straightening” phase oc-
curs in the region of the phase diagram where the shear modu-
lus is large and thickness is small (Fig. 4). In the second limit,
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where the elastic-deformation energy of the film is very small
compared to the bending energy of the contactor, the increase
of contact area is achieved by spontaneous surface deformation
of the film without changing the configuration (curvature) of
the contactor so that its bending energy is not significantly
increased. Thus, films of relatively small stiffness parameter,
vis-a-vis stiffness of the contactor, form pillar patterns as indeed
seen in the morphology diagram shown in Figure 4.

In the intermediate case of a comparable energy cost for
the deformation of the film and the contactor, finger elonga-
tion occurs by “bending” of the contactor in the direction par-
allel to the fingers so that the gap distance is reduced and fin-
gers propagate by bridging the gap. The stiffness parameter of
the film in this case is larger than in the case of pillar forma-
tion, but lower than that of the straightening case. This pro-
motes large-amplitude fingering patterns with higher contact
area and thus a higher electrostatic (adhesive) energy gain,
with a lower elastic energy penalty as compared to the case of
the pillar-like patterns. These trends are evident in recent
computer simulations performed to understand these features
and will be discussed elsewhere.

Finally, the reason “elongated fingers” or “pillars” once
formed do not regain the original configuration after removal
of the electric field is due to “adhesion—-debonding” hyster-
esis.®l As shown previously,® an energy functional which in-
cludes short-ranged van der Waals interactions contains many
local minima (metastable states). This is because once contact
is established, short-range attractive intermolecular interac-
tions (such as the van der Waals component of adhesive ener-
gy) are sufficient to maintain adhesion. The elastic restoring
forces for films with relatively smaller stiffness parameters are
not strong enough to restore the original configuration (prior
to the application of the electric field). Thus, the patterned
state produced by application of electric field is a deep meta-
stable minimum for films of lower stiffness parameters. The
same metastable configuration is also responsible for the well-
known persistence of the patterns[s] during separation of the
contactor to distances greater than where the instability first
appears (adhesion—-debonding hysteresis) in a pure contact ex-
periment (without electric field). On the other hand, for films
with high stiffness parameters (Fig. 4), the straightened con-
figuration of the contact meniscus is the energy minimum only
in the presence of the applied electric field. Thus, upon its re-
moval, the original small-amplitude finger pattern is recov-
ered since the elastic restoring forces are strong owing to the
high stiffness parameter. The viscoelasticity influences only
the dynamics of the partial recovery. Furthermore, it is ob-
served experimentally that the film maintains its integrity, i.e.,
it does not undergo plastic deformation or fracture.

In summary, we have shown that an electric field can con-
trol the adhesion, morphology, and movement of soft solid
surfaces. Zones of unbroken intimate contact, hexagonally ar-
ranged pillars, and large-amplitude fingers are produced un-
der different film stiffness and thickness conditions, and can
be explained by the physics of electric-field-induced contact
instabilities. This approach can be utilized to address issues re-
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lated to adhesion and debonding. The possibility to obtain
strikingly different surface patterns and structures, controlled
by the material parameters, can lead to interesting applica-
tions such as on-demand mesostructures and offers a relative-
ly simple route for large-area, rapid surface modifications.
These results may have technological implications related to
smart adhesives and mesopatterning. The unique feature in
the “pillar formation” and “finger elongation” cases is the
pattern formation on cured polymer film surfaces even in the
absence of pre-patterned electrodes.

Experimental

Thin films of PDMS (Sylgard 184) were coated on pre-cleaned,
transparent, conducting ITO substrates. The thickness (10 pm
<h<120 pm) and the shear modulus (1 MPa<u <7 MPa) of these
films were changed by varying the speed of the spin-coater and the
crosslinker concentration, respectively. Films were then annealed at
60 °C for 4 h to obtain the crosslinked elastic films. A flexible contac-
tor (Dow Corning cover glass, 2.2 cm x 2.2 cm, thickness ~225 pm)
was then placed on the elastic film so that one end of the contactor
was in contact with the film whereas the other end was supported on
top of a 100 um thick spacer (as shown schematically in Fig. 1). The
flexible contactor was coated with gold (thickness ~50 nm). Experi-
ments were carried out with the gold-coated side of the contactor on
top and the other (non-coated) side in contact with the film to avoid
arcing and shorting between the electrodes. The correction due to the
presence of the additional intermediate glass-dielectric layer is ac-
counted for in the data. The effective voltage (¢) in the contact zone is
~ Vapplied![1 + {(e¢/ep) (helhp)}] (Where Vippiiea is the applied voltage, &,
and ¢, are relative dielectric constants of glass and PDMS, respective-
ly, and &, and A, are the thicknesses of glass and PDMS, respectively).
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