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ABSTRACT: Real-time measurements of fluctuations arising from electrohydrodynamic instabilities at
polymer liquid/air interfaces were used to characterize the selection of a dominant wavelength and the
rate at which this fluctuation grows. Reflection interference fringes from the film surface were used to
measure the growth rates of fluctuations and their dependence on electrostatic pressure. The growth
rate was found to exponentially depend on time and strongly depend on the applied voltage and initial
distance between the liquid surface and the opposing electrode. Results at early times are in quantitative
agreement with predictions from a linear stability analysis, yet deviations are seen with increasing time
and define the limits over which the linearized theory is applicable.

Introduction

The stability of thin polymer films and control of
structure and morphology in thin films are essential for
the practical use of polymers in many applications. The
static and dynamic aspects of thin film instabilities
arising from polymer/substrate and polymer/air interac-
tions, that result in characteristic dewetting patterns,
have been thoroughly studied.! The influence of external
electrostatic forces on the stability of a polymer surface
has also been studied in detail, both experimentally and
theoretically. The use of electrostatic pressure to de-
stabilize polymer surfaces underpins electrospinning
technology, by which submicron diameter polymer fibers
can be readily produced. Studies have also appeared on
the dynamics of deformation of a polymer surface by an
electric field, when free charges are present at the
surface.?”® Such experiments are challenging, not only
because of the high voltages required but also because
of the small length scales and extremely short time
scales.

The effect of an applied electric field on thin polymer
films, in the absence of free charges, is an area of active
research. Schaffer et al. described electrohydrodynamic
instabilities in polystyrene (PS), poly(methyl methacry-
late) (PMMA), and poly(1-bromostyrene) (PSBr) films
between parallel electrodes such that an air gap is left
between the polymer film and opposite electrode.®”
Their results showed that changing the magnitude of
the electric field offers a simple way to control the length
scale of structures formed by a balance between the
electrostatic pressure and the Laplace pressure gov-
erned at the polymer/air interface. When electrostatic
pressure overcomes surface tension, fluctuations of a
specific wavelength are amplified, grow, and eventually
span the electrodes, forming columns of polymer with
a characteristic center-to-center distance. Under a pat-
terned electrode, the polymer film will replicate either
the topographic patterning or chemical patterning of the
electrodes down to a length scale of ~140 nm.

Chou and Zhuang developed a process, termed litho-
graphically induced self-assembly (LISA), where similar
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arrays of columns in PMMA films mounted between
silicon wafers with an air gap can be produced.8?
Although no external field was applied, a qualitative
dependence of column diameter and period on molecular
weight was reported. Using this process, arrays of
columns were produced under topographically patterned
surfaces having triangular, rectangular, and square
features. The quality of the lateral ordering of the
columns depended on the commensurability of charac-
teristic spacing of the columns with the lateral pattern
dimension. They suggested that image charges in the
mask gave rise to a local electric field that caused
structure formation. Subsequently, Deshpande et al.1?
made in situ optical observations of LISA which showed
that the initial formation of columns occurs at the
corners of the pattern, then along the edges, and, finally,
moving to the interior of the pattern.

Lin et al.!! theoretically extended the model of Schaf-
fer et al.%7 to the polymer—polymer bilayer case and
experimentally to bilayer systems of oligomeric di-
methylsiloxane (ODMS), poly(isoprene) (PI), and oligo-
meric styrene (OS). They showed that by filling the air
gap with another liquid the interfacial tension decreased
and the characteristic spacing decreased, in reasonable
agreement with the decrease predicted from calculations
using the extended theory. Further experiments dem-
onstrated that the extended theory captured the impor-
tant experimental parameters so well that the bilayer
and single layer data could be collapsed onto a single
master curve using reduced variables.!? The agreement
between the experimentally measured size scale and
those predicted analytically was excellent. However,
they could not explain the observed 50-fold decrease in
time required to form columns. Furthermore, Pease and
Russel!3 later compared experimental data available
from Lin et al.,1112 Schaffer et al.,® and Chou et al.8 for
both single polymer and bilayer systems and found that,
in all but one case, the characteristic times predicted
by theoretical models was much shorter than the
reported experimental time.

Structure formation at a polymer—air interface in an
electric field is analogous to phase separation in polymer
blends. In the latter system, phase domains develop over
time with a periodicity equal to the dominant wave-
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Table 1. Physical Properties of PDMS Materials Studied

weight-averaged
mol wt (g/mol)  PDI

viscosity from viscosity by
manufacturer (¢cSt) rheometry (Pa s)

500 0.494 36 000 14
1000 1.071 67 000 1.8
10000 10.25 146 000 2.0

length of concentration fluctuations in the system. The
wavelength of these fluctuations is dictated by a balance
between thermodynamics and kinetics. Thermodynam-
ics, which is governed by the interfacial energy resulting
from the formation of phases, favors the growth of large
domains, while diffusion kinetics favors the growth of
smaller phases. The kinetics of phase separation in
polymer blends, i.e., the rate at which fluctuations grow
at the early stages of the phase separation, is character-
ized by an exponential growth, in accordance with the

Electric Field-Induced Surface Fluctuations 4869

linearized Cahn—Hilliard arguments. However, at later
stages, deviations from this behavior are seen, and
hydrodynamics associated with the flow of the polymers
must be considered. The growth of fluctuations at the
air—polymer interface in an electric field should follow
a similar pattern, as it is similarly governed by a
balance between surface tension and electrohydrody-
namic flow. The linearized theory of Schaffer et al.57
predicts that the rate of growth in the amplitude of the
dominant wavelength should be exponential. However,
deviations from this should be expected as the flow of
the polymer in the thin films becomes dominant.
Here, the early and intermediate stages of the growth
of electrohydrodynamic instabilities in PDMS thin films
are discussed. Using in situ laser scanning confocal
microscopy, reflection interference fringes arising from
film thickness fluctuations are investigated as a function

Figure 1. Various stages of structure development by electric field-amplified instability, as a function of time, of a PDMS film
on silicon. (a) [0.0 s] The film is initially featureless. (b) [36.6 s] Fluctuations appear as lateral variations in intensity over the
plan of the surface. (c) [75.8 s] Field-amplified peaks exhibit reflection interference fringes as height increases. (d) [109.7 s] Peaks
are encircled by fringes as height increases further. (e) [129.3 s] As peaks grow, the number of fringes around each peak increases.
(f) [144.1 s] When peaks span the two planar electrodes, cylindrical structures are formed. The arrow in (f) indicates a pillar
which has shifted laterally after electrode contact. Laser scanning confocal micrographs were acquired by reflection imaging
through a transparent electrode. Laser wavelength is 458 nm; image dimension is 740 x 740 um?.
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of time, before columns are formed between the elec-
trodes. Quantitative information on the growth rates
of fluctuations was obtained that delineates a temporal
regime in which the linearized theoretical arguments
are applicable.

Experimental Section

Linear poly(dimethysiloxane) fluids were spin-coated from
20% (w/w) solutions in toluene or heptane, onto doped silicon
wafers. Three PDMS viscosities were used: 500, 1000, and
10 000 cSt, as specified by the manufacturer. GPC and
rheometry measurements gave the molecular weights and zero
shear rate viscosities, as shown in Table 1. The dielectric
constants of these fluids at 20 °C were measured to be 3.0 over
a frequency range of 5 Hz—100 kHz,'* using a broadband
impedance spectrometer (Novocontrol) equipped with a liquid
cell (BDS 1308). Indium tin oxide (ITO)-coated glass slides
(Delta Technologies, Ltd.) were mounted opposite the films,
with a spacer of evaporated silicon oxide or with polyimide
films (Mictron, Toray Industries) separating the silicon sub-
strate and glass slide, ensuring precise air gaps of 3—10 ym.
The fill fraction, i.e., the ratio of film thickness to distance
between silicon and glass, was varied from 0.1 to 0.5. Voltages
ranging from 40 to 90 V were applied from a dc power supply
to the silicon wafer and ITO glass. A Filmetrics spectral
reflectance instrument was used to measure film and gap
thickness. A confocal laser scanning microscope (Leica TCS-
SP2) was used to record reflection images of the film at a
wavelength of 458 or 543 nm.

In previous experiments, we and others!®!* observed that
structure growth is perturbed at the edges of the film,
especially when the gap is smaller at one edge than another,
creating a lateral gradient in electrostatic pressure. Careful
attention was paid to the mounting of the ITO glass to make
the electrodes as parallel as possible. The air gap was
measured after mounting by spectral reflectance measure-
ments, and in situ observations were made at the same spot
where the gap measurement was made. Even without a wedge-
shaped gap, structure development may be affected by curva-
ture of the electric field lines at the film’s edge, so only regions
near the center of the film were investigated. Perturbations
arising from heterogeneities, such as dust particles in the film,
also produce significant effects on structure formation. Sample
preparation was therefore performed to minimize contami-
nants. Glass electrodes were cleaned by ultrasonication in
aqueous ethanolamine solution, silicon wafers were cleaned
in sulfuric acid bath containing inorganic oxidizers, and
polymer solutions were filtered using 0.2 yum PTFE filters.

Results and Discussion

When the polymer film is above its glass transition
temperature, a spectrum of capillary waves is present
at the liquid—air interface due to thermal fluctuations.
However, surface tension suppresses the amplification
of these waves. Therefore, as shown by the interference
optical micrograph in Figure la, the film surface is
initially featureless. Slight variations in the intensity
over the field of view are possible due to positioning of
the sample at a slight angle to the imaging plane. If
there is a significant gradient in gap spacing, i.e., the
gap is wedge-shaped, another set of fringes, parallel
lines running perpendicular to the gradient, will be
evident in the micrograph even when the film is smooth.
In the experiments no fluctuations were observed in the
absence of an applied electric field, implying that PDMS
behaves as a perfect dielectric.

When a voltage is applied between the substrate and
opposite electrode, electrostatic pressure acts against
the surface tension. If there is sufficient voltage and
dielectric contrast at the interface, electrostatic pressure
overcomes surface tension and causes a roughening of
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Figure 2. (a) Cross-sectional intensity profile of a peak
showing interference fringes. (b) Calculation of peak shape
from fringe spacing (squares) and Gaussian fit to points (red
line).

the film due to the amplification of surface waves. It
should be noted that, rather than a pulsed laser, a
continuous wave laser was employed to raster-scan the
sample. Therefore, no heat is expected to be generated
across the sample. In other words, no temperature
gradient-induced instabilities would be expected.!®> Within
seconds of application of electrostatic pressure to the
PDMS—air interface, a lateral pattern of intensity peaks
is apparent in the confocal image, as shown in Figure
1b. The reflective interference of light is dependent on
the refractive index of the film, n, and the incident
wavelength, 1, such that the change in height, Ah,
between intensity maxima or minima is given by Ak =
A2n. For these experiments, Ak ranges from 160 to 200
nm. Thus, as intensity increases from a minimum to a
maximum in Figure 1b, thickness variations are less
than Ah/2, i.e., less than 80 nm. The fluctuations have
a typical spacing of 100 um or more in the plane of the
film. Consequently, these fluctuations represent only
minor height variations of the film surface and, as such,
conform to the linearized theoretical framework which
assumes the lubrication approximation.

The amplitude of height variations increases with
time due to the electrostatic pressure. The intensity of
bright regions of Figure 1b is increased in Figure lc.
However, in some areas the center of the bright spot
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Figure 3. Development of peak height (natural log scale) with time for a typical feature. Line indicates best fit for data up to

320 s. Image dimension is 198 x 384 um?.

becomes darkened. Here, a decrease in intensity results
from destructive interference of reflected light, as the
height approaches a thickness for which an intensity
minimum is observed. Comparison of parts ¢c—f of Figure
1, in which the final column morphology is shown,
confirms that the characteristic spacing of the final
columnar morphology corresponds to the wavelength of
the undulations observed at early times.

As the peak height continues to increase with time,
the undulations in the film surface are characterized
by rings of interference fringes, as shown in Figure 1d.
At the base of each feature, the fringes are noticeably
broader and less axially symmetric than at the center
due to the sensitivity of the position of the peak to flow
in the plane of the film, resulting from the mass
transport from the surrounding flat film, and the
smooth peak shape arising from the Laplace pressure
normal to the film surface. This micrograph illustrates
that the characteristic distance between growing peaks
is determined by the competition between electrostatic
and Laplace pressures. For example, in the lower left
quadrant of Figure 1d, a row of three peaks is visible,
of which the middle peak eventually decreases in height
while the other two peaks grow, the result of which is
shown in Figure le. Figure 1d also shows that dispari-
ties in height between peaks which, though slight at
first, become amplified with time as a result of the
exponentially increasing growth rate.

When the amplitude of the fluctuations increases
sufficiently to span the air gap between the film and
upper electrode, the polymer fluid and the electrode
come into contact. First, contact is made by the center
of the peak, followed by an equilibration of the structure
to a columnar shape. In Figure 1f, the columns of PDMS
appear as circular contacts between the film and the
upper electrode. There is a strong driving force toward
the alignment of air—polymer surfaces parallel to the
electric field to minimize the electrostatic pressure.
Furthermore, spreading of PDMS on the ITO glass

results in a reduction of surface free energy at the upper
electrode.

The thermodynamic factors of electrostatic pressure
and surface energy minimization favor the coalescence
of columns into one larger structure as the equilibrium
state of this system. This was never observed, though
coalescence of the columns was observed in some PDMS/
air systems. Columns can coalesce as they grow in
radius by drawing additional material from the fluid
reservoir on the lower electrode. Similar experiments
with other polymers show this behavior only at high
temperature.l* Pattern replication occurs precisely by
this coalescence mechanism, as shown by Lin.14

The growth in amplitude of the surface waves was
determined from the change in the film thickness
determined from the interference fringes that encircle
each peak. Since the period of the fringes is dictated by
the slope of the film, they can be used to calculate the
three-dimensional shape of the surface fluctuations.
Figure 2 shows an example of a surface topography cross
section calculated from interference fringes. The peak
height was determined by fitting the resulting topo-
graphic profile to a Gaussian peak function, weighted
with strictest fitting constraints at the center of the
peak, so as to most accurately estimate the height in
the center of the feature. Though not predicted theoreti-
cally, the Gaussian peak shape was found to suitably
describe the shape of the surface features at early times.

From a frame-by-frame calculation of peak height, the
growth in the amplitude of the waves was found to
depend exponentially on time. A typical growth curve
is shown in Figure 3 in a semilog plot. A single exponent
could be used to describe the early stages of structure
growth. However, the growth in some cases was found
to accelerate toward the upper electrode at the final
stages of structure growth, and the rate became faster
than the initial exponential dependence. The linearized
theory takes into account the increased electrostatic
pressure at the peaks, which is the reason for the initial
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Figure 4. Variation of dimensionless characteristic time with
dimensionless electric field and comparison with predicted
values. Both axes have logarithmic scales.

stages of exponential growth. In the later stages,
however, the shape of the fluctuations could not be
described by a simple smooth function since they
became increasingly pointed. The electric field at the
peak is higher than elsewhere across the surface, and
field lines are no longer parallel. The peak shape at
these late stages could not be measured directly due to
increasingly rapid changes in shape. In the final stages
of pillar formation, the shape more closely resembles
an electrohydrodynamic spout, seen by Oddershede and
Nagel,? where a divergence in tip curvature was found
as the liquid was drawn to the opposing electrode.

In all experiments, when the amplified waves grew
and spanned the air gap to the opposite electrode, an
array of polymer columns formed, where the center-to-
center distance of the columns was identical to the
lateral distance between the most rapidly growing
fluctuations. However, not all of the fluctuations grew
into columns simultaneously. Rather, slight differences
in the initial height of the peaks were enhanced due to
the exponential nature of the growth rate. As shown in
Figure 1, the sequence in which pillars form seems to
be stochastic. In some cases, the final formation of a
pillar caused draining of the underlying “reservoir” of
material and, therefore, slowed the growth of adjacent
features. This type of dynamic effect is not incorporated
into the linear stability model and resulted in deviations
from predicted growth rates. Analysis of characteristic
growth rates, therefore, focused on the fastest growing
peaks, which are least perturbed by such effects, that
could be described by a simple Gaussian function.

The experimental data consistently show an expo-
nential growth of the peak height with time (Figure 3).
For thinner films and at lower fields, the exponent is
smaller, corresponding to slower structure formation.
For thicker films and higher fields, the exponent was
larger, corresponding to faster structure formation. In
the linearized stability analysis, the wavelike fluctua-
tions in the film surface were modeled as changes in
height, h, as a function of spatial coordinate, x, and time,
t, along with parameters of amplitude, v, wavenumber,
q, and growth time scale, 7: A(x,t) = ho + uel ™ It is
the characteristic growth rate, 77!, which determines
the slope of the line fit to data at early times on semilog
axes, as represented in Figure 3. To enable comparison
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between experiments, the electric field strength in the
polymer, Ep, for each experiment was reduced to a
dimensionless quantitity using the parameter E\, the
same field parameter used by Schéffer et al.,” and the
measured initial characteristic time from each curve,
Tmeas, Was similarly reduced to a dimensionless charac-
teristic time using the characteristic time scale, 7.
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In the above expressions, y is the polymer surface
tension, U is the applied voltage, 5 is the viscosity, Ao
is the initial polymer film thickness, d is the separation
distance between the two electrodes, ¢ is the permit-
tivity in a vacuum, and ep is the polymer dielectric
constant. These experimental parameters are used to
calculate Ep, the electric field strength in the polymer,
and Ey, 1o, and 7o, the characteristic parameters used
to reduce experimental results to dimensionless values.
Equations 1—4 and 7 were taken from ref 7, whereas
eqs 5 and 6 were derived from the analysis therein.
Equation 7 shows the expected relationship between the
dimensionless values.

A log—log plot of 7/7y as a function of Ep/E| is shown
in Figure 4, along with predicted values according to
eqs 5 and 6. No fitting parameters were used to scale
the data. The error bars in the figure are due to the
uncertainties in the exponential fit. The scatter in the
data, though, may arise from the uncertainty with
which the fastest growing wavelength is chosen from
within the field of view in the microscope. It is not
possible to know which peak corresponds precisely to
the fastest growing wave in the system. Although the
growth rate of the first peak to reach the upper electrode
is measured, we do not have sufficient resolution to
obtain a statistical measurement of the growth rate of
all peaks. We note that the values and trends of the
experimental results, over 4 orders of magnitude in /7,
correspond remarkably well (within a factor of 2) to the
predicted values for the three samples of PDMS with
different viscosities that were studied. No systematic
deviations from the predicted characteristic time values
were seen as a function of viscosity. To within experi-
mental errors a power law with an exponent of —6 was
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seen in the experimental data as would be expected
theoretically. Thus, if experiments are restricted to the
very early stages of growth in the surface fluctuations,
quantitative agreement between experiment and theory
can be obtained. The accelerated growth at later times
will, of course, give rise to marked departures from the
linear approximation and, as such, pronounced dis-
agreement with linearized predictions.

Conclusions

The evolution of electric field-induced instabilities in
thin polymer films was shown to be characterized by
an exponential growth in peak height with time at early
times. At later stages of growth, an acceleration in the
growth rate with time was observed. The characteristic
time for growth during the early stages agrees very well
with theoretical predictions using a simple linear in-
stability analysis. Surface waves having a characteristic
periodicity grew simultaneously across the film surface,
in a manner akin to spinodal phase separation in the
early stages. Experiments in progress assess the changes
in the shapes of the fluctuations prior to the formation
of columns that span the gap to the upper electrode. In
addition, by chemical modification of the surfaces of the
film and electrode, the reversibility of the process is
being examined. Finally, although the agreement of
these measurements with theoretical predictions is
excellent, methods with more statistical certainty, such
as small-angle light scattering or off-specular X-ray
reflectivity, are being pursued to provide confirmation
of the microscope-based experiments.
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