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ABSTRACT: The effect of electrostatic forces on the
dynamics, morphological evolution, and drainage time of
ultrathin liquid bilayers (<100 nm) are investigated for perfect
dielectric—perfect dielectric (PD—PD) and ionic liquid—
perfect dielectric (IL—PD) bilayers. The weakly nonlinear
“thin film” equation is solved numerically to obtain
spatiotemporal evolution of the liquid—liquid interface
responses to transverse electric field. In order to predict the
electrostatic component of conjoining/disjoining pressure

PD-PD bilayer

IL-PD bilayer

Upper Electrode, 1y,

Bounding Fluid (PD/IL)

o

PC: Perfect conductors
IL= ionic liquids
PD: Perfect dielectrics

acting on the interface for IL—PD bilayers, an analytical model is developed using the nonlinear Poisson-Boltzmann equation.
It is found that IL—PD bilayers with electric permittivity ratio of layers (lower to top), &, greater than one remain stable under an
applied electric field. An extensive numerical study is carried out to generate a map based on &, and the initial mean thickness of
the lower layer. This map is used to predict the formation of various structures on PD—PD bilayer interface and provides a
baseline for unstable IL—PD bilayers. The use of an ionic liquid (IL) layer is found to reduce the size of the structures, but results
in polydispersed and disordered pillars spread over the domain. The numerical predictions follow similar trend of experimental
observation of Lau and Russel. (Lau, C. Y.; Russel, W. B. Fundamental Limitations on Ordered Electrohydrodynamic Patterning;

Macromolecules 2011, 44, 7746—7751).

Bl INTRODUCTION

Thin films and surfaces are commonly applied to decorative or
protective coatings,' an intervening media in liquid—liquid
emulsions,™ and occur as a lubricant in the cornea of the eye.* In
technological processes where the stability of thin films is
important, numerous theoretical and experimental studies have
been conducted to understand the factors that lead to the rupture
of the thin films."”"® Thin films are unstable when the
wavelength of fluctuations is larger than a critical value.®
Perturbations can lead to a diverse range of dynamics ranging
from stable films to ruptured films showing dry spots/or holes.
This behavior is attributed to the intermolecular interactions
which are typically not significant in bulk fluid dynamics.® A
pressure balance at the free interface is used to determine the
shape between the layers. Thin film instability can be triggered
naturally”'*"> (i.e., intermolecular forces) and by externally
applied forces>!¥16723 (i.e., mechanical, thermal, and electric
forces). Films with thicknesses of 100 nm or less are called
ultrathin films and can be either stable or unstable depending on
the sign of the second derivative of the interaction potential with
respect to film thickness.” Natural intermolecular interactions
(such as van der Waals interactions, apolar,”®** and polar
interactions’) determine the initial state of a thin film on a
substrate. The type and magnitude of the interactions depend on
properties of system materials.>**

Applying an electric field can also cause film motion due to
creation of a stress at the film interface. Electrically induced
instability of thin films has received extensive attention as a tool

W ACS Publications  © XXxx American Chemical Society

for generating novel submicrometer structures,
with applications in the fabrication of microfluidic devices,
biosensors, fuel and solar cells, and optoelectronic devices.
Among several micro and nanofabrication methods (e.g,, self-
assembly, soft lithography, optical lithography, nanoimprinting,
etc.), electrohydrodynamic lithography (EHL) is a promising
technique to create micron and submicron patterns at the thin
liquid/molten polymer film interface. This is due to the capability
of EHL in generating complex structures rapidly and
economically.*” Raising the electric field above a critical value
results in crease formation in the thin film and a further increase
in the electric field can cause crater formation on the polymer
interface.'”*

Electrohydrodynamic (EHD) pattern formation is an energy
driven process® where the dynamics of structures (ie., pillars,
holes, and bicontinuous pattern formation) form to minimize the
main energy component, the electrostatic energy. From a
thermodynamic point of view, the film evolves to lower the free
energy of system>° such that at steady state the lowest
interfacial energy determines the final structure.

Initial stages of film evolution can be described by linear
stability (LS) analysis, whereas further stages show nonlinear
behavior.'**® Feature size in the EHD process is characterized
by the fastest growing wavelength of instabilities, A.,. The
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center-to-center distance of pillars in (typically a hexagonal pillar
pattern) can be predicted by LS analysis.'®*”*%**3%*! 1n LS
analysis, A, is a function of electric permittivity of layers ¢,
electrode distance d, initial mean film thickness hy, applied
voltage V, and interfacial tension y. 162720 Bilayers with €, > 1
have been widely studied both numerically”***"*7* and
experimentally;'%*”3"33353 bilayers with €, < 1 have received
less attention despite their potential for producing smaller
features as demonstrated by experiments.”””

Dynamics and spatiotemporal evolution of perfect dielectric
(PD) and leaky dielectric (LD) bilayers which are bounded with
air are numerically modeled for both flat and patterned
electrodes.*®** PD materials, with no free charge, polarize
under the electric field, but in LD materials, with infinitesimal
amount of charges, charges move and accumulate on the
electrode surface and the interface.*” Significant decrease in the
length scale of structures is observed due to the presence of free
charges at the interface.***° It is experimentally shown that the
use of an ionic liquid (IL) bounding layer results in
submicrometer-sized features even with the use of flat electro-
des.* Tonic liquids can be ionic salt like materials, considered as
high temperature ionic liquids, or low temperature ionic liquids®
which are liquid below 100 °C and electrolytes (aqueous or
nonaqueous).>"

An IL—-PD interface which is subject to an applied electric field
is present in many microfluidic system applications. Free ions
present in the ionic liquids and under the applied electric field
redistribute and accumulate on the charged surfaces. The diffuse
layer of ions is called the electric double layer (EDL). The EDL
structure is essential to obtain the electromechanical behavior of
IL—PD interface.>™>* This diffuse layer is not present in perfect
dielectrics and leaky dielectrics. Another difference is the
electroneutrality condition of bulk in the leaky dielectric case.

Dynamics of the free ions within IL material is governed by the
Poisson-Nernst-Planck equation which leads to the Boltzmann
distribution for an equilibrium condition® where the charge
relaxation time is much smaller than the process time.”® It is
observed that IL layers subjected to a strong electric field (over
O(10%) V/m) behave like a perfect conductor.>® Since the
applied voltage and the upper layer thickness in the EHD
patterning process result in the IL layer experiencing both strong
and weak electric field conditions, a comprehensive electrostatic
model is needed to predict both perfect conducting and EDL
behavior of the IL layer.

An analytical model based on the coupled nonlinear Poisson-
Boltzmann and Laplace equations to obtain the electric potential
distribution within layers and consequently the electrostatic
pressure acting on the interface is developed. Then, a
comprehensive numerical investigation is performed to inves-
tigate the morphological behavior of bilayers. Layers with an
electric permittivity ratio of less than one (¢, < 1) under a
homogeneous electric field are the focus of this investigation.
The morphology of the film and its drainage time under the
effects of filling ratio and electric permittivity ratio are studied.
Finally, the perfect dielectric (PD) upper layer is replaced with an
IL layer to investigate spatiotemporal behavior of the bilayer.
Analytical calculations are performed and integrated into the
numerical simulation to obtain the interface potential and to
define an electrostatic component of conjoining/disjoining
pressure acting on the interface.

B PROBLEM FORMULATION

A schematic of the thin film sandwiched between upper and
lower electrodes is shown in Figure la. Thin film evolution is

Upper Electrode

‘ Bounding layer (Perfect dielectric/lonic Liquid)
h=f(xyt)

Bilayer Interface

; 2 |
Lower Electrode l

L

Figure 1. (a) Schematic view of the thin film sandwiched between
electrodes. The z-position of the free interface is described by the
function h = f(x, y, t) with the lateral coordinates x, y, and time t. The
amplitude of the fluctuation with wavelength is not to scale and is
magnified. d = 100 nm.

described using mass and momentum conservation for both the
thin film and the bounding fluid.

V.i,=0 (1)

01 IR
p’(g + (i Vui))
=-VP + V. [,ui(Vﬂi + (Vﬁ,)T)] +J_[; ()

These equations are solved with the following boundary
conditions: no slip condition on the walls (#; = 0 at z = 0 and
z=d), no penetration (two media are immiscible: 1, = 0) and
stress balance (normal: 7.[,.1i — G,.1] = ky + f 7 and tangent: .
(6,7 — 6,7 = f.£) at the interface (z = h(x, y, t)), where 5= —PI
+ u (Vi + (Vii)7) andf = —V¢ is for external body force, ¢ is
conjoining pressure, y; is the dynamic viscosity, and subscript i
denotes the fluid phase (here 1 and 2 for the thin film and the
bounding media, respectively). The normal and tangent vectors
of the interface are 7 and E , respectively.53 The surface tension, 7,
is assumed to be constant and « is the mean interfacial curvature
of the film interface.>®

The liquid layers are assumed Newtonian, incompressible, and
have an electric permittivity of &,(¢,) for lower (upper) layer.
The film is assumed sufficiently thick that the continuum
assumption is valid, but thin enough that gravity effects can be
neglected. The system is assumed isothermal so energy
conservation is not needed. A kinematic boundary condition is
usg.d to relate interfacial velocity component to the film thickness
as

_ o +u o + v%atz = h(x, y, t)

ot Ox oy (3)

In the EHL process, an applied electric field destabilizes the
interface of the liquid film and bounding fluid, leading to the
evolution of patterns with height of h = f(x, y, t). The wavelengths
of the growing instabilities, 4, are much larger than the initial film
thickness (at initial stages), so a “long-wave approximation”'® is
used to simplify the governing equations. Inertial effects are also
negligible because the thickness of the lower layer remains less
than 100—200 nm during the film dynamics, which leads to
Reynolds number which is much smaller than one (Re < 1). To
reduce the computational effort, the polymer film (lower layer) is
assumed much more viscous than the bounding fluid (upper
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layer). Applying these assumptions to the governing equations

and boundary conditions results in the following “thin film”
L 12,24,29,41,54
equation:
01,50 0
3uh, + —[;ﬁ—"’] A PRLUN
ox| oOx dy| oy
w=ylh, +h,] - ¢ (4)

which is a long-wave limit description of spatiotemporal
evolution of film interface, h(x, y, t). In y, y[hy, + hy] is the
surface tension force, while ¢ represents the excess intermo-
lecular forces, which is a conjoining pressure as mentioned
previously. Laplace pressure (the first term in y) is a result of
local curvature of the free interface and interfacial tension. By
minimizing the interface area of the film and the free energy of
system, this term damps fluctuations.”® The viscous term, 3uh,
also damps fluctuations in the fluid film. Increasing the films
viscosity increases film evolution times.>

Interaction Potentials. Conjoining pressure, ¢, (force
acting on the film interface per unit area) is defined as the
gradient of excess intermolecular interactions, ¢ = V(AG). In
EHD, the electric field induces a pressure at the film interface
which is added to the natural interactions to generate excess
intermolecular interactions. The conjoining pressure, ¢, is a
summation of these interaction potentials: van der Waals,
electrostatic, and Born repulsive interaction potentials and is
given as

¢ = gérdw + by, + Py )

The van der Waals interaction is the summation of Keeson,
Debye, and London dispersion forces.”>*® This interaction is
defined as b, qw, = A/67h* and gy, = —Ay/6x(d — h)? for the

lower and upper electrodes, respectively. A; and Ay are effective
Hamaker constants for the electrodes which depend on the
materials used for electrodes and fluid layers.>>>¢

The van der Waals interaction are singularash — O and h — d.
To avoid nonphysical penetration of liquid to solid phase, in case
of film rupture and touching, a cutoff distance, [, is defined for
which a short-range repulsive force, called Born repulsion, acts
on the film interface.">****" This is used to maintain a
minimum equilibrium liquid thickness on both electrodes and is
defined as ¢y, = —8B/h’ and ¢y, = 8By/(d — h)’ for the lower

and upper electrodes, respectively. Coefficients By and By, are
found by setting the net conjoining pressure equal to zero at h = I,
and h = d — I, for lower and upper surfaces. The most significant
component of the conjoining pressure is the electrostatic
pressure developed due to Maxwell stress®®

2 2
1 Iy, 9y,
= —g|e| —I _ —e| —=I _
¢EL 2 0 1( oz z—h) 2( oz z=h (6)

where &, (g,) is the relative electric permittivity of lower (top)
layer and ¢, is free space electric permittivity. For the air—
polymer bilayers (i.e., PD—PD materials with no free charge), the
1Laplaclg 29eﬂuation governs the electric potential in the
ayers. "

eieOVZz//i =0 (7)

For the IL layer case, with N numbers of species in the
electrolyte, the Poisson equation is used to obtain electric
potential in the IL layer.

2 - -
EEV Y = 4 (8)

The boundary conditions are the applied potential on the
upper electrode, grounded for the lower electrode, and the
electric displacement and potential continuity at the bilayer
interface. In eq 8, py accounts for the free charge distribution
within the IL layer which is related to the ionic number
concentration as Pr= Zfi 1Zeen;. Free ions move and stay close to

226

229

the charged surfaces to form a Debye layer.”® The dynamics of 233

the free ions become insignificant when using a Boltzmann
distribution. The Boltzmann distribution must satisfy the
electroneutrality condition within the IL layer and is derived
from ion conservation equation in an equilibrium condition

[ Zle(l// - l//ref):|
n; = n, exp| ———————

kgT 9)
where y,.¢ and n,,, are reference potential and bulk ion number
concentration, respectively. The reference potential y is set as
the applied voltage. For the ith species in the electrolyte, Z; is the
valence, e is the magnitude of electron charge, ky is the
Boltzmann constant, and T is the temperature in K. Bulk ion
number concentration depends on the molarity of electrolyte, n,
= 1000N M, for which N is the Avogadro number and M is the
electrolyte molar concentration. The nondimensional electric
potential and length are defined as ¥ = eziy/kyT and Z = z/(d —
h), respectively. The nondimensional Laplace and nonlinear

Poisson-Boltzmann equations in the long wave limit are
&Y 0
dz? (10)
T (= 1) (8~
= (x(d — sinh(¥ —
dz’ o (11)

These are solved to find electric potential distribution across the
PD layer, 0 < Z < (h/(d — h))

h
and the IL layer, (h/(d — h)) < Z < (d/(d — h))

1- exp(K(d - h)(ﬁ - Z)) tanh{w}
1+ exp(K(d - h)<(dﬁh) - Z)) tanh{(%{%‘[‘s)}

(13)

where k = ((£,60ksT)/(26%2%n4,)) "2 is the inverse of Debye
1ength.26 The nondimensional interface electric potential, ¥, can
be found by solving the following nonlinear equation

(12)

¥ =¥, +2n

2e,kh (\Pup - %)
- sinh
& 2

¥

N

- (14)

It is assumed that the IL is a symmetric (Z: Z) and monovalent
electrolyte. It should be noted that use of long wave
approximation is valid for the early stages of film evolution.
Linear stability (LS) analysis shows that using long wave limit
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approximation overestimate the maximum wavelength of 265

instability growth when compared to a general model. ***

Using the electric potential distribution obtained from eqs 12 and
13 and combining with the electrostatic pressure in eq 6 results in
a conjoining pressure acting on the IL—PD bilayer interface of
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2
1 & ¥
¢, = ——€¢ ——1(—)
FL 2 & h (15)
For bilayers that act like perfect dielectrics the electrostatic
component of conjoining pressure is*
17

1 £
——8180(—1 — 1) - v
2\ h( - i) + 44
€ £

ber, =

2

(16)

Linear Stability Analysis. To predict the characteristic
wavelength for growth of instabilities, linear stability analysis has
been performed for PD—PD bilayers'>'%*”3%375557 4nd PD—IL,
bilayers.>' For a thin PD liquid film bounded with an IL layer, the
LS analysis is found by substituting the interface height, &, in eq 4
with small sinusoidal perturbation of the interface, h = hy + &
exp[i(k*x + k*y) + st] and neglecting the nonlinear terms. k* is
wavenumber, s is the growth coefficient, and ¢ is the amplitude.
The linear dispersion relation, s, and the resulting dominant
wavenumber, k¥, of the fastest growing wave are s =
—[(ho’k*2)/(3u)1[(9p/0M)lhy + K*?y] and ki, = {[(9¢/0h)]
hol/ (=2y)}"/?, respectively. The term (d¢p/oh)lh, represents the
gradient of conjoining pressure with respect to the interface
height evaluated at the initial film thickness. In the initial stages of
EHD patterning, the electrostatic interaction is dominant;
therefore, ¢ in k* and s is replaced with ¢g;.

Since the bilayer interface potential is a function of interface
location, applied voltage, electric permittivity of layers, and the
Debye length (eq 14), changing any of these parameters changes
the interface potential and the electrostatic component of
conjoining pressure and consequently the shape and size of the
structures. For simulation, time (T =t/¢,) and length (X = /A4,
and Y=y/A,,,,) are scaled using t, = 12uy/h3(0¢ps, /0h)* and A,
= 2x(k¥*,,) ™" from LS analysis. The liquid film thickness is scaled
to the mean initial thickness, H = h/h,,.

Numerical Method. To obtain transient behavior of the
liquid—liquid interface, the governing equations (eqs 4 and S) are
solved numerically. Solution of this 4th order nonlinear partial
differential equation (PDE) employs an adaptive time step
ordinary differential equation (ODE) solver for the temporal and
a finite difference method for the spatial direction. First, spatial
derivatives are discretized using finite difference to convert the
PDE to a differential algebraic equation (DAE) in time.
Differential algebraic solver (DASSL) with an adaptive time
stepping is then used for the DAE system.”® A domain with
length of A, or larger is sufficient to see the growth of
instabilities when periodic boundary conditions are chosen;
otherwise, fluctuations will damp out over time.** For notation
simplicity, A will be used instead of A,,.. A square domain with
size of (4 X 4)4* and a periodic boundary condition for both x
and y directions are chosen. A uniform Cartesian grid is used
throughout this study with 121 X 121 spatial grids. Initial
conditions for the simulation are a random disturbance while
maintaining liquid film volume. The simulation parameters and
constants used in this study are listed in Table 1.

Bl RESULTS AND DISCUSSION

The use of an external electric field induces instabilities on the
deformable film interface to create a variety of structures from
simple hexagonal ordered columns, the bicontinuous and
holes'®%77333536394142,4455 4, the more complex ones such as
cage-like,s‘9 hierarchical,®® core—shell, and embedded®” struc-

Table 1. Constants or Parameters Used in Simulations

value

1.602 x 107Y C
1.378 x 1072 J/K
6.022 x 10% 1/mol
885X 1072 C/Vm

parameter
electron charge magnitude (e)
Boltzmann constant (k)
Avogadro number (N,,)

free space electric permittivity (&,)

viscosity of liquid film () 1Pas

effective Hamaker constant (A) —-1.5x107%]
interfacial tension (y) 0.048 N/m
electric permittivity of the liquid film (&) 2.5 (=)

electric permittivity of the bounding media (&,) 1-36 (—)
molarity (M) 0.01—1 mmol/L
initial film thickness (h,) 20—85 nm
electrodes distance (d) 100 nm

Born repulsion cut off distance (I,) 1-8 nm

applied voltage (y,,) 0.25-70 V

tures. The film interface structure changes under a homogeneous
electric field based on the relative electric permittivity difference
of layers which determines the net electric force direction.
Referring to eq 16, for the case of €, > ¢, (¢, < &,) the electrostatic
force acts upward (downward) which results in a disjoining
(conjoining) pressure.

In ionic liquids, migration and redistribution of free ions result
in double layer formation close to the interface. This
accumulation of ions alters the electric potential distribution
within the IL layer and depends on the ionic strength which is
characterized by the Debye length, k. The conductivity of ionic
liquids increases with high molarity and lower Debye length. The

336

analytical solution, eqs 12 and 13, is examined for three values of 337

molarity in the IL—PD bilayer and results are compared to the
electric potential distribution in a PD—PD bilayer in Figure 2a.
Electric permittivity ratio, &, = 0.6, and applied potential, ¢, =
0.25 V, are kept constant.

Ionic liquids with higher molarity, M = 1 mmol/L (lower
Debye length k™' = 1.08 nm) act like perfect conductors and
electric potential decreases slightly near the interface, whereas a
potential drop close to the interface is more significant when the
ionic strength is lower, M = 0.01 mmol/L (higher Debye length,
k™' =10.8 nm). For the PD film, as expected from solution of the
Laplace equation, electric potential decreases linearly near zero at
the lower electrode (see Figure 2a). The proposed analytical
solution, eqs 13 and 14, gives reasonable results for ionic liquids
with M > 0.01 mmol/L (ie., Kl<108 nm). The maximum
growth rate, s.,,,, and its corresponding maximum wavenumber,
k., are found for IL—PD bilayers from LS analysis. Growth rates
as a function of wavenumber for IL—PD and PD—PD bilayers are
compared in Figure 2b. The maximum wavenumber is increased
when the PD bounding layer is replaced with the IL one which
results in lower maximum wavelength, Amay Tesulting in smaller
center to center distance of pillars."®

As shown in Figure 2a, higher ionic strength leads to lower
electric potential drop within IL layer. Therefore, the lower layer
film experience a higher electric field. Consequently a IL—PD
interface is subject to higher electrostatic pressure, ¢ (eq 15).
Effects of electrolyte molarity on the net electrostatic pressure
acting on the IL—PD interface for two electric permittivity ratio
of layers, &, = 0.6 and 2.5, are shown in Figure 3a. In all cases, the
magnitude of electrostatic pressure decays as the interface height
increases. The negative values for ¢ represent the upward
disjoining pressure and positive values are downward conjoining
pressure.
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Figure 2. Effects of IL layer molarity on (a) nondimensional electric potential, ¥ = ey/k; T, variations versus nondimensional height, Z = z/(d — h) and
(b) growth rate, s, variations versus wavenumber, k*. d = 100 nm, h, = S0 nm, W =025V, £, =25, and &, = 4.17.
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Figure 3. Electrostatic pressure variations versus interface height. Effects of (a) electrolyte molarity in IL—PD bilayers, (b) relative electric permittivity
ratios of layers in PD—PD bilayers, €, Applied potential, y,,, is (a) 0.25 and (b) 20 V and &, = 2.5.

370  The effects of relative electric permittivity ratios of the fluid
371 layers in PD—PD bilayers on the electrostatic conjoining/
372 disjoining pressure is presented in Figure 3b. In this case the
373 applied potential, y,, = 20 V, is 80 times greater than that used
374 for the IL—PD bilayers (Figure 3a). Comparing ¢y values for &,
375 = 0.6 and 2.5 between IL—PD bilayers and PD—PD bilayers
376 show that electrostatic pressure varies more uniformly with
377 change of interface height in PD—PD bilayers. Using bounding
378 layers with high relative electric permittivity in PD—PD bilayers
379 also leads to higher electrostatic pressure with similar exponential
380 decrease as a function of interface height to IL—PD bilayers.
381 Although the applied potential is 80 times smaller in the IL—PD
382 case, the interface experience higher electric pressure even
383 without considering the change in molarity.

384 When the spinodal parameter (derivation of conjoining
ags pressure with respect to the film thickness) becomes negative,
386 the film becomes unstable. For the PD—PD bilayers (eq 16),
387 both cases €, > €, and € < &, result in negative spinodal
383 parameter values. However, for the IL—PD bilayers (eq 15), the
389 spinodal parameter is negative only for bilayers with &, < &,.
300 Therefore, this study focuses on the unstable case, where the
391 upper layer has a higher electric permittivity than the lower layer
392 (g, < &,).

Variations in electrostatic pressure due to change in applied 393
potential for PD—PD and IL—PD bilayers are presented in 394
Figure 4. To show the broad range of variations in gy, results are 395 g4
plotted on a log—log scale. An electric permittivity ratio of €, = 396
0.6 and the IL layer molarity of M = 0.1 mmol/L (k™' =3.43 nm) 397
are constant. The IL—PD interfaces is subject to a much higher 398

PD - PD IL-PD
10"
. oy,= 70 (v) —— Vi~ 15)
1011 ey, =10 M) ——y =10 V)
PP 10 —— =2 M)
§ 10 —o— V= 0.25 (V)
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1 1IO 100
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Figure 4. Electrostatic pressure variations versus interface height in
PD-PD bilayer and IL—PD bilayer, considering applied potential
effects. M = 0.1 mmol/L for IL—PD, ¢, = 2.5 and ¢, = 4.17.

dx.doi.org/10.1021/1a503839x | Langmuir XXXX, XXX, XXX—XXX



£5

Langmuir

pillars bicontinuous

|

Figure 5. Base case PD—PD bilayer (a—d) images from i to iii show the 2-D spatiotemporal evolution for liquid—liquid interface instabilities in a (4 X
4)2? domain when €, = 0.6 and &, = 2.5. Initial mean film thicknesses (h,) are a(i-iv) 20 nm, b(i-iv) 50 nm, c(i-iv) 70 nm, and d(i-iv) 85 nm. Initial electric
field intensities (E,) are 294, 250, 227, and 212 MV/m, respectively. Nondimensional times for the 2-D plots are T = a(i) 9 X 10 a(ii) 3.4 X 10°% and
a(iii) 2.4 X 10% b(i) 8 x 10% b(ii) 1 X 10% and b(iii) 4 X 10%; c(i) 2 X 10% c(ii) 6 X 10%, and c(iii) 9 X 10% d(i) 1.8 X 103 d(ii) 2.2 x 10 and d(iii) 6.1 X
10%. Plots a—d(iv) show 3-D snapshots of the liquid—liquid interface structure. Nondimensional times for the plots are T = a(iv) 3.4 X 10°% b(iv) 1 X 10%,

c(iv) 6 X 10% and d(iv) 6.1 X 10°.

399 electrostatic pressure compared with the PD—PD interface (in
400 the order of 10° to 107 times higher for the W =10V case).
401 IL—PD bilayers are unstable under applied electric field while
402 €, < 1. To investigate this response, PD—PD bilayers with €, < 1
403 are first considered by calculating the dynamics and resulting
404 spatiotemporal evolution of interface. This provides a basis of
405 comparison for unstable IL—PD bilayers in the next step.

406 Perfect Dielectric—Perfect Dielectric Bilayers (g, < 1).
407 Bilayers with ¢, < 1, which act like perfect dielectric materials (i.e.,
408 there is no free charge or free ion in media) are examined first as a
409 baseline for comparison to IL—PD bilayers. Electric breakdown
410 in layers is not included in the simulations and it is assumed that
411 the film layers behave like perfect dielectrics during the
412 patterning process. The applied voltage, v, is set to a low
413 value (20 V), but even at this low applied voltage, the expected
414 electric field within the layers may exceed the dielectric field
415 strength of the material and result in electric breakdown violating
416 the model assumption.*

417 A 2-D spatiotemporal evolution and 3-D snapshots of the
418 liquid—liquid interface instabilities for the homogeneous electric
419 field and PD—PD bilayer with €, = 0.6 is shown in Figure 5. Initial
420 mean film thicknesses (h,) are a(i-iv) 20 nm, b(i-iv) 50 nm, c(i-
41 iv) 70 nm, and d(i-iv) 85 nm. The electrostatic conjoining

pressure pushes the interface downward, so some hollows in the 422
lower layer are expected to form. Negative diffusion® moves the 423
fluid from the thinner to the thicker region which assists in the 424
growth of instabilities over time. Four distinct structures of the 425
following: pillars a(iv), bicontinuous b(iv), holes c(iv), and roll- 426
like d(iv) are observed. Similar to the bilayers with €, > 1,°”*" 47
pillars and bicontinuous structures form in PD—PD systems. 428
However, holes and roll-like structures only form when there is a 429
conjoining pressure for &, < 12730 430

Pillars which have a hexagonal structure a(ii) imply that 431
coalescence of the neighboring pillars a(iii) is due to their 432
collision.> Bicontinuous structures, b(ii) and b(iii), behave like 433
an air-in-liquid dispersion which occurs in air—polymer (i.e., 434
monolayer) system with high filling ratios.” For hole formation 435
the interface touches the upper electrode in the early stages of 436
process, c(i), with dumbbell shape dents on the interface. These 437
dents evolve into round shapes with time and deepen toward the 433
lower electrode, c(ii). Compared to the pillars, a(ii), the holes, 439
c(ii), do not have a hexagonal order over the domain; therefore, 440
Ostwald ripening®® is one possible reason for the coalescence of 441
neighbor holes over time. Roll-like or straight groove-type 442
structures seem to be an organized form of the bicontinuous 443
structures generated by the same phase inversion mechanism. 444
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Images a—d(ii) show the quasi-equilibrium structures and a—
d(iii) are snapshots for the coalescence stage. The time that
patterns remain in the quasi-equilibrium condition depends on
physical parameters of the system like viscosity, electric
permittivity ratio of layers, and initial mean thickness.*”*">
To characterize different morphological behaviors in bilayers
with &, = 0.6 and different thicknesses, as shown in Figure S, a
systematic numerical investigation is performed. A parametric
map that captures the liquid—liquid interface structure for wide
ranges of relative electric permittivity ratios of layers, ¢, and
nondimensional initial mean film thickness, h,/d, is shown in
Figure 6. Both initial layer thickness and electric permittivity ratio

10 T T T A A pilar
O bicontinuous
O holes
A o u] Y roll-like
A A o
1
. 06 AN - : B § s
A A
w 0.3 oo D I:IF—I—O ————— 080 —————————
0.1 4 A o o A %* 3
A < w
001 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
h/d (-)

Figure 6. 2-D parametric map that illustrates the liquid—liquid interface
structure as a function relative electric permittivity ratios of layers, €,, and
nondimensional initial mean film thickness, hy/d.

are critical factors in the EHL process and can create different
patterns on the film. When the lower layer is thicker than the
upper layer, the final pattern is more sensitive to electric
permittivity. Changing the electric permittivity ratio of the
bilayers results in the interfaces having two to four different kinds
of structure depending on the initial thicknesses of the layers. For
example, in the case of & = 1.5, pillars and bicontinuous
structures will form when hy/d = 0.2 and 0.5, respectively; but for
g, = 0.3, pillars, bicontinuous, and hole structures are observed
for hy/d ratios of 0.35, 0.5, and 0.6, respectively. Moreover, the
interface can have four distinct structures, namely, pillars,
bicontinuous, hole, and roll-like where €, = 0.6 and h,/d ratios
of 0.2, 0.6, 0.7, and 0.85, respectively.

From a thermodynamic point of view, the final structure in the
pattern formation process is the shape that is at the lowest
Helmholtz free energy of the system which is in a thermodynami-
cally stable state condition. In Figure 6, a critical initial film
thickness for each &, can be found such that the EHD patterning
process of films with initial thicknesses below this critical value
results in pillar formation. The critical film thickness is called the
Maxwell point'”*® which is the inflection point in the plot of
conjoining/disjoining pressure versus interface height in the
steady state solution.”® Varying the relative electric permittivity
ratio of the layers changes the conjoining/disjoining pressure
(see Figure 3) which results in a shift to the critical film thickness
value.

In some cases, structures do not last for a long time,
particularly for patterns that are close to the boundaries between
different structures in Figure 6. Filled triangles in Figure 6 denote
the unstable pillars which coalesce quickly and form
bicontinuous structures. These are bounded between stable
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Figure 7. Nondimensional maximum and minimum film thickness, h/d (=), variations versus nondimensional time, T. Relative electric permittivity
ratios of layers, ¢, and initial mean film thickness, h, effects on the drainage time. Permittivity ratios are &, = (a) 0.1, (b) 0.6, (c) 1.5, and (d) 2.5. Initial
electric field intensities (E,) for 20-, 50-, and 70-nm-thick films are (a) 714, 363, and 273 MV/m; (b) 294, 250, and 227 MV/m; (c) 142, 160, and 174

MV/m; and (d) 90, 114, and 137 MV/m, respectively.
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Figure 8. IL—PD bilayer (a—c) images from i to iii show the 2-D spatiotemporal evolution for liquid—liquid interface instabilities in a (4 X 4)1> domain
when &, = 0.6 and M = 100 (mmol/L). Initial mean film thicknesses (h,) are a(i-iv) 20 nm, b(i-iv) 50 nm, and c(i-iv) 70 nm. Nondimensional times for
the plots are T=a(i) 9, a(ii) 11, and a(iii) 13.5; b(i) 7, b(ii) 8, and b(iii) 20; c(i) 7, c(ii) 10, and c(iii) 17. Plots a—c(iv) show 3-D snapshots of the liquid—
liquid interface structure. Nondimensional times for the 3-D plots are T = a(iv) 13.5, b(iv) 20, and c(iv) 10. Initial electric field intensities (E,) are (a) 90,

(b) 11, and (c) 137 MV/m.

488 pillars and bicontinuous structures. By careful examination of
489 Figure 6, it is found that as the mean initial thickness of the layers
490 is varied (h,/d), more types of structures are produced when ¢, <
491 1 is compared to €, > 1.

492 The effect of relative electric permittivity ratios of layers, €,, on
493 the nondimensional maximum and minimum film thicknesses,
494 h,../d and h,;/d, over nondimensional time, T, for three
495 polymer film thicknesses of 20, 50, and 70 nm is shown in Figure
496 7. Four values of (a) 0.1, (b) 0.6, (c) 1.5, and (d) 2.5 are chosen
497 for the ¢, to compare the bilayer behavior for €, > 1 and €, < 1.
498 The parameter h,;, indicates when the lower layer drains (or
499 nonwets the lower electrode) and h,,,, indicates when the lower
soo layer touches the upper electrode in the domain. To compare
so1 bilayers with different thicknesses, interface height, h, is
s02 nondimensionalized using electrode distance as a length scale.
503 The actual time in real experiments depends on the properties of
s04 the applied materials, mainly viscosity.>® For bilayers with €, < 1,
sos thicker films drain more rapidly than thinner ones as shown in
so6 Figure 7a,b, a similar trend is found for the bilayers with &, > 1
507 shown in Figure 7c,d.

lonic Liquid—Perfect Dielectric Bilayers (g, < 1). When sos
IL—PD bilayers are considered, it was found that the interface so9
experiences higher electric field. The electrostatic model and s10
corresponding electrostatic pressure derived earlier are used in s11
the thin film equation to examine the spatiotemporal evolution of s12
IL—PD interface. The electric permittivity ratio of bilayer is set to s13
g, = 0.6, and the other physical parameters are kept the same as 514
those of PD—PD bilayers for comparison purpose. Three bilayers s1s
with initial mean lower layer thicknesses (h,) of 20, 50, and 70 s16
nm are simulated and the 2-D spatiotemporal evolution and 3-D s17
snapshots are shown in Figure 8. 518 f8

For the IL—PD cases in Figure 8, a homogeneous electric field s19
is applied in a (4 X 4)A* domain at &, = 0.6 and M = 100 mM/L. 520
In the IL—PD case with a 20 nm lower layer initial thickness s21
(Figure 8a), pillars form on the interface similar to the PD—PD s22
system (Figure Sa). However, the generated pillars are more 523
sparsely spread and have an elliptical cross section instead of s24
circular. Increasing h, to 50 nm causes the IL—PD to switch to s2s
polydisperse holes (Figure 8b(ii). In the PD—PD bilayer a s
bicontinuous structure (Figure Sb(ii)) is formed at hy = 50 nm, s27

dx.doi.org/10.1021/1a503839x | Langmuir XXXX, XXX, XXX—XXX



i

Langmuir

Figure 9. 2-D spatiotemporal evolution for liquid—liquid interface instabilities for the homogeneous electric field in (a) PD—PD and (b) IL—PD
bilayers, in a (4 X 4)4* domain when &, = 0.6 and M = 100 (mmol/L) for the IL—PD bilayer. The initial mean film thickness is /iy = 20 nm and the
nondimensional times for the plots are T = (a) 3.4 X 10° and (b) 13.5. Wyp = 20 V and initial electric field intensities (E,) are (a) 294 and (b) 995.

s28 which is unlike the similar condition IL—PD bilayer holes (Figure
520 8b(ii)). A further increase in ki, to 70 nm in the IL—PD case leads
530 to the generation of more organized holes (Figure 8c(ii)). Thus,
531 using an ionic liquid in place of a perfect dielectric seems to
s32 effectively causes a shift to the left in the boundaries between
533 structure types in Figure 6.

s34  The disordered and polydispersed pillars of the IL—PD system
s3s which are captured in the numerical simulation are also
536 experimentally observed.”* Thus, the numerical simulation
537 developed here in predicting the interface behavior in the IL—
538 PD system seems to capture the dynamics of interest. A 2-D
539 spatiotemporal evolution for liquid—liquid interface instabilities
s40 for the homogeneous electric field in (a) PD—PD and (b) IL—
s41 PD bilayers are directly compared in Figure 9. The number of
s42 pillars in the IL—PD bilayer is more than what is immediately
543 apparent in Figure 9, since the physical domain size in IL—PD is
s44 10 times less than that in PD—PD. Specifically, the average
s45 center-to-center distance of pillars is 210 nm for the IL—PD
s46 bilayer compared to 1336 nm for the PD—PD bilayer,
s47 quantifying the smaller size features in the IL—PD bilayers for
s48 this case.

sao l CONCLUSIONS

sso Electrostatic force is used as a destabilizing external force to study
ss1 the dynamics, morphological evolution, and drainage time of thin
ss2 liquid bilayers (<100 nm). Due to the geometrical properties of
553 the system (small aspect ratio of mean film thickness to lateral
ss4+ domain) a long-wave asymptotic theory is employed to simplify
sss the coupled mass and momentum equations. This results in a
ss6 nonlinear thin film equation approximation which is numerically
ss7 solved. The generated thin film fluid structures of IL—PD
ss8 bilayers for varying parameters are simulated and compared to
559 the well-known PD—PD base case.

s In PD—PD bilayers with &, < 1, pillar, bicontinuous, hole, and
s61 roll-like structures are formed, whereas the last two features are
s62 not observed in the bilayers with &, > 1. When the thin film is
s63 thicker than bounding media, the final pattern is more sensitive
s64 to the electric permittivity ratio. Thicker films are found to drain
ses more rapidly in bilayers with €, < 1 similar to bilayers with €, > 1.
sés  For IL—PD bilayers, to predict the electrostatic component of
s67 conjoining/disjoining pressure acting on the interface, an
se8 analytical model is developed based on the nonlinear Poission-
s69 Boltzmann equation. Perfect dielectrics and perfect conductors
s70 are found as limiting cases for ionic liquids with low and high
571 ionic strength, respectively. The IL—PD interface is subject to a

much higher electrostatic pressure compared with the PD—PD 572
interface (on the order of 10° to 107 times higher for the Wyp =10 573
V case). It is found that the IL—PD bilayers with &, > 1 remain 574
stable under the action of transverse electric field, whereas similar s7s
PD—PD bilayers are unstable. 576

The use of an IL layer is found to reduce the size of the 577
structures by a factor of ten (App_pp is about ten times larger than s7s
An_pp) for the case studied. This has important implications s79
when the goal is to produce small structures. The IL—PD pillars sso
tend to be polydispersed and more disordered over the domain ss1
compared to the PD—PD ones. The developed analytical models ss2
and resulting numerical simulation closely predict the interface ss3
behavior for both PD—PD and IL—PD bilayers over the range of ss4
parameters tested when compared to other numerical studies ss8s
and experimental observations in the literature. This indicates 386
that the numerical simulation developed is of utility in predicting 587
PD—PD and IL—PD bilayer responses to an applied electric field. sss
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