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Micro/Nano

Compact
Patterning: Using Thin Conductive Film and Patterned
Template

Electrohydrodynamic

Hadi Nazaripoor,* Charles R. Koch,** Mohtada Sadrzadeh,* and Subir Bhattacharjee®

The influence of electrostatic heterogeneity on the electric-field-induced destabilization of thin
ionic liquid (IL) films is investigated to control the spatial ordering and reduce the lateral dimension
of structures forming on the film. Commonly used perfect dielectric (PD) films are replaced with
ionic conductive films to reduce the lateral length scales to sub-micron level in the EHD pattering
process. The 3-D spatiotemporal evolution of a thin IL film interface under homogenous and
heterogeneous electric field is numerically simulated. Finite differences in the spatial directions
with an adaptive time step ODE solver are used to solve the 2-D nonlinear thin film equation. The
validity of our simulation technique is determined from close agreement between the simulation
results of a PD film and experimental results in the literature. Replacing the flat electrode with
the patterned one is found to result in more compact and well ordered structures particularly
when an electrode with square block protrusions is used. This is attributed to better control of the
characteristic spatial lengths by applying heterogeneous electric field by patterned electrodes.
Structure size in PD films is reduced by a factor of four when it is replaced with IL films which
results in nano-sized features with well ordered pattern over the domain.

EHD patterning process, thicker regions of film are subjected to

higher electrostatic force compared to thinner regions, thus the

Electrohydrodynamic (EHD) destabilization of molten polymer or
liquid films has received extensive attention over the past decades

as a unique and interesting approach for creating micron and sub-

1-16 17,18

micron sized features in soft lithography and coatings
In this process, a thin liquid film is sandwiched between two elec-
trodes and an electric field is applied to the film in the transverse
direction (see Fig.1). The disparity of electrical properties of the
film and the bounding fluid (the material which fills the gap be-
tween the film and the upper electrode), results in a different

electric field in each layer. As a consequence, a net electrostatic

force acts on the interface due to the Maxwell stress!®. In the
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electrostatic force increases the instabilities. In contrast, capillary
and viscous forces tend to damp the instabilities. When the elec-
trostatic force overcomes these damping forces, instabilities grow

and pillars (raised columnar structures) form on the interface 1

Initial linear stages in growth of instabilities was investigated
through linear stability (LS) analysis!. The maximum wavelength
for growth of instabilities (A1) which characterizes the center-to-
center distance of pillars in a hexagonal pattern is predicted by
LS analysis 1~3. The LS analysis shows that the lateral size of pil-
lars decreases by increasing the applied voltage (V), mean initial
film thickness (hg), electric permittivity of film (¢) and its con-
ductivity (o). Typically in the EHD patterning process, the thin
liquid film is considered as either perfect dielectric (PD) or leaky

dielectric (LD) 1:6:11.20.21  gmaller length scales can be generated
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by introducing the temperature gradient for a combined thermal
and electric field induced instability for PD and LD thin films22.

In the PD film there is no free charge and the film is polar-
ized under applied electric field. In contrast, for the LD film
the infinitesimal amount of charge present moves and accumu-
late at the interface. Both LS and non-linear analysis of the EHD
patterning demonstrates that the presence of free charges, albeit
infinitesimal, reduces the characteristic wavelength A 4>11,20,21,
This is attributed to high electrostatic force arising from the addi-
tion of an extra term to the Maxwell stress 16:23,

Experiments showed that applying sufficiently strong DC elec-
tric field to the thin liquid film or pendant drop can destabilize
the air-liquid interface leading to a conical shape formation, re-
ferred to as a DC Taylor cone2427, Subsequently, drop is emitted
from the cone’s tip due to the jet breaking. Such EHD cone-jetting
phenomena, known as electrospraying, has been used extensively
as a popular technique of electrospray mass spectrometry28:29,

In the context of EHD patterning, the DC Taylor cone forma-
tion has just been reported (to the best of authors’ knowledge)
in the bifocal microlens fabrication using EHD reflowing of pre-
patterned polymer films30, where the steady state pattern forma-
tion is achieved using critical electric field intensity. The Taylor
cone shape is observed when the electric field intensity slightly
exceeds the critical value of 10 MV/m resulting in switching from
ordinary single-focus microlens to the bifocal ones. It should be
noted that in the EHD patterning finite mass is exposed to the
electric field, in contrast with the electrospraying, and the creep-
ing flow (high viscosity and low velocity) hinders the tip stream-
ing and drop emissions.

Electric breakdown of a polymer film and the bounding fluid
at high electric field strength is reported as a limiting factor in
the EHD patterning especially, when fabrication of nano-sized
features is needed3!. A significant discrepancy between theo-
retical predictions and experimental results (for both PDs and
LDs) can also be attributed to this breakdown31-33, Employing
ionic conductive polymers or simply ionic liquid (IL) films as a
bounding fluid enhances the electrostatic pressure acting on the

interface while preventing electric breakdown3!. It is shown that
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Fig. 1 2-D Schematic representation of (a) thin liquid film sandwiched
between two electrodes and 3-D schematic of upper electrode with (b)
strip-like (c) square block protrusions. 4 is wavelength of growing
instabilities on the interface.

in polymer-ionic liquid bilayer system, the maximum wavelength
(A) can be decreased into submicron level with an increase in
applied voltage and/or decrease of polymer film thickness. How-
ever, it must be noted that thinner films have higher tendency of
dielectric breakdown mainly when the film thickness is less than
50 nm3!,

Ionic conductive materials can be polymerized ionic liquids,
ionic salt like materials (high temperature or low temperature),

23,31,34-37  To math-

and aqueous or non-aqueous electrolytes
ematically model the ions distribution within the IL film the
Poisson-Nernst-Plank (PNP) model has been used 233135, When
the process time is much smaller than the free charges/ions re-
laxation time the PNP equation can be simplified to the Poisson
Boltzmann equation which relates the electric potential to the
charges distribution across the film23:31,

Free ions present in ILs move easily and form a diffuse layer
called a double layer (DL) adjacent to the charged surfaces. In
the PD and LD models, it is assumed that the thickness of the DL
is infinitesimally large and small, respectively. Initially, to bridge
the gap between these two limiting cases, an electrokinetic model
was developed for drop deformation in an electric field 3839, Re-

cently an electrokinetic model has also been developed to study

EHD patterning and LS analysis is used to investigate the dynam-

This journal is © The Royal Society of Chemistry [year]
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ics of polymer films23. These electrokinetic models apply the lin-
earized Debye Huckel approximation to study the stability of
IL films. In our previous work, a more general model has been
developed based on the nonlinear Poisson Boltzmann equation
to investigate the dynamics and stability of IL-PD bilayers 121>,
The EHD patterning process has also been conducted for an ionic
conductive films which resulted in creation of nano-sized pillars
on the film even for high filling ratios (initial film thickness to
electrodes distance ratio) 16. However, the formed pillars were
polydispersed in the domain and less likely to have the array of

pillars uniformly distributed over the domain.

In order to create well ordered structures via electrically in-
duced patterning, it is common to use a patterned mask which
causes replication of mask on the polymer film23.7:13,14 I this
study, a patterned upper electrode is used to electrostatically con-
trol the spatial ordering of pillars as well as their sizes in an IL
film. First, spatiotemporal evolution of thin PD and IL films in the
absence of electrostatic heterogeneity (by using flat electrode) are
presented as baselines. Then the influence of electrostatic hetero-
geneity on the electric-field-induced destabilization of thin IL and
PD films are presented. The effect of protrusions shape (strip
and square block protrusions) and their size (see Fig.1 (b and c))
on the dynamics, morphological evolution and pattern formation
process of IL films are investigated and the results are compared

with the PD base cases.

2 Mathematical model

A schematic of thin liquid film resting on a lower electrode and
confined with a patterned upper electrode (i.e. mask) is shown
in Fig.1 (a). The gap between the film and the mask can be filled
with air or a polymer. It is assumed that the material properties
of the layers such as interfacial tension, viscosity and dielectric
permittivity are constant. Gravity effects are neglected and it is
assumed that the liquid film is incompressible Newtonian fluid.
Constants and parameters used through this study are presented

in in Table 1.

Continuity and Navier-Stokes (NS) equations are used to de-

This journal is © The Royal Society of Chemistry [year]

Soft Matter

Table 1 Constants or parameters used in simulations.

Parameter Value
interfacial tension () 0.045 %
viscosity of liquid film (i) 1 Pas
effective Hamaker constant (A) —15%x10721g
permittivity of vacuum (&) 8.85x10~12 %
electric permittivity of thin film (¢;) 2.5 (-)

electric permittivity of bounding fluid (&,) 1 (-)

mean initial film thickness (/) 20—-70 nm
electrodes distance (d; and d;) 80—-300 nm
protrusions width (W;) 0.64—2.56 um
groove width (W5) 0.64—2.56 um

equilibrium distance (/p) 1 nm
applied voltage (V) 20 V
Molarity (M) 0.0001 ¢t
Boltzmann constant (kg) 1.3806488 x 1023 %
Avogadro’s number (N4) 6.022 x 103 mol ™!

scribe the thin film dynamics:

V.ii;=0 (@))]

i

Pi(y + (#.Vii;)) = —VP A+ V. [ (Vii; + (Vi) D]+ fo - (2)

Where f, = —V¢ stands for the external body force which consists
of the intermolecular and the electrostatic forces with the term
¢ describing the conjoining/disjoining pressure. The subscript

i = 1,2 represents the i/ fluid phase. Boundary conditions are:

Ui=0 at z=0 & z=d; and d, 3

at Z:h(x7y7t) (4)

Urelative = 0

Kinematic boundary condition for the vertical component of ve-

locity at the interface is4!

oh  oh o
W= tuge tvgy @ p=hlxny) ©)

In this study, air is considered as the bounding fluid. Air is
considered dynamically inert since it has has much lower viscos-
ity than the polymer film. Moreover, the Reynolds number in the
EHD patterning process is much less than unity due to the small
length scale of the system. The film motion can thus be described
by Stokes flow. Combining these assumptions and applying lubri-

cation theory to the thin film dynamics*2, results in the following
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nonlinear thin film equation:
3ph + [h3(7[hxx +hyy] = @)xlx + [h3 (Ve + hyy] = @)y]y =0 (6)

In this equation, the subscripts x and y denote the spatial deriva-
tives and subscripts ¢ denotes the time derivative. Details of this
derivations are available in literature215.16:43:44 " The conjoin-
ing/disjoining pressures (¢) is the summation of van der Waals,
Born repulsion and electrostatic pressures and are defined as
0 = ¢vaw + P + 9Es-

The term, ¢,qw = A/67h3, is the van der Waals pressure and
A is the effective Hamaker constant defined as Azj3 = (v/A33 —
VA11)(VA2; — v/Aqp) in which 1,2 and 3 denote substrate, liquid
film and bounding fluid. The term, ¢3, = 8By /(d — h)°, is the Born
repulsion acting on the interface to avoid the contact line singu-
larities when the interface touches the upper electrode. Coeffi-
cient By is calculated by setting the conjoining pressure (¢) equal
to zero at equilibrium distance (ly). The electrostatic component
of the conjoining pressure (¢g) is found based on the Maxwell

stress acting at the fluid interface 19 as:

m v,

1
9es = 50 |1 %z |z:h)2*82(7z|z:h)2 ™

To find the electrostatic pressure in Eq.7, it is required to find the
electric potential at each layer. In the IL layer, ions conservation
equation is considered to find the ions/free charges dynamic and

distribution as:

i%i:—V(GVV—DVpﬂ ®)

where, p; stands for free charge density, ¢ is conductivity and

2
D is diffusion coefficient. Using scaling factors of p; = %pf,

V= VLOV’ = %th and [* = iol) results in*>:
ap;
—TC f * 2 *
= —V.(V* - (D/o1})Vp}) 9
= (e0D/013)V P} ©

The process time is 7, = pho/ 8081V02, and the charge relaxation
time is 7, = g€, /0. In this study, 7, and . are in order of seconds
and micro-seconds, respectively. This diminishes the effect of the

free ions (charges) dynamics during pattern formation process
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and the ion conservation equation (Eq.8) is simplified to Poisson-
Boltzmann equation 40:

Pr
€€

V2V = — (10)

The term py = 2en.sinh (](BLT(V —Vee f)>, is the Boltzmann distri-
bution of the free charges or ions and is zero for air. V., is the
reference potential which is found based on the electroneutrality
condition within the IL film*?, [ p;dz = 0. The term kT rep-
resents the thermal motion where kg is the Boltzmann constant
and T (K) is the temperature. The bulk ion number concentration
ne = 1000N4M depends on the electrolyte molarity, M (mol/L).
For the IL layer, the Poisson-Boltzmann equation and for air as
PD bounding fluid the Laplace equation in the long-wave limit
form are given by:
Pry

vy /a2 =1L 9%, /92 =0 (an
£1&

with the following boundary conditions:

Vi=Vaz=0 ; Vo,=0 atz=d

Vi=V, and € (9V/0z) = &(dV,2/dz) at z = h(x,y,r) 12)

Debye Huckel approximation was used to simplify and ana-
lytically solve the electrostatic governing equations 1623 (Eq.11).
This results in a relation for the electrostatic pressure acting on

the interface of the IL film bounded with air as:

1 Vs
S ——1 13
PES 28082(8, 7= a3
where g, = g—; and Vj is calculated as:
v, = V(14 cosh (kh)) 14)

~ 1+cosh(xh) + ﬁ sinh (xh)

More detailed information about derivation of electrostatic pres-

sure is presented in 1>16:23, The well known electrostatic pressure

acting on the PD film is duplicated for the sake of completeness?
as:
1 1 Vi 2
= —ge(— —1)[—L 15
PEs 28082(8, )[h(e,—l)—s,d] (15)

This journal is © The Royal Society of Chemistry [year]
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In the presented mathematical model, the following points are
worth mentioning that: (a) all simulations are terminated at 1
nm (minimum equilibrium distance), which is considered as the
limit of the continuum assumption, (b) the analogy of symmetric
mono-valent electrolytes is used to analytically relate electrostatic
force and DL thickness in ionic liquids, (c) the height between the
two electrodes, and the finite volume of the confined liquid film,
result in divergence of the hydrodynamic retardation as the elec-
tric field intensity diverges which avoids Taylor-cone formation

and tip streaming.

2.1 Scaling

The thin film equation (Eq.6) is nondimensionalized using scaling

parameters obtained from LS analysis 1510 as:

X=x/Li, Y=y/L , T=1/T, and ®=0/®,

where

Ly = (ye3h3 /0.580€; (€] — &)V3): (16a)
T, = 3uyeshy /[0.5e0e) (g — &)V (16b)
@, = 0.5€1 (&1 — &)V?/(e3h3) (160)

Then the thin film thickness (i.e. interface height) is scaled with
its mean initial thickness, H = h/hy. The corresponding wave-

length for growth of instabilities is:

A 257 [er(d —ho) + ho3
V(e —1)(e1)2

2.2 Numerical method

To find the spatiotemopral evolution of thin IL film, the 2D nonlin-
ear thin film equation is solved numerically. Derivatives in spacial
coordinates are discretized using finite difference and the result-
ing set of differential algebraic equations (DAE) are solved in time
using an adaptive time step ODE solver. A square domain with
length of 4A,, with periodic boundary conditions is used. Term
Am is the characteristic wavelength based on the lower electrode

distance. Uniform Cartesian grids with four different grid sizes

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Effect of grid size on the nondimensional maximum and minimum
interface height variations versus nondimensional time. PD film with
mean initial thickness of o =30 nm, V =20 V.

(ny x ny) of 91x91, 121x121, 151x151 and 171x171 are exam-
ined to find the optimum grid size and the results are shown in
Fig.2. The grid size of 121 x 121 grid points is found to be an ac-
ceptable compromise between accurate interface height growth
and computational cost. Volume conservative random perturba-

tions are used to initiate the film height of the simulations.

3 Results and discussion

3.1 Morphologies in homogeneous electric field

In this section, an overview of the EHD patterning process under
a homogeneous electric field is provided. The effects of ionic con-
ductivity and film initial filling ratio (mean initial film thickness
to electrodes distance ratio) on the shape and size of structures
are shown. Snapshots in time of the 3-D patterns for thin PD and
IL liquid films (d; = d> = 100 nm) are presented in Fig.3. Results
show that addition of ionic conductivity to the film results in an
increase in number of pillars forming on the interface and con-
sequently more compact structures (pillars with smaller size) are
created. The number of pillars formed in the IL films is also in-
creased at higher filling ratios. The PD film shows similar trend
below the critical filling ratio of hy/d = 0.5. More details regard-
ing the process of pattern formation and the structure size under

homogeneous electric field in ionic conductive films are presented

Journal Name, [year], [vol.], 1-14 |5
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Fig. 3 Total number of pillars versus initial filling ratio of film. 3-D
shapshots of the patterns formed in PD and IL films with Ay = 30 and 70
nm. dy =d,=100nm,V =20 V.

Base case studies demonstrate that addition of ionic conductiv-
ity to the polymer film leads to more compact but less ordered
pillars. Coarsening of of structure happens randomly over the do-

16 similar to the PD4%#7 films resulting in non-uniform pat-

main
terns. In PD films, the hexagonally packed pillars typically span
about 10 to 15 pillars or they are randomly distributed over the
domain“®. To overcome this limitation, a patterned mask is used
to electrostatically control the structures size and fluid patterns.
Using a patterned mask, which results in replication of mask on
the polymer film, has been already investigated for the PD and LD
films 2-3:6,7:9,11,13,14.48  Eabricating controllable submicron sized
structures using the EHD patterning process is the main objective

of this study and the influence of electrostatic heterogeneity on

the EHD pattern formation of thin IL films is investigated.

3.2 Conjoining/disjoining pressure

Final shape and size of features in the EHD patterning process is a
result of a balance between the electrostatic (as the main driving
force), intermolecular, viscous and interfacial force*?. Distribu-
tion of conjoining/disjoining pressure components acting on the
film interface under heterogeneous electric field are compared in

Fig.4. The 2-D cross-section height profile of the upper electrode

6| Journal Name, [year], [vol.],1-14

and patterned film is shown in Fig.4 (a and b), respectively. The
Laplace pressure (Fig.4 (c)), the van der Waals pressure (Fig.4
(d)) and electrostatic pressure for the PD (Fig.4 (e)) and IL (Fig.4
(f)) films are all scaled with the electrostatic pressure acting on
the PD film at initial stage (flat interface) when exposed to homo-

geneous electric field (d; = d, = 100 nm and /g = 30 nm).

Fig. 4 2-D non-dimensional profile of (a) upper electrode, (b) patterned
film interface, (c) Laplace pressure, (d) van der Waals pressure,
electrostatic pressure acting on (e) PD and (f) IL film.

Negative (positive) pressure values in Fig.4 represent the up-
ward (downward) direction in which the interface is pushed to-
ward upper (lower) electrode. The electrostatic pressure has a
negative value over the domain irrespective to the interface pat-
tern but its magnitude changes significantly with interface height
(Fig.4 (e and f)). The film is exposed to higher electrostatic
force under protrusions (decreased electrode distance) caused by
a lower electric potential drop in bounding layer. Thinner film
regions also experience lower electrostatic pressure compared to
the thicker regions (located under protrusions) which results in
fluid flowing from thinner regions to thicker regions. This con-

firms the destabilizing role of the electrostatic pressure in the EHD

patterning process.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 (a) 3-D schematic of upper electrode pattern, (b) nondimensional maximum and minimum interface height variations versus nondimensional
time, c(i-iv) stages for time evolution of IL film patterns (d) 3-D snapshot of pattern formed in PD film, cross-sectional height profile of features in (e)
PD and (f) IL film. Nondimensional times are: T= c(i) 4021, c(ii) 6175, c(iii) 6584, c(iv) 9231. Mean initial film thickness, hp =30 nm. d; = 188 nm,

dr, =100 nm, W; =3.52 um, W, = 0.64 um and V =20 V.

The curvature of the interface determines the Laplace pressure
with a convex shape of the interface (in the valleys) resulting
in negative values for pressure and vice versa (Fig.4 (c)). Film
regions with higher (lower) interface height experience a pres-
sure toward the lower (upper) electrode. As a consequence, the
Laplace pressure tends to flatten the interface, thereby stabiliz-
ing the film in contrast to the destabilizing effect of electrostatic

pressure.

Short ranged van der Waals forces are considered in the simu-
lation of the EHD pattering process when the film thickness is less
than 100 nm. The van der Waals forces depend on the property

and surface energy of materials used for electrodes, film and the

This journal is © The Royal Society of Chemistry [year]

bounding fluid. In the present work, the lower electrode surface
(apolar substrate) has higher energy compared to the liquid film
leading to spinodally stable film (negative values for the pressure,
shown in Fig.4 (d)) for the initial stage of the EHD patterning pro-

cess.

Using a patterned electrode applies a heterogeneous pressure
on the film interface leading to replication of upper electrode pat-
tern onto the polymer film (Fig.4 (a and b)). The distribution of
scaled electrostatic pressure (®gg) acting on the IL film at initial
stage (i.e. flat interface) is compared with a PD film as shown in
Fig.4 (e) and (f). A smaller electrode distance results in a higher

electrostatic pressure in both ILs and PDs; however, the IL films

Journal Name, [year], [vol.], 1-14 |7
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Fig. 6 (a) 3-D schematic of upper electrode pattern and 3-D snapshots of the interface height of (b and d) PD films, (c and e) IL films. Mean initial film
thicknesses, hy are (b and c¢) 30 and (d and €) 50 nm. d; =188 nm, d, = 100 nm, Wy =W, =246 umand V =20 V.

experience higher electrostatic pressure compared to the PD films
at the protrusions regions (38 times higher in the case considered

here).

3.3 Morphologies in heterogeneous electric field

The effect of heterogeneous electric field on the EHD pattern-
ing of PD and IL films using strip like and block protrusions is
discussed. Effects of the size and shape of the patterns and ini-
tial filling ratio on the EHD pattering process and morphology of

structures are investigated.

3.3.1 Strip-like protrusions:

The 3-D snapshots of the thin IL film interface are used to show
the change in structure height over time under a heterogeneous
electric field (Fig.5). Mean initial film thickness, 4 is 30 nm and
electrode distances d; and d, are 100 and 188 nm, respectively.
Protrusions width, W, is 0.64 um and the groove width, W is
2.88 pum. Fluid interface height increases toward the upper elec-
trode with the same rate as it decreases downward during the

initial linear stage (i) of the process (see Fig.5 (b)). This growth

8| Journal Name, [year], [vol.],1-14

in height results in formation of undulating 2-D structures mainly
under the protrusions region (see Fig.5 c(i)) where the ridges
are surrounded by grooves. In the next stage (ii), fragmentation
occurs and raised initially cone shape structures form which oc-
cur randomly along the ridges (see Fig.5 c(ii)). Next the raised
structures bridge the upper and lower electrodes and their cross-
section enlarges to form raised columnar structures (pillars) (see
Fig.5 c(iii)). A further increase of the size of pillars from the col-
lision of neighbor pillars and their coalescence leads to formation
of larger size pillars (see Fig.5 c(iv)). The width of the pillars in
this case is less than 0.4 um which is about 38% less than the

width of protrusions on the electrode.

For comparison, a 3-D snapshot of the PD film structure formed
at similar condition is shown in Fig.5 (d) which has much fewer
pillars with oval cross-section formed under the protrusions. The
cross-section height profiles (along the L, and L,) provide more
information regarding the size and shape of pillars in the PD and
IL films (Fig.5 (f and g)). The center-to-center distance of adja-

cent pillars in the PD and IL film is around 2.6 and 1.2 ym respec-

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) 3-D schematic of upper electrode pattern and 3-D snapshots of the interface height of (b) PD film, (c) IL film. Mean initial film thicknesses,
ho is 30 nm. d; = 188 nm, d, = 100 nm, W; = 0.64 um, W, =2.46 um and V =20 V.

tively. A 53% reduction of pillar width in the IL film, compared
to the PD film, is achieved. Cross-section height profile along the
X direction (L;) for the PD and IL films shows that the pillars are
not necessarily aligned in the x direction. Hence the number of

pillars and their shape may vary between the protrusion lines.

When a flat electrode is replaced with the patterned one, two
characteristic spatial lengths are identified. The first is the spacing
distance that pillars form within each protrusions (4;) and the
second characteristic length is the distance of pillars form in two
neighbor protrusions (A,). The first one is controlled by the same
parameters that affect the EHD patterning process of pattern-free
electrodes such as applied voltage, film filling ratio and electric
permittivity, etc. But the second one can also be controlled by

adjusting the groove width.

To investigate the effect of patterned electrode on the IL films,
the width of protrusions is increased from 0.64 to 2.56 pm. Struc-
tures formed at the quasi steady state stage (stage (iv) in Fig.5
(b)) of the EHD process are compared in Fig.6. Protrusions height
and applied voltage are the same as in Fig.5. Results for the PD
and IL thin films with the mean initial thicknesses of 30 nm in
Fig.6 (b and c) and 50 nm in Fig.6 (d and e) are presented. The
30 nm thick IL film, forms two rows of pillars under the protru-
sion at the middle whereas in the PD film just one row of pillars
is formed. In addition, the number of pillars formed in one row
of the IL film is higher than in the PD film. For the 30 nm film
thickness using a patterned electrode reduces the size of pillars

in the IL films compared to a PD films. As previously mentioned,

This journal is © The Royal Society of Chemistry [year]

when a flat electrode is used, increasing the initial ILs film thick-
ness resulted in more compact structures with smaller sizes (see
Fig.3 (b and c)). However, increasing the initial film thickness
for the patterned electrode case results in formation of roll-like
structures.

The effect of reducing the groove width (w;) from 2.46 to 0.64
um at constant width of protrusions (2.56 um) is investigated
and the 3-D snapshots of the structures formed in the PD and IL
films are shown in Fig.7. The total number of pillars for the PD
film is 12 whereas it exceeds 46 pillars for the IL film at the same
condition. By decreasing the width of grooves from 2.46 to 0.64
um the undulating patterns are not formed under the grooves.
Therefore the groove width should be smaller than the strip width
to avoid secondary pattern formation under the low electric field
(high gap) regions. Finally, by using an appropriately patterned
electrode, smaller size features are generated and the structures

are more compact and well ordered.
3.3.2 Square block protrusions:

Another common shape of protrusions used in the EHD pattering
is the square block protrusion 2348, The square shape protrusions
are used to create heterogeneous electrostatic force in both x and
y directions to control the two length scales. In order to vali-
date our numerical simulation, the EHD patterning of PD film is
simulated for the same experimental condition reported in liter-
ature*®. A schematic of electrode pattern and 3-D snapshots of
the pattern formed on the PD and IL film at quasi-steady stage

of pattering process are shown in Fig. 8 (a-c). Experimental*8

Journal Name, [year], [vol.], 1-14 |9
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Fig. 8 (a) 3-D schematic of upper electrode pattern (b) 3-D snapshots of the interface height of (b) PD (c) IL film and (d) cross-section height profile.

hy =45 nm, d; =300 nm, d, =250 nm,V =10V, g =2.6 and y=0.038 %

and simulation both result in four pillars forming with identical
height under the square protrusions. Based on our simulation,
the pillars formed in the IL film are located exactly at the corners
whereas for the PD film they are close to the center. The pillar
size is reduced by 42% in the IL film as compared to the PD film.
Examining Fig.8 (b) and 8 (c) closely, it can be seen that an equal
number of pillars are formed in both PD and IL films for square
block protrusions This differs from the case of strip-like protru-
sions where more pillars were observed in the IL film. A possible
explanation for this result may be the lack of adequate polymer
liquid fluid to create more pillars due to low initial thickness of

the IL film with respect to the electrodes distances.

The cross-section height profile of the interface for the PD and
IL films are compared in Fig.8 (d). The intra-array spacing of A; ~
5.9 um and A, ~ 8.3 um in the PD film match the experimental
observation*® of A; ~ 6.2 um and A, ~ 8.8 um with reasonable

accuracy. This provides validation of the fidelity and accuracy of

10| Journal Name, [year], [vol.], 1-14

simulation results for the prediction of the patterned formed in

the EHD process - at least for this case.

In the IL film, the center to center distance of pillars under
the block protrusions is increased to A; ~ 9 um and the distance
between the neighbor blocks is decreased to A, ~ 4.5 um. To
create well ordered structures with higher number of pillars, the
electrode distances are reduced to d; = 100 nm, d, = 80 nm and
an electrode mask with square protrusions (W; = W, = 0.84 um)
is used. A schematic of the upper electrode and spatiotemporal
evolution of PD and IL films are shown in Fig.9. Tracking the
interface height over time (Fig.9 b(i)), it is found that the pat-
tern formation includes three main stages. First, the interface is
pushed toward the upper electrode in regions with higher elec-
trostatic force (under the protrusions) and castle shape structures
with four corner towers are formed. The cone shape structures
are formed close to the corners of squares as the gradient of elec-

trostatic force is higher at these boundaries (Fig.9 b(ii) and c(ii)).

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 (a) 3-D schematic of upper electrode pattern and interface height profile of (b) PD and (c) IL film. (i) Maximum and minimum interface height
profile over time and (ii-iv) 3-D snapshots of the formed structure on the thin film from stage i to iii. Nondimensional times are: T= b(i) 5100, b(ii)
20550, b(iii) 60021 and c(i) 1000, c(ii) 2000, c(iii) 3000. Mean initial film thicknesses, &g is 30 nm. d; = 100 nm, d, = 80 nm, W; = W, = 0.84 um and

V=20V.

Fluid depletion around boundaries (blue color ring in color print)
is evidence of fluid flow from thinner regions to the thicker ones.
The cone shape structure formed in the IL film are thinner com-
pared to the PD film and formed at the corners, whereas in the
PD film they are closer to the center. In the second stage, col-
lision and coalescence of neighbor cones in the PD film occurs
even before completion of the pillar formation. Hence, in the PD
film, only one pillar is formed under the protrusions bridging the
two electrodes (Fig.9 b(iii)) while in the IL film, four pillars with
separate ring shaped fluid depletion are formed (Fig.9 c(iii)). In
the third stage of pattern formation, secondary pillars are formed
in the low electric field region (under the grooves) in both PD
and IL films (Fig.9 b(iv) and c(iv)). In the IL film the four pillars
formed under the protrusions are merged and form a pillar with
a larger cross-section (similar to stage ii in the PD film), then the
secondary pillars are created. The number of secondary pillars in

the IL film is doubled compared to that in the PD film. Reduc-

This journal is © The Royal Society of Chemistry [year]

ing the electrodes distances d; from 188 nm to 100 nm and d,
from 100 nm to 80 nm results in secondary pillars formation un-
der the grooves. This can be used to create multi level structure
formation.

Further examining the effect of protrusion size, it is increased
to W, = 1.26 um (= 1.5 x A,,,) and the groove width is reduced to
Wi =042 um (= 0.5 x A,,) as illustrated in Fig.10 a(i). As seen
in Fig.9 b(iii) and c(iii), using protrusions with the same size as
the characteristic wavelength for growth of instabilities W, = 4,
results in formation of one (four) pillar(s) under the protrusions
in the PD (IL) film. Increasing the protrusion size leads to forma-
tion of four (nine) pillars in the PD (IL) film. The groove width
is chosen narrow enough to avoid the secondary pillars forma-
tion (Fig.10 a(ii and iii)). More detailed information regarding
the size of pillars and their intra-spacing is shown in Fig.10 a(iv).
The center to center distance of pillars formed under the protru-

sions (A;) is reduced to ~0.675 for the PD and 0.43 um for the IL

Journal Name, [year], [vol.],1-14 | 11
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Fig. 10 (i) 3-D schematic of upper electrode pattern, 3-D snapshots of the formed structure at quasi-steady stage on the thin (ii) PD and (iii) IL film
and (iv) cross-section height profile along lines L, and L,. Mean initial film thicknesses, A is 30 nm. d; = 100 nm, d, = 80 nm, and V =20 V. Upper
electrode pattern dimensions are: (a) W; = 0.42 um and W, = 1.26 um (b) W; = 0.21 um and W, = 0.84 um.

film. By reducing the grooves width, the secondary pattern is no
longer formed under the grooves for both PD and IL films. The
distances between neighboring pillars under the grooves (A4,) is

around 1.0 and 0.78 um in the PD and IL film respectively.

The results show that for every n pillars that are formed with
a PD film, (,/n+ 1)? pillars would be created using an IL film un-
der the same condition. Although the number of pillars formed
in the PD is less than the IL film, the size of pillars in the PD
film are identical. In the case of IL film, the pillars located at the
center are smaller than those formed at the corners resulting in
non-uniformity of pillar sizes. To have a maximum number of
pillars with identical shape and size, a new pattern with nine uni-
form square block protrusions and the same patterning domain
of 3.37x3.37um2 as Fig.9 (a) is used (see Fig.10b(i)). From pre-
vious numerical results (Fig.9 b(iii) and c(iii)) it is expected to
have one (four) pillar(s) under each protrusion in the PD (IL)
film. Since only one pillar forms under each protrusions in the
PD film the center to center distance of pillars changes with the
groove width (4 =4, ~ 1.1 um). In the IL film, the intra-array
spacing of A; ~ 0.47 um and A, ~ 0.6 um is found to create con-

sistent sized structures over the patterning area and maximizes

12| Journal Name, [year], [vol.], 1-14

the number of pillars.

4 Conclusion

EHD patterning using a thin ionic conductive film and patterned
electrodes is numerically examined to create compact (submicron
level size) and well ordered structures. Dynamics and spatiotem-
poral evolution of thin PD and IL films, subjected to both homoge-
neous and heterogeneous electric fields, are investigated. Com-
ponents of conjoining/disjoining pressure acting on the film in-
terface during the EHD patterning process are compared. Higher
electrostatic pressure acts on the interface of the IL films com-
pared to the PD films. However, for both cases the electrostatic
pressure distribution pattern over the domain matches the upper
electrode pattern. Based on the 2D nonlinear thin film equation,
three dimensional structure evolution is numerically simulated to
find the dynamics and the process of pattern formation in the IL
films and the results are compared with the PD baseline cases. For
the PD base cases results, structures formed at the quasi steady
stage, are in good agreement with the experiments® in the liter-

ature and found to be within 5%.

The effects of protrusion and groove size (width and depth)

This journal is © The Royal Society of Chemistry [year]
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in strip like and square block patterns and the film initial filling
ratio on the size, shape and order of fluid patterns are investi-
gated. When flat electrode is replaced with the patterned elec-
trode, two characteristic spatial lengths are identified which are
controlled by the: width of strip/square block (W,), groove width
(Wp) and groove depth (d; — d»). Results show that depending on
the groove width and depth the EHD patterning process has either
two or three main stages. In the two-stage process, patterns only
form under the protrusions whereas in the three-stage one, pat-
tern (either undulating or secondary pillars) also form under the
grooves. The two-stage process can be used for the pattern repli-
cation of mask onto the film and the three-stage one is utilized
when the multilevel structure formation is desired. Furthermore,
more pillars are found to be created using IL film rather than PD
film. By using electrodes with square protrusions (y/n -+ 1)? pillars
are formed in IL film for every n pillars generated in PD film. In
the PD film, electrode square block mask protrusions with width
of W, = 1.5 x 4, and groove width of W; = 0.5 x A4, and in the IL
film square block protrusions with width of W, = A4,, and groove
width of W; = 0.25 x A, result in compact and well ordered fluid
pillars.

The key insight our electrostatic model provides is that, the
leaky dielectric model may not account for phenomena impor-
tant for EHD patterning, namely the presence of finite ions in the
conducting layers. Debye length is defined using ionic strengths,
which provides a realistic range of free charge concentrations
in the conducting fluid layer compared to the previous work in

literature 23

. We expect that the results presented here will be
useful for the creation of compact submicron sized features in

optoelectronic-related applications.
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