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a b s t r a c t

Creating well-ordered, submicron-sized pillars have been stated as main limitation for electrically
induced patterning of nanofilms (thickness <100 nm) [1]. In our previous works, it was shown that
the aspect ratio of formed nanopillars was increased to about 0.35 when thermocapillary induced insta-
bilities (Thermally Induced Patterning, TIP) is combined with electrodynamics instabilities (Electrically
Induced Patterning, EIP). However, further reduction of pillar size resulted in a coarse and randomly dis-
tributed pillars [2,3]. Here, the reflowing of initially prepatterned nanofilms are examined in the EIP and
combined EIP-TIP process to create a well-ordered and high aspect ratio nanopillar arrays without sacri-
ficing the fidelity of the final structure. The long-wave approximation is used to simplify the governing
equations and boundary conditions leading to a fourth order nonlinear partial differential equation called
thin film equation that describes the spatio-temporal evolution of the interface. The mechanism of pattern
reflowing is discussed for both linear (initial) and nonlinear (long-term) deformations in EIP and EIP-TIP
process. The optimum initial pattern width, height and the center-to-center distance is found based on
the characteristic wavelength for growth of instabilities predicted by linear stability analysis and nonlin-
ear simulation results.

� 2018 Elsevier Inc. All rights reserved.

1. Introduction

Growing demand for straightforward and cost-effective lithog-
raphy technique to fabricate micro-/nano structures has led to an

intense research in fabrication techniques [4–7]. Making smaller
structures with enhanced material properties is one main objective
for this research for many applications such as opto-electronic
devices, sensors and transistors, micro-/nanofluidic systems. More
recently, soft lithography and most importantly contact-less
patterning techniques, relies on the self-organization of a
liquid (molten polymer) layers [8,9,5,10,7]. Electrically Induced
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Patterning (EIP) [11,4] and Thermally Induced Patterning (TIP)
[12–15] has emerged as an inexpensive and a straightforward alter-
native lithography technique for mico-/nanostructing of either con-
ducting and/or non-conducting polymers.

In the EIP, applying an electric field and the difference between
the electrostatic properties of liquid film and the bounding layer
(the layer which fills the gap between the liquid film and top elec-
trode) results in a net electrostatic (ES) force applied to the inter-
face [16]. The ES force destabilizes the liquid film whereas the
viscous force and the Laplace pressure (due to interfacial tension)
tend to damp the induced instabilities by the ES force. When the
ES force overcomes these damping forces the instabilities grow
and the interface reaches to the top electrode to bridge the gap
by forming columnar structures called pillars. In the TIP process,
a thin liquid film is heated from below and cooled from the top that
leads to a large thermal gradient across the micro and nano-sized
film. The thermocapillary (TC) force is generated along the inter-
face as the interfacial tension decreases with increasing tempera-
ture along the interface. The non-uniformity in the interfacial
tension at the interface exerts TC force tangent to the interface
which, consequently, leads to a pattern evolution. In ultra-thin
(nanofilms) and highly viscous films, the resulting TC instabilities
have a large wavelength that leads to motion in the interface. Sim-
ilarly, it is seen that the instabilities evolve until the columnar
structures form and then bridge between the two plates [13–15].

Feature size, aspect ratio (height to width ratio) and their distri-
bution (i.e either randomly distributed or well-ordered) are the
main objectives in both EIP and TIP techniques. There have been
tremendous efforts to improve pattern formation process, mostly
in the EIP, since the initial observation of nanopillar formation in
late 1990s [11,12]. The efforts in EIP can be divided into two main
streams. One, is working on the electrohydrodynamic (EHD) insta-
bilities in ultra-thin (thickness �1 lm). These are mostly focused
on: lowering the pillar size to sub-micron level by various means
such as enhancing the electrical properties of liquid film [17–19];
lowering the size of system (electrodes distance of 200 nm and
less) and applying high electric field; lowering the interfacial ten-
sion by introducing bounding layers other than air [20,21]; and
using patterned top electrode as mask to replicate features smaller
than the characteristic length predicted by linear stability (LS)
analysis [22–25]. There has been limitations in lowering the lateral
size of pillars as electric break down of either polymer or bounding
layer [26,1] which leads to imperfect pattern formation and
impedes creating pillars with aspect ratios (ratio of pillar height
to its width) greater than one. In the second stream the EIP process,
micopillars formed using much thicker films (initial thickness of a
few to hundreds microns) by exposing the film to extra high elec-
tric field [27,28]. Very recently, it was shown that electrically
induced reflowing of a prepattern films results in very high aspect
ratio of pillars (aspect ratio: 3–5) [29,27,30]. Since the initial pat-
tern has a very low aspect ratio (height to width), it can be fabri-
cated either using conventional photolithography or hot
embossing [29].

In our previous works, we showed that the combination of EHD
and TC instabilities will lead to much smaller sized patterns com-
pared to the EIP and TIP formed patterns [2]. However, the pres-
ence of tangential TC forces leads to a higher tendency to merge
and make larger size pillars which lowers the efficiency of EIP-
TIP process [3]. In this study, for the first time, we focus on reflow-
ing ‘‘prepatterned nanofilms” using EIP, TIP and combined EIP-TIP
process to investigate the capability of this technique in minimiz-
ing the pillars size (increasing aspect ratio) and a well-ordered pat-
terns output. The feasibility of using prepatterned nanofilms will
be addressed in the following steps: First the effect of (i) initial
pattern shape (cubic or spherical-cap protrusions) (ii) height,
width and periodicity on the reflowing mechanism (early stages

of deformation) and final formed patterns (nonlinear stages) are
discussed. Second, finding a threshold value for the initial protru-
sion height that required to create well-ordered nanopillars. Third,
the effect of applied voltage on creating well ordered and high
aspect ratio pillars when using prepatterned film in the EIP-TIP
process is investigated. Fourth, finding the limitation for the size
of initial patterns which either leads to well ordered and high
aspect ratio nanopillars or over time damped and re-organized into
a coarse structure with larger sized pillars.

2. Mathematical model

A schematic of the EIP, TIP and EIP-TIP process where an ultra-
thin liquid film with either intially flat or a prepatterned shape is
shown in Fig. 1. Transverse electric field exposed to the film
induces Maxwell stress normal the film interface due to mismatch
of electrical properties of liquid film and the bounding fluid. The
transverse thermal gradient is adjusted by heating the film from
below (Th) while keeping the top plate temperature still above
glass transition temperature (Tg) but cooler than the lower sub-
strate (Th > Tc > Tg). The tangential TC stress is resulted due to
thermal gradient along the interface and the resulting interfacial
tension non-uniformity. Interfacial tension approximated to be a
linear [31] function of temperature (c ¼ c0 � aTðT � T0Þ) with
aT > 0 as the surface tension gradient, c0 and T0 are the reference
interfacial tension and temperature. Initially, the interface is con-
sidered a flat film (unless it has been prepatterned) as the interface
only affected by Brownian motion whose amplitude is negligible
compared to the initial thickness of film.

The liquid film is considered as incompressible and Newtonian
fluid. Mass conservation, momentum and energy balances governs
the dynamics and pattern formation process. Considering the long-
wave approximation, the spatio-temporal evolution of thin liquid
films subjected to the transverse electric field and thermal gradient
is described by the following dimensionless equation [32],

@H
@s

þr: H3rP � 3H2

2
rC

 !
¼ 0 ð1Þ

where H ¼ HðX;Y; sÞ is nondimensional interface height that is a
function of lateral coordinates X; Y and time s, and
r ¼ ð@=@X; @=@YÞ. The horizontal coordinates are normalized with
characteristic wave-length of lc(X;Y ¼ x=lc; y=lc). The vertical coordi-
nate, interface height and electrodes distance is scaled with film ini-
tial thickness h0 (Z ¼ z=h0;H ¼ h=h0 and D ¼ d=h0) and temperature
is normalized as h ¼ ðT � TcÞ=ðTh � TcÞ. Variable � ð¼ h0=lcÞ � 1 is
the dimensionless ratio of initial film thickness to the characteristic
lateral length scale which confirms the validity of long-wave

Fig. 1. A 2D schematic of EIP-TIP process. The ultra-thin prepatterned film is
sandwiched between top (cold) and bottom (hot) electrodes. Initial height profile in
prepatterned film is hðx; y; t0Þ ¼ h0 þ nðx; yÞ. p is center-to-center distance, n is
height and w is width of protrusions.
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approximation. Dimensionless time is s ¼ ð3uc=lcÞt and uc is the
characteristic lateral speed due to either individual TC and EHD flow
or their combination [14]. The film density q ¼ qðThÞ and viscosity
l ¼ lðThÞ are assumed constant. The dielectric constant of polymer
films varies at non-isothermal condition [33,34]. In this study it is
assumed the variation in the dielectric constant of polymer film is
negligible and does not vary by temperature.

The second term in (1), shows the superposition effect in the
growth of instabilities and change in the interface height due to
variations in normal (hydrostatic) forcesrP and tangential TC force
rC ¼ ðdC=dhÞrhðZ¼HÞ. Term rhðZ¼HÞ refers to the gradient of tem-
perature at the interface. The variable C ¼ ð�h0=lucÞc is the dimen-
sionless interfacial tension and P ¼ �h0=lucðpþ /Þ is the
dimensionless pressure inwhich p represents the capillary pressure
and / ¼ �qgzþ /LW þ /ES is for the contributions of hydrostatic
pressure, Lifshitz-Van der Waals intermolecular interactions and
ES pressure [32].

Lifshitz-Van der Waals intermolecular interactions
/LW ¼ �A=ð6pH3Þ are also considered in this study as the film thick-
ness is less than 1 lm. Variable A is the effective Hamaker constant

defined for the three layer system (A ¼ ð ffiffiffiffiffi
Aa

p �
ffiffiffiffiffi
Al

p
Þð ffiffiffiffiffi

As
p �

ffiffiffiffiffi
Al

p
Þ)

where Al;Aa and As is Hamaker constant of the liquid film, air and
substrate, respectively [35]. The electrostatic component of Max-
well stress acting on the film interface M ¼ eEE� 0:5eE � EI,
depends on the electric field, E ¼ �rw, in each layer. Electric poten-
tial wi, in each layer (i ¼ 1;2 for liquid film and air layer) is found by
solving Poisson equation r2wi ¼ �qe=ei. In perfect dielectrics, the
termqe which is the free charge density vanishes and e is the dielec-
tric constant of layer. The resulting net ES pressure in the long-wave
limit is found as,

/ES ¼ �0:5elðer � 1Þ Dw
ðer � 1Þh� erd

� �2
ð2Þ

where er ¼ el=ea is the relative dielectric constant of film to the air
bounding layer. Given these, the hydrostatic term in (1) becomes,

rP ¼ Ca�1r3H � Ca�1BorH þrðULW þUESÞ ð3Þ
where, Capillary number Ca ¼ luc=ð�3cÞ and Bond number

Bo ¼ qgl2c=c and ULW ;UES are dimensionless Lifshitz van der Waals
and ES pressures.

In order to find the TC tangential force acting on the interface
which is related to the interfacial tension gradientrC and thermal
gradient along the interface, the energy balance equation is solved
in its long-wave limit form. As the film thickness is in range of sub-
micron level the heat conduction is found as the dominant mode of
heat transfer compared to convection, the Biot number
Bið¼ hf hc=kÞ � 1 in which hf is the film thickness and hc is convec-
tive heat transfer coefficient and k is the thermal conductivity of
the film. The temperature distribution along the interface is
hjZ¼H ¼ krðD� HÞ=½ð1� krÞH �þkrD�where kr ¼ kl=ka is the relative
thermal conductivity of layers. Substituting this into TC pressure
term yields,

rC ¼ krDMa

½ð1� krÞH þ krD�2
rH ð4Þ

where, Ma ¼ �aTDT=ðlucÞ is the Marangoni number and
DT ¼ Th � Tc is the maximum temperature difference.

Substituting of (3) and (4) into (1) then yields to the thin film
equation which governs the spatio-temporal evolution of film
under EHD and TC instabilities.

@H
@s þr: H3 Ca�1r3

kH � Ca�1BorH �rðULW þUESÞ
h i

� H2rC
� �

¼ 0

ð5Þ

This is the general form of thin film equation under both electri-
cal and thermal gradient. In 5, the contributions of gravity to the
hydrostatic pressure are neglected compared to other forces as
the experimental work of EHD and TC of ultra-thin liquid (thick-
ness < 1lm) films [36,37,14,15], have a Capillary number and
Bond number that are of the order of Oð1Þ and Oð�5Þ. In the deriva-
tion of Eq. (5), it is assumed that: (i) there is no electric breakdown
in both liquid film and the bounding layer, (ii) the solvent evapora-
tion is completed before the onset of TC and EHD patterning
process and (iii) the liquid film viscosity (molten polymer at a
temperature above the glass transition T > Tg) is constant over
the evolution time.

2.1. Scaling and numerical scheme

With no applied electric field (Dw ¼ 0), the TC is dominant in
heated films, both viscous scaling (current version of Eq. (5))
[14,15] and LW scaling [31,38] have been used to normalize the
TC pressure. In the electrically induced instabilities under isother-
mal condition, the ES pressure considered as dominant [36,39] then

Eq. (5) is re-scaled using factors of Ls ¼ ðch3
0=0:5erðer � 1ÞDw2Þ

1
2;

Ts ¼ 3lch3
0=½0:5erðer � 1ÞDw2� and Us ¼ 0:5erðer � 1ÞðDw=h0Þ2.

The re-scaled thin film equation is then numerically solved to
study the dynamics and pattern evolution on the liquid film. First,
the spatial derivatives ( @

@x and
@
@y) are discretized using finite differ-

ence scheme, then, the resulting system of ordinary differential
equations (ODE’s) in time are solved using an adaptive time step
solver of DASSL [40]. Periodic lateral boundary condition is used
for an square computational domain with size of 16k2. The param-
eter k is set to either equal to or a fraction (b � 1) of the scaled
characteristic wavelength for growth of instabilities predicted by
LS analysis, k ¼ bðKLS=LsÞ. The initial condition of the film is con-
ventionally considered to be flat and the deformation started from

initial random perturbation (with very small amplitude, bn) of the
film while conserving its volume. In this study a random perturba-
tion with very small amplitude compared to height of the initial

film pattern (bn=n � 1) or an initial prepatterned film to investigate
the pattern reflowing in EIP and combined EIP-TIP process is used.
The characteristic wavelength for growth of instabilities using LS
analysis is reported for the EIP-TIP process [2,3] as

KLS

Ls
¼ 2p er � 1

1þ erðD� 1Þ½ �3
þ MakrD

1þ krðD� 1Þ½ �2
" #�1

2

ð6Þ

where modified Marangoni numberMa ¼ 3aTDT=ð2h0UsÞ shows the
relative strength of interfacial force gradient to the ES force. The KLS

for the case of EIP (DT ¼ 0) in Eq. (6) is named as KLSE. Constants and
parameters used in this study are presented in Table 1.

Table 1
List of constants and parameters used in the modeling.

Parameter Value

Viscosity of liquid film (llÞ 1 [Pa s]
Interfacial tension (cÞ 0:048 N

m

� �
Interfacial tension gradient (aT ) 48� 10�5 N

m �C

� �
Effective Hamaker constant (A) �1.5 �10�21 [J]
Vacuum dielectric constant (e0) 8.85�10�12 C

V m

� �
Dielectric constant of the liquid film (el) 2.5 �e0 C

V m

� �
Dielectric constant of the air (ea) 1 � e0 C

V m

� �
Initial film thickness (h0Þ 20–70 [nm]
Electrodes distance (dÞ 400 [nm]
Equilibrium distance (l0Þ 2–5 [nm]
Temperature difference (DT) 0–100 [�C]
Applied voltage (Dw) 0–300 [V]
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3. Results and discussion

3.1. Combined EIP-TIP and initially flat film (base-case)

The addition of TC force to the electrically induced instabilities
results in smaller sized features compared to the EHD induced pat-
terning [2,3]. The LS analysis predictions also showed that the KLS

can be lowered by a factor of three in the combined EIP-TIP pro-
cess. However, the tangential TC force accelerates the coarsening
stage and the pillars start to merge in early stages of deformation
resulting in larger sized features. The merging of pillars at early
stages significantly affects the shape and size of final pattern
leading to a significant deviation from LS analysis predictions. This
deviation is found to be insignificant in EIP process at micron-sized
patterns. As a base-case, the spatio-temporal evolution of a 60 nm
film under the combined EHD-TC condition is studied and results
are presented in Fig. 2. The film considered is initially flat and
instabilities are growing from very small amplitude of random
perturbation. The maximum and minimum interface height is
tracked over time (image (a)) to show the progress in growing
instabilities and steps in pillar formation. Time evolution of the
pattern formation are presented by the 3D snapshots of the
interface profile that shows: the (i) initial reorganization of
instabilities and ridge and valleys formation (image b(i) and b(ii))
fragmentation and isolated pillar formation (image b(ii) and
b(iii)) completion of first pillar formation which bridge the top
and bottom plates which is followed by pillar formation in other
areas (image b(iii) and b(iv)) beginning of the coarsening stage
mixed with completion in pillar formation (image b(iv) and b(v))
coarsening stage which pillars merge to form larger size pillars
(image b(v) and b(vi)) quasi-steady stage of formed patterns in
EIP-TIP process. Although the nonlinear numerical simulations
showed pillar’s lateral size is still in submicron level, as seen in

image b(v) and b(vi), they are randomly distributed and did not
follow the conventional hexagonal pattern observed in the EIP.

The prepatterned film has been introduced in the EIP process to
control the pillar’s location and increasing their aspect ratio (pillars
height to width) for micron sized film [27,29,30]. However, the
possibility of using prepattern nanofilms to create well-ordered
nanopillars with high aspect ratio using EIP and EIP-TIP has not
been explored. In what follows, the reflowing mechanism for
prepatterned nanofilms, the effect of initial pattern size and shape
and the role of TC increasing high aspect ratio pillars will be
discussed.

3.2. Prepatterned film: EIP-TIP vs. EIP

Two initial shape of square block and spherical-cap shape pro-
trusions are used to study the reflowing in prepatterned nanofilms.
The height of protrusion is n, the width is w and their center-to-
center distance is p (shown in Fig. 1) and they are normalized by
initial base thickness of h0 and lateral scaling factor of Ls, respec-
tively for the nonlinear analysis. The 3D snapshots for pattern
formed at initial stage of EIP and EIP-TIP process using two initial
shape of square block and spherical-cap shape protrusions are
shown in Fig. 3. The domain size is selected based on the EIP char-
acteristic wavelength to compare the EIP-TIP and EIP under the
same initial condition. The protrusion height and width in square
block shape and the spherical-cap protrusions is set n ¼ 0:1h0

and w ¼ KLSE, respectively.
From Eqs. (2) and (4), the film interface experiences higher ES

and TC pressure at the protruded area. Therefore, the reflowing
of the initial pattern toward the top electrode begins with the pro-
truded area with higher initial thicknesses, then it extends to other
regions. Irrespective of the initial shape of pattern, either square

Fig. 2. (a) Tracking the maximum and minimum interface height over time and
b(i–vi) 3D snapshots of the interface in EIP-TIP process using initially flat film.
Nondimensional times (sð�Þ � 10�7): b(i) s1 ¼3.0, b(ii) s2 ¼3.2, b(iii) s3 ¼3.4, b(iv)
s4 ¼4.0, b(v) s5 ¼5.47, b(vi) s6 ¼9.5. n ¼ 0;w ¼ KLS;b ¼ 1; h0 ¼60 nm, d ¼400 nm,
Dw ¼300 V, DT ¼ 100 �C.

Fig. 3. 3D snapshots (a–d) and 2D height profiles (e) of the interface in EIP and EIP-
TIP process. Nondimensional time (sð�Þ � 10�5): b(i) 132.5, b(ii) 2.35, d(i)128.3, d(ii)
1.5, e(i) EIP: s1 ¼ 8:65; s2 ¼ 70:78 and EIP-TIP: s1 ¼1.03, s2 ¼1.56 and e(ii) EIP:
s1 ¼13.21, s2 ¼30.39 and EIP-TIP: s1 ¼0.521, s2 ¼1.02. n ¼ 0:1h0;w ¼ KLSE; b ¼ 1;
h0 ¼60 nm, d ¼400 nm, Dw ¼50 V, DT ¼ 100 �C.
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block or spherical-cap protrusion, only one pillar formed from each
protrusion in the EIP case (compare image b(i) and image d(i) in
Fig. 3). However, in the EIP-TIP case, the initial shape of the protru-
sion affects both the resulting pattern and the pillars distribution
(compare image b(ii) and image d(ii) in Fig. 3). For the square block
case, the wavelength grows in lateral (X and Y) direction parallel to
the initial pattern walls (s ¼ s0) and results in formation of 9 pil-
lars at the protruded area. However, in the spherical cap pattern,
the instabilities grow in circular concentric wave form leading to
formation of five pillars at the protruded area.

To further explore the reflowing mechanism, the early stages of
pattern formation using square shape prepatterned films are com-
pared for EIP and EIP-TIP process in images e(i) and e(ii). The differ-
ence between EIP and EIP-TIP later using prepatterned film starts
at very early stages of pattern formation (s ¼ s1). In the EIP, the
interface is pulled toward top electrode at the center of protrusion
(X ¼ k) whereas in the EIP-TIP the initial perturbations amplified
around the edge of the protrusion where ES and TC forces have
higher gradient (X ¼ 0:5k and 1:5k). When using prepatterned film,
both ES and TC forces show a jump in their magnitude with the
highest gradient right at the edges. In the case of EIP, this abrupt
change in ES force around the edges exists but it is mostly damped
by the Laplace pressure (due to high curvature of the film) at early
stages. It must be noted that, the ES force acts normal to the inter-
face, while the TC force acts in the tangential direction. Hence in
the combined case of EIP-TIP, the presence of TC tangential force
leads to a higher growth in instabilities around the edges in addi-
tion to the ES force induced instabilities. The pattern formation
using the spherical-cap shape is found to be complex compared
to the square block or a rectangular shape, so the complete
spatio-temporal evolution of the film interface in the EIP-TIP case
using spherical-cap protrusion is discussed (Section 1. in electronic
supporting materials).

3.3. EIP-TIP in prepatterned film: effect of protrusion height

In Fig. 3, the resulting pattern in EIP-TIP is found to be sensitive
to the initial shape of interface compared to the EIP where the
height of the protrusion used was relatively small compared to
the base thickness (n ¼ 0:1h0). The effect of height of the protru-
sion on the ES and TC pressures are presented in Fig. 4(a). The rel-
ative height of protrusion is n=h0 since the interface height hðx; y; tÞ
is scaled with the base initial film thickness of h0. The ES and TC
pressures are normalized with the ES and TC pressure acting on
the non-protruded area (/	 ¼ /=/h0 ). As the n=h0 increases both

the ES (/	
ES) and TC (/	

TC) pressure increases on the protruded area
(see image (a)) resulting to higher gradient in net force around the
edges. The effect of n=h0 on the pressure applied to the interface is
found to be more significant when the liquid film has higher rela-
tive electrical (er) and thermal (kr) conductivity compared the
bounding layer and when the relative height of the protrusion is
n=h0 P 2. Figs. 4b(i)–b(iv) shows the initial stage of pattern reflow-
ing for square block prepatterned films with relative block height
of n=h0 ¼ 0.1, 0.5, 2 and 4. These nonlinear simulation results show
that increasing the height of the protrusions lead to a single colum-
nar structure forming whereas in the smaller n=h0 values mutli-
scale patterns formed. Increasing the n=h0 leads to a lower number
of pillars forming at the protruded region which are less stable
with a higher tendency to merge in later stages (results are not
shown here).

When the height of initial pattern is very small (n=h0 ¼ 0:1 and
0.5), using the prepattern film mostly affects the pillars distribu-
tion as the initial deformation on the protruded area merge with
the base layer and after that the spatiotemporal evolution follows
similar steps observed for an initially flat film. Also, the propagat-
ing waves (on non-patterned area) follow the initial shape of pro-
trusions and pillars form along the propagating waves that leads to
a well ordered pattern (also shown at Section 1 in the electronic
supporting information). Increasing the initial protrusion height
(n=h0 ¼ 2 and 4) results in having enough polymer mass to reach
to the top plate at earlier times that leads to the formation of larger
size pillars bridging the gap above the protruded area.

So far understanding the dynamics and reflowing of prepat-
terned nanofilms in EIP and EIP-TIP process and showing that the
increase in the initial height of pattern leads to a different morpho-
logical evolution steps and consequently different features forming
in nanofilms has been the focus. Next, the effect of protrusion
width and their center-to-center distance on the pattern reflowing
in the EIP and EIP-TIP process will be discussed.

3.4. EIP-TIP in prepatterned film: effect of protrusion width

The protrusion width is decreased from KES to ð2=3ÞKES and the
center-to-center distance is decreased from 2KES to ð4=3ÞKES. Based
on the new pattern dimensions, under the same domain area
(b ¼ 1), the prepattern film has 9 square block protrusions in
16k2 domain. The reflowing mechanism and the spatio-temporal
morphologies of the film interface under EIP process are shown
in Fig. 5. The initial height of the protrusions is set to n ¼ 2h0.
The maximum interface height shows a gradual increase at early

Fig. 4. EIP-TIP process and four square block protrusions. (a) Normalized ES pressure (/	
ES , left axis) and TC pressure (/	

TC , right axis) variations versus relative protrusion’s
heights n=h0 for two relative electric permittivity and thermal conductivity ratios. 3D snapshots of the interface morphology resulting from a square block prepatterned film
and relative height of n=h0 ¼ b(i) 0.1, b(ii) 0.5, b(iii) 2 and b(iv) 4. b ¼ 1 ,w ¼ KLSE; p ¼ 2w;h0 ¼60 nm, d ¼400 nm, Dw ¼50 V, DT ¼ 100 �C.
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stages of deformation (from s1 to s3) as the initial pattern is
deforming from the square to pillar structure. Similar to the cases
showed in Fig. 3 e(i) for wider and smaller sized protrusions, the
initial deformations around the edges merge to form only one pil-
lar. Over time the formed pillar grows and touch the top electrode
and are well ordered and have the aspect ratio of 0.15. To decrease
the pillar width to submicrom level and increase their aspect ratio,

the initial pattern width and the center-to-center distance is fur-
ther decreased to w ¼ KES=3 and p ¼ 2KES=3.

The reflowing mechanism and the spatio-temporal morpholo-
gies of the film under EIP and EIP-TIP process for the reduced size
prepatterned film are compared in Fig. 6. The initial height of the
protrusions is kept the same as before (n ¼ 2h0). Tracking the max-
imum interface height in both EIP and EIP-TIP process shows an
abrupt increase in the height at very early stages of pattern reflow-
ing (s0). This initial reforming is found visible when the initial pat-
tern size is lowered and leads to very high surface to volume ratio
for the initial square blocks. Since the deformation from square
block to a pillar shape happened at very early stages of the process,
the pattern reforming occurred under a constant volume of fluid
and it is mainly due to a large Laplace pressure acting on the inter-
face tending to minimize the surface area. In the EIP case (image 6
(a)), the initial jump is damped and the Hmax has a gradual decrease
over time until it reaches the initial height.

The 3D snapshot at later stage (s1) shows only the pillar located
at the center grows to touch the top electrode (image 6 a(iii), s2).
Other lateral pillars, first moved away from the center and then
reached to the top electrode (image 6 a(iv) and a(v), s3 and s4). This
results in an increase in the center-to-center distance of formed
pillars to p ¼ 2KES at the final formed pattern in the EIP process.
At this stage, pillars are similar in size and equally spaced (similar
center-to-center distance) and have a symmetric pattern. There-
fore, pillars do not tend to merge, and the resulting pattern
remains stable for a long time. Hence, pillars do not tend to merge
that leads to a quasi-steady stage condition and making a stable
pattern formation. The EIP-TIP process is also examined under
the same initial condition which results are shown in Fig. 6(b). At
initial stage, s0, similar to the EIP case, there is a jump in the inter-
face height that represents the reflowing from square block to
columnar shape structure. Note that the time axis is plotted in
log scale so an abrupt increase in height is not present. Over time,
the height of the pillars increase and pillars touch the top elec-
trode. In contrast to the EIP case, in the EIP-TIP all pillars are grown
toward top electrode with no lateral movement leading to 9 pillars

Fig. 5. (a) Tracking the maximum and minimum interface height over time, (b) 2D
height profile at early stages of the pattern reflowing and (c) 3D snapshot of the
interface morphology at quasi-steady state. Nondimensional times (sð�Þ): s1 ¼209,
s2 ¼3154, s3 ¼11680,s4 ¼22083, s5 ¼100275. n ¼ 2h0;w ¼ 2KLS=3;p ¼ 4KLS=3;
b ¼ 1; h0 ¼60 nm, d ¼400 nm, Dw ¼300 V, DT ¼ 0 �C.

Fig. 6. Tracking the maximum and minimum interface height over time and 3D snapshots of the interface in (a) EIP and (b) EIP-TIP process using initially prepatterned film.
Nondimensional times (sð�Þ � 10�6): a(i) s0 ¼0.1, a(ii) s1 ¼1.5, a(iii) s2 ¼1.7, a(iv) s3 ¼2.3, a(v) s4 ¼2.9 and b(i) s0 ¼0.01, b(ii) s1 ¼0.46, b(iii) s2 ¼0.63, b(iv) s3 ¼0.86, b(v)
s4 ¼1.01, b(vi) s6 ¼6.2. n ¼ 2h0;w ¼ KLS=3;p ¼ 2KLS=3; b ¼ 0:5; h0 ¼60 nm, d ¼400 nm, Dw ¼300 V, DT ¼ 100 �C.
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being formed (image b(iv) and b(v)). The formed pillars are stable
for a long time (image 6b(vi)). This shows the addition of TC forces
leads to more compact and well ordered structure formation using
prepatterned film that is stable in time.

3.5. EIP-TIP in prepatterned film: protrusion width and height
interdependence

The effect of relative height of initial pattern is re-examined for
a new set of conditions (at reduced protrusion’s width
w ¼ KLS=3; p ¼ 2KLS=3 and b ¼ 0:5). The 2D height profile and 3D
snapshots of the structure form on the film are presented in
Fig. 7. The relative height n=h0 is varied from 0.1 to 3 and the non-
linear simulations show that based on the relative height of the
protrusions two distinct structures formed. The first type is the
perfect reflowing of the initially prepatterned film that leads to
well-ordered and equal sized pillars (L1 and image(I)) while the
second type is imperfect reflowing in which pillars re-arrange
themselves to a higher cenre-to-centre distance. The 2D height
profile along L1 and L2 in Fig. 7 shows that the pillar formed at
the center are identical in both cases, but the lateral pillars larger
and more widely spaced in the imperfect reflowing. The minimum
protrusion height (n P 1:5h0) is found as the threshold value for
the height of the protrusion required to achieve the optimal
reflowing and well ordered nanopillars formation.

3.6. EIP-TIP in prepatterned film: high aspect ratio nanopillars

The effect of applied voltage on the resulting pattern and the
pillars aspect ratio is also studied for the EIP-TIP process. In
Fig. 8(a), the aspect ratio of pillars is found from the nonlinear sim-
ulation results. The LS predicted characteristic wavelength for
growth of instabilities in the EIP-TIP process are based of Eq. (6).
Increasing the applied voltage leads to smaller sized pillars and
thus pillars with higher aspect ratios. Despite the parabolic
decrease in the KLS, the change in aspect ratio of pillars has only
a linear increasing trend. In contrast to EIP where only one set of
pillars are formed, in EIP-TIP at very low applied voltages (case
(i) and (ii)) primary and secondary pillars form. Fig. 8(b)–(d) show
the resulting pattern that forms at higher applied voltage ranges.

From a thermodynamic point of view, the EIP and EIP-TIP are
energy driven processes, and the film evolves until it reaches its
minimum energy level (stable condition) [41]. However, the
quasi-steady stage is the level, when the formed patterns remain
unchanged for an extended period. Merging of pillars to create lar-
ger size structures (lower the surface area) mostly happens when
homogeneous electric field or uniformly heated films are used. Col-
lision of neighbor pillars and Ostwald ripening are two commonly
seen coarsening mechanism in the self-organized patterning tech-
niques (EIP and EIP-TIP). Pillars do not tend to merge for a long per-
iod (considered as a quasi-steady stage) when the generated pillars
have the same size and their center-to-center distance is the same
that leads to the formation of symmetric patterns.

Fig. 7. 2D height profile and 3D snapshots of the pattern forming in the EIP-TIP process, effect of relative height n=h0 at reduced protrusion’s width w ¼ KLS=3. Other
parameters: p ¼ 2KLS=3; b ¼ 0:5. h0 ¼60 nm, d ¼400 nm, Dw ¼300 V, DT ¼ 100 �C.

Fig. 8. (a) Effect of applied voltage on the aspect ratio of pillars and the LS predicted
characteristic wavelength for growth of instabilities, (b–d) 3D snapshots of the
pattern formed predicted by nonlinear analysis in the EIP-TIP and prepatterned
nanofilm. n ¼ 2h0;w ¼ KLS=3; p ¼ 2KLS=3;b ¼ 0:5;h0 ¼60 nm, d ¼400 nm and DT ¼
100 �C.
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3.7. EIP-TIP in prepatterned film: aspect ratio and limitations

In the previous section, it is shown that ordered pillars with
higher aspect ratio can be created by increasing applied voltage.
However, due to the electric breakdown limit of polymer film and
the bounding layer, the increase in applied voltage is limited.
Another option is to lower the spacing and width of initial
pattern which the results presented in Fig. 9. The protrusions
width and the center-to-center distance is lowered from
w ¼ KLS=2; p ¼ 2KLS & b ¼ 1 to w ¼ KLS=4; p ¼ KLS=2 & b ¼ 0:5.
Under this configuration the polymer film is prepatterned with 25
square block protrusions. The 2D height profile at the quasi-
steady stage of patterning for 4 different configurations of
w=KLS ¼ 0.5, 0.4, 0.3 and 0.25 is shown in image 9 a(i-iv). The aspect
ratio and the center-to-center distance of pillars formed (v=KLS) are
measured and reported in image 9(b). The 3D profile of the pattern
form under these conditions are presented in image 9c(i–iii).
Results show that the aspect ratio is increased from 0.81 to 0.93
as the protrusions width (w=KLS) decreased from 0.5 to 0.4. In this
case, 25 well-ordered nanopillars formed without sacrificing the
fidelity of the final structure as v=KLS remained unchanged. How-
ever, further decrease in w=KLS ¼ 0.3 and 0.25, results in a coarse
structure as only 9 and 4 larger sized pillars having a lower aspect
ratio, respectively. The coarse structure (v=KLS > 1) formation is
due to merging of square blocks at early stages of reflowing that
leads to larger sized pillars at later stages.

4. Conclusions

Creating well-ordered with submicron size pillars have been
considered as main limitation for EIP process in nanofilms [1].
Although using patterned top electrode helped to lower the size
and create well ordered structures, the very low aspect ratio of
formed pillars remained as unsolved problem [22,4,42]. In the
EIP process of nanofilms, the aspect ratio of formed pillars was
found to be less than 0.2 [39,4] and it was improved to about
0.35 in the EIP-TIP process [2]. But further efforts to lower the
pillars width resulted in a coarse and randomly distributed pillars
[3]. In this work, the EIP process is combined with TIP to reflow the

initially patterned nanofilms and create well-ordered nanopillar
arrays with higher aspect ratios.

The feasibility of using prepatterned nanofilms is addressed in
the following steps: the effect of (i) initial pattern shape (cubic
or spherical-cap protrusions) (ii) height, width and periodicity on
the reflowing mechanism (early stages of deformation) and final
formed patterns (nonlinear stages) are discussed. Nonlinear analy-
sis showed that despite the EIP process, the EIP-TIP is sensitive to
the initial shape of the pattern, even for the small relative protru-
sion height (n=h0 ¼ 0:1), as the features formed in the nonlinear
stages affected by the initial pattern shape. Effect of n=h0 on the
ES and TC pressure applied to the interface is significant when
the liquid film has higher relative electrical (er) and thermal (kr)
conductivity compared the bounding layer and when the relative
height of the protrusion is n=h0 P 2. In addition, increasing the
height of the protrusions lead to a single columnar structure form-
ing (with lower aspect ratio) whereas for the smaller n=h0 values
hierarchical patterns are formed. However, to have equally-sized
pillars and to avoid a multi-scale pattern formation, using
n=h0 P 2 is recommended. The effect of protrusions width is also
examined on the aspect ratio of pillars and pattern fidelity. The
limiting ratio of w=KLS ¼ 0:4 is found as the optimum width ratio
as the smaller sized protrusions leads to larger sized pillars with
lower aspect ratios. Increasing the applied voltage leads to a smal-
ler sized pillars and thus pillars with higher aspect ratios (around
one). Despite the parabolic decrease in the KLS, the change in
aspect ratio of pillars is found to be only linear.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2018.06.080.
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