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ABSTRACT: Electrohydrodynamic (EHD) and thermocapillary (TC) forces are used to destabilize the interface of
ultrathin liquid ﬁlms and create sub-micrometer-sized features.
EHD instabilities result from the normal component of
Maxwell stress, while TC forces induce shear stress to the
interface. In this study, the accuracy of linear stability (LS)
analysis for the prediction of ﬁnal structures which undergo
nonlinear stages during pattern evolution is investigated by using new normalizing factors. The reasons for the deviation between
LS analysis and nonlinear simulation results are then discussed. It is found that, despite the positive eﬀect of TC in reducing the
structure sizes compared to the EHD case, it causes lateral movement of pillars, which results in faster coarsening in later stages
of pattern formation. To control the movement of patterns and create well-ordered features, nonuniform electrostatic and TCinduced instabilities of the ﬁlm are examined by using ridge and square-block-shaped electrodes.
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mode and is responsible for Bénard convection cells.22 In
contrast, the long-wavelength (LW) mode is present in much
thinner and more viscous ﬁlms. In SW mode the interface
remains ﬂat, whereas in the LW mode elongations of the
interface are observed. Many studies were conducted on the
LW instabilities of heated liquid ﬁlms23−25 but the generated
elongations on the interface had very small height-to-width
aspect ratios, and their capture was not of practical interest.
However, creation of micro- and nanometer-sized features on
ultrathin ﬁlms was the focus of a few studies. These eﬀorts were
initiated by Chou and Zhuang26 who observed a pattern
replication in ultrathin molten polymer ﬁlms sandwiched
between two closely spaced substrates. They did not apply
any electric ﬁeld but proposed the image charge or surface
charge (SC)-induced EHD instability model to justify their
observations. Soon thereafter, Schaﬀer et al.6,27 repeated the
same set of experiments but, by grounding the ﬁlm and
substrates, ruled out the SC model as the responsible
mechanism for growth of instabilities and micropillar formation.
Instead, an acoustic phonos (AP) model was proposed as a
dominant mechanism for growth of instabilities which relies on
the low-frequency acoustic phonons and the resulting radiation
pressure induced to the nanoﬁlms. More recently, Dietzel and
Troian28 and McLeod et al.29 tested nanoﬁlms conﬁned within
closely spaced substrates, and formation of periodic pillar arrays
was observed by applying a transverse thermal gradient. Their
results are in contrast with the conventional BM instability that
requires reaching to a critical Marangoni number.22,28 They
experimentally veriﬁed that the growth and ampliﬁcation of

INTRODUCTION
The goal to advance a fast and inexpensive technique for
noncontact lithography by employing ﬂuid instabilities leads to
a variety of approaches such as self-organized pattern formation
by dewetting,1,2 electrically induced instabilities,3 and thermally
assisted patterning.4 Development of these instabilities at the
ﬁlm interface leads to pattern formation and/or ﬁlm disruption,
which is of interest in numerous applications. The physical basis
for the liquid surface deformation induced by an electric ﬁeld
has been known since its initial observation by Swan.5 Over 100
years later, Schaﬀer et al.6 reported hexagonal ordered
micropillar formation when a large electric ﬁeld (>107 V/m)
was applied to an ultrathin molten polymer ﬁlm. The center-tocenter distance of raised columnar structures, called pillars,
which bridged two electrodes was characterized by maximum
growth of instabilities in the linear stage mode. Since then, the
electrically induced instabilities of thin liquid ﬁlms have
received great attention for the creation of novel micrometer
and sub-micrometer structures.3,7−14 Diﬀerent approaches has
been used to lower the size of the created structures on the ﬁlm
in the electrohydrodynamic (EHD) lithography technique, such
as employing alternating current (AC)9,15,16 instead of direct
current (DC); using leaky dielectric,17,18 ionic conductive,19,20
and perfect conductive11 ﬁlms instead of perfect dielectric
polymer ﬁlms; and working with viscoelastic and nonNewtonian molten polymers.16,21
The hydrodynamics of self-organized pattern formation due
to Bénard−Marangoni (BM) instability in heated thick liquid
ﬁlms has also been widely studied.22 The nonuniformity of
surface tension induces interfacial shear stress at the interface,
which breaks the mechanical equilibrium and leads to a
convective motion of ﬂuid. Thermocapillary (TC) instability
caused by temperature-dependent interfacial tension in thick
and less viscous liquid ﬁlms leads to the short-wavelength (SW)
© 2017 American Chemical Society
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normal (n) to the interface due to mismatch of electrical
properties of liquid ﬁlm and the bounding ﬂuid. The tangential
(τi) TC stress is the result of the thermal gradient across the
ﬁlm as the liquid ﬁlm is heated from below (TH) and cooled
from above (TC). The liquid ﬁlm is considered as an
incompressible Newtonian ﬂuid since the shear rate in the
growth of instabilities is very small. Mass conservation and
momentum and energy balances govern the dynamics and
pattern formation process. Considering the long-wave approximation, the spatiotemporal evolution of thin liquid ﬁlms
subjected to the transverse electric ﬁeld and thermal gradient is
described by the following dimensionless equation,25

long-wave TC instabilities are responsible for pillar formation
in nanoﬁlms, not, as previously hypothesized, electrostatic
attraction or acoustic phonons.
Incorporation of tangential TC stress into the normal
electrostatic stress in thin ﬁlms was ﬁrst examined analytically
by Corbett and Kumar30 using linear stability (LS) analysis.
They presented the LS analysis predictions for the fastestgrowing waves of perfect dielectric (PD) and leaky dielectric
(LD) ﬁlms in the presence of a large thermal gradient and
electric ﬁeld for 1D ﬁlms. Later, Nazaripoor et al.31 performed
the 2D nonlinear analysis to study the dynamics and
morphological evolution of liquid nanoﬁlms under combined
TC-EHD instabilities. Increasing the TC pressure by increasing
the thermal gradient resulted in the formation of more compact
structures as compared to the pure EHD patterning. Since the
predictions from LS are based on initial growth of instabilities,
one main question investigated in this paper is the accuracy of
the LS analysis for the prediction of the ﬁnal formed structures
which undergo nonlinear stages during pattern evolution. The
limiting stage for the minimum structure size formation at the
interface is also investigated. To do this, the role of the thermal
conductivity of a ﬁlm in enlarging the TC stress and its
consequences on pattern evolution for both linear and
nonlinear analysis are discussed in the next sections. Experiments in the literature7,32 have shown that the electric
breakdown results in the formation of larger size structures
and unevenly distributed patterns which are not captured in the
theoretical predictions focused on the EHD pattering of
nanoﬁlms.33−35 The TC force is added to the electrostatic force
to allow use of a lower applied electric ﬁeld and avoid electric
breakdown in the ﬁlm and the bounding layer.
In electrically induced patterning, a patterned mask is
commonly used to minimize the coarsening eﬀects and create
well-ordered structures. The eﬀect of the protrusions’ shape
(strip, square, and triangle block protrusions)36−39 and their
size on the ﬁdelity of pattern replication is well studied for
PD,33,34,40,41 LD, 42 and ionic conductive 20 ﬁlms both
experimentally and numerically. Here, we also examine the
use of patterned masks (top electrode) to induce nonuniform
electrostatic and thermocapillary forces to control both shape
and size in combined TC-EHD pattern formation of nanoﬁlms.

⎛
3H2 ⎞
∂H
+ ∇⎜H3∇P −
∇Γ⎟ = 0
2
∂τ
⎠
⎝

(1)

where H = H(X,Y,τ) is the nondimensional interface height and
∇ = (∂/∂X,∂/∂Y). The variable Γ = (ϵh0/μuc)γ is the
dimensionless interfacial tension, and P = ϵh0/μuc(p + ϕ) is
the dimensionless pressure in which p represents the capillary
pressure and ϕ = −ρgz + ϕLW + ϕEL accounts for the
contributions of hydrostatic pressure, Lifshitz−van der Waals
intermolecular interactions, and electrostatic pressure. Dimensionless time is τ = (3uc/λ)t, and uc is the characteristic lateral
speed due to either individual TC and EHD ﬂow or their
combination. The ﬁlm density ρ = ρ(TH) and viscosity μ =
μ(TH) are assumed constant. It is also assumed that the
electrodes are perfect thermal conductors and there is no heat
loss within the electrodes.
The second term in eq 1 shows the superposition eﬀect in
growth of instabilities and changes due to the variations in
hydrostatic forces ∇P and interfacial tension ∇Γ = (dΓ/
dT)∇T. Interfacial tension is approximated to be a linear
function of temperature (γ = γ0 − αT(T − T0)). αT > 0 is the
surface tension gradient and γ0 and T0 are the reference
interfacial tension and temperature, respectively.
The lateral coordinates are normalized with λ (X, Y = x/λ, y/
λ), and the vertical coordinate, interface height, and distance
between electrodes are scaled with ﬁlm initial thickness h0 (Z =
z/h0, H = h/h0, and D = d/h0). Variable ϵ = h0/λ (≪1) is the
dimensionless ratio of initial ﬁlm thickness to the characteristic
lateral length scale, which conﬁrms the validity of the long-wave
approximation.
Since the pressure within the ﬁlm is constant (according to
lubrication theory), its value is found by considering the normal
stress balance at the interface. Lifshitz−van der Waals
intermolecular interactions ϕLW = −A/6πH3 are considered
when the ﬁlm thickness is less than 100 nm,43 and A is the
eﬀective Hamaker constant deﬁned for the three-layer system.
For the perfectly dielectric ﬁlms, under long wave approximation, the electrostatic pressure, ϕEL(N m−2), simpliﬁes to6

■

MATHEMATICAL MODEL
A two-dimensional schematic of the three-dimensional ultrathin
liquid ﬁlm sandwiched between two electrodes is shown in
Figure 1. Transverse electric ﬁeld induces Maxwell stress

ψup
⎤2
⎡
1
ϕEL = − ε0ε1(εr − 1)⎢
⎥
2
⎣ h(1 − εr) + εrd ⎦

(2)

where εr = ε1/ε2 is the relative dielectric constant, ε1 (ε2) is the
relative dielectric constant of the bottom (top) layer, ε0 is the
vacuum dielectric constant, and ψup is the applied electric
potential. Given these, the hydrostatic term in eq 1 becomes
Figure 1. A 2D schematic of the ultrathin liquid ﬁlm sandwiched
between top (cold) and bottom (hot) electrodes.

∇P = Ca −1∇3 H − Ca −1Bo∇H + ∇(ΦLW + ΦEL)
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(3)

DOI: 10.1021/acs.iecr.7b02814
Ind. Eng. Chem. Res. 2017, 56, 10678−10688

Article

Industrial & Engineering Chemistry Research

and Φs = 0.5ε0ε1(ε1 − ε2)ψup2/ε22h02. The resulting normalized
TC-EHD thin-ﬁlm equation is as follows:

where Ca = μuc/(ϵ3γ) is the Capillary number, Bo = ρgλ2/γ is
the Bond number, and ΦLW and ΦEL are dimensionless
Lifshitz−van der Waals and electrostatic pressures, respectively.
Temperature is normalized as Θ = (T − TC)/(TH − TC), and
a simpliﬁed energy equation is solved considering conduction
as the dominant mechanism of heat transfer.31 The resulting
temperature distribution along the interface is given by Θ|Z=H =
kr(D − H)/[(1 − kr)H + krD)], and kr = k1/k2 is the relative
thermal conductivity of layers (k1 (k2) is the thermal
conductivity of the bottom (top) layer). Substituting the
temperature distribution into the TC pressure term yields
∇Γ =

Mak rD
[(1 − k r)H + k rD]2

∇H = ∇ΦT

∂H
+ ∇(H3∇3 H − H3[∇(ΦLW + ΦEL)]) − ∇(H2∇ΦT)
∂τ

Linear Stability Analysis. Linear stability (LS) analysis is
used to predict the characteristic wavelength for the growth of
instabilities λ. Experimental studies on EHD6 and TC29 showed
that the center-to-center distance of pillars (observed at initial
stages of formation) compared favorably with the maximum
wavelength for growth of instabilities at micrometer-size
patterns. The corresponding wavelength is found by replacing
the interface height in eq 7 with a small periodic perturbation of
the interface about initially ﬂat base state, H = 1 + ξ exp[κ(X +
Y)i + S(κ)τ)]. In this relation, κ = 2πLs/λ is the wavenumber,
S(κ) is the growth coeﬃcient, and ξ (≪ 1) is the inﬁnitesimal
amplitude coeﬃcient. The following dispersion relation for
growth rate is found after neglecting all nonlinear terms: S(κ) =
−κ2[κ2 + ∂ΦEL/∂H + ∂ΦT/∂H].
Over time, the perturbations are ampliﬁed if S > 0. Since
both ∂ΦEL/∂H < 0 and ∂ΦT/∂H < 0, all modes with κ < κc =
(−∂ΦEL/∂H − ∂ΦT/∂H)(1/2) are unstable. The fastest growing
wave, λmax, corresponding to dominant wavenumber will
eventually dominate and is given by

(4)

where Ma = ϵαTΔT/μuc is the Marangoni number and ΔT =
TH − TC is the maximum temperature diﬀerence. The
characteristic lateral velocity, uc, is found by setting the
interface height, its slope, and the TC stress (in eq 4) to
unity. The dimensionless TC pressure term is ΦT = (ϵh0/
μuc)ϕT. In dimensional form, the TC pressure, ϕT (N m−1), is
as follows:
ϕT =

k rαTdΔT
3
2 (1 − k r)[(1 − k r)h + k rd]

(5)

Substituting eqs 3 and 4 into eq 1 yields the thin-ﬁlm equation,
which provides the spatiotemporal evolution of the ﬁlm under
both EHD and TC forces:31

λmax = 2πLs
⎤−1/2
⎡
Mak rD
εr − 1
⎥
⎢
+
[1 + k r(D − 1)]2 ⎦
⎣ [1 + εr(D − 1)]3

∂H
+ ∇(H3[Ca −1∇3 H − Ca −1Bo∇H
∂τ
− ∇(ΦLW + ΦEL)]) − ∇(H2∇ΦT) = 0

(7)

=0

(8)
(6)

where the modiﬁed Marangoni number, Ma = 3αT∇T/2h0Φs,
is the ratio of interfacial force gradient to the electrostatic force.
To numerically examine this, a liquid ﬁlm viscosity μ = 1 Pas,
interfacial tension γ = 0.048 N/m, interfacial tension gradient
αT = 48 × 10−5 N/m·K, vacuum dielectric constant ε0 = 8.85 ×
10−12 C/V·m, dielectric constants of the liquid ﬁlm ε1 = 2.5(−)
and the bounding layer ε2 = 1, 4.16(−), eﬀective Hamaker
constant AL = −1.5 × 10−21 J, and electrodes distance d = 200
nm are chosen.

Experimental studies on EHD and TC of ultrathin liquid
ﬁlms (thickness < 500 nm),6,29 showed that Capillary number
and Bond number are of the order of O(101) and O(10−5),
respectively. Hence, the contribution of gravity to the
hydrostatic pressure is neglected compared to other forces in
eq 6. In derivation of eq 6, it is assumed that (i) there is no
electric breakdown in both liquid ﬁlm and the bounding layer,
(ii) the solvent evaporation is completed before the onset of
TC and EHD patterning process, and (iii) the viscosity of
molten polymer at temperatures above the glass transition T >
Tg is constant over the evolution time.
Scaling of Thin-Film Equation. In the absence of thermal
gradient and electrostatic force, LW forces are the most
dominant source for growth of instabilities in ultrathin ﬁlms.25
Equation 6 is rescaled using Ls = h02/(2πγ/AL)1/2 for spatial
coordinates (X = x/Ls, Y = y/Ls), Ts = AL2/12 π2μγh05 for time
(τ = t/Ts), and Φs = 2πh03/AL for pressure (Φ = (p + ϕ)/Φs).
In the absence of electric ﬁeld (ψup = 0), the TC is dominant in
heated ﬁlms when both viscous scaling (eq 6)29,44 and LW
scaling23 have been used to normalize the TC pressure. For the
EHD-induced instabilities under isothermal conditions, the
electrostatic pressure is considered as dominant6 and eq 6 is
rescaled using factors of Ls = (γε22h03/0.5ε0ε1(ε1 − ε2)ψup2)1/2,
Ts = 3μγε22h03/[0.5ε0ε1(ε1 − ε2)ψup2], and Φs = 0.5ε0ε1(ε1 −
ε2)ψup2/ε22h02. Here, the EHD scaling factors for the combined
TC-EHD instabilities are used, and the thin-ﬁlm equation is
revised. In the TC-EHD-induced instabilities, the electrostatic
pressure is dominant,30,31 and thus eq 6 is rescaled with X = x/
Ls, Y = y/Ls, τ = t/Ts, and Φ = (p + ϕ)/Φs using Ls = (γε22h03/
0.5ε0ε1(ε1 − ε2)ψup2)1/2, Ts = 3μγε22h03/[0.5ε0ε1(ε1 − ε2)ψup2],

■

RESULTS AND DISCUSSION
Examining the terms of eqs 7 and 8 shows the inclusion of the
TC shear stress could enhance total disturbance of the interface
compared to the EHD basecase. In Figure 2, the scaled TC
pressure and electrostatic pressure distribution over the
interface height are compared for diﬀerent thermal conductivity
and dielectric constant ratios. Having a ﬁlm with higher thermal
conductivity and electrical permittivity compared to the
bounding ﬂuid (kr > 0, εr > 1), results in negative pressures
which means the resulting force pull the interface toward the
top electrode (or cold plate). Although both TC and
electrostatic pressures (absolute value) increase over the
interface height, the change in the TC pressure is negligible
compared to the electrostatic pressure.
Linear Stability Analysis. From LS analysis, λmax in eq 8 is
a function of applied voltage, initial ﬁlm thickness, electrodes
(or hot and cold substrates) distance, relative dielectric
constant between the ﬁlm and bounding layer, thermal
conductivity ratio, and surface tension gradient. In conventional
EHD patterning, a variety of methods have been used to lower
the structure size from the micrometer to sub-micrometer level.
10680
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case while increasing parabolically in the pure TC case. In the
combined TC−EHD case, λ is more aﬀected by TC for the
lower range of h0 whereas for the higher values of h0, EHD is
dominant. A parabolic change of λmax with h0 is observed for kr
= 2, while in cases with kr < 1 the maximum wavelength
escalates linearly as h0 increases in Figure 3b,c. The smaller
ﬁlling ratio results in smaller structures for the wide range of kr.
In Figure 3a−c, the temperature diﬀerence and applied voltage
were kept constant. To ﬁnd the minimum expected size for
λmax, the extreme conditions of temperature gradient and
applied potential (ΔT = 100 °C and ψup = 50 V) are compared
with the lower parameter values in Figure 3d. For the ﬁlling
ratio of 0.3, the minimum characteristic wavelength obtained in
kr = 0.5. The thermal conductivity ratio of layers is found to be
more eﬀective at lower voltage and temperature gradient. At
ΔT = 100 °C, increasing the electrostatic forces does not aﬀect
the λmax compared to ΔT = 25 °C.
Nonlinear Simulations. Numerical Scheme. The thin-ﬁlm
equation (eq 7) is a fourth-order nonlinear partial diﬀerential
equation (PDE) and is solved numerically to ﬁnd the dynamics
and morphology of interface under combined TC-EHDinduced ﬂuid ﬂow. 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.47 A square domain with size of (4 × 4) λmax2 (in
some cases: (6 × 6) λmax2) with uniform Cartesian grids of 91 ×
91 (121 × 121) and periodic boundary conditions are chosen.
Details about the numerical scheme are given in ref 31.
Selecting Domain Size. To show the eﬀect of proper choice
for the domain size in nonlinear simulation, the 3D snapshots
of the patterns formed on the interface are compared for two
diﬀerent domain sizes, one based on the EHD characteristic

Figure 2. Scaled thermocapillary (TC) tangential pressure (left axis
and black lines) and electrostatic pressure (right axis and blue lines)
distribution over the interface height.

These methods include increasing the applied voltage;6
enhancing the electrical conductivity of polymer ﬁlm by using
leaky dielectric (LD),17,18 ionic conductive,19 and perfect
conductive (PC) materials;11 replacing the upper gas layer
with another polymer layer to reduce the electric potential
drop;7,45 or decreasing the damping interfacial tension at the
interface.46 Except for the last one, the aim is to enhance the
net electrostatic force acting normal to the interface.
LS analysis (Figure 3a) show that EHD and TC forces
induce diﬀerent trends to the characteristic wavelength.
However, in both EHD and TC, thinner systems (d and h0)
lead to smaller structure size. In this study, the electrodes
distance, d, is kept constant and thus an increase in the initial
ﬁlm thickness, h0 implies higher ﬁlling ratio (initial ﬁlm
thickness to the electrodes distance, h0/d). As the initial ﬁlm
thickness increases, λmax decreases linearly in the pure EHD

Figure 3. Linear stability analysis predictions for maximum wavelength for growth of instabilities λmax, role of (a) initial ﬁlm thickness h0 for two
electrode distances, (b) thermal conductivity ratio kr, (c) combined h0 and kr, and (d) temperature diﬀerence ΔT and applied voltage ψup.
10681
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Figure 4. 3D snapshot of quasi-steady state of the formed pattern in the TC-EHD case in the domain area of 4L × 4L: (a) L = λEHD and (b) L =
λTC‑EHD. Other conditions: h0 = 60 nm, d = 200 nm, ΔT = 100 °C, kr = 2, εr = 2.5, and ψup = 5 V.

Figure 5. (a)Nondimensional interface height H(−), variations versus nondimensional time T(−). (b) (i−iv) 3D and 2D snapshots of the interface
structure over time. (c) 3D snapshot of the interface structure in 6λ × 6λ domain at quasi steady state. Conditions: h0 = 60 nm, Ma = 0, kr = 2.
Nondimensional times for the 3D plots are T(−) = 6.6 × 104 (b(i)), 7.6 × 104 (b(ii)), 1 × 105 (b(iii)), 1.4 × 105 (b(iv)), and 4 × 104 (c).

replication of patterns due to the presence of extra mass of
polymer in the system.35,40 Hence, lower ﬁlling ratios received
more attention due to their higher potential in faithful
replication of patterns. As a result, in the present study, the
focus is on the ratios h0/d < 0.5.
The tracking of maximum and minimum interface height
over time along with the 3D snapshots of the ﬁlm interface at
diﬀerent stages of the evolution process are presented in Figure
5. Initial random perturbations reorganize into ridges and
valleys and form bicontinuous structures (stage (i)). Then
fragmentation occurs and isolated islands are generated. Due to
a negative ﬂuid ﬂow diﬀusion from thinner thickness area to
thicker regions, the structures are enlarged and reach top (cold)
electrode (stage (ii)). After bridging top and lower electrodes
the contact area increases over time to form columnar raised
structures with circular cross sections or pillars (stages (iii) and
(iv)). Using larger simulation domain area of 6λ × 6λ reveals
the classical hexagonally packed formation of pillars in
combined TC-EHD (Figure 5c).
The role of initial ﬁlm thickness and thermal conductivity
ratio in the combined TC-EHD is numerically investigated and

wavelength (shown in Figure4a) and the other combined TCEHD wavelength (shown in Figure4b). The EHD characteristic
wavelength, λEHD, can be found by setting Ma = 0 in eq 8.
In our previous work,31 the λEHD was used for the domain
size which is found ineﬃcient due to computational errors and
long CPU times. As can be seen in Figure 4b, the structures are
packed densely which requires much higher number of grid
points (171 × 171) compared the TC-EHD case (91 × 91 for
the (4 × 4) λ2 domain area. To show the eﬀect on the CPU
time reduction, the ﬁrst domain size required solving of 29 241
coupled ODEs at each time step whereas the second domain
size only requires solving of 8281 ODEs (around 3.5 times
lower number of equations) which results in lower simulation
time. Hence, in this study the TC-EHD length scale (λmax in eq
8) is used when thin ﬁlm is subjected to both electrical and
thermal gradients.
Spatiotemporal Evolution of the Film. In the EHD
process, the transition from pillars to bicontinuous structure
was observed applying ﬁlling ratio of h0/d = 0.5 under uniform
electric ﬁeld.33 In the case of nonuniform electric ﬁeld
exposure, higher ﬁlling ratios has also led to imperfect
10682
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Figure 6. 3D and 2D snapshots of the interface structure over time: (a(i−iv)) h0 = 30 nm, Ma = 2.6, kr = 2; (b(i−iv)) h0 = 60 nm, Ma = 5.2, kr = 2;
and (c(i−iv)) h0 = 60 nm, Ma = 5.2, kr = 0.5. Nondimensional times for the 3D plots are T(−) = 604, 872, 1 × 103, and 1.9 × 103 (a(i-iv)); 27, 30,
35, and 45 (b(i−iv)); and 9, 10.5, 14.5, and 16.8 (c(i−iv)).

Table 1. Listing of the Cases and Parameters Considered for Linear and Nonlinear Analysisa
LS analysis
ψup (V)

a

simulation

ΔT (°C)

Ma

kr

λLS (μm)

pillar density

λav (μm)

Wav (μm)

λav/λLS

1
1
1

0
25
100

0
65
260

−
2
2

72.41
1.10
0.55

0.00013
0.205
0.82

90.3
2.33
1.13

52.5
1.63
0.81

1.25
2.12
2.05

5
5*
5
5
5

0
50
50
50
50

0
2.6
5.2
5.2
5.2

−
2
2
5
0.5

14.48
0.6
0.78
1.01
0.59

0.0045
0.7
0.41
0.23
0.63

15.35
1.99
1.62
2.3
1.30

10.4
1.38
1.20
1.5
0.98

1.06
3.32
2.08
2.28
2.20

50
50
50*
50
50
50

0
25
100
100
100
100

0
0.026
0.05
0.1
0.1
0.1

−
2
2
2
5
0.5

1.45
0.88
0.41
0.51
0.69
0.40

0.45
0.33
1.47
1.25
0.947
1.86

1.53
1.2
0.78
1.03
1.07
0.79

1.04
0.82
0.5
0.65
0.73
0.55

1.05
1.36
1.90
2.02
1.55
1.97

Initial ﬁlm thickness h0 = 60 nm (except for * cases h0 = 30 nm).

the results are presented in Figure 6. In ﬁlms with lower ﬁlling
ratio (h0/d = 0.15), ﬁrst cone shape pillars formed over the
domain rather the columnar pillars (image a(ii)). Over time the
structures merged together to form larger size pillars that touch
the upper cold electrode. Merging of pillars occurs in the later
stages of pattern formation in order to lower the energy level of
system.48 This results in coarse large structure formation at the
long exposure time to TC-EHD forcing. Using thicker ﬁlms
(h0/d = 0.3, Figure 6b(i−iv)) shows a similar trend in
spatiotemporal evolution of interface as was observed in Figure
5. Based on the LS predictions, the minimum λmax was found

for the kr close to 0.5. Changing kr from 2 to 0.5 results in a
reverse trend in TC pressure acting on the interface. As a result,
the pillars tend to merge at earlier stages of pattern formation
(image c(ii)). The coalescence of pillars also extends to the
later stages (after touching the top electrode) that results in a
coarse pattern formation (images c(iii) and c(iv)) at longer
times.
The inﬂuence of TC on the EHD-induced lithography for
reduction of pattern size is examined by using a numerical study
for several conditions, and the results are summarized and
compared with LS analysis in Table 1. Pillar density is deﬁned
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Figure 7. Comparison between averaged center-to-center distance of pillars (λav) and their average width (Wav) from nonlinear simulations with the
LS analysis predicted characteristic wavelength (λLS) for two eﬀective factors of (a) thermal conductivity ratio kr and (b) modiﬁed Marangoni
number Ma .

Figure 8. (a) 3D schematic of the upper electrode pattern and 3D snapshots of the formed pattern in (b(i−iii)) EHD (Ma = 0) and (c(i−iv)) TCEHD (Ma = 65) induced pattern formation. Nondimensional times are T(−) = 5.2 × 103 (b(i)), 3.4 × 104 (b(ii)), and 4.45 × 105 (b(iii)) and 0.02
(c(i)), 0.06 (c(ii)), 0.12 (c(iii)), and 0.25 (c(iv)). Applied voltage, ψup = 1 V; electrodes distances, d1 = 200 nm and d2 = 150 nm; protrusion width,
wp = λ = 41.9 μm (b(i−iii)) and 1.1 μm (c(i−iv)); temperature diﬀerence, ΔT = 0 °C (b(i−iii)) and 25 °C (c(i−iv)); domain size, 10λ × 10λ =
0.176 mm2 (b) and 121.6 μm2 (c).

as the total number of completely formed pillars in a 1 μm2 area
of patterning domain and is used to show the miniaturization
and compactness of the structures. Both linear and nonlinear
simulations conﬁrm that an increase in the TC pressure either
by increasing temperature diﬀerence or by using more thermal
conductive ﬁlms (k1) results in a higher pillar density and more
compact structures compared to the EHD. The center-tocenter distance of formed pillars, λav, and their average width,
Wav, are compared to the LS analysis predictions, λLS, for lower
and higher relative TC-to-EHD strength of Ma = 0.1 and 5.2
(Figure 7a). Ratios of λav/λLS greater than one result in an
under prediction of LS and higher nonlinear eﬀects in pattern
formation. At lower Ma , closer agreement is found between the
LS predictions and nonlinear simulation results.
The deviation from LS prediction is found to increase when
TC has higher strength relative to the EHD (higher Ma at
constant kr = 2) as shown in Figure 7b. As Ma increases from
the pure EHD-induced instabilities (Ma = 0), both λ and W
ratios increase and ﬁnally reach the limiting values of 2 and 1.5
at pure TC-induced patterning condition (Ma ≈ 260),
respectively. A possible explanation is the higher merging rate

of pillars and coarsening when higher TC tangential stress acts
on the interface.
Nonuniform Electrical and Thermal Gradients. A
patterned mask is commonly used in the EHD pattering to
impose nonuniform electrostatic ﬁeld to the ﬁlm and is a
successful technique to control both size and shape of features
form on the ﬁlm. Protrusions width and height and their
periodicity are eﬀective parameters which should be adjusted
accurately to achieve the perfect pattern replication. The
material properties of the protrusions plays signiﬁcant role in
pattern replication ﬁdelity14 which is beyond the scope of this
study. Higher electrostatic force is applied to the ﬁlm under the
protrusions (lower electrodes distance region), which results in
undulation of the interface toward the electrode. TC force (see
eq 5) behaves similarly and it increases when the separation
distance of the hot and cold plates decreases. The similarity and
diﬀerences between EHD and TC-EHD pattern formation
under the patterned electrodes will be discussed next. We will
investigate the capability of applying nonuniform TC and EHD
forces to avoid feature movement which is a main reason for
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Figure 9. (a) 3D schematic of the upper electrode pattern and (b) nondimensional maximum and minimum interface height proﬁle in TC-EHD
patterning. (c(i-vi)) 3D snapshots of the formed pattern and (d) 2D interface height proﬁle of the interface and (e) 3D snapshots of the formed
pattern. Initial ﬁlm thickness, h0 = 60 nm (b, c, and d) and 30 nm (e). Nondimensional times are T(−) = 0.01 (c(i)), 0.06 (c(ii)), 0.125 (c(iii)),
0.225 (c(iv)), 0.3 (c(v)), 0.42 (c(vi)), and 5 (e). Applied voltage, ψup = 1 V; electrodes distances, d1 = 200 nm and d2 = 150 nm; temperature
diﬀerence, ΔT = 25 °C; domain size, 9λ × 9λ = 98.55 μm2.

Next, multiple ridges electrode with thickness of λ and the
center-to-center distance of 3λ is used to impose the
nonuniform electrostatic and thermocapillary forces to the
ﬁlm. The electrodes distances and other conditions remain
unchanged. The maximum interface height proﬁle is tracked
over time to show multiple stages in pattern evolution (Figure
9,). The stages (i)−(iv) are presented using 3D snapshots of
the interface (images c(i−iv)) and 2D height proﬁle along the
X-axis (image d). Similar to the single ridge case, at very early
stages (stage (i)), the roll-like patterns form under both high(under the ridges) and low-pressure regions. These undulations
grow while they are moving in the direction normal to their
alignment until they merge at low-pressure regions (stages (ii)
and (iii)). They continue to move and collide with the ridges
(stage (iv)), which results in a step-like edge at the crest. They
then squeeze under the protrusions which results in thicker
undulations as their height is bounded to the lower electrodes
distance of d2 (stage (v)). Over time they move farther and
form ridges with higher height-to-width ratios (in stage (vi))
similar to those initially formed in stage (iii). From this stage
on, the pattern evolution repeats through stages (iii)−(vi), as
shown in Figure 9d. Using ﬁlms with lower initial thickness of
30 nm leads to the formation of a row of pillars instead of

the formation of coarse structure in TC-EHD patterning
process as discussed above.
EHD- and TC-EHD-induced patterning cases are examined
using single ridge protrusion electrode (shown in Figure 8). In
both cases, at early stages of the interface evolution (b(i) and
c(i)), the interface is pulled toward the top electrode under the
protrusion area which is followed by liquid depletion. In the
EHD case, the growth of interface height then continues over
time and reached the top electrode (image b(ii)). Afterward the
secondary pattern formation (image b(iii)) is initiated in
regions with lower applied electric ﬁeld which is observed both
numerically and experimentally.20,33,40 However, in the TCEHD case, the induced pattern moves parallel to the electrode
while the amplitude of secondary induced waves is also
increasing and generates undulations parallel to the initial
formed ridge (image b(ii)). Over time the initially formed ridge
moves from center to the boundary of the domain until it
touches the top electrode. The secondary undulations still have
lower height (image c(iii)) and after the fragmentation they
form pillars aligned parallel to the initial ridge (image c(iv)).
The traveling of initial formed pattern adds more complexity to
ﬁnding a proper mask design in the TC-EHD compared to the
EHD base case.
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Figure 10. 3D schematic of the upper electrode pattern and the formed structure in TC-EHD-induced pattern formation for (a(i−iv)) positive and
(b(i−iv)) negative electrode patterns. Early and quasi-steady stage of pattern formed in (c(i,ii)) positive and (d(i,ii)) electrode patterns. Initial ﬁlm
thickness, h0 = 60 nm; nondimensional times, T(−) = 0.03 (a(ii)), 0.06 (a(iii)), 0.25 (a(iv)), 0.03 (b(ii)), 0.06 (b(iii)), and 0.25 (b(iv)); applied
voltage, ψup = 1 V; electrodes distances, (a) d1 = 150 nm and d2 = 200 nm and (b) d1 = 200 nm and d2 = 150 nm; temperature diﬀerence, ΔT = 25
°C; domain size, 9λ × 9λ = 98.55 μm2.

using both linear stability (LS) analysis and nonlinear
simulation. Both linear and nonlinear analysis showed that
the addition of TC shear ﬂow to the EHD-induced ﬂow in
ultrathin ﬁlms reduces the pattern size forming on the ﬁlm.
Nonlinear simulation of the thin-ﬁlm equation is required for
accurate prediction of ﬁnal shape and size of structures. The LS
analysis typically underestimates the center-to-center distance
of pillars and their width for the ﬁnal formed structures of the
cases studied. The deviation of the nonlinear analysis from LS
analysis predictions increases when the TC force has higher
relative strength to the EHD force as a result of a higher
tendency for structures to coarsen.
In order to eliminate the movement of patterns in TC-EHD
pattern formation, nonuniform force exposure by using
patterned mask (top electrode) is examined. Electrodes with
single and multiple ridges and square block patterns with both
positive and negative exposures are investigated. Although the
nonuniform exposure of the TC-EHD forces results in
formation of ordered features and postpone the coarsening of
structures, the patterns are still moving. The generated patterns
are found to move in the direction normal to the symmetry line
of electrode shape. In general smaller size pillars are formed
when multiple ridges patterned are used as compared to the
square block patterns, however, the larger size pillars remained
stable for a longer time using square block patterns with
negative exposure.
By using patterned mask, smaller size features (with lower
characteristic wavelength than the mask patterns) are formed in
the combined TC-EHD- as compared to the EHD-induced
pattering. Hence, applying TC-EHD is more beneﬁcial than
EHD when the replicated features have similar wavelength of
the mask. It is anticipated that the results of this study will
provide a better understanding of the strengths and limitations
present in the TC-EHD compared to the EHD patterning
process. This, consequently, enables the formation of highresolution features which are highly demanded in semiconductor industries.

undulations with the same electrode size and pattern as shown
in Figure 9e.
So far, using ridge shape protrusions is found eﬀective in
controlling the TC-EHD traveling patterns in one direction
while the formed patterns are still moving normal to the ridge
alignment. A square block pattern is another common shape
which is used in the literature33,40 to create well ordered
patterns. In what follows, we examine both positive (block
protrusions) and negative (block defects) patterns on the TCEHD spatiotemporal evolution as well as the shape at quasisteady stage (shown in Figure 10). The width of the blocks and
their center-to-center distance are set to 2λ. The electrodes
distances d1 and d2 and the other parameters are kept constant
to impose the same electrostatic and TC forces as before. The
only change is the distribution of the forces over the domain
area. Under the block protrusions (in positive pattern (image
a(i)), four cone shape pillars is formed at early stages (image
a(ii)) and merged together (image a(iii)). Up to this point,
pillars have not moved and patterns were formed under the
protrusions (except those small bumps were formed under low
pressure regions). Then they move in diagonal direction along
Y = X plane and at the subsequent stages the small bumps
merge to the larger size pillars.
Under the negative exposure (using square block defects), a
diﬀerent sequence is observed (shown in Figure 10b(i−iv)).
Since the applied pressure is lower under the blocks only one
cone shape pillar is formed. On the ridges, in between blocks,
(higher applied pressure area) larger size oval shape pillars are
formed (image b(ii)). Soon after, the generated patterns start
moving which results in diagonally aligned bicontinues features
(shown in image b(iii)). The movement of patterns ocurs at an
earlier stage of pattern evolution compared to the positive
electrode pattern. At later stages, pillars are formed which ﬁll
the square blocks and remain stable for a long time. In general,
the created patterns on the ﬁlm using the negative exposure are
found to be more stable (without movement) for a longer time.

■

CONCLUSIONS
Thermocapillary (TC) and electrohydrodynamic (EHD) longwave-induced instabilities in ultrathin liquid ﬁlm are studied
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Structure formation at the interface of liquid/liquid bilayer in electric
field. Macromolecules 2002, 35, 3971−3976.
(47) Brenan, K. E.; Petzold, L. R. The numerical solution of higher
index differential/algebraic equations by implicit methods. SIAM J.
Numer. Anal. 1989, 26 (4), 976−996.
(48) Wu, N.; Russel, W. B. Electrohydrodynamic instability of
dielectric bilayers: kinetics and thermodynamics. Ind. Eng. Chem. Res.
2006, 45, 5455−5465.

10688

DOI: 10.1021/acs.iecr.7b02814
Ind. Eng. Chem. Res. 2017, 56, 10678−10688

