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This article demonstrates, through finite element analysis, the possibility to manufacture sub-30 nm

polymeric channels using electrostatic induced lithography. Channels with a width of 25 nm, a depth of 50
nm and an inter-channel wall of 28 nm can be obtained by this patterning process. The influence of
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Introduction

Nanopatterning of surfaces is witnessing increasing interest
from scientists and engineers for applications ranging from
microelectronics, biomaterials and micro/nanofluidic devices
to photonic crystals. In that regard, scientists have turned to
unusual patterning techniques to engineer surfaces that are
not easily manufacturable by conventional lithographic
methods. Among them the two most representative methods
are dewetting'”” and electrohydrodynamic instability pattern-
ing (EHDIP).®?° In the former case, liquid polymeric films
subjected to a long range van der Waals force produce an array
of droplets on polished rigid substrates. The mechanism
behind this phenomenon can be either spinodal dewetting or
heterogeneous nucleation. A physically or chemically induced
change in the properties of the substrate can effectively control
the order and morphology of these self-organized induced
microstructures. In the latter case, electrohydrodynamic
instabilities on the interface of a thin polymer film have the
potential to create nanoscale structures. This patterning
method exploits the instability of a polymeric film under the
influence of a heterogeneous electric field.

“State Key Laboratory of Applied Optics, Changchun Institute of Optics, Fine
Mechanics & Physics, Chinese Academy of Sciences, No.3888, Dongnanhu Road,
Changchun, Jilin, P.R.China. E-mail: yuwx@ciomp.ac.cn; Fax: +86 0431 86176058;
Tel: +86 0431 86176058

YUniversity of Chinese Academy of Sciences, Beijing, 100049, P.R. China
‘MlIcroSystems Engineering Centre (MISEC), School of Engineering & Physical
Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK.

E-mail: m.desmulliez@hw.ac.uk; Fax: +44 (0)131 451 4155; Tel: +44 (0)131 451
3340

School of Computing and Mathematical Sciences, University of Greenwich, Old
Royal Naval College, Park Row, London SE10 9LS, UK

This journal is © The Royal Society of Chemistry 2013

define the fabrication limits of this process in the case of periodic nanostructures. Conclusions for such
nanostructures can be generalised to other shapes manufactured from polymers.

Scientists have long derived theoretically the destabilizing
effect of electric forces on the free surface of a film.*™* Similar
research was carried out to describe the time evolution of the
instability of the interface between thin fluid films subjected
to an electric field."*'® Chou and coworkers were first to
correlate the instability of the film and the resulting pattern
formation. In observing that the viscous polymer film could
spontaneously form pillars when subjected to an external,
vertical electric field they named this phenomenon lithogra-
phically induced self assembly (LISA).'” Almost at the same
time, Schéffer found that electrohydrodynamic instabilities
could form well-defined pillars."®'® An array of hexagonal
columns was found to be the most dominant morphology
formed for a spatially homogeneous electric field. Since EHDIP
could usefully be applied to enhance electronic devices,
sensors, optical band gap crystals or biochips, numerous
theoretical and experimental works have been done to under-
stand this phenomenon.>*"’

Theoretical studies have largely been based on linear
stability analysis, which is only applicable to the early stage
of the evolution of the interface. As the amplitude of the
perturbations grows larger, the phenomenon can be only
explained properly by weekly nonlinear stability analysis®**”
and the dynamic evolution of the interface growth should only
be modelled by a nonlinear simulation.’”*° A lot of simula-
tions demonstrate that under a featureless mask the final
morphology contains arrays of hexagonal columns, a result
which is in agreement with weakly nonlinear analysis.*® The
order of the final hexagonal pattern largely depends on the
thickness ratio ¢ relating the air gap to the film thickness.
However, under patterned masks, well-ordered polymeric
micro- and nanostructures can be obtained over large
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Moreover, the formed structures can be a replica of
the pattern of the mask, enabling thereby the possibility of
manufacturing surfaces on the nanoscale. Because of the
pattern of the mask, the field is heterogeneous and the stable
state is no longer time independent, which renders the linear
stability and nonlinear stability analyses difficult to imple-
ment. Numerical simulation is therefore used in this article to
describe the dynamic evolution of the interface under these
conditions. The final morphology of the micro/nanostructured
pattern in the thin film is determined by the competitive
behaviour of the applied gradient flow on account of the
heterogeneity of the electric field and the spinodal flow due to
the local thickness variation. By using a qualitative analysis
method, Verma gave the ideal conditions necessary for ideal
replication and indicated that the number density of the
electric field induced patterns can be altered by varying the
applied voltage or tuning the mean film thickness, periodicity,
and depth of grooves on the top electrode.*® The study on
numerical simulations tracing nonlinear free surface deforma-
tions using a finite element computational methodology was
carried out by Hak Koon Yeoh® and Qingzhen Yang.** In the
former work, the evolution of the interface shapes with an
increasing nonuniformity of the applied electric field and the
limits of stability of thin films subjected to nonuniform
electric fields are described. In the latter work, a numerical
model is built to find out the critical values of the parameters
that induce the stability of the polymeric film produced by the
EHDIP method and is compared with other models.

To date, there has been no article reporting how to define
the period limit Lp, i.e. the fabrication limit of the periodic
nanostructures using finite element analysis. This paper is
dedicated to finding how important operational parameters
affect the period limit Lp. Three methods can usually be used
to create smaller features: the surface tension can be
decreased either by changing the polymer material or
modifying the surface properties, or the electrostatic stress
and spatially heterogeneous electric field can be increased.
This article is focused on the third method, which involves
modelling the change of the structures of the grating mask.*
The numerical simulation method based on the finite element
analysis method is employed to investigate the influence on L,
of the filling factor, the aspect ratio, the initial mean film
thickness, the electrode spacing and the applied voltage
between the two electrodes. These results are paramount to
the design, optimization and fabrication of nanochannels for
practical applications.

Simulation model and methods

The schematic drawing of the experimental setup is sketched
in Fig. 1. The polymer film, considered here to be an
isothermal and perfect dielectric fluid, is confined between
either two flat electrodes as shown in Fig. 1(a), or a periodically
patterned electrode and a flat electrode as shown in Fig. 1(b).
The initial film thickness is #,. When the film is perturbed by
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Fig. 1 Schematic diagrams of thin films resting on rigid substrates subjected to
an external (a) homogeneous electric field and (b) heterogeneous electric field.

an infinitesimal disturbance, the local film thickness is
denoted by A(x,y) in Cartesian coordinates, where (x,y) are
the coordinates along the plane of the electrode. We will
assume that the electrodes are infinitely long such that # is
only a function of x. The polymeric film is assumed here to be
surrounded by air. The viscosity and permittivity of the two
fluids are denoted by p; and ¢;, respectively and considered to
be space-independent. The subscript i is used to distinguish
the fluid phase: i = 1 for the film and i = 2 for the air. The mask
with the voltage y,, is positioned above the lower electrode
with the voltage ¥, at a distance d. For a patterned mask, the
height of the electrode protrusions, the width of the electrode
protrusions, and the period of the grating mask are denoted by
p, w and [, respectively.

Numerous theoretical and experimental studies have been
devoted to the physical mechanism of electrohydrodynamic
instabilities, which induce a wave pattern with a characteristic
wavelength 1.>*”*' The viscous polymer film, which is assumed
to be a perfect dielectric medium is subject to the electrostatic
pressure exerted by the externally applied electric field at the
film-air interface. In order to simplify the analytic equation,
we will assume here that the electric field is perpendicular to
the surface of the fluid. The high electric field generates
sufficient electrostatic forces at the interface to overcome the
surface tension and destabilizes the thin liquid film. Because
of the presence of these fluctuations, wave crests and troughs
in the film experience slightly different electrostatic stress
strengths, producing thereby a pressure-driven Poiseuille flow.
The crests of the film experience a larger electrostatic stress
than the troughs, such that the total pressure at the wave
crests is smaller, leading the film to flow from the troughs to
the crests as shown in Fig. 1. A topographically patterned
electrode can lead to a periodically modulated field as shown
in Fig. 1(b). The emerging structures in the film are then
driven towards the salient features of the master, which
protrude downward towards the polymer film where the
electrostatic force is the strongest. Under appropriate condi-
tions, the polymer can replicate the master pattern, inducing
well-defined channels. In the long wave limit,"> the total
pressure at the interface, p, is given by:"’

&

5 palh)+pais(h) 6

p=po—{

where p, is the atmospheric pressure, { is the interfacial
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tension parameter, p, is the electrostatic pressure and pg;s is
the disjoining pressure. The Laplace pressure given by the
second term plays an important role in maintaining the
stability of the film. The electrostatic pressure can be
described by the following equation:*®

Dei = —0.5¢02p(ep — 1)E},” (2)

U
epd — (sp — l)h )

E,=
where Ej, is the electric field strength in the polymer film, and
U is the electrical potential applied between the upper
electrode and the lower electrode. In general, the disjoining
and atmospheric pressures are negligible compared to the
electrostatic pressure. For the selection of the modes, linear
stability analysis is used to predict the characteristic wave-
length. A small sinusoidal perturbation of the interface with
wave vector g, growth rate 1/, and amplitude u is considered:

h(x,t) = ho + ue®™ * (4)
which is substituted into the equation describing the evolution
of the free surface,

oh oW dp
R i 5
ot Ox |3u oOx
The resulting linear dispersion relation is:
_ ho’ opah)
1 4 e 2
= —_—— — 6
T 3 (Cq +g (6)

The dominant wavelength /, of the fastest growing linear
mode is given by:

20U _3,

A=2n | ———=FE, 2 7
Sosp(gp_l)z ’ v

In this article, a model in COMSOL MULTIPHYSICS
(Version 4.3, COMSOL group) has been developed to look at
the evolution of the structure due to the electrostatic force and
surface tension at the interface of the liquid polymer. The
interface between the immiscible polymer film and air phases
is tracked by using a level set method, where the phase is
characterized by a level set function ¢. For this model the
liquid, which is considered as a perfect dielectric medium and
incompressible medium, obeys the incompressible Navier—
Stokes equations. The laminar, level set method for the two
phase-flow module and the electrostatics module were also
employed to deal with the surface tension force of the fluid as
well as the electrostatic pressure acting on the surface of the
fluid respectively.*>*® In the model, four periods of instabil-
ities are considered and the periodic boundary condition is
applied at boundaries 1, 3, 22, and 23 as shown in Fig. 2.

The geometry and mesh of the model are presented in the
same figure. A DC voltage of 50 V is applied between the
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Fig. 2 A schematic diagram introducing the geometry, boundary conditions and
mesh of the two-dimension model. Dimension unit is nm.

bottom (boundary 2) and the top electrode (boundaries 5, 6,
7...19, 20 and 21). The boundary conditions for the fluid flow
are: (a) no slip at boundaries 2, 5, 6, 7...19, 20 and 21; (b)
periodic boundary on boundaries 1, 3, 22 and 23; (c) initial
fluid interface at boundary 4; (d) pressure point constraint
applied at points a and b, namely, the two ends of the air-film
interface. In order to get a large area of the periodic structure,
it is necessary to introduce the periodic boundary conditions
at boundaries 1, 3, 22 and 23, with sources 1 and 3
corresponding to destinations 23 and 22, respectively. The
expressions for the sources are P, the pressure in the fluid, and
U, the flow velocity. The two-phase flow is in the form of the
conservative level set. The properties of the polymer liquid
used in the simulation are presented in Table 1.

A high electric field generates sufficient electrostatic forces
on the interface to overcome the surface tension, and
destabilizes the thin liquid film so that the polymer fluid is
pulled towards the protrusion of the top electrode. The film
and the air are assumed to be perfect dielectric media with
zero net charge in the bulk. Both assumptions give rise to the
equations governing the force exerted on the interface. The
electric field is solved using the Laplace equation for the
voltage assuming that there is zero free charge in the bulk
fluid:

V-(60&:VV) = 0 (8)

Where ¢, is the dielectric permittivity of the vacuum, ¢, is the
dielectric constant of the air or polymer, and V is the voltage. ¢,
=1 + 1.5¢, where ¢ = 0 or 1 and denotes the air or polymer,
respectively. The interface is given by the contour of the level
function ¢ = 0.5. The velocity and pressure field of the two-
phase flow are governed by the incompressible Navier-Stokes
and continuity equations:

p% +po(UV)U=—-Vp+V-(uVU)+F 9)
P Ly (pU)=0 10

E_'— (pU)= (10)
p=p1+(p2— p1)¢ (11)
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Table 1 The properties of the material used in the numerical simulations

View Article Online

Simulated dynamic viscosity (Pa s) Density (kg m™?)

Dielectric constant Surface tension (N m ')

1 1000

1=t (e = ) (12)

The level set function smooths the density and viscosity
jump across the interface. In the equations above, p; and p,
are the fluid densities of the air and polymer film, u; and u,
indicate the dynamic viscosities of the air and the polymer
film, U is the flow velocity, ¢ represents time and p is the
pressure. F is the volume force caused by the atmospheric
pressure p,, the surface tension Fy = oxon, and the electro-
static pressure p.;, and is denoted by F = (py + oK + pej)on,
where ¢ is the surface tension, x is the curvature, J is a delta
function concentrated at the surface, and n is the unit outward
normal to the interface.

The transport of the interface can be tracked by solving the
equation

o9

=+ UVp=7yV-(eVd—(1—0) vé

W (13)

where y determines the amount of reinitialization of the level
set function and the parameter ¢ determines the thickness of
the interface. A suitable value for y is the maximum magnitude
of the velocity field in the model and ¢ = 4./2, where A, is the
characteristic mesh size in the region passed by the interface.
In our simulation, y = 0.1 and ¢ is V235.

Results and discussions

As shown in Fig. 3(a), the top electrode with a one-dimensional
periodic nanostructure is used as a master to fabricate the
nanochannels in the polymer. The period for the nanostruc-
ture is 53 nm, the width and the height of the electrode
protrusions are both 30 nm, the initial film thickness of the
polymer is 30 nm, the applied voltage is 50 V and the air gap
between the bottom of the electrode protrusions and the
polymer surface is 20 nm. As the spatial heterogeneity of the
electrostatic field is generated by the patterned top electrode,
the polymer liquid grows upwards firstly under the protrusions
of the top electrode due to the higher electric field causing a
greater electrostatic force as shown in Fig. 3(b). The growing
polymer touches the protrusive surface of the top electrode,
and is stopped from moving further upwards (Fig. 3(c)). The
liquid continues to flow upwards and converges at the top,
achieving the replication of the top electrode (Fig. 3(d)). The
simulation results show that nanochannels with a width of
around 25 nm (full-width at half-maximum) and a depth of 50
nm can be successfully achieved. As the ridge between the
channels has a width of 28 nm a microstructure with an aspect
ratio of larger than 1.5 : 1 can be obtained by this method.
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Fig. 4 shows how the voltage distribution and electric field
change of one period during the nanostructures evolution
change over time. The deflection of the field lines at the
interface is caused by the change of the dielectric of the
materials.

The model can be used to determine the period limit Lp as
shown in Fig. 5. The width and the height of the electrode
protrusions are both 20 nm. The initial film thickness is 30 nm
and the gap between the film surface and the bottom of the
electrode protrusions is 50 nm. A voltage of 70 V is applied to
the top electrode. The only changing parameter is the spacing
between the adjacent electrode protrusions. As shown in
Fig. 5(c), the fabrication limit is reached when the spacing of
the electrode protrusions is 85 nm, that is, the minimum
nanochannel with a width of around 85 nm is obtained. If the
spacing is smaller than the critical value of 85 nm, channels
with the same depth cannot be formed as shown in Fig. 5(a) or
Fig. 5(b). In general, when reaching the fabrication limit, the
width of the two polymeric columns on the outer sides is
slightly larger than that of the inner ones. In other words, the
width of the channels on the outer sides is smaller (70 nm)
than that of the intermediate channel (80 nm). Above that
limit, the three nanochannels are identical with a width of 81
nm as shown in Fig. 5(d).

(a) Time step 0 s 0.6

(b)Time step 2 ps 0.1

(c)Time step 7 pus

FUUUL

(d)Time step 400 us

Fig. 3 Spatiotemporal evolution of a 30 nm thick polymer liquid interface. Red
color represents the polymer liquid, and the blue represents air.
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(a) Time step 0 s (b)Time step 2 ps

(c)Time step 7 pus (d)Time step 400 ps

Fig. 4 Evolution of the voltage (color) and electric field (black lines) of one
period at various time steps. Dimension unit is nm.

The period limit of the nanochannels, Lp, that is the width of
the electrode protrusions plus the critical value of the spacing
between the adjacent electrode protrusions, is 105 nm in this
example. Based on such a method, we investigate how parameters
such as the filling factor o, defined as the ratio of the width to the
period limit of the electrode protrusions, the aspect ratio f,
defined as the ratio of the width to the height of the electrode
protrusions, the applied voltage 1/, the film thickness A, and the
electrode spacing d affect the period limit Lp.

The influence of the filling factor

Fig. 6 shows the relationship between Lp and the filling factor
o under different heights of electrode protrusions p. For the

(b) 84 nm distance of the electrode protrusions (/-w)

nn nrl

(c) 85 nm distance of the electrode protrusions (/-w)

n n M

< N\ \J

(d) 90 nm distance of the electrode protrusions (/-w)

Fig. 5 The final nanofluidic channels induced by an electric field with different
separations of the electrode protrusions (/-w). The red color represents the
viscous polymer, and blue represents air. Dimension unit is nm.
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Fig. 6 The period limit Lp versus the filling factor o under different heights of the
electrode protrusions p. pq, p> and ps, correspond to the height of the electrode
protrusions and are 10 nm, 20 nm and 30 nm, respectively. d = 100 nm, ,, = 70
V, hg = 30 nm.

example above, periodic structures can only be obtained if the
filling factor o < 0.19. If the width of the electrode protrusions
is 30 nm, the filling factor corresponding to the period limit
becomes 0.29. In other words, Fig. 6 not only displays the
critical filling factor corresponding to the period limit but also
demonstrates its variation with the width of the electrode
protrusions. The change of the filling factor o from 0.1 to 0.9 is
achieved by increasing the width of the electrode protrusions
w. The electrode spacing is fixed at 100 nm. The initial film
thickness %, is 30 nm, and the applied voltage ,,;, is 70 V. The
parameters pq, p, and p3, corresponding to the heights of the
electrode protrusions, are 10 nm, 20 nm, and 30 nm,
respectively. The lowest period limit Ly of 77 nm is obtained
for the largest height of the electrode protrusions with a filling
factor of around 0.5, namely, the lowest period can been
obtained when the width of the electrode protrusion is 35 nm.
In general, the larger the height of the electrode protrusions,
the smaller the period limit. To achieve the minimum period
for the nanochannels, the electrode should have a large aspect
ratio and a filling factor of around 0.5.

The influence of the aspect ratio

Fig. 7 shows the relationship between the period limit Ly and
the aspect ratio f for different heights of the electrode
protrusions p. The electrode spacing d is 100 nm. The initial
film thickness &, is 30 nm and the applied voltage i/, is 70 V.
P1, P2 and p3, are 10 nm, 20 nm, and 30 nm, respectively. The
lowest period limit is 77 nm when the height of the electrode
protrusion is 30 nm and the aspect ratio is 0.857, correspond-
ing to a nanochannel with a width of around 42 nm. The depth
of the nanochannel is 70 nm. However, there is not enough
film to form the polymeric columns with a width as that of the
electrode protrusion (27 nm for the inner columns). Generally,
increasing the height of the electrode protrusions can provide
a relatively smaller period limit. However different heights of
electrode protrusions provide different optimum aspect ratios,
which are 0.2, 0.4 and 0.8 for heights of 10 nm, 20 nm and 30
nm, respectively.
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Fig. 7 The period limit Lp changes with aspect ratio  for different heights of
electrode protrusions. p1, p> and ps correspond to the height of the protrusion
and are 10 nm, 20 nm and 30 nm, respectively. d = 100 nm, ¥, = 70 V, hg = 30
nm.

The influence of the applied voltage

Fig. 8 shows the relationship of the period limit Lp against the
applied voltage V,p. Lp decreases with an increasing applied
voltage. The smallest period is 68 nm for electrode protrusions
with a width of 30 nm and a height of 30 nm when a voltage of
80 V is applied. The smallest outer channels are 38 nm wide,
the intermediate is 48 nm wide and a 70 nm depth can be
obtained.

The influence of the initial film thickness

Fig. 9 shows the relationship of Lp versus hy,. The smallest
period obtained is 64 nm when the electrode protrusion has a
width of 30 nm and a height of 30 nm. The smallest channel
width obtained is just 30 nm and the intermediate channel is
38 nm wide. The depth of the nanochannel is 70 nm. In
general, the period becomes small when the initial film
thickness increases.

T v T T T v T T T
3004 —#—p=10nm w=10 nm h=30 nm |
—o—py =20 nm w, =20 nm h0=30 nm
’é‘ 2504 —4—p3=30 nm w, =30 nm h =30 nm |
g
,JQ‘
= 2001 4
£
= 150 i
2
-
[}
21001 L
50 T T T T T

60 70
voltage y (v)

Fig. 8 The dependence of the period limit Lp on the applied voltage y, for the
cases where w = 10 nm, 20 nm, 30 nm and p = 10 nm, 20 nm, 30 nm. hy = 30
nm and d = 100 nm.
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Fig. 9 The variation of the period limit Lp with the film thickness hq for the case
where Y, =70V, and d = 100 nm.

The influence of the electrode spacing

Fig. 10 shows the variation of Lp against the electrode spacing
d. The smallest period is 53 nm when the electrode spacing is
80 nm and the electrode protrusion has a width of 30 nm and
a height of 30 nm. The smallest channel has a width of only 25
nm, the intermediate channel has a width around 25 nm and a
50 nm depth. In general, the smaller the electrode spacing, the
smaller the period.

Conclusions

In this paper, the finite element numerical analysis method
has been employed to study the fabrication limit of polymeric
nanochannels using the electrical field induced method. It is
shown that, by applying an external heterogeneous electrical
field, polymeric nanochannels with a width of 25 nm and a
depth of 50 nm can be produced. In addition, the fabrication
limit on the period of the nanochannels has been charac-
terised as a function of the filling factor, the aspect ratio of the
electrode protrusion, the electrode spacing, the initial film

350 - +Ip1:1i] nm I w1=l'0 nml h0=3.0 nmI ) ' _
E —®—p; =20 nm w,=20 nm h =30 nm
= 30044 p3 =30 nm w_ =30 nm h=30 nm .
=7
- 250 .
b
-E 2004 -
3
= 150 L
)
=
100+ .
50 A -

v L v L) M L) M L)
80 9 100 110 120
electrode spacing d(nm)

Fig. 10 Period limit Lp against the electrode spacing d when y,, =50 V and ho =
30 nm.
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thickness and the applied voltage. The optimum conditions to
obtain the minimum nanochannels have been obtained. These
results are to provide essential guidance for the fabrication of
those nanochannels for applications covering nanofluidics or
nanophotonics.
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