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Theory of lithographically-induced self-assembly
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Recent experiments show that, when a two-phase fluid confined between parallel substrates is
subject to an electric field, one phase can self-assemble into a triangular lattice of islands in another
phase. We describe a theory of the stability of the island lattice. It is well known that the total
interface energy reduces when the island diameter increases. We show that, under certain conditions,
the electrostatic free energy reduces when the island diameter decreases. The islands select the
equilibrium diameter to minimize the combined interface energy and electrostatic energy. We
describe the conditions for electrostatic field to stabilize the island lattice, and analyze an idealized
model. The theory suggests considerable experimental control over stable island size. ©2001
American Institute of Physics.@DOI: 10.1063/1.1380728#
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Chou and co-workers recently discovered a proces
which a flat film self-assembled into a periodic array
islands.1,2 They first deposited a thin polymer film on a su
strate, then placed another substrate~to be called the ceiling
here! above the film, with a small air gap fixed by a spac
When the system was heated in a uniform temperature fi
the polymer flowed and broke into islands. The islands r
to bridge the substrate and the ceiling, formed a tw
dimensional triangular lattice, and were fixed after cooling
room temperature. Image charges were implicated for d
ing the process. In a subsequent work, Schafferet al.3 re-
ported that only when a voltage was applied across the p
mer melt did it break into islands. Islands reported so
have diameters of a few micrometers.

The process offersguided self-assembly. For the islands
to form a periodic lattice, neither the substrate nor the ceil
needed to be patterned. However, when the ceiling he
was patterned at a coarse scale by using lithography,
height pattern influenced the fine scale island pattern s
assembled by internal forces; the process was named ‘‘li
graphically induced self-assembly’’~LISA!.1,2 One can envi-
sion extensions of the process. If the polymer w
preferentially to one of the two substrates, and breaks o
under an external voltage, the polymer may flow back t
flat film upon reheating without voltage. The process th
offerserasable self-assembly. In principle, the electrodes ca
also be patterned and addressed at a coarse scale. Aft
island pattern has formed, upon reheating subject to a
voltage pattern, a different island pattern can form. Furth
more, both heat and voltage can be supplied by an arra
atomic force microscope tips, similar to a data stora
method developed recently.4 The process thus offerspro-
grammable self-assembly. The air gap between the polyme
film and the ceiling can be replaced by another polymer. T
two polymers are immiscible, and may flow into an order
pattern subject to a voltage. Using lithography, one can f
ricate a multicellular body with polymers and electrodes, a
then switch on fine scale patterns within each cell. The p
cess thus offersthree-dimensional self-assembly.

a!Electronic mail: suo@princeton.edu
3970003-6951/2001/78(25)/3971/3/$18.00
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Technological possibilities aside, LISA poses scienti
questions even when the electrodes are flat and unpatte
Why does the film break into islands? Why do islands hav
uniform size? How small can the islands be? Why do isla
order into a lattice? Can the process be used for mate
other than polymers?

Hitherto only the first question has a clear answer. T
has to do with the instability of a flat interface between tw
insulators, or between a conductor and an insulator, sub
to an electric field normal to the interface.5 Even if no exter-
nal voltage is applied, the contact potential between dissi
lar materials can generate significant electric field ove
small gap.6 The instability is usually understood in terms of
linear perturbation analysis, but can also be understood
terms of energetics, as follows. Consider a two-phase fl
lying between parallel electrodes under a constant volta
For the time being, the two phases are perfect dielect
with different permittivities. They can flow and change th
configuration to reduce the combined interface energy
electrostatic energy. Figure 1 illustrates two configurations
the mixture: lamellar and columnar. In the lamellar config
ration, with any vertical arrangement, the electric displa
ment is uniform in the two phases. In the columnar config
ration, with any lateral arrangement, the electric field
uniform in the two phases. All lamellar configurations ha
the same electrostatic free energy, which is the high

FIG. 1. A two-phase dielectric fluid lies between parallel electrodes, sub
to a voltage.~a! shows a lamellar configuration and~b! shows a columnar
configuration.
1 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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among all configurations of the mixture. All columnar co
figurations have the same electrostatic free energy, whic
the lowest among all configurations of the mixture. Con
quently, the voltage drives the fluid to flow from a lamellar
a columnar configuration, at a cost of adding some interf
energy. The instability has been demonstrated in vari
systems.7

The instability, however, does not set a stable, unifo
island size. Focus on the process in the columnar config
tion, in which the two phases can change configuration
lateral flow. When the lateral feature size increases, the t
interface energy reduces, but the electrostatic energy rem
constant. Consequently, to reduce the combined energy
binary fluid flows to coarsen. Some islands grow at the
pense of others; time permitting, one single island will for
No stable, uniform island size is expected.

To form stable, uniform islands, the theory needs m
ingredients. In essence, an electrostatic field must be mad
drive phase refining, overcoming the coarsening driven
interface energy. This refining action can be acquired as
lows. One phase may be a leaky dielectric8 containing mo-
bile charges, either ionic or electronic, and the other ph
may still be a perfect dielectric, or a dissimilar leaky diele
tric ~Fig. 2!. To sustain a large voltage without electrolysis
excessive electric current, one may coat the two electro
with solid insulators. When a voltage is applied between
electrodes, space charges of opposite signs pile up at j
tions. The equilibrium distribution of the space change
governed by the Poisson–Boltzmann equation.9,10 Each junc-
tion now acquires a diffused dipole. The dipoles inter
through the intervening dielectrics, driving phase refining

The density of the mobile charges in the leaky dielectr
must be controlled. In one limit, when the mobile char
density is so high that the Debye length approaches
atomic dimension, the binary fluid reaches the lowest e
trostatic energy configuration when the conducting ph
covers both the substrate and the ceiling, and forms brid
connecting them, leaving the insulating phase to carry
electric field. In this limit, islands are unstable.

We now analyze another limit, when the mobile char
density in the binary fluid is so low that both phases can
modeled as perfect dielectrics~Fig. 3!. The general case o
leaky dielectrics will be considered elsewhere. The subst
is coated with a solid dielectric of permittivity« and thick-
nessb. A binary dielectric fluid of permittivities«1 and «2

lies between the coated substrate and the ceiling. The e
trodes are perfect conductors, separated by distances, and
subject to voltageV. The presence of the solid dielectr
coating is significant. Unlike the structures in Fig. 1, in t

FIG. 2. This is a sketch of an idealized model. In the binary fluid, one ph
contains mobile charges, and the other is a perfect dielectric. The junc
acquire diffused dipoles. Solid insulators may be coated on the electrod
block electric current.
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structure in Fig. 3, neither electric field nor electric displac
ment is uniform, and the electrostatic energy does cha
when the binary fluid changes configuration.

Under a constant voltage, the average electrostatic
energy~i.e., the total electrostatic free energy in the syst
divided by the volume occupied by all three dielectrics! is

Ge52
«̄

2 S V

s D 2

, ~1!

where «̄ is the effective permittivity. Subject to a consta
voltage, the more permeable a configuration is, the lower
electrostatic free energy it contains. Assume that phas
forms a periodic lattice of cylindrical islands, each with d
ameterd. The effective permittivity takes the dimensionle
form

«̄/«5 f ~d/s,B,C,«1 /«,«2 /«!, ~2!

whereB5b/s, andC is the volume fraction of phase 1 in th
binary mixture.

Analytic expressions are available at two limits: need
(d/s!1) and diskettes (d/s@1). For needles, phase 1 and
in parallel form a capacitor, and the coating forms anot
capacitor. The two capacitors then combine in series, giv
the effective permittivity

«̄needle5F 12B

C«11~12C!«2
1

B

« G21

. ~3!

For diskettes, phase 1 and the coating in series form a
pacitor, and phase 2 and the coating in series form ano
capacitor. The two capacitors then combine in parallel, g
ing the effective permittivity

«̄diskette5CS 12B

«1
1

B

« D 21

1~12C!S 12B

«2
1

B

« D 21

. ~4!

The needle configuration is more permeable than the disk
configuration,«̄needle>«̄diskette. ~The equality holds for trivial
cases:B50, B51, C50, C51, or «15«2 .! When the bi-
nary fluid has a large dielectric contrast~«1 /«5` and
«2 /«50!, «̄needle5«/B and «̄diskette5«C/B.

To deal with intermediate island diameters, we analy
an axisymmetric model. Say the islands form a triangu
lattice. A unit cell is a hexagonal prism containing a sing
cylindrical island. We model the hexagon by a cylinder

e
ns
to

FIG. 3. One substrate is coated with an insulator, and the fluid consis
two perfect dielectrics. The effective permittivity is plotted as a function
the island diameter. The parameters used for the calculation areB5C
50.5, «1 /«52 and«2 /«50.25.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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diameterl, settingC5(d/ l )2 to be the volume fraction o
phase 1 in the binary fluid. Thus,l is an effective spacing
between the neighboring islands. The electrostatic ene
stored in an axisymmetric cell should not differ too mu
from that in a prismatic cell. The bottom and the top surfa
of the cylinder are prescribed with electric potentialV and 0,
respectively. The outer surface of the cylinder has zero ra
electric displacement. We use a commercial finite elem
code,ABAQUS, to calculate the electric field, and then int
grate the electric displacement at the bottom of the cylin
surface. Figure 3 shows the calculated effective permittiv
as a function of the island diameter. The function decrea
monotonically, approaching the analytic values at the t
limits. As anticipated, the electrostatic free energy redu
when the island diameter decreases. That is, the vol
drives phase refining.

In the idealized model, the edge of the islands are ta
to be vertical. Of all interfaces, only the one between phas
and 2 changes area when the islands change diameter
interface energy divided by the total volume occupied by
three dielectrics is

Gi54g~12B!/d, ~5!

whereg is the tension of the interface between phase 1
2. The total interface energy reduces when the island di
eter increases. That is, the interface energy drives ph
coarsening.

The combined energy,G5Gi1Ge , takes the dimen-
sionless form

G

«~V/s!2 5
4~12B!C

~d/s!j
2

f

2
. ~6!

The dimensionless parameterj5(«V2)/(sg) measures the
relative importance of the electrostatic energy and the
face energy. Using representative values for various qua
ties, we estimate that the parameter falls in the rangj
50.1– 100. Figure 4 plots the combined energy as a func
of the island diameter. Whenj is small, the interface energ
prevails, and the combined energy decreases monotoni
as the island diameter increases, so that the islands coa
indefinitely. Whenj is large, the combined energy reache
minimum, selecting an equilibrium island diameter. T
larger the value ofj, the more significant the effect of volt
age, and the smaller the stable islands.

The voltage is limited by the breakdown fieldEB of one
of the phases, so thatj;«EB

2s/g. To stabilize small islands
one should choose binary dielectrics of large permittiviti
high breakdown fields, and small interface tension. In p
ticular, the polymer–polymer interface tension can easily
one order of magnitude smaller than air–polymer interfa
tension. The equilibrium island diameter also depends
Downloaded 20 Jun 2001 to 128.112.32.225. Redistribution subject to A
gy

s

al
nt

r
y
es
o
s

ge

n
1
he

e

d
-

se

r-
ti-

n

lly
sen
a

,
r-
e
e
n

various ratios entering Eq.~2!, as well as the density of mo
bile charges. These effects will be reported elsewhere.
fundamental barrier seems to exist to prevent the stable
land diameter from lowering by at least one order of mag
tude from the experimental values reported in Refs. 1
Islands reported so far are of higher dielectric constant of
two phases, the other phase being air. The theory can als
used to explore whether islands of lower dielectric const
can form, or alternating stripes of the two phases can fo
Furthermore, in a similar spirit, we have developed a the
on stabilizing semiconductor islands using elastic energy,
ferred to as the height constrained Stranski–Krasta
growth.11 We anxiously await quantitative experiments su
gested by the theory.

The authors are grateful to Paul Chaikin for helpful d
cussions, and to the Department of Energy for the finan
support through Grant No. DE-FG02-99ER45787.
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