
APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 19 12 MAY 2003
Dynamic modeling and scaling of nanostructure formation in the
lithographically induced self-assembly and self-construction

Lin Wua) and Stephen Y. Chou
NanoStructure Laboratory, Department of Electrical Engineering, Princeton University, Princeton,
New Jersey 08544

~Received 6 August 2002; accepted 13 March 2003!

We numerically studied the dynamical formation process and the scaling of the nanostructures in the
lithographically induced self-assembly and self-construction of thin polymer films. Our studies
show that the period of the self-assembled pillars depends on the ratio between the surface tension
force and the electrostatic force. The viscosity of the polymer has no effect on the final pillar shape.
When the feature width of the mold is comparable to or smaller than the most unstable disturbance
wavelength of the system, the initially self-assembled pillars will merge to form a self-constructed
mesa. ©2003 American Institute of Physics.@DOI: 10.1063/1.1572963#
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Lithographically induced self-assembly~LISA!,1,2 is an
electrohydrodynamic instability process, in which an initia
flat thin polymer film self-assembles into well organized p
riodic pillar arrays that bridge the lower substrate and
upper flat mask@Fig. 1~a!#. Lithographically induced self-
construction~LISC!,3 is a similar process. But LISC forms
polymer mesa under the mask, which is a positive replica
the protruding mask pattern@Fig. 1~b!#, instead of pillar ar-
rays.

In a typical LISA experiment@Fig. 1~a!#, a mask is sepa
rated from a thin polymer film by a gap using spacers. U
derneath the mask, an electrical field, which is either in
nally generated by the contact potentials or externa
applied, causes a negative hydrodynamic pressure in
polymer film with a magnitude increasing with a decreas
mask-polymer spacing. The electrical force overcomes
surface tension force and pulls the interface upwards to f
pillars. A well-defined periodicity of the pillar arrays is setu
by the balance between the size refining process driven
the electrostatic force and the size coarsening process d
by the surface tension force.

The previous theoretical studies of the LISA proble
were based on linear theories.4–6 According to these studies
the system is always unstable subject to infinitesimal dis
bance. The driving force of the instability is the electrosta
force and the stabilizing force is the surface tension for
But the scaling mechanism that decides the pillar size is
not fully understood and the LISC formation process can
be explained by the previous theories. In this letter we
dress these unanswered questions through linear insta
analysis and a fully nonlinear numerical simulation of t
LISA and LISC.

We first formulate the nonlinear equation that gove
the LISA and the LISC process. In our model we ignore
air motion and assume the polymer flow to be an inco
pressible Newtonian flow with a low Reynolds number. U
der a lubrication assumption, the horizontal Poiseuille v
ume flow rate is obtained as
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whereu is the velocity in thex direction,h is the film thick-
ness, andm is the polymer dynamic viscosity. The pressurep
is uniform across the film thickness and is decided by a n
mal stress balance at the air-polymer interface

p5p02shxx /~11hx
2!3/21pe1pdis, ~2!

wherep0 is the ambient air pressure,s is the surface tension
coefficient,hx andhxx are the first and second order deriv
tives of h with respect tox, respectively.pe52«0«p(«p

21)U2/@«pd2(«p21)h#2 is an electrostatic pressure e
erted on the interface by the interaction of the electrical fi
with the polarization charges at the interface.4 In the formula
for pe , «0 and«p are the dielectrical constants of the air a
the polymer, respectively,U is the voltage between the mol
and the substrate,d is the mask-substrate spacing. The d
joining pressurepdis5A2 /h22A3 /h3 is a result of the inter-
molecular forces exerted on the thin film,7 in which A2 is a
constant of the order 10212 N and A3 is a constant of the
order 10219 N m.

A mass balance gives the dimensionless governing eq
tion for the air-polymer interface profile

FIG. 1. Diagram of the experimental setup:~a! LISA and ~b! LISC.
0 © 2003 American Institute of Physics
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where H is the dimensionless film thickness normaliz
by the initial film thicknessh0 , X is the dimensionless
horizontal coordinate normalized by the width of th
mask L. P5aHXX /(11RlHX

2)3/211/@«pD2(«p21)H#2

2b2 /H21b3 /H3 is the normalized pressure.a5sh0
3/

U2L2«0«p(«p21) is a ratio between the surface tensi
force and the electrostatic force.Rl5h0 /L is a length scale
ratio. D5d/h0 is the normalized mask/substrate distan
b25A2 /U2«0«p(«p21) and b35A3 /h0U2«0«p(«p21)
are ratios between the dispersion forces and the electros
force. T is the dimensionless time normalized b
3mL2/U2«0«p(«p21). Since the polymer viscosity onl
participates in scaling the time, it has no effect on the fi
pillar shape. Larger viscosity requires longer time to fo
complete pillars.

A linear instability analysis of Eq.~3! gives the most
unstable wavelength of the system

lm52pA 2a~«pD2«p11!3

2~«p21!1~2b223b3!~«pD2«p11!3.

~4!

The system is always unstable. The driving force of the
stability is the electrostatic force. The surface tension fo
stabilizes the system. The dispersion force with ab2 constant
destabilizes the system whenb2.0, otherwise it stabilizes
the system. The dispersion force with ab3 constant stabilizes
the system whenb3.0, otherwise it destabilizes the system
Equation~4! shows that a smaller ratio between the surfa
tension force and the electrostatic force, corresponding
smallera and D, produces a smaller most unstable wav
length~or the horizontal feature size of the formed structur!.

Equation ~3! is solved by an implicit Crank–Nicolson
finite difference numerical scheme.8 Within each iteration the
linearized sparse matrix is inverted by a preconditioned
conjugate gradient method.9 At the two horizontal ends, we
apply periodic boundary conditions. At the mask surface,
apply nonpenetration boundary condition.

We first compare our simulation results with the pu
lished experimental data.1 In Fig. 2~a!, h0 is 95 nm,d is 260
nm, andL is 50mm. The dielectrical constant of poly~meth-
ylmethacrylate! ~PMMA! polymer is 3.6. We do not know
the exact value of the voltage being internally built. But
we choose the ratios/U2 to be 2.175 E-4, then the cod
predicts 15 pillar periods@Fig. 2~a!#, which matches the ex
perimental result shown in the inset~the inset only shows
half of the pillars!.1 The simulation indicates that there is
small hump in between two pillars. These small humps
observable in the experimental picture. At temperat
150 °C, the surface tension coefficients for PMMA is 31
mN/m. The chosen ratio ofs/U2 corresponds to a voltage o
11.9 V, which is a reasonable value under the experime
condition. Equation~4! predicts 13.8 periods using the sam
parameters. In Fig. 2~b! we fix all other parameters, bu
changed to 280 nm, and shrinkL to 14 mm. The code
predicts four periods, which exactly matches the experim
tal result shown in the inset.1 Equation~4! predicts 3.34 pe-
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riods. In both cases Eq.~4! gives a close estimation to th
pillar period when the mask pattern sizeL is much larger
than the most unstable wavelength.

Next we investigate the dynamic behavior of the LIS
mesa formation. In Fig. 3,h0 is 95 nm,d is 190 nm, andL
is 0.5 mm. The magnitude of the ratios/U2 is still fixed as
2.175 E-4. Figure 3 clearly shows that two LISA pillars a
initially formed under the two mask edges~the dashed lines
mark the mold edges!. The electrostatic force tends to pus

FIG. 2. Simulated LISA pillars:~a! d is 260 nm,l is 50 mm; ~b! d is 280
nm, l is 14mm. In both cases,h0 is 95 nm,s is 31 mN/m, andU is 11.9 V.
The insets are the corresponding LISA pictures from experiments un
similar condition@inset in ~a! only shows half of the LISA domain# ~see
Ref. 1!.

FIG. 3. Two initially formed LISA pillars merge into one before they rea
the mask. A LISC mesa is formed consequently. The dashed lines mar
mold edges.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the two pillars together as it pulls them upwards. The surf
tension force also pulls the meniscus in between the
pillars upwards. As a result, the two pillars gradually mer
together before they reach the top. After the single pi
reaches the mask, it spreads into a LISC mesa. Figu
shows another LISC formation mechanism. If we keep
other parameters the same as in Fig. 3, but increaseL to 2.25
mm, the two pillars initially formed under the mask edg
reach the mask as two distinct pillars@Fig. 4~a!#. Then they
merge into a single LISC mesa through spreading at
mask surface@Fig. 4~b!#. As a result, the mold width plays a
important roll in deciding if LISA pillars or LISC mesa wil
form under the mask. Figure 5 plots the LISA/LISC boun
ary. In Fig. 5, exceptL, all other geometrical parameters a
the same as in Fig. 3. Differents/U2 values are used to
achieve different most unstable wavelengths from Eq.~4!.
For a particulars/U2, L is changed to find the LISA/LISC
boundary. The LISA/LSC boundary is represented by
curve with solid circles. In the region above this curve, t
LISA pillars are observed to be stable, they will not mer
into a LISC mesa later. Below the curve, the two initia
formed LISA pillars gradually merge into a LISC mesa. T

FIG. 4. Two LISA pillars reach the mask as two distinct pillars and th
merge into a single LISC mesa. The dashed lines mark the mold edge
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curve with open circles is the boundary, below which t
initially formed two LISA pillars merge into one before the
reach the mask and then they spread into a LISC m
Within the region between the two curves, the initial
formed two pillars reach the mask as two distinct pillars, b
they merge into one LISC mesa later. Figure 5 indicates
if L is comparable to or smaller than the most unstable wa
length, the formed polymer structure will be the LISC me
instead of the LISA pillars. In our current simulation we d
not take the chemical property of the mask surface into
count. If the surface energy of the top plate is high, it
possible to form LISC mesa with a size much larger than
most unstable wavelength.

In summary our analysis indicates that submicrome
scale LISA pillars are achievable when the surface tens
electrical force ratio is small, which corresponds to a larg
voltage, a smaller surface tension coefficient, a thinner ini
polymer film thickness, and a smaller ratio between
mask-substrate separation and the initial film thickness. F
pillar size depends on the relative magnitude of the surf
tension force and the electrical force instead of their abso
values. LISC is well suited to form submicrometer size stru
tures, because if the mold feature width is smaller than
most unstable disturbance wavelength of the system, wh
is normally micrometer sized, LISC mesa will form. Fo
LISA it is more difficult to achieve smaller pillars. For LISC
it is more difficult to achieve larger mesa.

This work was supported in part by DARPA.
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FIG. 5. The LISA/LISC boundary.
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