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Fractal Hole Growth in Strained Block Copolymer Films
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The evolution of surface topography in conformationally strained diblock copolymer films comprised
of 3y2 lamellar bilayers was investigated by optical microscopy. Films of thickness1.25Dp , L ,

1.5Dp developed two-dimensional isotropic fractal holes withdf  1.67 following heterogeneous
nucleation, whereDp is the equilibrium lamellar spacing. A microscopic theory is presented that
maps this hydrostatic tension driven hole growth instability onto the classical description of pattern
formation during solidification. [S0031-9007(98)07044-6]

PACS numbers: 61.41.+e, 61.43.Hv, 68.35.Bs, 68.55.Jk
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The development of ramified structures as a cons
quence of interfacial instability is a ubiquitous nonequ
librium phenomenon. Viscous fingering in fluid flow [1],
dendritic crystal growth [2], electrodeposition [3], and
coral formation are representative of a broad class of p
terning processes governed by a competition between d
fusion limited transport (e.g., heat or mass) and interfac
tension. In the absence of an intrinsic broken symmetr
the resulting objects often display a fractal morpholog
characterized by a power-law scaling of density with siz
that depends on the dimensionality of growth [4]. Con
necting the microscopic and macroscopic aspects of fra
tal formation presents a basic challenge in establishing t
universal nature of this class of structural order.

While investigating the development of surface topog
raphy in conformationally strained block copolymer thin
films [5], we recently observed a new mechanism of ho
growth that produces fractal patterns that are remarkab
similar to those found in seemingly unrelated system
This Letter describes our experimental discovery alon
with a theoretical analysis that accounts for the micro
scopic origins of the associated two-dimensional fract
objects.

Diblock copolymers are long molecules compose
of two linear sequences of chemically distinct repe
units that can self-assemble to form nanoscale, spatia
periodic, composition patterns [6]. Symmetric diblocks
constructed from equal size blocks, segregate to fo
an alternating layered (i.e., lamellar) morphology with
periodicity Dp that is controlled by the overall molecular
size. When cast into thin films, the tendency to preser
this layered morphology leads to quantized period
structures that are either integralsnd or half integral
s1y2 1 nd in the number of bilayers; symmetricsnd
versus asymmetrics1y2 1 nd film formation is controlled
by the wetting preference of each block [7]. Figure
illustrates the free energy for the asymmetric case
a function of the overall film thicknessL, based on
a self-consistent mean-field calculation [8]; we hav
ignored surface free-energy effects in this illustratio
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for simplicity. As L increases, the polymer coils ar
alternatively stretched, then compressed as the num
of bilayers increases from1y2 to 3y2 to 5y2. The
minimum free energy for each quantized structure occ
at LyDp  1y2 1 n. Experiments with confined block
copolymer thin films of uniform thickness have confirme
this general picture [5,9,10].

Films that have a free surface (e.g., with air) a
not constrained to maintain a uniform overall thicknes
Therefore, if initially prepared withLyDp fi s1y2 1 nd,
islands or holes will develop, splitting the film into two
quantized regions, each satisfyingLyDp  s1y2 1 nd
[11,12]. This process resembles phase separation in b

FIG. 1. Calculated lamellar thin-film free energy, relative
the bulksL ! `d, based on mean-field theory [8]; perturbation
due to surface interactions have been ignored for simplic
Equilibrium thicknesses for unconfined films coincide wit
local minima. Dashed section at1.25 , LyDp , 1.5 identifies
initial states that produced fractal holes.
© 1998 The American Physical Society 1861
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binary mixtures after cooling into a two-phase region fro
a homogeneous state.

Uniform strained films (i.e., LyDp fi 1y2 1 n)
were prepared from a nearly monodisperse symmet
poly(styrene)-poly(vinylpyridine) (PS-PVP) diblock co
polymer sMn  16 300 gymold using a recently de-
scribed confinement technique [5]. Prescribed amou
of diblock were spin cast from solution onto oxide
etched silicon wafers, coated with a layer of poly(2
methylvinylcyclohexane) (P2MVCH), then annealed
140 ±C; this is well above the glass transition temper
ture of PS and PVPsTg > 100 ±Cd, but below that
of P2MVCH sTg > 186 ±Cd. In this Letter we focus
on 1.25 , LyDp # 1.60, which resulted in confined
lamellar films containing 1.5 bilayers (see Fig. 1). Afte
annealing, the specimens were cooled to room te
perature and the P2MVCH layer was stripped using
selective solvent leaving a smooth, strained, but froz
lamellar morphology with PS and PVP at the air an
substrate surfaces, respectively [5]. Subsequent reann
ing of these films produced the effects described in t
remainder of this Letter.

Figure 2 depicts optical micrographs (reflection mod
that illustrate the temporal evolution of surface topog
raphy that occurred when conformationally compress
sLyDp  1.45d and stretchedsLyDp  1.6d films were
reannealed at140 ±C. For LyDp  1.6 a population of
homogeneously distributed5y2 bilayer islands appeared
dispersed on a sea ofLyDp  3y2 lamellae soon after
raising the temperature aboveTg. Subsequent island co-
alescence was extremely slow. A qualitatively differe
picture emerged from theLyDp  1.45 film where nu-
cleation and growth of1y2 bilayer holes occurred within
the 3y2 layer matrix over a much longer time span. I
this case, every isolated hole clearly originated from sm
heterogeneities (i.e., dirt) on the film. We attribute th
nels),

FIG. 2. Temporal evolution of islands (LyDp  1.60, lower panels) and a hole (LyDp  1.45, upper panels) during annealing of
strained films at140 ±C. Light and dark regions contain 0.5 and 1.5 bilayers (upper panels) and 1.5 and 2.5 bilayers (lower pa
respectively.
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transition to heterogeneous nucleation to the enormo
free-energy barrier betweenLyDp  0.5 and 1.5, rela-
tive to that separatingLyDp  1.5 and 2.5 (see Fig. 1),
which likely suppresses the rate of homogeneous nuc
ation. Experiments with5y2 bilayer films [13] that nucle-
ate both holessLyDp , 2.5d and islandssLyDp . 2.5d
homogeneously support this hypothesis. The remainder
this Letter focuses on the fractal patterns that emerged
the heterogeneously nucleated1.25 , LyDp , 1.5 films
(dashed section in Fig. 1).

An optical micrograph of an isolated fully developed
hole is shown in Fig. 3. The fractal dimension of the
hole was calculated by the box count method [14] yield
ing Nsld , l2df where Nsld is the number of boxes of
size l that contain at least part of the object with frac
tal dimensiondf . Analysis of many such holes yielded
df  1.67 6 0.01 in exact agreement with the theoreti-
cal result of Muthukumar [15],df  sd2 1 2dysd 1 1d,
whered  2 is the space dimension. Our fractal holes ar
remarkably similar in form to patterns produced during
variety of other nonequilibrium processes [4,14], notably
experiments on fluid flow in Hele-Shaw cells [3] and two
dimensional crystallization on roughened surfaces [2].

We now discuss the origins of the fingering pattern
depicted in Figs. 2 and 3. While analyses similar t
the one presented here have appeared previously in
literature to describe draining and rupture of thin liquid
films [16], as well as dewetting of thin smectic films [17],
the present approach makes explicit contact with mode
of crystallization. It is this latter connection that allows
us to conclude that the fractal pattern formation observe
in thin block copolymer films is intimately related to a
general class of fingering, Laplacian growth systems. B
reference to the film free energy shown in Fig. 1, it is
clear that films with uniform thicknessesh` in the range
1.25 , LyDp , 1.5 are subject to hydrostatictension.
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FIG. 3. Analysis of the fractal dimension of a fully develope
hole (shown above) grown from an initial film thickness o
LyDp  1.40. A fractal dimension ofdf  1.67 is obtained
using the box count method [14] whereNsld is the number of
boxes of sizel.

Indeed, the pressure inside the film can be expressed a

P  Pa 2 Bsh0 2 h`dyh0 , (1)

where Pa is the ambient pressure,h0  1.5Dp is the
film height of the closest free energy minima, andB is
the compressional modulus of the lamellar (smectic) film
This tension provides the driving force for nucleation an
growth of holes in the surface of the film. We ignore va
der Waals interactions in the present analysis because
can be shown to be negligible compared with the elas
strain energy.

In order to describe the time evoluation of a hole th
is nucleated about a localized impurity in the film, it i
convenient to introduce a functionhsr, td that describes
the film thickness (height) at locationr  sx, y, 0d in the
substrate plane. As schematically depicted in Fig. 4, t
function rises smoothly from a value ofhH  0.5Dp in
the interior of a hole to a maximum value nearh0 
1.5Dp just outside the hole, and ultimately decays to th
valueh` constrained by the amount of material deposit
on the substrate. Clearly, as a hole grows, polymer m
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FIG. 4. Illustration of film structure near the edge of a hole
Inset shows the edge defect morphology that produces
height function hsrd given by the solid curve. The dashed
curve represents the function used in modeling hole growth.

be transported from the bulge at the periphery of the ho
out towards the bulk of the film. The inset shows th
smectic defect (edge dislocation) expected at the bound
of the hole. As the length scale over whichhsr , td varies
at the hole edge is experimentally much smaller th
the scale over which the film height decays toh`, it
proves mathematically convenient to approximate the ho
boundary as a discontinuous step from a film height ofhH

inside the hole to a film height ofhS just outside the hole
(cf. Fig. 4). WhilehS is expected to be numerically close
to h0, we shall see that its value is determined by a ty
of Laplace-Young condition at the hole boundary.

Next, we turn to deriving an equation of motion fo
hsr, td in the region of the film exterior to a hole.
Hole advancement results from pressure-driven flow
copolymer in the plane of the film. Assuming no sli
boundary conditions at the substrate surfacesz  0d and
free (vanishing shear stress) boundary conditions at
top of the film fz  hsr, tdg, the local velocity field is
given by (lubrication approximation)

usr, z; td  s1y2hd sz2 2 2zhd=P , (2)

where h is the layer sliding viscosity (h3 in smecticA
terminology [18]) and=P is the driving pressure gradien
in the plane of the film. Combining this result with
the continuity equation for an incompressible fluid an
integrating over the height of the film yields

≠th  s1y3hd= ? sh3=Pd . (3)

We close this equation forhsr, td with an “equation of
state” that relates the local pressure in the film to a su
of ambient, Laplace-Young, and smectic elastic term
respectively,

Psr, td  Pa 2 g=2h 1 Bfhsr, td 2 h0gyh0 , (4)

whereg is the air-polymer surface tension.
At the edge of the hole (step), mass conservati

leads to the following boundary condition relating th
interfacial velocity,yn, to the normal component of the
1863
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pressure gradient at the step (n denotes the outward
normal to the hole):

ynshS 2 hHd  2s1y3hdh3
Sn ? =PjS . (5)

A second boundary condition results from a force balan
at the step,

Pa  PS 1 ḡk , (6)

where k  = ? n is the curvature of the edge of the
hole in the plane of the film. The interfacial tensio
appearing in this Laplace-Young type equation,ḡ, should
reflect not only the air-polymer tension associated w
the step, but also the elastic forces of the edge dislocat
The latter, however, can be argued to scale with the P
PVP interfacial tension, which is smaller than the ai
polymer tension by a factor of

p
x ø 1 wherex is the

segment-segment interaction energy parameter [6]. Th
we assume that̄g ø g.

Our final step is to assume (supported by Fig. 2) th
any pattern formation (fingering) occurs on large sca
compared with eitherh0 or the “capillary length”d0 ;
gyB, which amounts to neglect of the Laplace-Youn
term in Eq. (4). A simple rescaling of the film height fiel
to csr, td ; fhsr, td 2 h`gyh` then yields an evolution
equation and boundary conditions closely related to t
two-dimensional, “one-sided” model of crystal growt
from an undercooled melt [19],

≠tc  D=2c , (7)

cS  D 2 d0sh0yh`dk , (8)

yn  21.5sh0yh`d2Dn ? =cjS . (9)

In the present situation, the “diffusion coefficient” i
given by D ; h3

`Bys3hh0d and the dimensionless “un-
dercooling” is small:D ; sh0 2 h`dyh` ø 0.07. The
first boundary condition in Eq. (8) evidently plays the ro
of the Gibbs-Thompson relation in crystal growth, whil
the second boundary condition substitutes for an expr
sion of heat flow conservation.

Having mapped the hole growth kinetics onto a we
studied model of crystal growth, we can exploit a va
literature of theoretical and experimental results on ins
bilities and pattern formation during solidification [20]. In
the limit of an isotropic surface tension (i.e., asymmetr
strengthe  0), current theory [20] anticipates growth o
an open fractal morphology withdf  5y3 [15,21], con-
sistent with our observation. Thus, fractal hole form
tion in strained block copolymer films appears to belon
to the general class of systems governed by Laplac
growth that includes viscous fingering [1], dendritic crys
tallization [19], and diffusion limited aggregation [15,22]
Future applications of thin block copolymer films ma
benefit from this connection, as controlled nucleation a
growth processes provide one route to pattern devel
ment in this class of materials.
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