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ABSTRACT: Asymmetric diblock copolymers with a spherical domain structure form islands or holes on
the free surface of a thin film when the initial spun-cast film thickness does not match that of an integral
number of layers of spheres plus a brush. When this film is cast on a substrate topologically patterned
with rectangular, flat bottomed wells as deep as a layer of spheres, the edges of these wells act as sinks
for excess material. As a result, we observe the movement of material away from the raised areas (mesas)
toward the adjacent wells so that if a mesa surface initially contains holes exposing the underlying layer
of spheres or brush, these holes will coalesce and grow until the top layer of spheres forms a bicontinuous
structure with the holes, and finally this structure will break up into discrete islands. If the islands exist
on top of only a brush layer, their shrinkage is limited by the detachment kinetics of a chain from the
island into the brush. If the islands are on top of another layer of spheres, the shrinkage of the islands
is much faster than would be expected if it were controlled by the diffusion of chains through the underlying
nanodomain structure.

Introduction

Thin films of block copolymers have been much
explored for applications ranging from nanolithography1-6

to the templating of inorganic structures such as
nanowires and magnetic dots.7-10 They hold unique
promise in these fields because they microphase sepa-
rate into a variety of nanoscale structures. The shapes
of these nanodomains range from spheres to lamellae
as the block fraction, f, increases from 0 to 0.5, and the
sizes of these highly uniform nanodomains can be
controlled by adjusting the total chain length, N.11 The
presence of a directional field (electric, magnetic, or
surface energy) can orient lamellar or cylindrical nano-
domains in a film.12-17 The placement of nanodomains
may be controlled by epitaxially templating the sub-
strate on the size scale of the nanodomains18 or by
graphoepitaxy.19 All of these methods, however, require
a detailed understanding of effects of surfaces and
interfaces on the thin film.

The dependence of the orientation of lamellar and
cylindrical block copolymer nanodomains on the thick-
ness has been well studied and is covered in a recent
review.20 A difference in block interfacial energies will
attract one of the blocks to the substrate, inducing a
layering effect on the remainder of the film.21-26 Lamel-
lar films possess a natural repeat spacing of the domain
structure, L0, and pay a free energy penalty due to chain
stretching or compression when the film thickness is
not commensurate with this spacing. This results in the
generation of islands and holes (surface structures) at
the polymer/air interface. Smooth films are observed

after annealing above the glass transition only when
the original, spun-cast film thickness matches a natural
thickness, h.

When both surfaces attract the same block, h is equal
to nL0 where n is an integer. When the two interfaces
attract different blocks, flat films only occur when the
initial film thickness equals (n + 1/2)L0. Recently, surface
patterning has been employed by several groups to
control island structures. For sublamellar thickness
films, physical patterning (creating thickness modula-
tion of the overlying polymer film)27 as well as chemical
patterning28 of the substrate with repeat spacings on
the lamellar size scale have dramatic effects on lamellar
structure and orientation. Heier et al. have succeeded
in templating surface domain structures on smooth
substrates that were chemically patterned by microcon-
tact printing on a scale of 1-16 µm.29

Initially, islands and holes form randomly over the
sample surface. While studies of the early stage devel-
opment of block copolymer lamellae islands are rare, it
appears that the formation of islands from an initially
disordered film occurs by a process analogous to spin-
odal decomposition.30,31 The kinetics of the later stage
growth of these surface structures has been studied in
much greater detail and has been analyzed as an
Ostwald ripening process.32-39 Typically, the average
size of the islands increases through coalescence of
smaller domains and the growth of larger domains at
the expense of smaller ones. This coarsening is driven
by the line tension of the edges of the 2-D islands so
that over time there is a decrease in the total length of
island edges. There are three possible mechanisms by
which a small island can shrink: (a) the diffusion
tunneling of individual chains through the lamellar
structure away from the island, (b) the diffusion of an
entire island on the surface until it encounters and
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coalesces with another island, or (c) the viscous flow of
chains along a continuous path created by a defect in
the lamellar structure within the islands.40 Heier et al.
templated the structure of islands of strongly segre-
gated, lamellae forming block copolymer using an
underlying periodic chemical structure on the substrate
formed by microcontact printing. By watching the
disappearance of isolated islands near an absorbing
boundary, they were able to conclude that the primary
mechanism of island shrinkage is the flow of chains
through defect structures in the lamellae (mechanism
c above).41

When a film of a sphere forming poly(styrene-b-2-
vinylpyridine) (PS-PVP) diblock copolymer is deposited
on a flat silicon oxide substrate, the difference in surface
energy in the two blocks leads to layering of the spheres
with layers parallel to the substrate, similar to that
observed in lamellar block copolymers.42 For a thin
enough film (five layers or less), this layering in turn
leads to a quantization in the film thickness in the
ordered state. Islands and holes form when the film
thickness does not closely match a natural thickness
given approximately by

where R is the distance between layers of spheres and
â is the thickness of a brush adsorbed on the substrate
surface if such a brush forms. Slight changes in thick-
ness result in surface relief structures, just as they do
in a lamellar block copolymer system. The coarsening
of these structures, however, must occur through fun-
damentally different mechanisms than the mechanism
(c) observed in the lamellar block copolymer systems.
The viscous flow of chains through defect structures is
not possible in the spherical nanophase since there are
no continuous block copolymer interfaces.

In this paper, we will demonstrate that, by using a
topographically patterned substrate, we can create sinks
for excess material. If we create a series of rectangular
depressions (wells) on an otherwise flat silicon oxide
substrate, excess material may be transferred to the
well, leading to a decrease in the total island edge
length. In this manner, it is possible to pattern the
island or hole formation. We find that as the sink
absorbs material from the surrounding mesas, holes on
the mesa will coalesce to form a bicontinuous structure
which will thin into individual islands which will finally
dissolve to leave behind a flat structure. The rates of
shrinkage of individual islands on top of the brush were
far different than those of islands on top of another layer
of spheres. When the film contains less than a single
layer of spheres, chains must detach from the island
and then diffuse across a dense brush to the sink. By
contrast, when the film contains more than one layer
of spheres, islands dissolve much more quickly. The
speed of this island dissolution is much faster than
would be expected for the diffusion of chains through
the spherical nanodomains but may be indicative of the
absorption of excess material into dislocations or grain
boundaries in the underlying film.

Experimental Section
Silicon wafers were obtained from Cypress Semiconductor

Corp. (Minneapolis, MN) and coated with a 30 nm thick layer
of silicon oxide by electron beam evaporation. The substrates
were then patterned by photolithography and chemical etching
with hydrofluoric acid to produce a series of long (1 mm) mesas

ranging in width from 1 to 15 µm separated by wells of equal
width. A native oxide layer (2-3 nm) was allowed to regrow
on all etched surfaces. This final structure consisted of a SiO2

surface patterned with raised mesas 30 nm higher than the
adjacent wells.

The PS-PVP block copolymer was synthesized by anionic
polymerization as previously documented42 and had a total
degree of polymerization N ) 670 and a PVP mole fraction of
0.129. In the bulk, this material self-assembles into PVP
spheres of 9 nm in diameter arranged in a body-centered-cubic
(bcc) array with a (110) plane spacing of 27 nm surrounded
by a PS matrix. Thin films initially spun cast from dilute (∼1%)
toluene solution onto glass microscope slides are disordered
and do not form spheres. Thickness was controlled by modify-
ing the solution concentration and spin speed. The glass slides
were slowly immersed in deionized water immediately after
spin coating. The intrinsic layer of surfactant on the glass
surface released the disordered block copolymer thin films to
the air/water interface where they were retrieved on top of
the patterned silicon substrates.

All samples were normally annealed at 180 °C in a vacuum
<10-6 Torr to order the block copolymer nanodomains and
allow the formation of islands and holes. After annealing, a
20 nm PVP-PS brush at the silicon oxide surface overlaid by
layers of PVP spheres encased in a PS matrix was observed.43

Changes in island and hole shape and size were observed in
real time by annealing films on an Instec HCS600V heat stage
on an optical microscope. The heat stage was operated at 180
°C under a constant purge of ultrahigh-purity N2 gas which
had been further purified in a zeolite molecular sieve column
produced by Mettler. More detailed images were obtained by
following a similar procedure on the high-temperature stage
of a Digital Instruments MultiMode AFM. In this case, the
films were annealed at 180 °C in a helium environment. In
both cases, images were taken periodically during a 5 day
annealing cycle.

Results and Discussion

Lateral confinement within a substrate topography
can align the spherical nanodomains of an asymmetric
diblock copolymer film. This substrate topography can
also template the larger surface structures (islands or
holes) that are created when the initial film thickness
does not match that of an integral number of sphere
layers plus brush. There is a further interplay between
the orientation and order of the island or hole structures
and the ordering of the arrays of spherical nanodomains.

Templating of Islands and Holes. When the initial
spun-cast film thickness, th, is 47 nm, a PS-PVP brush
with â ) 20 nm and a single layer of spheres with R )
27 nm form after annealing at 180 °C for 72 h. As shown
in Figure 1, the spheres in this layer continue to conform
to the underlying substrate pattern so an unetched film
appears to be smooth, and the only surface topographies
visible are the 30 nm steps templated by the substrate.

When the film thickness deviates slightly from 47 nm,
surface structures form either holes revealing the
underlying brush when th < 47 nm or islands of an
extra layer of spheres when th > 47 nm. On a flat
substrate both islands and holes are driven to coarsen
by the line tension of their edges. The block copolymer
at the edge of a hole has a negative chemical potential,
µhole, inversely proportional to the local radius of the
hole, Rhole:

where γedge is the surface tension of the edge of each
hole and F is the mer number density. The block

h ) Rn + â (1)

µhole ) -
γedgeN
RholeF

(2)
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copolymer at the edge of an island has a positive
chemical potential opposite in sign to eq 2 but with the
same dependences on γedge, F, N, and Risland.

The substrate mesas, however, are exactly one sphere
high and can be viewed as artificial islands. The edges
of these long, narrow islands are straight (R f ∞) so
the block copolymer chemical potential at the edge of
the mesa is

Because of the differences in chemical potential, the
mesa edge acts as a sink for block copolymer from the
islands and a source of block copolymer for the holes.

For all films with th < R + â (47 nm) thick, the holes
in the sphere layers in the wells are sinks for the
spheres from the mesa and eventually fill at the expense
of the mesa. This transport of block copolymer effectively
widens the well and decreases the total edge line length.
As a result, after 72 h of annealing, a film with initial
thickness, th ) 42 nm, has shrunk away from edges of
the mesa to reveal the underlying brush, as shown in
Figure 2. The wells have filled with material at the
expense of the mesa; though after 72 h, this process is
not yet complete, and a few large holes still exist in the
well. Since the wells are not exactly 27 nm deeper than
the nearby mesas and are filled with a 27 nm thick layer
of spheres, a slight height differential is observed at the
mesa/well interface. In the situation depicted in Figure
2, there is enough material left on the mesa to form a
long narrow ribbon on the center of the mesa. The
arrangement of the block copolymer spherical nano-
domains is templated via graphoepitaxy in the well by
the hard silicon oxide step and on the mesa by the
vacuum edges of the long narrow strip of material.19 If
more material is needed to fill the well, the residual
island stripe on the mesa breaks up eventually into
discrete islands. This breakup is reminiscent of a
Raleigh instability wherein a fluid cylinder whose length
is much greater than its circumference breaks into

droplets.44 This instability is the triggered by small
perturbations of long wavelengths. As expected, the
islands on the mesa are only seen to be susceptible to
breakup when they are sufficiently narrow. This results
in a straight line of regularly sized islands along the
center of the mesa, reminiscent of the droplets that
remain after the breakup of a rim after polymer thin
film dewetting.45,46

As shown in Figure 3, if the initial film thickness is
slightly greater than 47 nm, the wells still act as sinks
for the excess material on the mesa. In this case, if the
island material exists at the well edges, it can extend
the width of the mesa without creating any extra line
length. The edges of the well now contain two layers of
spheres while the mesa and the center of the well
contain only one layer of spheres plus a few sporadic
islands. Again, the height of the mesa does not exactly
match the depth of a single layer of spheres so there is
a small height differential at the mesa/well interface
visible in the SFM micrograph in Figure 3.

It follows, therefore, that if th exactly equals 1.5R +
â, the wells can be filled completely with two layers of
spheres while the mesa will contain only one layer of
spheres. In this case, the polymer will nearly mask the
substrate templating and appear to be flat, as shown
in Figure 4. Again, there is a slight mismatch in the
mesa height and the filled well, visible as a step of <1
nm in the SFM image. By etching this film with
secondary ion mass spectroscopy (as previously docu-
mented19), we can reveal the nanodomain order of this
apparently flat film and then determine the in-plane
order with SFM (not shown). Both the single layer of
spheres on the mesa and the two layers of spheres in
the well show characteristics of graphoepitaxy. A single
grain with a hexagonal structure persists for at least
1.5 µm from either templating edge.19

Figure 1. When the spun-cast film is 47 nm thick, after
annealing all surfaces are covered with a brush and one layer
of spheres. The SFM image shows the relatively straight edges
of the mesa and well on a 75 nm height scale (dark to bright).
At the location of the gray line on the image, the film will have
a cross section similar to the schematic.

µmesa-edge ) 0 (3)

Figure 2. Wells are preferentially filled when the initial film
thickness is less than that necessary to form a brush and an
entire layer of spheres. After annealing for 72 h at 180 °C,
the islands have dewet the edges of the mesa to reveal a brush
and the spheres almost completely fill the wells. The SFM
image shows the topography with a 75 nm height scale (dark
to bright). At the location indicated by the gray line on the
SFM image, the film has a cross section as schematically
indicated.
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In films on flat substrates, there is a relatively large
initial film thickness range in which the film will consist
of a single layer of spheres on all surfaces. This is
because each surface structure (island or hole) will
require some line length and therefore some additional
surface energy. On the other hand, the addition of extra
spheres to the edge of the mesa or the subtraction of
spheres from this edge of our topographically structured
substrates creates no additional line length or surface
energy. As a result, it is very difficult to create a film
as shown in Figure 1 where exactly one layer of spheres
covers all surfaces. Instead, it is relatively easy for the

material to shrink slightly from the edges of the mesa
or for material to slightly spill over the edges to create
a partial extra layer of spheres on the well. Our previous
studies on the melting of 2-D arrays of block copolymer
spherical nanodomains were performed on films that
were just slightly underfilled so that the sphere layer
shrank slightly back from the edges of the mesa.43,47,48

Graphoepitaxy has been proposed as a mechanism for
nanopatterning substrates for applications in memory
storage devices. The fact that the polymer film responds
to substrate topography on two distinct length scales,
that of the spherical nanodomains and the much larger
size scale of island and holes, indicates that additional
care must be taken in coordinating substrate design
with film thickness. For instance, a substrate patterned
with long, narrow mesas and wide wells and slightly
underfilled with block copolymer would result in wells
filled with single crystalline block copolymer arrays
separated by empty mesas. It would be much more
difficult, however, to cover all surfaces of a patterned
substrate with exactly one layer of spheres. For this
reason, it appears that while both the vacuum edges of
the mesa and the hard edges of the well can template
single crystalline block copolymer arrays via grapho-
epitaxy, for technological applications, the well struc-
tures will be far more useful since one can reliably fill
them with a layer of spheres.

Evolution of Islands and Holes. By using real-time
SFM on a heat stage, it is possible to observe directly
the evolution of the islands and holes. A PS-PVP film
spun-coat from toluene, released onto the surface of a
water bath, and retrieved on top of a patterned silicon
grating is initially disordered. Within 10 min at a
temperature of 180 °C, surface structures are evident,
indicating that the spherical nanodomains have formed
and a quantized film thickness is now required. Figure
5 shows a series of images depicting the early stages of
coarsening of a PS-PVP film with an initial thickness
of 42 nm on a grating with a periodicity of 20 µm. The
10 µm wide mesas and wells are seen as broad stripes
running diagonally through the 40 µm by 40 µm square
SFM images. While the film was initially smooth, holes
27 nm deep appeared within 10 min of annealing on
the heat stage of the SFM, revealing the underlying
PS-PVP brush. As shown in Figure 5a, holes initially
appear on both the mesas and wells of the substrate
surface relief structure. The fact that holes appear to
achieve their full depth virtually instantly indicates that
the process of order formation is very rapid. The holes
make up approximately 22% of the total area of the film,
as expected since the 42 nm thick film accounts for one
brush layer plus 0.8R.

As discussed in the previous section, it is energetically
advantageous to fill the well with material at the
expense of material on the mesa so that the entire
surface will appear flat. Over the next 500 min the holes
in both the mesa and well coarsen mostly by coalescence
(as has been observed in comparable lamellar films).
Since the wells act as sinks, however, material is moved
preferentially to the well edges from the mesa. The total
area of the holes on the mesa increases while the well
appears to narrow. After 600 min of annealing at 180
°C (not shown), enough material has been transported
from the mesas to the well edges that the holes now
form a bicontinuous structure on the mesa. For the next
800 min, the raised portion of the bicontinuous structure
on the mesa will thin as more material is moved to the

Figure 3. If the film thickness is slightly over 47 nm, the
excess material is preferentially moved toward the edges of
the well where no extra island edge length is necessary, as
shown in the schematic. The SFM image demonstrates that
after 72 h of annealing some small islands still remain on the
mesa.

Figure 4. If the film thickness is exactly â + 1.5R, the well
can be completely filled with the extra half layer of material
so that the total height scale is of this image is only 10 nm.
The gray line indicates the location of the schematic cross
section.
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well edge, and the average width of the stripe at the
well edge increases. Figure 5b demonstrates that after
900 min of annealing there is a stripe of the intermedi-
ate height at the mesa/well edge with an average width
of 1.5 µm that indicates areas made up of a brush
covered mesa on one side of the edge and a well filled
with one layer of spheres on the well side. This stripe
will increase in width as the bicontinuous structure
thins.

After a total annealing time of 1300 min, the bicon-
tinuous structure has thinned enough to break up into
individual islands on the mesa. This is a typical result
when the wide well is very underfilled. These islands

will then shrink as more material is moved to the well
edge until the mesa contains only a brush and the well
is as full as possible. Figure 5c demonstrates that after
2300 min of annealing this final process is still not
complete. The islands shrink in radius while their
centers remain stationary. There is no rigid translation
of the entire island or any indication of groupings of
spheres separating from the island during this shrink-
ing process. This evidence indicates that transport of
block copolymer from the mesas into the well is ac-
complished by the transport of individual block copoly-
mer chains. In order for a chain to move from an island
on the mesa to the well edge, it must traverse across a
brush layer. Since the PS-PVP brush is relatively dense
and strongly adsorbed to the underlying SiO2 surface,
it is unlikely that the chain will get trapped in the brush
on the way across.

Shrinkage of Individual Islands. Island structures
normally coarsen by the growth of larger domains at
the expense of smaller ones. In general, descriptions of
the coarsening process focus on the nature of the
exchange of material between the islands and the
surroundings. The movement of material from the
smaller islands is driven by the edge surface tension of
the 2-D islands so over time there is a decrease in the
total length of island edges. The characteristic area of
the islands, A, should decrease following a power law
with time (A ∼ (tf - t)c where tf is the time at which the
island disappears).38,39,49

In the case of a topographically patterned substrate,
the step edge acts as a very large island and absorbs
all the surrounding islands. By observing individual
islands on the mesa and in the well, the rate of
shrinkage can be quantified. As shown in Figure 6, there
are two distinct scenarios in which chains will move
from an island toward the absorbing edge: (a) the film
contains less than one complete layer of spheres (th <
47 nm), and chains must be transported across the
brush that exists at the edge of the mesa; (b) there is
more than one layer of spheres (th > 47 nm) so the
movement of material from mesa to the edge in the well
is across another complete array of spheres.

For a sample with th ) 42 nm (case a above), after
about 3500 min of annealing, islands exist in the center
of the mesas and wells, as shown in the 40 µm by 40
µm SFM image in Figure 7a. The footprint area (A) of
a number of islands (marked with black symbols) was
tracked over the next 1500 min. A plot of island area
vs time is useful in determining the rate at which
material is transported across this brush to the sink at
the edge of the well. The islands tracked in Figure 7

Figure 5. A time series of 40 µm square SFM images
demonstrates the coarsening of island and hole structures from
a film originally cast at slightly less than the natural thickness
for a single layer of spheres. All images were taken at 180 °C
on a heat stage microscope with height scale 75 nm. (A) After
10 min above Tg, holes revealing the brush in a single layer of
spheres have appeared on both mesas (bright stripes) and wells
(darker stripes). (B) At 900 min, the mesa pattern is now a
bicontinuous matrix of islands and holes. (C) At 2300 min of
annealing, only isolated islands exist on the mesas.

Figure 6. Schematic of two distinct regimes of island dis-
solution. (A) When islands are formed directly on the PS-PVP
brush on the mesa, chains must diffuse across the brush to
reach the sink. Once in the well, the chains may form either
a new sphere at the edge or diffuse across the spherical
domains to the free edge of the island in the well. (B) When
the islands are formed on top of another layer of spheres,
material may be incorporated into the underlying layer of
spheres.

4502 Segalman et al. Macromolecules, Vol. 36, No. 12, 2003



were all of relatively small size so that they disappeared
completely within the total annealing time of 5000 min
of this study. The islands, however, were not uniformly
sized or uniformly spaced from the edge of the layer of
spheres in the well (the absorbing boundary). It is useful
to extrapolate A vs time plots to find the apparent time
of final disappearance, tf. The quantity tf - t then
represents the remaining “life” of the islands. It is
significant that if the island area, A, is plotted vs tf - t,
as in Figure 7b, all of the data sets collapse into a single
straight line. Thus, the shrinkage rate of the islands is
constant, independent of the island radius or its distance
from the absorbing boundary. This is not what one
would expect for a case in which the transport of
material was limited by the rate of diffusion of chains
across the brush between the islands and the well edge.

The diffusion across the brush may be so rapid
that the concentration profile in the brush outside
the island is that in equilibrium with the straight
edge of the well; i.e., the concentration gradient from
the island to the well edge approaches zero. In this
case, the shrinkage of an island is limited by the
kinetics of detachment of chains from its edges. The flux
from this island is proportional to the difference be-
tween the concentration of chains in the brush that
would be in equilibrium with the island of radius, R,

and that in the brush in equilibrium with the flat edge
of the well. For relatively large values of R such that
µisland/kbT ) γedgeN/RFkbT < 1 the flux is proportional
to the circumference of the island times γedgeN/RFkbT
and thus does not depend on R. The area of the island
in this situation should therefore decrease linearly with
time, as observed both here and for atomic layer islands
on a Si(001) surface.49

When the island sits on top of another layer of
spheres, instead of the brush, there are many more
mechanisms available both for the detachment of mate-
rial from the island and the movement of this material
to the well edge. Now it is possible for chains or entire
spheres to leave the island through the entire area of
the island footprint. We observe a film with th ) 55 nm
(th ) â + 1.3R) in which islands are formed by the
partial second layer of spheres. After approximately
4000 min of annealing, small islands exist in the middle
of the mesas and wells. The area of several of these
islands of varying size and location were monitored for
an additional 500 min via optical microscopy. In this
case, we observe that c ) 2/3 and a plot of A3/2 vs tf - t
is linear, as shown in Figure 8. This is expected if
diffusion limits the speed of the shrinkage process
(Lifshitz-Slyozov shrinkage).50 In this case, the equili-
bration of the chemical potential of block copolymer at
the edges of the island is much faster than that of the
concentration profile between the island and the mesa
edge. Since the chemical potential is continuous across

Figure 7. (A) Shrinkage of individual islands (indicated by
symbols on the image) on top of a brush is observed in real
time by SFM as shown in this 40 µm square image. (B) The
area of individual islands decreases linearly with tf - t. The
various symbols correspond to the indicated islands on 15 µm
wide mesas showing that the shrinkage rate on the brush does
not depend on island position.

Figure 8. (A) Islands on top of a complete layer of spheres
shrink such that A ∼ (tf - t)2/3. The various symbols again
indicate islands with differing distances, L, from the absorbing
boundary and linear least-squares fits are drawn with dotted
line. (B) The islands farther from the absorbing boundary
(larger L) shrink more quickly than those closer to it.
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the island edges, this diffusion-limited shrinkage should
have c ) 2/3.

The diffusion of chains in the spherical morphology
requires “activated hopping” of chains from one sphere
to another. In each hop, there are new contacts made
between the monomers (in this case styrene and
vinylpyridine) so the diffusion coefficient 〈D〉 ∼
exp(-øNPVP), where ø is the Flory-Huggins interaction
parameter and NPVP is the length of the smaller of the
two blocks. The block copolymer used in this study is
experimentally observed to have 〈D〉 ≈ 4 × 10-14 cm2/s
at 180 °C,51 so a chain that is 1 µm away from the edge
will take about 4000 min to arrive. Experimentally,
however, the dissolution of an island that is in the
second layer of spheres is much faster even than that
in a layer of spheres on a brush. A 4 µm2 island located
3.8 µm from the absorbing edge will dissolve in only 400
min. One would also expect that if a chain is to diffuse
from the island all the way to the sink, the islands
nearer to the sink should dissolve faster than those
farther away. As shown in Figure 8b, this expected
dependence on distance from the edge (L) is not ob-
served; in fact, it appears that islands farther from the
edge disappear more quickly. It is unlikely, therefore,
that the diffusive transport through the bottom layer
of spheres is alone responsible for the transport of
material from the island to the well.

If the island dissolution is not occurring via the
movement of individual chains all the way to the sink,
there must be some concerted motion of the spheres
themselves. There is, however, no evidence for the
diffusion of entire spherical nanodomains in three-
dimensional samples of this block copolymer.52 It is still
possible, however, for there to be some slippage of rows
of spheres in a two-dimensional lattice. At the core of a
dislocation in two dimensions (where the two extra half
rows of material emphasized by bold lines intersect as
schematically diagrammed in Figure 9a), there is one
5-fold sphere (b) and one 7-fold coordinated sphere (a).
It is obvious from this diagram that there is a good deal

of extra space around the 7-fold site. The imposition of
an extra sphere here would extend each of the half rows
by one lattice spacing. This motion is what is called
dislocation climb in atomic materials and has been
demonstrated in magnetic bubble arrays.53 The sur-
rounding material would be pushed to either side to
accommodate the extra sphere, resulting in the move-
ment of all the surrounding spheres by less than half a
lattice spacing. This is important, however, since at the
edge of the mesa this motion will drive more spheres
off of the mesa and onto the well.

During the annealing process, the arrangement of the
spherical nanodomains in the underlying layer also
evolves through the annihilation of dislocations and the
sweeping of a dominant grain boundary away from the
mesa edge. The single layer of spheres is a 2-D system
in which, after 72 h of annealing at 180 °C, the
dislocation density is approximately 1/µm2 within the
2 µm wide stripe near the well edge (so the standard 4
µm2 island would have at least four dislocation sites).43

More than 2 µm from the wall, the array of spheres is
polycrystalline, and grain boundaries occur approxi-
mately every 0.5 µm. The grain boundaries are made
up of strings of 5- and 7-fold coordinated spheres
(disclinations). Since the number of defects is greater
near the center of the mesa than near the edges,47 it is
not surprising that the islands in the center of the mesa
shrink more quickly than those near the edges. If this
is the case, the rate of shrinkage of individual islands
is dependent on the number of dislocations (FdA) in the
underlying layer of spheres times the chemical potential
driving force given in eq 2 (µisland ) γedgeN/(RF)) so that

where Fd is the density of dislocations (including those
seen in grain boundaries). We assume that k is a rate
constant for the insertion of a sphere and also includes
the constants from eq 2. The density of dislocations,
however, decreases with time as dislocations of opposite
sign annihilate and the grain size increases. We will
assume that it decreases as a power law in time, Fd ∼
F0t-v.43,54 As a result

and from Figure 8, we know that

By substituting eq 6 into eq 5, we find that for this
mechanism to give agreement with our experimental
data v ) 2/3 and thus Fd ∼ t-2/3.

If this dislocation climb mechanism is responsible for
the island shrinkage, we assume that the motion of the
surrounding spheres is much faster than the formation
or movement of a single sphere into the bottom layer.
This layer-to-layer motion, however, could occur by a
variety of mechanisms: an entire sphere could move
from the island to the dislocation core underneath, or
chains from the island could move to nucleate a new
sphere at the dislocation core. If the mechanism of
sphere motion from the island layer into the bottom
layer of spheres is by the hopping diffusion of individual
chains, then the process should be limited by the time

Figure 9. (A) A schematic drawing of a dislocation indicates
that the 7-fold coordinate sphere (7 - a) is more widely
separated from its nearest neighbors and the two extra half
rows of material (black lines) intersect at a 5-fold coordinate
sphere (5 - b). (B) If the location of the original sphere a is
now occupied by two spheres (a and a′), the dislocation climbs
one lattice spacing. Sphere f is now a 7 and sphere a′ is a 5.

dA
dt

) -kFdR ) -kFd(Aπ)1/2
(4)

A1/2 )
kF0

x4π
(tf - t)1-v (5)

A3/2 ∼ tf - t (6)
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of this hop. Yokoyama et al. have demonstrated that
the characteristic time scale for a chain to “hop” from
one layer of spheres to another is roughly 800 min for
a 117 000 g/mol PS-PVP diblock copolymer with
fPVP ∼ 0.12 (significantly larger than our diblock).55 If
we scale this characteristic time by exp(-øNPVP), we find
that this characteristic time is roughly 12 min for our
block copolymer. This is not a reasonable number since
the time to total disappearance, tf, for a typical island
is approximately 400 min. If the hexagonal array of
spheres in the island is in registry with the underlayer,
there will be one sphere directly above the 7-fold site
in the underlying dislocation. This sphere would have
to move less than one lattice spacing to slip down into
the site below. Since the spheres within the island are
under considerable pressure, we assume that this
motion would be quite fast and could account for the
movement of material from the island into the disloca-
tion core.

Conclusions

We observe the coarsening of surface structures
similar to that of the islands and holes observed for
lamellar block copolymers. By using surface topogra-
phies that act as sinks, the movement of material from
one region of the film to another can be directly
observed. Material can be moved from a raised mesa to
a well edge without the introduction of any new line
length. As a result, if the initial spun-cast film thickness
is even slightly under the natural thickness, material
will shrink away from the edges of the mesas to
preferentially fill the well. Similarly, if the initial
thickness is slightly more than the natural thickness,
a second layer of spheres will be added to the well edge.
As a result, if a film is cast such that only 80% of the
surface can be covered with spheres after the brush has
formed, holes in a single layer of spheres appear to
reveal the underlying brush. These holes on the mesa
surface coalesce and grow as material is transferred to
the well edge and eventually form a bicontinuous
structure. The bicontinuous structure on the mesa then
narrows as material is moved to the well edge until
finally it breaks into individual islands. These islands
then shrink as chains detach from the island and diffuse
across the surrounding brush on the mesa to the edge
of the layer of spheres in the well. This process is limited
by the attachment/detachment process of the chains
from the island, and the area of individual islands, A,
decreases linearly with time.

If the islands are formed on top of another layer of
spheres, however, the island shrinkage occurs much
more quickly. This speed is surprising since the diffusion
coefficient of a chain across the brush should be faster
than that across a layer of nanodomains. We speculate
that this speed is due to the ability of dislocations in
the underlayer of spheres to absorb additional material
from above, inserting extra spheres at the end of their
extra half rows (climb) and thus shifting more spheres
into this layer from the mesa to the well.
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