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ABSTRACT: Microphase-separated structures in poly(styrene-block-isoprene) (SI) block copolymer thin films
were investigated by transmission electron microtomography (TEMT). The SI block copolymer showed cylindrical
microdomains in the bulk state. Several block copolymer thin films with different thicknesses were prepared by
spin-coating and were extensively annealed before the TEMT experiments. Intriguingly, although the cylindrical
morphology orienting parallel to the substrate was observed in most of the cases, spherical microdomains were
found at certain film thicknesses. The thickness dependence was investigated using a computer simulation based
on the self-consistent-field theory, producing a morphological phase diagram based on minimizing free energy.
We find that the distortion of the hexagonal lattice of the cylindrical microdomains caused the morphological

transition to the spherical microdomains.

1. Introduction

Block copolymers (BCPs) self-assemble into various types
of highly periodic microphase-separated structures due to
immiscibility between the dissimilar (A and B) sequences.'*
Microphase-separated structures of “block copolymer thin
film(s)”, which are confined inside a narrow space of the order
of 10—100 nm, have been used in recent years in many
technologies. These include microelectronic applications such
as templates for nanopatterning, electrolyte films, and low-k
films, as well as for nanoporous membranes.>™'° The mechanical
and electrical properties of those materials are believed to
depend on the morphology, periodicity, orientation, and size of
the microphase-separated structures. In order to understand BCP
thin film morphologies and to develop these materials for
industrial uses, it is particularly important to study in detail their
self-assembly mechanisms.

The microphase-separated structures in BCP thin films are
considerably affected by the surface interactions and the
confinement. Two types of surface interactions are crucial: (i)
between the BCP and the substrate and (ii) between the BCP
and air. A number of studies have considered the effect of these
interactions on the microphase-separated structures in BCP thin
films using experiments'' ~'* and computer simulations.'>~'”

Knoll et al. reported the phase behavior of BCP thin films
using a cylinder-forming poly(styrene-block-butadiene-block-
styrene) (SBS) triblock copolymers.'>”'*!7'® Surface morphol-
ogies of the SBS triblock copolymer thin films were examined
by scanning force microscopy (SFM). A striped pattern, in which
the SBS triblock formed cylinders aligned parallel to the film
surface, was observed. Knoll et al. also observed a dotted SFM
image in a thinner SBS thin film, which they regarded either
the cylinders perpendicular to the film surface or a perforated
layer (PL) structure. They also carried out computer simulations
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based on the dynamic density functional theory and dynamic
self-consistent-field theory, which reproduced the observed
morphological changes from the parallel cylinders to perpen-
dicular cylinders (or PL). Although the morphologies obtained
from the computer simulations also generated the perpendicular
cylinders or the PL structure, it is still uncertain whether the
SBS thin films actually had those morphologies because only
two-dimensional (2D) topography at the exposed surface could
be observed by SFM; the internal structures of the thin film
were not investigated.

Transmission electron microtomography (TEMT), on the
other hand, can provide internal as well as surface morphologies
of the microphase-separated structures.'®?° TEMT has been used
in a considerable number of studies on microphase-separated
structures, investigating, for example, the chain conformation
inside microdomains,”’ morphologies, *° grain boundary
morphologies,?’*® self-assembly processes,”® ' and stability>>
of the microphase-separated structures.

In the present study, we examine the dependence of the
microphase-separated structures of the cylinder-forming BCPs
on film thickness using TEMT in order to obtain both in-plane
and depth-dependent structural information in the BCP thin
films. We also discuss the self-assembling mechanism of the
microphase-separated structure formation in the BCP thin films
using three-dimensional (3D) reconstructed images.

2. Experimental Section

A. Materials. Two poly(styrene-block-isoprene) (SI) BCPs were
purchased from Polymer Source, Inc., Canada. The two BCPs are
hereafter called SI; and SI,. The number-average molecular weight
(M,) of the polystyrene (PS) and polyisoprene (PI) blocks in SI
are 40 800 and 10 400, respectively, and in SI, are 36 000 and
13 500, respectively. The polydispersity indexes (M,/M,) for both
SI; and SI, are 1.06. The volume fractions of PI (¢p) in SI; and
SI, are 0.23 and 0.35, respectively. The mass densities of PS and
PI are 0.913 and 1.04 g/cm3, respectively.®?

B. Sample Preparation. In order to observe the bulk morphology
of the SI BCPs, film specimens were prepared by casting from 5
wt % toluene solutions for ca. 10 days. The cast films were then
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Table 1. Thin Film Samples Used in the Experiments”

sample code concentration (wt %) thickness” (nm)
SL, Tl 22 87.1
ST, T2 2.4 100
SL T3 2.6 113
SL T4 3.0 135
SL TS 34 150
SI, T6 2.0 87.3

“ The concentration of the copolymer solution and film thickness of the
spin-coated SI thin films are given. ” The film thicknesses were measured
from 3D images obtained by TEMT.
annealed at 120 °C for 1 day under vacuum. The annealed cast
films were cut into a rod shape of ca. 0.5 mm cubic, in order to
measure the small-angle X-ray scattering (SAXS), as detailed in
the next section. The portion of the specimens used for the SAXS
measurement was then ultramicrotomed using a diamond knife at
—80 °C with a Lica Ultracut UCT. These ultrathin sections were
transferred onto a Cu mesh grid with a polyvinylformal substrate.

The SI BCP thin films were prepared for TEMT analysis as
follows. Mica substrates were cleaved and then coated with carbon
by vacuum deposition. Five SI; thin films with different thicknesses
were prepared by spin-coating from toluene solutions with five
different concentration onto the mica substrates at 1700 rpm (see
Table 1 for concentrations and thicknesses). An SI, thin film was
of 87.3 nm thickness was also prepared by spin-coating from 2 wt
% toluene solution onto the mica substrate at 1700 rpm. The film
thicknesses were measured from 3D images obtained by TEMT.
The thin films were annealed at 120 °C for 150 h under vacuum.
The annealed thin films were then floated off the mica substrate
using a water surface and were picked up onto Cu mesh grids for
TEMT observations.

C. SAXS. SAXS measurement was carried out using the BL40B2
beamline at the Japan Synchrotron Radiation Research Institute
(SPring-8, Hyogo, Japan). The wavelength, 4, was 0.15 nm. A
focused X-ray beam of spot size 0.5 x 0.3 mm was used in the
present study in order to measure the SAXS profile of a single
grain of the microphase-separated structure. 2D scattering data were
circularly averaged to obtain scattering profiles as a function of
magnitude of the scattering vector, g (¢ = (47w/4) sin(6/2), where
0 is the scattering angle).

D. TEM and TEMT. Prior to the observations with transmission
electron microscopy (TEM) and TEMT, the ultrathin section and
thin films were stained by OsO, vapor for 3 h. Gold particles
(diameter = 10 nm) were then placed on the specimens using a
gold colloidal solution (GCNOOS, BBInternational Co., Ltd., UK).

The TEM and TEMT experiments were carried out on a JEM-
2200FS (JEOL Co., Ltd., Japan) operated at 200 kV and equipped
with a slow-scan CCD camera (Gatan USC1000, Gatan Inc.) as
the detector. Only the transmitted and elastically scattered electrons
(electron energy loss of 0 £ 15 eV) were selected by the energy
filter installed in the JEM-2200FS (Omega filter, JEOL Co., Ltd.,
Japan). TEM tilt series were taken through the range of angles from
—60° to +60° with a 1° increment. They were then aligned by the
fiducial marker method.** The mean alignment error,*>-*® averaged
over all of the fiducial markers used in the alignment, was less
than the 0.8 nm (where 1 pixel = 1.0 nm) regardless of the tilt
angles. The tilt series after the alignment were subsequently
reconstructed by the filtered back-projection algorithm.?” All
alignment and reconstruction procedures were carried out using
software developed in our laboratory.

E. SCF Simulation. To investigate the stability of microphase-
separated structures, the Helmholtz free energy of a system was
calculated by a simulator called SUSHI in OCTA*® based on self-
consistent-field (SCF) theory.*>*° In this theory, a polymer is
modeled as a Gaussian chain that consists of N segments with Kuhn
length, b. A polymer interacts with surrounding polymers in the
system. This interaction is approximated as the mean field potential,
u(r). The u(r) of a K segment, ux(r) (in present study, K is either
PI or PS), is conjugate with the density, ¢x(r) (¢x(r) = 1 — ¢x(r)),
at the position r and the Flory—Huggins y parameter according to
the following equation:
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where y(r) is the constraint force due to external condition such as
the incompressibility condition. The Helmholtz free energy per unit
volume in the system consisting of segment K is given by
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where k, T, and V are the Boltzmann constant, absolute temperature,
and calculated volume, respectively. M and Z are the number of
polymer chain and the partition function, respectively. The first term
of eq 2 corresponds to the conformational entropy of the chain.
The second term is the interaction between segments. The third
and fourth terms are the contribution from the constraint conditions
and that from the mixing entropy, respectively. Each subscript
indicates the component in the diblock copolymer. exx is the
interaction energy between a pair of segments K and K’ is related
to yxx by

z
Xkk' = ﬁ(EKK’ + €xx — €kx ~ €xx) 3

where z is the number of nearest-neighbor lattice sites. In the present
study, the number of segments in the A—B (PS—PI) type diblock
copolymers, N and Ng, are 117 and 33, respectively. The volume
fraction of the B block (PI) is 0.23, and the yagN is 24.0, which
was estimated from a previous study*' with same contents of
diblock copolymer as the present study. Each parameter was
compatible with experimental conditions.

3. Results and Discussion

A. Morphological Characterization in the Bulk State.
Figure 1a shows a TEM micrograph of the SI; BCP in the bulk
state. This copolymer self-assembled into a typical hexagonally
packed cylindrical (HEX) morphology. The dark circles on the
left-hand side of Figure la correspond to an “edge-on view”,
i.e., a view from the [001] direction of the HEX lattice, while
the striped pattern on the right-hand side corresponds to the
“side view”, i.e., a view from the (100), (010), or (110) planes
of the HEX lattice. Figure 1b shows a SAXS 2D diffraction
pattern of the SI; BCP, which demonstrates distinct hexagonal
diffraction spots arising from the HEX single grain. The 2D
diffraction pattern was then circularly averaged (Figure 1c). The
averaged SAXS profile of the SI; BCP exhibits multiple
scattering maxima at peak positions ~/3, +/4, and +/7 relative
to that of a first-order peak, as indicated by black arrows in
Figure 1c. The SAXS results also demonstrated that the SI; BCP
has the HEX morphology in the bulk state.**** A schematic
illustration of the edge-on cylinders is shown in the inset of
Figure 1c. The interlayer distance, L.y, defined as the spacing
between (100) planes of HEX, was evaluated to be 26.4 nm
from Ly = 27/q,,, where g, is the wavenumber corresponding
to the first-order peak in the SAXS profile. The interdomain
distance, D.y1 (= a = b), defined as the spacing between (110)
planes of HEX, was calculated to be 30.5 nm from D¢y = (4/
3)2Ley1, where y is 120°. The diameter of a cylinder, 2R, was
estimated to be 15 nm from the TEM images. The structural
parameters of the SI; BCP microdomain measured by SAXS
were in good agreement with the parameters obtained from the
TEM micrograph.

B. Dependence of Morphology on Thickness in BCP
Thin Films. Figure 2 shows TEM micrographs of SI; BCP thin
films of different thicknesses annealed at 120 °C for 150 h. In
Figure 2, the Z-axis corresponds to the depth direction of the
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Figure 1. (a) TEM micrograph of an ultrathin section of SI; in the bulk, stained with OsO,. The bright and dark phases correspond to PS and PI
microdomains, respectively. The scale bar shows 200 nm. (b) 2D diffraction pattern of SI; in the bulk. Dark spots are the diffraction spots from the
BCP microdomains. Each diffraction spot is labeled with the corresponding Miller index of the HEX lattice. (c) Circularly averaged SAXS profile.
The inset in (c) shows a schematic illustration of the edge-on view of the HEX lattice. a and b are unit cell vectors, and y is the angle between a
and b. L corresponds to the interlayer distance of the cylindrical lattice: L represents the distance between (100) planes, and R corresponds to the

radius of cylinder.

Figure 2. TEM micrographs of SI; thin films of different thicknesses
stained with OsO4 annealed at 120 ° C for 150 h. The films were spin-
coated from (a) 2.2 wt % [film thickness 87 nm], (b) 2.4 wt % [100
nm], (¢) 2.6 wt % [113 nm], (d) 3.0 wt % [135 nm], and (e) 3.4 wt %
[150 nm]. Dark phase represents the stained PI microdomains. The
Z-axis is along the depth of the thin film. Scale bars show 100 nm.

SI; BCP thin films. Two distinct patterns, stripelike and dotlike,
were observed. Figures 2b,d,e appear to be stripelike, while
Figures 2a,c are dotlike. The former, the stripe pattern, may
arise from the cylinders ordering parallel to the substrate surface.
It is commonly believed that the cylinders tend to align parallel
to the substrate surface due to the preference of one of the blocks
for the substrate surface (or the air surface).** *® The dotlike
pattern likely arises from “edge-on cylinders”, i.e., the cylinders
oriented parallel to the Z-axis, or even the PL. morphology as
reported in previous studies.'>”'*'” Thus, the 3D morphologies
inside the SI; thin films apparently depend on the film thickness.

The annealed thin films were tilted in the TEM to take a series
of TEM projections to produce a 3D reconstruction. The tilt
axis is parallel to the Y-axis (see Figure 2). The resulting
reconstructed 3D images of the SI; thin films are shown in
Figure 3. The 3D images were then digitally sliced in three
different planes in order to examine the internal structures in
more detail by eliminating the overlap of the microdomains.
Figure 4 shows these orthogonal cross-sectional views of the
3D reconstructed data of the T3 thin film (113 nm). The PI
microdomains of T3 show circular morphology in the three
orthogonal planes. Although not shown here, exactly the same
morphological features were observed in the T1 thin film (87
nm). The 3D images make clear that the T1 and T3 thin films,
surprisingly, exhibited three-layered PI spherical microdomains
in the PS matrix. We emphasize here that the equilibrium
structure of this copolymer in the bulk state is the cylindrical

Figure 3. Surface rendered 3D images of SI; thin films stained with
Os04 annealed at 120 °C for 150 h and spin-coated from (a) 2.2 wt %
[film thickness 87 nm], (b) 2.4 wt % [100 nm], (c) 2.6 wt % [113 nm],
(d) 3.0 wt % [135 nm], and (e) 3.4 wt % [150 nm]. White phase is the
PI microdomains, while the PS microdomain is transparent. The edges
of the 3D images along the X- and Y-axes are common for all volumed
data and are 300 nm in length. The edge along the Z-axis varies
according to the film thickness.

morphology. On the other hand, the T2, T4, and TS5 thin films
exhibited cylindrical microdomains parallel to the substrate
surface. These were three-, four-, and five-layered cylindrical
microdomains, respectively. Note that all the SI; BCP thin films
had wetting PI layers both at the substrate and at the air surfaces
due to the smaller surface tension of PI compared to that of
PS. The PI wetting layers were confirmed by a separate cross-
sectional TEM experiment (not shown here).”**” The wetting
layers, however, cannot be reconstructed due to the insufficient
tilt angular range of our experiment geometry.*> The positions
of the air and substrate surfaces in the 3D images were
determined by the gold particles and/or small dust particles
attached to these surfaces (shown in the X—Z sliced image in
Figure 4). The (averaged) film thicknesses of the thin films, 7,
were measured from the 3D images and are listed in Table 1.
Note that the thicknesses of the BCP thin films were rather
uniform for all specimens.

C. Characterization of the Spherical Lattice. In this section,
we characterize the spherical lattice observed in the SI; BCP
thin films T1 and T3. Figure 4 shows a 3D orthogonal image
of the T3 film. The spatial arrangement of the PI spherical
microdomains is clearly defined in the sliced images. The PI
spheres are arranged in a hexagonally packed lattice in the X—Y
plane that is parallel to the substrate surface. The body-centered
cubic (BCC), face-centered cubic (FCC), and hexagonal close-
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Figure 4. Orthogonal views of the T3 thin film annealed at 120 °C for
150 h. Dark and bright phases show the PI and PS microdomains,
respectively. The Z-axis corresponds to the depth direction of the film.
Dashed lines in each cross section represent the position of the other
two orthogonal cross sections. Solid arrows in the X—Z plane indicate
three layers of the PI spherical microdomains. Dashed arrows indicate

the positions of the free surface (top) and substrate surface (bottom).
Scale bar is 100 nm.
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Figure 5. (a) Schematic illustration of the bird’s-eye view of the four
kinds of lattices that exhibit the hexagonal pattern observed in the X—Y
plane. The color of the spheres indicates the spheres in the three
consecutive X—Y slices. (b) The projected images of part (a).

packed (HCP) lattices show such hexagonal patterns at certain
crystallographic planes. Figure 5 illustrates four possible lattice
geometries. In Figure 5a, the gray spherical domains are located
on an X—Y plane in the 3D reconstructed data from the X—Y
digital slice in Figure 4, and the red and blue spheres are out of
the X—Y plane. Projected images of the gray spheres are shown
in Figure 5b, in which the solid and translucent spheres belong
to the lattices in Figure 5a and to the adjacent lattice. Thus, the
gray spheres form a hexagonal pattern in the X—Y digital slice
as illustrated in Figure 5b. Although the FCC(001) plane in our
sample shows somewhat skewed hexagonal pattern, we none-
theless include this possibility because the experimental hex-
agonal patterns in the digital slices are not always perfectly
hexagonal. As shown in Figure 5b, the positions of the spherical
domains in the adjacent three X—Y layers are different depending
on the lattice type and the crystallographic planes of the spherical
lattices. For example, in the case of FCC(111) plane, the
positions of the spherical domains in the adjacent three crystal
planes do not overlap. On the other hand, as seen in Figure 5b,
the red and blue circles belonging to adjacent upper and lower
crystal planes in the other three cases do overlap. To identify
which of the three possible lattice types is the correct one, we
consider the relative positions of the red and blue circles with
respect to the gray ones.

Three consecutive X—Y digital slices of the T3 thin film were
chosen. They were first binarized in order to find the interface
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Figure 6. (a) Overlapped X—Y sliced image of the T3 thin film annealed
at 120 °C for 150 h. The colored regions of green, red, and blue
correspond to the spherical microdomains formed HCP, FCC, and BCC
lattices, respectively. Parts b—d are expanded images corresponding
to the rectangles in (a). The color of the spheres indicates the spheres
in the three consecutive the X—Y slice.

between the spherical PI domains and the PS matrix. Subse-
quently, as shown in Figure 6a, the slices were overlapped to
differentiate FCC(111) from other three types. Parts b, ¢, and d
of Figure 6 show enlarged overlapped spherical domains
corresponding to FCC(111), HCP(0001), and BCC(110), re-
spectively. Clearly, the spherical domains in the three layers
did not overlap in Figure 6b, while the red and blue spheres
largely overlapped (although the gray spheres are in different
locations) in the other two cases. This analysis leads us to
conclude that the HCP lattice with the (0001) crystallographic
plane being parallel to the substrate was found to be dominant,
while a small fraction of BCC and FCC lattices were also found
in the T3 thin films. Note that the analysis was carried out over
a wider area than that shown in Figure 6a.

The spherical lattice of the T1 thin film was identified in the
same manner. We found T1 to consist primarily of the FCC
lattice with the (001) plane being parallel to the substrate, while
the BCC lattice was minor. In contrast, the T2, T4, and T5 films,
as discussed, consisted of three-, four-, and five-layered cylinders
parallel to the substrate, respectively. These cylinders were
hexagonally packed but curved in the X—Y plane parallel to
the substrate. We note here that the thin films thicker than T5
(thickness ca. 150 nm) never exhibited a spherical morphology.

It is well-known that sphere-forming BCPs normally self-
assemble to form a BCC lattice in the bulk.*> Our BCP thin
films, in contrast, formed either HCP or FCC spheres. To
investigate the physics behind this surprising phenomenon, we
examined the structural formation process of the T3 BCP thin
film during the thermal annealing as detailed in the next section.

D. Process of the Morphological Transition in the Thin
Film. Figure 7 shows 3D images of the T3 thin film after three
different annealing times, 0, 48, and 150 h. The microphase-
separated structure right after the spin-casting (as-spun film)
showed “bicontinuous-like” morphology,?®*® in which the PI
microdomains were continuous not only in the lateral X—Y
direction but also in the Z depth direction (see Figure 7a). After
48 h of annealing, this bicontinuous-like morphology changed
to a cylinder-like morphology parallel to the substrate (Figure
7b). The cylindrical microdomains did not form a hexagonally
packed lattice as they do in the bulk state. After 150 h of
annealing, the T3 thin film formed HCP spheres (Figure 7c).
The morphology did not change upon further annealing. The
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Figure 7. Surface rendered 3D images of the T3 thin films after
annealing at 120 °C for (a) 0, (b) 48, and (c) 150 h. White phase is the
PI microdomains, while the PS microdomain is transparent. The edges
of the 3D images along the X- and Y-axes are common for all volumed
data and are 300 nm in length. The edge along the Z-axis is the film
thickness, ca. 110 nm.

film thickness of ~110 nm did not change throughout the
annealing process. The existence of wetting PI layers was
confirmed by a separate cross-sectional TEM observation (not
shown here). The thin films annealed for 48 and 150 h contained
wetting PI layers both at the substrate surface and at the air
surface. The existence of the wetting layers before the mor-
phological transition from cylinders into spheres suggests that
the wetting layers may not be the cause of the transition. Another
indication that the morphological transition may not be arisen
by the surface interactions is the fact that the PI layers closest
to the wetting PI layers in the T2, T4, and T5 thin films never
displayed spherical morphology. If the surface interaction played
a substantial role in the morphological transition, the cylindrical
layers closest to the wetting PI layers should exhibit spherical
morphology in all the BCP thin films.

In order to understand the mechanism of the morphological
transition, it is important to examine the evolution of the BCP
morphology through the transition from cylinders into spheres.**
A closeup X—Y digital sliced image of the T3 film annealed at
120 °C for 150 h is shown in Figure 8. Inside the spherical
domains, short cylindrical domains were observed, which are
likely the “trace” of the cylinders before the morphological
transition. The direction of the transition (from the cylinders
into the spheres) was estimated from this trace. Figure 9a is a
schematic showing how the cylinders can change into HCP
spheres in the T3 film. The cylinders break up into multiple
spheres. Thus, the [001] direction of the HEX should be the
[1120] direction of the HCP spherical microdomains. From this
relationship, the cylindrical lattice constant just before the
transition can be estimated by measuring the spherical lattice
constant. As illustrated in Figure 9a, the interdomain distance
of the cylindrical microdomains, Dy, just before the transition
into HCP spherical microdomains is related to the interdomain
distance of the spherical microdomains, Dy, as Dey =
(3/4)'2Dgpy,. The analogous transitions into BCC and FCC
spherical microdomains are shown in parts b and ¢ of Figure 9,
respectively. In these case the [001] direction of the HEX
transformed into the [001] direction of the BCC and the [110]
direction of the FCC spherical microdomains. Therefore, the
BCC lattice follows the relation Deyi = (8/9)"2Dgpn, while the
FCC lattice follows the relation D¢yi = Dgpn (Figures 9b,c).
The interlayer distances of the cylindrical microdomains (Lcy1)
are identical with the interlayer distances of the spherical
microdomains (Lgpn). Thus, Dy and Ly of the cylindrical lattice
in the T3 thin film just before the transition from the HEX into
the HCP (Figure 9a) were evaluated to be approximately 30.4
and 28.8 nm, respectively. Note that Dy and Ly in the bulk
state are 30.5 and 26.4 nm, respectively (see section 3.A]. We
suggest, therefore, that the cylindrical microdomains of the T3
thin film just before the transition into the HCP spheres become
somewhat distorted; i.e., Lc,1 was larger than that of the bulk
by 9%. Similarly, the cylindrical morphology of the T1 thin
film just before the transition into FCC spherical morphology
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Figure 8. A close-up view of the X—Y sliced image of the T3 thin
film annealed at 120 °C for 150 h. Dark and bright phases are the PI
and PS microdomains, respectively. The solid arrow indicates the
cylinder [001] direction, and the dashed arrow indicates the HCP [1120]
direction. Scale bar is 50 nm.

(@) (b)

Figure 9. Schematic illustrations showing the transition from cylindrical
microdomains into spherical microdomains. Parts a, b, and ¢ correspond
to the transitions from the cylindrical microdomains into the HCP, BCC,
and FCC spherical microdomains, respectively. The Y-direction cor-
responds to the cylinder [001] direction. L and D are the interlayer
distance and interdomain distance, respectively.

was also distorted: Ly was 20% smaller than that of the bulk,
while D.y; was larger than that of the bulk by 10%.

In a related study, Knoll et al.*® investigated the distortion
of the cylindrical lattice in a poly(styrene-b-butadiene) BCP thin
film using SFM. They found that the HEX lattice became
distorted when the film thickness, 7, did not fulfill the condition
T = mL, where m is an integer. In our case, the cylindrical
lattice just before the transition in the T1 and T3 thin films also
did not meet this condition and therefore became distorted. Knoll
et al. also demonstrated that the degree of distortion decreased
as the number of the cylindrical layers increased.*® Our results
are consistent with this finding, as no morphological transition
was observed in any of the SI; BCP thin films thicker than T3,
probably due to the smaller distortion of the cylindrical lattice.

Thus far we have examined the morphological transition from
the cylindrical into spherical microdomains as a result of the
cylindrical lattice becoming distorted before the transition. We
now consider whether the PI volume fraction, ¢p;, plays an
important role in this transition. The SI; BCP used in the above
experiments has ¢p; equal to 0.23, which is close to the edge
between the spheres and cylinders in the phase diagram.*® We
therefore chose the BCP SI,, with a ¢p; of 0.35, to further study
the morphological transition. Note that ¢p; = 0.35 is almost at
the border between the cylindrical phase and the gyroid phase.*’
As expected, SI, showed the HEX morphology in the bulk state
(not shown here). Parts a and b of Figure 10 show a TEM
micrograph and a 3D image, respectively, of the T6 thin film.
The TEM micrograph of the T6 thin film after annealing at 120
°C for 150 h (Figure 10a) shows a dotted pattern similar to the
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Figure 10. (a) A TEM micrograph and (b) a surface rendered 3D image
of the T6 thin film stained with OsO, annealed at 120 °C for 150 h. In
(a), the dark and bright phases correspond to the PI and PS micro-
domains, respectively. Scale bar is 100 nm. In (b), white phase is the
PI microdomains, while the PS microdomain is transparent. The edges
of the 3D images along the X- and Y-axes are common for all volumed
data and are 300 nm in length. The edge along the Z-axis is the film
thickness, ca. 87 nm.

T1 and T3 thin film (see Figures 2a,c). The film thickness was
87.3 nm, which was measured from the 3D image. The T6 thin
film also showed three-layerd PI spheres in an FCC lattice in
the PS matrix (see Figure 10b). The cylindrical microdomain
just before the transition into spherical microdomain in the T6
thin film was also distorted; Ly was smaller by 20% than that
of the bulk, while Dy was 15% larger than that of the bulk.
This result suggests that the morphological transition occurs
irrespective of the position of ¢p; on the phase diagram. Note
that the PI volume fractions in the T1, T3, and T6 evaluated
from the 3D images were close to the corresponding bulk
volume fractions.

E. Mechanism of the Morphological Transition. Stein et
al. investigated the thickness dependence of sphere-forming BCP
thin films using GISAXS, TEM, and SCF simulation.>%! They
found that the spherical microdomains transitioned from a BCC
lattice into different types of spherical lattice at certain film
thickness due to the distortion of the spherical lattice. In our
case, the morphological transition may be caused by the increase
in free energy due to the distortion of the cylindrical morphol-
ogy, although the transition in this case is more drastic than
that in Stein’s case.

Matsen et al. discussed the stability of the distorted cylindrical
morphology in diblock copolymers.*®->* They calculated the free
energy of the cylindrical phase parallel to the substrate as a
function of the aspect ratio of the cylindrical lattice using a
computer simulation based on the strong segregation and the
SCF theories. In the present study, the Helmholtz free energy
of the cylindrical morphology was calculated as a function of
De¢y1 and Ly using an SCF simulation in order to investigate
the stability of the cylindrical structure.

First, the mesh size of the simulation was decided on the
basis of any given combination of Dy and L.,. Second, we
used SCF simulation to calculate the densities of the K block
chain (K is either PI or PS) and the mean field potential, ux(r),
at any given position, r, of the cylindrical structure with each
of the hexagonal symmetries. Subsequently, the free energy per
unit volume, F(¢x, 1x), was calculated from eq 2. Note that
the SCF simulation did not consider interactions between the
BCP and substrate and between the BCP and air. This choice
was justified because the contribution of the surface interaction
to the morphological transition appears to be very small in our
system, as described in section 3.D.

Figure 11a shows the calculated free energy diagram of the
cylindrical microdomains as a function of D¢y and Lcy. The
free energy of the HEX morphology in the bulk state is indicated
by a cross, representing the minimum free energy value, as
expected. Note that D, and L. of the bulk state were
determined from experimental results. The free energy of the
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Figure 11. Free energy diagrams as functions of L and D for the studied
morphologies as calculated by SCF simulation: (a) cylinder, (b) BCC,
(c) HCP, and (d) FCC. Open symbols are calculated points. The cross
in (a) indicates the location of L and D in the bulk state. Colored solid
lines are the contour lines of the free energy.
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Figure 12. Morphological “phase diagram” showing the stable mor-
phologis as a function of L and D, evaluated from the free energy
diagrams shown in Figure 11. Dashed lines are the boundaries between
different morphologies. The open symbols are experimentally obtained
values from 3D images. The cross indicates the location of L and D in
the bulk state.

cylindrical morphology became higher as Dy and L.y deviated
from the bulk values.

The free energies of the BCC, FCC, and HCP spherical
morphologies with the same range of D, and L, as those in
Figure 11a were also calculated in the same way. The calculated
free energy diagrams of the BCC, FCC, and HCP spherical
morphologies are shown in parts b, ¢, and d of Figure 11,
respectively.

The most stable morphology in the thin film was decided
from the energy maps of Figure 11. Specifically, the morphology
that has the lowest free energy at the Dgpp, (or Dey1) and Lgp, (or
Lcy1) is considered to be the most stable. The stability diagram
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based on this evaluation is shown in Figure 12. On this “phase
diagram”, D and L corresponding to the T1 to T5 thin films
(measured from 3D images) are also plotted. The experimental
results agree reasonably well with the SCF prediction of which
lattice type will be the most stable for each film, considering
that the resolution of our TEMT is ca. 1 nm.>®> Within the
experimental error (shown in Figure 12), the trend is clear. We
therefore conclude that the morphological transition observed
in this study is due to the destabilization of the distorted HEX
microdomains.

We here note that multiple types of spherical lattices have
been found in T1 and T3 thin film. For example, although the
HCP lattice is stable according to the phase diagram shown in
Figure 12 and thus dominant in the T3 thin film, the BCC and
FCC lattices were also found (see Figure 6a). We speculate that
the origin of the coexistence of the BCC and FCC lattices in
the T3 thin film is kinetic. As demonstrated in Figure 7b,
although the cylindrical microdomains are parallel to the
substrate, they are not perfectly aligned but curved in the lateral
plane, i.e., X—Y plane. Thus, when the breakup of the cylindrical
microdomains to the spherical ones took place during the
morphological transition, the resulting spherical generated from
such curved cylinders turned to energetically unfavorable types
of lattices, i.e., BCC and FCC lattices. If the higher alignment
of the HEX morphology before the morphological transition
could be achieved using a similar protocol in the literature,>*>°
such coexistence of the unfavorable lattices would be avoided.

4. Conclusions

A morphological transition of a cylinder-forming poly(styrene-
block-isoprene) (SI) thin film was studied by transmission
electron microtomography (TEMT) and by a self-consistent-
field (SCF) computer simulation. Unexpectedly, a spherical
morphology was observed in a few SI thin films. The thicknesses
of the films with spherical structure were not integer multiples
of the interlayer distance in the cylindrical morphology. The
annealing process of the sphere-forming thin films was inves-
tigated by TEMT. Upon annealing, the morphology changed
from an as-spun thin film forming a bicontinuous-like morphol-
ogy into cylindrical morphology and then further into hexagonal
close-packed (HCP) or face-centered cubic (FCC) spherical
morphologies. The lattice parameters of the cylindrical micro-
domains just before the morphological transition from cylinders
into spheres were determined from the trace of the cylinders in
the spherical microdomains. The cylindrical lattice was found
to be distorted from the bulk state lattice. The free energy of
the distorted cylindrical structures and the spherical structures
were calculated by a computer simulation based on the SCF
theory. The free energy of the distorted cylindrical morphology
just before the transition was higher than that of the spherical
lattice. Thus, the distorted cylindrical morphology transformed
into spherical morphologies in order to decrease the free energy.
The stable spherical lattice after the transition depends on the
degree of distortion. In addition, films thicker than T5 did not
form spheres because the free energy associated with the
distortion of the cylindrical lattice was negligibly small to cause
the morphological transition.
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