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ABSTRACT: The phase behaviors of diblock copolymers confined in thin films with two identical preferential surfaces are
investigated using the self-consistent field theory. Around 20 morphologies, including centrosymmetric and non-centrosymmetric
ones, are considered to construct the two-dimensional phase diagram with respect to the volume fraction and the film thickness,
while the interaction parameter yN and the surface preferences are fixed. When these morphologies are classified into four
categories of ordered phases—sphere, cylinder, perforated lamella (corresponding to gyroid phase in bulk), and lamella—the
phase diagram directly reveals the impact of the film confinement on the order—order transitions as a function of volume fraction
via the comparisons to those in bulk. Our results also provide a comprehensive understanding over the dependence of the
structure formations on the film thickness for each volume fraction.

I. INTRODUCTION

The self-assembly of block copolymers (BCPs) has attracted
great attention because it provides a platform to fabricate a large
number of ordered nanostructures which not only have wide
potential applications in the manufacture of nanoscale functional
materials but also have rich fundamental statistical physics.
Particularly, the fast development of the nanolithography
technique based on the BCP self-assembly to make large-scale
ordered patterns, which extends the feature size of the
nanostructures obtained by the e-beam or extreme ultraviolet
lithography further into smaller size (sub-30-nm), pushes the
application of BCP self-assembly further toward real implemen-
tation." ® In experiments, usually the BCPs are spin-coated onto
a substrate to form film in either thermal annealing or solvent
annealing treatment to investigate their self-assembling behav-
iors. Both the bottom surface of the substrate and the top surface
formed by the interface of air or other solvent vapor have
significant influences on the formation of structures, especially in
the case of thin film. For example, symmetric diblock copolymer
prefers to form perpendicular lamellae for neutral surfaces, while
to form layers parallel with the film surfaces or even mixed
morphologies for preferential surfaces in thin films.”~>’
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The BCP self-assembly in thin films has been extensively
studied to understand the different phase behaviors from those in
bulk, induced by the factors arising from the presence of the two
surfaces, i.e., the energetic preferences of surfaces for one of the
two blocks and the geometrical confinement, by both experi-
ments” %7 and theories."****7%* For lamella-forming
symmetric diblock copolymers (DBCs), most of the experiments
have been dedicated to control the lamella orientation by tuning
the film thickness and the interactions between the surfaces and
the blocks. Furthermore, a number of experiments have observed
some complex or unconventional morphologies in thin films
formed by the supporting substrate and a top air/copolymer
interface (see the summary in ref 29). In ref 29, Meng and Wang
have carried a systematical self-consistent field theory (SCFT)
study to explore the phase behaviors of symmetric DBCs
confined in thin films. For example, they observed complex
morphologies of T, (k = 1, 2, 3) for asymmetric surface
interactions, which are composed of k layers of regular lamellae
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and a single layer of perforated lamella. When symmetric DBCs
are replaced by asymmetric DBCs, more complicated phase
behaviors are expected. Therefore, more and more research
efforts tend to be concentrated on the system of asymmetric
DBCs in thin films.>' ~*° Wang et al. have given a summary on the
experimental observations of the cylindrical bulk morphology
confined in thin films.** In these experiments,****~>” a variety of
morphologies, including cylindrical (parallel/perpendicular
cylinders or parallel half-cylinders) and noncylindrical morphol-
ogies (spheres, lamellae, or parallel perforated lamellae), have
been observed with various film thicknesses and surface
preferences. In a series of experimental and theoretical
studies,>>™> Kramer and co-workers have systematically
investigated the packing transition of spheres in films as a
function of the film thickness. Their results exhibit that the 2D
spheres packing is hexagonal when the layers are less than 4, and
then it transfers to orthorhombic for more layers. As the layer
number is further increased from S to 23, the orthorhombic unit
cell deforms continuously to that of the body cubic-centered
(110) one. In a word, the presence of the top/bottom surfaces
not only influences the domain orientation but also strongly
influences the phase itself, ie., the order—order transition
(0oT).”!

In theory, a usual and easy way is to model BCP thin films as
BCPs under the confinement of two impenetrable surfaces on
which appropriate surface potentials are imposed according to
surface properties. An obvious approximation that the top
surface between the BCPs and the air is simplified as a rigid
surface has been introduced into this model. In real BCP film, the
top surface is free and can have fluctuation because of the
formation of heterogeneous structures as well as the thermal
fluctuation. Though there are some discrepancies between this
theoretical model with the real BCP films in experiments, it still
attracts a lot of theoretical research attention because of its two
main features. One is that the BCP phase behaviors can be
enriched dramatically in the simplest geometrical confinement
(one-dimensional, 1D) by tuning the film thickness, the surface
preferential interactions, and the parameters of BCP itself. The
second is that the knowledge of the BCP phase behaviors in this
model system can provide a qualitative understanding on the
experimental observations in BCP film systems.

Even for the simple DBC system, besides the volume fraction
of the A block, f = f,, and the interaction parameter which is the
product yN of the Flory—Huggins interaction, y, and the total
degree of polymerization, N, there are still a number of factors
affecting the phase behaviors, including the film thickness and the
preferences of the two surfaces to different blocks (symmetric or
asymmetric surface interactions). In past decades, most of
theoretical work on asymmetric DBCs in thin films, including
computer simulations**~** and SCFT calculations,**™*° focus on
the effects of the film thickness and the surface interactions
including their preference and strength for a typical volume
fraction of symmetric or asymmetric DBC. Huinink et al.***!
employed a dynamic density functional theory (DDFT or
dynamic SCFT), to simulate the self-assembling behavior of
DBCs with f=1/3 confined between two identical surfaces. They
systematically explored the formation of morphologies including
parallel/perpendicular cylinders, parallel lamellae, and perforated
lamellae (PL) with various film thicknesses and surface
interaction strengths from negative (A-preferential), to zero
(neutral), to positive (B-preferential). In a subsequent work,*>*®
Sevink and co-workers studied the structure formation of sphere-
forming AB diblock and ABA triblock copolymers with f = 1/3
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confined in thick films with varying film thickness and surface
potential. A thin film system of asymmetric DBCs, with a smaller
volume fraction of f = 1/4, was extensively studied using Monte
Carlo (MC) simulations by Wang et al.** Besides the types of
parallel/perpendicular cylinders, they also observed one layer of
spheres between two wetting A layers for A-preferential surfaces,
blending parallel and perpendicular cylinders for B-preferential
surfaces, and parallel cylinders containing top and bottom layers
of half-cylinders for neutral surfaces. More recently, Yu et al.*
have simulated the cylinder-forming DBC films with f=1/6 and f
1/4 using MC simulations. Besides the cylinder-forming
DBCs, Yin et al.*® have carried out a study of MC simulations on
the gyroid-forming DBC films. Tan et al.** have investigated a
sphere-forming DBC with f = 1/5 in films using the DDFT
simulations. In addition, a few SCFT studies based on SCFT
calculations have been reported on the formation of
morphologies of asymmetric DBCs with a fixed value of f
confined between two surfaces.**™*® These results will be
discussed and compared with our results. Most of these studies
have focused on the exploration of new morphologies,47 or
roughly sketching the phase diagram with respect to the film
thickness and the strength of surface interactions.** These results
have qualitatively shown the strong dependence of the OOTs on
these factors of the DBC films, i.e,, the film thickness and the
surface interactions. However, they are not enough to provide a
quantitative understanding on these complicated self-assembling
behaviors, such as the shift of OOTs compared with those in
bulk, and the change of domain spacing induced by the
confinement.

Besides the two factors, the volume fraction is also often used
to tune the morphology formation. To gain a direct and
comprehensive understanding over the impact of the film
confinement on the OOTs, we focus on the exploration of the
phase diagram with respect to the volume fraction and the film
thickness while fixing the interaction parameter yN and the
surface preferential interactions. In order to narrow our
investigation further, we assume that both surfaces have the
same preferential interactions to any block. This assumption is
clearly unrealistic for many types of DBC films in real
experiments, but it serves as a simple starting point for
understanding the self-assembling behaviors of DBCs in thin
films. Without loss of generality, we chose the surfaces to have
preferential interactions to the B block. This implies that the two
surfaces attract the majority block for f < 0.5, and otherwise they
attract the minority block, when f is varied from zero to 1 to go
through the bulk phase sequence from disorder, sphere, cylinder,
gyroid, to lamella, and then to go through the reverse sequence of
gyroid, cylinder, sphere, and disorder. The phase diagram can
provide a direct comparison between the OOTs in thin films with
varying film thickness and those in bulk, which shows the
dependence of the OOT shifts on the film thickness, relative to
the bulk ones. Therefore, it can help one to gain an explicit
picture of the phase behaviors of BCPs under the confinement of
thin films. In addition, it can become a useful guide for
experiments to fabricate different morphologies in BCP thin
films, which is the most fundamental and indispensable step to
realize the application of BCP self-assembly.

Il. THEORY

We consider an incompressible melt of AB diblock copolymers
with a degree of polymerization N confined in a thin film with
two identical surfaces and thickness of w. The chain lengths of the
A and B blocks are specified by fN and (1 — f)N, respectively.
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Figure 1. Density isosurface plots of morphologies formed by AB diblock copolymers confined in two identical surfaces with attractive interactions to B
block. When the surfaces attract the majority block for f = f, < 0.5, the isosurfaces of the A component are plotted in red color, and otherwise, the
isosurfaces of the B component are plotted in green color. Two morphologies of phase C, with small and large connecting necks with the surfaces, are

indicated by C{¥) and C'), respectively.

The total volume available for polymer chains is V, and the radius
of gyration of the polymer, R, is set as the unit of spatial lengths
in our calculations. Within the mean-field approximation to
statistical mechanics of the Edwards model of polymers,®”>® the
free energy functional F for n Gaussian diblock copolymer chains
at a given temperature T is given by

P —_—

nkgT

1
“n Q+ = [ drlNg, ()6 (x) = (16,0

— wy(1)¢y(r) + H(r)[¢,(r) — ¢y(r)]

— ()1 = ¢, (r) — gy(0)]} (1)
where ¢9,(r) and ¢5(r) are the local concentrations of the A and
B components, respectively. The quantity Q is the partition
function of a single polymer chain interacting with the mean
fields w, and wg, and which are produced by the surrounding
chains. Here the space function H(r), describing the preferential
interactions of two identical surfaces on the blocks, is given by

H(r)
YN

= Volexpl(o — d.)/2] — 1} @
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when the distance to surfaces, d,, is shorter than o; otherwise, it
equals to zero. Vj and A quantify the strength and the steepness of
the surface interaction, respectively. In this work, we chose ¢ =
0.5R,, A= 0.2SR,, and V, = 0.1, which is equivalent to the
interaction strength on the surface in ref 59. H, = 0.64,
quantifying rather strong surface interactions. Minimization of
the free energy with respect to the monomer densities and the
mean fields leads to the following SCFT equations™®

wy(r) = ¥Nepy(x) + H(r) + n(r)
wy(r) = yNg, (r) — H(r) + n(r)

1 f
DORFF ATOBICY
1 1 +
r) = — ds q(r, s)q'(r, s
() fo a(r, )q'(x, )
Q= é‘/dr q(rx, s)qT(r, 5)

¢, (r) + ¢y(r) =1 (3)
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In the above equations, q(r, s) and q(r, s) are end-segment
distribution functions.’”*® These distribution functions satisfy
the modified diffusion equations

aq r,s 2 - r,s
% V q(l‘ S) W( )q(tl S) ( )
()ql r, s 2 7 r —_ r,s )

where w(r, s) = w,(r) when s < f, and otherwise w(r, s) = wy(r).
The initial conditions are g(r, 0) = qT(r, 1) = 1. For numerical
solutions, we employ the pseudospectral method®”®’ to solve the
modified diffusion equations for the end-segment distribution
functions.

lll. RESULTS AND DISCUSSION

We chose the interaction parameter as yN = 20. We first perform
our SCFT calculations, with the space lattice of N, X N, X N, =
64° and the contour discritization of As = 0.01, to identify the
OOTs in the bulk. The sphere-to-cylinder, cylinder-to-gyroid,
and gyroid-to-lamella OOTs are fs_,c & 0.243, f c_.q & 0.338, and
foo1 = 0.374, respectively, which are in good agreement with
those computed using the spectral method by Matsen and
Bates.®” Then, we use two identical rigid walls to geometrically
confine the DBC melts in the z direction, and use periodic
boundary conditions for the unconfined x and y directions. A
rather strong short-range potential as a function of the distance
normal to the surfaces in expression 2 with V= 0.1 is imposed on
the two blocks to act as the preferential interactions. The positive
potential strength indicates that the surfaces prefer the B block.
For the calculations of centrosymmetric morphologies, the space
lattice is chosen as N, X N, X N, = 64%, and As is always fixed as
0.01. While considering non-centrosymmetric morphologies, we
remodel a system with twice the film thickness and an additional
wall in the middle of the system according to the scheme
proposed by Heckmann and co-worker.*® Accordingly, twice the
space lattice at the z direction, N, = 128, is used. With the
knowledge of all possible morphologies found in the previous
studies, more than 20 morphologies are produced, and their
stabilities are examined by comparing their free energy, for the
DBCs confined in thin films of film thickness ranging from 1.2R,
to 8R,. Nineteen stable morphologies and their phase diagram
are presented in Figures 1 and 2, respectively. There are 14
centrosymmetric morphologies, most of which are single-layer
morphologies except for the double-layer homogeneous lamellae
(denoted as L), including A spheres (S,), parallel A cylinders
(C,, which is denoted as Cﬁ in ref 48), A perforated lamella
(PL,), perpendicular/parallel A lamellae (L, /L!), perpendicular
A cylinder (C,), z-direction elongated parallel A cylinders
(Ly,)/A spheres (or spherocylinders, SC), B spheres (S}, which
is denoted as L — S — L; in ref 43), B cylinders (C}, which is
denoted as L — Cj — L in ref 43), B perforated lamella (PLY),
perpendicular B cylinders (C%), and double B half-perforated
layers (hPLY). The other non-centrosymmetric morphologies
are one-layer parallel B half lamella (hL!) and four double-layer
morphologies of A spheres (S,), A cylinders (C,), A perforated
lamellae (PL,), and B half-cylinders (hC?). For the convenience
of free-energy minimization, all of these morphologies have been
regulated to align along the sides of the simulation box, i.e., the x
and y directions, by special initial conditions. Therefore, we can
readily determine the most-favorable domain spacing in the
unconfined xy plane by minimizing the free energy, such as the
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Figure 2. Phase diagram of AB diblock copolymers of fixed yN =20 in a
thin film with respect to the volume fraction of the A block and the film
thickness, w, in units of R,. Both surfaces have attractive interactions
with a strength of V, = 0.1. The dots are calculated phase transition
points, while the curves are guides to the eye, indicating the phase
boundaries. The dashed lines indicate the phase transitions between
sphere and cylinder, cylinder and gyroid, and gyroid and lamella in the
bulk.

nearest neighbor distance of spheres in spherical morphologies,
that of cylinders in cylindrical morphologies, and that of holes in
perforated lamellae. Note that the size relation of L,:L, = 2: \/ 3is
employed for the phases with hexagonal symmetry, where the
grid spacings at the x and y directions are close.

In Figure 2, the phase diagram is constructed by more than 200
transition points (the connecting curves are guides to the eye),
which are identified by the comparison of free energy between
different morphologies. The dashed lines indicate the order—
order transitions between sphere and cylinder, cylinder and
gyroid, and gyroid and lamella, in the bulk. Although the phase
diagram is much more complex than that in the bulk, there are
two notable features. In the bulk, the PL phase is not stable, but
the gyroid phase is. Therefore, the first feature is that a few PL
phases (PL,, PL,, and PL}) appear as stable phases in the phase
diagram, and occupy significant phase regions. The stability of PL
phases is not only dependent on the volume fraction but also is
strongly dependent on the film thickness. Besides the phase
region of the bulk gyroid, the PL phase regions can expand into
the lamella and cylinder phase regions by tuning the film
thickness. For example, when the film thickness is between 2.4R,
and 44R, and the volume fraction f is between 0.28 and 0.34, a
considerable phase region of the bulk cylinder has been occupied
by the PL, phase. When the film thickness is increased to form
double-layer morphologies, the expansion of the PL, phase
toward the cylinder or the lamella phase is suppressed. This
suggests that the confinement effect tapers as the film thickness is
increased, and the phase behaviors tend to approach those in the
bulk. This effect can be commonly seen in the comparisons
between other types of single-layer and double-layer phases. For
example, the invasion of the C, phase into S, is less than that of
the C, phase into S,. Provided that the bulk gyroid phase is
replaced by the PL phases, the second feature is that the phase
behaviors in a few areas of the phase diagram still resemble the
phase sequence in bulk, such as in the area of 24R, < w < 44R,
andf<0.5 and in the area of 6R; < w < 8R, and the whole range of

f
To gain quantitative knowledge over the dependence of the
OOTs on the film thickness, we plot the free-energy comparison

dx.doi.org/10.1021/jp309546q | J. Phys. Chem. B 2013, 117, 5280—5288
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for a given f = 0.23 in Figure 3. The bulk phase of this DBC is
sphere. Figure 3a indicates that the stable phase transfers from
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Figure 3. (a) Free-energy difference between two morphologies as a
function of film thickness, w/R,, for a fixed volume fraction of f = 0.23.
From left to right, the three curves indicate the free-energy difference
between the neighbor morphologies of C, and S; (or SC), S, and SC,
and C, and S,, respectively. The stable phase sequence is S}, C,, SC, and
S, as the film thickness increases from 2R; to 8R. (b) Three
contributions of the free-energy difference between C, and S;: the
interfacial energy AU/nkgT, the entropic energy —TAS/nkpT, and the
surface interaction AE,¢/nkyT.

hexagonally arranged spheres S, to parallel cylinders C,, to
elongated spheres SC, and then to double-layer spheres S,. At
this volume fraction, the nonbulk phase of C, instead of the bulk
phase of §; occupies a considerable stable region of 2.6 R, < w <
3.9 R, while the stable phase region of C, just vanishes at the
phase area of double-layer phases. This phase sequence from
sphere, to cylinder, and then to sphere was previously observed
by Sevink and Zvelindovsky.** In Figure 11 of ref 42, the phase
diagram resembles the similar phase sequence in the range of
surface field 4.0 < &y, < 5.0. The mechanism of the OOT between
S, and C; can be clarified by the comparisons of three
contributions of the free energy in Figure 3b, which are the
interfacial energy of U/nksT = (1/V) [dtyNegp,(r)gp(r), the
entropic energy of —TS/nkyT = —In Q — (l/V)/dr[wA(r)d)A(r)
+ wy(r)@y(r)], and the surface interaction of E,/nksT = (1/
V) / drH(r)[@pa(r) — ¢g(r)], respectively. The comparisons
demonstrate that the dependence of the interfacial energy and
the entropic energy is strong, and that of the surface interaction is
moderate. The B-preferential surfaces attract B blocks to form
high-density B-block wetting layers, which favors a smaller A/B
interface and a smaller mean curvature. This effect can be
amplified by simply strengthening the surface interaction. For
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example, a series of phase transitions from sphere, to cylinder, to
perforated lamella, and then to complete lamella has been
demonstrated by strengthening the surface field for the sphere-
formation DBCs in a thin film with a fixed film thickness of
around 4.0Rg.42 However, the A/B interface is also influenced by
the film thickness. The layer distance in the bulk, di, = (3)"/%/
26y & 3.28R, of the hex phase, dit. = (2/3)"?d,,.. = 3.22R of the
bee phase, and dif, = (2/ 3)V *dyp = 3.32R, are also readily
determined during the free-energy minimization. Whatever
morphologies, the favored layer distances are very close. When
the film thickness is much smaller than the suitable sphere-layer
distance in the bulk, d¥ = (2/3)"d, . = 3.22R,, where dy, . is the
corresponding domain spacing, the A domains are compressed in
the z direction. The compression induces the phase with larger
A/B interface to be favored. Therefore, for w < 2.6R, < di, the
bulk phase of S, is stable. When the film thickness is comparable
to the bulk layer distance, the cylinder phase C; with smaller A/B
interface becomes more favorable instead of S;. While the film
thickness becomes larger than di, like w > 3.9R,, the A domains
have to be elongated to accommodate to the systematical
stretching. The corresponding morphologies of S, and C, are
deformed to be SC and L; ;. Then, the central portion of A
domains in SC or L ; becomes cylinder or lamella in a sense.
Obviously, the lamellar A domain is extremely unfavorable from
the view of chain stretching because the bulk phase is sphere. As
the film thickness increases, the unfavorable stretching energy
from the central portion of L, (C;) becomes more and more
dominant, and as a consequence, the phase transfers to SC (S,).
This feature is generic for the other two types of neighbor phases:
the PL phase and the cylinder phase (the former one has a
smaller mean curvature), the lamellar phase and the PL phase,
and so on.

In Figure 4, the domain spacing in the nonconfined xy plane
with respect to the film thickness is plotted for f = 0.23. As a

4.2 T T
hcp
4.0F bce .\Sz J
........ —
wagh a0 hex ]
m o
= Vs
a
3.6} . ]
. 2
34f ,/c,' ]
2 4 6 8

w/R

Figure 4. The nearest-neighbor domain spacing in the plane parallel to
the surfaces of morphologies S, (or SC), Cy, S,, and C, as a function of
film thickness, w/R,, for f= 0.23. Solid lines show the spacing variations
of stable phase regions, while dashed lines show those of metastable
phase regions and dots dividing them indicate the phase transitions.
From bottom to top, three dot-dashed lines indicate the nearest-
neighbor domain spacing in the bulk phase of hexagonally close-packed
(hcp) spheres, body-centered cubic (bcc) spheres, and hexagonally
packed cylinders (hex), respectively.

comparison, the corresponding domain spacings of the bulk
phases, dy,  3.78R, of hexagonal cylinders (hex), dy.. & 3.94R,
of body-centered-cubic spheres (bcc), and dy, & 4.07R, of
hexagonally close-packed spheres (hcp) are shown by dot-
dashed lines. The ratio of the nearest-neighbor sphere-to-sphere
distance between the hcp phase and the bec phase, about 1.03, is

dx.doi.org/10.1021/jp309546q | J. Phys. Chem. B 2013, 117, 5280—5288
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consistent with the theoretical value of (32/27)"/%.5 For the hep
phase, we have examined the abab--- and abcabc--- layer stacking
and found that the former stacking is slightly favored. To check
the subtle difference of free energy, we repeat the calculations
with a finer discretization of As = 0.001. The free-energy
difference, (fhcp,abc —fhcp‘ab)/nkBT, is4.86 X 1075 and 4.87 X 107>
for As=0.01 and As = 0.001, respectively, while that between the
hep (ab) phase and the bee phase is 3.734 X 107* and 3.737 X
107 respectively. At the same time, the discrepancy of the
domain spacing computed by the two values of As is also
negligible small. For example, the sphere-to-sphere distance of
the bcc phase for the two cases is 3.943R; and 3.944R,,
respectively. The tiny discrepancy of the free-energy difference
between As=0.01 and As = 0.001 illustrates that our calculations
with As = 0.01 are rather reliable for the determination of phase
transitions.

The domain spacing of S, for w < 3.5R; and that of C, increase
as the film thickness increases, but both are smaller than their
bulk values. Larger film thickness induces stronger chain
stretching and increases the number of chains contained in
each domain, and therefore raises the domain spacing. When the
film thickness becomes larger than the bulk layer distance so that
it causes the elongation of spheres to form perpendicular
cylinders which exhibit smaller domain spacing, the domain
spacing tends to drop down. However, in the double-layer
morphologies (S, and C,), the situation is inverse. The reason is
that the domains in each layer tend to be approaching to reduce
the large distance to those in another layer for increasing film
thickness.

In Figure 5, we present the plots of free-energy comparisons
and corresponding domain spacing as a function of the film
thickness for another volume fraction of f = 0.33, with which the
bulk phase is cylinder, but near the OOT boundary between the
cylinder and gyroid phases. The stable phase sequence is from
C,,to Cj,to PLy, to C or Ly |, to C,, and then to PL,. It has been
proposed that the stablhty of PL phases is strongly dependent on
the space lattice.*® In order to clarify this question in our
calculations, we performed the calculations with different
discretization parameters near an example point of the OOTs,
the PL;—L; | transition, which is between the film thicknesses of
w=4.5R, and w = 4.6R,. In the inset of Figure Sa, the free-energy
differences between PL; and L;, obtained with four groups of
discretization parameters are shown, which are N, X N, X N =
64 and As=0.01 (triangles), N, X N,XN,=128X%128 >< 64 and
As=0.01 (crosses), N, XN, XN, = 64>< 64 X 64 and As=0.002
(pluses), and N, X N, X N = 128% and As = 0.01 (circles),
respectively. The symbols in the former three cases are almost
overlapped, and there is the largest discrepancy in the last case,
which is caused only by the increasing of the grid number along
the confined direction, N,. The reason is that the surface
potential in the discrete space is dependent on N, because a
short-range potential is employed in our model. However, the
discrepancy of the OOT with respect to the film thickness is only
as tiny as 0.016R,, which is much smaller than the grid spacing,
about 0.073R, for L, = 4.5R,.. This clarification further makes sure
that our phase diagram is reliable. In fact, PL phases have been
observed with cylinder-forming DBCs or ABA triblock
copolZmers in thin films by a serious of dynamic simula-
tions. 05747 1 particular, Ly and co-workers observed a
PL phase in a DBC thin film with a similar volume fraction of f =
1/3, YN = 18 and also similar film thickness by using SCFT
calculations.*” Therefore, the prediction by Heckmann and
Barbara®™ that the PL phase is unstable is incorrect. In addition,
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Figure S. (a) Plot analogue to Figure 3a showing the free-energy
differences between neighbor morphologies for f = 0.33. The inset
shows the free-energy differences between the morphologies of PL; and
C, obtained by different groups of discretization parameters, the lattice
size of N,, X N, X N, and the contour grid spacing of As, N, X N, X N, =
64%and As = 0 01 (tnangles), N, XN, XN, =128 X 128 X 64 and As=
0.01 (crosses), N, X N, XN, = 1283 and As=0.01 (circles), and N, X N,
X N, = 64° and As = 0.002 (pluses). (b) Plot analogue to Figure 4
showing the nearest-neighbor domain spacing in the plane parallel to the
surfaces, of different morphologies for f= 0.33. The two dot-dashed lines
indicate the nearest-neighbor domain spacing in the bulk of hexagonally
packed cylinders and perforated lamellae, respectively.

Kramer et al.>" have proposed that the magnitude of free-energy
difference of the order of 107> ks T per chain is sufficient to drive
morphological transitions. In Figure Sa, the largest free-energy
difference between the PL, and C, reaches as large as 0.02 kT.
This indicates that the PL phase can be observed experimentally
with a rather wide range of film thickness. From Figure Sb, we can
see that the properties of the domain spacings for parallel
cylinder phases are quite similar to those in Figure 4. The
cylinder-to-cylinder distance of the perpendicular cylinder C in
very thin films is closer to the bulk value than those of these
parallel cylinder phases. To have a reference, we have also
computed the periods of the metastable PL phase in the bulk. For
the bulk PL phase, two feature sizes are required to characterize
its periodicity, the nearest-neighbor hole-to-hole distance, dpy,
and the distance between two neighbor perforated lamellae, Ip; .
Similar to the hcp phase, there are two nearly degenerate phases
with the abab-- and abcabc stacking of the hexagonally
arranged holes, respectively.”> We first examined the relative
stability between abab--- with abcabc--- PL phases at f = 0.36 in
the gyroid phase region with N, X N, X N, = 64’ and As = 0.01.
Our calculations exhibit that the abcabc-- PL phase is more
favored than the abab--- one with a free-energy difference per
chain of about 3.433 X 10™* k3T for f = 0.36, and has lower free
energy than both the lamellar phase and the cylinder phase but
has higher free energy than the gyroid phase. This prediction is
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consistent with that in ref 62. Then, we determined the periods of
the PL phase at f= 0.33, dp, & 5.02R,, and Iy % 3.77R,,. Notably,
the PL, phase is almost centered around Ip;, and the hole-to-hole
distances of both PL; and PL, are smaller than the bulk value of
dpy. Furthermore, the hole-to-hole distance of PL, changes very
gently, and is only around 5% smaller than dp;.

When f > 0.5, the surfaces attract the minority block B, whose
isosurface of density is plotted in green color (see Figure 1). In
this case, a central layer of B domains besides the two wetting
layers can be formed only when the film is thick enough for the
packing of four-layer polymer chains. For example, at f= 0.7, the
spherical phase S} (denoted as L — S} — L in ref 43) becomes
stable instead of the lamellar phase L] when w > 1.46df.,, where
diex & 3.59R, for f=0.7. At w > 1.58f,, the S? phase transfers to
the cylindrical phase C} with smaller A/B interface or mean
curvature. The mechanism of the OOTs in this phase region is
quite similar to that in those single-layer morphologies of f < 0.5.
When the film is so thin that the polymer chains in the single-
layer lamella L! are compressed, some half-domain morphologies
are formed. For f = 0.7, the morphology of double-layer B half-
cylinders hC? and that of single-layer B half-lamella hL] become
stable in sequence when w < 1.74df,. The above two phases
occupy detectable phase regions in the bottom-right corner of
the phase diagram in Figure 2. It is found that the OOT between
hCJ and hL! changes continuously from the first-order transition
to the second-order transition (indicated by a dashed line) when
f = 0.75 is decreased to f = 0.6. For example, the first-order
transition is observed at f= 0.72, while it is hard to be identified at
f=0.70. In Figure 6, the free-energy difference between hC} and
hL! as a function of the film thickness is plotted for f = 0.68. It
shows that the free energy of hC is very close to that of hL! for w
= 2.163R,, but the inset indicates that the former phase still has a
slightly higher free energy than the latter. However, at this film
thickness, the period of hC} has reached as large as 11.05R,. In
addition, the period plot with respect to the film thickness
suggests that it will go up quickly to be infinite when approaching
the transition point, and thus, the hC5 phase continuously
transforms to hL! which is homogeneous in the unconfined
space.

In the recent work by Yu et al,* a few cross-cylindrical
morphologies, which are composed of two-layer mis-oriented
parallel cylinders, have been reported by MC simulations in a
range of film thickness of 2.1df, < w < 2.6df%,, with the cylinder-
forming DBC of f = 1/6. In this range of film thickness, there are
two candidate parallel cylindrical morphologies, i.e., the double-
and triple-layer cylinders (C, and C,). For the cross-cylindrical
morphologies, an interesting characteristic is the angle formed by
two mis-oriented cylinders, which seems to be dependent on the
film thickness.** In computer simulations with a fixed simulation
box, the mis-orientation associated with the periodic boundary
conditions of the simulation box is an effective way to release the
chain stretching energy induced by the mismatch between the
domain spacing and the box size. To discern the stability of these
cross-cylindrical morphologies, we first build a specific double-
layer morphology (denoted as C5) from two-layer cylinders with
orientations normal to each other and coherent to the side
directions of the box, and then compare its free energy with those
of its competing morphologies of C, and C;. In the C5
morphology, the domain spacings of the two layers are
dissociated, and they are the same for the case of identical
surfaces. In Figure 7, the density plots of C; and C5 are shown in
parts a and b, and their free-energy comparisons are given in part
¢, for typical cylinder-forming DBCs with f = 0.3. Figure 7c
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Figure 6. (a) Free-energy difference between the phases hC5 and hL as
a function of the film thickness for a given f = 0.68. The inset gives the
corresponding linear-logarithm plot. (b) Period in the unconfined
directions, and two typical density profiles of the cross section normal to
the domain-aligning direction, at w = 2.35R; and w = 2.163R, (two filled
symbols), for the phase hC%. The red and blue regions indicate where
the dominant components are A and B, respectively.

indicates that the cross-cylindrical morphology C5 has consistent
higher free energy than C, before C, transfers to C; at w =
2.51d%,. Note that the free-energy difference between C5 and C,
in the range of 2.2d%, < w < 2.6di%, is at least 4 X 107> k3T per
chain, which is hard to be compensated only by regulating the
orientations of the cross cylinders. Therefore, we can conclude
that the C5 morphologies should be metastable.

Our phase diagram with respect to the volume fraction and the
film thickness, which has provided a comprehensive picture over
the dependence of the OOTs of each composition on the film
thickness, can also encompass many of the results in previous
studies on thin film systems with two identical strong-preferential
surfaces. Next, we will give some direct comparisons between our
results and some of the other theoretical work in the literature.
Much of the literature reports PL phases in similar film systems
with the cylinder-forming DBCs in the similar stable phase
regions. Using DDFT simulations, Huinink et al.*** observed
the PL, phase with f=1/3 and w ~ 4R, (the original length unit is
the grid point; see Figure 6f in ref 40), which is covered by the
range 2.47R; < w < 4.59R, in our phase diagram; they observed
PL? with f=2/3 (the surfaces attract the minority block) and PL,
with f = 1/3 for w ~ 6.86R, (in Figure 5 of ref 41), respectively,
which are also almost located in our phase regions of 6.34R, < w <
8R, (the situation of w > 8R, is not examined in our phase
diagram) and 6.87R, < w < 8R,. With a similar DBC, Ly et al.
confirmed the observation of the PL; phase with a film thickness
of around the bulk cylinder-to-cylinder distance using the
dynamic SCFT simulation.*” In a subsequent work,** Sevink and
Zvelindovsky systematically studied sphere-forming diblock
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Figure 7. Density isosurface plots of the three-layer cylinders C; (a) and
the two-layer cross cylinders C5 (b) for f = 0.3. Part c shows the free-
energy comparisons between the three morphologies of C,, C;, and C5
as a function of the film thickness w in units of dif,, which is the
neighbor-layer distance of cylinders in the bulk for f = 0.3.

copolymers in thin film with a wide range of film thicknesses and
surface interactions. They also observed PL morphologies with a
number of film thicknesses but with a stronger surface field.
Furthermore, with a comparable surface field, &y = 4, the phase
sequence of S, — C; — S, with f=1/3 and about 34R, Sw
8R, in Figure 11 of ref 42 is similar as our §; — SC — S, with f =
0.23 in Figure 2. In Figure 9 of ref 43, Wang et al. observed a
similar phase sequence as ours, from L}, to S}, to PLY, and to C?
with f = 1/4 using MC simulations except that the sequence
between PLP and C? is reversed. In more recent work,”*** Li and
co-workers have observed the PL morphologies as well as other
morphologies in our phase regions. Particularly, their phase
sequence with respect to the film thickness for the gyroid-
forming DBC of f = 1/3 in Figure S of ref 28 is consistent with
that of f = 1/3 in our phase diagram. Besides the results of
computer simulations, our results are well consistent with those
of available SCFT calculations**~*® but provide a more detailed
phase diagram with respect to the volume fraction and the film
thickness. Specifically, Mishra et al.>" have extensively studied the
relative stability between the spherical and cylindrical morphol-
ogies as a function of film thickness at the bulk order—order
transition temperature, and their results revealed that the
cylindrical morphology has a lower free energy at the respective
equilibrium film thickness for one-/two-/three-layer structures
but with decreasing free-energy difference as the layer number
increases. This is consistent with the phase region between f =
0.23 and f = 0.24 in our phase diagram. A similar mechanism was
also exhibited using DDFT simulations by Tan et al.**

IV. CONCLUSIONS

We have systematically studied the self-assembly of diblock
copolymers confined in two identical surfaces with preferential
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interactions using the SCFT calculations. A detailed phase
diagram with respect to the volume fraction and the film
thickness, consisting of more than 200 order—order transition
points, has been constructed by considering around 20 candidate
morphologies. On the one hand, the phase diagram reveals the
impact of the film thickness on the formation of morphologies for
each composition going through the entire phase sequence from
sphere, to cylinder, to gyroid, and then to lamella. In general, the
morphologies with a smaller mean curvature than that of the
relevant bulk phase prefer to be formed at the respective
commensurate film thickness, particularly for one- and two-layer
structures. For example, C, is stable instead of S, between 2.6R, <
w < 3.9R, at f = 0.23; PL, is stable instead of C, in the region of
2.5R; <w < 4.5R, at f = 0.33. This prediction is consistent with
that from the literature by Sevink and co-workers.*>***® On the
other hand, the phase diagram explicitly exhibits the shift of
order—order transitions induced by the film confinement under
the guide of the bulk order—order transitions. In conclusion, our
phase diagram provides a comprehensive picture on the complex
self-assembling behaviors of diblock copolymers under the
confinement of thin film.
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