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ABSTRACT

Directed self-assembly of block copolymers offers a novel paradigm for building up three-dimensional
(3D) device-oriented nanostructures towards deep sub-100-nm resolution. To clearly unveil the 3D
patterns with long-range order, we herein utilize computer simulations to explore the directed self-
assembly behaviors of cylindrical-forming block copolymer films in topographical templates. Unlike
the 3D architectures in the bulk, the cylinder orientations in various layers of 3D ordered structures are
independently manipulated by modulating the design parameters of topographical templates. Moreover,
a set of design strategies are proposed to precisely construct the 3D non-trivial structures with T-
junctions and jogs at desired locations and layers. Importantly, the simulations clarify the experimental
observations about the formation range of 3D interconnected structures, and manifest that the vertical
interconnections depend strongly on the template thickness. These results provide detailed insights into
the nature of 3D assembled structures, and furthermore offer promising strategies for constructing the

3D device-oriented elements such as T-junctions, jogs and interconnections.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Three-dimensional (3D) structures with long-range order in
small scales captivate the minds of scientists because they enable a
number of key innovations for photonic crystals or metamaterials
[1,2], organic photovoltaics [3,4], nanoelectronics [5—7] and so
forth. But as the structure features are pushed towards deep sub-
100-nm scales, conventional processes and traditional materials in
electron-beam lithography and photolithography are hindered
either by the inherent diffraction limits of light or by the expense of
sophisticated facilities [8]. To circumvent these shortcomings, ex-
perimentalists have pursued numerous alternative or comple-
mentary technologies to precisely construct the ordered
nanostructures via the directed assembly of soft materials, such as
DNA, colloids and block copolymers [9—22]. Among these mate-
rials, the block copolymers are able to spontaneously self-assemble
into a rich variety of 3D periodic structures including sphere, cyl-
inders and lamellae with dimensions of ~10—50 nm [23,24].
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Integrating the directed assembly methodology and the inher-
ently 3D characteristics of block copolymer nanostructures offers a
new paradigm for fabricating the 3D controllable nanostructures
with long-range order in a single self-assembly step [25—30],
which goes beyond the planar fabrication process of lithographic
methods. A recent example of the integrated approach is provided
by bilayer films of cylindrical-forming block copolymers in topo-
graphical templates [31]. It is demonstrated that the block co-
polymers are guided to self-assemble into the 3D ordered
nanostructures consisting of the cylinders with controlled orien-
tation. Furthermore, the integrated method opens a door to create
3D device-oriented elements towards deep sub-100-nm resolution
such as cross-point-like architectures, T-junctions and in-
terconnections, which are cumbersome to be fabricated in a single
step via the soft-lithographic approaches [32,33].

Although the directed self-assembly of block copolymers offers
the promising opportunity to build up the 3D ordered structures
with controlled orientation, the microscopic details of such pat-
terns remain to be definitely elucidated. One particular aspect of
the problem concerns the orientation behavior of block copolymer
domains in various layers. However, it is currently difficult to
directly visualize the interior of 3D structures in experiments,
although tremendous progresses have been made towards char-
acterizing the complex architectures at nanometer scales [34,35].
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One viable approach to promote a better understanding of the 3D
structures is computer simulations, which allow us to inspect the
unique features of 3D architectures in more details. Another hin-
drance to construct the architectures from the block copolymers is
that design rules for the 3D device-oriented structures considerably
lag the significant strides achieved in planar structures. Advanced
design methodologies for the two-dimensional structures of block
copolymer films are not sufficient to manage the added complexity
caused by the third dimension [36—38]. Consequently, it is of in-
terest to explore whether computer simulations could be utilized to
rationally design the 3D device-oriented structures such as mesh-
shaped architectures, controlled defects and interconnected su-
perstructures, which foreshadow the potential to fabricate 3D
integrated-circuit elements [39,40].

The directed self-assembly behaviors of block copolymer films
have been examined by the theory and simulations [27,41—50]. For
instance, Ramirez-Hernddez et al. used the Monte Carlo simula-
tions of a coarse-grained model to investigate the morphologies of
lamella-forming block copolymers [27]. A series of novel 3D
structures have been identified through the directed self-assembly
between two chemically patterned surfaces. One drawback of these
studies is that the simulations are performed in small cells con-
taining the microstructures with one or two periodicities. Such
calculations for the directed self-assembly of block copolymer films
cannot capture the order behaviors of microstructures and predict
the non-periodic structures with controlled defects, which are of
crucial importance to the advancement of nanotechnology for
precision and large-area nanofabrication.

To address the above challenges, we herein introduce a meso-
scale computational model to explore the 3D self-assembled
structures of block copolymer films in the large scales. Our model
is based on the self-consistent field theory (SCFT) of polymeric
fluids [51-56], which explicitly comprises the contribution of
configuration entropy of polymer chains. The SCFT is essentially a
coarse-grained model of polymer chains, allowing researchers to
probe into the order behavior of domains and the non-periodic
structures of block copolymers in large scale systems within
computationally realistic time. Recently, we developed a parallel

deformation degree of block copolymer domains in various layers
of 3D architectures. We then arrived at the design strategies for
creating the 3D non-periodic structures with T-junctions at desired
locations and layers, and presented the design rules for making the
interconnections between the top and bottom layers. We closed
with a comparison of the 3D ordered architectures with the novel
patterns of bilayer block copolymer films in the experiments. The
study provides a detailed example of SCFT simulations to evaluate
and design the 3D complex patterns with a prospect of their further
development for nanoelectronic applications.

2. Model

To explore the directed self-assembly behavior of cylindrical-
forming block copolymers in the topographical templates, the
model adopted here is based on the standard Hamiltonian used in
the polymeric field-theoretic approach with the mean-field
approximation. We consider a system with volume V, which con-
sists of block copolymers confined between two flat walls. The film
thickness is specified by 4. The posts with radius R and height H are
placed at the substrate of template. L, and L, denote the periodicities
of post lattice in the y and z directions, respectively. The above sys-
tem is schematically illustrated in Fig. 1. The melt has n mono-
disperse AB block copolymer chains, each having a length N=N,4 + Np
in terms of the Kuhn length a and gyration radius Ry = y/N/6a. The
volume fraction of A species is denoted as fs = Na/N. The repulsion
between the A and B segments is described by the combined Flor-
y—Huggins interactions x4gN. The wall profile ¢,(x) is a smooth
function that has a value of one at the walls and decays to zero in the
interior of polymeric fluids. The strength of interactions between the
I-type segment and wall is specified by the parameter y;wN (I = A or
B). For simplicity, we assume that the attraction of substrate (s) or
air-polymer interface (i) for the preferred segments is equal in
magnitude to the repulsion for the non-preferred segments, i. e.,
LawN = —xawN = x’N and 7)(/"4WN = X;;WN = xIN.

The effective Hamiltonian .# for the system of AB block co-
polymers in the topographical template has the following form

A B 1 5 2¢N . 1 . 2 xXN—x°N
Wi, W_, Weye, Wext] /C = _/ dx [mw_ (x) — m’w+ x) — m(lw+ (x))” + xasN dw (X)W_(X)
v (1)
N+ x’N . =
N g o KW (x)} —Ving (W, W, Wi, WE|

algorithm of SCFT to capture the orientation behavior of monolayer
cylinders of block copolymers in the topographical templates [55]. [ Interface
It is confirmed that the long-range order of cylinders with single @ Posts
orientation is enhanced by virtue of the anisotropic posts, and the
complex patterns with controlled defects are realized via rationally A .TOP Cylinders
designing the layouts of post arrays. EBottom Cylinders

In the present study, we extended the model of cylinder B Substrate

monolayer to describe the system of bilayers of cylinders with
different orientations, and carried out the large cell simulations of
SCFT to fully grasp the universal principles for building up the 3D
superstructures of cylindrical-forming block copolymers in the
topographical templates. The deformation degree of cylinders is
analyzed as functions of the geometrical characteristics of posts
and the periodicities of post lattice. To the best of our knowledge,
the large cell simulations of SCFT constitute the first study about the

S

Fig. 1. Schematic representation of directed self-assembly model of block copolymers
in topographical template. The block copolymers are confined between the substrate
and polymer—air interface and the thickness of topographical template is represented
by 4. The posts with height H and radius R are located at the substrate. The period-
icities of post lattice in the y and z directions are specified by L, and L, respectively. The
block copolymers in the template equilibrate into 3D structure consisting of two layers
of cylinders with perpendicular orientation.
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Fig. 2. (a) Candidate structures of block copolymers directed by an array of posts with
spacing L, = 5.0R; and L, = 4.8Rg. Parallel [(1-1), (1-1)] structure at post height
H = 3.0R; and perpendicular [(—1-1), (1-1)] structure at H = 6.0R. The representations
of colors are the same as Fig. 1. (b) Free energy difference AF=F,,-Fpe between the
parallel (pa) and perpendicular (pe) structures as a function of post height H/R; at fixed
post radius R = 0.5R,. The dashed line represents the case of F,; = Fpe. (c) Relative
stability of 3D structures as functions of post height and radius. The phase diagram
includes three areas: [(1-1), (1-1)], [(=1-1), (1-1)] and distortion structures. The
dashed line indicates the approximate boundary of distortion structure. Inset is the
top-down view of distortion structure at post radius R = 0.9Rg. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

In this expression, C = poR3 /N, X = r/Rg and V = V/R} are the
dimensionless concentration of chains, position and volume,
respectively. The stiffness parameter {N controls the strength of
density fluctuations in the Helfand form. W, is a pressure field that
couples to total density variations, and W_ is an exchange field
conjugated to the density difference between the A and B seg-
ments. < is the normalized single-chain partition function for a
diblock copolymer chain. The topographical posts are introduced
by additional spatially varying local external fields W4, and W5,
with a hyperbolic tangent form [55,56]. The strength Wy of external
fields is fixed at Wy = 40.0 to prevent the polymers from pene-
trating into the posts. The steepness £4 and £ of the potential
change at the well edge for the A and B blocks are set as 0.10R; and

0.20Rg, respectively. The small value of W4, at the well edge pro-
motes the preferential wetting of the A blocks to the posts. While
the above field theory of polymeric fluids is formally exact, we
restrict our simulations to the mean-field limits named self-
consistent field theory, which is given by

OH
5iIW,

o
—0, 22| -—o 2)

In the present work, the Dirichlet conditions are applied in the x
direction, and the periodic boundary conditions are imposed in the
y and z directions. The simulation boxes are discretized by using
Chebyshev and plane wave basis spectral collocation, which was
recently developed by Fredrickson's group [57]. Two types of
simulation techniques are applied to fully capture the directed self-
assembly behavior of block copolymers in the topographical tem-
plates. One is the small cell simulations, which accurately calculate
the free energy of 3D ordered structures programmed by the posts.
By comparing the free energy of candidate structures, one can
identify the stable and metastable configurations of self-assembled
block copolymers. The other is the large cell simulations, which
help to reduce artifacts and spuriously influence on the observed
morphologies. Moreover, the large cell simulations enable us to
analyze the orientation behavior of cylinder lines, which cannot be
obtained from the small cell calculations. To overcome the
computational task, the graphic-processing units using the NVI-
DIA® CUDA™ architectures are utilized to solve the SCFT equations
of polymeric fluids. To reduce the defects of complex structures and
increase the correlation length of domain order, a slowly thermal
annealing process from a random initial configuration is applied in
the large cell simulations. It should be mentioned that a limited
number of lattices allocated for each post affects the directed self-
assembly behaviors of block copolymers. In our numerical imple-
mentation, the self-assembled nanostructures are obtained by
considering such limited number of lattices. The different lattice
numbers result in the similar 3D structures as long as the spatial
resolution of the simulation cells is high enough, e.g., Ay and
Az < 0.20 Rg. More details about the model and numerical method
could further refer to our previous work [55].

To inspect the local features of 3D ordered structures, another
compute program is developed to generate the deformation degree
of cylinders. The procedure for the pattern analysis is as follows:
The two-dimensional density fields (¢4 (y,z))f( in the y-z plane of I
(I = top and bottom) layer are obtained by averaging the density
field ¢a(x,y,z) of minority A blocks along the normal direction of
substrate. The fields (¢4 (Y, z))i are then converted into a black-
white bitmap. The interfaces between the A- and B-rich domains
and the local tangent vectors at the interfaces are derived through
the graphical analysis. The angle between the tangent vector and
the y axis is specified by 6, which is illustrated in the inset of Fig. 3a.
The distributions of angles # are utilized to characterize the
deformation degree of cylinders. The angle § at the value of higher
probability suggests the commensurability orientation of cylinders.
As the angle 6 is deviated from the commensurability orientation,
the cylinders of block copolymers undergo large deformation.

In order to make meaningful predictions for specific systems, it
is crucial to establish a connection between the spatial scales of our
simulations and the experiments. We achieved this by matching
the natural periodicity of block copolymer domains in the bulk with
that of simulations using periodic boundary conditions. In our SCFT
calculations, the block copolymers are asymmetric with volume
fraction fo = 0.32 of A blocks. The chemical incompatibility be-
tween the A and B segments is characterized by the combined
Flory—Huggins parameter yagN, which is set as yagN = 15.0 to
reflect an effective interaction of system. The block copolymers self-
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Fig. 3. (Upper panel) Various views and (lower panel) deformation degrees of mesh-shaped structures in topographical templates. (a) [(1-0), (0-1)] structure formed at post spacing
L, =3.6Rgand L, = 3.5Rg, (b) [(1-0), (0-2)] structure at L, = 3.6R; and L, = 7.5Rg, and (c) [(—1-1), (1-1)] structure at L, = 5.0R; and L, = 4.8R;. In the upper panels, the y-z, x-z and x-y-z
coordinate axes represent the top-down, side and 3D views of ordered structures, respectively. Note that only a portion of patterns are displayed and the polymer—air interfaces are
not shown for visualization purpose. Scar bars indicate one natural periodicity of cylinders. The representations of colors are the same as Fig. 1. The deformation degrees of cylinders
are characterized by the distribution of angles ¢ of tangent vectors at the interfaces of cylinders with respect to the y-axis, which are schemed in the inset of part (a). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

assemble into the A-rich cylinders with spacing Lo~3.55R,. Typical
experiment samples used in the block copolymer lithography are
poly(styrene-block-dimethylsiloxane) (PS-b-PDMS) with
froms = 32.0% and molecular weight of 45.5 kg mol~! [31], which
self-assemble into the cylinder structures with natural periodicity
~36 nm. Hence, it is straightforward to estimate the gyration radius
of polymer chains in the simulations, i.e., R;~10 nm, which is used
throughout the work to convert the length scales of simulations to
the actual sizes. It should be mentioned that the substrates and
posts are assumed to be attractive to the majority B blocks and
repulsive to the minority A blocks in the simulations of self-
assembly of block copolymers directed by the post arrays. But the
polymer—air interfaces are attractive to the minority A blocks.

3. Results and discussion

To verify the general feasibility of our simulation approach and
to properly evaluate the 3D architectures, we initially performed
the large cell simulations of SCFT to probe into the order and

orientation behaviors of cylinders in the two-dimensional struc-
tures of block copolymer films (Figure S1 of Supplementary
Information (SI)). Monolayer of A-rich cylinders with random
orientation is formed in the center region of smooth template with
thickness 4 = 6.0Rg (Figure S1a of SI). To impose long-range order
on the nanostructures of block copolymers, an array of posts is
utilized to register the alignment of cylinders. The in-plane orien-
tation of cylinders is programmed by the periodicities of post lattice
(Figures S1b and S1c of SI). As suggested by Ross et al. [58], the
single layer of domains is designated as two-dimensional structure.

3.1. Three-dimensional periodic structures

We then carried out the SCFT simulations to systematically
investigate the 3D periodic structures of cylindrical-forming block
copolymer films. Recently, Li et al. systemically investigated the
phase behaviors of block copolymers confined between the smooth
substrates [59], and found the transition sequence of structures
from the cylindrical monolayers to bilayers as the film thickness
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increases. The finding provides useful information for rationally
designing the thickness of topographical templates for the 3D
programmed nanostructures. In our simulations, multilayers of A-
rich cylinders are formed in the center region of topographical
templates as the template thickness is set as A = 9.0R; (Figure S2 of
SI). Since the posts with height H = 3.5R, cannot directly interact
with the top cylinders, the orientation of top cylinders is guided by
the bottom cylinders instead of the short posts. Such self-
registration behavior of block copolymers produces the 3D or-
dered structures of cylinders with parallel orientation, which limit
the specific applications of 3D architectures in the block copolymer
lithography.

To independently manipulate the cylinder orientation in each
layer, the posts should directly interact with the polymer chains in
the upper region of templates. Two important design parameters
affecting the interplay between the posts and block copolymers are
included in the model of topographical templates: geometrical
characteristics (R and H) of posts and periodicities (L, and L,) of post
lattice. To systematically characterize the 3D structures of block
copolymers, we here used the nomenclature [(a-b), (c-d)] as Ross
et al. [31], where the two-dimensional Miller indexing (a-b) and
(c-d) refer to the top and bottom layers of cylindrical structures,
respectively. Specifically, the notation (a-b) is used to index the
possible configuration of block copolymer cylinders in the top
layers with respect to the post lattices, which satisfies the
commensurability conditions Lo = (a?/L2 + b?/12)~"/?. Similarly,
the notation (c-d) denotes the cylindrical configuration in the
bottom layers. For instance, the 3D structure sketched in Fig. 1 is
designated as notation [(1-0), (0-2)]. Here, (1-0) indicates that the
top cylinders orient along the z directions, and (0-2) means that the
spacing of bottom cylinders is half the periodicity of post lattice in
the z direction. As the cylinders place over the posts, a quote is
incorporated into the nomenclature. An example is the 3D archi-
tecture consisting of the cylinders with parallel orientation as
shown in Fig. 2a, which is designated as notation [(1-1), (1-1)].

3.1.1. Height and radius of posts

Fig. 2 illustrates control over the cylinder orientation in each
layer by changing the geometrical characteristics of posts. To
determine the stable configurations, the free energies of various
structures are compared. The templates considered here consist of
an array of posts with spacing L, = 5.0Rg and L, = 4.8R.. Under these
settings, the cylinders in the two-dimensional structures are ex-
pected to align diagonally with respect to the post lattice, which are
demonstrated in Figure S1c of SI. The introduction of the third
dimension significantly increases the complexity of self-assembled
structures of block copolymer films. Fig. 2a presents the 3D views of
two candidate structures. To distinguish the cylinders in different
layers, green and blue colors represent the A-rich cylinders in the
bottom and top layers, respectively. The posts located at the sub-
strate are denoted as the red color. In the [(1-1), (1-1)] structure,
the cylinders in both layers orient along the common direction, but
the position of top cylinders has a shift. The [(—1-1), (1-1)] structure
has two layers of cylinders with perpendicular orientation.

Fig. 2b illustrates the free energy comparison of candidate
structures in terms of post height at post radius R = 0.5R;. The free
energy difference AF is defined as the relative free energy between
the competitive structures stated above. The [(1-1),(1-1)] structure
is stable under the condition of post height H < 4.3R,. The transition
of cylinders from the parallel to perpendicular orientations is
triggered by the post height. Such phenomenon can be understood
as follows: As the parallel structures are programmed by the tall
posts, the top A-rich cylinders nearby the B-coated posts are
strongly distorted. This results in the enthalpy penalty arising from
the increased interface area. To alleviate such effect, the top

cylinders are positioned at the gaps of posts. Meanwhile, since the
periodicities of posts are diagonally commensurate with the cy-
lindrical dimension, the orientation of cylinders has two possible
selections (different diagonal directions of post lattice). To simul-
taneously reduce the entropy penalty, the cylinders in the top and
bottom layers are programmed to orient along different directions.
Consequently, the block copolymers are guided to self-assemble
into the mesh-shaped structures in the topographical templates
with tall posts. It should be mentioned that our extensive SCFT
calculations from the random initial configurations reveal that
there may exist other possible complicated structures in the block
copolymer films, such as the angled mesh-shaped structures, and
the 3D structures with the ellipsoids or the perforated lamellae in
the bottom layers. To fully discern the stable and metastable phases
of the systems, we also compared the free energy of the compli-
cated structures with the candidate structures as shown in Fig. 2a. It
is further demonstrated that the cylinders with perpendicular
orientation may be the stable phase with the lowest free energy in
the case of H = 6.0Rg, Ly = 5.0Rg and L, = 4.8R,.

To evaluate the generality of unique 3D architectures of block
copolymer films, we systemically compared the free energy as
functions of post height and radius, which allows us to construct
stability regions of 3D structures in the two-parameter space, as
depicted in Fig. 2c. The phase diagram is divided into three char-
acteristic regions: [(1-1), (1-1)], [(-=1-1), (1-1)] and distortion
structures. As the posts are short, the topographical templates
register the orientation of bottom cylinders, which serve as a
"‘chemical’ template to guide the alignment of top cylinders. As a
result, the [(1-1), (1-1)] structure is stabilized in this region.
Increasing the radius and/or height of posts leads to the transition
fromthe [(1-1),(1-1)]to[(—1-1),(1-1)] structures. While the radius
of posts is large enough, considerable distortion of domains nearby
the posts destabilizes the commensurability conditions, implying
that the block copolymers cannot self-assemble into long cylinders
with controlled orientation. The phenomena result in the distortion
structures for the case of the larger posts, as shown in the inset of
Fig. 2c. The phase diagram definitely demonstrates that the cylinder
orientations in the top and bottom layers are independently
manipulated through tuning the geometrical characteristics of
posts.

From the application perspectives, the control over the orien-
tation of cylinders in various layers provides a promising approach
for fabricating cross-point memory devices via the directed self-
assembly of block copolymers [60]. Little has been reported on
the formation of such mesh-shaped structures in the experiments
and simulations [26,27]. Recent experiments of Ross and co-
workers suggested the presence of cylinders with different orien-
tations in the top and bottom layers [31]. However, the morpho-
logical details of unique structures are currently difficult to be
visualized in the experiments and the 3D ordered architectures in
the topographical templates have not been carefully examined in
the mesoscale, especially in the large area.

To address these concerns, we here provided detailed insights
into the morphologies and the orientation behavior of cylinders in
the mesh-shaped structures. For this purpose, the large cell simu-
lations from the completely random initial configurations are per-
formed. To reduce the trap of metastable states of block copolymer
films, a gradual annealing process is utilized in the simulations [61].
Fig. 3 illustrates various views of mesh-shaped structures pro-
grammed by a rectangular array of posts with height H = 6.0Rg. As
the periodicities of post lattice are set as L, = 3.6Rg and L, = 3.5Ry,
which are slightly deviated from the commensurability conditions,
the orientation of cylinders has two selections, i.e., y and z di-
rections. To alleviate the entropy penalty, the cylinders in each layer
are guided to orient along different directions and stack into the
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mesh-shaped structure, which is designated as notation [(1-0),
(0-1)] (Fig. 3a). Such mesh-shaped structure can be generalized to
include holes between the posts. When the periodicity L, of post
lattice is set as 7.5Rg, double cylinders are accommodated in the gap
of posts. As demonstrated in Fig. 3b, the [(1-0), (0-2)] structure is
registered by the post array with spacing L, = 3.6Rg and L, = 7.5Rg,
where additional columns of rectangle holes are produced. While
the post spacing is set as L, = 5.0Rg and L, = 4.8Rg, the cylinders are
expected to align diagonally with respect to the post lattice
(Figure S1c of SI), thereby also having two selections of orientation.
As shown in Fig. 3¢, the cylinders with different orientations are
stacked into the angled mesh-shaped structures.

While the cylinders of block copolymers are perfectly aligned
from the top-down views of patterns, the local features of cylinders
in the 3D structures remains to be further characterized. To better
understand the deformation of domains in various layers, the his-
tograms of angles f are utilized to characterize the deformation
degree of cylinders. Here, f is defined as the angle between the local
tangent vector at the interface of cylinders and y-axis, which is
illustrated in the inset of Fig. 3a.

The deformation degrees of cylinders in the top and bottom
layers are illustrated in the lower panels of Fig. 3. The histogram
represents the probability as a function of the angle grouped into
10° interval. The angles # with a higher probability correspond to
the preferential orientations of cylinders. One can immediately
notice that the preferential orientations of cylinders in the bottom
and top layers are approximately separated by 90° in the mesh-
shaped structures (Fig. 3). However, the cylinders in the parallel
structures have the common orientation (Figure S2b of SI). There
still exist the angles deviated from the preferential directions due to
a small amount of undulations of block copolymer domains nearby
the posts or the cross-points of cylinders. Upon close inspection
about the distributions, the probability of non-preferential orien-
tations of bottom cylinders is higher than that of top cylinders. The
phenomenon manifests the fact that the undulations of cylinders in
the top layer are alleviated; namely, the cylinder order in the top
layer is enhanced and the top cylinders form the more commen-
surate arrangement.

3.1.2. Periodicities of post lattice

As stated above, the spacing of posts is a significant factor to
register the orientation of cylinders in the topographical templates.
Fig. 4 presents the phase diagram of 3D programmed structures in
terms of the periodicities of post lattice and summaries the
multilayer architectures of self-assembled block copolymers. To
construct the phase diagram of 3D ordered structures, the free
energy comparisons of candidate architectures are also performed
in the small cell simulations. A typical example is illustrated in
Figure S3 of SI. In Fig. 4, the periodicities L, and L of post lattice are
expressed as the gyration radius R, of polymer chains or the natural
periodicity Ly of cylinders. The dashed and dotted curves represent
the commensurability conditions for the cases of y or z direction
and diagonal directions of post lattice, respectively. Due to the
symmetry of periodicities L, and L, of post lattice, only upper part of
the phase diagram is drawn. The parallel and mesh-shaped struc-
tures are grouped by the hollow and solid symbols, respectively.
The poorly oriented structures are denoted as the small gray dots.

Although the relative stability regions of the registered struc-
tures are complicated, there are two notable features in the phase
diagram. The first feature is that the top and bottom cylinders
sharing the common orientation emerge in the regions of hollow
symbols, where only one of the post periodicities is commensurate
with the natural periodicity of cylinders. For instance, when the
periodicity L, of post lattice in the z direction is approximately an
integral multiple of the natural period Ly of cylinders while the
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Fig. 4. (a) Summary of 3D ordered structures of cylindrical-forming block copolymers
with respect to the periodicities L, and L, of post lattice in units of Ly or Rg. The dashed
lines parallel to the horizontal (vertical) axis represent the commensurability condi-
tions for the case of y(z) direction of post lattice. The dotted curves indicate the
commensurability conditions for the case of diagonal direction of post lattice. The
small gray dots denote the structures of cylinders with poor orientations. (b) Repre-
sentative 3D structures of block copolymers in topographical templates. The 3D ar-
chitectures are annotated by the corresponding designations and symbols marked in
the phase diagram. The film thickness and post height are set as 4 = 9.0R; and
H = 6.0R,, respectively.

periodicity Ly is largely deviated from the commensurability con-
ditions, e.g., L,~2.0Lg and 1.25Lg<L, < 1.75Lo, the cylinders in both
layers are guided to orient along the y direction. As a result, the
block copolymers in the topographical templates self-assemble into
the [(0-2), (0-2)] structure represented by the hollow squares.
Similarly, the [(1-0), (1-0)] and [(2-0), (2-0)] structures are found in
the regions satisfied the commensurability conditions only in the y
direction.

The second feature is that the mesh-shaped structures appear in
the vicinities of the cross-points of dashed lines or the dotted
curves. In the former case, where both the periodicities L, and L, of
post lattice are roughly commensurate with the natural period Ly of
cylinders, two orientations parallel to the y axis and to the z axis are
degenerate and equally probable. To reduce the free energy of block
copolymer system, the cylinders in various layers are oriented
along different directions and stacked into the mesh-shaped
structures, ie., [(1-0), (0-1)], [(1-0), (0-2)], [(1-0), (0-3)], and
[(0-2),(2-0)] structures. In the latter case, where the periodicities of
posts are diagonally commensurate with the natural periodicity of
cylinders, there also exist two possible selections for the cylinder
orientation. In the multilayer structures, the cross-cylinder struc-
tures with degenerate orientations are formed to alleviate the
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entropy penalty. For instance, the cylinders in the top and bottom
layers are programmed to orient along the diagonal directions in
the [(—1-1), (1-1)] and [(1-2), (—1-2)] structures.

Besides the well-ordered 3D structures, the poorly oriented
structures appear in the regions, where the periodicities of post
lattice are largely deviated from the commensurability conditions.
It should be mentioned that the cylinders in the 3D structures may
undergo the morphological transitions as the commensurability
conditions are not satisfied. For example, as the template thickness
4 = 8.1R; and post periodicities Ly = 5.0R; and L, = 6.0Rg, the
perforated lamellae are embodied in the 3D structures to alleviate
the confinement-induced frustration.

The design rules for the 3D ordered structures of cylinder phase,
which involve the key factors including the template thickness, the
geometrical characteristics of post and the periodicities of post
lattice, are also utilized to devise the topographical templates for
other self-assembly morphologies of block copolymers. For
instance, Figure S4 of SI illustrates the directed self-assembly
behavior of spherical-forming block copolymers in the topo-
graphical templates. Changing the template thickness leads to a
transition from the single layer to double layers of spheres. The post
height has a remarkable effect on the position of top spheres and
the lattice orientation of sphere arrangement.

3.2. Three-dimensional non-periodic structures

The phase diagrams with respect to the periodicities of post
lattice (Fig. 4a) or the height and radius of posts (Fig. 2c), which
provide comprehensive pictures over the dependence of 3D peri-
odic structures on the post spacing and geometry, can also provide
guidelines to devise the topographical templates for the complex
non-periodic structures with specific defects, bend and junctions.
In particular, T-junctions are one of the essential geometries of
integrated-circuit layouts, but such non-trivial structures at well-
defined locations and layers are not achieved in the block copol-
ymer patterns registered by the post arrays with single period.

In light of the design rules for the 3D periodic structures of block
copolymers, we theoretically proposed two types of strategies to
rationally devise the layouts of post arrays, which are exploited to
create the 3D device-oriented superstructures with T-junctions at
well-defined locations and desired layers. The first strategy is
combination of post arrays with various periodicities in one di-
rection, which satisfy the commensurability conditions of block
copolymer cylinders. As depicted in Fig. 5a, the periodicities of post
lattices are varied in the z direction, but fixed in the y direction. The
combined post arrays direct the block copolymers to self-assemble
into the superstructure, where the [(1-0), (1-0)] structure consist-
ing of the parallel cylinders joins with the [(1-0), (0-2)] structure
with the perpendicular cylinder arrays. The orientations of top
cylinders have a fixed direction while the orientations of bottom
cylinders are varied. The T-junctions are located at the well-defined
positions of bottom layer, where the cylinders with different ori-
entations meet. Similarly, through integrating the post arrays with
various periodicities in the y direction, the mesh-shaped structure
meets with the parallel structure (Fig. 5b). In the superstructure,
the bottom cylinders have a common orientation while the top
cylinders have different orientations. As a result, the T-junctions are
formed at the grain boundary of the top layer. It is so far demon-
strated that the grain boundaries with 90° angle are generated to
form the T-junctions at the desired locations. Satisfying the
commensurability conditions and changing the periodicities of post
lattice are an effective approach to achieve the T-junctions in the
desired layers.

We also noticed that modulating the height of guiding posts has
the ability to independently manipulate the orientation of cylinders

(b)

Fig. 5. Three-dimensional non-periodic structures with T-junctions in different layers.
(a) Locally controlled pattern by integrating post arrays with different periodicities in
the z direction. From the upper part to lower part of image: [(1-0), (1-0)] structure
registered by pink posts with spacing L, = 3.6Rg and L, = 5.4R; [(1-0), (0-2)] structure
registered by red posts with spacing L, = 3.6R; and L, = 7.5R,. (b) Locally controlled
pattern by integrating post arrays with different periodicities in the y direction. [(0-2),
(0-2)] structure programmed by pink posts with L, = 5.4R; and L, = 7.2Rg; [(1-0), (0-2)]
structure programmed by red posts L, = 3.6R; and L, = 7.2R,. (c) Locally controlled
pattern by combining post array with various heights. [(0-1), (1-0)] structure regis-
tered by pink posts with height H = 6.0R; [(1-0', (1-0)] structure guided by red posts
with height H = 3.0Rg. Note that a part of top layers are removed for the sake of
visualization. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

(Fig. 2), which provides the second route to construct the controlled
T-junctions. For example, Fig. 5c shows representative superstruc-
ture registered by the arrays of posts with different heights. The
complex pattern consists of the parallel structure guided by the
short posts and the mesh-shaped structure programmed by the tall
posts. The T-junctions are achieved in the top layer due to the
orientation change of cylinders. Although both the strategies are
able to construct the 3D non-trivial structures, the formed layer and
location of T-junctions emerge as a significant difference. The
method combining the post spacing makes the T-junctions in the
top or bottom layer, depending strongly on the selection of peri-
odicities of post lattice in the y and z directions. Nevertheless, since
the post height only affects the orientation of top cylinders, the
approach integrating the post height creates the T-junctions only in
the top layer. The locations of T-junctions have a shift of half a
periodicity due to the self-registration behavior of block co-
polymers directed by the short posts.

The above simulation results demonstrate that the proposed
strategies provide possibilities for precisely constructing the T-
junctions through joining the 3D periodic structures with different
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orientations of cylinders. Another possible approach regarding this
concept is to finely tune the relative positions of cylinder arrays
with single orientations. To demonstrate this approach, we devised
the layouts of post arrays with a shift of locations in the z direction.
The effects of relative locations of post arrays on the complex 3D
structures are depicted in Figure S5 of SI. The block copolymers are
guided to self-assemble into the 3D non-periodic structures with T-
junctions in both layers and the superstructures with T-junctions in
the bottom layer and jogs in the top layer.

3.3. Three-dimensional interconnected structures

In the 3D architectures illustrated above, the top and bottom
cylinders are entirely separated by the matrix, and vertical in-
terconnections between the top and bottom layers are not
observed. However, such interconnections play a significant role in
enhancing the performance of 3D integrated-circuit systems [40].
Here, we utilized the large cell simulations to examine the influ-
ence of template thickness on the interconnection formation in the
3D ordered structures. Fig. 6 shows the structures of block co-
polymers films in the templates with various thicknesses. The short
cylinders perpendicular to the substrate are produced in the tem-
plate with thickness 4 = 7.2R; (Fig. Ga). The cylinder orientation
relative to the substrates then changes from perpendicular to par-
allel as the template thickness increases (Fig. 6b and c). Although
the 3D ordered structures are very similar in the top-down views,
the local structures below the top layer appear a significant dif-
ference from the side view of the patterns. In the case of template
thickness 4 = 7.8Rg, the top and bottom cylinders are connected by
the A-rich 'necks', which are represented by the green domains in
the right panel of Fig. 6b. In the case of template thickness

= (a) £

I_’ZO()()()O(C)() e

Fig. 6. Effect of template thickness on interconnection between the top and bottom
layers. (a) Short cylinders perpendicular to the substrate at template thickness
4 = 7.2R, (b) interconnected bilayer structure at 4 = 7.8R,, and (c) separated bilayer
structure at 4 = 8.3R,. (Left) Side views of self-assembled structures of block co-
polymers. The posts are not drawn for visualization purpose. (Right) A-block volume
fraction distributions in a cross-section at a height marked by the dashed line. The red
and green colors represent the posts and A-rich domains, respectively. In the y-z frame
of image (b), the A-rich domains represent the interconnections between the top and
bottom layers. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

bed

4 = 8.3Ry, the cylinders in different layers are completely separated
by the matrix and the interconnections disappear in the 3D ordered
structures.

To quantify the dependence of interconnections on the template
thickness, the probability of interconnection formation as a func-
tion of template thickness 4/Ry is plotted in Fig. 7, which is defined
as the ratio of the number of interconnections to cross-points of
cylinders in the top-down views. Based on how the probability is
affected by the template thickness, the curve is divided into three
characteristic regions, which are marked by the Roman numbers. In
region I, the block copolymers self-assemble into the short cylin-
ders in the center region of templates. Although the probability of
interconnections approaches one according to the definition of
probability, the block copolymers cannot form the 3D structures
under the condition of 4 < 7.4Rg. In region II, the block copolymers
self-assemble into the multilayer structures. The interconnections
are randomly generated in the mesh-shaped structures. An increase
of template thickness alleviates the compression of polymer chains,
facilitating the rearrangements of phase-separated domains. The
fact results in a decrease of probability of interconnections formed
in the 3D ordered structures. Beyond the template thickness
4 > 7.9Rg, the isolated cylinders are unconnected in the multilayer
structures.

In Fig. 7, another important outcome is that the interconnections
are produced in a very narrow range of template thickness, e.g.,
7.4Rg<4 < 7.9R,.We could estimate the range of template thickness
for the formation of interconnections by plugging in the gyration
radius Rg~10 nm, leading to a value of ~5 nm. In addition, the sta-
tistical spread in the amount of interconnections increases
dramatically as the templates become thick in this range. The above
observations suggest that the formation of 3D interconnected
structures is strongly dependent on the template thickness, which
is a main factor to design the topographical templates for creating
the vertical interconnections.

In the recent work of Ross et al. [31], there exist the experi-
mental evidences in the mesh-shaped structures for the vertical
interconnections. It is found that the local connections between the
top and bottom cylinders are randomly generated in the 3D
structures. In the large cell simulations of SCFT, the unique char-
acteristics of 3D interconnected structures are clearly unveiled.
Furthermore, the formation range of interconnections in the self-
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Fig. 7. Probability of interconnection formation as a function of template thickness 4/
Rg. The background colors indicate the different regions marked by Roman numbers. In
the regions I-Ill of template thickness, the block copolymers are guided to self-
assemble into the ordered structures depicted in Fig. 6a—c, respectively. Each point
is an average of five independent realizations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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assembled structures is clarified through the simulations. When
the thickness of topographical templates is close to the region of
transition from the two-dimensional to three-dimensional struc-
tures, the block copolymers self-assemble into the coexistence of
the connected and unconnected structures due to the small dif-
ference of free energy of the configurations, which are observed in
Figure S9 of Ref. [31]. However, as the topographical templates
become thick, the free energy gap between the connected and
unconnected structures is large enough to distinguish the stable
structure from a metastable one. As a result, the mesh-shaped
structures without the interconnections may survive as the equi-
librium morphologies in the large area (Figs. 3 and 6c).

3.4. Discussion

The results of SCFT simulations may have broad implications for
explaining the experimental observations and understanding the
design rules of 3D periodic and device-oriented patterns in the
block copolymer lithography. Almost all the 3D structures of bilayer
block copolymer films illustrated in Figs. 3 and 4 can be identified
from the existing experimental results. A recent work of Ross and
co-workers has reported a variety of 3D structures of cylinders with
parallel and angled orientations [31], which are controlled by
varying the periodicities of post lattice. As shown in Figs. 3 and 4,
the block copolymers are guided to self-assemble into the parallel
or mesh-shaped structures. The cylinder orientations in the top and
bottom layers are independently manipulated by changing the key
design parameters of topographical templates, such as the
geometrical characteristics of posts and the periodicities of post
lattice (Figs. 2c and 4a). Therefore, the large cell simulations of SCFT
capture the morphological characteristics of bilayer block copol-
ymer films and the cylinder orientation behavior of 3D ordered
architectures in the experiments.

Beyond reproducing the 3D programmed structures of bilayer
block copolymer films, the morphologies obtained from the large
cell simulations of SCFT encompass abundant information about
the orientation and order behaviors of cylinders in the top and
bottom layers. In the experiments, it is currently difficult to capture
the interior features of complex patterns through analyzing the
images of scanning electron microscope. As depicted in Fig. 3, the
various views of mesh-shaped structures clearly demonstrate the
cylinder orientations in various layers. From the deformation de-
grees of cylinders in the top and bottom layers, one can find that the
top cylinders form the more commensurate alignment in the mesh-
shaped structures, which may help the experimentalists to devise
the cross-point memory device in the process of 3D nano-
fabrication. More recently, Gotrik et al. utilized transmission elec-
tron microscope tomography to visualize the morphologies of
cylinder bilayers in the topographical templates [35]. It is found
that the circularity of top cylinders is larger than that of bottom
cylinders. The fact implies that the deformation of top cylinders is
small and the block copolymers in the top region of templates self-
assemble into the microdomains with more commensurate
arrangement, which generally coincide with the predictions of our
large cell simulations of SCFT (low panel of Fig. 3).

On the basis of the universal principles of manipulating the 3D
periodic structures, we theoretically proposed the strategies to
precisely construct the 3D device-oriented elements, such as the T-
junctions, the jogs and the interconnections. By joining the 3D ar-
chitectures of cylinders with various orientations, the controlled T-
junctions are formed at well-defined locations and desired layers
(Fig. 5). By connecting the 3D architectures of cylinder arrays with a
relative shift, the superstructures with the T-junctions and jogs are
produced (Figure S5 of SI). The interconnections between the top
and bottom layers could be achieved by finely tuning the thickness

of topographical templates (Figs. 6 and 7). These results suggest
that the rule-based pattern strategies provide a viable approach for
constructing the essential geometries of the 3D integrated-circuit
layouts. Therefore, it is reasonable to expect that arbitrary struc-
tures such as 3D interconnected architectures with controlled jogs
and junctions could be patterned using such simple rule-based
strategies.

Although the SCFT model presented here provides a powerful
tool for studying the directed self-assembly behaviors of block
copolymers in the topographical templates, there are still some
drawbacks for the case of tackling such complicated systems. Here,
a few comments on the model are presented. First of all, due to the
complexity of the directed self-assembly of block copolymer films,
we only presented the effects of periodicities and geometrical
characteristics of posts on the 3D structures for given block
copolymer films in the topographical templates (Figs. 2 and 4). The
other parameters in the SCFT model, such as the interactions be-
tween the A and B blocks, the wetting properties of walls and the
selectivity of posts, also have some effects on the directed self-
assembly behaviors of block copolymers. For example, a change
of the combined Flory—Huggins interaction yagN mainly influences
the natural periodicity Ly of block copolymer microdomains. When
the post spacing is commensurate with Ly, the 3D structures of
cylindrical-forming block copolymers are very similar to the cur-
rent case of xagN = 15.0. On the other hand, to alleviate the
confinement-induced frustration, a morphological transition from
the cylinders to perforated lamellae or spheres may take place as
the post periodicities are incommensurate with L.

Secondly, since there are so many parameters in the SCFT model,
the large cell simulations require a substantial amount of compu-
tational cost to fully capture the directed self-assembly behaviors of
block copolymer films. It is desirable to develop a simple model for
predicting the 3D structures in the topographical templates. As a
first step along the direction, a theoretical description for the
monolayer of cylinders with single orientation has been proposed
[62,63]. However, since the 3D structures of block copolymers
directed by the posts arrays consist of the multilayer cylinders with
different orientations, it is difficult to extend the theoretical
framework to comprehensively describe such complex
superstructures.

Thirdly, the candidate configurations in the free energy com-
parison are not the only possible ones due to a large number of
periodic and non-periodic structures. We used non-periodic
structures with defects as the initial states of small cell simula-
tions, and found that the defective structures with higher free en-
ergy density quickly transit into the defect-free structures with
lower free energy density as the block copolymers are in the weak
segregation region. The behavior coincides with the recent findings
of Miiller and co-workers [64]. Therefore, the perfect structures of
block copolymer films are only considered in the free energy
comparison. However, when the interaction parameter y4gN in-
creases, the defective structures cannot spontaneously convert into
the defect-free states due to the higher free energy barriers. Recent
developments in the string method make it possible to identify
minimum energy paths between the defective and perfect states
[45,65,66]. For example, the string method on the basis of the free
energy of SCFT is applied to examine the transition from the
dislocation to the defect-free lamellae [45]. This method not only
uncovers the mechanism of structure transition, but also provides
the free energy barrier for escaping the defective states.

Fourthly, the knowledge of formation process and ordering
dynamics of three-dimensional structures is helpful to understand
the directed self-assembly mechanism of block copolymers in the
topographical templates. The primary difficulty in extending the
static to dynamic SCFT is the computational cost due to the
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numerical solution of non-linear partial differential equations and
the implementation of non-linear conjugate gradient method. To
avoid the computational intensity of dynamic SCFT, one can utilize
the more coarse-grained model, e.g., the cell dynamics simulations
based on the time-dependent Ginzburg-Landau theory. Recently, Li
and co-workers applied the method to explore the ordering dy-
namics of directed self-assembly nanostructures of large-size block
copolymer systems [67,68]. It is theoretically demonstrated that the
ordering time of block copolymer domains is strongly dependent
on the design parameters of templates, which is of great interest for
relevant experiments or applications.

4. Conclusions

We performed the large cell simulations to investigate the 3D
ordered structures of block copolymer films in the topographical
templates. It is demonstrated that increasing the height and radius
of posts triggers the transition from the parallel to mesh-shaped
structures. The orientations of cylinders in various layers are
independently manipulated by varying the periodicities of post
lattice. Notably, the deformation degrees of cylinders from the large
cell simulations provide the first evidence that the top cylinders
form the more commensurate alignment. The combination strate-
gies of post arrays are proposed to precisely construct the 3D non-
trivial structures with T-junctions at the well-defined locations and
desired layers. Furthermore, it is found that the formation of in-
terconnections between the top and bottom layers is susceptible to
the template thickness. Our study enriches the fundamental un-
derstanding of the 3D programmed structures of self-assembled
block copolymer films, and sheds light on further material design
and applications in the 3D nanofabrication.
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