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ability to customize topographical templates for nontrivial
nanostructures over large areas, because the search algorithm
rapidly becomes intractable under the circumstance of large-
scale simulations.

In this contribution, on the basis of the hybrid particle-field
model,*** we improve the advanced inverse design method to
customize topographical templates for reproducible structures
of block copolymers. One key advantage of our improved
method is its high e [ciehcy in finding inverse solutions of
topographical templates, in comparison with the conventional
algorithm based on the random sampling of phase space.
In addition, the inverse solutions can be further optimized by
our improved method. Consequently, our method has the
capability to search inverse solutions of topographical templates
for complicated aperiodic nanostructures over exceptionally
large areas, which cannot be achieved by other inverse design
algorithms.

Theory and method

Self-consistent field theory (SCFT) is utilized to model the self-
assembly of AB block copolymers directed by topographical
templates with an array of nanoposts. Herein, the self-assembled
nanostructures are represented by density fields r; (1 = A and B
blocks). The nanoposts are described by 'cavity’ functions varying
from 1 at their center to 0 outside of the nanoposts.**3* Target
structures are introduced by constrained fields via the Lagrange
method.®® As illustrated in Fig. S1 of the ESI7 three types of
constrained fields are considered in the current work: T-junction
structure (designated by T,), nested-elbow structure (T,) and large-
area aperiodic structure (T3), which contains a set of essential
geometries for integrated circuit layouts.™ It should be mentioned
that the block copolymers cannot definitely self-assemble into
these device-oriented nanostructures at specific locations without
the guidance of templates.

We improved the inverse design algorithm originally proposed
by Hannon et al. to customize the topographical templates of
nanoposts for given target structures.”®** The outline for our
inverse design algorithm is listed as follows:

(Step 1) An array of mobile nanoposts with number N, and
radius R, are randomly placed into the target structures, which
are enforced by the Lagrange method (egn (S2) of ESIT).®° As a
typical example, the density fields for the target structure T,
with T-junctions and isolated line are shown in Fig. 1a.

(Step 2) On the basis of the hybrid particle-field
simulations,®*3* the fields of polymer components and the
positions of nanoposts are updated until the system reaches
metastable configurations. The procedures can be listed as
follows: (i) the self-consistent field equations for the polymer
fluids are numerically solved in the real-space. (ii) The motion
of nanoposts obeys Newton’s motion equations r}”1 =1/ +fAt+y;,
where 1’ is the center of the j-th nanopost at the n-th iteration, f; is
the total force acting on the j-th nanopost and y; is the Gaussian
white noise. Note that the Lagrange fields are adjusted in the
hybrid particle-field simulations. (iii) Step (i) is repeated until the
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Fig. 1 A schematic illustration of the inverse design algorithm for target
structure Ty. (a) Density fields of target structure obtained from Fig. S1 of
ESI.+ (b) The typical configuration of the nanopost array via the hybrid
particle-field simulations. The white dots highlight the nanoposts. (c) The
probability distribution of nanoposts by summing the nanopost position
and normalization. (d) Deduced topographical template of the nanopost
array considering the threshold setting of the probability distribution.
(e) Density fields of the self-assembled nanostructure registered by the
deduced template. The resulting nanostructure is compared with the
target structure shown in panel (a).

mean-square displacement of nanoposts is less than 1OX3R92
(Rg is the ideal gyration radius of polymer chains) and the
condition of |1 x ra X rg X rp|] O 103 is satisfied. Such a
configuration of nanoposts is considered as a candidate
solution (Fig. 1b).

(Step 3) The simulations are repeated under various initial
configurations of mobile nanoposts and a statistical sampling
probability distribution of nanoposts from all candidate
solutions is obtained (Fig. 1c).

(Step 4) The topographical template with a specific number
of immobile nanoposts is deduced through thresholding the
probability distribution (pinresn). The value of pinresh IS chosen
such that the number of deduced nanoposts is close to the
input value N, of nanoposts in the 2nd step. Such an arrange-
ment of nanoposts is considered to be an inverse solution,
which is illustrated in Fig. 1d.

(Step 5) The deduced template is exploited to direct the self-
assembly of block copolymers via forward SCFT simulations
(i.e., the constrained fields of target structures are released).
The resulting self-assembled structure will be compared with
the target structure (Fig. 1e). For more details about the inverse
design algorithm, refer to Part A of the ESI.+

One important improvement of our proposed algorithm
is that the hybrid particle-field simulations are utilized to
generate metastable configurations of mobile nanoposts satisfying
saddle point conditions of SCFT. Instead of the Monte Carlo
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