Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂw

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 9

Nanoscale

ROYAL SOCIETY
OF CHEMISTRY

Journal Name

Cite this: DOI: 10.1039/XXXXXXXXXX

Received Date
Accepted Date

DOI: 10.7T039/XXXXXXXXXX

www.rsc.org/journalname

Three dimensional inverse design of nanopatterns
with block copolymers and homopolymers’

Dan Xu,* Hong Liu,****, You-Liang Zhu,* and Zhong-Yuan Lu*“l

We propose a facile inverse design strategy to generate three-dimensional (3D) nanopatterns by
using either block-copolymers or binary homopolymer blend via dissipative particle dynamics sim-
ulations. We find that the composition window of block copolymers to form specific 3D morphology
can be expanded when the self-assembly of block copolymers is directed by templates. We also
find that binary homopolymer blend can serve as better candidate in the inverse templating de-
sign, since they have similar performance on recovering the target pattern, meanwhile with much
lower cost. This strategy is proved efficient on fabricating templates with desired topographical
configuration, and the inverse design idea sheds lights on better control and design of materials

with complex nanopatterns.

1 Introduction

Self-assembly of block copolymers (BCPs) on patterned template
had been extensively investigated 122 for their multitudinous
characteristics of morphologies. As representative structures as-
sembled by BCPs, periodic lines, sharp 90° bends and three/four-
way junctions have potential applications in nanomanufactur-
ing functional devices?2. Templates that direct the self-assembly
of BCP films are mostly etched as columns in lines with long-
range order. Regularly arranged cylindrical morphologies can be
achieved on these confined templates. A lot of works, including
computational studies, had focused on producing the layer of BCP
thin film nanostructures directed by pre-designed templates 17-23,
Numerous works had also targeted to find optimized chemically
patterned substrates which can direct the formation of ordered
BCP structures 2426, In most previous computational approaches,
researchers generally followed the so-called “forward” strategy,
i.e., designing a set of humps with different geometries “stand-
ing” on the template and then finding the optimum morphology.
These “forward” studies validated and even predicted new mor-
phologies in experiments15-17:23,26-29 " Nevertheless, the limita-
tion of this strategy is that: It only works well for nanolithography
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when the target morphology contains simple or periodic features.
Once the morphology is complex or nonperiodic (e.g., junction,
bend, or even multideck three-dimensional structure), it becomes
rather difficult to find the most suitable template using this “for-
ward” design strategy, since a large parameter space has to be
scanned.

Recently, Alexander-Katz and the co-workers proposed an algo-
rithm that used a random optimization procedure combined with
self-consistent field theory (SCFT) to inversely design nanopat-
3031 They applied this
algorithm to determine the topographical configuration of tem-
plate features for the BCP self-assembly into a predetermined tar-
get pattern3%31, In their study, the two-dimensional posts (sim-
plified as small squares), which were attractive to the minority or
majority block of the BCPs, initially had a random spatial distri-
bution. Then a stochastic minimization process was conducted to
optimize the positions of the posts based on the target pattern.
The inverse design procedure involves finding optimized post dis-
tribution based on desired surface nanopatterns; therefore it suc-
cessfully avoids scanning large parameter space, and in princi-
ple can determine possible topographical template for any target
pattern. Other than its potential application on the nanolithog-
raphy, this inverse design also sheds lights on the synthesis of
tailored hierarchical and heterogeneous mesoscale materials3°.
Compared to most of the reported works following the “forward”

terns that can direct BCP self-assemblies

strategy, i.e., designing different geometries on the template and
then finding the optimum morphology in a trial and error fash-
ion, the inverse design strategy is quite advanced for obtaining
appropriate topographical shape of the template when the final
pattern is clearly requested but the template is unknown. It is a
new strategy of directed design of the nanopatterns by polymers.
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In this study, we propose to use dissipative particle dynamics
(DPD) simulation method to inversely design templates for di-
rected BCP self-assembly. With soft potential adopted in DPD,
consequently polymer dynamics in melt is always Rouse-type and
the simulations can be greatly accelerated. Moreover, in DPD sim-
ulation, free energy barriers can be naturally overcome due to in-
herent dynamics driven by thermal fluctuation in the system. Our
inverse design strategy based on DPD can easily reproduce the
result of WP-like nanopattern reported in ref. [30]. Since the rela-
tively low computational cost of DPD, our inverse design strategy
can reasonably expand to a three dimensional (3D) space with
the nanoparticle (NPA) as the building block. Regularly and peri-
odically arranged 3D pattern enables diverse applications of BCP
such as solar cells and 3D printings3233. More importantly, we
introduce to use binary homopolymer blend (BHB) as the tem-
plating matrix, replacing BCP that is commonly used in conven-
tional patterning. Our simulations show equal performance of
BHB with BCP for obtaining the target morphology. If the tem-
plate is properly constructed, this study demonstrates the possible
application of homopolymers as the matrix of nanolithography by
using inverse design strategy, since the homopolymers are techni-
cally easy to be synthesized and extremely cheaper as compared
to BCPs.

2 Method and Model

DPD is a well-known mesoscopic simulation technique, which had
been used to study various types of polymer systems. In DPD
method, the time evolution of the interacting particles is governed
by Newton’s equations of motion34 . Interparticle interactions are
characterized by pairwise conservative Fg, dissipative Fll/) , and
random forces Fl-lj? acting on a particle i by a particle j. They are
given by:

Fg = (xija)c (rij)eij
Fi = —yo” (rj) (vij-eij)eij,
B = oo® (ny) &m ey )

where Lijj=1r;,—Tj, Ijj = \rij|, €ij = l‘,‘j/rij, and Vij=V;—Vj. é,‘j is
a random number with zero mean and unit variance. o (r;;) =
1 —r;j for r;jj < 1 and @® (r;;) =0 for r;; > 1 such that the conser-
vative forces are soft and repulsive. The weight functions »” (rij)
and oR (rij) of the dissipative and random forces couple together
to form a thermostat. Espafiol and Warren showed the correct

relations between the two functions3>:
D R 2
o) = [o" (],
o> = 2vkgT. (2)

We take a simple choice of @” (r) due to Groot and Warren 34

P (r) = [wR(r)r:{ (1-r)?

3
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It should be noted that the choice of ® (r;;) is not unique and is
the simplest form adopted here because of its common usage in
roughly all published works. «;; is the repulsion strength, which
takes the value of 25 for the particles of same kind in our sim-
ulations34. The parameter o ; between differing species is often
set as larger than 25, representing the degree of compatibility be-
tween them. In this study, the particle density p = 3. The relation-

ship between «;; and Flory-Huggins parameter y cites from 36,

o;j = 0 +3.27x(p = 3). @

All the data reported in the following are in reduced units: the
interaction cutoff distance, the bead mass and the temperature
are set to be units, i.e. r. =m = kgT = 1. The periodic boundary
condition is applied in all three dimensions. The solid NPA is used
as the building block of template. It is constructed by extracting
all the beads belonging to a sphere (with predefined radius) from
equilibrated DPD liquid configuration (of the same density p =
3) and then setting them as a rigid body3”. The advantage of
this method is that the density and structure of solid NPA are
completely the same as those of the DPD fluid. Therefore density
fluctuation at the boundaries of solid NPAs and polymer bulk38
can be reasonably eliminated. In this study, we choose the NPA
radius rypa = 2.0. The DPD simulation time step is set as dr = 0.02
and for each system a period of at least 1 x 10° steps simulation is
conducted for obtaining the equilibrium data. All simulations are
performed using GALAMOST3? package on Nvidia GTX780 GPU
cards.

We choose a 3D periodic symmetrical structure as the desired
pattern to describe our inverse design protocol. Suppose we need
a pattern that is made by perpendicularly crossing three groups
of stripes, with each group having four rectangularly arranged
parallel and equidistant stripes of A-type species in a simulation
box, as shown in Fig. 1a. This structure has eight 6-way junc-
tions in the simulation box and looks like a Chinese character
“water well” in cross-sectional view from each side of the simula-
tion box, thus we call this target pattern as the “3D water well”
pattern. The complementary region in the simulation box is filled
with B-type species, incompatible to the A-type. Here we con-
struct a cubic simulation box with size 40° and set the width of
the A stripe as L = 8, thus the volume fraction of A species is
around f49 = 0.35 in the target pattern. The incompatible binary
homopolymer blend As/Bs (the chain length N = 5) is used to
form the target 3D well pattern, i.e., the A5 homopolymer chains
and Bs homopolymer chains are respectively filled in their own
regions with the bulk density. To better keep the 3D water well
pattern, immobile hard frames are inserted in the interfaces of A
and B species. For the modeling of the frames in DPD simulations,
we can easily identify the number of the hard frames and their
respective positions according to the shape of target pattern. Ba-
sically, the hard frames are constructed by orderly packing frozen
DPD beads (designated as “F” type) to form a long right-angle
wall. Firstly, a layer of regularly arranged and densely packed
frozen F-type beads are utilized to form a surface of the frame,
like the procedure in our previous work in which a flat substrate
was constructed for the surface-initiated polymerization“®. Then
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it is copied into two surfaces. One of them is rotated for 90° and
then translated appropriately, so that the two perpendicular sur-
faces can contact and form a compact right-angle wall. This wall
model is further copied into several ones. Each wall is rotated ap-
propriately and then moved to different positions as the frame to
stabilize the local shape of the target pattern. In practice, between
two frames we set that there are enough spaces so that the NPAs
can diffuse through. During the simulations, the F-type frame
beads are set immobile so that the frozen hard frames can keep
the target 3D water well pattern unchanged. Please see Fig. 1a
for the local architecture of frame. The DPD interaction parame-
ter between the frame bead (F) and any other type of bead i is set
as oz = 25, indicating the neutral effect of the frame on the target
pattern40. It should be noted that, we have observed that some
block beads could pass through the frame during the simulation.
However this penetrable frame model actually provides a better
choice to modulate A and B domain interface, since the penetra-
ble frame does not perturb the block bead density distribution at
the interface as compared to impenetrable frame. Moreover, the
frames are virtually introduced only for keeping the target pat-
tern; they will be removed in the second step of inverse design.
Therefore, we do not need to worry about the casual penetration
of block beads through the frames in our simulations. Similarly,
we find that a very small portion of beads can casually move into
the NPAs. However, the global density of the bulk BHB or BCP of
the inverse design does not decrease in a noticeable way. Thus
this nonphysical phenomenon could not affect the self-assembly
behavior of the matrix polymer chains.

The first step of inverse design is to determine the optimized
distribution of NPAs (or topographical configuration of the tem-
plate) according to the target pattern. In this step, the target
pattern is kept basically stabilized by the hard frames while the
NPAs can move in the simulation box. At the beginning of the sim-
ulations, after the construction of all the frames as stated above,
a number of NPAs are distributed randomly in the simulation box
but avoid the positions of frames (Fig. 1a). The filling of polymers
to generate the target pattern is as follows. After the construction
of all the frames as stated above, we start to fill the binary ho-
mopolymer blend As/Bs to generate the target pattern. The sim-
ulation box is divided into several cubic parts of different sizes
according to the shape of the target pattern. Since it is clear that
in which cube the component A or B should be filled, the short
As and Bs polymer chains are generated in their respective re-
gions until the target bead number density is achieved. Each of
the short chains is generated randomly in its predefined region.
Firstly the position of the head monomer of the chain is deter-
mined randomly in the region. Each of the following 4 monomers
of the same chain is generated one-by-one according to the posi-
tion of its former monomer of the chain (with spatially random
position but the distance to its former monomer being set as the
initial bond length). Once the trial position of a given monomer
is out of its predefined region, we will discard this trial and gener-
ate another one, until its position is suitable. The same procedure
is employed to avoid the initial penetration of polymers in NPAs.
Since DPD uses soft potential, we do not need to worry about
the local overlap between monomers. A short equilibration is fol-
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lowed up to eliminate the influence of the initial configuration. By
this procedure, we can eventually generate the frame-stabilized
target pattern without any polymers staying in wrong regions or
crossing the frozen hard frames or NPAs. To represent the nature
of NPAs with polymer brush layer coatings 164142 the NPAs are
initially set to be attractive to A5 homopolymer and repulsive to
Bs homopolymer (the interactions of A with NPA is osp = 15 and
of B with NPA is ogp = 45). Then in the simulations the NPAs
will diffuse in the simulation box to “find” their optimal positions
according to different degrees of affinity of polymer components
to the NPA. Finally, the NPAs will stay in the stripe region formed
by A-type species in equilibrium (Fig. 1b). In this step we suc-
cessfully find suitable distribution of NPAs based on predefined
nanopatterns. In the following we want to know if these NPAs
can be used as template to guide the formation of target patterns
using either BCPs or BHBs.

When the first step of determining optimized distribution of
NPAs is completed, the target pattern and the hard frames are
both removed from the simulation box. Only the template formed
by NPAs remains in the simulation box for the second step of in-
verse design (Fig. 1c). We will verify whether the target pattern
can be reproduced by using polymers directed by this template.
Now the NPAs are set frozen as the hard and immobile template.
We first consider to use block copolymers as the matrix to gener-
ate the target pattern, thus in the beginning of the simulations,
AmBy, type BCPs (with m < n, i.e., A the minority and B the ma-
jority) are randomly generated in the rest of simulation box with
the bulk density. More importantly, we also use binary homopoly-
mer blend of A,,/B, as polymer matrix in the simulations to check
the possibility of generating target pattern by using cheaper syn-
thetic homopolymers. When the simulation of the second step of
inverse design is switched on, the BCPs or BHBs can move with
the constraint formed by NPA-template. After equilibrium, the
pattern formed by polymers directed by the NPA template can be
obtained. If the pattern can basically reproduce the shape of the
predefined target pattern (Fig. 1d), this inverse design protocol
can be taken as successful and efficient. Regarding to the practical
operation of making the template by NPAs frozen in the second
step, in experimental community there exist feasible techniques
for the fabrication of directed crystal structure of NPAs, such as
vertical deposition, electrophoretic deposition, spin coating, con-
vective self-assembly, colloidal epitaxy, electrostatic induced self-
assembly and so on*347. A part of these techniques had been
successfully employed in nanoscopic 3D structuring fabrication.
For example, Singh et al.*® had proposed a single step approach
to generate tunable 3D binary colloidal assemblies from a drying
droplet of binary colloidal suspension over large areas indepen-
dent of substrate surface chemistry. We believe some of these
techniques should be effective to achieve the desired 3D shape of
template using available building blocks.

3 Results and discussion

The inverse design protocol based on DPD can successfully repro-
duce the W-like 2D pattern reported in ref. [30]. In our simu-
lations, the target structure is set as intrinsically 3D but its pat-
tern only shows on the transversal surface along XY plane. The

Journal Name, [year], [vol., 1-9 |3
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Fig. 1 Schematic flow chart of the inverse design strategy. (a) In the
first step, the target pattern (gray) is kept sustainable by the hard frame
(cyan) while the NPAs (red) can diffuse in the simulation box. (b) The
NPAs will diffuse to “find” their optimal positions according to different
degrees of affinity of polymer components to the NPA. After the
equilibrium, only the template formed by NPAs remains in the box for the
step of inverse design. (c) The NPAs are set frozen as the hard and
immobile template. Then the BCPs or BHBs are used as polymer matrix
and randomly generated in the rest of simulation box with bulk density,
to see the possibility of reproducing target pattern. (d) After equilibrium
of the simulation of inverse design, the pattern formed by the polymers
directed by the NPA template can be obtained. If the pattern basically
reproduces the predefined target pattern, this inverse design protocol
can be taken as successful and efficient. The B species is not shown for
clarity.

nanoposts with the axes along the Z direction are chosen as the
building blocks to form the template. Fig. 2 shows our inverse
template design protocol, which is in essence the same as that
shown in Fig. 1. The size of the box is set as 40 x 40 x 40. The pe-
riodic boundary conditions are applied in all three dimensions. In
the first step, the patterning structure made by the homopolymer
blends (with two components A and B represented as gray and
blue) is kept sustainable by the frames (cyan) while the nanoposts
(red) are put randomly in the box. The feature width of A in the
target pattern is set as 6, thus the volume fraction of A species
is f4 = 0.48. In this step, the goal is to determine the optimal
positions of nanoposts according to the target pattern. Only the
translational motions of the nanoposts on the surface are consid-
ered. After equilibrium, in the second step, we freeze the NPOs
as the hard template, remove other components and then fill in
the rest of box with BCPs with bulk density. After DPD simula-
tions, the patterning structure formed by the BCPs directed by
the nanopost template can be obtained.

BCPs can naturally self-assemble to form various periodic mor-
phologies depending on the composition ratio and incompatibil-
ity between components. In our simulations, we use BCPs with
the volume fraction f4 = 0.3, which can easily form hexagonally
packed cylindrical morphology in melt. The interaction param-
eter between BCP minority component A and nanoposts is set
to be ayp = 20, while between BCP majority component B with
nanoposts is set as ogp = 30, thus nanoposts favor the minority

4| Journal Name, [year], [vol.],1-9

(d)

Fig. 2 Inverse template design to form the P-like pattern. (a) In the first
step, the goal is to determine the optimal positions of nanoposts which
are used as the building blocks of template. The target pattern (gray) is
kept sustainable by the frame (cyan) while the nanoposts (red) are put
randomly in the box. (b) Nanoposts move into the target pattern region
after the equilibrium. (c) We freeze the nanoposts as the hard template
and remove all other components, and then randomly fill the rest space
of box with BCPs with bulk density. (d) After equilibrium of the simulation
of inverse design, the predefined target pattern can be formed by the
BCPs directed by the nanopost template. All figures are obtained from
the snapshots of our simulation.

component slightly. The interaction parameter between the mi-
nority and the majority components of BCP is set as ap = 40 to
ensure microphase separation. As shown in Fig. 2c, in the second
step of inverse design, the nanoposts are set frozen as the hard
and immobile template and the free BCP chains are generated
randomly in the simulation box. Fig. 2d shows that, after equi-
librium of inverse design, the morphology induced by nanopost
template can well reproduce the target W-like pattern reported in
ref. [30]. To demonstrate the similarity between equilibrium pat-
tern induced by the template and the target pattern, we define an
order parameter ¢ as

=1 lM 2
0= A (f=fo)"- (5)

=1

We first mesh the simulation box into M = 403 small cubic grids
with the same side length of 1.0. f is defined as the volume frac-
tion of minority beads at each grid of the obtained equilibrium
pattern, while fj is that of the target pattern. Therefore the value
of ¢ evaluates how much the obtained equilibrium pattern devi-
ates from the target pattern. If ¢ = 1, the obtained pattern com-
pletely reproduces the target pattern. When ¢ = 0, the obtained
pattern completely reverses the target pattern.

In the inverse design scheme, the reproducibility of target pat-
tern induced by the template is primarily dependent on the poly-
mer chain length and the number of nanoposts. For constant vol-

This journal is © The Royal Society of Chemistry [year]

Page 4 of 9



Page 5 0of 9

ume fraction f4 = 0.3 of BCPs (i.e. A,,B, with m/n=3/7), we
systematically vary the chain length N = m +n and the number
of nanoposts (Nypo) to find these influence on reproducing the
target pattern. Fig. 3a shows that as the increase of N in the first
stage when N = 10 ~ 30, ¢ increases sharply. The highest value of
¢ = 0.87 appears when N = 30. Nevertheless, ¢ decreases as the
further increase of N. For obtaining the best reproducibility of the
target pattern, the feature width formed by BCPs should match
the target pattern. When the chain length of BCP is less than
N = 30, the domain sizes are too small to fit the structure of tar-
get pattern. The large domains formed by even longer BCP chains
(e.g., N > 30) also do not fit the target pattern easily, as shown
in the inset figures in Fig. 3a. Fig. 3b shows the dependence of
order parameter ¢ on the number of nanoposts. The value of ¢
gradually increases from around 0.76 to a plateau value of 0.87
when Nypp = 50. We find that if the number of nanoposts is too
few, it is not effective to direct the self-assembly of BCPs. On
the other hand, too many nanoposts are not economically advis-
able. Thus an optimal template with the appropriate numbers of
nanoposts can be found in Fig. 3b (e.g., Nypo = 50 in this sys-
tem). We herein prove the reproducibility of this P-like 2D pat-
tern reported by Alexander-Katz39, which had been validated in
experiments (e.g., Fig. 1(c) and (d) of ref. [31]: SEM images
of hydrogen silsesquioxane posts fabricated with electron beam
lithography). This study can be considered as a comparison of
the simulation work with experimental results. The general simi-
lar arrangement of nanoposts obtained in our simulations as that
in experiment proves the feasibility of this simulation strategy for
guiding future experiments.

Then we use this inverse design strategy to construct the “3D
water well” pattern. Fig. 4a shows the dependence of ¢ on the
BCP chain length N. As that in Fig. 3a, we fix the volume frac-
tion f4 = 0.3 with variable chain length N. It is clear that with
increasing BCP chain length, ¢ first increases to the peak value at
around N = 50, then decreases to a smaller value. Only when the
intrinsic feature width of the structure formed by BCPs, which is
determined by the chain length, fits that of the target pattern, the
latter can be reproduced satisfactorily. Therefore in the follow-
ing, we set A5B35 with optimized chain length N = 50 as our BCP
sample. Furthermore, this result may as well imply that BCP is
not an ideal candidate to form target pattern, since it is not flex-
ible enough to adjust its domain size which needs to fit well on
the stripe width of the target pattern.

The number of NPAs, Nyp, affects the structural integrity of the
template, which further affects the reproducibility of the prede-
fined target pattern. In Fig. 4b, we plot the influence of Nyps on
¢. It shows that, as Nyps increases from 70 to 170, the value
of ¢ gradually increases to a plateau value at about 0.83. Then ¢
does not change apparently with Nyps. As shown in Fig. 4b, when
the amount of NPAs is not enough, it is difficult for the template
to effectively direct the self-assembly of the BCPs to form target
pattern. Thus a minimum number of NPAs is required to guar-
antee the reproduction of the target pattern effectively. However,
using too many NPAs may bias the local morphology, meanwhile
is not economic. As indicated in Fig. 4a and b, this inverse de-
sign scheme is also capable of finding the most suitable candidate
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Fig. 3 (a) The dependence of order parameter ¢ on the BCP chain
length N of the W-like pattern. (b) The dependence of order parameter ¢
on the numbers of nanoposts (Nypp) of the W-like pattern. Both figures
correspond to BCPs as the matrix.

polymer chain length and the minimum number of building block
NPAs according to the target pattern.

According to the phase diagram of BCP microphase separa-
tion 3349 the composition window corresponding to the cylindri-
cal morphology is quite narrow. For example, when yN > 30,
the range of volume fraction of the minority component should
be controlled around f4 = 0.2 ~ 0.3 for obtaining the cylindri-
cal morphology®®. With the aid of directed BCP self-assembly
by the template, there is a possibility to broaden this compo-
sition window since the template introduces additional interac-
tions to BCPs. Here we use the structure factor to validate this
speculation, which is often applied to characterize the specific
microstructure of BCPs®!. For further analyzing the regularity of
the pattern, we introduce a new structure parameter 7 based on
the structure factor obtained from the patterns in our simulation.
Firstly, the structure factor of the “3D water well” domain is cal-

culated by33:52;
S(k) = pa(k)pa(—k)/Na,
o . 6)
4 (k) = Z z r?
Journal Name, [year], [vol], 1-9 |5
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Fig. 4 (a) The dependence of order parameter ¢ on the BCP chain
length N of the “3D water well” pattern. (b) The dependence of order
parameter ¢ on the numbers of NPAs Nyp4 of the “3D water well”
pattern. Both figures correspond to BCPs as the matrix.

—

where N4 and p4 (k) are the particle number and the density of
“3D water well” domain in the reciprocal space, and L is the side
length of simulation box. The integer wave number k = (L/27)3,
where ¢ represents the wave vector. The differences between the
structure factors of the obtained pattern in simulations and the
predefined target pattern are calculated and their absolute values
are summed up with the Bragg reflection ratio ¢/¢* < 5. Then the
structure parameter 7 is defined by

5
T=1 Z ‘Sresult(k)fstarget(k) : 7
q/q*=1

Based on Eq. (7), we can evaluate the regularity of the pattern ob-
tained in simulations as compared to the predefined target struc-
tures. The higher value of 7 reasonably implies more regular pat-
tern obtained in simulations and higher similarity as compared to
the target pattern. We choose N = 50 since it has been proved to
be the optimized chain length to fit the “3D water well” structure.
By changing the value of f4 from 0.1 to 0.6, we simulate a series
of systems of monodispersed BCPs and compare their morpholo-
gies directed by the template after equilibrium with the target
pattern (for example, f4 = 0.1 denotes AsB4s5 while f4 = 0.6 de-

6| Journal Name, [year], [vol.],1—9

notes A3gByg). As shown in Fig. 5, the structure parameter 7 first
increases to a high value and then decreases slightly with the in-
crease of f4. We can basically find a range f4 = 0.25 ~ 0.45 in
which 7 has the highest value (i.e., above 2.5), and the prede-
fined target pattern can be obtained. Such a composition window
to observe cylindrical morphology is double the size as compared
to pure BCP self-assembly in bulk. It can be attributed to the selec-
tivity of the template to BCPs, which stabilizes the distributions
of BCP minority as well as majority during their self-assembly.
This effect weakens the dominant influence of the original driving
force i.e., the incompatibility between the minority and majority,
during BCP phase separation in bulk, which reasonably further
enlarges the composition window of forming cylindrical morphol-
ogy. The introduction of template may readily yield facilitated
technology and cost saving in industrial production.

It should be noted that, regarding to this patterning strat-
egy via NPAs as additives, the experimental work by Karim and
co-workers need to be paid special attention. In this pioneer-
ing work®3, Karim and co-workers presented a simple and ro-
bust strategy for modulating the film-substrate interaction, which
could bias the self-assembly energy landscape and thus enforce
They used NPAs with tunable sur-
face energy to generate a rough interface with controlled proper-
ties. By this technique they demonstrated a remarkable thickness-
dependence of the induced orientation in the BCP lamellae. In
a recent work by Karim and co-workers®* involving both ex-
periment and computer simulation, they studied the thermally-
induced transition of lamellae orientation in BCP films on NPA-
coated substrates, in which NPA-roughened substrate was used to
modify substrate interaction and roughness, so that the BCP ori-
entation could be controlled. In the above two studies by Karim
et al., the NPAs were employed to modulate the physical and ge-
ometric property of the substrate, so that a directed desired mi-
crostructure of BCPs could be obtained. The idea is quite inspiring
and relevant to our strategy, since the optimized NPAs arrange-
ment on the substrate was possible to be designed based on the
anticipated microstructure of BCPs.

a desired microstructure.

35|

30

25

fa

Fig. 5 The dependence of structure parameter t on the volume fraction
of the minority component in BCP, f4 at N = 50.
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In general, incompatible binary homopolymer blends will
phase separate to form macroscopic domains, thus are seldom
taken as candidates to form ordered patterns, even though ho-
mopolymers are much cheaper and easy to be synthesized. In
the following, we consider, based on designed template formed
by NPAs, whether the BHBs are applicable as well to form prede-
fined target patterns. Ajo/Bjo BHBs (with identical chain length
N = 10) are taken as an example. In the simulations, the interac-
tions of NPA with BHB are set as ayp = 23 and ogp = 30 to repre-
sent a slight preference of NPA to A-type species. The interaction
between NPA and A, of BHB is slightly larger than that between
NPA and minority component in BCPs a4 p = 20. This is because in
practice based on the microphase separation of BCPs, a stronger
attraction of A to NPA is requested for maintaining the regular
structure. While with macroscopic phase separation of BHB, it
is rational to set NPAs more neutral to the polymer so that there
are less external perturbations. The interaction parameter o4 in
BHB as well as the volume fraction of Ay homopolymer (f4) are
important factors affecting the equilibrium pattern. Surprisingly,
we find similar performance on reproducing target pattern by us-
ing BHBs as that by using BCPs in a suitable range of osp and
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Fig. 6 (a) The dependence of order parameter ¢ on both volume
fraction of A species, f4, and incompatibility between A and B, yN,y.
(b) The dependence of order parameter ¢ on the number of NPAS Nyps.
The figures correspond to BHBs as the matrix.

DPD interaction parameter @ can be reasonably translated to
the commonly used Flory-Huggins yN, sy value corresponding to

This journal is © The Royal Society of Chemistry [year]
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the Gaussian chain with infinite length33. Fig. 6a shows the
“phase diagram” of the dependence of ¢ on both f4 and YN,y
It is clear that it needs simultaneously appropriate ratio of A/B in
BHB and incompatibility between A and B species to reproduce
the predefined target pattern (see the region in orange color en-
closed by the dashed rectangle with relatively higher ¢ in Fig. 6a).
Since the original volume fraction of A species in the target pat-
tern is fao = 0.35 (see Model and Method section), the values
of f4 corresponding to the best reproduction should be around
this value. Filling more A species or less A species is disadvan-
tageous to the reproduction of target pattern. Moreover, within
this range of f4, too weak or too strong incompatibility between
A and B species biases appropriate driving force of phase sep-
aration, which further reduces the reproducibility of the target
pattern. The optimum parameter space is basically considered as
XNesr =191 ~2.84 and f4 = 0.27 ~ 0.36 in this study. The theo-
retical order-disorder-transition point for homopolymer blends is
XN =2.0%°. The optimum parameter space of yN, s = 1.91 ~2.84
in our simulations implies that the ideal candidate as the BHB ma-
trix to form predefined target pattern based on designed template
should be the binary homopolymers with very weak incompatibil-
ity. It can be ascribed to that the template composed by the NPAs
intrinsically has selectivity to one component of BHB, which helps
the phase separation between A and B homopolymers and results
in successfully recovering of target pattern. This result suggests
a new possibility to choose suitable polymer systems for use in
nanolithography.

We have also studied the dependence of ¢ on Nyp4 for the re-
production of predesigned target pattern using BHBs. As shown
in Fig. 6b, similar trend between ¢ and Nyps as that using BCPs
(Fig. 4b) can be observed, implying similar performance of repro-
ducing target pattern using BHBs and BCPs as the matrix. This
conclusion is also supported by the snapshots in Fig. 7. We can
also find in Fig. 6b that 140 NPAs are enough to reproduce tar-
get pattern using BHBs, as compared to 170 NPAs using BCPs
(Fig. 4b). In other words, with relatively incomplete template the
BHBs can still recover the target pattern. Therefore, with lower
cost and higher tolerance on template defect, BHBs are consid-
ered as better candidate compared to BCPs in the inverse tem-
plating design. This part of study emphasizes the possibility of an
advanced alternative scheme that using BHBs instead of BCPs as
the matrix in the formation of target pattern.

It should be noted that, although a direct comparison between
our results with experiments that used homopolymer blends in
3D patterning is difficult, it has been a long time since the exper-
imentalists employed BHB in the surface patterning to obtain 2D
ordered structures. For example, the binary poly(2-vinylpyridine)
(PVP) and polystyrene (PS) blend was frequently used on this
issue. Steiner and co-workers®® had shown that the domains
of a phase-separating PVP and PS mixture in a thin film could
be guided into arbitrary structures by a surface with a prepat-
terned variation of surface energies. Such a pattern could be im-
posed on a surface by using printing methods for depositing mi-
crostructured molecular films. Steiner et al.’s technique of using
BHB for surface patterning is quite similar to ours, expect it was
still based on a 2D templating. Moreover, Cui et al.>” used pat-
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terned sbustrate with alternating silicon dioxide and octadecyl-
trichlorosilane self-assembly monolayer (SAM) to induce phase
separation of PS and PVP binary polyemr blend film. Raczkowska
et al.”® used PVP and brominated PS blends to spin-cast onto a
gold substrate which had been microcontact-printed with stripes
of hexadecanethiol SAM subpattern periodicity. These experimen-
tal studies support the feasibility of using BHB as the candidate in
templating design. Regarding to the BHB in 3D structuring as pro-
posed in our paper, we have not found any experimental work in
previous literatures. Nevertheless, Léopoldés and Damman>° had
used the ethanol and polydimethylsiloxane liquid-liquid bilayer to
obtain the 3D topology structuring through selective inversion of
this bilayer. In their work the blend for the bilayer was ethanol
and polydimethylsiloxane homopolymer instead of BHB, but this
work implies the potential application of BHB for future 3D struc-
ture design, exactly as proposed in our paper. Since BHBs were
proved to have similar performance as BCPs in templating design
in our simulations, we believe they will be potentially widely ap-
plied as the candidate of templating design in experiments in the
future.

Fig. 7 With the “3D water well” structure as the target pattern, the final
snapshots of the resulting patterns by the inverse design strategy from
the cross-section view with (a) block copolymers (BCPs) and (b) binary
homopolymer blends (BHBs) as the matrices. The matrix in the system
of (a) is A15B3s type BCPs. The DPD interaction parameter between
BCP minority component A and NPAs is set to be o,p = 20, while
between BCP majority component B with NPAs is set as ogp = 30. The
interaction parameter between the minority and the majority
components of BCP is set as asp = 40. The number of NPAs is

Nypa = 180. In the system of (b) the matrix is Aj9/B1o BHBs. The DPD
interactions of NPAs with BHB are set as a4p = 23 and agp = 30. The
interaction parameter between A and B is set as a4 = 27. The number
of NPAs is Nypa = 150. Similar performances on reproducing target
pattern are found by using both BCPs and BHBs as the matrices.

4 Conclusions

In this study, we exhibit the inverse design strategy with both
BCPs and BHBs as the matrix by DPD simulations. Two consec-
utive steps, i.e., the templating step and the inverse templating
step, are included in the scheme. The successful reproduction of
the W-like nanopattern3C proves the feasibility of this inverse de-
sign strategy using particle-based simulation techniques. A spe-
cific three-dimensional target pattern can be successfully repro-
duced by both BCPs and BHBs in the inverse templating pro-
cess. By analyzing the structures of resulting pattern, we find
by introducing the template in BCP self-assembly, the composi-

8| Journal Name, [year], [vol.],1—9

tion window for cylindrical morphology can be reasonably broad-
ened, which may readily yield facilitated technology and cost sav-
ing in industrial production. We also find that BHBs with suit-
able incompatibility can serve as better candidate on recovering
the predefined target pattern than BCPs, because they are much
cheaper and can tolerate template defects while exhibit similar
performance on recovering the target pattern. Particle-based dy-
namics simulation has natural advantage on finding suitable topo-
graphical configuration of template than direct template design,
because it can easily construct the virtual movements of the build-
ing blocks of the template determined by the target pattern. This
study sheds lights on better control and design of material with
complex nanopatterns using nanolithography technique.
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