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ABSTRACT: An unusual hexagonal dot pattern has been
observed in thin films of symmetric diblock copolymers
experimentally. In order to verify the stability of the hexagonal
dot pattern and understand its formation mechanism, we
investigate the self-assembly of AB diblock copolymers in ultrathin
films with a neutral top surface and a B-selective bottom surface
using self-consistent field theory (SCFT) and dissipative particle
dynamics (DPD). Our SCFT results reveal that ideally symmetric
diblock copolymers with A-block volume fraction f = 0.5 can
indeed form a hexagonal dot pattern in a certain range of film

thickness (h), which is actually a half-period perforated lamellar
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(hPL*) morphology. The hPL* morphology transfers to a patternless half-period parallel lamella (hL;) with increasing h and to a
stripe pattern (L, ) with decreasing h. The phase diagram with respect to fand  further demonstrates that the stable region of hPL*
shifts to small f as h increases and disappears at a critical value of . The formation of the hPL* region is mainly caused by the
competition between the A/B interfacial energy and the overall surface energy (including top and bottom). In addition, the
formation of hPL* is also verified by DPD simulations. Therefore, our work confirms that the experimentally observed dot pattern in
thin films of symmetric diblock copolymers is an equilibrium morphology, the formation of which requires ultrathin thickness and

asymmetric surface aflinities.

B INTRODUCTION

Connecting chemically incompatible polymers by a covalent
bond gives rise to the block copolymers (BCPs), which are
important in the family of polymeric materials. Due to the
chemical immiscibility and the permanent bonding, different
blocks spontaneously segregate to form periodic structures at
the macromolecular len§th scale (typically a few to a few
hundred nanometers),'~ which is useful for applications such
as photonic crystals,4’5 semiconductor materials,6’7 solar cells,®
etc. Previous studies have shown that for linear diblock
copolymers, the bulk phase behavior is influenced by several
factors, such as the composition (volume fraction of one
component, f),” the degree of polymerization (N),'’ the
segment length (b) ' and Flory—Huggins interaction parameter
(y)'? that characterizes the degree of incompatibility. Among
these parameters, the volume fraction f has a significant effect on
the phase behavior, that is, as f increases from asymmetric to
symmetric (f = 0.5), the thermodynamically stable phases are
spheres, cylinders, bicontinuous networks, and lamellae in
sequence.”"” In many practical applications, the BCP materials
are often prepared as thin films via spin-coating and then
subsequently processed.'* In such films, BCP self-assembly is
also sensitive to some external conditions, such as the surface
boundaries.''® Since the feature size of these nanostructures
ranges from hundreds of down to a few nanometers, the self-
assembly of BCPs provides a possibility of pushing semi-
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conductor technology and nanophotonics to finer preci-
sion."’ 7" In fact, the directed self-assembly (DSA) of BCP
thin films, which combines the technology of the traditional
lithography and the spontaneous formation of nanostructures by
BCPs, has been regarded as one of the most promising next-
generation lithography techniques.””*'

For AB diblock copolymers in the bulk, the self-assembly
behavior has been intensively studied both experimentally”>**
and theoretically”” and are considered well-understood.
However, their self-assembly behavior in thin films is more
complicated”*~*° and the understanding of them is far from
complete due to the additional variables including the film
thickness (/) and surface affinity. These two factors are relatively
easy to control and often used to regulate the film
morphology.”’ ™" Film thickness, controlled by the spin rate,
defines the dimension between two confining boundaries that
breaks the translational symmetry of the periodic structures in
the direction normal to the substrate. Thus, 4 is the dominant
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factor dictating domain arrangement in the direction perpen-
dicular to the substrate.”> Besides the spatial constraint, the top
and bottom surfaces introduce additional interactions with each
BCP component, which are defined as surface affinities. The
surface affinities impact the assembled morphologies by
affecting the geometrical shape and the orientation of the
domains, 1626253133

Since the surface-induced ordering of diblock copolymer films
was first observed by Anastasiadis et al,,'* the phase behavior of
BCP thin films has attracted intensive interest.'”**™*” When a
symmetric AB diblock copolymer is confined between two
surfaces that are preferential to one block at a thickness 4 that is
integer multiples of its bulk period, L, parallel lamellae are stably
formed where the preferred block wets the two surfaces. But, if
deviates from integer multiples of L, there are usually two
modes to mitigate the mismatching. One is that the film deforms
into “islands and holes”,**** allowing the coexistence of k and k
+ 1 (k is integer) periods of lamellae oriented parallel to the
substrate, which is common for the deformable surfaces, such as
the BCP—air interface. The other is to form parallel lamellar
morphology (L;) with a period that deviates from L, and is
adjusted according to h, which is preferred by the BCP films
sandwiched between two parallel slabs.”**** With the non-
deformable surfaces, an energy penalty results from the
overstretching of the chains or the increase of the area of the
A/B interface when the period is adjusted to deviate severely
from Ly.”* In contrast, the perpendicular lamellar morphology
(L,) can adjust its period freely and tends to form in thin films
whose thicknesses are noninteger multiples of L,.”* However,
both components in the perpendicular morphology must be in
contact with both surfaces of the film, leading to unfavorable
interaction energy between the selective surface and the
disfavored component. Usually, the competition between the
period commensurability and the surface affinities in symmetric
thin films dictates the formation of the parallel or perpendicular
morphology.'“*°

The self-assembly behavior is more complicated in asym-
metric thin films than that in symmetric films**~** and thus is
less understood. Very recently, Shenhar et al.*® studied the self-
assembly of a near-symmetric PS-b-PMMA diblock copolymer
melt (fps = 0.48) in asymmetric ultrathin films overlayed on a
topographically patterned substrate with a neutral top surface
and a PMMA-selective substrate. Interestingly, the lamella-
forming block copolymer film deposited on the plateaus gave
rise to a morphology whose top view is a hexagonal “dot”
pattern. This behavior was attributed to the local film thickness,
the asymmetric surface affinities, and the topographical
substrate.*®*” Nevertheless, the formation mechanism of the
hexagonal dot pattern by the lamella-forming block copolymer
needs to be further elucidated theoretically.

The neutral top surface enables the vertical orientation of
domains, while the selective bottom surface tends to attract the
preferred component.”** Accordingly, we may assume that a
mixed morphology composed of both parallel and vertically
oriented domains may form in this situation. In 1997, Matsen
proposed one class of mixed morphologies with lamellae parallel
and perpendicular to the two surfaces, respectively.'® One of
them contains a wetting layer on only one surface, which is
referred to as Li;. On the one hand, his self-consistent field
theory (SCFT) results demonstrated that the Ly; phase remains
metastable throughout the varying thickness for f = 0.5 in
neutral-selective films. On the other hand, the top view of the Ly,
morphology looks like stripes, differing from the hexagonal dots
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observed by Shenhar et al.*> In fact, the dot morphology was also
observed in the thin film of symmetric diblock copolymers in
earlier experiments by Fasolka and Mayes.*’ They used two-
dimensional (2D) SCFT calculations to rationalize the
formation of the dots, but the 2D calculations cannot distinguish
the dot pattern from the stripe pattern because of their similar
cross sections normal to the surfaces.”” Accordingly, they
referred to the stripe pattern as a “hybrid” lamellar structure
(HY). In 2010, Meng and Wang** carried out a systematic
SCFT study in three dimensions (3D) to examine the formation
of mixed morphologies in asymmetric films. They predicted a
stable hexagonally arranged dot pattern formed by symmetric
diblock copolymers, which they denoted as T,(3D), and
regarded both this morphology and its 2D counterpart,
T,(2D), as arising from a combination of a wetting layer on
the substrate and an HY layer on the top surface. Although the
T,(3D) morphology exhibited a hexagonal lattice of dots on the
top, it contains one more layer of polymer chains than the
experimental morphology of Shenhar et al.** In other words, the
component that wets the substrate does not form the hexagonal
dots on the top surface in T;(3D), while the bottom wetting
layer and the top hexagonal dots consist of the same component
in the observed results of Fasolka et al."”*” and Shenhar et al.*
Therefore, the experimental dot morphology should be formed
in films thinner than T,(3D).

Based on the above discussions, we turn our attention to the
phase behavior of AB diblock copolymer thin films confined
between a neutral top surface and a B-selective substrate.
According to previous experimental’”*® and theoretical*®
studies, we assume a series of possible candidate morphologies.
Then, we use SCFT coupled with the masking scheme to study
the thermodynamic stability of these candidate morphologies,
focusing on the impact of the film thickness and the interaction
strength of the bottom surface on the formation of these
different morphologies, especially the hexagonal dot pattern.
Additionally, the kinetic stability of these structures is verified
through dissipative particle dynamics (DPD). We are inspired to
explore the characteristics of the dot morphology that has been
observed in experiments but not yet been fully explained
theoretically and to reveal its formation mechanism.

B THEORY AND METHODS

Self-Consistent Field Theory (SCFT). We consider an incom-
pressible melt of volume V composed of n identical AB diblock
copolymer chains, which are confined between two impenetrable plates
separated by a distance of h. For simplicity, we assume that the two
different blocks have equal segment length b and density p,. The total
number of the segments on each diblock copolymer chain is specified as
N, and the numbers of A-segments and B-segments are denoted by fN
and (1 — )N, respectively, where f is the volume fraction of block A.
The immiscibility between A- and B-blocks is characterized by the
product y,gN. In the confined system, periodic boundary conditions are
used on the lateral x- and y-directions, while the masking scheme® are
used to model the attenuation of the segment density near the surface
on the normal z-direction. In the masking scheme, the density of the
segments at the surface is defined as 0, and it continuously increases to 1
from the surface toward the inside of the film. Two wall components,
the top (T) and the bottom (W), are introduced as the boundary
conditions (Figure la), which remain unchanged during SCFT
iterations. The density distribution of the wall components are given
by the following expressions

https://doi.org/10.1021/acs.macromol.3c00706
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where D, denotes the thickness of the two impenetrable walls, and ¢
and A determine the width and shape of the wall interface, respectively.
We fix Dy = 0.20R,, o = 0.50Ry, and 4 = 0.15R,, where R, = N'/2b/1/6 is
the radius of gyration of an unperturbed polymer chain with N statistical
segments.

(a) / T : Neutral
N s
TS~ w: selective for B
(b)
hL, hPLA hci hsA
£S5
Ly PLA c GA

Figure 1. (a) Schematic of an AB diblock copolymer ultrathin film with
a neutral top surface and a B-selective bottom surface. (b) Candidate
morphologies including monolayer or half-period ones (top row) and
their corresponding double-layer or full-period ones (bottom row). The
A- and B-blocks and their corresponding domains are represented in
red and blue colors, respectively.

The wetting preference to A- and B-components is realized by the
interaction parameters between them and the wall components, y;N (i
=A/Bandj = T/W). The affinities of the top and bottom surfaces were
set as YawlN = —ypwdN = 35 and yorN = ygrN = 0 to simulate a B-
preferential substrate and a nonpreferential interaction between the
blocks and the top wall. With the introduced wall components, the free
energy functional of SCFT on the basis of Gaussian chain model at a
given temperature T is written as

=-lhhQ+ L

F
14 AOSfISDO+h dr{ZABN¢A(r)¢B(l‘)

ks,
+ 2 N (D)o () + 2y Noby (0 (6)
T 2 NGy ()by(5) + 257 Nepy ()b (6) — pdhy (6)
— () — EDIL = (1) = (1) — hy(0)
- ¢, 01 3)

where ky is the Boltzmann constant, ¢,(r) and ¢p5(r) are the spatial
local volume fractions of A- and B-blocks at r, while w, (r) and wy(r) are
their potential fields, respectively, 77(r) is a Lagrange multiplier used to
enforce the incompressibility condition, ¢, (r) + @g(r) + P (r) + Py (r)
= 1, and the quantity Q is the partition function of a single copolymer
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chain interacting with its mean fields. Other details of the SCFT can be
found in the Supporting Information (SI).

Dissipative Particle Dynamics (DPD). DPD simulations are
performed in the NVT canonical ensemble. The description of the
standard methods is given in the SI. To ensure sufficient accuracy for
describing the ordered morphologies formed in ultrathin films, we
choose a relative large number of beads for each copolymer chain, e.g,,
40.

The Lennard-Jones (LJ) potential is utilized to describe the
interaction between the walls and beads®'

o=l (2

where r is the bead—wall distance, € is the depth of the potential well,
and o is set to be 1. The two walls are set at r, =0 and r, = h + 0.7,
perpendicular to the z-direction, where 0.7 is used to compensate the
reduction in film thickness caused by the repulsion of the beads from
the walls. In the simulation, r., is the cutoff distance where the
interactions are truncated. Usually, 7., = 2!/ means strong repulsion
and r, = 1.5 means weak attraction. The parameter I';; = (&, 1)
describes the affinities of the two surfaces (i and j represent the
component and the surface, respectively), thatis, T’y = (1,2"/¢), Ty =
(2)1.5),and Ty p = Typ = (1, L.S).

The surface attraction is realized by the selective interaction of the
wall component to the two different blocks in the masking model of
SCFT, while it is acted by the L] potential in DPD simulation. It may be
challenging to obtain a quantitative matching for the surface attraction.
In our work, we mainly focus on the formation mechanism of these
different ordered morphologies in lamella-forming diblock copolymer
thin films. Therefore, we do not do a quantitative matching of the
surface attraction between the DPD model and SCFT.

Our simulations are performed with the HOOMD-blue (version
2.9.7) simulation package, which was developed and maintained by
Anderson et al.** In this study, the simulation box size is set to be 50 X
S0 X r, (Ré), where R, & 3.0 is the average radius of gyration of an
unperturbed polymer chain with 40 beads. N, = 40 represents the total
number of beads in a single chain, and a,g = 27.45 characterizes the
interaction parameter between A- and B-particles. The integrating time
step At is set to be 0.01 to achieve a balance between simulation stability
and performance, and the total number of simulation steps is set to be
10". Three parallel samples are run for each set of parameters. All of the
samples are initialized from a disordered state and considered to have
reached the equilibrium state if the morphologies remain stable for
more than 3 X 10° steps.

B RESULTS AND DISCUSSION

Since the neutral top surface has no preference for either block
while the substrate is strongly selective to the B-block, as
illustrated in Figure 1a, it is reasonable to consider one layer of
“standing” copolymer chains to form the parallel lamellar
morphology of half-period (denoted as hL;) with a wetting B-
layer on the bottom surface as a candidate phase. As decreasing
the volume fraction f gradually from symmetric composition, the
top pattern of A-domains of the half-period morphology changes
under the hard confinement of the neutral top surface from a
complete layer to a network, stripes, and dots,”> which
correspond to a half perforated lamella (hPL*), semicylinders
(hC{}), and hemispheres (hS*), respectively (depicted in Figure
1b, top row). When the film thickness is doubled, the
corresponding bilayer (or full-period) morphologies can be
produced by superimposing the mirror-symmetric counterparts
of the monolayers with respect to the top surface on top of
themselves, denoted as L, PLA Cﬁ, and S* respectively
(depicted in Figure 1b, bottom row). When the film thickness
deviates from half-period or one period, the system will adopt a
morphology from the ones illustrated in Figure 1b according to

https://doi.org/10.1021/acs.macromol.3c00706
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Figure 2. Comparisons of (a) free energy, (b) A/B interfacial energy, (c) entropic contribution, and (d) surface energy with increasing h for f = 0.5,
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Figure 3. Isosurface plots (left) and their respective typical cross-sectional profiles (right) of the distribution of the junction point (marked with an
orange star) in the hCj}, hPL*, and hL; morphologies for f= 0.5 at h = L.6R,.

the BCP composition and accommodate to the mismatched
thickness by adjusting the stretching and packing of chains.

It is worth noting that the hPL* morphology viewed from
above exhibits a hexagonal array of B-dots, exactly correspond-
ing to the morphology observed in the experiments.””* To
demonstrate whether the hPL* morphology is thermodynami-
cally stable in the asymmetric ultrathin film of symmetric AB
diblock copolymers, we first calculate and compare the free
energy of hCﬁ, hPLA and hL; for varying film thicknesses h
(Figure 2a). As expected, the stable morphology is hL when h is
around half the lamellar period (Ly/2 = 2.23Rg). As h decreases,
the hL morphology changes to hPL* at h & 1.73R; and then to
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hCﬁ ath ~ 1.38R,. Therefore, our SCFT result verifies that the
hPL* morphology has a stability window within 1.38 < h < 1.73,
confirming that the hexagonal array of dots experimentally
formed by the lamella-forming diblock copolymers should be an
equilibrium morphology. Note that the hC{ morphology looks
like stripes from above, similar to asymmetric perpendicular
lamellae (L, ), especially in the ultrathin films.

To analyze the transition mechanisms, we separate the free
energy into its components, namely, the interfacial energy
(AU,p), the entropic contribution (A(—TS)), and the surface
energy (AUg,). As shown in Figure 2b, the A/B interfacial
energy of hL; increases quickly compared to hPL* with

https://doi.org/10.1021/acs.macromol.3c00706
Macromolecules 2023, 56, 5932—5940
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Figure 4. Phase diagram with respect to fand & for 5N = 30, yawlN = —ypwlN = 35, and y,rN = y5rN = 0 (left), and three continuous morphological
transitions with increasing h (right), which are h$* — C4, L, — hC‘h\ — L}, and C} — hPLA

decreasing h. In the hL morphology, the copolymer chains are
oriented perpendicular to the confining surfaces and extend
from the top to the bottom in the gap between them. For a
perpendicularly oriented chain, its extension is roughly propor-
tional to h, and its interfacial area is proportional to h™! because
of its conserved volume. Accordingly, the magnitude of the
attractive energy of the bottom surface to B-block decreases with
increasing h. Moreover, the decreased extension of the chain
lowers the entropic contribution to the energy of the system. In
the hCj} (or L;) morphology, most of the copolymer chains
orient parallel to the surfaces, and the hPLA morphology is an
intermediate between the hL; and hC‘ﬁ‘. In striking contrast to
the limit imposed on the extension of the perpendicularly
oriented chain by the film thickness, the parallel-oriented chain
can adjust its extension in the parallel plane regardless of the
thickness. As a consequence, the addition of the parallel chains
with decreasing film thickness lowers the interfacial energy while
raising the entropic contribution (see Figure 2b,c). At the same
time, the parallel packing of the copolymer chains also reduces
the contact between the B-block and the bottom surface, leading
to higher surface energy (Figure 2d). Since the stretching energy
of the perpendicular chain is approximately proportional to o
the decrease in that cannot offset the increase in interfacial
energy as h decreases. Additionally, the interaction width of the
surface potential in the masking method is narrower than the A/
B interfacial width, so the gain in the surface energy is much less
than the penalty of the interfacial energy. This is why hL,
transfers to hPL* and then to hCj} as i decreases.

To confirm the transition mechanism discussed above, we
plot the distribution of the junction point for hL, hPL", and hC’l?
at h = 1.6R, as shown in Figure 3. In the hL; morphology, the
junction point has a parallel layering distribution in the center of
the film, confirming that most of diblock chains are mainly
aligned along the normal direction. In contrast, the aggregating
regions in the hCﬁ\ tend to be perpendicular to the surfaces;
however, they are significantly tilted by the B-selective bottom
surface. Such a distribution indicates that a large portion of
chains are aligned parallel with the surfaces, whereas a small
portion of chains are normal to lower the surface energy. The
distribution of the junction point in hPL* can be seen as the
mixture of the two cases of hL and hCj.

The above discussions have confirmed that the hexagonal dot
pattern observed in the experiments is the half-period perforated
lamellar morphology (hPL*), and it can be formed by the ideally
symmetric diblock copolymer in ultrathin films. To demonstrate
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how the formation of this morphology will be influenced by the
volume fraction f and the thickness h, we construct a two-
dimensional phase diagram with respect to fand h for y,zN = 30
(Figure 4). This phase diagram suggests that the stable region of
hPL” ranges from f~ 0.28 to f ~ 0.66 with varying h. Overall, the
phase region shifts to small f with increasing h, but it disappears
when h 2 3.0R,. Consequently, hCj transfers directly to hL for
3.0R; < h < 3.6R,. In the considered range of h, the phase
behavior of the diblock copolymers deviates significantly from
that in the bulk. These deviations can be attributed to the strong
confinement effect arising from the small confining size, which is
smaller than or comparable to the bulk period of the
copolymer.”* Moreover, the strong affinity between the B-
block and the bottom surface plays a crucial role. Masten and
Griffiths™ have studied the self-assembly of grafted diblock
copolymers, and they predicted some similar ordered
morphologies, such as hex; (hPL*), stripe (hCj), and hex
(hS?). In the grafted system, the phase transitions are mainly
tuned by the composition. In contrast, for the nontethered
ideally symmetric diblock copolymers, the formation of these
morphologies is mainly controlled by the film thickness and the
asymmetric affinities.

It is worth mentioning that the geometry of these domains
changes continuously with h. For example, hPL* changes to
what is like perpendicularly standing B-cylinders (ie, C}) at
very small h. This is because the amount of perpendicularly
aligned chains that diminish the surface energy is largely
suppressed, leading to very little amount of B-blocks attracted to
the bottom surface. To lower the surface energy, the “B-
cylinders” become “mountain-like” in shape.”® Nevertheless,
these B-domains have a positive curvature, and thus, a low
volume fraction of B-block or large f favors its formation.
Similarly, the hC{} morphology changes to be like perpendicular
lamellae (L,) as h decreases. Though the B-domain in the L,
morphology also looks like an ellipsoidal cylinder, its curvature is
still lower than that of the perpendicular “B-cylinders” in C5.
This is why the transition from hCj to hPL* s shifted to large f
(0.5 < f< 0.66) forlORg< h< L4R,.

One period PL* morphology is often formed by the gyroid-
forming diblock copolymers in symmetric thin films with proper
thickness, locating between the parallel cylinder and lamellar
morphologies with varylng £2°In the asymmetrlc thin films, the
transition sequence of hC” /L, = hPLA - hL, is analogy to that
of one period morphologies. In the previous work by Li et al.,”
the PL* morphology was observed in a smaller range of thickness

https://doi.org/10.1021/acs.macromol.3c00706
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than its competing cylinder and lamellar morphologies. The
absence of the hPL* morphology for h > 3.0R, should have the
similar mechanism as that of the PL* morphology, which has not
been well explained before. The main reason is that the hCj}
morphology can automatically adjust the domain shape in
response to h. Specifically, at large , the domain shape of hCi}
deforms into lamella capped with a round end near the substrate
(i.e, L}). In other words, the hC‘ﬁ‘ morphology can be regarded
as a mixture of cylinders and lamellae. Therefore, it adapts to the
variation of f and h better than hPL". Similarly, the phase
boundary between the hS* and hC]T morphologies shifts to small
fand then back to large f as h increases due to the continuous
change of the domain shape as well. Specifically, the domain
curvature in the hS* morphology first increases and then
decreases when it changes from oblate to near sphere and then to
perpendicular cylinder capped with a hemisphere (i.e., C%}).

To examine the effect of y,zN on the stability window of the
hPL* morphology, we construct the phase diagram with respect
to fand y,gN for fixed h = 1.6R, in Figure Sa. The width of the
window of hPL* does not change notably as y,zN increases, but
shifting to large f. The shift of the phase boundaries mainly
results from the increasing order of the interfacial energy of the
L,,hPL? and hL; morphologies. To investigate the influence of
h and yx5N on the formation of hPL* for ideally symmetric f =
0.5, we construct the corresponding phase diagram in Figure Sb.
As y N increases, the stable window of hPL* gradually narrows
until it disappears at y,sN = 45. This is because the A/B
interfacial becomes increasingly dominant over the surface
energy with increasing y,zN under the situation of unchanged
surface preference, reducing the advantage of hPL* over L, in
the surface energy. In a word, the formation of hPL* at f = 0.5
requires some specific conditions, especially ultrathin films with
neutral-preferential surfaces.

The above results demonstrate that the surface preference of
the substrate to B-block is a key factor of stabilizing the hPL*
morphology in ultrathin films. In experiments, the surface
affinity of the substrate can be readily modified to regulate the
self-assembly of block copolymers overlying it.’”** To know
how the preferential strength of the bottom surface affects the
stable window of the hPL* morphology with respect to h, we
turn to construct the phase diagram with respect to h and lyyNI
= yawN = —ypwNN for f= 0.5 and y,zN = 30 (Figure 6). When the
interaction strength ly,yNI is lowered, the hPL* region narrows
rapidly and vanishes at lyyNl = 24. In ultrathin films, the
formation of the hL; morphology is dominated by the surface
energy (i.e., lywNI), while that of L, (or hCj}) is dominated by
the interfacial energy (i.e., ysN). The formation of hPL*
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Figure 6. Phase diagram with respect to [y Nl and h for f= 0.5 and y,zN
= 30, where y,wlN = 3Nl and ypwN = —lyyNI.

between hL; and hCj' is determined by the compromise
between the interfacial energy and the surface energy. Therefore,
the critical selectivity of the substrate for presence of the hPL*
morphology increases with y,zN.

As previously reported, the phase separation of diblock
copolymers in the films starts on the selective surface®®*” and
leads to a tendency to form parallel morphologies. Accordingly,
we utilize the DPD simulations to verify the formation of these
structures in kinetics, especially hPL* (Figure 7a). The
estimated diagram is shown in Figure 7b. Although the chain
models and the confinement models in the DPD and SCFT
systems are quite different, a stable window of the hPL*
morphology is observed between L, and L; in ultrathin films
within 1.0R, < h < 2.5R,. Moreover, the hPL? region also shifts
to small f as h increases, which is in qualitative agreement with
the SCFT calculations. According to the phase diagrams in
Figures 5 and 6, the shifting of the phase boundaries of hPL* to
smaller f and lower  in the phase diagram of DPD (Figure 7b)
may be because the effective interaction parameter or the surface
affinity are weaker than those in SCFT.

B CONCLUSIONS

In summary, the self-assembly of AB diblock copolymers in
ultrathin films with a neutral top surface and a B-selective
substrate has been investigated by SCFT, focusing on the
formation of a hexagonal dot pattern observed in experiments.
Our SCFT results confirm that the stable hexagonal dot pattern
can be formed by a symmetric AB diblock copolymer of f = 0.5,
which is indeed a half-period perforated lamellar morphology
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Figure 7. (a) Morphologies gained from DPD simulations. For each morphology, the upper plot contains both A- and B-particles while the lower plot
contains only one type of particles to display the structure better. (b) Kinetic phase diagram by DPD simulation for N}, = 40 and a, = 27.45, where N,
denotes the total number of the beads in a single chain and a,p the interaction parameter between A- and B-particles. The value of a,p is calculated

through the formula of azg = 25 + 3.27 * ZasN/Ny.7

(hPL*). The hPL* morphology is formed between a half-period
parallel lamellar morphology (hL;) and a half-period parallel
cylinder morphology (hCj') along decreasing thickness h. The
transition is mainly to reduce the rapidly increasing A/B
interfacial energy at the expense of surface energy. The phase
diagram with respect to f and h demonstrates that the hPL*
phase region shifts to small f as h increases until it vanishes at a
critical value of h. Its disappearance is mainly because the
competing hC‘lT phase can continuously change shape to adapt to
the increasing thickness.

We also examined the influence of y,3N on the stable region
of hPLA. Our results suggest that the hPL* region with respect to
f remains nearly constant but shifts to large f with increasing
JaslN. This is mainly because increasing y,zN is equivalent to
reducing h. Moreover, we find that the hPL* region with respect
to h for f = 0.5 is gradually squeezed until disappearing by the
hCj} region because the latter has more favorable interfacial
energy than the former. Oppositely, increasing the preferential
strength |ywNl of the bottom surface can widen the hPL*
window. In order to obtain hPL* for high y,pN, it is necessary
to increase |y Nl accordingly. In addition, the hPL* morphology
is obtained in DPD simulations, confirming its kinetic stability.
In brief, our work deepens the understanding of diblock
copolymers in ultrathin films of asymmetric surface affinities.
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Self-consistent field theory (SCFT)

The quantity Q is the partition function of a single copolymer chain interacting with their mean

fields, determined by

1
0= V/dr qK(r,s)q;r((r,s) (1

Here gk(r,s) and q%(r,s) (K = A and B )are two sets of conjugate propagator functions of K-
block starting from two distinguishable ends at s = 0 and s = 1, satisfying the following modified

diffusion equations

d

qKa(; ) V2gk (r,s) —wk (r)gk (r,s) @)
dq; i !
2K g () - w0 r.s) ®

Minimization of the free energy with respect to ¢a(r), ¢g(r), @a(r) and wg(r) leads to the

following SCFT equations

wa(r) = xaBNOB(r)+ xawNow(r) + xarNer(r) + & (r) “4)

wg(r) = XaBNOA(r)+ xswNow(r) + xsrNer(r) +&(r) S))

onr) = 3 [ dsaalrs)g(e) ©
1

os(r) = é/fdsq]g(r,s)q]g(r,s) @)

The free energy are devided into A/B interaction energy (Uap), surface interaction energy
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(Usurf), and entropic contribution ((—7'S)) as:

1
o = [N won(n), ®
ot dr (v (e)ow () + ZewNn )0 () ©
+XATN A (r)¢r(r) 4+ x8TN98(r)Pr(r)},
—TS = F —UaB— Usuf- (10)

We use the pseudo-spectral method>!=53 to solve the modified diffusion equations and implement
the Anderson mixing iteration scheme>* to accelerate the converging speed toward SCFT solu-
tions. To ensure reliable accuracy, the chain contour is divided into 100 points, i.e., As =102,
and the lattice grids of the computaional box N, x Ny x N, are chosen as 64 x 64 x 64 to make the

maximal lattice spacings Ax, Ay, and Az smaller than 0.15R,.
Dissipative Particle Dynamics (DPD)

DPD simulations are performed in the NVT canonical ensemble. The time evolution of DPD

beads with unit mass is governed by Newton’s equations of motion:S>

dl’,’ dVl'

oy, A= 11

7 Vo =k (11D
where

C , gD | FR
fi:;. (Fij+Fij+Fij) (12)
JFi

C

D
ij? ]

dissipative F;;,

The force acting on each bead consists of conservative F and random FS force.

Each part is pairwise-additive, repulsive and short-range with a cutoff at » = 1.0. The conservative
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force FS is a soft-repulsive interaction acting between two adjacent beads:

R aij (1=rij) &ij  (rij <1) 13

0 (rij>1)
where r;; denotes the distance between the centers of beads i and j with r;; =r; —r;, r;j = |rl~ j|
and £;; = r;;/ ‘ri j}. The interaction parameter a;; is related to the Flory-Huggins y-parameter by
ajj = 25+ 3.27y;; for a fixed number density p = 3,55 which implies a;; = 25 for the interaction
between the beads of the same type. In our simulation, 40 beads are used to represent a single

chain and asp = 27.45 is chosen, corresponding to ¥ N ~ 30.

The dissipative force FB- and the random force Fl% take the form:

Fo = —ywP(rij) (Bij - vij) b (14)

FE = GWR(ri_j)Qijf‘ij (15)

where v;; = v; — v; is the relative velocity, ¥ is the friction coefficient and ¢ is the noise level
controlling the intensity of the random force and is set to be 3.5 6 ;(¢) is a randomly fluctuating

variable with zero mean and unit variance, satisfying Gaussian statistics:

(6;(t)) = 0, (16)

(0;;(1)0 (1)) = (6uwbji+8udjx)d(t—1) (17)

where O represents the Dirac Delta function. The random force is related to the dissipative force

6 D

so that they satisfy the fluctuation-dissipation relation:5¢ 62 = 2ykgT. The weight function w

and wR provide the range of interaction for DPD particles with a common choice:

-2 (r
WD(I”) _ [WR(}”)}z _ (1 ) ) ( < 1) (18)
0, (r=1)
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The combined effect of these two forces is that of a thermostat, ensuring that the simulation is
performed in a canonical ensemble. Each pair of beads on the polymeric chain is connected by
a harmonic spring potential as: Viong (1) = %kb(r —rp,)?, where r, is the reference length, r is the
distance between the beads and k;, is the spring constant.S” The two constants are set as r, = 0 and

k, = 4 for the conventional blocks.
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