Polymer Journal (2018) 50:671-678
https://doi.org/10.1038/541428-018-0065-3

FOCUS REVIEW

®

Check for

Self-assembly of liquid-crystalline block copolymers in thin films:

control of microdomain orientation

Xiaoxiong Zheng'? - Yongbin Zhao? - Aihua Chen®'?

Received: 15 January 2018 / Revised: 8 April 2018 / Accepted: 9 April 2018 / Published online: 10 May 2018

© The Society of Polymer Science, Japan 2018

Abstract

Block copolymer (BCP) lithography, as one of the most promising techniques for the next-generation integrated circuits, has
been extensively investigated in recent years. Among the diverse types of BCPs, liquid-crystalline BCPs (LC-BCPs) formed
by incorporating LC moieties into the BCPs have become increasingly attractive because of the tunable alignment of the LC
chains. This review highlights the control of the microdomain orientation of PEO-b-PMA(Az) thin films via novel and
convenient processing methods, including micropore extrusion and the introduction of polydimethylsiloxane (PDMS).
Meanwhile, the mechanisms of the microdomain alignment transition are clarified and are closely related to the soft shearing
field and the change in the block surface energy. Furthermore, some new perspectives for future research on the self-
assembly of LC-BCP thin films are outlined from the point of view of material design, orientation control, and technological

innovation.

Introduction

Block copolymers (BCPs), composed of chemically dis-
similar polymer segments, can self-assemble into various
ordered nanostructures with feature sizes on the scale of
5-100 nm. The size and morphology of the nanopatterns are
readily tunable by changing the molecular weight and
composition of the BCP. Meanwhile, orderly self-assembled
thin films are required in many applications. For instance, in
the fields of integrated circuits, high-density storage, and so
forth, these BCP thin films have attracted enormous research
interest as templates for novel nanolithography techniques
[1-4]. To integrate BCP lithography into current industrial-
scale production, several major challenges, including
microdomain orientation control, processing accuracy,
annealing time, and cost management, should be addressed
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[5, 6]. With regard to the aforementioned challenges, recent
research has concentrated on directing the orientation of the
self-assembly in BCP films, for instance, through the use of
graphoepitaxy [7, 8], chemical prepatterning [9, 10], external
fields [11, 12], etc. In comparison to the use of conventional
amorphous—amorphous BCPs for the above techniques, the
introduction of crystalline or liquid-crystalline (LC) seg-
ments into BCPs is a significant approach to fabricating
microphase-separated nanostructures. In particular, LC-
BCPs have been of interest because the LC components
can be facilely oriented by external fields, such as electric or
shearing fields [13, 14].

The combination of LC groups and BCPs is not only an
effective means to achieve the transition to microdomain
alignment but is also of scientific interest to understand the
effect of two blocks’ surface energy on the segregated
domain morphology [15]. The synthesis of various LC
chain structures, such as LC main chain, rod coil, and LC
side chain, has been reported [16]. While it is extremely
difficult to polymerize LC main-chain BCPs with a perfect
structure, LC side-chain BCPs have been readily synthe-
sized by living polymerization techniques [17]. Therefore,
investigations of LC side-chain BCPs can assist us in
understanding the precise correlation between BCP micro-
phase segregation and LC alignment [18]. When BCPs with
a side-chain nematic LC polymer block and an amorphous
block form a segregated domain, the amorphous domain
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can be oriented along the nematic director. This phenom-
enon is due to the tendency of mesogens to arrange along
the interface of the nematic phase, known as the anchoring
effect [13]. When the LC side chains in BCPs form a
smectic phase, the orientation mainly depends on the
mobility of the mesogens. The main chain domains are
aligned vertical to small spacer smectic layers, while for a
long spacer system, the main chains are oriented parallel to
the layer interface [19].

Among various LC components, azobenzene is one of
the most popular chromophore units for light-responsive
materials and can bring about photoalignment, a photo-
induced phase transition and other interesting properties for
azobenzene-containing polymers [20-22]. We have repor-
ted on a designed amphiphilic LC diblock copolymer, PEO-
b-PMA(Az), consisting of hydrophilic poly(ethylene oxide)
(PEO) and hydrophobic polymethacrylate bearing azo-
benzene mesogen side chains (PMA(Az)). Self-assembled
thin films can be readily formed by spin-coating 1 ~ 3 wt%
toluene solutions on various non-modified substrates, such
as silicon wafers, mica, and polyethylene terephthalate,
followed by annealing at 140 °C in vacuum for several
hours [23, 24]. This BCP forms a highly ordered
microphase-separated film with perpendicular hexagonally
oriented cylindrical PEO domains surrounded by the PMA

Fig. 1 Chemical structure of the
PEO-b-PMA(Az) block
copolymer (a) and typical AFM
images of PEO,4-b-PMA(AZ)45
thin films subjected to the
extrusion process or not (b—e).
b, ¢ Top-view and cross-section
images of the perpendicular
PEO cylindrical orientation
without extrusion. d, e Top-view
and cross-section AFM phase
images of the BCP films
subjected to the extrusion
process. The insets in b and d
show the corresponding fast
Fourier transform images
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(Az) matrix having a smectic LC phase [25]. The PEO
domains are oriented parallel to the smectic layers for a long
undecyl spacer. The one-dimensional periodic structure of
the smectic layers displays a high bending elasticity, leading
to an extremely wide cylinder morphology window (8.3%
<PEO volume fraction <52%) in the BCP phase diagram
[26]. The perpendicular orientation has been successfully
transferred to the parallel one via various developing
methods, for instance, a top-coating method [27], a rubbing
technique [28], and a fast ultraviolet-light-directed method
[29]. In addition, a series of metal/metalloid nanodot and
nanorod arrays have been prepared via these BCP film
templates due to their amphiphilic properties [30-32].
Considering applications in manufacturing integrated
circuits and other lithography fields, simple and low-cost
approaches to preparing orderly parallel orientations of
nanomaterials are desirable. In this review, we mainly
concentrate on the control of microdomain orientation in
PEO-b-PMA(Az) thin films. Novel and convenient pro-
cessing methods are discussed first, including micropore
extrusion and introduction of polydimethylsiloxane
(PDMS). Meanwhile, the mechanisms of the microdomain
alignment transition are clarified, including their close
relationships to the soft shearing field and the differences in
block surface energy. Finally, we summarize key and
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Fig. 2 TEM images of PEO-b-
PMA(Az) thin films obtained by
drop casting BCP toluene
solutions of 0.04 wt% onto Cu
grids. a, ¢ BCP solutions
without and with the extrusion
process, respectively. b, d
Samples annealed at 140 °C in
vacuum for 2 h. Schemes of
corresponding micelle
aggregates (e, f)

emerging questions and provide an outlook for the future of

LC-BCP thin films.

Results and discussion
Micropore extrusion-induced alignment transition

Recently, the utilization of shearing fields, one of the most
popular approaches for aligning LC groups, has been rea-
lized to adjust or enhance the orientation of BCP films [33].
In our case, the microdomain orientation transition in PEO-
b-PMA(Az) thin films has been achieved by a mechanical
rubbing method [28]. Herein, we prepared parallel cylind-
rical domains from perpendicularly oriented ones through a
simple extrusion process on a large scale [34].

For the extrusion process, a laboratorial syringe pump
with polytetrafluoroethylene filters was employed to trans-
fer BCP solutions to Si wafers or water surfaces. All the
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Fig. 3 The orientation transition from perpendicular to parallel align-
ments of PEO cylindrical domains of PEO-b-PMA(Az) films
demonstrated by extruding BCP solutions through the micropore of a
plastic gastight syringe. The parallelized orientation of PEO domains
induced by this micropore extrusion can be recovered to the perpen-
dicular alignment via ultrasonication of the extruded BCP solutions
and subsequent annealing
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film samples were annealed at 140 °C in vacuum for 2 h.
Figure 1a shows the chemical structure of the PEO-b-PMA
(Az) BCP. Figure 1b, ¢ and Fig. 1d, e are typical atomic
force microscopy height images of the top view and section
view of PEO-b-PMA(Az) films on a Si wafer before and
after being extruded by a gastight syringe, respectively.
Highly ordered arrays of PEO cylindrical domains vertical
to the substrate were obtained from the spin-coated BCP
solutions after thermo-annealing, as shown in Fig. 1b, c. It
is clear that the PEO cylindrical domains became parallel to
the substrate after the micropore extrusion process, as
shown in Fig. 1d. The morphology of the in-plane PEO
domains with a hexagonally ordered alignment was further
proven in the cross-section image of Fig. le.

To explore the effect of the extrusion process on the
microdomain orientation, we prepared a diluted BCP
toluene solution and observed the micelles by transmission
electron microscope (TEM). Figure 2a, b shows that

Fig. 4 TEM images of self-
assembled PEO-b-PMA(Az)
after micropore extrusion with
filter membranes of different
pore sizes: a, b no filter
membrane; ¢, d 5Spm; and e, f
0.45 pm. g Plots of the pore size
of the filter membrane versus the
diameter and center-to-center
distance of the PEO cylindrical
domain and h without extrusion

©
ks

spherical BCP micelles formed large aggregations, and
then, after annealing, hexagonally oriented block domains
were observed consisting of PEO domains stained by RuO,.
With regard to the extruded BCP solution, Fig. 2¢, d indi-
cates that the spherical BCP micelles transformed to a rod-
like shape and generated aligned PEO domains after
annealing. Apparently, micropore extrusion can induce
micelle morphology deformation. For the PMA(Az) block,
the deformation cannot be released rapidly due to the rigid
smectic LC phase and extrudate swell effect [35]. On the
other hand, we concluded that a fast volatilizing solvent,
such as toluene in this work, cooperates to maintain the rod-
like micelle morphology and directs the final in-plane-
aligned PEO cylinders, subject to thermal annealing, as
shown in Fig. 2e, f. In addition, the deformation can be
recovered through the disentanglement of molecular chains
by methods such as ultrasonication or long-time annealing.
Here we completely recovered the PEO cylindrical domains
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(in-plane to out-of-plane alignment) via ultrasonication of
the extruded BCP solution or thermal annealing of the as-
placed solution for 5 days, as shown in Fig. 3. Furthermore,
it is interesting that the extrudate swell effect, which is a
common macroscopic phenomenon for the extrusion pro-
cess, was also observed in this microphase separation sys-
tem. As shown in Fig. 4, a smaller pore size contributed to
the relatively larger periodicity of the PEO domains, indi-
cating that the periodicity of the in-plane cylindrical PEO
domains can be tuned by the pore size of the filter mem-
brane. This method presents a versatile way to finely control
the orientation and feature size of self-assembled BCP films
without varying the molecular weight.

PDMS-assisted alignment transition

In the absence of other variables, the orientation of cylindrical
microdomains within a BCP thin film generally depends on
the difference of interfacial energies between both blocks and
the substrate and the surface energies of the two blocks [36].
Some methods for orientation control have been mainly
achieved by adjusting the interfacial energies, such as mod-
ifying substrates by random copolymer brushes [37] and
coating with a polymer layer [38]. In our work, the orientation
control of PEO-b-PMA(Az) has been realized by a PDMS
top-coating method due to the ultra-low surface tension of
PDMS [27]. Previous research has mainly concentrated on the

Fig. 5 a, b TEM images of the
narrow and wide stripes of BCP
films subjected to the PDMS-
assisted (Mppys = 13 kg/mol,
0.5 wt%) process. The insets
show the corresponding fast
Fourier transform images. ¢
Schematic representations of the
orientation transition from :
perpendicular to parallel 100nm | 1}
alignments of PEO cylindrical
microdomains. d The (c)
geometrical relationship of
perpendicular cylinders, narrow
stripes, and wide stripes. P, Py,
and P, are the center-to-center
distances of perpendicular
cylinders, narrow stripes, and
wide stripes, respectively

perpendicular cylinders

a1 pla\ wide stripes

soft shearing from different thermal expansion volumes
between PDMS coatings and BCP films [27, 39]. However, a
control method by adjusting surface energies has rarely been
reported. Herein, we demonstrate another simple method to
realize the orientation transition by introducing a small
amount of PDMS into the BCP solution, followed by thermal
annealing [40]. As shown in Fig. 5a, b, we prepared in-plane-
aligned cylinders via the PDMS-assisted method. The dark
stripes are PEO domains stained by RuO,, and the gray
regions correspond to the PMA(Az) matrix. It is noted that
perpendicular cylinders are transited to in-plane cylinders to
obtain two viewing directions—corresponding to the (10) and
(11) planes of hexagonal alignment—forming narrow stripes
and wide stripes, respectively, as shown in Fig. 5c. The fea-
ture sizes, such as cylinder diameter and stripe distance, were
determined using the TEM images and correspond with the
geometrical relationship shown in Fig. 5d.

To investigate the effect of PDMS on the alignment of
LC-BCP films, the effect of the PDMS molecular weight
was determined. Figure 6a—d shows TEM images of BCP
films containing 0.5 wt% PDMS of different molecular
weights. It is interesting to note that PEO cylinders main-
tained vertical alignment with a slight tilt after the intro-
duction of low-molecular-weight PDMS (Mppys = 1.25 kg/
mol), while with Mppys increased to 28 kg/mol, the mixed
toluene solution of BCP and PDMS became inhomoge-
neous, forming visible macro-phase separation.

narrow stripes

(10) plane

P,% + P,% = p?
P, =3P,
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Fig. 6 TEM images of self-
assembled PEO-b-PMA(Az)
after the introduction process
with PDMS (0.5 wt%) of
different molecular weights: a, b
1.25 kg/mol; and ¢, d 28 kg/mol

Fig. 7 a SEM image of
vertically aligned SiO, nanorod
arrays from PEO-b-PMA(Az)
films. b An SEM image of SiO,
nanowire arrays obtained from
PEO-b-PMA(Az) films using the
PDMS-assisted process. ¢, d
Water contact angles of out-of-
plane SiO, perpendicular
nanorod arrays and in-plane
SiO, nanowire arrays (C)

0=33.4

As mentioned above, PDMS is well known for its ultra-
low surface tension. In this work, we supposed that PDMS
chains would adhere to the surface of PEO and PMA(Az)
blocks because of the characteristics of PDMS. Therefore, it
is reasonable that the surface energy difference between
PEO and PMA(Az) blocks was changed to some extent due
to the interference of PDMS. In addition, the soft shear force
also existed in this system, coming from the different coef-
ficients of thermal expansion of PDMS and the LC phase
during the thermal annealing process. Considering these two
factors, it can be proposed that the PEO domains can transfer
to parallel alignment if PDMS provides sufficient effects

SPRINGER NATURE

upon completely surrounding the PEO domains, as shown in
Fig. 5a, b, while in the case of partial envelopment by low-
molecular-weight PDMS, PEO cylinders only inclined to a
certain degree, as shown in Fig. 6a, b. It is possible to
generalize this method for other LC-BCPs, broadening the
applications of surface modification.

Pattern transformation from BCP templates

Previously, we prepared vertically oriented SiO, nanorod
arrays from PEO-b-PMA(Az) films via the sol-gel method
[30, 31], as shown in Fig. 7a. The feature sizes can be tuned
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by BCP templates with different volume fractions of PEO
domains. Here we demonstrate in-plane SiO, nanowire
arrays achieved from both micropore extrusion-induced and
PDMS-introduced BCP films, as shown in Fig. 7b. The
hydrophilicities of SiO, were investigated by an automated
contact angle tester, as shown in Fig. 7c, d. The water
contact angle of the in-plane SiO, nanowire arrays was
33.4°, compared with the value of 74° for the out-of-plane
Si0O, perpendicular cylinders, which confirmed that the Si
wafer substrates bearing in-plane SiO, nanowire arrays are
more hydrophilic. This method can be expanded to other
oxides, especially semiconductors, such as TiO, and Ta,Os.
The hydrophilicity and morphology of nanostructured
semiconductors can be readily tuned by BCP templates and
processing methods, which facilitates the application in
catalysis and integrated circuit fields.

Conclusions and outlook

In summary, we demonstrate the facile control of the
microdomain orientation in LC-BCP thin films by means of
micropore extrusion and the introduction of PDMS, instead
of complicated processes or costly apparatus. We made the
most of the mobility of the smectic LC phase and explored
the effects of the soft shearing field and the surface energy
difference on the LC segment alignment. In closing, here
are some new perspectives for the future of LC-BCP thin-
film research. First, more functional blocks can be com-
bined with LC segments. For example, poly(4-vinylpyr-
idine) has an extraordinary coordinating capability, which
can be used to prepare noble metal or additional oxide
nanostructures. Then, we may take advantage of the con-
trollable LC domain orientation to prepare various patterns
for catalysis or semiconductor purposes. Furthermore,
smaller feature sizes of self-assembled BCP templates are
significant for next-generation integrated circuits. Such
sizes may be realized by designing a new BCP with a high
Flory—Huggins interaction parameter or utilizing covalent
bonds to strengthen the surface of two blocks. In addition,
future work will continue on updated techniques to reduce
domain defect densities to achieve near perfect order.
Finally, it is attractive to research the relationship between
the LC segment alignment and macroscopic material func-
tions, such as light- or moisture-induced mechanical
actuation. Further efforts in these areas will ultimately
contribute to the design of novel nanomaterial systems for
next-generation thin-film applications.
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