
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 8

:0
8:

33
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Perpendicularly a
School of Materials Science and Engineering

China. E-mail: chenaihua@buaa.edu.cn

† Electronic supplementary informa
10.1039/d0na00057d

Cite this:Nanoscale Adv., 2020, 2, 1523

Received 21st January 2020
Accepted 3rd March 2020

DOI: 10.1039/d0na00057d

rsc.li/nanoscale-advances

This journal is © The Royal Society o
ligned nanodomains on versatile
substrates via rapid thermal annealing assisted by
liquid crystalline ordering in block copolymer
films†

Ting Qu, Song Guan, Xiaoxiong Zheng and Aihua Chen *

The highly ordered perpendicularly aligned cylindrical and lamellar microdomains within block copolymer

(BCP) films have important applications in diverse fields. However, the fast normal orientation of self-

assembled nanostructures on arbitrary substrates without tedious pre- and postprocessing has been

a challenging issue in manufacturing miniaturized devices. Here, we outline the potential for extending

the hierarchical self-assembly within azobenzene-containing PS-b-PMA(Az) films to inherently assist in

the formation of normally aligned domains using a rapid thermal annealing process (140 �C for 5 min).

Liquid crystalline (LC) mesogens in PS-b-PMA(Az) films self-assemble to form a parallelly aligned sematic

phase after thermal annealing, as confirmed by grazing-incidence small-angle X-ray scattering (GISAXS),

wide-angle X-ray diffraction (WAXD) and ultraviolet-visible (UV-vis) spectra. This sub-phase contributes

to broadening of the PS-cylinder-phase window (0.083 # fPS < 0.49) and �12 nm PS cylinder structures.

Perpendicular cylinders or lamellae are observed on various substrates, such as silicon wafers, flexible

polyethylene terephthalate (PET) sheets and conductive aluminum foils. Additionally, the good reactive

ion etching (RIE) rate difference between the two blocks makes these BCPs more attractive for

advancing the field of BCP lithographic applications for fabricating flexible microelectronic devices.
1. Introduction

Self-assembled block copolymer (BCP) thin lms with ordered
microdomains of 5–100 nm in feature size have been extensively
investigated due to their signicant potential applications in
the microelectronics industry1–4 and in high-storage media.5–7

For bulk BCPs, their self-assembled nanostructures are gener-
ally determined by three parameters: the overall polymerization
degree (N), the Flory–Huggins interaction parameter (c), and
their volume fractions (f).8–12 There are abundant investigations
focused on forming microphase-separated morphologies of
BCPs with small feature sizes by enhancing the c value.13–15

Nevertheless, for the aforementioned applications, utilizing
ordered microphase-separated structures as a lm on
a substrate is necessary. In addition to these three parameters,
the interface interactions among the air, BCP and substrate are
also substantial factors affecting the nanostructures, especially
their orientation within BCP thin lms.16–19 Solvent or thermal
annealing as a posttreatment is necessary to determine the
orientation and alignment of BCP microdomains.20–24 In
, Beihang University, Beijing 100191, P. R.
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industry, thermal annealing is preferred because it avoids the
use of solvents and the associated problems, such as dewetting
and corrosion.25 Moreover, the thermal annealing time is rela-
tively shorter, so it can match the requirements of industrial
processes.26 Generally, perpendicularly aligned nanostructures,
including lamellae and cylinders on a substrate, are in high
demand for the aforementioned applications.27 Substrate
neutralization is an effective pretreatment method for removing
the affinity preference of blocks toward the substrate to induce
normal alignment. Random copolymer brush coatings,28

roughening,29 and graphoepitaxy30 are frequently utilized
pretreatment approaches. However, most of these methods are
used for hard substrates, especially Si wafers. Flexible
substrates, such as transparent polyethylene terephthalate
(PET) sheets and conductive aluminum foils, have been rarely
reported to date, even though they are highly desired for the
increasingly developing elds of exible and wearable elec-
tronic devices.31

Poly(styrene-b-methyl methacrylate) (PS-b-PMMA) is by far
the most widely studied block copolymer andmost favorable for
industrial applications due to its easy synthetic accessibility,
high quality and good etching selectivity. Perpendicular orien-
tation of microdomains can be obtained via thermal annealing
at relatively high temperatures (180–250 �C) on a neutralized
substrate. In general, a long annealing time (>several hours) is
Nanoscale Adv., 2020, 2, 1523–1530 | 1523
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View Article Online
necessary with very few exceptions.32,33 The feature size of this
system is difficult to reach below 22 nm because of its low c

value.26,34 Much attention has thus been focused on this BCP
and related ones with incorporated segments to improve their
performance in next-generation lithography.35,36 However, to
date, it has remained a formidable challenge to obtain normally
aligned cylindrical or lamellar domains within BCP lms with
small feature sizes on versatile substrates by rapid thermal
annealing (such as several minutes) at low temperatures.

Previously, some groups reported that azobenzene-
containing liquid crystalline (LC) segments in the side chain
of poly(methacrylate) hydrophobic blocks (denoted as PMA(Az))
assist in the formation of normally aligned cylindrical micro-
domains,37–39 including poly(ethylene oxide) (PEO)40–42 and
poly(4-vinylpyridine) (P4VP),43 via thermal or solvent annealing.
The phase window of cylinders is quite broad for these BCPs.
Additionally, long-term solvent annealing is required for P4VP-
b-PMA(Az) lms,43 which is not suitable for applications in next-
generation lithography. Moreover, the etching selectivity of
these BCPs is insufficient.44,45

Here, we select PS-b-PMMA as the BCP backbone and
incorporate azobenzene segments into the side chain of PMMA,
namely, PS-b-PMA(Az), to combine the good etching selectivity
of PS-b-PMMA and the assistance of the LC segments with
microphase separation and orientation. This BCP is expected to
form a crisscross structure, that is, in-plane microphase-
separated domains and out-of-plane LC layers. The character-
istic hierarchically ordered structures endow the surface with
nonpreferential vertical alignment of microdomains within PS-
b-PMA(Az) lms via rapid thermal annealing at low temperature
on various substrates. Lamellar and cylindrical structures with
tunable feature sizes can be obtained by changing the BCP
compositions. This work further expands the approach of
incorporating LC mesogens into the side chain of BCPs to the
facile fabrication of normally aligned microdomains, and more
importantly, it should signicantly contribute to BCP lithog-
raphy for exible microelectronic devices.
2. Experimental section
2.1 Materials

Styrene (St, 99%, Aldrich) was distilled under reduced pressure.
Chlorobenzene (PhCl, 99.0%, Aldrich), ethyl 2-bromoisobuty-
rate (98%, Alfa), petroleum ether (98%, J&K Chemical), tetra-
hydrofuran (THF, 99%, Aldrich), dichloromethane (CH2Cl2,
98%, J&K Chemical), methanol (98%, J&K Chemical), and
N,N,N0,N00,N00-pentamethyldiethylenetriamine (PMDETA, 99.0%,
Aladdin) were used as received. Cu(I)Cl (99.9%, Alfa) was stored
under nitrogen. The 11-[4-(4-butylphenylazo)phenoxy]undecyl
methacrylate (MA(Az)) monomer was synthesized according to
previous reports.46
2.2 Synthesis of PS macroinitiators via ATRP

An example of the synthesis of a PS macroinitiator via atom
transfer radical polymerization (ATRP) is as follows. Ethyl 2-
bromoisobutyrate (40 mg, 0.2 mmol), St (1.50 g, 14 mmol),
1524 | Nanoscale Adv., 2020, 2, 1523–1530
PMDETA (50.0 mL, 0.24 mmol), CuCl (19.8 mg, 0.2 mmol) and
6 mL of PhCl were added to a 50 mL Schlenk tube and degassed
by three freeze–pump–thaw cycles. The tube was sealed under
vacuum and then stirred at 110 �C for 16 h. The reaction was
quenched with liquid nitrogen. The crude product was diluted
with dichloromethane and then passed through a neutral Al2O3

column to remove the catalyst. The ltrate was precipitated
thrice intomethanol. The lter residue was dried under vacuum
at 30 �C for 24 h to yield PS as a white solid (1.3 g, monomer
conversion of 87%). The degree of polymerization (DP)
measured by 1H nuclear magnetic resonance (NMR) was 60. The
Mn(GPC) and Mw/Mn measured by GPC are 6.7 kg mol�1 and
1.13, respectively.

2.3 Synthesis of PS-b-PMA(Az) BCPs via ATRP

PS60 macroinitiators (0.33 g, 0.05 mmol), MA(Az) (0.5 g, 1
mmol), PMDETA (13.3 mL, 0.06 mmol), CuCl (5.3 mg, 0.05
mmol) and 6 mL of PhCl were added to a 50 mL Schlenk tube
and degassed by three freeze–pump–thaw cycles. The reaction
was stirred at 110 �C for 16 h, and then treated by the same
method as mentioned above to obtain products (0.5 g yellow
powders with a monomer conversion of 60%). The DP of
PMA(Az) measured by 1H NMR is 15. The Mn(GPC) and Mw/Mn

of BCP are 14.8 kg mol�1 and 1.20, respectively. Thin lms
were prepared by spin-coating 1 wt% chloroform solutions of
PS-b-PMA(Az) block copolymers onto various substrates. The
resulting lm thicknesses were ca. 100–150 nm in this work.
BCPs with different DP were synthesized by the same
methods.

2.4 Characterization
1H NMR spectra were recorded on a Bruker DMX 400 MHz
spectrometer using chloroform-d as a solvent. Mn(GPC) and
polydispersity indexes (PDIs) of PS macroinitiators and BCPs
were determined on a Waters 2410 GPC system relative to
a series of polystyrene standards with THF as the eluent. DSC
measurements were recorded on a NETZSCH DSC214 instru-
ment. Each thermal scan was performed under nitrogen ow
from 20 to 200 �C at a rate of 10 �C min�1 upon the rst
cooling and second heating process. A Hitachi SU-8200 scan-
ning electron microscope (SEM) was used to image the surface
and cross-sectional morphology of the BCP lms using a 10 kV
acceleration voltage. The samples were sputtered with gold.
Transmission electron microscopy (TEM) experiments were
carried out at room temperature with a JEOL-2100 microscope
operating at 200 kV. Solutions of 1 wt% PSm-b-PMA(Az)n BCPs
in toluene were dropped onto the water surface. Aer 1 min,
the thin lms were transferred onto a copper grid and dried at
30 �C for 24 h. The samples were thermally annealed at 140 �C
for 5 min and then exposed to RuO4 vapor for 20 min to
selectively stain the PS blocks. The surface morphologies of
the annealed PS-b-PMA(Az) lms were observed using an
atomic force microscope (AFM). AFM images were collected by
using a Bruker Resolve probe microscope in tapping mode.
Grazing-incidence small angle X-ray scattering (GISAXS)
measurements were conducted with the BL16B1 beamline at
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route to PS-b-PMA(Az) via atom transfer radical polymerization (ATRP).
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the Shanghai Synchrotron Radiation Facility (SSRF), China,
with an X-ray wavelength of 1.24 Å. The incidence angle of the
X-rays was set to 0.15�. A sample-to-detector distance was
1947.5 mm with an exposure time of 60 s for all the samples.
Wide-angle X-ray diffraction (WAXD) was conducted on
a Bruker D8 Advance X-ray diffractometer with Cu Ka mono-
chromatic radiation (40 kV, 40 mA, l ¼ 0.15406 nm) at room
temperature. For WAXD measurements, PS-b-PMA(Az)
samples were annealed at 140 �C for 24 h. The liquid crystal-
line (LC) textures of PS-b-PMA(Az) samples were observed
under a Shang Guang 59XF microscope with a Shang Guang
XRD thermocontrol system. For UV-vis measurements, 1 wt%
solutions of PSm-b-PMA(Az)n block copolymers in chloroform
were spin-coated onto quartz slides and subsequently
annealed for 5 min under vacuum at 140 �C. A Shimadzu UV-
2600 spectrophotometer was used to obtain the UV-vis
absorption spectra of lms.
Table 1 Properties of the PS macroinitiators and PS-b-PMA(Az) BCPs sy

Sample Mn
a (NMR, kg mol�1) Mn

b (GPC, kg mol�1) Mw/

PS28 2.9 3.1 1.12
PS42 4.4 4.7 1.12
PS60 6.3 6.7 1.13
PS100 10.4 11.0 1.18
28-68 36.4 37.4 1.25
42-16 12.3 13.8 1.18
60-15 13.7 14.8 1.20
100-59 39.4 40.1 1.28
100-44 32.1 33.1 1.26
100-35 27.6 28.2 1.25
100-32 26.1 27.0 1.25
100-27 23.7 24.1 1.24
100-24 22.2 22.9 1.23
100-22 21.2 21.8 1.23
100-18 19.3 19.9 1.22

a Number-average molecular weight determined by NMR. b Number-avera
GPC calibrated with polystyrene standards. d Polymerization degree of PS. e

using the molecular weight and density (PS: 1.05 g cm�3 and PMA(Az):
determined by SEM observations.

This journal is © The Royal Society of Chemistry 2020
3. Results and discussion
3.1 Synthesis of PS-b-PMA(Az) block copolymers

The synthesis of PS-b-PMA(Az) BCPs was achieved by ATRP. As
shown in Scheme 1, styrene monomers were polymerized by
using ethyl 2-bromoisobutyrate as the initiator, chlorobenzene
(PhCl) as solvent and Cu(I)Cl complexed with PMDETA as the
catalyst. The obtained PS macroinitiator was then used for the
synthesis of PS-b-PMA(Az). The synthetic route to the 11-[4-(4-
butylphenylazo)phenoxy]undecyl methacrylate (MA(Az)) mono-
mer was described in a previous publication.46 A series of PSm-b-
PMA(Az)n BCPs with different repeating units were synthesized
by adjusting the feed ratio of MA(Az)/PS. Typical 1H nuclear
magnetic resonance (NMR) spectra of PS and PS-b-PMA(Az)
BCPs are shown in Fig. S1.† The number-average molar mass
(Mn(NMR)) and degree of polymerization (DP) for the PS and
PMA(Az) blocks were calculated from the 1H NMR spectra. In
nthesized by the ATRP method

Mn
c DPPS

d DPPMA(Az)
e fPS

f Morphologyg

28 — 1 —
42 — 1 —
60 — 1 —
100 — 1 —
28 68 0.083 Cylinders
42 16 0.37 Cylinders
60 15 0.46 Cylinders
100 59 0.27 Cylinders
100 44 0.33 Cylinders
100 35 0.39 Cylinders
100 32 0.41 Cylinders
100 27 0.45 Cylinders
100 24 0.49 Cylinders + lamellae
100 22 0.50 Lamellae
100 18 0.55 Lamellae

ge molecular weight determined by GPC. c Polydispersity determined by
Polymerization degree of PMA(Az). f Volume fraction of PS calculated by

1.10 g cm�3) of each block. g Morphology of the block copolymer lm

Nanoscale Adv., 2020, 2, 1523–1530 | 1525
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their gel permeation chromatography (GPC) chromatograms
(Fig. S2†), all the obtained BCPs exhibit a monomodal peak and
low polydispersity index (PDI) values ranging from 1.12 to 1.28.
The comparative information about the PS macroinitiators and
BCPs is summarized in Table 1.

3.2 Liquid crystalline properties of PS-b-PMA(Az) block
copolymers

Fig. S3† shows the typical differential scanning calorimetry
(DSC) curves of PS-b-PMA(Az) BCPs on their rst cooling and
second heating processes. All BCPs exhibited a clear endo-
thermic transition at 95–125 �C, attributable to the phase
transition between the smectic phase and isotropic phase (Sm–

I). The transition temperature increases with increasing LC
content. In addition, there were peaks at �65 �C and �90 �C,
which can be assigned to the glass transition temperature (Tg)
of PMA(Az) and PS, respectively.47,48 Fig. S4a† shows a polarized
optical microscopic (POM) image of PS100-b-PMA(Az)44. The
pellet sample was heated to 140 �C and then cooled slowly. The
batonnet texture appeared upon cooling to 110–105 �C, corre-
sponding to the smectic LC phase. Therefore, the thermal
treatment temperature for the BCPs was xed at 140 �C, slightly
higher than that of the Sm–I transition of the PMA(Az) blocks.
The LC phase of the BCPs was further conrmed by wide-angle
X-ray diffraction (WAXD) (Fig. S4b†). Before measurement, the
samples were thermally annealed at 140 �C for 24 h. There are
two peaks at 2q¼ 2.74� and 5.48� in the WAXD spectrum, which
can be assigned to [001] and [002] diffractions, respectively,
coming from the smectic phase LC layer at a periodicity of d001
¼ l/(2 sin q) ¼ 3.22 nm.

3.3 Self-assembled nanostructures of PS-b-PMA(Az) thin
lms

Fig. S5† shows the scanning electron microscopy (SEM) images
of PS100-b-PMA(Az)44 lms annealed at 140 �C for different
times. There is no regular structure formed for the as-prepared
lm (Fig. S5a and b†). Aer annealing for 1 min, some stripes
and dots can be observed (Fig. S5c and d†). This observation
Fig. 1 AFM height images of cylindrical PS100-b-PMA(Az)44 (a) and lamell
5 min.

1526 | Nanoscale Adv., 2020, 2, 1523–1530
indicates that phase separation began to partly occur because of
insufficient motion of the two segments during short-term
treatment. When the annealing time was extended to 3 min,
more dots can be found (Fig. S5e and f†). Notably, ordered dot
patterns appeared, generally aer annealing for 5 min at 140 �C
(Fig. S5g and h†). Therefore, the annealing procedure of 140 �C
for 5 min was selected to ensure the equilibriummorphology of
the nanodomains in PS-b-PMA(Az) lms.

The self-assembled nanostructures of BCP lms aer
thermal annealing at 140 �C for 5 min were characterized by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). Fig. 1a and b show the AFM height images of
PS100-b-PMA(Az)44 and PS100-b-PMA(Az)22 with fPS values of 0.33
and 0.50, respectively. The bright and dark regions are assigned
to PS and PMA(Az) domains, respectively. The dot patterns were
observed when fPS ¼ 0.33 (Fig. 1a), indicating vertically aligned
PS cylindrical domains surrounded by the PMA(Az) matrix. The
average center-to-center distance and the diameter of the PS
cylinders are (37.0 � 1.6) nm and (25.2 � 1.4) nm, respectively.
In Fig. 1b, overall nger-printed patterns formed for PS100-b-
PMA(Az)22, suggesting a normally aligned lamellar structure
with an average width of (24.0 � 1.1) nm and a center-to-center
distance of (36.1� 1.0) nm. In TEM images (Fig. S6†), the bright
and dark parts correspond to PMA(Az) and PS microdomains,
respectively, due to the selective staining of PS by ruthenium
tetroxide (RuO4) vapor. The insets in Fig. S6† are the corre-
sponding fast Fourier transform (FFT) images, further indi-
cating ordered cylindrical and lamellar structures, respectively.

To further evaluate the orientation in a large area, the
samples were characterized by grazing-incidence small-angle X-
ray scattering (GISAXS) with an incident angle of 0.15�. Fig. 2a
and b show the GISAXS images of PS100-b-PMA(Az)44 and PS100-
b-PMA(Az)22 lms, respectively. Scattering signals in the in-
plane and out-of-plane direction appeared, corresponding to
the vertical alignment of microphase separated structures and
parallel orientation of LC ordering, respectively. Fig. 2c shows
the in-plane prole of Fig. 2a. The relative peak positions can be
attributed to 1 : O3 : 2 : O7, illustrating a hexagonal arrange-
ment with a periodicity of 37.8 nm calculated from the rst-
ar PS100-b-PMA(Az)22 (b) thin films after thermal annealing at 140 �C for

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 GISAXS 2D images (a and b) and profiles along the in-plane (c and e) and out-of-plane (d and f) directions of PS-b-PMA(Az) thin films after
thermal annealing at 140 �C for 5 min. (a, c and d) PS100-b-PMA(Az)44 and (b, e and f) PS100-b-PMA(Az)22.

Fig. 3 SEM top (a and c) and cross-sectional (b and d) images of self-
assembled PS-b-PMA(Az) thin films after RIE: O2/Ar (40/10) sccm/50
W/75mTorr/30 s. (a and b) Cylindrical PS100-b-PMA(Az)44 and (c and d)
lamellar PS100-b-PMA(Az)22.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 8

:0
8:

33
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
order reection of qxy ¼ 0.166 nm�1. The out-of-plane prole is
shown in Fig. 2d, indicating the smectic LC layer structure, with
a spacing of 3.22 nm calculated from qxz ¼ 1.95 nm�1. This
value is consistent with values from our previous studies.49 The
out-of-plane prole is similar to that of PS100-b-PMA(Az)22 lms
(Fig. 2f), whereas the in-plane prole is quite different. As
shown in Fig. 2e, the rst-order reection shis to 0.174 nm�1

with a periodicity of 36.1 nm. The peaks can be assigned to
1 : 2 : 3, indicating the lamellar structure. The results are in
good accordance with those from the AFM and TEM images. It
can be concluded that in each case, the LC ordering layers in
PMA(Az) blocks are normal to the PS microdomains, leading to
a crisscross structure, which is benecial for rapidly forming
vertically aligned microphase-separated structures via mild
thermal annealing. The etching rate difference between two
blocks is of great importance for transferring patterns in BCP
lithographic applications.

Reactive ion etching (RIE) has been frequently utilized in the
microelectronics industry. It is well known that the etching rate
of PS is much lower than that of PMMA, which endows PS-b-
PMMA with good etching selectivity.50,51 In this study, LC
segments were incorporated into PMMA backbones, leading to
an etching rate that is slightly slower than that of PMMA but
still much faster than that of PS (Fig. S7†). The etching rates of
PMA(Az) and PS were also measured. It is 2.8 nm s�1 for
PMA(Az), which is �1.6 times faster than that of PS (1.7 nm s�1)
under 50 W O2/Ar RIE. In other words, the etching rate differ-
ence between PS and PMA(Az) is good for this application. Then,
we recorded the cylindrical structures of PS100-b-PMA(Az)44
lms under different RIE conditions. As shown in Fig. S8,† the
microdomains were best imaged aer etching with 50 W O2/Ar
for 30 s. Clearly, PS cylinders vertically aligned on the substrate
aer the removal of the PMA(Az) matrix (Fig. S8i and j†).
Therefore, the etching conditions were xed at 50 W O2/Ar RIE
This journal is © The Royal Society of Chemistry 2020
for 30 s. Fig. 3 shows the representative top surface and cross-
sectional SEM images of PS cylinders and lamellae aer RIE.
Perpendicularly aligned PS cylinders and lamellae are well
maintained aer the removal of the PMA(Az) block. For PS
cylinders (Fig. 3a and b), the average periodicity and diameter
are (37.4 � 1.5) nm and (25.9 � 2.0) nm, respectively. The cor-
responding data for the PS lamellae in Fig. 3c and d are (36.8 �
1.5) nm and (24.5 � 1.8) nm, respectively.

Generally, the cylindrical phase window for common coil–
coil BCPs is 0.2 # f # 0.35.52,53 In this work, LC segments were
incorporated into the side chain of hydrophobic blocks, which
is expected to affect the alignment and phase window. A series
of BCPs with different compositions were synthesized to
investigate their inuence on the self-assembled structures, as
Nanoscale Adv., 2020, 2, 1523–1530 | 1527
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Fig. 5 Photographs (a and b) of various substrates treated with PS-b-
PMA(Az) and the corresponding top-view SEM images (c–f). (a, c and e)
Al substrate and (b, d and f) PET substrate. Perpendicularly aligned
lamellar patterns from PS100-b-PMA(Az)22 and cylindrical patterns
from PS100-b-PMA(Az)44 after RIE: O2/Ar (40/10) sccm/50 W/75
mTorr/30 s.
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shown in Fig. S9–S11† and summarized in Table 1. As
mentioned above, normal cylinders and lamellae were obtained
when fPS ¼ 0.33 and 0.50, respectively. Fig. S9† shows the SEM
images of PS100-b-PMA(Az)n lms aer RIE. It can be seen that
ordered cylinders were obtained with fPS values in the range of
0.27–0.45. Accordingly, the diameter of the PS cylinders
increased from (22.1 � 1.1) nm to (26.4 � 1.2) nm. As fPS
continuously increased to 0.49, a lamellar structure, mixed with
cylinders, appeared, as clearly characterized in Fig. S10.† Pure
lamellae formed when fPS reached 0.55 (Fig. S11†). Microphase
separation failed to occur if the PS volume fractions were
further increased, especially for the PS100 series. Previously,
other PMA(Az)-based block copolymer thin lms, including
PEO-b-PMA(Az)40 and P4VP-b-PMA(Az)43 were reported. It is
difficult to obtain vertically aligned lamellar structures in these
systems. Here, PS-b-PMA(Az) lms formed perpendicularly
aligned both cylinders and lamellae with a denite lamellar
phase window.

A small feature size is one of the requirements in this eld.
We tried to decrease the diameter of the PS cylinders by
decreasing the molecular weight of the BCPs. Considering the
prerequisite of microphase separation, the most effective
method is to decrease the number of repeating units in the PS
blocks to some extent. For this purpose, PS60-b-PMA(Az)15 (fPS ¼
0.46), PS42-b-PMA(Az)16 (fPS ¼ 0.37) and PS28-b-PMA(Az)68 (fPS ¼
0.083) were synthesized. As shown in SEM images, a highly
ordered vertical orientation of PS cylinders was obtained aer
RIE (Fig. 4, S12a and b†). The average diameters of the PS
cylinders in PS60-b-PMA(Az)15, PS42-b-PMA(Az)16 and PS28-b-
PMA(Az)68 are (18.0 � 1.2), (15.2 � 2.1) and (12.0 � 1.4) nm,
respectively. Thus, the cylinder window for PS-b-PMA(Az) is
broad (0.083 # fPS < 0.49) with PS cylinders down to �12 nm in
diameter, which can be further conrmed by TEM images
(Fig. S13†).

As mentioned above, it is highly desirable to transfer
patterns to exible substrates. Here, cylindrical and lamellar
lms were also spin-coated onto conductive aluminum foil and
Fig. 4 SEM top (a and c) and cross-sectional (b and d) images of self-
assembled cylindrical PS-b-PMA(Az) thin films after RIE: O2/Ar (40/10)
sccm/50 W/75 mTorr/30 s. (a and b) PS60-b-PMA(Az)15 and (c and d)
PS28-b-PMA(Az)68.

1528 | Nanoscale Adv., 2020, 2, 1523–1530
transparent PET sheets, as shown in Fig. 5a and b, respectively.
The substrates were simply cleaned with ethanol without any
other treatment. Aer RIE, clear lamellar structures and
ordered cylindrical PS patterns were obtained on these two
exible substrates (Fig. 5c–f), further illustrating the surface-
independence of PS-b-PMA(Az). From the cross-sectional TEM
and top-view AFM height images of the annealed PS100-b-
PMA(Az)44 lm (Fig. S14†), it can be conrmed that PS cylinders
perpendicularly span through the lm from top to bottom.
Therefore, this BCP can be considered a powerful candidate for
exible microelectronic devices.
Fig. 6 (a) UV-vis spectral variations of the as-cast and thermally
annealed PS100-b-PMA(Az)44 films. (b) Schematic illustrations of the
formation of a crisscross structure within cylindrical PS100-b-
PMA(Az)44 films.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6a shows the ultraviolet-visible spectroscopy (UV-vis)
spectra of PS100-b-PMA(Az)44 lms before and aer thermal
annealing. Clearly, the absorption maximum of the p–p*

transition of the azobenzene units shis from 337 nm to
326 nm due to the occurrence of H-aggregation upon thermal
annealing.54–56 Therefore, the azobenzene chromophore home-
otropically aligned upon thermal annealing. This result further
reects the formation of a crisscross structure within PS-b-
PMA(Az) lms, as schematically illustrated in Fig. 6b. The
distinctive structure facilitates the vertical alignment of nano-
domains via rapid thermal annealing without preference
toward substrates.

4. Conclusions

In summary, we have demonstrated the formation of perpen-
dicularly aligned cylindrical and lamellar nanodomains within
PS-b-PMA(Az) lms on various non-pretreated substrates via
thermal annealing at 140 �C for 5 min. Due to the good etching
selectivity between the two blocks, PS normal structures can be
successfully fabricated from PS-b-PMA(Az) thin lms aer RIE.
The PS volume fraction for the formation of vertical cylinders is
very broad (0.083 # fPS < 0.49). The diameter of the PS cylinders
increases with increasing fPS, but the periodicity exhibits the
opposite tendency. Lamellae appear when fPS ¼ 0.50–0.55. No
microphase-separated structure appears with a continuous
increase in the PS fraction. The smallest diameter of the PS
cylinders is down to 12 nm. Ordered structures form on either
hard surfaces (Si wafer) or exible ones, such as transparent
PET sheets and conductive Al foils, without any pretreatment.
The GISAXS and UV-vis results conrm the formation of
a distinctive crisscross structure consisting of out-of-plane
ordered smectic LC layers and in-plane PS nanodomains upon
thermal annealing, which is of great importance for the effective
formation of vertical alignment. Thus, PS-b-PMA(Az) lms hold
great promise for application in the eld of exible microelec-
tronic devices.
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