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Introduction

Porosity control of inorganic and organic nanoporous materi-
als is increasingly critical for applications ranging from filtration
membranes to patterned templates and photonic materials.
Recently, block copolymers (BCPs) have received much attention
as templates and scaffolds for nanoporous materials that have
potential use in optics and microelectronics due to their ability to
form periodical nanostructures.' ® One of the most common
strategies to generate nanopores in polymer thin films is selective
UV degradation and removal of the minor-component micro-
domains.® Here, an orientation of BCP microdomains normal to
the film surfaces is usually required. However, the preferential
interaction of one block of the BCP with the substrate or a lower
surface energy of one component, in general, results in the
segregation of one block to either the underlying substrate or
the surface. As a result of connectivity of the blocks, this
preferential interaction causes the BCP microdomains to orient
parallel to the substrate. Consequently, controlling the interfacial
interactions is important for the optimal fabrication of nanopor-
ous BCP thin films.’

Surface modification via polymer brushes attached to a
substrate to manipulate interfacial interactions is a robust
strategy to control the orientation of BCP microdomains in
thin films.'"" In the case of polystyrene-block-poly(methyl
methacrylate) (PS-b-PMMA) on a silicon substrate, mediated
interfacial interactions can be achieved by anchoring random
copolymers to the substrate where the composition of the
random copolymer can be adjusted to control the interfacial
interactions between PS and PMMA blocks.?® Russell and co-
workers demonstrated that the grafting of end-hydroxyl
functionalized PS-r-PMMA copolymers having f;, (where f5
is the styrene fraction) of 0.58 yielded neutral conditions, which
Ay = lypss — Ypmmass | = 0, where ypg s and ypyma s are the
interfacial tensions between two blocks (PS and PMMA) and
the substrate (S). A vertical orientation of lamellar or cylindrical
domains could be achieved, as long as the thickness of the film
is ~ L, the repeat period of the BCP, or less.'™!” Although this
surface modification had proven to be robust and easily applied to
very large-area surfaces, this surface modification is restricted to
homogeneous oxide surfaces. Sequently, Ryu et al. developed a
method where the interfacial interactions of any surface could be
manipulated using a thin film of cross-linkable benzocyclobutene
(BCB)-functionalized random copolymers with styrene and
methyl methacrylate, P(S--BCB-r-MMA).'"!3 This process
can be used on any substrate, flexible or rigid, homogeneous or
heterogeneous,' but a high temperature (> 200 °C) is required for
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efficient cross-linking. Hawker, Gopalan and co-workers'* !¢

investigated several photo-cross-linkable random copolymers
where alternative functional groups, such as acryloyl, glycidyl,
and azido groups, could be selectively cross-linked by UV radia-
tion. Recently, Nealey and co-workers'®!* made neutral wetting
brushes using a ternary blend of homopolymers A and B and a
low-molecular-weight A-b-B BCP. The utility of all these random
copolymers, though, may be limited by the functional monomers
that are difficult to synthesize or are not commercially available. In
addition, due to the low y value of PS-5-PMMA*"*** the smallest
attainable pore size is limited by the product of y N, where y is the
Flory—Huggins segmental interaction parameter and N is the
number of segments in the BCP. Currently, only pore diameters
ranging from 14 to 50 nm have been produced.”

Here, we fabricated nanoporous thin films of brominated
polystyrene-block-poly(methyl methacrylate) (PBrS-b-PMMA)
copolymers by using UV cross-linked PS matte for mediating
preferential interfacial interactions to achieve the perpendicular
orientation of the microdomains. In contrast to PS-»-PMMA
copolymers, PBrS---PMMA copolymers are more strongly mi-
crophase-separated, so that pore diameters can be extended to
10 nm or less.

Experimental Section

Synthesis of PBrS-5-PMMA. PS-5-PMMA di-BCPs used in
this work were synthesized by sequential living anionic polym-
erization. The number-average molecular weights (M) are 17.7,
28.2,and 98.5 kg/mol; the polydispersity indices (PDIs) are 1.06,
1.04, and 1.04, and the volume fractions of PS are 69.7%,
67.7%, and 67.4%, respectively. Molecular weights and PDIs
were characterized by gel permeation chromatography (GPC),
and the compositions of copolymers were determined by
nuclear magnetic resonance (NMR) with mass densities of two
components (1.05 and 1.18 g/cm? for PS and PMMA). Bromina-
tions of phengll rings were carried out in a similar way reported
previously**? (see the Supporting Information for details).

Preparation of Thin Films. A 0.5 wt % solution of PS homo-
polymer (M,, = 13.3 kg/mol and PDI = 1.12) in toluene was spin-
coated at 3000 rpm onto Si wafers, yielding ~13 nm thick films. The
Si wafers were first cleaned by a procedure described elsewhere.'%*
The thin films were cured by UV radiation with an intensity
of ~5 mW/cm? under vacuum for 3 h. Subsequently, the films
were thoroughly rinsed with toluene to remove un-cross-linked
PS, and the thickness of insoluble cross-linked PS as measured
by ellipsometry was 9 nm. The volume shrinkage observed can
be attributed to the removal of un-cross-linked homopolymer,
the volume reduction inherent to cross-linking, and small por-
tion of PS degradation under UV exposure.?” Reducing irradia-
tion time led to a decrease in degree of cross-linking, since the
film exposed for 1 h was easily removed with a good solvent;
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Figure 1. °C NMR spectra for PS-h-PMMA copolymer before
(bottom) and after (top) bromination.

while for the film exposed for 2 h, the thickness gradually
decreased by continued rinsing with a good solvent. PBrS-5-
PMMA thin films with cylindrical morphology were prepared
on the substrates with a cross-linked PS matte and then annealed
for 24 h at 190 °C under vacuum to orient the cylindrical
microdomains normal to the surface. Finally, the copolymer
thin films were exposed to by UV radiation with an intensity of
~5mW /cm? under vacuum for 35 min, followed by rinsing with
acetic acid and deionized water. This cross-linked PBrS matrix
and removed PMMA cylindrical microdomains, generating
nanopores in the copolymer thin films. The pore diameters of
nanoporous PBrS-5>-PMMA thin films were determined by
averaging the results from AFM and TEM image analyses.

Characterization. Small-angle X-ray scattering (SAXS) ex-
periments were performed at Materials Research Science and
Engineering Center (MRSEC) at the University of Massachu-
setts, Amherst. A SAXS instrument, consisting of a three-pin-
hole collimation system, had an Osmic MaxFlux X-ray (Cu Ka,
0.154 nm) source generated by a copper anode. SAXS measure-
ments were performed at room temperature under vacuum with
an exposure time of 60—120 min. All SAXS data presented here
are raw data and not corrected for background and empty cell
scattering. Grazing incidence small-angle X-ray scattering
(GISAXS) measurements were performed at X22B beamline
at National Synchrotron Light Source at Brookhaven National
Laboratory using X-rays with a wavelength of 4 = 1.517 A with
an exposure time of 60 s per frame. Typical GISAXS patterns
were taken at an incidence angle of 0.20°, above the critical
angles of the copolymer but below the critical angle of the silicon
substrate. Consequently, the entire structure of copolymer thin
films could be detected. Scanning force microscopy (SFM)
images were obtained in both height and phase-contrast mode
using a Digital Instruments (Dimension 3000) in the tapping
mode. Fourier transform infrared (FT-IR) absorption spectra
of the copolymer films were collected on a BioRad ExCalibur
spectrometer with a resolution of 1 cm™' over a wavenumber
range from 4000 to 400 cm™'. Spectra were obtained by using
copolymer films cast on high resistance silicon wafers with a
bare wafer providing the background spectrum. NMR spectra
were recorded in CDCl; on Bruker Avance 400 ('H) and
100 ('*C) MHz NMR spectrometer with a Bruker BBO5 probe.
Molecular weights and PDIs were estimated by GPC in THF at
1.0 mL/min against linear polystyrene standards (Knauer pump
K-501, refractive index detector K-2301, and three Polymer
Laboratories Mixed D columns (5 um, 300 mm x 7.5 mm)).
TEM measurements were performed on a JEOL TEM200CX at
an accelerating voltage of 200 kV.

Results and Discussion

PBrS-b-PMMA copolymers were prepared by bromination
of PS-b-PMMA copolymers in nitrobenzene, a hi%hly polar
solvent, without catalyst. Shown in Figure 1 are C NMR
spectra of PS-b-PMMA copolymers, with a molecular weight

Note
q* PBrS-b-PMMA
v g* = 0.251nm"
3112 q*
\
71/2 o
\
<
[=2]
S . PS-b-PMMA
v q,.= 0.380nm"
g
&
0.15 0.30 0.45 0.60 0.75 0.90 1.05 1.20

q(nm”)

Figure 2. SAXS profiles for PS->-PMMA copolymer with a molecular
weight of 28.2 kg/mol (bottom) and the corresponding brominated
copolymer (top). Both of them were thermally annealed at 190 °C
for 24 h.

0f 28.2 kg/mol, before and after bromination. After bromination,
four peaks are seen at 120, 129, 131, and 143 ppm, in contrast to
the original peaks at 126, 127—128, and 145 ppm for the PS-b-
PMMA BCPs. These data confirmed that bromination occurred
exclusively on benzene ring and only in the para position, in
agreement with those early reports.** In addition, the peak at
126 ppm disappeared for the PBrS->-PMMA copolymers, in-
dicating that the styrene units were completely brominated. Both
NMR and FT-IR spectra (Figure S1 and S2 in the Supporting
Information) indicated that no obvious bromination of the
backbone occurred. Since PS-b-PMMA copolymers are weakly
segregated with a low y value (y = 0.0294 + 3.2/7),%*? the low-
molecular-weight PS-b-PMMA BCPs used in this study are in a
phase-mixed, disordered state at room temperature. SAXS pro-
file (log(1(q)) vs ¢ = 4 sin /A, where ¢ is the scattering vector,
26 is the scattering angle, and /(¢) is the intensity) for the PS-b-
PMMA copolymer with a molecular weight of 28.2 kg/mol
showed a single, broad reflection with a peak centered near ¢ax
of 0.380 nm™ ', arising from the correlation-hole scattering of a
BCP in the disordered state (Figure 2). A very sharp peak at ¢* of
0.251 nm ™' with two higher order reflection at /3¢* and v/7¢*
are seen in the SAXS profile of the corresponding PBrS-5-
PMMA copolymer, demonstrating that a cylindrical microdo-
main morphology is well-developed and that the bromination has
significantly enhanced the segmental interactions between the
PBrS and PMMA blocks. Therefore, smaller microdomain sizes
can be obtained for PBrS-~-PMMA copolymers.

It is well-known that interfacial interactions dictate the wetting
layer at both polymer/substrate and polymer/air interfaces and,
consequently, the orientation of microdomains in the films.?*2% 34
When Ay = [yas — vgs| = 0, where y;;is the interfacial tension
between two components i and j, namely block A, block B, and
the substrate (S), the interactions of the two blocks with the
substrate are balanced, either equally attractive or repulsive.
For films with a thickness of ~ L, where L, is the natural period
of the structures in bulk, the microdomains will align normal to
the surface. However, for nonzero values of Ay close to zero and
with the thickness not equal to L, stretching or compression of
the copolymer can occur, and the relative values of the stretching
and interfacial energies will dictate the perpendicular orientation
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Figure 3. SFM height images (2 um x 2 um) of a thin film of PBrS-b-
PMMA copolymer with a molecular weight of 28.2 kg/mol on the Si
wafer coated with a layer of UV cross-linked PS homopolymer. The film
was thermally annealed at 190 °C for 24 h, and then PMMA was
selectively removed by exposing the film to UV radiation and rinsing
with acetic acid to enhance contrast. The inset shows a representative
GISAXS pattern of the nanoporous thin film.

of BCP microdomains.'®!*263573 The interfacial tension be-
tween PS and PMMA (~0.85 dyn/cm) is close to that between PS
and PBrS (~1 dyn/cm).**~* Consequently, PS can meditate the
interfacial interactions between BCPs and the substrate to orient
the microdomains of PBrS->-PMMA copolymers normal to the
substrate in thin films, but the price of the two interfacial tensions
that do not exactly match each other will have to be paid by the
decrease of film thickness.

A ~10 nm thick film of the above PBrS-b-PMMA copolymers
was spin-coated onto a Si substrate modified with the UV cross-
linked PS matte. Following thermal annealing in vacuum at
190 °C for 24 h and removal of PMMA blocks by UV degrada-
tion and acetic acid rinsing, the resultant nanoporous thin film
was examined by SFM and GISAXS (Figure 3). Nanopores, with
diameters of ~10 nm, were seen in the PBrS matrix in both height
and phase images. A more detailed description of the pore
structure was obtained by GISAXS. In the scattering geometry,
g, is the scattering vector normal to the incidence plane (i.e., in the
plane of the film), and the domain spacing is related to ¢, by d =
27/q,. The incidence angle was at 0.20°, which is above the critical
angle of the BCP film (~0.17°) but below the critical angle of the
silicon substrate (~0.23°). Consequently, the X-rays penetrate
into the entire film and probe the internal structures of the thin
film. In the inset of Figure 3, the GISAXS pattern shows a sharp
first-order scattering at ~25 nm (consistent with that seen in the
bulk) with a second-order peak located a scattering vector ratio of
1:4/3, corresponding to the first- and second-order reflection of
the cylindrical pores oriented normal to the film surface. The
absence of reflections along ¢. (normal to the film surface) and
the extension of the scattering along ¢. are consistent with a
structure of cylindrical pores oriented normal to the film surface
that penetrate through the entire film.

The effectiveness of the UV cross-linked PS matte in mediating
interfacial interactions was further examined with an asymmetric
PBrS-b-PMMA copolymers having a higher molecular weight of
98.5 kg/mol. SFM images showed hexagonal PMMA microdo-
mains oriented normal to the film surface with a center-to-center
distance of 53.5 nm (Figure S3), consistent with GISAXS
observations of two scattering rods with a ratio of peak posi-
tions of 1:4/3 along the ¢,. As for the lower-molecular-weight
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Figure 4. SFM phase images (2 yum x 2 um) of PBrS-b>-PMMA
copolymer thin films with the thickness of ~12 nm and ~18 nm on
the Si wafer coated with a layer of UV cross-linked PS homopolymer.
The film was thermally annealed at 190 °C for 24 h.

Figure 5. SFM height image (2 um x 2 um) a thin film of PBrS-b-
PMMA copolymer with a molecular weight of 28.2 kg/mol on Si wafer
coated with a layer of UV cross-linked PS homopolymer. The film was
solvent-annealed in the toluene/THF (70/30, v/v) mixed vapors for 2 h,
and then PMMA was selectively removed by exposing the film to UV
radiation and rinsing with acetic acid to enhance contrast. The inset is a
representative GISAXS pattern of the nanoporous thin film.

PS-b-PMMA copolymer, a nanoporous thin film with a pore
diameters of 8 nm could be successfully obtained (Figure S4).
However, the lateral ordering of nanopores was poor due to the
small value of yN.*

Although UV cross-linked PS matte can effectively mediate
interfacial interactions, the mismatch of interfacial energies as
mentioned above have to be compensated by stretching copoly-
mer chains via a decrease in the film thickness, significantly
narrowing the thickness window for the cylindrical microdomain
orientation normal to the substrate which differs from PS-b-
PMMA.'%122646 Consequently, a perpendicular orientation of
the PBrS-»-PMMA microdomains was only obtained in the films
with thicknesses of ~10 nm, less than half of the intercylinder
spacing. As shown in Figure 4, the increased film thickness
reduced the stretching of the copolymer chains, causing the
orientation of the microdomains to change for thicker films.
The wormlike cylinders oriented parallel to the films surface were
observed in the film with a thickness of ~12 nm and as the film
thickness was increased to ~18 nm. Solvent annealing is another
strategy to control the orientation of BCP microdomains, even
having a higher lateral ordering.>®*” However, one of its draw-
backs is that there usually exists a very thin wetting layer of one
block of the copolymers between the film and the substrate due to
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preferential interfacial interactions. Combining two above-men-
tioned methods together, both of their drawbacks can be over-
come, removing the wetting layer and increasing film thickness.
A ~25 nm nanoporous PBrS->-PMMA thin film was obtained
after annealing under a toluene/THF mixed vapor (70/30, v/v) in
small closed vessel for 2 h. SFM image showed vertical nanopores
in a PBrS matrix having a higher degree of lateral ordering
(Figure 5). A series of Bragg rods at relative peak positions of
1:4/3:4/4:4/7 along the g, in the GISAXS pattern further confirmed
that the highly ordered perpendicular nanopores were produced.

In summary, we have shown that a UV cross-linked PS matte
can mediate the interfacial interaction for PBrS-5-PMMA copo-
lymers, over a broad range of molecular weights having cylin-
drical microdomain morphology. Because of the enhanced
% between PBrS and PMMA blocks, cylindrical microdomains
with diameters as small as ~8 nm could be obtained. Combining
mediation of interfacial interactions and solvent annealing pro-
duced the nanoporous PBrS-~-PMMA thin film with perpendi-
cular orientation and a high degree of lateral ordering. In
addition, a particularly attractive feature of PBrS->-PMMA
copolymers is that active Br atoms provide an easy way to
functionalize PBrS-b-PMMA copolymer thin films through pal-
ladium-catalyzed coupling reactions.
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