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ABSTRACT We describe a simple route to fabricate two dimensionally well-ordered, periodic nanopatterns
using the self-assembly of brush block copolymers (brush BCPs). Well-developed lamellar microdomains oriented
perpendicular to the substrate are achieved, without modification of the underlying substrates, and structures with
feature sizes greater than 200 nm are generated due to the reduced degree of chain entanglements of brush BCPs.
A near-perfect linear scaling law was found for the period, L, as a function of backbone degree of polymerization
(DP) for two series of brush BCPs. The exponent increases slightly from 0.99 to 1.03 as the side chain molecular

weight increases from ~2.4 to ~4.5 kg/mol ™" and saturated with further increase in the side chain molecular

weight due to the entropic penalty associated with the packing of the side chains. Porous templates and scaffolds

from brush BCP thin films are also obtained by selective etching of one component.
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ell-defined, periodic morphologies
Wwith features from the nanometer
to hundreds of nanometer size

scale have received considerable attention,
because they can be used as templates and
scaffolds for the fabrication of nanodots, nano-
wires, magnetic storage media, semiconduc-
tors, and optical devices, including polarizers
and photonic band gap materials. "> The
self-assembly of block copolymers (BCPs) is
proving to be one of the more promising
bottom-up approaches to generate such mor-
phologies in a cost-effective, robust, and scal-
able manner.'®'21%16=24 While there has been
a tremendous drive to continually reduce the
size scale of the features (with 3 nm feature
sizes being the smallest achieved to date?'),
there are still numerous applications, as for
example polarizers and photonic bandgap
materials, that require feature sizes on the scale
of hundreds of nanometers. The use of the self-
assembly or directed self-assembly of BCPs
could significantly reduce the number of steps
required to generate features of this size and,
therefore, lead to a substantial cost savings.
Since the period (pitch) of BCP morphologies
and the dimensions of microdomains scale
approximately with the 2/3 power of the
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molecular weight (for BCPs comprised of flex-
ible chains in the strong segregation limit),
achieving large scale feature requires the use
of exceptionally high molecular weight BCPs.
There has not been much, if any, success in
using high molecular weight (MW) BCPs to
achieve large-scale features, because the diffu-
sion of the polymers is exceptionally slow,®
which significantly retards the self-assembly of
the BCPs into highly ordered arrays of micro-
domains, as well as the elimination of defects
in the resultant morphologies. Supercritical
carbon dioxide (CO,) at elevated temperatures
has been used to swell BCPs, enhance the
diffusion, and to order the BCP microdomains
on the 0.1 um size scale.®® This still requires
prolonged annealing times and care must be
taken to prevent void formation when the
CO, is removed. Ryu and co-workers reported
that polystyrene-b-poly(methyl methacrylate)
(PS-b-PMMA) lamellae with large periods are
obtained by solvent annealing sequentially
combined with thermal annealing, but this
requires multiple steps.?” In the development
of BCPs for photonic bandgap applications,
Thomas and co-workers used conventional
BCPs and polyelectrolyte-based BCP with
solvents or homopolymer/small molecule
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additives to achieve periodicities on the scale of
100 nm and larger.®73° However, to achieve highly
ordered structures on the 0.25 um size scale or larger in
an easy, rapid manner with BCPs has been exceedingly
difficult.

Brush polymers consist of a linear polymer chain
with polymer side chains densely attached to the main
backbone chain.>' ~3* Due to steric hindrance between
the densely grafted brush side chains, brush polymers
have an extended backbone configuration and a reduced
number of backbone chain entanglements, in comparison
to conventional, linear polymers with the same MW.
Rheological studies of McKenna and Grubbs indicate that
the brush polymers are, in fact, disentangled.>® Up to now,
there have been relatively few efforts to fabricate and
control the ordering and orientation of periodic nano-
structures using these unusual molecules3%3”

Numerous researchers have proposed different
routes to synthesize brush polymers, but drawbacks,
including a variety of issues associated with the effi-
ciency of initiation of macroinitiators, high degrees of
conversion of monomers, purification of unreacted
brush side chains, synthesis procedures, and targeted
MW and polydispersity index (PDI), have frequently
been reported.>’~*? Recently, Grubbs and co-workers
reported a novel ring-opening metathesis polymeriza-
tion (ROMP) exploiting the high ring strain of norbor-
nene monomer and the high activity of Ru-based olefin
metathesis catalyst to synthesize brush block copoly-
mers (brush BCPs) and brush random copolymers with
ultrahigh MW, narrow PDI, and well-defined, structural
architectures.' Recently, it is reported that brush BCPs
self-assemble rapidly upon thermal annealing due to a
reduced number of entanglements between brush BCPs,
and the domain spacing dependence on backbone
length was determined to be approximately linear.*®
Periodic nanostructures with large feature sizes in the
bulk were reported, but well-developed nanopatterns
with large feature sizes from brush polymers to prepare
templates and scaffolds for various practical applications
mentioned above have not yet been achieved.

Here, we present a simple route to generate two-
dimensional, highly ordered, periodic nanopatterns
with large feature sizes, using the self-assembly of
brush block copolymers (brush BCPs). We also report
the scaling relationship between the MW of brush
polymers and the domain spacing observed from the
self-assembled brush polymers.

RESULTS AND DISCUSSION

Table 1 shows the sample codes and characteristics
of the brush BCPs used in this study. w-Norbornenyl
macromonomers containing polystyrene (PS) and
polylactide (PLA) were synthesized and used to pre-
pare the brush BCPs according to the previously
reported procedure.>** In the sample code form [g-S,],-
b-[g-LA /], the subscripts x and y are the molecular
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TABLE 1. Sample Codes and Characteristics of Brush
Polymers

MW of DP* of

sample codes g-s° g-LA® total MW’ [g-S] [g-LA] total DP L' (nm)

lg-Salib-lg-LArals 24k 24k 105k 19 25 M4 220

[9-5;.4135°b-1g-LAs 4l 3 186k 35 43 78 40.0
[9-5,.4151-b-1g-LA 467 281k 51 67 18 610
[9-S2.4logb-[g-LAs 4124 50k 98 124 222 1160
19-S2.41189°0-19-LAz alas3 1007k 189 233 422 2151
[9-S2.41250b-[g-LA; 4l381 1525k 259 381 640 ¢
gSelblglhle 43k 45 104 1 14 25 209
[g-543]19b-1g-LA4 5125 192k 19 25 44 31.1
[g-S43]52-b-1g-LAs 510 320k 32 A 74 45.2
[9-543142-b-1g-LAs 5155 432k 42 58 100 622
[9-S431o3b-[g-LAg shas 954k 93 128 21 1495
[9-54312060-[9-LA4 5275 208% 206 278 484 ¢
[gSealssblglhschs 48k 56k 277k 35 18 53 3¢
[9-S4.5166-b-19-LAs 636 518k 66 36 102 67

[g-Ss.1ls4-b-[g-LAg 451 5.7k 4.4k 500k 54 51 105 60.1
[g-Se.1)24-b-[g-LA63)351 6.7k 63k 326k 24 31 55 385"
[9-S6.1)a0b-1g-LAs 5157 574k 40 57 97 56"

“ Molecular weight determined by comparing the integrations of the norborneny!
olefin and polymer backbone signals from "H NMR spectra in CDCls. ® Macro-
monomer of polystyrene. “Macromonomer of polylactide. Molecular weight
determined by THF GPC using RI and MALLS detector.  Degree of polymerization
determined by 'H NMR and THF GPC. ’Center-to-center distance between
microdomains determined by GI-SAXS analysis. ¢ Microdomains spacing was not
available by GI-SAXS analysis. " Center-to-center distance between microdomains
determined by SFM image analysis.

weights of side chains of each type (in units of one
thousand), and subscripts p and g represent the degree
of polymerization of each brush block. Thin films of brush
BCPs were prepared on silicon substrates and, to effec-
tively induce well-developed nanostructures, thin films
were then solvent-annealed using either pure tetrahy-
drofuran (THF) or a mixture of solvents, tetrahydrofuran
and chlorobenzene (THF/CBz), by which interfacial inter-
actions were mediated. Scanning force microscopy
(SFM), transmission electron microscopy (TEM), grazing
incidence small-angle X-ray scattering (GI-SAXS), and
grazing incidence wide-angle X-ray scattering (GI-WAXS)
were used to characterize thin films of the brush BCPs.
Vayer et al. previously reported that the microdo-
mains of PS-b-PLA were oriented normal to the sub-
strate upon solvent annealing with CBz.*> However,
when thin films of [g-Ss 1]54-b-[g-LA4 4151, with a thick-
ness of 40.7 nm, were solvent-annealed with pure CBz,
no clear microphase separation and no significant
morphological changes before or after solvent anneal-
ing were observed, even after prolonged annealing
times (data not shown). From calculations of the polymer—
solvent interaction parameters,”® yps.cg, and ypLacaz
were determined to be 0.01 and 1.21 at 25 °C, respec-
tively, which suggests that chain mobility arising from
the solubilization of the polymers was insufficient to
develop highly ordered periodic structures due to the
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Figure 1. SFM (A, B) height images of solvent annealed thin films of [g-Ss ;]54-b-[g-LA4 4151 on Si substrate and SFM (C) height
image of solvent-annealed thin films of [g-S, 4]180-b-[g-LA, 41535 on Si substrate. The solvent-annealing times are 0 h for (A), 4 h

for (B), and 10 h for (C). The scale bars in (A—C) are 400 nm.
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Scheme 1. Schematic of lamellar microdomains oriented parallel (left) or perpendicular (right) to the substrate from the self-

assembly of a linear BCP or brush BCP.

poor solubility of PLA in CBz and the high MW of
[g-S5.1154-b-[g-LA4 4]5:. In addition, Vayer et al. used cylinder
forming PS-b-PLA, where PS was the major component.
The results suggested that cylinder forming PS-b-PLA
had higher chain mobility than the lamellar forming
[g-S5.1154-b-[g-LA4 4151 used in our experiments, when
annealed with only CBz. Therefore, mixed solvents of
THF/CBz, where the increased attractive interaction
between the cosolvents, THF and PLA, imparts en-
hanced mobility to the brush BCPs, were used to anneal
the thin films of the lamellar forming [g-Ss1ls4-b-
[g-LA4.4ls1 (ps-thr @nd ypLaTrr Were determined to be
0.15 and 0.62,*° respectively). Solvent annealing in pure
THF vapor was also used, and found to be suitable to
promote the ordering of the brush BCPs.

Figure 1 shows that microphase separation was
found through the entire film, while the mixed solvent
annealing and well-developed lamellar microdomains,
oriented normal to the surface, formed after solvent
annealing. The center-to-center distance between la-
mellar microdomains or periodicity (L) of [g-Ss 1154-b-[g-
LA, .4]5; was found to be 65.0 nm from the data in
Figure 1B, and the step height between the [g-S]
microdomain and the [g-LA] microdomain was found
to be 2.4 nm from the height profile in Figure 1B (see
Supporting Information), which arises from the differ-
ence in the solubilities of the block with the solvent.
These data show that the surface is flat without
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significant surface roughness (see Supporting Information).
Interestingly, when thin films of [g-S;4]189-b-[g-LA;4]233
(film thickness was measured to be 47 nm by ellipsometry),
which has an extremely high MW of 1007k, were solvent-
annealed with THF/CBz, well-developed lamellar micro-
domains oriented perpendicular to the substrate were
also obtained within a relatively short solvent-annealing
time, as shown in Figure 1C. From the SFM analysis, L of
[9-S2.4]18070-[g-LA; 41233 is measured to be 2285 nm.
Again, the microphase separation of the brush BCP is
rapid, in comparison to conventional BCPs. This is due to
the fact that the brush BCP backbone is more rigid than
that of a conventional flexible BCP caused by steric
hindrance and, consequently, there is a reduction in the
number of chain-entanglements when compared to
analogous linear BCPs with the same MW. Therefore,
even ultrahigh MW brush BCPs will rapidly self-assemble
into well-ordered microphase-separated morphologies
having extremely large feature sizes. Additional SFM
images of lamellar-forming [g-S,4l,-b-[g-LA, 4], and [g-
S43lp-b-lg-LA4s], series are given in the Supporting
Information. It was also remarkable that lamellar micro-
domains formed by those brush BCPs were oriented
perpendicular to the substrate without any need of
surface modification. As shown in Scheme 1, the con-
ventional linear BCPs will generally form a layer-by-layer
structure due to the surface energy difference between
two blocks and preferential interactions between one
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Figure 2. GI-SAXS patterns of thin films of (A) [g-Ss 1]54-b-[g-LA4 4151 and (C) [g-S,.4]189-b-[g-LA; 41533 on Si substrates, where
(A) and (C) are corresponding to the samples in Figure 1C and E, respectively. GI-WAXS pattern of thin films of (E) [g-Ss.1]54-
b-[g-LA4 4]51 on Si substrate, where (E) is corresponding to the sample in Figure 1C. The line profiles of scattering as a function
of the scattering vector in (B), (D), and (F) are corresponding to (A), (C), and (E). g, is the in-plane scattering vector and g, is the

out-of-plane scattering vector.

block and the substrate or air interface. However, for the
brush BCPs used in this study, lamellar microdomains
were oriented perpendicular to the substrate, the origin
of which was attributed to the entropy gain caused by
the unique chain architecture.

The fact that no special steps were taken to modify
the substrate to control interfacial interactions,*~4°
and the orientation of the lamellar microdomains
normal to the substrate, even with solvent annealing,
was surprising, because PLA has strongly preferential
interactions with the oxide layer on the silicon sub-
strate, and the orientation found requires that the PS
block be in contact with the substrate. Consequently,
the orientation of the lamellar microdomains normal to
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the substrate may arise from the screening of the
interactions of the blocks with the substrate, coupled
with the more favored parallel alignment of the steri-
cally hindered, rigid blocks at the substrate and from
increasing the number of chain ends at the polymer/
substrate interface, which again is an entropic-type of
preferred chain orientation. Unlike linear BCPs, the
many chain ends of the side chains attached to the
backbone would preferentially segregate to the sur-
face and substrate interfaces. This orientation allows
the microphase-separated brush BCPs to have more
conformational degrees of freedom, in comparison to
the case where microdomains of brush BCPs are
oriented parallel to the substrate.
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Figure 3. GI-SAXS patterns from Brush BCP thin films having different side chains: (A) MW of PS side chain is 2.4k and MW of
PLA side chain is 2.4k; (B) MW of PS side chain is 4.3k and MW of PLA side chain is 4.5k (Thickness data for each series can be

found in Supporting Information).

GI-SAXS was performed to analyze the structure of
brush BCP thin films. The incidence angle was fixed at
0.18°, which is above the critical angle of the brush
BCPs but below that of Si substrate, so that the X-ray
beam penetrates into the polymer film. Figure 2A—D
shows the GI-SAXS patterns and the line scans along
the horizon of the GI-SAXS patterns of the thin films of
[9-S5.1154-b-[g-LA4 4151 and [g-5;.4l180-b-[g-LA 4233 cor-
responding to the samples in Figure 1B and C, respec-
tively. Upon solvent annealing, Bragg rods were
observed at scattering vectors with magnitudes of
n(L/2m), where n is an integer, as shown in Figure 2A
for [g-Ss 11s4-b-[g-LA4 4151 and Figure 2C for [g-S; 4]150-
b-[g-LA; 4]233. Figure 2B and D show the one-dimensional
profile of Figure 2A and C along g, (in the plane of the
film), respectively, where multiple orders of scattering
were seen from the well-developed lamellar microdo-
mains oriented perpendicular to the substrate. From the
first scattering vector, L, for [g-Ss1]54-b-[g-LA44]5, and
[g-S5.4l189-b-[g-LA, 41533 Was calculated to be 60.1 and
215.1 nm, respectively, which is consistent with L ob-
tained from SFM images. Grazing-incidence wide-angle
X-ray scattering (GI-WAXS) was also used to characterize
thin brush BCP films. Figure 2E shows a clear ring of
scattering, characteristic of a disordered, amorphous
polymer with a maximum scattering peak correspond-
ing to 0.43 nm. This distance arises from the average
separation distance between adjacent brush side chains
and, due to the lack of orientation in the GI-WAXS
pattern, these data indicate that brush side chains are
randomly distributed within the microdomains. The GI-
SAXS studies on the two series of brush BCPs, [g-S;.4],-
b-{g-LA; 4l5and [g-S5 11,-b-[g-LA4 4] are shown in Figure 3.
From the first order reflection in the GI-SAXS, the
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Figure 4. Plot of the period (L) as a function of degree of
polymerization (DP) of the backbone for brush BCPs with
different side chains (2.5k for S and 2.5k for LA (black
square), 4.3k for S and 4.5k for LA (red circle), 4.8k for S
and 5.6k for LA (blue square), 5.1k for S and 4.4k for LA (pink
triangle), and 6.1k for S and 6.3k for LA (green diamond)).

period, L, was determined. Figure 4 shows L as a function
of DP (degree of polymerization) for both series of brush
BCPs (results are summarized in Table 1). From a
regression analysis of the data, it was found that L o<
DP*® for the [g-S,4],-b-[g-LA, 4], brush BCPs and L o
DP' % for the [g-S4 5],-b-[g-LA4 51, brush BCPs. The slight
increase in the exponent as the side chain length
increases, and the apparent saturation, with a further
increase in the side chain molecular weight, arises from
the entropic penalty associated with the packing of the
side chains. It is evident, though, that the backbone
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Figure 5. SFM height (A—C) and phase (D—F) images obtained from thin films of [g-S; 4]189-b-[g-LA3 41533, [g-S2.4]250-b-[g-
LA, 41381, and [g-S, 31206-b-[g-LA4 51275 ON Si substrates, respectively. The plots above SFM images were cross sectional analysis

of the corresponding height images below.

chain is highly stretched, regardless of MW of the side
chain, and only the extended contour length of the main
chain dictates L. It should be noted that the exponent for
the brush BCPs is much larger than that for flexible BCPs
in the strong segregation regime,'® where L o DP%3,
Previously, we found similar results in case of thermally
annealed bulk samples of brush BCPs.*? In particular, the
domain spacing found with solvent annealing is con-
sistently larger than that for thermal annealing, because
the swollen domain spacing during solvent annealing is
kinetically trapped during the evaporation of the solvent
vapor after the sample is removed from the annealing
jar. Consequently, the exponents in the bulk state
(thermal annealing) are smaller than that in film state
(solvent annealing), indicating that the backbone chains
are more stretched in solvent-annealed films. Brush BCPs
with even larger side chain MW (5.0k and 6.0k) are also
shown in Figure 4 and Table 1. The results for these are in
keeping with the data for [g-S43],-b-[g-LA4 5],

Thin films made from the highest MW brush BCPs
showed a very curious surface topography after sol-
vent annealing for 2 h in THF vapor. The film thickness
in Figure 5A—C was determined by ellipsometry to be
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60, 63, and 65 nm, respectively. A uniform height dif-
ference between the two microdomains was observed
in Figure 5A and B, where representative thin films of
brush BCPs with the same side chain MWs but with
different DPs of the backbone ([g-S;4l180-b-[g-LAz.4l233
and [g-S 4l550-b-[g-LA, 41381) were shown. Analysis of the
surface topography shows that terraces formed on the
surface with a step height of only 9 nm for both brush
BCPs. This is far less than the step height, L, arising from
incommensurability between the film thickness and L,
when the microdomains orient parallel to the surface >*”’
When the molecular weight of the side chains was in-
creased, as shown in Figure 5C ([g-S43]206-0-[g-LA451273),
the step changed to being 13 nm. These values corre-
spond roughly to the diameters of the brushes and
suggest that there is a single layer of the brush BCP
covering the surface of the film. X-ray photon spectros-
copy (XPS) was used to characterize the composition of
the surface of the films (see Supporting Information),
which, from an atomic concentration analysis, suggests
that the PS-brush block is preferentially covering the
surface. This would be consistent with the lower surface
energy of the PS-brush block, but also suggests that the
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Figure 6. TEM images of solvent-annealed thin film of [g-
S5.1154-b-[g-LA4 415, after selective etching of PLA domains
by hydrolysis under basic condition.

brush BCP must assume a rather unusual, bent configura-
tion at the surface in order to minimize the surface energy.
The exact nature of this configuration is unknown, at
present, and is under further study. It is also noted that
the difference in film thickness and solvent annealing time
can have a significant influence on final morphologies; for
example, both Figure 1C and Figure 5A are from the same
sample, but behave differently.

It was previously reported that porous templates
and scaffolds can be prepared from thin films of BCPs
based on PS and PLA, by selectively hydrolyzing the
PLA with a weak acid or weak base.** A thin film of [g-
Ss.1154-b-[g-LA4 4151, after solvent annealing with THF/
CBz, was immersed into an aqueous sodium hydroxide
(NaOH) basic solution to selectively remove the PLA
domains. From the transmission electron microscopy
(TEM) image in Figure 6, it was seen that the framework
of the lamellar domains oriented normal to the sub-
strate was preserved after hydrolysis, with trenches
extending from the surface to the substrate. These
porous templates can be used for transferring the
original lamellar pattern, into either hard or flexible
substrates, by reactive ion etching protocols in a very
simple, routine manner. It is also expected that removal

EXPERIMENTAL SECTION

Brush BCPs were synthesized according to the previously
reported procedure.** The Si substrate was cleaned with a
carbon dioxide CO, snow jet and followed by oxygen plasma
treatment for 10 min. Thin films of brush BCPs were prepared by
spin-coating the solutions of brush BCPs and chlorobenzene on
Si substrates, where the film thickness was controlled by
adjusting the concentration of solution and the speed of spin
coating. Solvent annealing was performed at room temperature
and humidity of 30—40%: (i) thin film of BCP was placed in a
closed cylindrical container (volume ~ 250 mL) for solvent
annealing after purging the jar with dry N, gas; (ii) solvent with
an amount of 200 to 800 uL was added by a syringe into the
closed container through a hole without opening the jar, and
solvent annealing was performed in the container to prepare
well-developed nanostructures. When the solvent annealing
was done, the sample was immediately taken out from the jar
and was dried at room temperature. The schematic process of
solvent annealing can be found in Supporting Information. The
surface topographies of brush BCPs thin films on Si substrates
were imaged by the SFM (Digital Instruments, Nanoscope ll) in
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of one of the blocks and backfilling with other materi-
als, such as a metal, could afford a simple route in
producing meta-materials. It must be kept in mind that
the brush polymers block has remained unaltered
during the removal of the BrPLA block and, hence,
lift-off or mask removal can be done by rinsing with a
solvent of the brush polymers block. These templates
and scaffolds achieved by brush BCPs can be used for
practical applications like polarizers when these line
patterns can be aligned through the directed self-
assembly procedure.

CONCLUSIONS

In summary, we have demonstrated a simple route
to fabricate two dimensionally well-ordered, periodic
nanopatterns using brush BCPs, which generates struc-
tures with feature sizes on the tenths of a micrometer
size scale in a relatively short time, owing to the
reduced entanglements of the brush BCP chains. The
scaling law was determined to be linear for the period,
L, as a function of backbone degree of polymerization.
It is evident that the backbone chain is highly stretched,
regardless of the MW of the side chain, and only the
extended contour length of the main chain dictates L. By
a simple hydrolysis, these thin brush BCP films can be
used as templates and scaffolds for pattern transfer or
backfilling processes to generate inorganic structures
on either hard or flexible surfaces (that may or may not
be transparent). This strategy is ideal for the fabrication
of polarizers and photonic band gap materials for visible,
ultraviolet, and even infrared lights. An unusual terra-
cing on the surface of the brush BCPs films was observed
where layers of the lower surface energy block, one
molecular diameter in thickness, were present on the
surface, so as to reduce the surface energy of the films.
The molecular configuration necessary to achieve this
terracing is still under investigation.

tapping mode. Grazing Incidence Small Angle X-ray Scattering
(GI-SAXS) measurements or Grazing Incidence Wide Angle X-ray
Scattering (GI-WAXS) measurements were performed on beam-
line 7.3.3 at the Advanced Light Source at the Lawrence
Berkeley National Laboratory. The wavelength of X-rays used
was 1.24 A, and the scattered intensity was detected using a 2D
charge-coupled device (CCD) camera or a Pilatus 100k fast
detector. Bright-field TEM was performed on a JEOL-2000FX TEM
operating at an accelerating volatge of 200 kV. XPS survey spectra
were recorded using a Physical Electronics Quantum 2000 spectro-
meter with a 200 um spot size, monochromatic Mg Ko excitation,
and a takeoff angle of 15 and 75°. The sensitivity factors specified
for the spectromenter were used for quantitative analysis.
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