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Abstract

The self-assembly of high-y low-N block copolymers (BCPs) can give patterns in thin
films with sub-10 nm full pitch, serving as a promising alternative to
photolithographic methods. In this work, we synthesized poly(solketal
methacrylate)-block-polystyrene copolymers, PS-b-PSM, with various volume ratios
of the two blocks. After hydrolysis of the PSM block into poly(glycerol
monomethacrylate), PGM, the BCPs had both lamellar and cylindrical microdomain
morphologies in the bulk phase and in thin films. In addition to our previously
developed solid-state hydrolysis strategy involving trifluoroacetic acid vapors, we
developed a new photo-induced solid-state hydrolysis using photoacid generator,
PAGs, embedded within the polymer film. After exposure to UV followed by a post-
exposure baking or solvent vapor annealing, the BCPs transitioned from the
disordered, phase-mixed state into laterally ordered cylindrical patterns. In
comparison to linear BCPs that rely on a random copolymer layer to modify
interfacial interactions with the substrate to promote an orientation of the
microdomains normal to the interrface, we found that the microdomains in
bottlebrush multiblock copolymers oriented normal to the interface absent
substrate modification due to the chain architecture.

Introduction

Moore's law predicts that the number of transistors in an integrated circuit doubles
approximately every two years.! In the most advanced commercially available
process, the feature size of transistors remains tens of nanometers in size, limited
by the resolution of photolithography, despite the use of extreme ultraviolet
lithography and multi-patterning.? As top-down photolithography approaches the
diffraction limit, bottom-up self-assembly of block copolymers (BCPs) has proven to
be a promising alternate route to give patterns on the nanometers level.*!! Lamellar
and cylindrical patterns with sub-10 nm even full pitch have been reported.!??° The
feasibility of integrating BCP self-assembly into the fabrication of critical device
layers has been verified at the 7-nm process of fin field-effect transistors.?*%

BCPs can either be in their disordered state or microphase-separated state,
depending on the product of the segmental interaction parameter (yx), which
increases with the incompatibility of two blocks, and the degree of polymerization
(N).>>% In the strong-segregation limit (large xN), the full pitch of microphase-
separated lamellar morphologies is proportional x“6N%3.12 2% As a result, to keep the
BCPs in their strong segregation limit while minimizing the full pitch, y must be high
while N must be low.3°32 High-y low-N BCPs usually have one hydrophobic block and
one hydrophilic block, inevitably leading to poor solubility and, therefore, non-
uniform films, syntheses that are more complex, and microdomain orientation that



is difficult to control, and self-assembly procsse that are difficult to direct. We
developed a solid-state hydrolysis strategy to bypass the solubility issue, allowing
the preparation of uniform thin films by spin coating high- » low-N BCP precursors.33
A hydrophobic-hydrophobic BCP, poly(solketal methacrylate)-block-polystyrene
(PSM-b-PS), was synthesized and spin-coated into a uniform thin film. The film was
then exposed to trifluoracetic acid (TFA) vapor to convert the hydrophobic PSM
block into hydrophilic poly(glycerol monomethacrylate) (PGM), massively increasing
x and transitioning the BCP from the disordered, phase-mixed state into the strongly
microphase-separated  state. For  microphase-separated BCPs, different
morphologies, such as lamellar, cylindrical, gyroid, and spherical morphologies, can
be achieved by tuning the volume fractions of the two blocks.?® In our previous
work, we showed the self-assembled lamellar morphologies in the bulk and in thin
films.>? In this work, we expanded the morphologies to hexagonally packed cylinders
by tuning the volume fraction of the blocks of the high-y low-N BCPs.

TFA is highly corrosive and, therefore, incompatible with most metallic and oxide
materials used in device layers. It is, also, difficult to control the spatial exposure of
the film with acid vapors, making it difficult to control a selective hydrolysis of the
film. TFA is also not environmentally friendly, being non-degradable and toxic to
aquatic life.3* In this work, we replaced TFA vapor by embedding photoacid
generators (PAGs) into the BCP thin films. PAGs release acid upon exposure to UV
light. Therefore, by co-dissolving the PAGs with the BCPs in the solution for spin
coating, a solid-state hydrolysis could affected by exposing the film to UV light
followed by post-exposure baking or solvent vapor annealing. Compared with the
previously developed TFA-induced hydrolysis, the photo-induced hydrolysis in this
work opened possibilities for lithography-like areal-selective exposure that could be
used to generate devices with sub-10 nm full pitch.

In addition to minimizing the full pitch by transforming the BCPs into the very
strong-segregation regime, PS-b-PSM is soluble in a single common solvent, like
toluene, allowing a simple spin-coating process to generate very uniform thin films,
while the PAG eliminates the need of TFA or other strong acid vapors. However, the
orientation of self-assemble microdomains must also be carefully controlled.-*! For
high-xy low N BCPs, one block will preferentially interact with the substrate,
promoting an orientation of the microdomains parallel to the substrate. While this is
suitable for a pattern transfer of line patterns from cylindrical microdomains, it is
more desirable to orient lamellar microdomains normal to the surface to enhance
pattern transfer of a line pattern or, in the case of cylindrical microdomains, the
transfer of a dot pattern. For linear BCPs, a random copolymer layer can be used to
balance the interfacial interactions between the two blocks and the substrate,
thereby promoting orientation an orientation of the microdomains normal to the
surface.®® For a solid state conversion of linear diblock copolymers, a precursor
random copolymer of P(S-r-SM) can be used that is simultaneously converted into a
random P(S-r-GM) copolymer to control the orientation of the microdomains. One
can also take advantage of the chain architecture to control the microdomains
orientation. Recently, bottlebrush copolymers have found use in a wide range of
applications.*> 4 Bottlebrush block copolymers have been shown to produce



microdomains oriented normal to the substrate interface absent any substrate
modification despite the preferential interactions of one block with the substrate
due to the architecture of the polymer chain and a maximization of contact of one
block with the substrate.** *° With increasing x and an even stronger preferential
interaction of one block with the substrate, as is the case for the S and GM
segments with x as high as 0.438 at 25 °C using 118 A3 as a reference volume*,
this architectural effect can be used to even greater advantage to orient the
microdomains normal to the substrate interface absent any surface modification.

Experimental Section
Materials

Dioxane, toluene, hydrochloric acid, trifluoroacetic acid, and the two photoacid
generators were purchased from Sigma-Aldric. and used directly without
purification. The block copolymers were synthesized using a previously developed
synthesis route.*” 8 Kapton tape for transmission x-ray scattering measurements
was purchased from Fisher Scientific. Silicon wafers were purchased from
International Wafer Service, Inc. (IWS). The polished side of Si wafers has a natural
SiO; layer.

Hydrolysis of the BCPs in solution

The BCPs were dissolved in dioxane at 20 mg/mL. Next, concentrated hydrochloric
acid was diluted to 1 M, and 5% by volume was added to the BCP solution, stirred at
room temperature for 12 hours, frozen with liquid nitrogen, and dried in a vacuum
oven.

Hydrolysis of the BCPs in thin films with TFA vapor

Silicon wafers with a natural top SiO. layer were cut into 1*1 cm? pieces, cleaned
with a CO, snow jet, then ozone plasma for 20 minutes. In some experiments, the Si
wafers were modified with a random copolymer layer with our previously developed
strategy.®®* The BCPs were dissolved in toluene solution at 20 mg/mL. Next, 40 uL
solution was dropped on a wafer immediately followed by spin-coating at 6000 rpm
for 1 minute. The polymer films were then placed in a glass jar saturated with TFA
acid vapor, arising from a mixture of TFA and water at a volume ratio of 3/1. After 2-
4 hours, the films were removed from the jar and evacuated, followed by thermal
annealing at 150 °C for 12 hours.

Hydrolysis of the BCPs in thin films with photoacid generators

Silicon wafers were cleaned and modified in the same way as mentioned above.
BCPs and PAGs were dissolved in toluene solution at 20 mg/mL and 0.1 mg/mL. 40
ML solution was dropped on a wafer immediately followed by spin-coating at 6000
rom for 1 minute. For PAG1, the film was exposed to 360 nm UV light. For PAG2, the
film was exposed to 254 nm UV light. The dose of exposure was 50 mj/cm?. After
exposure, there were two different routes to proceed with the acid-catalyzed
hydrolysis reaction and morphology evolution. For post-exposure baking followed by
thermal annealing, the films after exposure to UV light were firstly baked at 100 °C



in the air and then moved into a vacuum oven for thermal annealing at 150 °C for
12 hours. For solvent vapor annealing, the films after exposure were placed in a
glass jar saturated with toluene and water vapor for 19.5 hours.

Small-angle x-ray scattering (SAXS) and grazing-incidence small-angle x-ray
scattering (GISAXS) of the BCPs hydrolyzed in solution

A steel washer with a thickness of 0.5 mm was placed on top of a Kapton tape and
heated to 100 °C. After hydrolysis in dioxane solution and vacuum drying, the BCP
powders were compressed into the washer. Another Kapton tape was placed on top
of the steel washer to sandwich the BCPs between two Kapton films in a washer. The
samples were thermally annealed at 150 °C for 12 hours before SAXS
measurements. The x-ray scattering facility is a Ganesha SAXS-LAB instrument. The
x-ray source is Cu K, with a wavelength of 0.1542 nm. The collimation system has
two sets of apertures, each comprising a horizontal and a vertical gate to control
the beam size. The detector is a Pilatus 300K 2D detector with a beam stop in the
center to measure the 2D scattering profile, which can be converted into a 1D
scattering profile after the azimuthal average. The beam stop can be removed to
measure the incident beam intensity. All measurements were performed in vacuum
for 10 minutes. GISAXS measurements were performed at an incidence angle of
0.18 degrees.

Surface characterization

Atomic force microscopy was performed on an Asylum MFP-3D under tapping mode.
The AFM probes were purchased from Bruker. The model of the probe is NCHV. The
normalized radius of the tip is 8 nm. Reactive ion etching was performed on an STS
Vision 320 Mark Il RIE System with RF power 100 W under 10 mTorr for 15 seconds.
The gas used for RIE is a mixture of O, and Ar at a 3/1 volume ratio. SEM
experiments were performed using an FEI Magellan XHR-400 field emission-SEM
operated at 1 kV acceleration voltage and 50 pA beam current.

X-ray reflectivity measurements (need to discuss how to publish experimental
details, maybe patentable?)

Results and Discussion

In this work, we synthesized PSM-b-PS using a previously developed synthesis.*” The
chemical structure of the block copolymer is shown in Scheme 1la. Solid-state
hydrolysis of PSM into PGM in spin-coated thin films was achieved by a previously
used TFA vapor strategy and a newly developed PAG route. Hydrolysis in solution
could was achieved with hydrochloric acid.*® Before hydrolysis, the segmental
interaction parameter (y) between the two blocks was low, 0.035 at 25 °C using 118
A3 as a reference volume.*® As a result, the BCPs were in the disordered state.
Uniform thin films of PS-b-PSM, ~50 nm in thickness, were spin-coated from
solutions of PS-b-PSM in toluene.®® After hydrolysis, the BCPs changed from
hydrophobic-hydrophobic BCPs into hydrophilic-hydrophobic BCPs with significantly
increased y, 0.438 at 25 °C using 118 A2 as a reference volume.*® As a result, the
BCPs transitioned from a disordered, phase-mixedmorphlogy into a strongly



microphase separated morphology (Scheme 1b). We previously showed that the
solid-state hydrolysis strategy vyielded well-ordered lamellar microdomain
morphologies in thin films.?* Here, we found that by changing the volume ratios
between the PS and PSM blocks, lamellar and cylindrical morphologies with parallel
and perpendicular orientations could be achieved upon hydrolysis (Scheme 1b).
While linear BCPs rely on a random copolymer layer on the substrate to promote
perpendicularly oriented patterns, we found that bottlebrush multiblock copolymers
exhibited perpendicularly oriented patterns without surface modification.

(a)

PSM-b-PS PGM-b-PS
TFA or PAG
oo —) oo
o/\f) HO/\f)
)I.—O HO
(b) parallel lamellas parallel cylmders
TFA or PAG
— perpendicular lamellas perpendicular cylinders

Scheme 1. (a) Solid-state hydrolysis from disordered poly(solketal methacrylate)-b-
polystyrene (PSM-b-PS) into microphase-separated poly(glycerol
monomethacrylate)-b-polystyrene (PGM-b-PS). The hydrolysis reaction was either
catalyzed by trifluoracetic acid (TFA) or embedding photoacid generators (PAG) into
the polymer film. (b) Morphology evolution in thin films from a disordered state
before hydrolysis into lamellas or cylinders oriented parallel or perpendicular to the
substrate after hydrolysis. A random copolymer layer of PSM and PS was spin-
coated on the silicon substrate before the BCP layer to promote perpendicular
orientation, as shown by the pink layer in perpendicularly oriented lamellae and
cylinders.

The bulk morphologies of the BCPs after hydrolysis were first examined using
transmission small-angle x-ray scattering (SAXS) as shown in Figure 1. The
hydrolysis reaction in the dioxane solution was catalyzed by hydrochloric acid (HCI).
The PGM-b-PS after hydrolysis was thermally annealed at 150 °C, above the glass
transition temperatures of PGM (100 °C) and PS (96 °C),* to enhance the lateral
order of the self-assembled morphologies. As the minority block, when the PGM
volume fraction was gretaer than 0.32, the BCPs had lamellar morphologies, as
evidenced by the primary reflection (g*) and higher-order reflections at 2g*, 3g%*,
4qg*, and 5g* in Figure 1a. The lamellar repeat period or full pitch (L) was calculated



by Lo = 2a/g*. When the volume fraction of PGM was less than 0.24, most of the
BCPs ordered into hexagonally packed cylinders, as evidenced by the primary
reflection (g*) and higher-order reflections at v3g*, 2g*, v7g*, and 3g* in Figure 1b.
The absence of specific peaks in cylindrical morphologies, for example, 2g* for
P(GM2.6-56.3), resulted from a symmetry where a minimum of the form factor
overlaps with a maximum of the structure factor. For P(GM2.6-56.3), the minority
PGM blocks formed cylinders in a PS matrix. With L, = 15.6 nm and a 0.23 PGM
volume fraction, the radius of the PGM cylinders is estimated to be 4.5 nm. The form
factor of such cylinders has a minimum at 0.85 nm™, which is close to 2¢* (0.81 nm"
1), causing the absence of the reflection at 2¢*.>% > P(GM0.9-53.4), which showed a
broad primary reflection and no higher-order reflections, was in the disordered
state, since at increasing asymmetry and decreasing degree of polymerization, a
larger yx is needed to be microphase separated.
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Figure 1. SAXS plot of PGM-b-PS block copolymers with different molecular weights
after hydrolysis in solution, showing lamellar (a) and cylindrical (b) morphologies.
The scattering intensity (I) is shown as a function of the scattering vector (q) and
vertically shifted for clarity. The full pitch (L,) of the morphologies was noted on the
right of the plots.

The thin film self-assembly of BCPs with lamellae oriented parallel to the substrate
was examined by X-ray reflectivity>*>* (XRR, Figure 2) and AFM (Figure 3a). The BCP
thin film was prepared by spin-coating, then exposed to TFA vapor, and thermally
annealed at 150 °C. Si substrates with native SiO, surface layers (1-2 nm) were
treated with UV/Ozone prior to spin coating, to remove any adsorbed organics
leaving a hydrophilic surface that favored interactions with the hydrophilic PGM
blocks, promoting a parallel orientation of the lamellae. As a result, P(GM6.5-59.5)
on the Si substrate showed an island-hole morphology (Figure 3a), indicating
lamellae oriented parallel to the substrate. XRR of the spin-coated thin film before
exposing to TFA, after exposing to TFA before thermal annealing, and after thermal
annealing are shown in Figure 2. The film thickness before exposure to TFA was 467
A. After exposure to TFA for 2 hours, the thickness decreased to 442 A due to the
loss of acetone, a by-product of the hydrolysis reaction. Exposing to TFA for 3.5



hours gave a film thickness close to the one after 2 hours, indicating that the
hydrolysis was complete within 2 hours (Figurer S1). After thermal annealing, the
film thickness further decreased to 429 A. The decrease indicated that the films
remained swollen after TFA and acetone rapidly evaporated. Subsequently,
densification occurred during the thermal annealing above the glass transition
temperatures. Before hydrolysis, the XRR profile could be fit with a simple
monolayer model with diffuse interfacial profiles at the polymer-air and polymer-Si
interfaces (Figure S2-3). However, after thermal annealing, the XRR profiles showed
a frequency beating in the Kiessig fringes, which could not be fit a with simple
monolayer model (Figure S4), but rather a coherent addition of two films with
thicknesses corrrespnding to the island and hole topography. The heights of the
islands, 16 nm, could be measured by a line cut in the AFM height image (Figure
S5a), which was close to the full pitch obtained from bulk phase x-ray scattering
(15.8 nm). In the AFM phase image (Figure S5b), the islands and the surrounding
area had the same phase, indicating the same block on the top surface in those
areas.

- .
—— P(SM6.5-59.7)

—— P(GMB.5-59.7) TFA 2H

—— P(GM6.5-59.7) TFA 2H TA 150C 20H

Thickness =429 A

Thickness =442 A

Thickness = 467 A

‘ ‘ . . . 1

0.05 0.1 0.15 02 025 03
q; (A

Figure 2. X-ray specular reflectivity (R) of a spin-coated P(SM6.5-59.7) thin film on
top of a silicon wafer, as a function of q,, the difference between the reflected and
incident wave vectors. The black line is from the polymer thin film before hydrolysis.
The red line is the polymer film after hydrolysis in TFA vapor for 2 hours before
thermal annealing. The blue line is for the polymer thin film after hydrolysis in TFA
vapor for 2 hours and thermal annealing for 12 hours at 150 °C. The reflectivity at
zero @, is all normalized to be 1. The red and blue lines are vertically shifted by a
magnitude for clarity. Thicknesses of the thin films are calculated from the Kiessig
fringes.
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Figure 3. AFM height images of PGM-b-PS after solid-state hydrolysis with
trifluoroacetic acid (TFA) vapor in thin films showing (a) parallel lamellae, (b)
perpendicular lamellae, (c) parallel cylinders, and (d) perpendicular cylinders. The
lamellar morphologies were from P(GM6.5-59.7) and P(GM5.4-S6.5), and the
cylindrical morphologies were from P(GM2.6-56.3). To promote perpendicularly
oriented lamellae, a random copolymer layer was used to modify the substrate prior
to spin-coating the BCP layer in (b). The BCPs were spin-coated on a bare Si
substrate with a natural SiO; top layer for the other three samples.

To obtain lamellae oriented normal to the surface (Figure 2b), a thin random
copolymer layer, PSM-r-PS, was anchored to the substrate. Hydrolysis of PSM-r-PS
and the PSM-b-PS on top of the random copolymer occurred simultaneously so that
the interaction between the two blocks and the substrate remained balanced. As a
result, a perpendicular orientation of the lamellae was promoted. Grazing-incidence
small-angle x-ray scattering (GISAXS, Figure S6) augmentted the AFM images.
Compared with AFM, which gave images of localized surface regions, GISAXS gave
statistically averaged information of a much larger volume. The primary scattering
reflection and higher orders were observed in the in-plane direction, suggesting a
perpendicular orientation of the lamellae. Despite the well-developed lateral order,
higher-order reflections were weak because the films were too thin (~ 50 nm), and
the flux of the in-house x-ray source was limited. The incidence angle was set as
0.18°, close to the critical angle measured by XRR, to ensure the penetration of the
x-ray into the film while maximizing the beam path to enhance the scattered
intensity. Such a scattering geometry is also evidenced by comparing the relative



position of the Yoneda peak, which has the same q, as the primary in-plane peaks,
and the specular reflection at q, = 0. The specular reflection had slightly higher q,
than the Yoneda band, indicating that the incidence angle was slightly above the
critical angle.

P(GM2.6-56.3) showed hexagonally packed cylinders in the bulk and thin films.
Parallel and perpendicular cylinders were obtained on unmodified Si substrates
(Figure 2c, 2d). After 2H hydrolysis in TFA vapor, the cylinders were oriented
perpendicular to the substrate (Figure 2d). After 4H hydrolysis, the cylinders were
oriented parallel to the substrate (Figure 2c). As discussed above, the hydrolysis
was complete within 2H. The PGM-b-PS was exposed to TFA and the by-product,
acetone, for an extended period of time after the hydrolysis was completed. These
plasticize the copolymer film and mediate interfacial interactions, causing the
orientationof the microdomains to be different tthan that observed with thermal
annealing. Curiously, no apparent differences were observed in GISAXS for parallel
and perpendicular oriented cylinders. Both samples showed a pair of in-plane peaks
on the Yoneda band (Figure S7). The q, of those peaks matched those of the bulk
phase SAXS, confirming the hydrolysis was complete in both cases. While the in-
plane GISAXS peaks were expected for the perpendicular cylinders, the parallel
cylinders were expected to give peaks at 30° and 90° out-of-plane if their [100]
planes were parallel to the substrate. We attribute the lack of such peaks to the
absence of hexagonal packing of the parallel cylinders since the film thickness is
only three full pitches. On the contrary, the hexagonal packing in a drop-cast film
with micron thickness was evidenced by the peaks at 30° and 90° out-of-plane in
GISAXS (Figure S8).

To replace the TFA vapor with PAG, the PAG was dissolved in toluene and mixed with
the toluene solution of PSM-b-PS for spin coating. The film was then exposed to UV
light to generate the acid (Figure 3a). Two different PAGs were chosen, one that
produced HCI, abbreviated as PAG1 (Figure 3b), and one that produced a fluorinated
sulfuric acid, abbreviated as PAG2 (Figure 3c). Monitoring the degree of hydrolysis of
BCPs with PAG on a Si substrate is challenging by NMR because of the acid residue.
Even if enough materials were dissolved for solution NMR measurements, it is
difficult to determine whether the hydrolysis occurred in the solid state or the NMR
solution. Consequently, we used attenuated total reflectance Fourier-transform
infrared spectroscopy (FTIR) to monitor in situ the hydrolysis of a drop-cast film
microns in thickness.*® 5 3¢ Powders of P(SM5.4-S6.5) before hydrolysis and
P(GM5.4-56.5) hydrolyzed in solution were used as a reference material s(Figure
3d). BCPs hydrolyzed with PAG1 and PAG2 exhibited a broad absorption near 3100-
3600 cm™ (Figure 3e-f, peak 1), like the reference, which is attributed to the
stretching vibration of hydroxyl groups of glycerol monomethacrylate. This
suggested that the hydrolysis reaction proceeded with PGA1 and PAG2. However,
the secondary alcohol C-O stretching vibration at 1118 cm™ (peak 7) is only clearly
visible in the reference material, and the BCPs hydrolyzed with PAG2. For the BCPs
hydrolyzed with PAG1, a flattened absorption appeared at the expected wavelength
instead. This suggested that the degree of hydrolysis with PAG1 is lower than that of
PAG2, possibly because HCI evaporates more readily than fluorinated sulfuric acid



during post-exposure baking. The CHs; stretching and bending vibrations at 2987 cm-
! (peak 2) and 1372 cm™ (peak 5) in the reference material and the BCPs hydrolyzed
with PAG2 disappeared. Those vibrations were weaker, though still visible, in the
BCPs hydrolyzed with PAG1, suggesting a lower degree of hydrolysis with PAG1
under the same conditions. For a spin-coated thin film ~50 nm in thickness, FTIR
would not give a sufficient signal-to-noise ratio even in the attenuated total
reflection mode. We used XRR to examine the thin films before and after photo-
induced hydrolysis, where only completed hydrolysis with PAG2 gave parallel
lamellae with island-hole topographies. With PAG1, the XRR profiles could be fit with
a uniform monolayer after hydrolysis (Figure S9). With PAG2, the XRR profile after
hydrolysis resembled the one after TFA conversion, where the reflected x-ray from
the islands and holes interfered coherently (Figure S10), causing a mismatch
between the experiment and simulated data from a monolayer model.
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Figure 3. (a) Scheme of photo-induced hydrolysis from PSM-b-PS to PGM-b-PS. (b)
and (c) Chemical structures of photoacid generator 1 (PAG1) and PAG2. (d) FTIR of
P(SM5.4-56.5) powders before hydrolysis and P(GM5.4-56.5) powders after
hydrolysis in solution with HCI as a catalyst. This spectrum was used as a reference
for photo-induced solid-state hydrolysis. (e) FTIR of drop-cast film of P(SM5.4-56.5)
embedded with PAG1, with (red line) or without (black line) exposure to UV, both
after baking at 100 °C. (f) FTIR of drop-cast film of P(SM5.4-56.5) embedded with
PAG2, with (red line) or without (black line) exposure to UV, both after baking at 100
°C. The peaks noted with red dashed arrows existed only after hydrolysis. Those
numbered peaks were assigned in Figure 3(a).

For solid-state hydrolysis of thin films with PAG2, a random copolymer layer could
also be used to balance interfacial interactions, promoting perpendicularly oriented
cylinders, as shown in Figure 4a. PAG2 was embedded in both the random
copolymer and P(SM7.6-S17.5) block copolymer layers, ensuring simultaneous
hydrolysis in both layers and keeping the PGM/substrate and PS/substrate interfacial
energies balanced. Compared to the hexagonally packed cylinders with lateral order
obtained with PAG2, the identical BCP converted with TFA vapor followed by thermal



annealing gave poor lateral order (Figure S11). After converting PSM-b-PS into PGM-
b-PS in TFA vapor, the BCPs with high y were trapped in a metastable state with
limited mobility for defect annihilation during thermal annealing. With PAG2, the
acid generated during exposure to UV did not have sufficient mobility to diffuse in
the film. As a result, the hydrolysis did not start until the film was placed in a
solvent vapor. The lateral order evolved during solvent vapor annealing while the
hydrolysis reaction proceeded simultaneously, by-passing the kinetic trapping of the
high-y BCPs, yielding high lateral order. In the AFM height image (Figure 4a), the
cylinders produced by the PGM were slightly higher than the surrounding PS matrix.
After rinsing the film with ethanol, a good solvent for PGM but a poor solvent for PS,
the surface topography reversed, while maintaining the hexagonally packed
cylindrical morphology, with the PS matrix slightly higher than the PGM cylinders.
This topography change resulted from a solubilization of the PGM block and a
redeposition on the surface. GISAXS (Figure S12) showed Bragg rods in the in-plane
direction, confirming that the cylinders were oriented normal to the substrate. The
Bragg rods resulted from the limited film thickness and a truncation of the cylinders
at the substrate and surface interfaces.

4.6 nm
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3.0

2.0
1.0

Figure 4. (a) AFM height image of P(GM7.5-S17.5) embedded with PAG2 after
exposure to UV followed by solvent vapor annealing. (b) The same sample is shown
in (a) after being rinsed with ethanol.

For linear PSM-b-PS, surface modifications to balance interfacial interactions are
needed to promote the orientation of the lamellar microdomains normal to the film
surface. Bottlebrush multiblock copolymers (Figure 5a) on the other hand, can yield
this orientation without surface modification. We previously reported the synthesis
and bulk self-assembly of bottlebrush (polystyrene-poly(solketal methacrylate)-
polystyrene) coplymers, abbreviated as B(S-SM-S).*® Once hydrolyzed in solution,
the B(S-GM-S) is trapped in aggregated micelles. The very high x between the PS
and PGM bottlebrush blocks make it energetically unfavorable for an
interpenetration of the blocks, preventing the bottlebrush copolymers from
developing better lateral order. Solid-state hydrolysis on the other hand allows B(S-
SM-S) to develop lateral order prior to the hydrolysis. Upon hydrolysis the PGM
middle block interacts very favorably with the substrate, forcing the middle block to
prient parallel to the substrate. The connectivity of the end blocks and the relative



rigidity of the bottlebrush architecture, forces the endblock to the substrate.
Consequently, the microdomains orient orthogonal to the substrate surface.
Confining the bottlebrush copolymers in a film thinner than a period of the lamellar
microdomain morphology further promotes the ormal orientationof the
microdomains. AFM height images (Figure S13) and the in-plane peaks in GISAXS
(Figure S14) evidence this orientationof the micreodomains. Since PS ethes morp
sloly than PGM, reactive ion etching, produced a topography that was easily
discernable by scanning electron microscopy (SEM, Figure 5b). The brighter regions
are the PS microdomains that protrude from the surface due to the difference in
etching. This study provides an alternate strategy to orient the copolymer
microdomains normal to the surface by use of the chain architecture.

(a) o (b)

Figure 5. (a) Chemical structure of a bottlebrush triblock copolymer. Bottlebrush
(polystyrene-poly(solketal methacrylate)-polystyrene) was abbreviated as B(S-SM-
S). After hydrolysis of the PSM block into PGM with TFA vapor, the bottlebrush
triblock copolymer was abbreviated as B(S-GM-S). (b) SEM image of the
perpendicularly oriented lamellae formed with B(S-GM-S) in thin-film after TFA-
induce solid-state hydrolysis, thermal annealing, and O/Ar reactive ion etching.

Conclusion

In this work, we obtained both lamellar and cylindrical morphologies from the self-
assembly of block copolymers (BCPs) with the microdomains oriented parallel and
perpendicular to the substrate. Hydrophobic-hydrophobic  poly(solketal
methacrylate)-block-polystyrene BCPs, were converted into hydrophilic-hydrophobic
poly(glycerol monomethacrylate)-block-polystyrene BCPs in the solid state.
Compared with the previously developed solid-state hydrolysis strategy where the
BCPs were exposed to trifluoroacetic vapor, we developed a novel photo-induced
hydrolysis strategy, where photoacid generators were embedded within the BCP
thin film during spin-coating. After exposure to UV light and post-exposure baking or
solvent vapor annealing, the hydrolysis reaction proceeded and transitioned the
BCPs from the disordered state into the strongly microphase separated state. In
addition to linear BCPs, we also explored controlling the microdomain orientation



chain architecture. Unlike linear BCPs, which require balanced interfacial
interactions, the microdomains of multi-block bottlebrush copolymers can achieve
the same orientation control absent any surface modification due to the strong
interactions of one block with the substrate and the relttive rigidity and connectivity
of the blocks. The solid state conversion of the BCP allows one to control
microdomain orientation even for block with very large x’'s by processing the film
prior to the conversion of the BCP into the strongly phase separated state.
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