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ABSTRACT: We describe a high-resolution, high-sensi-
tivity negative-tone photoresist technique that relies on
bottom-up preassembly of differential polymer compo-
nents within cylindrical polymer brush architectures that
are designed to align vertically on a substrate and allow for
top-down single-molecule line-width imaging. By applying
cylindrical diblock brush terpolymers (DBTs) with a high
degree of control over the synthetic chemistry, we
achieved large areas of vertical alignment of the polymers
within thin films without the need for supramolecular
assembly processes, as required for linear block copolymer
lithography. The specially designed chemical compositions
and tuned concentric and lengthwise dimensions of the
DBTs enabled high-sensitivity electron-beam lithography
of patterns with widths of only a few DBTs (sub-30 nm
line-width resolution). The high sensitivity of the brush
polymer resists further facilitated the generation of latent
images without postexposure baking, providing a practical
approach for controlling acid reaction/diffusion processes

in photolithography.
S ince chemically amplified lithographic techniques were

established in the 1980s," functional-polymer-based chemi-
cally amplified resists (CARs) have been investigated intensively
to meet the simultaneous requirements of high sensitivity, high
resolution, and low line-edge roughness (LER) for photo-
lithography and other top-down lithographic techniques.” To
date, varieties of CARs have been commercialized and
extensively used to facilitate latent pattern features on a sub-30
nm scale.” As a new pathway to extend the size roadmap of
microelectronic devices,® block copolymer lithography (BCL)*
has emerged as a powerful bottom-up lithographic technique.
BCL involves supramolecular assembly of block copolymers
(BCPs) into periodic arrays of diverse morphologies within thin
films on a scale of tens of nanometers.” To fabricate
microelectronic circuitry, the BCPs are assembled into domains
of differential composition, typically with cylindrical or lamellar
morphologies, oriented perpendicular to the substrate surfa-
ce. ¥ The morphology and orientation of BCP assemblies rely
on the extent of immiscibility between the covalently bonded
block segments and on the chemical compositions, block lengths,
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and block length ratio of the structural cornponents,4 requiring
precise control to obtain large-scale vertical alignment of
cylindrical assemblies.”* ™"

Beyond linear polymers, there is increasing interest in
exploiting polymers with nonlinear topologies as photoresist
materials, such as Fréchet’s dendritic polymers”® and Hadziioan-
nou’s hyperbranched polymers.7b In both cases, the branched
architecture of the polymer framework constrains the chain
entanglement and molecular size, thereby enhancing the overall
patterning performance of the resist (i.e., higher sensitivity and
lower LER) compared with their linear-polymer counterparts.

Inspired by these achievements, we developed a novel
approach for photoresist polymer materials involving precon-
struction of individually or collectively addressable block brush/
graft terpolymer molecular brushes® that can align vertically on a
substrate to form negative-tone molecular-scale resist features
(Figure 1). The brush architecture was selected because it
provides facile access to cylindrical nanoscopic objects” without
the need for the supramolecular assembly processes that are
typical with linear BCL. The diversity of chemical compositions
and sizes can be tuned throughout the macromolecular brush
framework with a high degree of control over the synthetic
chemistry. The modularity of the bottom-up synthetic approach,
based on sequentially “grafting through” presynthesized
polymer segments (macromonomers) with different composi-
tions and functions for substrate alignment and cross-linking
chemistry, respectively, into different regions of the molecular
brush architecture, leads to efficient top-down patterning at the
molecular level. As the current studies show, variation of the
overall and relative lengths of the grafts versus the backbone
allows the concentric and lengthwise dimensions to be modified
conveniently, and control over the compositional placement
within different regions of the cylindrical macromolecular
framework provides a mechanism for aligning the polymer
brushes and achieving electron-beam-generated patterns with
widths of a few macromolecules.

As shown in Figure 1B, spin-casting deposition of a solution of
the diblock brush terpolymer (DBT) and a photoacid generator
(PAG) results in vertical alignment of the brushes on the
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Figure 1. (A) Schematic representations of the targeted dimensions for
the DBTs (left), their ideal alignment after deposition as a monolayer
thin film (center), and for comparison, a linear BC thin film requiring
multimolecular supramolecular assembly with morphological direction-

ality (right). (B) Schematic diagram of the overall strategy.

substrate as a PAG-containing monolayer. UV or electron-beam
irradiation through the predesigned pattern produces acid to
promote cross-linking within the irradiated areas, with or without
a postbaking step. Finally, solvent development reveals the latent
patterned features. The target DBTs in this study were composed
of densely grafted poly(tetrafluoro-p-hydroxystyrene)
(PTFpHS) and poly(p-hydroxystyrene-co-N-phenylmaleimide)
[P(pHS-co-PhMI)] side chains covalently tethered along a rigid
polynorbornene (PNB) backbone in a block manner. The
fluorinated P(NB-g-PTFpHS) segment acted as the vertical
alignment promoter because of the relatively lower surface
energy of fluoropolymers.'® The phenol functionalities accom-
modated within the P(NB-g-P(pHS-co-PhMI)) structural seg-
ments provided attractive interactions with the substrate surface
and also served as reactive sites for acid-catalyzed electrophilic
aromatic substitution cross-linking chemistry.

The P(NB-g-PTFpHS)-b-P(NB-g-P(pHS-co-PhMI)) brushes
were synthesized by applying sequential ring-opening metathesis
polymerization (ROMP)"" of NB-terminated macromonomers
[NB—PTFpHS and NB—P(pHS-co-PhMI), respectively]
(Scheme 1). Consequently, the construction of structurally
well-defined NB—PTFpHS and NB—P(pHS-co-PhMI) macro-
monomers was critical for controlled block copolymerization
during implementation of “grafting-through” ROMP. To date,
direct controlled radical polymerization (CRP) of vinylphenol-
based monomers remains a challenge, so protection and
deprotection chemistries are frequentlgf employed to obtain
well-defined poly(vinylphenol) by CRP.>*%* Herein we report a
copolymerization method based on reversible addition—
fragmentation chain transfer (RAFT),"” the most versatile
CRP methodology, to produce vinylphenol copolymers with
well-defined structures, predictable and controllable molecular
weights (MWs), and a norbornenyl a-chain terminus for use in
the subsequent two-stage ROMP to afford the desired DBTs
with variable dimensions.

Although the RAFT homopolymerization of TFpHS from a
NB-terminated dithioester chain-transfer agent (CTA) pro-
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Scheme 1. Synthesis of the Diblock Brush Terpolymers
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ceeded successfully to give macromonomers 1 and 2 [Scheme 1;
see Figure S1 and Table S1, entries 1 and 2, in the Supporting
Information (SI)], the RAFT homopolymerization of pHS
(Table S1, entries 3 and 4) afforded polymers with broader MW
distributions (Figure S2), indicating inadequate control. To
obtain a macromonomer of pHS for use as the reactive majority
of the molecular brush structure, we turned to RAFT
copolymerization, as free-radical copolymerizations of pHS
with methacrylates have recently been reported.’> From the
viewpoint of the comonomer pair, N-substituted maleimides
were more effective candidates than methacrylates for RAFT
copolymerization with pHS because of their well-documented
low tendency to homopolymerize when under§oing significant
cross-propagation with styrenic comonomers.'* RAFT copoly-
merizations using pHS and PhMI as a comononer pair at a fixed
1:1 feed ratio afforded two macromonomers having different
chain lengths (Table S1, entries S and 6). The well-defined
structures of NB—P(pHS;-co-PhM],3) (3) and NB—P(pHS;-co-
PhMI;) (4) (Scheme 1) were verified by "H NMR analysis
(Figure S3B,C) through the ca. 1:1 integral ratio of the NB
alkenyl protons (6.08 ppm) to the m-phenyl protons of the
RAFT agent chain end (7.85 ppm). Gel-permeation chromatog-
raphy (GPC) showed that both 3 and 4 had monomodal MW
distributions with relatively low polydispersity indices (PDIs) of
ca. 1.20 (Figure S3A). 1 was also utilized in this copolymerization
method as a macro-RAFT CTA to afford the diblock terpolymer
NB—PTFpHS,,-b-P(pHS,5-co-PhMI,5) (Figure S4), which
served as the block-terpolymer linear control (LC) for the
following lithographic studies.

Sequential ROMPs of 1 or 2 and 3 or 4 with the modified
Grubbs’ catalyst were then used to construct P(NB-g-PTFpHS)-
b-P(NB-g-P(pHS-co-PhMI)) DBTs with variations in both the
concentric and lengthwise dimensions (Scheme 1). The DBT
P(NB-g-PTFpHS,);-b-P(NB-g-P(pHS;-co-PhMI ;) ), (I)
(MSC = 189 kDa, PDI = 1.25, 1.45 wt % F) was prepared at a
[catalyst]:[1]:[3] feed ratio of 1:4:30. For the DBT [P(NB-g-
PTFpHS,),-b-P(NB-g-P(pHSg-co-PhMI) )5, (II) (MSFC = 152
kDa, PDI = 1.26, 2.00 wt % F), a 1:4.2:28 [catalyst]:[2]:[4] feed
ratio was applied. The polymerizations were monitored by GPC,
and obvious peak shifts were noticed during each ROMP process
(Figure SSAB). The ROMP I reaction efficiencies were
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estimated as 80% for 1 and 90% for 2 after 40 min. In ROMP I,
both 3 and 4 showed >90% conversion after 180 min to afford I
and II with narrow, monomodal MW distributions. The
concentric block structures within I and II were verified by 'H
NMR spectroscopy and differential scanning calorimetry. Two
sets of phenolic protons centered at 9.50 and 11.20 ppm (Figure
S5C) and two glass transition temperatures at 130 and 150 °C
were observed, corresponding to the P(pHS-co-PhMI) and
PTFpHS grafts, respectively.

Polymer thin films were then prepared by spin-casting 1.0 wt %
solutions of I, I, or LC in cyclohexanone onto silicon wafers (see
the SI for details). As characterized by tapping-mode atomic
force microscopy (AFM), the 25 nm thick LC film showed
noticeable heterogeneity (Figure S6A). By comparison, the films
of I and II exhibited sufficiently homogeneous surface top-
ographies (Figure S6B,C) with root-mean-square roughnesses of
<0.2 nm. The film thicknesses measured by AFM were 25 + 1 for
Iand 30 + 1 nm for II, in agreement with the estimated lengths of
the extended brush backbones (23 and 30 nm, respectively). The
surface topographical homogeneities and approximately mono-
molecular layer thicknesses of the brush films suggested that the
brush polymer components within the films adopted orienta-
tions perpendicular to the wafer surface.'®

The vertical alignments of the brushes across the wafer surface
were confirmed by secondary-ion mass spectrometry (SIMS)
fluorine depth profiles (Figure S7). The F species in brush II
were predominantly located within the topmost layer of the film
with a thickness of ca. 7 nm, and no F “signal” was detected at
depths >13 nm."® The vertical alignments could be attributed to
the intrinsically cylindrical topology of the DBT's induced by the
strong size-exclusion effects between covalently tethered dense
polymer grafts. Meanwhile, the fluorinated block segments in the
DBTs would promote and assist the vertical alignment as a result
of their preferential surface migration driven by their relatively
lower surface energies. The extents of brush vertical alignment
were quantified by X-ray photoelectron spectroscopy (XPS)
(Figure S8) and Cy, SIMS (Figure S9) through analyses of the
relative surface F contents [i.e., the ratios between the measured
and theoretical (100% vertical brush alignment) values; see the
SI for details]. For both brushes, the XPS measurements showed
that ca. 55% of the brushes within films adopted vertical
alignments across the substrate surface without any special
treatment (Table S2). SIMS showed that ca. 65% of the brushes
preferred the expected vertical orientation, consistent with the
XPS results. Solvent-assisted annealing (SAA) of the brush films
using acetone significantly improved the extent of vertical
alignment, as the surface F contents increased to become
approximately equal to the theoretical values (Table S2). The
enhancement in vertical alignment after SAA was also observed
in the SIMS depth profile (Figure S10) and further increased the
hydrophobicities of the film surfaces, as confirmed by the
increased static water contact angles and decreased surface
energies of the films (Table S3).

Finally, the lithographic behaviors of the molecular-brush-
based resists were explored. Triphenylsulfonium perfluoro-1-
butanesulfonate was used as the PAG, and N,N,N’,N',N”,N"-
hexakis(methoxymethyl)-1,3,5-triazine-2,4,6-triamine
(HMMM) was selected as both the multivalent cross-linker and
acid quencher. With a typical formulation for linear poly-
(vinylphenol)-based CARs [0.75:0.15:0.10 (w/w/w)
brush: HMMM:PAG in cyclohexanone),'” negative-tone post-
exposure-baking electron-beam lithography (PEB-EBL) of the
brush CARs (CAR-I and CAR-II) was performed (Figure 2).
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Figure 2. Tapping-mode AFM height images of PEB-EBL-generated
patterns for (A, B) CAR-Iand (C, D) CAR-II at exposure dosages of (A,
C) 250 and (B, D) 400 ;C/cm? Scale bars: 500 nm.

The lithographic performance was evaluated by AFM measure-
ments of the heights and widths of lines in designed patterns with
line widths of 10—100 nm at two exposure dosages (250 and 400
uC/cm?). As opposed to the neat molecular brush materials, the
static contact angles of the spin-cast and acetone-annealed resist
films did not exhibit apparent differences (data not shown),
which might be associated with migration of PAGs to the
topmost layer of the resist films due to the F-enriched counterion
in the PAG molecule. Therefore, the prepared resist films with
thicknesses of 25 + 2 nm (as measured by AFM) were directly
used for lithographic studies.

Both CAR-I and CAR-II could be used to create patterns with
full line integrities at each exposure dosage (Figure 2). In
contrast, the patterns from CAR-LC had rational features only
for 50—100 nm wide lines (Figure S11), even at 400 4C/cm”. For
the brush CARs in this study, the features of the latent 30—100
nm lines were satisfactory (Figure S12), especially for CAR-II at
400 pC/cm?® (Figure 2D). We speculated that the better latent
line-width features of CAR-II were induced by the intrinsic
geometric factor of brush II, whose relatively shorter grafts make
it a “thinner” column by reducing the chain entanglements after
vertical alignment on the substrate surface. Under current
instrumental conditions, a ca. 30 nm isolated line was obtained
for CAR-II under the surveyed conditions. Thus, we can
conclude that tuning of the lengthwise and concentric
dimensions of the brush plays a critical role in the lithographic
performance and that eventually molecular pixels could be
realized through further systematic optimizations of the brush
backbone and side-chain lengths and chemical compositions.

We also synthesized P(NB-g-P(pHS,;-co-PhMI,3)),, as a
brush control (BC) lacking the fluorocarbon-based block (Figure
S13A) and subjected it to PEB-EBL under similar conditions.
The resulting patterns did not exhibit the designed features
(Figure S13B). Because of the lack of a fluorinated cap, BC
adopted a random alignment across the wafer surface, and cross-
linking occurred throughout the film because of the high
sensitivity observed for brush CARs. These results further
demonstrate the necessity of the combination of the brush
architecture for high sensitivity and the block brush composition
for vertical alignment and high-resolution imaging of brush
polymers within the resist film.
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Taking advantage of the higher sensitivity for the brush
polymer CARs, we performed “direct” EBL (i.e., direct
development of the electron-beam-exposed resists with no
PEB) on CAR-I and CAR-II (see the SI for details).
Interestingly, CAR-II, which showed better lithographic
performance in PEB-EBL, could not generate latent patterns
without PEB. In contrast, “direct” EBL of CAR-I was achieved for
>50 nm wide features at an exposure dosage of 600 yC/cm?
(Figure S14B), and the unexposed areas showed “cleaner”
characteristics than the corresponding areas in PEB-EBL at an
identical exposure dosage (Figure S14A vs Figure 2B).

In summary, diblock brush terpolymers with high degrees of
versatility in chemical composition and concentric and length-
wise dimensions were synthesized by RAFT polymerization/
copolymerization to afford well-defined macromonomers
followed by sequential ROMPs via the “grafting through”
strategy. These cylindrical P(NB-g-PTFpHS)-b-P(NB-g-P(pHS-
co-PhMI)) brushes exhibited a strong tendency to align vertically
within thin films on substrates. The chemically amplified
negative-tone PEB-EBL resists from the DBT precursors showed
higher resolution and higher sensitivity than a linear block
copolymer control. The thinner cylindrical DBTs could generate
narrower line widths, whereas the thicker ones allowed “direct”
EBL of brush CARs without a PEB step. Therefore, this bottom-
up synthetic strategy enables fine-tuning of the full dimensions to
balance the properties and performance during top-down
lithographic processing. Further optimizations, including the
introduction of aliphatic fluorinated caps to enhance the brush
vertical alignment and the incorporation of covalently attached
PAGs into molecular brush resist systems to achieve features with
sub-10 nm resolution are currently underway.
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