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ABSTRACT: The directed self-assembly (DSA) of lamella-
forming poly(styrene-block-trimethylsilylstyrene) (PS−PTMSS,
L0 = 22 nm) was achieved using a combination of tailored top
interfaces and lithographically defined patterned substrates.
Chemo- and grapho-epitaxy, using hydrogen silsesquioxane
(HSQ) based prepatterns, achieved density multiplications up
to 6× and trench space subdivisions up to 7×, respectively.
These results establish the compatibility of DSA techniques
with a high etch contrast, Si-containing BCP that requires a top
coat neutral layer to enable orientation.
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■ INTRODUCTION

Nanostructures formed from block copolymer (BCP) self-
assembly are being applied in fields such as photonics,1 polymer
electrolyte membranes,2 nanofiltration,3 and next-generation
lithography.4 Further advances in nanomanufacturing applica-
tions, such as bit patterned media for hard disk drives5 and
semiconductor device manufacturing, require establishing
methods for patterning sub-10 nm features (e.g., lamellae or
cylinders). This length scale is beyond the resolution limit of
both photolithography and BCP self-assembly using poly-
(styrene-block-methyl methacrylate) (PS−PMMA). High-χ
BCPs (i.e., polymers with a large interaction parameter, χ)
can form sub-10 nm domains,6−9 but the low etch contrast of
typical organic−organic BCPs becomes a challenge as the
dimensions approach 10 nm. Organic polymers that contain
inorganic constituents, such as silicon,10−13 are inherently etch
resistant.14 Hence, incorporation of one such block in high-χ
BCPs affords exceptional etch contrast. However, the directed
self-assembly (DSA) of lamella-forming, Si-containing BCPs
has not been studied in detail because the lower surface energy
Si-containing block segregates to the top interface during
thermal annealing and thereby drives a parallel orientation of
the domains.15 For patterning applications, a perpendicular
orientation of the lamellae is required along with controlled
lamella placement and alignment (Herein, orientation refers to
the direction normal to the substrate interface and alignment
refers to the direction in the plane of the film). Thermal
annealing is preferred because it can rapidly orient the BCP
domains and is compatible with existing industrial processes.

Therefore, orientation and alignment control via thermal
annealing is preferred for high-resolution patterning.
The orientation of BCP domains is controlled by interfacial

interactions. Preferential interactions between a block and
either the substrate or top interface result in a parallel
orientation. Nonpreferential (“neutral”) interactions promote
a perpendicular orientation of BCP domains,16 which is the
orientation needed for pattern transfer. Substrate surface
treatments comprised of random copolymers have been
reported to provide a neutral layer and enable the perpendicular
orientation of BCPs.17−22 Recently, these principles have been
extended to the top interface,23−27 which has enabled
orientation control over diverse classes of BCPs via thermal
annealing. Descriptions of the material synthesis, optimization,
and definitive characterization of (non)preferential top and
bottom interfacial interactions have been reported.28−31

To various degrees of success, achieving the long-range order
of BCP domains has been reported through use of in-plane
electric fields,32 heterogeneous surfaces,33 temperature gra-
dients,34 topographic prepatterns (grapho-epitaxy),35,36 and
chemical prepatterns (chemo-epitaxy).37−39 These latter two
methods are the leading candidates for DSA because: (1)
registration of the BCP domains with low placement error is
possible,40 (2) self-aligned customization can afford complex
device-oriented patterns41−43 of the sort required to produce
fully functioning Fin-FET devices,44 and (3) both processes are
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compatible with 193 nm immersion lithography45,46 and can be
integrated with 300 mm state-of-the-art processes for high-
volume manufacturing.47−50

Chemo-epitaxy, grapho-epitaxy, or a combination of both can
be used to accomplish various patterning goals within the
microelectronics industry. Each method has certain advantages
and disadvantages. Chemo-epitaxy has much stricter patterning
requirements and relies on the ability pattern chemical guide
lines on the order of BCP periodicity, L0 (guidelines between
0.5 and 1.5L0 are used for DSA). This will be a major challenge
as the BCP periodicity is reduced to sub-15 nm. Grapho-epitaxy
has less strict patterning requirements than the chemo-epitaxy
approach because it subdivides a larger patterned area.
However, the physical prepatterns occupy valuable space on
the wafer, which makes chemo-epitaxy more attractive for
certain applications.
The majority of DSA research and development has been

done with PS−PMMA because the free surface (in air, nitrogen,
or vacuum) is energetically neutral to the components of the
BCP at elevated temperatures,51 which enables the formation of
perpendicular features when annealed on neutral layer alone.
PS−PMMA also has acceptable etch selectivity because the
PMMA component is particularly sensitive to ion bombard-
ment.52 Unfortunately, PS−PMMA suffers from a relatively
small χ and can only form a minimum half-pitch of
approximately 10−12 nm.53 As previously stated, high-χ
BCPs that contain only organic components are unlikely to
have the same intrinsic etch selectivity as PS−PMMA. Recently,
Carlson et al. introduced a family of silicon-containing BCPs
including poly(styrene-block-trimethylstyrene) (PS−PTMSS),
poly(styrene-block-pentamethyldisilylstyrene) (PS−PDSS), and
poly(4-methoxystyrene-block-trimethylstyrene) (PMOST−
PTMSS) as candidates for lithographic applications.54 These
BCPs can be oriented using top coats. They are highly etch
resistant and can form features as small as 7 nm. The first DSA
work on this class of BCPs is reported herein using lamella-
forming PS−PTMSS (L0 = 22 nm) as a model. DSA was
accomplished by combining well-established chemo- and

grapho-epitaxy techniques in conjunction with top coats for
orientation control. These strategies should be applicable to the
other BCPs in this family. Hydrogen silsesquioxane (HSQ) was
used to direct the self-assembly because it is a negative-tone e-
beam resist compatible with sub-10 nm patterning55 and has
been previously used for both chemo40,56and grapho44-epitaxy
of PS−PMMA.

■ RESULTS AND DISCUSSION

Figure 1A illustrates the materials used in the present study
(full characterization is reported elsewhere31), and Figure 1B
shows the process flow used for the chemo-epitaxy approach. A
polymeric surface treatment (XST) comprised of a random
copolymer of 4-tert-butylstyrene, methyl methacrylate, and 4-
vinylbenzylazide was thermally cross-linked on a substrate.
HSQ was spin coated on the neutral surface, patterned using e-
beam lithography, and developed to achieve lines of
approximately 0.5L0 (11 nm). In the figure, a 2L0 HSQ full
pitch (0.5L0 HSQ line + 1.5L0 space) pattern is illustrated. The
BCP was spin coated onto the chemically patterned surface and
the trimethylamine salt of a poly(4-tert-butylstyrene-alt-maleic
anhydride) top coat (TC) was spin coated on top of the BCP
using an orthogonal solvent, methanol.31 Thermal annealing
induces a polarity switch in the TC, which produces a neutral
top interface and facilitates the formation of perpendicular
lamellae.24 Interestingly, the HSQ lines have a higher affinity
for the PS block than the PTMSS block, which caused the PS
domains to segregate over the HSQ covered regions (as will be
discussed later). This directing interaction induced the
alignment of the PS domains and the adjacent domains
overlaying the nonpreferential region (XST region, which is not
covered by HSQ) of the substrate. After annealing, the TC was
removed by washing with tetramethylammonium hydroxide
(TMAH) based developer. Finally, for inspection purposes, O2

reactive ion etching was performed to selectively remove the PS
domains, enabling observation of the line/space pattern by
SEM.

Figure 1. (A) Materials used in the present study. (B) Schematic of the chemo-epitaxy strategy using HSQ directing lines.
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Three parameters were varied to optimize the DSA process
shown in Figure 1B: HSQ line width, HSQ pitch, and the
composition of the XST. It was found that integer (n) multiples
of 22.5 nm (within 3% of L0) successfully induced alignment.
The range of HSQ line widths that successfully directed
assembly was found to be between 10 and 12 nm
(approximately 0.5L0). Additionally, the composition of the
XST was varied, and a slightly off-neutral composition was
found to minimize defectivity (see Figure S1 in the Supporting
Information). There was unequal block coverage in the
interstitial regions between HSQ guidelines. Because HSQ is
preferential for the PS block, the interstitial region contained
excess PTMSS block. Therefore, a slightly PTMSS preferential
XST was chosen, which produced optimum alignment. A
similar phenomenon has been reported in the chemo-epitaxy of
PS−PMMA.57

Figure 2 (top row) shows the HSQ guidelines at various
pitches corresponding to near-integer multiples of the BCP
periodicity, L0. The HSQ dimensions were measured in
reference to the BCP periodicity and determined to be
approximately 0.5 L0 (10−12 nm, Table S1 in the Supporting
Information). The height of the HSQ lines was approximately 5
nm (see Figure S2 in the Supporting Information) as measured
by atomic force microscopy (AFM). The as-cast thickness of
the BCP layer was ca. 1L0 (22 nm) and the as-cast thickness of
TC was ca. 20 nm. The samples were thermally annealed at 190
°C in air for 10 min. Figure 2 (middle row) shows the
corresponding BCP domain pattern after the TC was removed
using a TMAH-based developer and developed with a
subsequent oxygen etch. The BCP alignment is near perfect
across the entire patterned area (3 μm × 4 μm) with density
multiplications ≤4×. It is likely that the minor bridging
observed between the BCP domains can be improved by
optimization of the etch process. This hypothesis is supported
by the excellent PS−PTMSS structures recently produced using
advanced etch tools with highly optimized recipes.31 At 5× and
6× density multiplications, the BCP alignment contained minor
dislocations and disclinations, and the frequency of these
defects scaled with the density multiplication. Some of these
defects are highlighted in the larger area images provided in the
Supporting Information (Figure S3−S4). The results are on par

with chemo-epitaxy density multiplications reported else-
where.58,59

Unlike previous efforts using HSQ-based chemical patterns
to direct PS−PMMA,40,56 it was not intuitively obvious which
domain would be preferentially directed by the HSQ lines as
neither the PS nor the PTMSS domains have polar or hydrogen
bonding groups, which would strongly interact with the oxide-
like HSQ lines. Figure 2 (bottom row) shows the hardmask
after etching completely through the PS domain and the neutral
layer. The most notable feature is the appearance of alternating
lines that are either 11 or 33 nm wide. The 33 nm line arises
from the apparent fusion of the HSQ and the two adjacent
PTMSS domains (both HSQ and PTMSS contain oxidized
silicon after exposure to O2 RIE). Because the PS block located
on the HSQ is removed, the exposed HSQ and two flanking
PTMSS domains appear as a single “fused” domain as observed
from the top-down. These data confirm that the HSQ has
preferential affinity for the PS domains (which are less
hydrophobic than the PTMSS domains). If PTMSS domains
were aligned on top of the HSQ line, no 33 nm line would be
observed, and Figure 2 (middle) and Figure 2 (bottom) would
be identical.40,42

Grapho-epitaxy was also studied and demonstrated using
trenches formed from HSQ. The process flow is outlined in
Figure 3. Preparation of samples was similar to the chemo-
epitaxy flow with several slight modifications. First, the XST
was not purposefully skewed to favor the PTMSS block.
Instead, a perfectly neutral XST was used as previously
reported.31 Second, a far thicker layer of HSQ was used to
form the physical prepatterns. The result is a neutral surface
bordered by PS preferential sidewalls that are taller than the
thickness of the block copolymer. The trench subdivision is
defined as the number of natural periods that span the width of
the trench.
Figure 4 (top row) shows the physical trenches that were

formed by patterning HSQ. The trenches are approximately 40
nm deep (see Figure S5 in the Supporting Information). BCP
was spin-coated to partially fill the trench with BCP. Then, the
sample was coated with top coat and annealed. The top coat
was stripped, and the sample was etched. Figure 4 (bottom
row) shows micrographs of 3×, 5×, and 7× DSA subdivision of

Figure 2. SEMs of HSQ guide lines (top), self-assembled BCP (middle), and hardmask after further etching (bottom). The BCP (thickness = 1L0,
22 nm) was annealed for 10 min at 190 °C. The scale bar is valid for all micrographs.
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HSQ trenches. In this example, the thickness of the BCP was
approximately 25 nm (see Figures S5 and S6 in the Supporting
Information). The DSA is near perfect with trench subdivisions
≤5×. At larger trench subdivisions, such as 7×, the system
accommodates more defects, examples of which are highlighted
in the larger area SEM images (see Figure S7 in the Supporting
Information). Trenches that were commensurate in width
(within approximately 5% of L0, Table S2 in the Supporting
Information) to the natural periodicity were found to direct the
alignment. Trenches incommensurate with the natural
periodicity showed higher levels of defects and did not direct
the alignment, which is in agreement with literature reports.60

The quality of the DSA patterns produced by chemo-epitaxy
and grapho-epitaxy are very similar. No significant qualitative
differences were observed, which is important because it
demonstrates that the class of BCP used herein is amenable to
DSA via both leading techniques. Future work involves larger
area demonstrations, integration with 193 nm lithography, and
quantification of the defectivity, line-edge roughness, line-width
roughness, and placement error.

■ CONCLUSION

The work presented herein extends chemo- and grapho-epitaxy
(DSA alignment control) to Si-based BCPs, which require top
coats to control the top interface. Chemo- and grapho-epitaxy
of vertically oriented lamellae from PS−PTMSS produced
density multiplications and trench subdivision up to 6× and 7×,
respectively. The combination of orientation control afforded
by tailored top/bottom interfacial materials and epitaxially

induced alignment provides a satisfying demonstration of the
potential for this process to extend DSA beyond the limits of
PS−PMMA. Full integration of high-resolution BCP patterning
of this sort with large-scale manufacturing is within reach, and
the author’s hope that extension of the underlying patterning
methodologies to next-generation technology nodes will be
facilitated by the principles, materials, and techniques described
in this manuscript.
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