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Abstract : Block copolymer (BC) self-assembly constitutes a powerful platform for

nanolithography. However, there is a need for a general approach to BC lithography that
critically considers all the steps from substrate preparation to the final pattern transfer. We
present a procedure that significantly simplifies the main stream BC lithography process,
showing a broad substrate tolerance and allowing for efficient pattern transfer over wafer scale.
PDMS-rich poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) copolymers are directly applied on
substrates including polymers, silicon and graphene. A single oxygen plasma treatment enables
formation of the oxidized PDMS hard mask, PS block removal and polymers or graphene

substrate patterning.

Main Text:

The ever growing demand for increased device functionality, higher data processing speed and
larger data storage density drives the searching for new technology to fabricate electronic
components with smaller dimensions. BC lithography is a promising platform to meet the key
challenges of small feature size with high resolution and high throughput at low cost." ? The
domain size can be controlled in the range of 5-50 nm by controlling molecular weight of the BC
and the segregation strength between the blocks in the synthesis step. Several morphologies
including spheres, lamellas and cylinders, have been explored for nanolithography application.’
BCs combining high intrinsic immiscibility (quantified by a high Flory-Huggins interaction
parameter ) with high etching contrast are extremely attractive as precursors for
nanolithographic masks.* PS-4-PDMS (SD) has ysp ~ 0.27 at room 7, and can easily self-
assemble into morphologies with sub-10 nm features.> ® Under oxygen plasma the PDMS block
is oxidized into hard and thermally stable silicon oxy carbide, which acts as the effective

lithographic mask, while the PS block is efficiently degraded.” These two features have gained
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SD intense research interest in the last decade. However, the orientation control of SD is
notoriously challenging due to the large surface energy mismatch between the blocks.® As a
result a top wetting layer of PDMS preferably forms at the SD-air interface. A brush layer is
routinely applied to prevent dewetting and a top-coat or sophisticated annealing conditions,® are
used for orientation control.

The present contribution is motivated by the great interest in SD for nanolithography, with a
focus on even more challenging and rarely reported PDMS-rich BCs, which are equally, if not
more, important for pattern transfer process.® The BC film is applied directly on the substrate,
thus bypassing the step of initial substrate surface modification found in nearly all the reports in
the field. The preliminary surface modification, including the grafting of a neutral polymer brush
layer onto the substrate,™* is the result of thinking thin film BC self-assembly in terms of
equilibrium. Uneven BC swelling under selective solvent vapor is known to shift the morphology

by changing the effective volume fraction,'* **

which opens up the process window for capturing
the targeted morphology kinetically. The lithography process is schematically illustrated in
Scheme 1 and proved valid for a number of substrates with widely varying surface energies. To
our best knowledge, this is the first report on highly ordered PDMS-rich BC masks with

perpendicular cylindrical orientation, which shows unparalleled simplicity and applicability in

block copolymer nanolithography.
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Scheme 1. Schematic workflow of direct BCs nanolithography: SDs in heptane are directly cast
on various substrates including PS, polylactide (PLA), poly(methyl methacrylate) (PMMA),

polysulfone (PSF), cross-linked 1,2-polybutadiene (PB), graphene and silicon.

Four SDs with different number-average molecular weights (A4) from 23.4 to 67.0 kg/mol are
investigated (Table S1, supporting information). The PS volume fraction is in the range of 24-
30%, which is within the typical composition range for cylinder bulk morphology (Figure S1,
supporting information). SD23, SD34 and SD42 are synthesized in our lab by living anionic
polymerization** with a narrow polydispersity index (PDI < 1.03), and SD67 is purchased with
somewhat higher PDI (1.45). SD solutions in heptane are spin-cast into sub-20 nm thin films on
silicon and a number of common polymer substrates. Heptane is a nonsolvent for these polymer
substrates, allowing direct spin-casting of the SD without any disturbance. Figures 1a,b,c show
top view scanning electron microscopy (SEM) images of SD23, SD34 and SD42 after annealing.
A well-ordered hexagonally packed cylinder morphology with narrow PS-cylinder size
distribution is clearly seen, which can be visualized directly in SEM. A SEM image of SD67
after annealing (Figure S2, supporting information), shows the same morphology but lacking in
lateral order, which might be due to its large PDI. Compared with the morphology of as cast
films or of films after thermal annealing (Figure S3a,b, supporting informarion), it is evident that
the solvent annealing is effective on directing the SD self-assembly over large areas (2 inch

wafer tested) with micrometer grain size (Figure S3c). The corresponding period (Table. S1)
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scales with the 0.6™ power of BC molecular weights. A wide range of the pore size from 13 nm
(SD23) to 30 nm (SD67) is obtained. General shortcomings of solvent vapor annealing,
including dewetting and deformation of the structures,™ are not observed in this study due to the
limited PS chain mobility in the presence of a nonsolvent. The morphology is further confirmed

by atomic force microscopy (AFM) (Figure S4, supporting information).

Figure 1. (a-c) Top view SEM images of the masks on PS after annealing: (a) SD23 annealed in
2, 2, 4-trimethylpentane (TMPA) for 40 minutes, (b) SD34 annealed in 2, 4, 4-trimethyl-1-
pentene (TMPE) for 30 minutes, and (c) SD42 annealed in hexane for 40 minutes. (e-g) Top
view SEM images of the masks on PS after pattern transfer: (¢) SD23 and (f) SD34 after SFg and
O, plasma etching, and (g) SD42 after O, plasma etching alone. The O, reactive ion etching (RIE)
step solidifies the PDMS domain, removes the PS domain and transfers the pattern to the PS
substrate simultaneously. (d and h) Tilted SEM images for the SD42 mask: (d) after etching and
(h) after mask removal. All the samples are spin-cast on a PS 50k substrate coated on silicon

wafer with a thickness of around 50 nm. Scale bar: 200 nm.
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The pattern transfer is conducted by RIE (Figure le, f, g). In most cases, a short SFs RIE is
firstly used to remove a thin layer of residual PDMS on top. The improved SEM image contrast
after etching suggests the successful pattern transfer, which is further evidenced by the cross-
section image of the samples after etching (Figure 1d, h). The mask can be readily removed by a
SF¢ RIE (confirmed by the absence of Si element in X-ray photoelectron spectroscopy
measurement) without damage to polymer substrate (Figure 1h). Figure S5 (supporting
information) shows the SD23 only treated with O, RIE and most of the pores stay clogged.
However, in some cases (Table S2, supporting information), only an O, RIE is sufficient to
complete the pattern transfer (Figure 1g). In these cases the film is free of a PDMS top wetting
layer after solvent vapor annealing, which is difficult to obtain for PDMS-containing BC. The
mask produced has high etching resistance under oxygen plasma and high thermal stability
(morphology stays the same after 700°C for one hour).

A discussion of the annealing conditions, the time evolution of the structural order and a
conjectured mechanism of pattern formation at optimum and post-optimum annealing conditions
can be found in the supporting information (Scheme S1 and Figure S7).

The presented approach also shows strong substrate independence, as demonstrated in Figure 2
and 3 The observed self-assembly behavior is similar to the already discussed behavior on PS
substrate for all the tested substrates: PLA, PMMA, PSF, PB, graphene and silicon with native
oxide layer (The surface energy of these substrates can be characterized by water contact angle
measurement summarized in Table S3). The timing of the morphology evolution is somewhat
different in each case but generally faster than the already discussed PS substrate. The pattern
transfer is proved successful for all the substrates. Figure 2b shows the cross-section of

polysulfone patterned by the SD34 mask; a well-ordered nano-pore channel array is clearly
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observed. Polysulfone is a technologically relevant material for ultrafiltration membranes due to
its high thermal, mechanical and chemical resistance.® For membrane bio-analysis and
separation, challenges still exist as to produce reliable membranes with anti-fouling properties,
high flux and narrow pore distribution. After oxygen plasma etching, the iso-porous PSF
membrane becomes hydrophilic (water contact angle: 19°), which may significantly improve its
anti-fouling properties.’” *® The demonstrated pattern transfer could offer an alternative solution

to manufacture high performance thin polymer membranes.
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Figure 2. SEM images of pattern transfer to polysulfone and graphene. (a) Tilted and (b) top

views of polysulfone patterned by SD34. (c) Raman spectrum characterization of graphene
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patterning in the presence of the mask from SD42 and (d) top-view SEM image of the graphene

nanomesh patterned by SD42. Scale bars: 200nm.

This method is also particularly suitable for patterning of two-dimensional materials where part
of the single atom layer is removed in a controlled way to give tunable properties. Graphene
nanomesh is a typical example, in which high-density arrays of nanoscale holes are punched.™
The available BC lithography for graphene nanomesh is tedious, involving multiple deposition
and etching steps.?® Most of all, it is difficult to reach sub-30 nm periods with the low-y PS-
PMMA mask used in most reports. Here, SD is directly deposited on CVD-grown single layer
graphene. Figure S6 (supporting information) shows large-area mask covering graphene without
defects after solvent annealing. The pattern is well adjusted on grain boundaries, multi-layer
islands and substrate defects. We use Raman spectroscopy to analyze the hole punching process.
After the BC deposition, the spectrum stays the same. Increase in oxygen plasma etching time
results in the increase of D peak, which typically characterizes the hole enlarging process. The
excellent process control is evidenced by the essentially unchanged width of the G peak. Figure
2d shows the patterned graphene after removing part of the mask by scotch tape; the image
shows a high fidelity reproduction of the mask morphology. The obtained graphene nanomesh
has potentially many important applications, including fabrication of field-effect transistors,*
gas sensors,?? and atomic-layer separation membranes.?®

The oxidized PDMS masks can be used not only for patterning carbonaceous materials by
oxygen RIE; they also show higher resistance over silicon under chlorine RIE as demonstrated
by the SEM images in Figures 3a,b. Unlike the isotropic fluorine plasma etching, where the pore-
broadening is significant (see fig. 3c,d), the silicon etching by chlorine plasma is highly

anisotropic.? Therefore, regular arrays of high-aspect-ratio holes in silicon are obtained by direct
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application of chlorine plasma to the oxidized PDMS mask. This process can be applied to
pattern silicon with other morphologies, such as lines and dots by PDMS-based BC masks,

which is of great relevance for semiconductor industry and solid-state nanoporous materials. 2

Figure 3. SEM image of a) top-view and b) cross-section of the silicon patterned by chlorine
RIE. Holes with aspect ratio exceeding 4 are clearly visible in b). c) top-view and d) cross-
section of the silicon patterned by SFg plasma etching. Several fluorine based RIE recipes

including Bosch process have been tested. Scale bars: 200 nm.
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In conclusion, we have demonstrated a novel design for BC thin film morphology control,
which significantly simplifies the nanolithography pattern transfer process on polymer substrates,
graphene and silicon, opening up for numerous potential applications. This conceptual approach
provides a powerful toolset to obtain desired BC mask morphologies, which are difficult to

realize by conventional methods.
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