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Abstract. Directed self-assembly (DSA) of block copolymers (BCPs) is one of the most promising techniques to 9 
tackle the ever-increasing demand for sub-lithographic features in semiconductor industries. BCPs with high Flory 10 
Huggins parameter () are of particular interest due to their ability to self-assemble at the length scale of sub-10 11 
nm. However, such high- BCPs typically have imbalanced surface energies between respective blocks, making 12 
it a challenge to achieve desired perpendicular orientation. To address this challenge, we mixed a fluorine-13 
containing polymeric additive with poly(2-vinylpyridine)-block-polystyrene-block-poly(2-vinylpyridine) (P2VP-14 
b-PS-b-P2VP) and successfully controlled the orientation of the high- triblock copolymer. The additive 15 
selectively mixes with P2VP block through hydrogen bonding and can reduce the dissimilarity of surface energies 16 
between PS and P2VP blocks. After optimizing additive dose and annealing conditions, desired perpendicular 17 
orientation formed upon simple thermal annealing. We further demonstrated DSA of this material system with 5 18 
times density multiplication and a half pitch as small as 8.5 nm. This material system is also amenable to sequential 19 
infiltration synthesis treatment to selectively grow metal oxide in P2VP domains, which can facilitate the 20 
subsequent pattern transfer. We believe that this integration-friendly DSA platform using simple thermal 21 
annealing holds the great potential for sub-10 nm nanopatterning applications. 22 
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1   Introduction 27 

The linear dimensions of transistors have been reduced by half every three years during the 28 

past five decades, which was mainly accomplished by reducing the wavelength of light used 29 

in lithography. Current state-of-the-art immersion photolithography tools using deep 30 

ultraviolet light with wavelength of 193 nm can reach 40 nm resolution limit with a single 31 

exposure. However, when the wavelength further goes down to the extreme ultraviolet at 13.5 32 

nm, considerable challenges are faced such as the tool cost, uptime and stochastic variations. 33 

As an alternative technique for ultra-high resolution patterning, directed self-assembly (DSA) 34 

has attracted great academic and industrial interest since it was first introduced over a decade 35 

ago1.   36 
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DSA is a patterning technique that orders the self-assembling block copolymers (BCPs) using 37 

a chemical or topological template. The assembly of BCPs is well guided by the template, and 38 

the resulted structures resemble critical features in integrated circuits such as line/space and 39 

contact holes. DSA is especially attractive due to its ability to multiply the density of 40 

lithographical features on the template, denoted as density multiplication, which can extend 41 

optical lithography far beyond its current limits2. Polystyrene-b-poly(methyl methacrylate) 42 

(PS-b-PMMA) is the most widely studied BCP for DSA applications because of the similar 43 

surface energies of PS and PMMA blocks, which enables desired perpendicular orientation by 44 

thermal annealing with a free surface. DSA of PS-b-PMMA with 14 nm half pitch line/space 45 

pattern has been implemented on 300 mm wafer processing line at IMEC with relatively low 46 

defect density, approaching that required for high volume manufacturing3. However, PS-b-47 

PMMA has a resolution limit of 11 nm due to its low Flory−Huggins interaction parameter (χ), 48 

which prevents microphase separation and pattern transfer at smaller pitch. As a result, it is 49 

imperative to explore more BCPs with higher χ in order to achieve the desired sub-10 nm 50 

feature size. 51 

One promising high-χ BCP is poly(2-vinyl-pyridine)-block-polystyrene-block-poly(2-vinyl-52 

pyridine) (P2VP-b-PS-b-P2VP) with χ equal to 0.10 at 200°C compared with 0.037 for that of 53 

PS-b-PMMA4. Though higher χ enables P2VP-b-PS-b-P2VP  (VSV) to microphase separate 54 

into lamellar structures at sub-10 nm feature size, forming perpendicularly oriented BCP 55 

domains remains a challenge due to imbalanced surface energies of PS and P2VP blocks5. The 56 

surface tension of PS is 40.7 mN/m and that of P2VP is 49.4 mN/m6, resulting in undesired 57 

parallel orientation upon annealing. Several approaches have been developed to circumvent the 58 

problem of dissimilar surface energies, including solvent vapor annealing7, vapor-phase 59 

deposited top coat8 and embedded neutral layer9. Despite the successful orientation control 60 

these approaches have achieved, challenges still remain to meet all the requirements for large 61 
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scale manufacturing. For example, there is no solvent annealing tool currently available for 62 

manufacturing, and top coat approaches require additional processing steps, which lead to 63 

increased complexity and costs. The segregated neutral layer topcoat also brings challenges for 64 

pattern transfer by dry etching. 65 

Our strategy to control the orientation of VSV is to use a fluorine-containing polymeric additive 66 

poly(hexafluoroalcohol styrene) (PHFAS), which enables perpendicular orientation of VSV by 67 

simple thermal annealing. The same polymeric additive has been shown to effectively tune the 68 

surface energies of other block copolymers10. PHFAS has lower surface energy than both PS 69 

and P2VP blocks, and it can selectively interact with P2VP via hydrogen bonding to lower the 70 

apparent surface energy of P2VP block. By carefully adjusting the amount of PHFAS in the 71 

system, the surface energies of PS and P2VP blocks can be balanced and desired perpendicular 72 

orientation can form upon thermal annealing. After optimizing PHFAS dose and annealing 73 

conditions, we further demonstrate DSA of VSV/PHFAS with density multiplication on 74 

chemical patterns. We also investigate the pattern transfer potential of this material system 75 

assisted by sequential infiltration synthesis (SIS). Finally, we discuss the impact of molecular 76 

weight of PHFAS on orientation control and offer a simple yet effective way to predict the 77 

molecular weight of PHFAS needed for a given VSV. 78 

2   Experimental 79 

2.1 Materials 80 

VSV with three different molecular weights (Mn=26 kg·mol-1, 33 kg·mol-1 and 47 kg·mol-1) 81 

were purchased from Polymer Source, Inc. PHFAS additives with two molecular weights 82 

(Mn=4.4 kg·mol-1, Mw=5.9 kg·mol-1; Mn=6.7 kg·mol-1, Mw=9.5 kg·mol-1) were synthesized via 83 

free radical polymerization as described elsewhere10. Hydroxyl-terminated polystyrene-84 

random-poly(2-vinyl-pyridine) (PS-r-P2VP-OH) was synthesized in our group as previously 85 
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reported11. Silicon <100> wafers were purchased from WRS Materials, LLC. All solvents were 86 

purchased from Aldrich and used as received. 87 

2.2 Self-assembly of VSV with PHFAS additive 88 

A solution of 1.5 wt% PS-r-P2VP-OH in dimethylformamide (DMF) was spin coated on 89 

clean silicon wafers followed by annealing at 200°C for 10 min under a nitrogen atmosphere. 90 

The brush was grafted on surface via reaction between hydroxyl group at the chain end and the 91 

silicon oxide surface. Ungrafted polymer brush was removed by sonication in DMF and the 92 

substrates were dried with nitrogen. The thickness of grafted brush was approximately 8 nm. 93 

Brush modified wafers were then coated with 1 wt% VSV/PHFAS solution in DMF and 94 

annealed under a nitrogen atmosphere. The thickness of VSV/PHFAS film after annealing 95 

was approximately 20 nm. 96 

2.3 Directed self-assembly of VSV with PHFAS additive 97 

The DSA process was adapted from previously reported process12. Briefly, silicon wafers 98 

were spin coated with cross-linkable polystyrene solution and annealed at 250°C for 5 min 99 

under a nitrogen atmosphere to drive the crosslinking reaction. Chemical patterns were 100 

prepared using electron-beam lithography followed by exposure to oxygen plasma, which 101 

trimmed the crosslinked polystyrene (xPS) guiding stipes to the desired width. After oxygen 102 

plasma, the excess resist was removed by repeated sonication in N-methyl-2-pyrrolidone and 103 

chlorobenzene. Alternatively, silicon wafers with xPS guiding stripes were also received 104 

from IMEC prepared by a previously reported approach13. PS-r-P2VP-OH brush was then 105 

grafted onto the wafers and VSV film with optimized PHFAS dose was annealed under a 106 

nitrogen atmosphere. 107 

3   Results and discussion 108 
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3.1 Orientation control of VSV with PHFAS additive 109 

In order to achieve desired perpendicular orientation, both interfacial energies between 110 

substrate and BCP as well as surface energies between BCP and nitrogen atmosphere need to 111 

be balanced. Interfacial energies can be readily tuned by employing random copolymer brush 112 

with optimized PS content, which is non-preferential to respective blocks11. For VSV, however, 113 

surface energies are not balanced since surface energy of PS is lower than that of P2VP. To 114 

reduce this dissimilarity, we introduce PHFAS as a surface energy balancer to lower the 115 

apparent surface energy of P2VP block.  116 

We first investigate two possible factors that might affect to the orientation control of VSV: 117 

PHFAS dose and annealing temperatures. We start with a relatively large VSV (47 kg·mol-1) 118 

to optimize these factors following the schematic in Fig. 1a. The substrate is modified with PS-119 

r-P2VP-OH brush containing 48% PS, which has been identified non-preferential to VSV11. 120 

VSV solutions with various doses of PHFAS (Mw=9.5 kg·mol-1) are spin-coated on brush 121 

modified substrates and annealed under nitrogen atmosphere at different temperatures.  122 

When PHFAS dose is low (below 6 wt%), parallel lamellae are the predominant structures due 123 

to imbalanced surface energies (Fig. 1b). PS block is more favored by the top surface than 124 

P2VP block due to its lower surface energy. As PHFAS dose increases, perpendicular 125 

orientation begins to form as a result of more balanced surface energies. When PHFAS dose 126 

reaches 12 wt% (with respect to VSV), full perpendicular orientation can be observed at 200℃. 127 

PHFAS is expected to stay in the P2VP block via the hydrogen bonding, and is likely to 128 

aggregate on top of the P2VP block during annealing because of its lower surface energy. 129 

Periodicity (L0) of the self-assembled pattern is 23.0 nm as measured by Fast Fourier Transform 130 

(FFT) analysis of the top-down SEM images. It is worth noting that L0 increases by 131 

approximately 7.5% compared with that from solvent annealing14, which can be attributed to 132 

two possible reasons. It is likely that the effective  of VSV increases with the presence of 133 
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PHFAS15, which can potentially lead to larger L0 and lower line edge roughness. In this case, 134 

PHFAS is most likely only distributed in the P2VP block as we hypothesized. If PHFAS is 135 

equally distributed in both blocks,  should decrease rather than increase. Alternatively, it is 136 

also possible that the presence of PHFAS can affect the chain conformations of P2VP block 137 

and thus increase L0.  138 

 139 

Fig. 1 (a) Process flow for self-assembly of VSV with PHFAS additive. (b) SEM images of VSV with various 140 
doses of PHFAS upon thermal annealing on neutral substrates. Brighter domain is P2VP and darker domain is PS. 141 
Full perpendicular orientation forms with 12% PHFAS at 200 ℃. L0 is 23.0 nm as measured from FFT analysis. 142 

3.2 Directed self-assembly of VSV with PHFAS additive 143 

The self-assembly of lamellae-forming BCPs can be directed using chemically contrast 144 

patterns comprising of guiding stripes of cross-linked homopolymer mat and interspatial 145 

random copolymer brush16, which is usually denoted as chemo-epitaxy DSA. The key to 146 

chemo-epitaxy DSA is the ability of BCPs to recognize the chemical patterns and align 147 

along the guiding stripes based on the wetting preference. It is crucial that VSV still 148 

preserves this ability when mixed with PHFAS.  149 
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The chemo-epitaxy DSA of VSV/PHFAS with 3 times density multiplication is 150 

demonstrated following the schematic shown in Fig. 2a. The substrate is coated with xPS 151 

followed by E-beam lithography. After removing xPS in the exposed areas and trim etching 152 

the xPS guiding stripes underneath E-beam resist lines with oxygen plasma, the E-beam 153 

resist is stripped and the exposed areas between xPS guiding lines are subsequently 154 

backfilled with the same neutral PS-r-P2VP-OH brush used in Fig. 1. VSV (47k) with 12% 155 

PHFAS (9.5k) is spin-coated on chemical patterns and annealed at 200℃. Successful DSA 156 

with 23 nm full pitch (Fig. 2c) is demonstrated on a template with the initial pitch Ls=69 157 

nm (Fig. 2b). This confirms that the presence of PHFAS does not impair the ability of VSV 158 

to recognize the chemical contrast of the chemical patterns and thus the standard chemo-159 

epitaxy DSA scheme is still valid. 160 

 161 

Fig. 2 (a) Process flow for chemo-epitaxy DSA of VSV with PHFAS additive. (b) SEM image of the template 162 
after trim etch and (c) DSA pattern with 23.0 nm full pitch after assembly.  163 

3.3 Mask conversion of BCP pattern with SIS 164 
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In order to implement the DSA line/space patterns for advanced patterning applications, the 165 

patterns need to be transferred from the BCP films to the underlying substrates, which desires 166 

high etching contrast between different blocks of the BCP. One effective way to increase the 167 

etching contrast of VSV is SIS, where metal oxide such as alumina selectively infiltrates the 168 

P2VP block while PS block is relatively unaffected. VSV is then removed by oxygen plasma, 169 

leaving the alumina lines mimicking the original patterns of P2VP blocks which afterwards 170 

could be used as effective etching masks17. The alumina mask is more resistant to a variety of 171 

etching chemistries compared with the original soft matter films and thus could facilitate the 172 

direct pattern transfer to the underlying substrates without the need of an additional hard mask 173 

layer7,8. Our group has previously demonstrated pattern transfer of VSV to silicon substrates 174 

with 8 nm half pitch using this technique7.  175 

 176 

Fig. 3 SEM images of assembled VSV (a, b) after SIS and (c, d) after oxygen plasma on neutral substrates and on 177 
chemical patterns. Scale bars represent 100 nm. 178 

As PHFAS is also expected to form hydrogen bonding with the precursors of SIS, it is critical 179 

that the presence of PHFAS does not interfere with the SIS process. Fig. 3 shows self-assembly 180 

pattern and DSA pattern of VSV/PHFAS after three cycles of SIS (Fig. 3a, 3c) and after 181 

polymer removal by oxygen plasma (Fig. 3b, 3d). The clear trenches after polymer removal 182 

indicate that no alumina has formed in PS domains, and no wetting layer has formed on top or 183 

at bottom of the film. This confirms that the presence of PHFAS does not affect SIS or bring 184 
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extra complexities to the pattern transfer process compared with pure VSV. Though pitch 185 

walking has been observed after polymer removal of the DSA pattern, it mainly comes from 186 

the DSA and pattern transfer process rather than the PHFAS, which can be improved by further 187 

optimizing the process such as using short PS brush7 or adjusting the depth of alumina 188 

infiltration. 189 

3.4 Effect of molecular weight of PHFAS on orientation control 190 

We have shown that PHFAS can effectively control the orientation of VSV (47k) and achieved 191 

DSA line/space pattern with 23 nm full pitch. In order to apply the same strategy to smaller 192 

VSV for sub-10 nm patterning, we investigate the effect of molecular weight of PHFAS on 193 

orientation control. We use VSV with three molecular weights (26k, 33k and 47k) and PHFAS 194 

with two molecular weights (5.9k and 9.5k).  195 

 196 
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 197 

Fig. 4 SEM images of 26k VSV and 33k VSV with various doses of 5.9k PHFAS upon thermal annealing on 198 
neutral substrates. (a) For 26k VSV, full perpendicular orientation forms with 20% PHFAS at 150°C. (b) For 33k 199 
VSV, no full perpendicular orientation can be observed. Scale bars represent 200 nm. 200 

The PHFAS dose and annealing conditions were optimized for each VSV. For 26k and 33k 201 

VSV, no meaningful results could be observed when mixed with 9.5k PHFAS. This is 202 

presumably because the size of PHFAS needs to be similar as or smaller than the P2VP block 203 

in order for it to interact effectively with the P2VP block, which is further supported by the 204 

results when the VSV was mixed with smaller PHFAS. When 26k VSV was mixed with 5.9k 205 

PHFAS (Fig. 4a), similar results were observed as that of 47k VSV mixed with 9.5k PHFAS. 206 

Perpendicular orientation began to form as PHFAS dose increased, and full perpendicular 207 

lamellae have been achieved with 20% PHFAS at 150°C. For 33k VSV, however, the self-208 

assembled pattern contained many defects after optimization, which could be potentially 209 

attributed to the aggregation of PHFAS on top, since PHFAS is also amenable to SIS. 210 

Alternatively, the defects could also possibly come from the parallel orientation of VSV with 211 

P2VP on top. A more detailed study, such as transmission electron microscopy energy-212 

dispersive X-ray spectroscopy (TEM-EDX) would be required to determine the origin of the 213 
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defects, which could be investigated in the future work. Nevertheless, we have shown that these 214 

defects could be eliminated by optimizing molecular weight of PHFAS. 215 

Table 1 Effect of molecular weight of PHFAS on orientation control. 216 

 217 

For a more quantitative analysis, we further calculate the ratio of molecular weight of PHFAS 218 

(MPHFAS) to the molecular weight of VSV (MVSV), and compare it with the optimized 219 

orientation control results as summarized in Table 1. When the ratio is 0.18, after optimizing 220 

PHFAS dose and annealing conditions, perpendicular orientation can be observed, however 221 

the optimized result still shows defective areas. As the MPHFAS/MVSV ratio increases, orientation 222 

control also improves and fully perpendicular lamellae can be achieved. When the ratio is too 223 

high, however, no perpendicular orientation can be observed. Consequently, the orientation is 224 

best controlled when the ratio is between 0.20 and 0.23, which can provide us a preliminary 225 

prediction of the PHFAS size needed for a given VSV.  226 
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 227 

Fig. 5 SEM images of (a) self-assembled VSV on neutral substrate and (b) DSA pattern with 5×  density 228 
multiplication. L0 is 17.0 nm as measured by FFT analysis. 229 

Among all the combinations, the VSV/PHFAS pair we chose for sub-10 nm patterning is 26k 230 

VSV mixed with 20% 5.9k PHFAS (Fig. 5a). L0 is 17.0 nm as measured from FFT analysis. 231 

Following the same chemo-epitaxy DSA flow, we achieved 5 times density multiplication on 232 

chemical patterns comprising of xPS guiding stripes and neutral brush (Fig.5b). This confirms 233 

that our strategy applies to VSV with various molecular weights and periodicities, and therefore 234 

can be an effective solution to sub-10 nm patterning. 235 

4   Conclusions 236 

In this study, we have demonstrated that PHFAS can effectively balance the surface energies 237 

of PS and P2VP blocks, and enable perpendicular orientation of VSV upon simple thermal 238 

annealing. After optimizing PHFAS dose and annealing temperatures, we were able to achieve 239 

full perpendicular orientation of VSV with L0 as small as 17 nm. Successful chemo-epitaxy 240 

DSA with density multiplication was demonstrated, and pattern transfer potential of this 241 

material system has been revealed. We also investigated the relationship between molecular 242 

weight of PHFAS and that of VSV, and provided a preliminary prediction of the PHFAS size 243 

needed for a given VSV for optimal orientation control. This approach offers an effective 244 

solution for sub-10 nm patterning with simple thermal annealing, and can be potentially 245 

generalized to other high- BCPs as well. 246 
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