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Abstract  

Blends of block copolymers can form phases and exhibit features distinct from the 

constituent materials. We study thin film blends of cylinder-forming and lamellar-

forming block copolymers across a range of substrate surface energies. Blend 

materials are responsive to interfacial energy, allowing selection of pure or 

coexisting phases based on surface chemistry. Blending stabilizes certain motifs 

that are typically metastable, and can be used to generate pure hexagonally 

perforated lamellar thin films across a range of film thicknesses and surface 

energies. This tolerant behavior is ascribed to the ability of blend materials to 

redistribute chains to stabilize otherwise high-energy defect structures. The blend 

responsiveness allows the morphology to be spatially defined through multi-tone 

chemical surface patterns. 
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Introduction  

Block copolymers (BCP) are a well-studied class of self-assembling materials,1, 2 where 

frustrated phase separation generates a nanoscale morphology. If the constituent chains are 

relatively monodisperse, ordered phases with well-defined symmetry and repeat-spacing (L0) are 

formed. In diblock copolymers, the most accessible phases are alternating lamellae (for 

symmetric chains with equal volume fraction of blocks) and hexagonally-packed cylinders (for 

asymmetric chains). This straightforward means of accessing ordered nanopatterns in bulk and in 

thin films3, 4 has spawned a host of functional material applications.5-12 There is strong interest in 

developing methods to form target morphologies beyond those seen in the equilibrium phase 

diagram of diblock BCPs.2, 13-19 Synthesis of more complex block architectures is a powerful 

method for increasing structural diversity, since chain architecture dictates the equilibrium phase 

diagram.20-25 Self-assembly is intrinsically responsive to external fields and processing history;26-

29 thus considerable research has gone into directing the assembly of existing diblock copolymers 

using processing history,4, 30, 31 solvent exposure,32, 33 substrate chemistry,34-36 topographic37, 38 or 

chemical39, 40 patterns, shear forces,41-45 or thermal fields.46-48 

The hexagonally perforated lamellar (HPL) phase provides an instructive example of a self-

assembled morphology that is difficult to obtain from a simple diblock copolymer.49-56 In the 

bulk, these phases are long-lived non-equilibrium states23 that can only be accessed by, for 

example, careful control of temperature ramp rate across phase boundaries.53, 54 Thin films of 

cylinder-forming BCPs can convert into HPL phases when confined to an appropriate 

thickness;56, 57 solvent annealing can be used to promote the transition.58, 59 The appearance of 

HPL arises from an interplay between confinement and surface fields.60-62 Interfacial wetting and 

thin film confinement impose boundary conditions to which the hexagonally-packed cylinder 
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unit cell must distort to accommodate; when the distortion energy is sufficiently large, the 

system may convert into a metastable morphology such as HPL.63 These HPL phases are often 

contaminated by the appearance of equilibrium cylinder domains. This highlights a general 

challenge in forming non-equilibrium phases: metastable states exist in poorly behaved parts of 

the energy landscape, featuring multiple competing states with low barriers to interconversion. It 

is thus valuable to investigate strategies for stabilizing otherwise unstable structural motifs. 

Blending block copolymers with homopolymers or other block copolymers can be used to 

tailor material properties. Homopolymer additives can accelerate ordering kinetics,64, 65 modify 

the BCP repeat-spacing,66-68 and induce transitions into other phases.69 In the bulk, blending of 

different BCPs may give rise to segregated domains70-72 and phase coexistence,55, 73 or 

homogeneous domains exhibiting a compromise morphology71, 74-78 which may differ from the 

pure components.79, 80 Blending in the bulk has proven to be a viable means of engineering the 

morphology,81-83 since the mixture of chains can redistribute to stabilize what would otherwise 

be high-energy structural motifs. In thin films, blends can exhibit coexistence phases,84, 85 and 

chemical gratings can be used to select which phase forms.86 Average surface chemistry 

influences the orientation36, 87, 88 and feature size89 of single-component BCP films.  

Here, we study thin film blends of cylinder and lamellar-forming BCPs, and identify a broad 

region where a homogeneous HPL phase is formed. We find that blending makes this phase 

more robust (e.g., tolerant to casting conditions). These observations can be ascribed to 

stabilization of the HPL phase by redistribution of the blend chains. The diversity of structures 

observed in the morphology diagram (interfacial energy and blend composition parameter space) 

highlights that blends are responsive materials, where one can select the morphology using 
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boundary conditions. We exploit this responsiveness to demonstrate microscale patterning of 

morphology by casting blend films on top of multi-tone chemical patterns.  

 

Results and Discussion 

Conventional single-component BCP films form ordered phases that depend on film 

thickness and substrate surface energy. Blends of block copolymers are more strongly responsive 

to local conditions (Fig. 1), which allows them to form coexistence phases.84, 85 We studied thin 

film blends of cylinder-forming (C) and lamellar-forming (L) polystyrene-block-poly(methyl 

methacrylate) (PS-b-PMMA), and found that the interplay of blending and substrate surface 

energy can be used to control the morphology that arises. We first consider the assembly of a 

thin film of pure C67 (cylinder-forming PS-b-PMMA with total molecular weight of 67 kg mol–

1) as a function of film thickness (Fig. 2). When film thickness is commensurate with a given 

state (e.g., integer number of layers of horizontally oriented cylinders), that state is preferred. 

Incommensurate thicknesses generate an energy penalty, which can cause the system to convert 

into another orientation or even another morphology. For C67 on a slightly MMA-preferential 

substrate (PS-r-PMMA brush with 20% PS content), we observe the appearance of a PMMA 

honeycomb with PS perforations, which can be assigned to the HPL phase (Fig. 2, 39 nm). In a 

pure C67 film, the HPL appears only in coexistence with regions of (distorted) horizontal 

cylinders. 

Blending C67 with L75, a lamellar-forming polymer of similar molecular weight (PS-b-

PMMA, 75 kg mol–1), and casting on a range of substrate energies, yields a wide variety of 

morphologies (Fig. 3 and Supporting Information, SI, Fig. S1); both pure phases and coexistence 

phases appear. Morphologies were assigned using scanning electron microscopy (SEM) images 
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(see SI Figs S2–S4) and grazing-incidence small-angle x-ray scattering (SI Figs S5 and S6). 

Considering first the endpoints of the blend composition axis, we observe expected 

morphologies. For pure C67, preferential substrate wetting yields horizontal cylinders (line 

pattern), whereas vertical cylinders (dot patterns) form at intermediate surface energies (balanced 

interaction with PS and PMMA blocks). For pure L75, preferential wetting yields horizontal 

lamellae (which appear featureless) when the thickness is commensurate for the wetting 

condition, or terraced (islands/holes) when incommensurate. For neutral surface energies, L75 

forms vertical lamellae (line patterns). 

Blends exhibit several motifs distinct from the pure constituents (Fig. 3, middle rows). In 

some cases, the blend forms a coexistence of different structures, suggesting that blending has 

decreased the energy difference between the states. Over a broad range of conditions, the blends 

form a pure HPL phase (Fig. 3, purple; confirmed using cross-section SEM as shown in SI Fig. 

S7). This can be contrasted to pure C67, where the HPL appears mixed with other structures. 

Blends also allow perforations to appear in horizontal lamellae. Taken together, these results 

suggest that blending has stabilized the HPL phase, making it more easily accessible.55, 79 The 

blend materials are responsive along both axes of the morphology diagram. By adjusting blend 

composition, one can access different suites of phases. By adjusting the substrate surface energy, 

a particular blend composition can exhibit a variety of distinct phases. For instance, the 50:50 

blend can form HPL, line patterns, or horizontal lamellae, depending on the underlying surface 

energy. 

The role of substrate surface energy can be understood in terms of the energy balance for 

materials to be in contact with the substrate. In pure BCP materials, a preferred orientation is 

selected based on substrate contact. In general, horizontal morphologies arise for selective 
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substrates, since one of the components (majority or minority BCP block) will preferentially wet 

the substrate interface. Vertical morphologies instead arise when the substrate is roughly neutral 

(equal interaction with both blocks). The additional configurational freedom afforded by blends 

provides access to a wider range of possible morphologies. Substrate energy can then select 

among them; in particular selecting the morphology that maximizes favorable contact with the 

substrate (that is, where the BCP average composition matches the substrate energy). In doing 

so, the blends have an additional degree-of-freedom (compared to pure materials), since chains 

can locally redistribute to maximize favorable substrate contacts. For instance, the HPL phase 

forms on hydrophilic substrates since it involves a uniform wetting layer of the minority 

(PMMA) block. 

In addition to morphology, the blend repeat-spacing (L0) is also responsive to substrate 

conditions. For instance, the 50:50 blend HPL phase L0 varies by ~4%, from 43 nm to 45 nm. 

The blend HPL L0 is substantially larger than the HPL formed by pure C67 (38 nm), and larger 

than the L0 of either pure component (SI Fig. S4); 34 nm for C67 and 39 nm for L75. This 

apparent swelling suggests a distinct packing of the underlying chains in the blend HPL phase. 

The structures formed by blends may deviate from the corresponding bulk equilibrium 

morphology. For instance, the morphology diagram exhibits a broad region of line patterns; one 

can in fact identify a continuous transition from horizontal cylinders to vertical lamellae through 

the morphology diagram (all appearing as line patterns in top-view SEM images). Structurally, 

this must correspond to a continuum through rounded lamellae and distorted cylinders. Similarly, 

several blend HPL morphologies exhibit distorted packing and strut-geometry (e.g. Fig. 3, 25:75 

blend on SiO2 substrate) compared to the canonical HPL. This confirms that blending 

accommodates distorted morphologies, stabilizing otherwise prohibitively high-energy states. 
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An important question with blends is whether the underlying chains phase separate during 

structure formation. The homogeneous phases, including HPL, strongly suggest that chains are 

mixing to form a single compromise morphology, as would be predicted from entropic 

arguments (strong driving force for mixing). The coexistence phases (e.g. dots and lines), 

however, could be interpreted as local demixing of chains into equilibrium morphologies. 

Experimentally, we find that the L0 of coexisting regions match each other (and are distorted 

from the pure material L0).
84 Coarse-grained molecular dynamics simulations showed that both 

chain types participate in the formation of coexistence phases,85 though with small statistical 

excesses of chain types (e.g. slightly more L chains in lamellar-like line objects) and with 

rearrangement of chains within morphological objects to stabilize them (e.g. slightly more C 

chains segregated to the rounded end-caps of line objects). The present results are consistent with 

these arguments; we interpret the observed morphologies as resulting from mixing of chains, 

with local redistribution of chains stabilizing otherwise high-energy motifs. 

The film thickness (43 nm) selected for the results shown in Figure 3 is slightly thicker than 

the L0 of either pure material (34 nm for C67, 39 nm for L75). This roughly monolayer regime 

provides the opportunity for both horizontal and vertical morphologies to develop (the former are 

disfavored in ultrathin films, the latter are rare in thicker films), as observed experimentally. It is 

important to note that BCPs are strongly sensitive to film thickness, since if a given thickness is 

incommensurate with a particular morphology/orientation, then it will be destabilized. Thus, we 

expect the observed phases for blends to change if film thickness is modified. We observe that 

blending affords tolerance to variations in thickness (Fig. 4). The blend forms a pure HPL over a 

broad thickness range, whereas pure C67 forms coexistence states across the same thickness 

range. In BCP research, it is often assumed that film thickness trends arise due to the thickness 
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itself (confinement size scale, ordering at interfaces, etc.). However, one must also recognize that 

adjusting film thickness via spin-coating introduces an additional consideration, since casting 

conditions affect solvent evaporation rate, which influences ordering (directional and/or latent 

ordering).90-92 This is especially relevant when considering possibly metastable ordering, as we 

do here. We observe that evaporation rate influences the appearance of HPL (SI Figs S8 and S9). 

This implies that observed trends as a function of thickness arise both due to intrinsic thickness 

effects and casting effects. While C67 can form a pure and well-ordered HPL if conditions are 

tuned precisely, a blend exhibits pure HPL over a much broader range of conditions. This ability 

of the blend to accommodate local morphological distortions introduces a tradeoff, making it 

both able to form the HPL phase, and also stabilizing more distortions (e.g. variability in pore 

size for HPL). 

To elucidate the mechanism of blend structure formation, it is illustrative to compare the 

ordering exhibited in blends having different constituent chains, but the same overall block 

composition ratio. For example, Figure 5 shows morphologies for 12 different blend films, 

combining different materials but adjusting concentration to maintain an overall PS:PMMA ratio 

of 0.6:0.4. The wide variety of exhibited patterns (Fig. 5) demonstrates that the overall block 

ratio cannot by itself explain the observed phases. For instance, blends of cylinder-forming (C) 

(PMMA cores in a PS matrix) and inverse-cylinder (O) (PS cores in a PMMA matrix) BCPs 

form lamellar phases since the intrinsic interfacial curvatures of the constituent chains cancel one 

another (Fig. 5, bottom row). However, blends of C and L with the same overall PS:PMMA ratio 

instead form HPL in most cases (Fig. 5, top three rows of blue boxed-in region), since the 

constituent chains can reorganize to stabilize perforations. This demonstrates that morphology 

depends on the architecture of the underlying chains, and not simply on the overall volume 
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fraction of components (PS and PMMA). It is worth noting that the precise phases observed 

depend in part on film thickness, since the commensurability regime will be different for 

materials with different L0. Nevertheless, the underlying trends provide insights into ordering. It 

is interesting to note that blends of disparate molecular weights (Mw) can form HPL phases or 

HPL-like defects, regardless of which component provides the longer chains. The size of 

perforations increases with the Mw of both constituents, implying that both chain types contribute 

to their formation. 

These observations suggest that morphological stabilization occurs due to the underlying 

propensity for BCP chains to localize so as to reduce energy and stabilize defects (Fig. 6).18, 19, 85 

In a blend, the constituent chains redistribute to accommodate local curvature and reduce the 

energy of the morphology. For instance, the HPL phase can be thought of as a defective version 

of a lamellar phase, with perforations introduced into the lamellar sheets. While perforations are 

high energy in a pure L system, the introduction of cylinder chains stabilizes these defects, 

because C chains can accommodate the higher curvature of the pore and the C chain’s longer 

majority (PS) chain end fills in the perforation. This explains the isolated perforation defects 

observed in lamellar phases when C chains are present (Fig. 3, 75:25 blend on 80% PS 

substrate). Similarly, one can consider some blend morphologies as defective cylinder phases. 

Cross-connections between cylinders in a pure C system are high-energy and disappear as 

annealing proceeds. However, introducing L chains stabilizes these defects, accommodating the 

lower local curvature and providing the larger minority chain-end necessary to fill in the junction 

point. The result can be the formation of local hole-like motifs in an otherwise horizontal-

cylinder morphology (Fig. 3, 25:75 blend on 20% PS substrate). This chain redistribution 

argument is general, explaining the observed diversity of morphologies and distortions. In each 
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case, the mixture of chains in a blend provides access to a much broader range of local structural 

motifs, and a correspondingly broader range of morphologies. 

Nanoscale chemical patterning is frequently used to prescribe the positional ordering of PS-

b-PMMA thin films.13, 86, 93-97 Here, armed with an understanding of blend responsiveness, we 

can also employ microscale patterning of surface chemistry to direct morphology formation. We 

developed a workflow to generate multi-tone (2-tone, 3-tone, etc.) chemical patterns through 

iterative application of PS-r-PMMA brush layers, electron-beam lithography (EBL), and plasma 

etching (Fig. 7 and SI Fig. S10). A blend BCP film is cast on the patterned substrate and 

thermally annealed, giving rise to multiple morphologies based on the local substrate chemistry. 

The material response is highly local (on the order of the BCP repeat-spacing) and thus allows 

the creation of desired nanoscale morphologies, localized in a prescribed manner at the 

nano/microscale (SI Figs S11-S14). The 3-tone surface pattern shown in Fig. 7 exhibits four 

distinct structural patterns (dot patterns, line patterns, HPL, horizontal lamellae) organized into 

three regions, defined by the underlying surface chemistry. This highlights the utility of blends as 

responsive materials, capable of generating different nanoscale patterns simultaneously and in a 

positionally-prescribed manner. Because nanostructure dictates a host of bulk properties,98 

including wettability,12, 99-101 optical response,102-104 and electrical properties,16, 105, 106, these 

results suggest that blends could enable a rich set of new functional coatings. 

 

Conclusion 

We explored the ordering of blends of cylinder-forming and lamellar-forming BCP materials 

as a function of blend composition and substrate surface energy. Blending stabilizes a host of 

otherwise inaccessible states, including coexistence phases, and a pure HPL phase that is 
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typically metastable and difficult to form in pure materials. Blending accommodates significant 

swelling of repeat-spacing, providing access to a broader range of length scales. We ascribe the 

observed behavior to the enhanced packing freedom available to blends, wherein the constituent 

chains are able to reorganize locally to stabilize different structural motifs. Blends can stabilize 

defects and morphologies that would be otherwise inaccessible due to being high-energy or 

protected by energy barriers. 

These results imply that more extreme blending could stabilize yet more exotic 

morphologies. For instance, the freedom afforded by a three-component blend might stabilize 

motifs that typically require strong directing fields. However, we also note that the stabilization 

of defect-states incurs a tradeoff. For instance, blending makes the HPL phase more accessible, 

but it also makes the resultant morphologies more defective. In the limiting case, extreme 

blending is equivalent to a highly polydisperse BCP material, which forms highly defective 

morphologies that may lack a definite repeating structure. Nevertheless, it appears possible to 

engineer morphologies by blending different BCP chains and directing their ordering using 

boundary conditions and other external forces. 

This work demonstrates that the morphological state and repeat-spacing are responsive to the 

underlying surface energy. This work is consistent with a growing body of results showing that 

blends of different BCP chains can yield a greater diversity of local motifs and global 

morphologies than their constituent materials,84, 85 and that the precise structure that forms is 

responsive to boundary conditions (thickness, interfacial energies, substrate chemical patterns)19, 

69, 86, 107 and ordering history.18 BCPs are also strongly sensitive to annealing conditions, and it 

would thus be instructive in the future to study ordering of the blends described herein as a 

function of annealing temperature and time. This would provide evidence regarding which 
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phases are metastable vs. equilibrium.  We exploited this responsiveness to demonstrate 

microscale patterning of the morphology itself, where four distinct ordering motifs can all 

coexist in prescribed proximity. This points towards more advanced functional coatings that 

combine different nanopattern properties to yield materials with a desired emergent response. 

 

 

Methods 

Substrates: 500 μm thick, boron-doped ⟨100⟩ oriented silicon wafers were plasma cleaned for 5 

min (March CS-1701) using 100 mTorr O2, 20 W RF power. Substrates were used either with the 

bare SiO2 surface, or after being coated with hydroxy-terminated PS-r-PMMA random 

copolymer brushes having compositions varying from 10–80% PS (provided by The Dow 

Chemical Company), cast from solution (1.0% wt in propylene glycol methyl ether acetate, 

PGMEA) via spin-casting (1500 rpm, 45 s). Throughout the manuscript, substrate coating is 

denoted by the percentage PS content of the coating brush. Substrates with a brush layer were 

baked on a hotplate under a flow of N2 gas at 250 °C for 5 min and rinsed in toluene prior to 

coating with the block copolymer or block copolymer blend film.  

Polymer Materials: Block copolymers of PS-b-PMMA were used in this work. We define a 

sample code MXX, where M denotes the morphology (L for lamellar-forming material with 

approximately equal PS and PMMA volume fractions; C for cylinder-forming material with 

PMMA as minority; O for inverse cylinder materials with PMMA as matrix) and XX denotes the 

total molecular weight (Mw) in kg mol–1. The block copolymer materials used in these 

experiments were purchased from Polymer Source, Inc. and have the following characteristics. 

Cylindrical phase (C48): Mw = 48 kg/mol, PS:PMMA = 0.7:0.3, PDI = 1.1; (C67): Mw = 67 

kg/mol, PS:PMMA = 0.7:0.3, PDI = 1.1; (C99): Mw = 99 kg/mol, PS:PMMA = 0.7:0.3, PDI = 

1.1. Lamellar phase (L36): Mw = 36 kg/mol, PS:PMMA = 0.5:0.5, PDI = 1.06; (L75): Mw = 75 

kg/mol, PS:PMMA = 0.5:0.5, PDI = 1.1; (L104): Mw = 104 kg/mol, PS:PMMA = 0.5:0.5, PDI = 

1.09. Inverse cylinder phase (O71): Mw = 71 kg/mol, PS:PMMA = 0.3:0.7, PDI = 1.06. The 

repeat-spacing (L0) of materials was measured by fitting the primary peak position in the Fourier 

transform of SEM images of homogeneous and well-ordered canonical morphologies (SI Fig. 

S4). We note that for cylinder-forming materials, the measured L0 corresponds to the cylinder 

layering (row-row distance) and so the cylinder-cylinder distance is 𝑑 = 2𝐿0/√3. For C67, we 

measured L0 = 34 nm (d = 39 nm), and for L75 we measured L0 = 39 nm. 

Polymer Films: Block copolymer thin films were applied by spin-casting the neat or blended PS-

b-PMMA solutions (1% wt. in toluene unless otherwise noted) for 45 s at a rotation speed 

(between 1200–3600 rpm) selected to yield different film thicknesses. The film thicknesses 
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studied in this work span a range of thicknesses between 32 nm and 65 nm. We focus studies on 

films of thickness 43 nm, which is roughly the monolayer regime (slightly thicker than L0 for 

either pure material), which affords the possibility for both vertical and horizontal morphologies 

to develop. The blends were made by combining solid C and L forming PS-b-PMMA in either 

100:0, 75:25, 50:50, 25:75, or 0:100 ratios by weight. C and O forming PS-b-PMMA blends 

were made in a 1:1.6 ratio to maintain an overall PS fraction of 60 %. Block copolymer films 

were annealed on a hotplate under a flow of N2 gas at 250 °C for 5 min.  

Material Conversion: To improve contrast for SEM imaging and create inorganic replicas of the 

nanostructured films, the PMMA domains were converted into aluminum oxide replicas using 

sequential infiltration synthesis (SIS)108, 109 using our previously-published protocol.16, 17 

Samples were exposed to four sequential cycles of trimethylaluminum followed by water vapor 

using a Cambridge Nanotech atomic layer deposition (ALD) tool (100 s exposure at 85 °C). The 

PS domains were then removed using oxygen plasma etching for 5 min.  

Chemical Patterning of Silicon Substrates: Chemical guide patterns were fabricated using 

electron beam lithography (EBL). Initially, Ti/Au alignment markers were fabricated on silicon 

substrates by using a standard lift-off technique with optical lithography. Cleaned substrates 

were treated with an 60% PS brush as previously described. Subsequently, PMMA A2 

(MicroChem Inc.) resist was spin-coated onto the substrate (5000 rpm for 60 s) followed by 

baking on a hotplate at 180 °C for 3 min. The desired regions were then exposed in a JEOL 

JBX6300-FS electron beam lithography tool using 1 nA beam current at 1250 μC cm−2 using the 

prefabricated alignment markers as reference. Samples were then developed in a methyl isobutyl 

ketone: isopropyl alcohol (IPA)(1:3) solution at room temperature for 60 s and rinsed in IPA for 

15 s followed by blow drying with N2 gun. Exposed pattern regions revealed the 60% PS brush 

underneath, which was then removed by oxygen plasma for 15 s (revealing the underlying SiO2 

surface). The remaining PMMA resist was then stripped off by sonication in toluene (room 

temperature for 90 s). Subsequently, a 10% PS brush (which selectively binds to the exposed 

SiO2 regions) was coated onto the substrate surface and baked, thus creating 2-tone patterned 

substrates, with exposed regions being more hydrophilic (10% PS brush). The EBL process was 

then repeated to desired regions using the same alignment markers as the first EBL step and SiO2 

was revealed in these areas. A 80% PS brush was then coated and baked to achieve a 3-tone 

patterned substrate. Finally, the 50:50 BCP blend was spin casted on the 3-tone patterned 

substrate followed by self-assembly as previously described.  

Imaging and Image Analysis: Samples (inorganic replicas of the BCP structure) were imaged 

using SEM (Hitachi S-4800) both top-down and at a 70° tilt angle. Custom Python software was 

used to analyze images.30, 110 Morphological repeat-spacing was extracted from SEM images by 

computing the fast Fourier transform (FFT), fitting a Gaussian function to the primary peak 

position, and converting from this inverse-space position (q) into repeat-spacing (L0) using L0 = 

2π/q. 

GISAXS: Grazing-incidence small-angle x-ray scattering (GISAXS) measurements were 

performed at the Complex Materials Scattering (CMS, 11-BM) beamline at the National 

Synchrotron Light Source II (NSLS-II). Samples were measured at 25 °C in vacuum using an x-

ray beam set to an energy of 13.5 keV (wavelength 0.0918 nm) and a beam size of 50 μm tall by 
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200 μm wide. Two-dimensional scattering images were collected using a photon-counting area 

detector (Dectris Pilatus, pixel size 172 μm) positioned ~5 m downstream of the sample. 

 

 

  

Page 14 of 26Soft Matter



15 

 

Figures  

 

Figure 1: BCP thin films conventionally form a single morphology (such as cylinders or lamellae), dictated by the 

chain architecture. Blends of BCP materials are responsive, with the morphology that arises depending on external 

constraints, such as film thickness and substrate surface energy. Such responsive blends can be thought of as a single 

material whose nanostructure can be tuned by local conditions, allowing the selection of a particular morphology. 

Moreover, the mixture of underlying chains can stabilize morphologies that are metastable in pure materials, 

allowing the more facile creation of the HPL phase. 

 

 

 

Figure 2: Morphology formation for pure C67 (cylinder-forming PS-b-PMMA, 67 kg mol–1) as a function of film 

thickness (noted below each image). SEM images are captured on inorganic replica films; the converted PMMA 

regions appear bright in the images while the dark regions correspond to the removed PS matrix. Film thickness was 

controlled by spin-coating rotation speed, cast on 20% PS substrates (PS-r-PMMA brush with 20:80 ratio), and 

annealed for 5 minutes at 248 °C. The morphology that arises depends strongly on film thickness. For certain 

thickness ranges, a coexistence of morphologies or orientations is observed. Over a narrow thickness range, the HPL 

phase coexists with in-plane (horizontal orientation) cylinders. The scale bar (500 nm) applies to all images. 
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Figure 3: Morphology diagram (SEM images) for BCP pure and blend thin films (43 nm thickness) on a range of 

substrate surface energies, after thermal annealing (248 °C for 5 min). The rows correspond to different blend ratios 

of C67 and L75. The columns correspond to different substrate conditions, from SiO2 (highly hydrophilic, 

preferential for the PMMA minority block) to 80% PS brush (hydrophobic and preferential for the PS majority 

block). A range of different pure and coexisting morphologies are observed, including line-patterns (teal outline; 

horizontal cylinders or vertical lamellae), dot-patterns (gold outline; vertical cylinders), and flat films (black 

outline; horizontal lamellae). Of note is a large region where a pure HPL phase appears (purple outline). The scale 

bar (500 nm) applies to all images. 

 

 

Figure 4: Blending enables more robust formation of the HPL phase. Representative images for pure C67 (top row) 

and a blend of C67 and L75 (bottom row) are shown for a range of thicknesses (noted below each image), cast on 

30% PS substrates. While pure C67 demonstrates coexistence of HPL in some cases, the blend shows a 

homogeneous HPL phase over a wide thickness range. The scale bar (500 nm) applies to all images. 
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Figure 5: Morphologies for a range of blend materials with identical overall composition ratio (43 nm films on 

substrate 20% PS brush). The pure materials (C for cylinder-forming, L for lamellar-forming, and O for inverse 

cylinder-forming; digits denote molecular weight) are shown across the top row and leftmost column; the 

corresponding blends of all combinations are shown within the blue rectangle. In terms of the PS:PMMA ratios, the 

C materials are 0.7:0.3, L are 0.5:0.5, and O is 0.3:0.7. The C/L blends are 1:1 by mass, giving rise to an overall 

PS:PMMA composition of 0.6:0.4. The C/O blends are prepared as 1:1.6 by mass in order to achieve the same 

overall composition of 0.6:0.4. The C/O blends form distinctly different morphologies from the C/L blends, 

emphasizing that stabilization of the HPL phase occurs through redistribution of the underlying BCP chains, and is 

not merely a result of the average interfacial curvature. 
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Figure 6: BCP chains localize to stabilize defects. One can conceive a continuous transformation from horizontal 

cylinders to HPL to horizontal lamellae (top). The intermediate state between cylinder and HPL exhibits connections 

between adjacent cylinders which form a local hole. This defect is high-energy in a canonical cylinder phase. Yet 

the introduction of lamellar chains stabilizes the defect since these can accommodate the lower interfacial curvature 

and swollen minority domains. Similarly, the intermediate state between HPL and lamellae can be thought of as a 

lamellar sheet with isolated perforation defects. These defects can be stabilized by localizing cylinder chains, which 

accommodate the higher interfacial curvature and provide the larger majority chain-end content required to construct 

the pore (which is a connection between adjacent majority/matrix layers). These defective intermediate states are 

observed experimentally (bottom). 
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Figure 7: Multi-tone chemical patterns can be used to locally select the BCP morphology of a responsive blend 

(50:50 blend of C67 and L75). Electron beam lithography is used to define the chemical patterns (left), by exposing 

and etching to the underlying SiO2 surface, making it available for the attachment of another brush. By iterating, a 

substrate exhibiting 3-tone chemistry (3 different brushes in different regions) is fabricated. When a BCP blend 

orders on such a substrate, the local morphology is selected by the underlying chemistry (right), allowing micro-

patterning of the BCP morphology. In the presented example, hydrophilic regions (10% PS brush) generate an HPL 

morphology, hydrophobic regions (80% PS brush) generate horizontal lamellae, and neutral regions (60% brush) 

generate a coexistence of lines and dots. Thus, four distinct structural patterns, organized into three distinct regions, 

are represented. 

 

 

 

Supporting Information 

Supporting Information provides Fourier analysis of SEM images, x-ray scattering confirmation 

of morphologies, evidence of thickness and evaporation-rate effects, detailed patterning 

workflow, and examples and BCP ordering on multi-tone chemical patterns. 
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