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ABSTRACT: Block-copolymer orientation in thin films is controlled by the complex balance between 

interfacial free energies, including the inter-block segregation strength, the surface tensions of the 

blocks, and the relative substrate interactions. While block-copolymer lamellae orient horizontally when 

there is any preferential affinity of one block for the substrate, we recently described how nanoparticle-

roughened substrates can be used to modify substrate interactions. We demonstrate how such ‘neutral’ 

substrates can be combined with control of annealing temperature to generate vertical lamellae 

orientations throughout a sample, at all thicknesses. We observe an orientational transition from vertical 

to horizontal lamellae upon heating, as confirmed using a combination of atomic force microscopy 

(AFM), neutron reflectometry (NR) and rotational small-angle neutron scattering (RSANS). Using 

molecular dynamics (MD) simulations, we identify substrate-localized distortions to the lamellar 

morphology as the physical basis of the novel behavior. In particular, under strong segregation 

conditions, bending of horizontal lamellae induce a large energetic cost. At higher temperatures, the 

energetic cost of conformal deformations of lamellae over the rough substrate is reduced, returning 

lamellae to the typical horizontal orientation. Thus, we find that both surface interactions and 

temperature play a crucial role in dictating block-copolymer lamellae orientation. Our combined 

experimental and simulation findings suggest that controlling substrate roughness should provide a 

useful and robust platform for controlling block-copolymer orientation in applications of these materials. 

KEYWORDS: self-assembly, orientation, nanoparticles, block copolymer, molecular dynamics, SANS. 

TOC Figure/text: Using nanoparticles to tune film-substrate interactions, we demonstrate that block-

copolymer lamellae undergo an orientation transition as a function of temperature. 
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Introduction 

Block-copolymers (BCP) are extensively-studied self-assembling systems that phase-separate locally 

due to chemical incompatibility between the covalently-connected blocks. This microphase-separation 

can produce a variety of morphologies, with periodicities on the order of 5 nm to 100 nm.
1-4

 Owing to 

the size-scale of the structures, these systems have been proposed as patterning layers for next-

generation lithography.
5-9

 The mixed chemical functionality, and tunable nanostructure, also makes 

these systems of interest for membranes, coatings, and many other applications.
10-11

 Symmetric diblock-

copolymers self-assemble into a lamellar morphology, with an intrinsic period, L0, based on the block 

size. In thin films on flat substrates, lamellar BCPs preferentially orient with the lamellae in a horizontal 

arrangement: that is, parallel to the substrate interface. This occurs due to preferential wetting at both 

interfaces: one block will typically have an energetic preference for the substrate interface, and one 

block will have an energetic preference for the free surface. The horizontal orientation of the lamellae is 

normally stable when the total film thickness is commensurate with the lamellae period. For symmetric 

wetting (both the substrate and free surface are wet by the same block), the total film thickness is 

commensurate when it is equal to nL0, where n is an integer. For anti-symmetric wetting, the film is 

commensurate for thickness of (n + ½)L0. For thin films of an incommensurate thickness, the system 

will relieve the instability by partitioning the free surface laterally into regions of commensurate 

thickness, forming so-called islands or holes. 

Controlling the order and orientation of BCPs is often crucial in applications, and a variety of 

techniques have been developed to control order: shear alignment,
12-13

 electric field alignment,
14-16

 

solvent annealing,
17-18

 blending with copolymers,
19-22

 thermal techniques (temperature gradients,
23

 

directional solidification,
24-25

 and zone refinement,
26-32

 including ‘cold’ zone annealing
33-36

 and photo-

thermal annealing
37

), topographic
38-43

 and chemical patterning,
44-45

 and adjusting substrate surface 

energy
46-49

 or roughness.
50-54

 The variety of available techniques emphasizes how BCP assembly is the 

result of a delicate balance among many competing factors. We recently demonstrated that cylinder-

forming polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) BCPs exhibit a rich interfacial 
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morphology as a function of thickness and annealing temperature.
55

 By comparison, the orientation in 

lamellae-forming BCPS is not normally sensitive to changes in film thickness or temperature, owing to 

the strong tendency of lamellar sheets to orient with substrates. However, a reorientation of lamellae into 

a vertically-aligned state is known to occur when the substrate
46-48, 56-57

 and/or free-surface
47

 lack a 

preferential interaction for either block; the so-called ‘neutral’ boundary condition. In order to 

understand the reorientation of lamellae-forming BCPs as a function of both thickness and temperature, 

it is necessary to decouple the self-assembly from its surface wetting behavior.
58

 We have recently 

shown that one can achieve an effectively neutral substrate by roughening it with surface-adhesion of a 

layer of nanoparticles (NPs).
53

 This surface treatment greatly reduces the strong driving force for the 

formation of horizontal lamellae; we previously observed that after annealing at 165 ºC, the BCP 

orientation was horizontal at commensurate thicknesses, but was vertical at incommensurate 

thicknesses. In this paper, we show that we can achieve entirely vertical lamellae orientation on these 

rough surfaces if we simultaneously increase the BCP segregation strength by lowering the annealing 

temperature. We use molecular dynamics simulations to understand the molecular basis of the combined 

use of interfacial interactions and temperature to achieve robust vertical ordering lamellae-forming BCP 

films. 

  

Results 

Morphology Diagram 

In order to study the orientation of block-copolymer lamellae, we modified the film/substrate 

interaction by introducing roughness using our previously-described procedure.
53

 These ‘neutral’ 

substrates were prepared by spin-casting solutions of propyl-coated silica nanoparticles (20 nm 

diameter) onto flat silicon substrates. We selected casting conditions where the root-mean-square 

roughness is ≈ 10 nm (supplementary information Figure S1), and oxidized the surfaces to yield an 

intermediate surface energy (water contact angle θw ≈ 40º). Lammelar-forming poly(deuterated styrene)-

block-poly(methyl methacrylate), dPS-b-PMMA, was spin-cast on these rough surfaces. The as-cast 
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block-copolymer films appear to be disordered, without any measurable phase separation or morphology 

development (refer to supplementary information Figures S2–S5). Microphase-separation initiated by 

annealing at temperatures above the glass-transition. Atomic force microscopy (AFM) images are shown 

for a variety of annealing temperatures, and film thicknesses, in Figure 1. The effectively flat images are 

indicative of horizontal lamellae (oriented parallel to substrate) whereas the ‘fingerprint’ patterns are 

indicative of vertical lamellae (perpendicular to substrate). On these rough surfaces, the vertical state 

appears at low annealing temperatures (≤ 150 ºC), while a horizontal state is preferred at high annealing 

temperatures (≥ 180 ºC). At intermediate temperatures (≈ 165 ºC), the orientation of the morphology 

depends on film thickness.
53

 These observations can be contrasted with the normally-observed behavior 

of lamellae on flat non-neutral surfaces, which is to form horizontal lamellae regardless of temperature 

and thickness. Even a slight preferential energetic interaction between either of the blocks and the 

substrate will yield uniformly horizontal morphologies. 

 

 

Figure 1: a) Typical AFM phase images for dPS-PMMA BCP lamellae on rough surfaces. Representative images for various 

thicknesses and temperatures are shown. The scale bar (lower right) is 500 nm, and applies to all images. b) Morphology 

orientation diagram for lamellae based on AFM image analysis. The predominantly horizontal states (fv < 25%) are denoted 

with black diamonds, whereas the partially or fully vertical states are denoted by open circles. There is a regime of vertical 

73 nm 

71 nm 

106 nm 

91 nm 

69 nm 

108 nm 

87 nm 

105 nm 

87 nm 

70 nm 

vertical horizontal 

150 ºC 

a) b) 

165 ºC 180 ºC 



 

6 

orientation at low temperature, and a regime of horizontal orientation at higher temperature. At the boundary between the two 

regimes (≈ 165 ºC), a mixture of states appears, oscillating with film thickness. 

 

The oscillation between orientations (at 165 ºC) suggests that energies of the vertical and horizontal 

states are nearly the same, with islands/holes tipping the energy balance one way or the other. At lower 

temperatures the vertical morphology evidently has a lower energy, whereas at higher temperatures the 

horizontal morphology is sufficiently preferred so as to compensate for the energy penalty of forming 

islands and holes. It is this temperature-dependent phenomenon that we seek to understand in order to 

control BCP lamellae orientation in thin films. We further observe that the orientation oscillation in the 

transition regime decays with thickness, with a horizontal surface morphology ultimately favored in 

arbitrarily thick samples. This is consistent with literature reports of a finite range over which the 

substrate directs orientation in other types of substrate-modified films.
46-47, 59

 Figure 1b maps the 

quantification of orientation as a function of thickness and temperature. This surface-morphology 

diagram for BCP lamellae is analogous to that found for BCP cylinders.
55

 Importantly, however, this 

morphology diagram only appears for lamellae when the directing effect of the substrate has been 

sufficiently weakened. This surface morphology diagram is apparent even after short annealing times (2 

h), and remains robust for long annealing times (supplementary Figure S8), leading us to believe this is 

an equilibrium phenomenon. 

Lamellae Orientational Order 

Although AFM is useful for quantifying the surface morphology of the ordered BCP films, it cannot 

address the organization of the BCPs within the film, a perennial difficulty in BCP film characterization. 

To probe the three-dimensional orientation of the self-assembled morphology throughout the film, we 

combined neutron reflectivity (NR) and small-angle neutron scattering (SANS), which are sensitive to 

the out-of-plane and in-plane ordering, respectively. We start by analyzing the transition region, i.e. at T 

= 165
o
C, where orientation is sensitive to film thickness. Representative NR data are shown in Figure 2, 

where the reflectivity scans are shown alongside the corresponding best-fit for the neutron scattering-
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length density (SLD) profile. Figure 2 shows three representative samples of different thicknesses. In all 

three cases, the SLD profile shows significant oscillations, consistent with horizontal lamellae (oriented 

parallel to the substrate, which is set at z = 0 nm in Figure 2 b): the high-SLD regions are dPS-rich (SLD 

of pure dPS ≈ 6.5×10
–6

 Å
–2

), whereas the low-SLD regions are PMMA-rich (SLD of pure PMMA ≈ 

0.8×10
–6

 Å
–2

). The uppermost data, for a sample of total thickness 84 nm, exhibits extremely strong 

oscillations, indicative of well-defined horizontal lamellae throughout the entire sample. In the thinner 

samples, however, the SLD oscillations are not as intense. In particular, the SLD values (ranging from 

1.6×10
–6

 Å
–2

 to 5.4×10
–6

 Å
–2

) indicate that only a portion of the sample adopts the horizontal 

orientation. In other words, these films exhibit a mixture of horizontal and vertical lamellae orientations 

at the top surface (confirmed by AFM, Figure 2 c). Through the film depth, we observe a preference for 

horizontal lamellae at the top surface, whereas there appears to be a preference for vertical lamellae 

closer to the substrate. 

The reflectivity data for all samples indicate that the horizontal layering is strongly disrupted near the 

nanoparticle substrate. For samples on flat silicon (supplementary Figure S2), the oscillations in SLD 

persist to the substrate interface, leading to a very intense Bragg peak in the reflectivity data. However 

the nanoparticle-treated substrates disrupt the formation of horizontal lamellae within their vicinity. It 

thus appears reasonable to suggest that the vertical orientation originates at the substrate interface, 

whereas the horizontal state originates from the preferential wetting of dPS at the free surface. 
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Figure 2: Neutron reflectivity data (a) and corresponding SLD profiles (b) for BCP films cast on rough substrates at T = 

165
o
C (error bars are smaller than the data points, and have been omitted for clarity). The associated surface AFM images (c) 

and cartoons of the BCP orientation (d) are also provided; in all columns, the lowermost data is for a 78 nm thin film, the 

middle data for a 79 nm thin film, and the uppermost data for a 83 nm thin film. The SLD profiles are plotted as a function of 

the film normal direction, z, with the origin placed at the film-substrate interface. In (a), the neutron reflectivity model fits 

(solid line) provides excellent agreement with the experimental data (open symbols), which validates the proposed film 

models in (b). In particular, the Bragg peaks seen in the reflectivity profile arise due to oscillations in the SLD in the film 

profile, attributable to a fraction of horizontal lamellae. The intensity of the Bragg peak, and associated SLD oscillation, is 

noticeably larger for the 83 nm film (topmost data), indicating that at this thickness, the preferred morphology is an entirely 

horizontal state. In all cases, the formation of horizontal lamellae is strongly disrupted near the nanoparticle-laden substrate. 

(In c, the 500 nm scale bar applies to all images.) 

10
–9

10
–8

10
–7

10
–4

10
–6

10
–5

10
–3

10
–2

10
–1

1

0.00 0.50 1.00 1.50

q z  (nm
–1

)

R
e

fl
e

c
ti
v
it
y

a) 

b) 

78 nm 

79 nm 

83 nm 

c) d) 

0

1

2

3

4

5

6

7

-10 10 30 50 70 90

z  (nm)

S
L

D
 (

1
0
–
6
 Å

–
2
)

0

1

2

3

4

5

6

7

-10 10 30 50 70 90

z  (nm)

S
L

D
 (

1
0
–
6
 Å

–
2
)

0

1

2

3

4

5

6

7

-10 10 30 50 70 90

z  (nm)

S
L

D
 (

1
0
–
6
 Å

–
2
)



 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Reciprocal-space intensity maps generated from by accumulating SANS as a function of sample rotation angle, for 

annealing at 165 ºC for 18 h. All maps are plotted with the same intensity scale. The top images are experimental data, 

reproduced from Ref. 53 with permission from The Royal Society of Chemistry, measured on a 78 nm (a), 79 nm (b), and 83 

nm (c) film. The peak at Qx = 0.16 nm
–1

 is a clear signature of vertically oriented lamellae. This peak is less pronounced in 

(b) and nearly absent in the sample that exhibits horizontal morphology (c). The bottom images are theoretical maps based on 

a model including an angular distribution of lamellae, fit to 78 nm (d), 79 nm (e), and 83 nm (f). Refer to Supplementary 

Information for modeling procedure. 

a) b) c) 
78 nm 79 nm 83 nm 

d) e) f) 
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Although the neutron reflectivity data can establish a bound on the fraction of lamellae oriented 

horizontally, it cannot determine the orientation of the vertically oriented fraction. Similarly, the AFM 

measurements showing a surface fingerprint pattern cannot differentiate between strictly vertical 

lamellae and a cross-section through randomly oriented lamellae. In order to quantify the orientation of 

the self-assembled domains, we performed rotational small-angle neutron scattering (RSANS) 

measurements. In this technique, small-angle scattering data is accumulated as a function of sample 

rotation angle. By reorienting the sample, the scattering pattern becomes sensitive to order along 

different planes throughout the scattering volume. Figure 3 shows the scattering intensity as a function 

of the scattering vector, in a sample coordinate system (refer to supplementary Figure S10 for an 

example of the full three-dimensional reciprocal-space reconstruction). That is, the scattering along Qx 

corresponds to in-plane periodic structure, whereas the scattering along Qz corresponds to periodic 

structure in the film normal direction (similar to the neutron reflectivity experiments). Because the 

present samples are isotropic in-plane, Qx-Qz slices of the full three-dimensional scattering, as shown in 

Figure 3, are sufficient. 

The intense peak seen at Qx = 0.16 nm
–1

 in Figure 3 (a) is a signature of in-plane order with a 

periodicity of 39 nm, which matches the lamellae period, L0. We can further conclude that the lamellae 

giving rise to this peak are oriented vertically (within some angular distribution), because a completely 

random distribution of lamellae would instead give rise to an intense ring of uniform scattering intensity 

for all 
122

nm 16.0  zx QQQ . The weak, diffuse scattering along that ring indicates a small 

portion of lamellae oriented at other angles, but the intensity of the peak clearly demonstrates a 

preponderance of vertically oriented lamellae. The intensity of the peak changes as a function of film 

thickness. In particular, the peak is nearly absent for samples that exhibit the horizontal morphology 

(Figure 3 c). In this regard, the SANS and neutron reflectivity data are complementary and entirely 

consistent: samples which exhibit a large proportion of vertical lamellae (as demonstrated by the SANS 

data) have a small proportion of horizontal lamellae (as demonstrated by the reflectivity data); 

conversely samples with a small proportion of vertical lamellae display intense oscillations in the 
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reflectivity data, consistent with well-defined horizontal lamellae. The intensity close to the Qz axis in 

the SANS maps arises from the distribution of lamellae that are oriented horizontally (within some 

angular distribution), and should scale inversely with the intensity of the peak from the vertical lamellae. 

Figure 3 d-f show fits of the experimental RSANS data (refer to supplementary material for details). 

This allows quantification of the relative amounts of the horizontal and vertical populations, as well as 

their angular spreads (Figure S9). 

Representative neutron reflectivity data (and associated film profiles from best-fits) for other 

annealing temperatures are shown in Figure 4. Again we are able to confirm the AFM data. At high 

annealing temperatures (above the transition regime), the NR data has a strong Bragg peak indicative of 

horizontal lamellae, and the best-fit SLD profile confirms well-defined lamellae layers. At annealing 

temperature below the transition, there is no discernible Bragg peak. Although a one-layer model is 

insufficient to fully describe this data, the SLD oscillations in the best-fit are extremely weak, indicating 

only a very weak segregation of dPS to free surface, and PMMA to the substrate interface. Thus the 

surface morphology observed by AFM (Figure 1) represents the structure through the majority of the 

film, though not at the film-substrate interface. By adjusting thickness and annealing temperature, we 

can adjust lamellae orientation. 
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Figure 4: Neutron reflectivity data (a), including model fits (solid black lines), and corresponding SLD profiles (b) for BCP 

films cast on rough substrates (error bars are smaller than the data points, and have been omitted for clarity). In both (a) and 

(b), the lower data is for a film annealed for 4 h at 140 ºC, whereas the upper data is for a film annealed for 4 h at 180 ºC 

(longer time annealing data, not shown, is similar). Although the 140 ºC cannot be fit with a single-slab profile, the 

oscillations in the best-fit film profile are very weak; the BCP lamellae are oriented vertically, and not stratified horizontally. 

In comparison, the strong SLD oscillations in the 180 ºC film profile demonstrate that at this annealing temperature, the 

lamellae orient horizontally. 

Quantification of Surface Segregation 

Although the AFM images suggest vertical states for certain film thicknesses, this technique cannot 

unambiguously determine whether the observed structures are truly exhibited at the surface, or are being 

imaged through a thin ‘wetting layer.’ Typically polystyrene, which has a lower surface energy, will 

segregate to the air surface during annealing. However this preference is weak for accessible annealing 

temperatures. To roughly characterize the surface interaction, we measured the surface water contact 

angle as a function of film thickness using a gradient thickness sample annealed in the transition region. 

Literature reports
60

 on PS-PMMA statistical random copolymers indicate that pure PS exhibits an 

advancing water contact angle of about 90º, pure PMMA exhibits a contact angle of about 70º, while for 

a 50:50 mixture it is 82º. We observe measurable oscillations in the advancing water contact angle as a 
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function of thickness (refer to supplementary Figure S11), consistent with the morphology oscillation 

measured by AFM. Specifically, for film thickness values where the sample is horizontally-oriented, the 

water contact angles are consistent with a PS wetting layer; whereas for thicknesses where the vertical 

state is observed, the contact angles are consistent with a mixture between surface-expression of PS and 

PMMA. It should be noted that contact angle measurements are affected by factors besides surface 

chemistry; e.g., roughness can alter the value appreciably. However the proposed surface expression is 

supported by the neutron reflectivity data, where the vertical states do not exhibit a surface SLD 

consistent with pure dPS, but rather have a depressed value indicating a mixture between dPS and 

PMMA. Combined, these measurements suggest that the preferred morphology persists to the free 

surface, with both chemically-distinct blocks expressed at that interface. This has implications for 

applications where one wants to control the average surface chemistry of a coating, where one is 

generating nanoscale chemical patterns, or where a component miscible in only one block needs to be 

available at the film surface. 

 

 

 

 

 

 

 

 

Figure 5: Effect of substrate interfacial energy on BCP orientation. Surface energy is estimated based on the average water 

contact angle measured on the substrate before film casting. Orientation results are for BCP thin films annealed for 4 h at 

165 ºC. For a film thickness that generates predominantly vertical surface morphology (78 nm, black circles), a neutral 

interfacial energy generates a vertical morphology, whereas a strongly hydrophilic substrate reduces this effect and generates 

a conventional horizontal morphology. For a film thickness that generates predominantly horizontal morphology (84 nm, 

open circles), the horizontal morphology is favored regardless of interfacial energy. Error bars were estimated from the 

standard deviation of repeated measurements at particular film positions. 
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Effective Substrate Interfacial Energy 

In order to understand the nature of the temperature-dependent orientation transition described above, 

we altered the average surface energy of the rough substrates by changing the UV-ozone oxidation time 

of the nanoparticle organic coating. Samples with a gradient in surface energy were generated by 

exposing nanoparticle-coated substrates to a linear UV source using an acceleration stage.
61

 

Representative results are shown in Figure 5 for annealing in the transition regime (T = 165 
o
C). For 

film thicknesses in which there is a horizontal orientation (open symbols), the BCP is not affected by 

surface energy. However in regions where the vertical morphology is possible, it is only expressed when 

the surface energy is closer to ‘neutral’, i.e. closer to the midpoint of pure PS and pure PMMA surface 

energies. This result can be easily explained: when the substrate surface energy is extremely hydrophilic, 

there is a strong preference for the PMMA block to segregate to that interface, generating a layer from 

which further horizontal lamellae will order. However if the surface energy is closer to neutral, there 

will be a reduced tendency for one block to segregate to that interface.  For a truly neutral substrate, both 

blocks can wet the substrate and the BCP can adopt the vertical morphology. It is worth noting, 

however, that the region where vertical orientation is possible is considerably broader than would be 

seen on flat surfaces. In the well-studied case of random copolymer-brush treated substrates,
46, 60

 the 

vertical orientation exists over a range of ≈ 4º in water contact angle, whereas the substrates used here 

yield this effectively neutral boundary condition across a ≈ 30º range of substrate water contact angle. 

Roughening the surface using NPs thus provides a simple and robust means of achieving a neutral 

boundary condition to yield vertical BCP orientations. Of course, another critical aspect is the strong 

segregation between the blocks, obtained by lower the processing temperature. 

Figure 6 shows RSANS data for BCP lamellae assembled on rough substrates of differing surface 

energy. The intermediate surface energy allows for a substantial vertically-oriented lamellae population. 

For the samples shown in Figure 6, the annealing temperature (180 ºC) led to horizontally-oriented 

lamellae at the free surface. Thus the population of vertical lamellae is sub-surface. This further supports 
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our hypothesis that the vertically-oriented lamellae originate from the rough substrate interface, whereas 

the horizontal population arises from a surface-segregation layer (consistent with the NR data). For 

either highly hydrophilic or highly hydrophobic substrates, the vertical population is entirely suppressed 

from a strong preference for one of the blocks to segregate to the interface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Reciprocal-space intensity maps from RSANS for 87 nm films annealed for 4 h at 180 ºC. All maps are plotted 

with the same intensity scale. The top images are experimental data, measured on BCP films cast on substrates of different 

average surface energy: θw < 10º (a), θw ≈ 47º (b), and θw ≈ 100º (c). At intermediate surface energy, a peak at Qx = 0.16 nm
–1

 

appears, consistent with vertical lamellae. For extremes in surface energy the horizontal state is instead preferred. The bottom 

images (d–f) are corresponding fits: (d) the hydrophilic surface (Av = 0.30, sv= 0.30, Ah = 0.70, sh = 0.94), (e) the intermediate 

surface (Av = 0.72, sv= 0.30, Ah = 0.28, sh = 0.75), (f) the hydrophobic surface (Av = 0.40, sv= 0.20, Ah = 0.60, sh = 0.97). 
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System-specific Considerations 

We now consider the origin of the orientation control seen in the surface orientation diagram. We first 

address aspects of the ordering peculiar to our choice of PS-b-PMMA material, and thereafter generalize 

our result using system-agnostic simulation methods. It is known that the surface energies of PS and 

PMMA are relatively similar and thus the segregation preference of PS to the free surface is inherently 

weak compared to other BCP systems (this is confirmed by the present results, where the surface PS 

wetting layer can be eliminated). This weaker surface-directed ordering of course makes it easier to 

experimentally observe the vertical orientation. The difference in surface tensions between PS and 

PMMA is also somewhat unusual in that it decreases with temperature
62

 and the surface tensions 

actually become equal at sufficiently high temperature, so that a neutral boundary at the top surface can 

be achieved. Annealing at a temperature where there is no mismatch between the surface tensions 

clearly favors vertically-oriented lamellae, since there is no longer a driving force for a particular block 

to segregate to the free surface. For dPS-b-PMMA lamellae this transition is reported to occur
47

 at 

225 ºC (for PS-b-PMMA cylinders a transition at 230 ºC is reported
49

). Although this nearly-neutral 

boundary condition is helpful in achieving vertical orientations, this effect does not in itself explain the 

present observations. In particular, we still observe horizontal lamellae under many conditions; in 

particular when the substrate is not sufficiently ‘neutral.’ Thus, the substrate is playing a crucial role in 

directing the orientation of the BCP. 

The effect of surface roughness was considered in recent work by Ranjan et al.
63

 based on a simple 

Alexander-deGennes brush theory of the BCP layer. They concluded that the orientation of the 

morphology can indeed be influenced by the RMS roughness and fractal dimension of the substrate. We 

next consider how this might operate on a molecular level, using molecular dynamics (MD) simulations. 

Importantly, this simulation does not implement the special interfacial properties of PS-b-PMMA just 

described; thus, these MD results shed light on the generic origin of the neutral interfacial interactions 

arising from substrate disorder. 
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Figure 7: Results of molecular dynamics (MD) simulations. Simulations involved a substrate covered in randomly-

positioned spheres (a) in order to simulate the roughness of the nanoparticle-laden substrates used experimentally. A periodic 

simulation box (blue rectangle) was filled with randomly oriented BCP chains and morphology allowed to evolve upon 

annealing. (b) Final states for a variety of annealing temperatures demonstrate a transition from vertical orientations at low 

temperature to horizontal at high temperature, as seen experimentally. 

 

Molecular Dynamics Simulations 

We undertook molecular dynamics (MD) simulations to probe how disordered substrates influence 

BCP ordering. Polymer coils are simulated using a chain of beads, with two blocks of distinct chemical 

affinity. The chemical mismatch between two chemically distinct but covalently bound beads drives 

micro-phase separation. One type of bead has an energetic preference for the substrate, but we introduce 

randomly arranged attractive spherical nanoparticles (NP) which simulate substrate roughness (Fig. 7a). 

As in our previous MD work,
57

 chains are initially simulated in a randomly intermixed state similar to 

what would be expected after spin-coating; subsequently, micro-phase separated morphologies are 

allowed to evolve under gradual heating and subsequent annealing (refer to Simulation Method section 

for details). Polymer/NP interactions were modeled using a Lennard-Jones potential. All simulation 

parameters are summarized in Table 1. Nanoparticle size was selected to be comparable to half the BCP 

a b 
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lamellar spacing (L0). This is consistent with the experimental system, and indeed was found to be 

essential to reproduce the experimentally-observed formation of vertical lamellae. 

As can be seen in Figure 7b, varying the simulated annealing temperature leads to a change in the 

equilibrium orientation of the BCP morphology, consistent with experiment: low temperatures lead to 

vertical lamellae, whereas higher temperatures lead to conventional horizontal orientation. This 

transition can clearly be attributed to the roughness, as simulations on flat substrates robustly gave rise 

to horizontal lamellae when the substrate had even a small energetic preference for one of the blocks. 

We evidently need to achieve two independent conditions to form a vertical orientation: a neutral 

boundary interaction, and sufficiently strong segregation between the BCP phases. These effects act in 

concert to form vertical lamellae orientations. 

The fractional surface coverage of the substrate by NPs was slightly lower in the simulated system 

(35%), compared to the experimental system (40-50%). We found that surface coverage of ~50% in the 

simulation led to vertical lamellar orientations at all temperatures (supplementary Figure S12). At 35% 

coverage, vertical lamellae were formed at lower temperatures and there was a transition to horizontal 

lamellae at higher temperatures. Thus, substrate roughness drives the formation of vertical lamellae. 

Evidently, the NPs in the simulated system were slightly more effective in driving vertical lamellar 

formation than was the case for the experimental system. We note that the coarse grained simulated 

system was designed to capture the essential physical underpinnings of the observed physical behavior, 

but was not intended to reproduce quantitative features of the experimental system. 

The MD simulations enable us to interrogate chain and morphology orientation in the vicinity of the 

substrate, so as to understand how interfacial disorder promotes a robust neutral boundary condition. We 

observe that the first layer of BCP chains coat the substrate and particles, consistent with their chemical 

affinities. The BCP layer in intimate contact with the substrate is in fact in a roughly horizontal state, 

accounting for the residual signal seen in the NR and RSANS data. However, this conformal coating 

does not effectively negate the disruptive effect of the NPs on the BCP orientation over lager distances; 

in fact, it essentially reproduces the disordered substrate topography. The defects in lamellar ordering 
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near the substrate then act as seeding points for vertically-oriented lamellae. Horizontal lamellae layered 

on these topographic defects would involve substantial distortions/bending of the lamellar morphology 

normal to the lamellar plane, a defective and relatively energetic state. These lamellar distortions are 

more strongly disfavored at lower temperatures, where the BCP segregation is stronger. This is easy to 

understand from the fact that the shear modulus of block-copolymer materials decreases as one 

approaches the order-disorder transition
64-65

 (e.g. upon heating), at which point the block-copolymer 

solid becomes a liquid. At higher temperatures in a lamellar BCP, bending the morphology to conform 

to the nanoparticles becomes less energetically costly; thus, the lamellae orient parallel to the substrate if 

the temperature is raised sufficiently. Conversely, cooling the BCP increases the modulus, making the 

distorted horizontal states extremely disfavored. We have also recently observed an analogous transition 

by reducing BCP molecular mass.
66

 

To illuminate this interesting disorder effect from an experimental standpoint, we measured films near 

the transition region (in both thickness and temperature), but with a horizontal orientation at the top 

surface. Using RSANS, we observe a mixed state, which includes a substantial (sometimes dominant) 

vertical orientation. If the substrate surface energy is shifted to be more strongly attractive to either 

block, then the system reverts to the usual horizontal orientation, as expected from our simulation study. 

Thus, we confirm that even when the free-surface drives towards horizontal lamellae, the substrate 

disorder can nucleate vertical orientations. 

 

Discussion and Conclusion 

We have exploited interfacial roughness, engineered through adsorption of NPs, in conjunction with 

control of annealing temperature, to control the orientation of BCP lamellae over large areas. We 

observe a transition from vertical lamellae at low annealing temperature (≤ 150 ºC) to horizontal at high 

temperature (≥ 180 ºC), highlighting the critical role of temperature control. This transition is 

qualitatively similar to the surface morphology transition reported for BCP cylinders;
55

 observing the 

effect for the lamellar phase relies on our capacity to engineer a solid substrate with nearly neutral 
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surface interactions over a wide range of conditions. Molecular dynamics simulations of a generic 

block-copolymer system illuminate the mechanism of this BCP lamellae orientational transition. Strong 

interfacial segregation at low temperatures makes bending around the NP surface energetically costly; 

the defects near the substrate interface seed the vertical orientation of the BCP lamellae. The ultimate 

effect of the surface disorder is to frustrate the development of orientational correlations between the 

lamellae and the flat silicon boundary underlying the NP layer. Thus, surface energy and temperature 

must be properly selected to engineer this relatively unusual BCP orientation. 

By combining AFM, NR, and rotational SANS, we have addressed the difficult problem of 

quantifying both the surface morphology and the three-dimensional orientational distribution of lamellae 

within these films. This is a general measurement strategy that can be applied to any nanostructured 

films that give rise to scattering peaks, and the tools we describe are transferable to many other systems 

and problems. Our analysis demonstrates that the vertical state has a relatively small angular spread (it is 

not isotropic), though it is not as well-aligned as a horizontal state (which must necessarily align with 

the substrate). Furthermore the vertical orientation does not have a surface-wetting layer; both 

chemically-distinct blocks are expressed at the free surface. This has implications for applications in 

which one wants to control the average surface chemistry of a coating, or where one wants to create 

nano-scale chemical patterns. 

In previous work, we explored the effect of varying both temperature and molecular mass on the 

formation of in-plane interfacial patterns in horizontal lamellae systems.
67-69

 In these experiments, it was 

found that increasing BCP segregation strength, either by lowering the temperature or by increasing the 

molecular mass, reduced the size of surface patterns (holes, islands and ‘spinodal’ patterns depending on 

block copolymer film thickness), due to the increased elastic energetics of deforming the lamellae under 

stronger segregation conditions. In this work, we again find evidence of this coupling between 

segregation strength and BCP ordering. 

       Finally, we note that there is another strategy for increasing the thermodynamic driving force χN  

to enhance BCP ordering in thin films: the introduction of additives having a selective affinity for one of 
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the block components.
70-72

 This approach to increasing segregation strength and the ‘quality’ of block-

copolymer ordering has been demonstrated in a number of bock-copolymer materials.
72-76

 Increasing χN 

by using larger molecular mass materials has the disadvantage of also increasing the BCP repeat-

spacing, while decreasing temperature reduces ordering rates, and may affect the quality of ordering due 

to dynamic heterogeneity.
77

 Thus, using additives to increase segregation, in combination with the 

tuning of substrate interactions described herein, may be a valuable future strategy for engineering 

block-copolymer morphology orientation. Overall, our results point towards a general motif for 

controlling the order in self-assembling polymer films: to tune the material segregation, and thus 

mechanical properties, in order that the coupling to substrate topography drives towards desired 

ordering. 

 

Experimental 

Nanoparticle Preparation 

Silica nanoparticles (diameter = 20 nm) in a colloidal dispersion (mass fraction 30 %, suspension in 

methyl isobutyl ketone (MIBK)) were obtained from Nissan Chemical Industries, Ltd.
78

 and dried over 

anhydrous MgSO4. The nanoparticle surface modification was carried out according to a modified 

procedure reported in the literature.
79

 Magnesium sulfate, hexane, methanol, and 1,1,1,3,3,3 

hexamethyldisilazane (HMDS) were obtained from Aldrich and used without further purification.  The 

n-propyldimethylchlorosilane was obtained from Gelest.  The MIBK/nanoparticle dispersion (10 g) was 

filtered and transferred to a 250 mL round bottom flask under argon. The n-propyldimethylchlorosilane 

(3 mL) was added dropwise via syringe.  The reaction mixture was stirred overnight at 50 ºC and 

allowed to cool to room temperature before adding 6 mL of the HMDS.  The reaction was then stirred at 

room temperature for 3 h, and heated to 50 ºC for 8 h.  The white precipitate which formed upon the 

addition of HMDZ was removed via centrifugation.  The orange dispersion was precipitated via 

dropwise addition into a methanol:water mixture (4:1 by volume).  The particles were centrifuged and 

the supernatant decanted.  The recovered particles were then dissolved in THF and precipitated in a 
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methonal:water mixture (repeated 3 times).  The particles were then dried at 70 ºC overnight under 

vacuum to yield a yellowish powder.  The hydrophobic nanoparticles are soluble in organic solvents 

(THF, chloroform, etc.), with mild sonication (300 s) achieving full dispersion. 

Sample Preparation 

Substrates were polished Si wafers cleaned using warm piranha solution (mixture of 30 % volume 

fraction H2O2 and concentrated H2SO4 in a 1:3 ratio) for 20 minutes. The silica nanoparticles were cast 

onto the Si substrates by spin-coating from chloroform solutions. The particle coverage depends strongly 

on solution concentration and more weakly on spin-coating velocity. To achieve partial substrate 

coverage, a solution of nanoparticles in chloroform (mass fraction 0.04 %) was cast at 126 rad/s for 30 s. 

These surfaces have root-mean-square (rms) roughness 10 nm (as measured by AFM). The estimated 2D 

areal coverage of the fractal-like aggregates depends somewhat on definition (e.g. thresholding). An 

upper bound for the coverage of 51% can be estimated based on a >1 nm extension of the AFM 

topography above the lowest-lying flat regions, whereas we estimate ≈ 40% coverage using a height 

cutoff of 10 nm. Samples were oxidized by placing in an ultraviolet (UV) ozone chamber, with exposure 

time (0 s to 600 s) controlling final surface energy. The UV light generates ozone and atomic oxygen in 

the vicinity of the substrate, which oxidize the sample, converting organic CH2 and CH3 groups 

progressively into more hydrophilic groups (e.g., CH2OH and COOH), as confirmed by x-ray 

photoelectron spectroscopy (XPS), and consistent with literature.
80

 Samples with gradients in the 

nanoparticle surface energy were generated by accelerating the sample beneath a linear UV light-

source.
61

 The UV radiation emitted from the light-source slit generates ozone and atomic oxygen in the 

vicinity, which oxidize the sample. The total oxidation being dependent on UV exposure time, sample 

acceleration generates a corresponding gradient in total oxidation time, hence surface energy. 

The diblock-copolymer was symmetric poly(deuterated styrene-block-methyl methacrylate) (dPS-b-

PMMA), with a molar mass of 62.6 kg/mol (29.5 kg/mol styrene and 33.1 kg/mol methyl methacrylate), 

and polydispersity of ≈ 1.14 (Polymer Source, Inc.). This BCP forms lamellae with a bulk period L0 = 39 

nm (as measured by SANS, and consistent with AFM data). Thin films were prepared by casting from 
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toluene, using either spin-coating (solution mass fraction 1.5 %, 100 rad/s to 210 rad/s, depending on 

desired thickness, for 45 s) or flow-coating (solution mass fraction 3 %, 8 mm/s to 40 mm/s sweep 

speed, depending on desired thickness). Combinatorial samples with a gradient in thickness were 

prepared using the flow-coating acceleration technique previously reported,
81

 with a blade height of 200 

μm, an acceleration of 1 mm/s
2
 to 10 mm/s

2
 (depending on desired thickness range). The BCP films, 

coated onto silica nanoparticle substrates, were then annealed in a vacuum oven. 

One of the advantages of combinatorial techniques is that all other aspects of sample history 

(preparation conditions, thermal history, etc.) are constant for the entire sample. Nevertheless, in some 

cases it is possible that the observed effects arise from the combinatorial sample preparation itself (e.g. 

the particular shear-flow pattern of flow-coating). However it was observed that the film morphologies 

were not dependant on the preparation method. Thickness gradients obtained with different accelerations 

exhibited morphology oscillations at the same thickness values. Moreover, samples with uniform 

thickness, prepared either via flow-coating at constant velocity, or spin-casting, exhibited the same 

morphology orientation for particular thickness values 

Atomic Force Microscopy 

Sample surfaces were imaged using atomic force microscopy (AFM) in the intermittent contact 

(‘tapping’) mode using an Asylum MFP3D instrument. The images were then segmented by software 

methods
53

 into regions of parallel and perpendicular lamellae (supplementary Figure S6). Segmentation 

analysis was performed using the IGOR Pro (Wavemetrics) programming environment. Both phase and 

amplitude AFM images were analyzed, giving comparable results. The images (512 pixels by 512 

pixels) were flattened (1
st
-order polynomial) and segmented by calculating local absolute gradients, and 

using a threshold to differentiate between regions with large absolute gradients (indicative of small-scale 

patterns arising from perpendicular lamellae) and regions with shallow gradients (indicative of flat 

parallel lamellae). Similar procedures have been previously used to generate maps of BCP cylinder 

orientations.
33, 82

 A fraction of vertical lamellae (versus horizontal lamellae), fv, was calculated based on 
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the relative segmented areas in the images. This segmentation produces an error of ± 3 %, based on the 

standard deviation of repeated measurements conducted at the same film location.
83

 

Film thickness was measured by taking AFM images across a scratch in the film created with a razor 

blade. For thickness gradient samples, multiple measurements along the gradient were used to generate a 

calibration between position and thickness. The high-resolution images were then acquired near this 

calibration line. For films with an underlying nanoparticle layer, reported value is the total film 

thickness, which includes the BCP film and the underlying nanoparticle layer. Since this nanoparticle 

layer is inherently rough, it is difficult to define its thickness. However, comparison of samples cast on 

bare Si versus those cast on nanoparticle-coated substrates indicates that the nanoparticle layer 

contributes, statistically, ≈ 12 nm to the overall thickness. This thickness offset was also confirmed by 

comparing the location of the ‘islands and holes’ regions on samples cast on bare wafers to the 

equivalent nanoparticle-coated samples.  

Neutron Reflectometry 

Neutron reflectivity experiments were performed using the NG7 instrument at the National Institute of 

Standards and Technology Center for Neutron Research. Specular-mode measurements were performed 

using neutrons of wavelength λ = 0.476 nm. The momentum transfer,  sin)/4(zq , was varied 

between 0.05 nm
–1

 and 1.5 nm
–1

 by varying the specular reflection angle, θ. The instrument resolution 

was 04.0/  zz qq . Background was eliminated by performing scans with the sample angle offset from 

the specular condition, and subtracting the average of these scans from the data. The detector count time 

was varied as a function of angle to maintain uniform and reasonable statistic over the entire scan 

region. The data were normalized to the measured intensity of the incident beam. The normalized 

reflectivity curves were fit to scattering length density (SLD) profiles using the NRSA software,
84

 where 

a free-form film profile is approximated as a sum of Chebyshev polynomials, and a modified simulated 

annealing algorithm minimizes the error. Fits were also performed using the Yanera software,
85

 which 

implements Parratt’s dynamic approach,
86

 using a multi-slab model for the film profile, and a variety of 

minimization algorithms. Both fitting procedures produced similar results. 
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Small-Angle Neutron Scattering 

Small-angle neutron scattering (SANS) experiments were performed using the NG7-SANS instrument 

at the NIST center for Neutron Research, using an incident neutron beam of wavelength λ = 0.8 nm 

( 11.0/   ). Scans were performed as a function of sample rotation angle, ω, in the range –86º to 

+86º. The SANS intensity maps were separated into qx and qy components, which are the scattering 

vectors in the coordinate system of the incident beam, where the z-axis points towards the source, and 

the y-axis points along the sample rotation vector. The qy intensities do not vary with sample rotation, 

and were used to normalize the intensity of the data. The normalized data was rotated into a coordinate 

system aligned with the sample, which is denoted by (Qx, Qz). In this coordinate system, the z-axis 

points along the normal of the thin film, and the sample lies in the x-y plane. 

Molecular Dynamics Simulations 

Our molecular dynamics simulation model builds upon our previously-reported
57

 model of a thin 

block copolymer film in contact with an attractive substrate.  Polymers are modeled as linear chains of 

coarse-grained beads of two distinct types, which are segregated lengthwise along the chain into two 

equal blocks in order to select the lamellar region of the BCP phase diagram. Because each bead type is 

parameterized with a unique self-cohesive interaction strength, the simulated chains spontaneously 

microphase separate given sufficient simulation time. Due to cohesive interactions between polymer 

beads and underfilling of the simulation box, the model film spontaneously forms a free surface with an 

overlying vacuum phase. Our present simulations use the same bead-bead interaction parameters as in 

our previous work. However, here we add an additional bead type to simulate the nanoparticles coating 

the substrate. The NP/polymer interaction was modeled using a Lennard-Jones potential. Simulation 

interaction parameters are provided in Table 1, in reduced units based on the characteristic length, l* = 1 

nm, and the characteristic energy, * = 4.1 pNnm (the thermal energy available at room temperature). 

Our model system comprises 5,280 identically parameterized chains, each with a total of 10 beads. A 

total of 17 nanoparticles were randomly placed along the substrate in non-overlapping fashion as shown 

in Fig 11, yielding a fractional coverage of ~35%. Nanoparticles were held fixed during simulations. For 
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each simulation run, an initial disordered film structure was formed by a pre-production simulation run 

of 100,000 molecular dynamics steps in which bead-bead interaction energies were ramped from zero to 

the final values listed in Table I. A spring force was applied during this stage to prevent the film from 

losing cohesion and detaching from the substrate in the absence of cohesive interactions. Subsequently, 

films were heated for 2,000,000 MD steps, with the temperature linearly ramped from the initial 

temperature (1.2 reduced temperature units) to a unique annealing temperature. Ten annealing 

temperatures in reduced units were considered: 1.40, 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75, and 1.80. 

All of these annealing temperatures are well above the glass-transition temperatures of either of the 

polymer blocks (supplementary Figure S13). Each system was held at its unique annealing temperature 

for 8,000,000 MD steps. Coordinates were saved every 50,000 MD steps.  

Simulations were performed using the LAMMPS package
87

 made available by Sandia National 

Laboratories using the canonical (NVT) ensemble and a reduced time step of 0.005. The x,y, (in plane) 

and z (out of plane) dimensions of the simulation  cell in reduced length units were 45.7, 35, and 49.5, 

respectively. Periodic boundary conditions were applied in the film (x-y) plane. Care was taken to insure 

that the simulation volume was large enough to avoid artifacts arising from commensurability between 

the BCP repeat spacing and the box dimensions. This can be confirmed both by the smooth variation of 

system properties as a function of temperature (since L0 depends on temperature, varying temperature 

inherently varies any L0/boxsize commensurability condition), and by the insensitivity of morphology to 

boxsize. Horizontal lamellae are effectively unconstrained in the simulation (free surface), while vertical 

lamellae are able to rotate in the x,y plane in order to accommodate any L0/boxsize ratio. The substrate 

was set to have an energetic preference for one of the two blocks. The nanoparticles were also 

parameterized to have an energetic preference for the same block as the substrate, consistent with the 

experimental system. Nanoparticles diameter was selected to be comparable to half the lamellar repeat 

length, L0, consistent with the experimental system. As discussed in the Results section, this is essential 

for the formation of vertical lamellae.   
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