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Abstract  

Characterization of the three-dimensional (3D) structure in directed self-assembly (DSA) of 

block copolymers is crucial for understanding the complex relationships between the guiding 

template and the resulting polymer structure so DSA could be successfully implemented for 

advanced lithography applications. Here we combined scanning transmission electron 

microscopy tomography and coarse-grain simulations to probe the 3D structure of P2VP-b-PS-b-

P2VP assembled on pre-patterned templates using solvent vapor annealing. The templates 

consisted of non-preferential background and raised guiding stripes that had PS-preferential top 

surfaces and P2VP-preferential sidewalls. The full 3D characterization allowed us to quantify the 

shape of the polymer domains and the interface between domains as a function of depth in the 

film and template geometry and offered important insights that were not accessible with 2D 

metrology. Sidewall guiding was advantageous in promoting the alignment and lowering the 

roughness of the P2VP domains over the sidewalls; but incommensurate confinement from the 

increased topography could cause roughness and intermittent dislocations in domains over the 

background region at the bottom of the film. 3D characterization of bridge structures between 

domains over the background and breaks within domains on guiding lines sheds light on possible 

origins of common DSA defects. The positional fluctuations of the PS/P2VP interface between 

domains showed a depth-dependent behavior, with high levels of fluctuations near both the free 

surface of the film and the substrate, and lower fluctuation levels in the middle of the film. This 

research demonstrates how 3D characterization offers a better understanding of DSA processes, 

leading to better design and fabrication of directing templates. 

 

Key words:  block copolymer, directed self-assembly, TEM tomography, fluctuations, defects, 

P2VP-b-PS-b-P2VP. 
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In recent years, as the feature size in nanomanufacturing has scaled down into the sub-20 

nm regime, approaches such as self-aligned double and quadruple pattering,
1-3

 and directed self-

assembly (DSA) of block copolymers (BCP)
4-5

 were developed in order to extend patterning 

capabilities beyond the resolution limits of conventional optical lithography tools. In all these 

processes, there is a need for tight control over the feature size, the feature’s three-dimensional 

(3D) profile, and over the fluctuation of the feature’s size and shape to meet stringent 

manufacturing constraints for semiconductors. Probing and understanding the three-dimensional 

morphology of the pattern is therefore important for the development of new materials and 

processes in nanomanufacturing. 

In DSA, BCPs are directed to assemble by chemical or topographical pre-pattern templates 

in a bottom-up process.
4, 6

 Thus, probing the 3D morphology of BCP DSA is necessary not only 

for determining the exact structure of the DSA film, but to enable better understanding of the 

relationship between the guiding pattern and the final assembled film. In general, the final 3D 

morphology of a DSA film is determined by the BCP chemistry, together with the guiding 

pattern geometry and chemistry, and the processing conditions.
6-7

 It’s therefore desirable to 

obtain a detailed correlation between all these parameters and the DSA film morphology. 

Besides controlling the through-film morphology and the features’ fluctuations, DSA films 

should also exhibit defectivity levels that are compatible with the semiconductor industry (~1 

defect per 100 cm
2
 area) in order to be implemented in manufacturing. To achieve this low 

defectivity level, the origins of DSA defects should be better understood.
8-10

 However, optical 

metrology tools and scanning electron microscopy (SEM), which are routinely used for defect 

detection and process window evaluation, cannot detect defects which are hidden underneath the 

BCP surface and might over predict the process window.
11-12

 These defects often become 

apparent only after the pattern transfer process, and tracing their origin is challenging since both 

the BCP layer and the pattern transfer process can contribute to its formation. Indeed, both 

Gronheid et al.
12

 and Wan et al.
13

 reported that defects which were not identified after BCP 

DSA, appeared at the end of  the pattern transfer process. Thus, probing the local BCP structure 

in 3D assists in identifying hidden defects, while mapping their 3D structure can shed light on 

their origin. 
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Two main 3D characterization techniques of BCP thin films have been demonstrated in the 

last few years. The first is based on reciprocal space characterization using X-ray scattering 

demonstrated by Stein et al.
14

 and by Sunday et al.
15-16

 X-ray scattering is a powerful technique 

which probes large-area samples with sub-nm resolution. It relies on high intensity scattering 

from periodic features, providing valuable statistical information on the average structure and 

fluctuations in structure from macroscopic areas. However, X-ray scattering requires a model to 

derive the structure from reciprocal space data, and provides limited information about 

individual BCP features and non-periodic structures such as defects. The second 3D 

characterization technique is based on real space characterization using transmission electron 

microscope (TEM) tomography. Although sampling size is limited in TEM, it is considered a 

powerful technique for BCP DSA metrology,
17

 providing the data necessary for understanding 

BCP assembly in 3D,
18-19

 for studying defect formation,
9, 19

 and for  validating molecular 

simulations.
18-19

 The relatively straight-forward interpretation of TEM tomography data, and 

recent progress in sample preparation,
17

 make it an attractive method for probing the structure 

BCP DSA films. Moreover, since TEM tomography is a real-space characterization method, it is 

possible to decouple the average shape of the structure (in the field of view) from the positional 

fluctuation of the shape, and measure them independently. 

Here we develop in-depth understanding of the through-film structure, fluctuation in 

structure, and defects in DSA films of high-χ (Flory-Huggins interaction parameter), solvent 

vapor annealed (SVA), poly(2-vinylpyridne)-b-polystyrene-b-poly(2-vinylpyridne) (P2VP-b-PS-

b-P2VP) triblock copolymer, through scanning TEM (STEM) tomography and theoretically 

informed coarse-grain (TICG) simulations results. SVA is known to mitigate the differences in 

interfacial energies at the film’s free surface and enable sub-10 nm DSA,
20-26

 while P2VP-b-PS-

b-P2VP has high χ (0.18 at room temperature),
27-28

 and was recently shown to be directed into 

highly ordered patterns.
21, 24, 26, 29

 The effect of the template’s dimensions on the 3D BCP 

structure was investigated by systematically changing the width of the guiding stripes from 0.7 

L0,s to 1.9 L0,s in 4x density multiplication pre-pattern pattern, where L0,s is self-assembled period 

of the polymer after undergoing the SVA process. A combination of tomographic 

characterization and TICG simulations revealed that two regimes of guide stripe width lead to 

aligned assembly at the top of the film. However, the internal BCP structure in these regimes is 

significantly different in terms of assembly on the top and sides of the cross linked polystyrene 
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(X-PS) guiding stripes, the curvature of the assembled lamellae in the through-film structure, and 

the defect levels at the BCP-template interface. The 3D characterization also showed that the 

topography of the pre-pattern template plays a strong role in the assembly in terms of the level of 

alignment and defect formation. Analysis of the fluctuation of the interface between PS and 

P2VP domains revealed that the interface positional fluctuation depends on the location of the 

domains with respect to the underlying template and on the distance away from the free surface 

of the film and the substrate. Moreover, by quantifying the 2D shape of the domains and their 

positional fluctuations, we were able to probe the compositional profile of the domain interface. 

Finally, STEM tomography characterization enabled us to probe the 3D structure of common 

defects such as micro-bridge defect and line breakage defects, giving insights to their origins.  

Results and discussion: 

BCP DSA for 3D characterization 

Samples were prepared for TEM imaging and tomography according to the procedure 

illustrated in Figure 1. Detailed description can be found in the experimental section and in 

previous reports.
17

 In short, 4” SiNx/Si/SiNx (30 nm/200 µm/30 nm) wafers were patterned on 

the back side using optical lithography to define openings in the back SiNx that would later serve 

as an etching mask to create individual SiNx windows. Then, templates consisting of X-PS mats 

and hydroxyl terminated polystyrene brushes (PS-OH) were fabricated using the Liu-Nealey 

(LINE) flow on the front side of the SiNx/Si/SiNx wafer (Figure 1a).
7
 The X-PS guiding stripes 

were fabricated using ebeam lithography and oxygen-plasma etch. The etch processes exposes 

the X-PS sidewalls to oxygen plasma, leading to different chemistry between the sidewalls and 

top surface of the X-PS guide stripes.
30

 The oxidized sidewalls of the guide stripes were 

preferential for the more polar block of the polymer, in this case P2VP, and the protected top 

surface was preferential for PS. Low molecular weight (1.2k) PS-OH brush, which has been 

shown to induce P2VP-b-PS-b-P2VP perpendicular domains in self-assembly films (Figure S1, 

supporting information), was grafted on the exposed substrate sections, and presumably and to a 

lesser extent to the X-PS sidewalls. The modified sidewalls remained P2VP preferential and 

together with the non-preferential background and PS preferential guide stripe formed a three-

tone chemistry. The period (L0,s) of P2VP-b-PS-b-P2VP in the solvated but micro-phase 

separated state under the SVA conditions used in this study was 21.3 nm, as determined by 
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grazing incident small angle X-ray (GISAXS) measurement of SVA self-assembled films 

(Figure S2, supporting information). Therefore, the pitch of the template (Ls) was designed to be 

84 nm, for DSA with 4 X density multiplication. In addition, the templates had ~ 5 nm 

topography (~ 0.25 L0,s), with ~ 7 nm thick X-PS guiding stripes, and ~ 2 nm thick PS-OH brush 

background. The role of topography in template will be discussed in the following section. To 

study the effect of the template geometry on the 3D structure of BCP film, the guiding stripe 

width, W, was varied between 1.9 L0,s and 0.7 L0,s by changing the exposure dose. The geometry 

of the X-PS guiding stripes was determined after photoresist removal using atomic force 

microscopy (AFM) measurements (Figure S3, supporting information).   

 

 

Figure 1: Schematic illustration of sample preparation process. (a) Pre-pattern templates were fabricated 

on SiNx/Si/SiNx 4” wafer. (b) P2VP-b-PS-b-P2VP was directed self-assembled on the templates using 

acetone solvent vapor annealing. (c) The silicon wafer was back etched to create windows for TEM 

imaging.  

 

Following the template fabrication, 25 nm thick P2VP-b-PS-b-P2VP film was spin cast on 

the wafer and annealed using acetone SVA for 60 min (Figure 1b). Acetone is considered a non-

selective solvent to both PS and P2VP blocks, and therefore it mitigates the difference in surface 

energies between the blocks during the SVA process, enabling assembly of perpendicularly 

oriented lamellae.
24, 26

 The swelling ratio of the polymer film ((swollen film thickness- non-

swollen thickness)/ non-swollen thickness) was kept at 42 % during the SVA process and was 

returned to ~2 % during the rapid drying step. Under these conditions, the BCP assembles in the 

highly mobile solvated but micro-phase separated state.
26

 The solvated PS and P2VP blocks 
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recognize the template chemistry and topography, leading to well-aligned morphologies.
20

 

Swelling is not expected to affect the template topography as the X-PS guide stripes were highly 

crosslinked and the background brush was very thin (2 nm). Upon rapid solvent removal, the 

domains shrink in the direction normal to the substrate and retain their lateral dimensions in the 

plane of the film.
31

 Following the DSA, the silicon substrate was back etched through the 

openings defined on the back side using KOH wet etching procedure for ~ 2 hours, forming 200 

µm x 1mm windows of BCP/ SiNx windows (Figure 1c). 

Before TEM imaging, samples were stained for 2 hours using iodine vapors. Iodine forms a 

complex with the P2VP pyridine group, enhancing electron scattering from the P2VP domains.
32

 

Although the kinetics of iodine staining is unknown, our experience suggests that 2 hours of 

staining of 25 nm thick film could reach staining saturation. i.e. all the available pyridine groups 

are stained. 

Through-film structure of BCP DSA films 

In order to decipher the three dimensional morphology, STEM tomography characterization 

was performed.  For each sample, a tilt series of 51 images with tilt angles ranging from -68° to 

+68° was acquired, followed by alignment and reconstruction, resulting in a reconstructed 

volume of roughly 850 nm x 850 nm x 40 nm (x,y,z). Visualization of the reconstructed volume 

of P2VP-b-PS-b-P2VP DSA films on the templates with varying X-PS guide stripes width are 

shown at high magnification in the left column of Figure 2; low magnification images can be 

found in Figure S4, supporting information. For clarity, P2VP domains in the visualization 

images are colored in blue while PS domains are transparent. Corresponding xy slices, parallel to 

the substrate, from close to the top of the film (z ≈ 22 nm), and close to the bottom of the film (z 

≈ 5 nm) obtained from the reconstructed volumes are shown in the central column. Bright 

domains in the STEM images correspond to iodine-stained P2VP domains and will be referred to 

as P2VP domains, while dark domains correspond to PS domains. To quantify the through-films 

morphology in the films, each reconstructed volume was digitally sliced to 0.48 nm thick xz 

cross sections (the number of cross section varied between 1700 and 1900, according to the size 

of the reconstructed volume). The individual cross sections from each volume were averaged 

along the y direction to obtain high signal to noise images. An example of such slicing can be 

found in Movie 1 (supporting information) for P2VP-b-PS-b-P2VP DSA film on template with 
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W=1.4 L0,s. The averaged cross sections are presented in Figure 2 on the right column together 

with an illustration of a single X-PS guide stripe (in dark red) to assist the interpretation of the 

data. 

The tomographic data shows that the degree of alignment changes with the width of the 

guiding stripes. Two regimes (processes windows) of aligned assembly can be identified: the 

first is around W = 1.5 L0,s, where templates with W = 1.6 L0,s and W = 1.4 L0,s direct the BCP 

into aligned lamellae (Figures 2b and 2c, respectively). In this regime, three lamellae assemble 

on the top of the guiding stripe (two PS lamellae and one P2VP lamellae), while the X-PS side 

walls are wetted by P2VP lamellae, as can be seen in the averaged cross sections. Templates with 

wider X-PS guiding stripes (W = 1.9 L0,s) or narrower X-PS guiding stripes (W = 1.1 L0,s) result 

in a non-aligned morphology (Figures 2a and 2d, respectively). The second regime of aligned 

assembly was identified in templates with X-PS guiding stripes width of 0.8 L0,s and 0.7 L0,s 

(Figures 2e and 2f, respectively). In this regime, only one PS lamellae assembles on the top of 

the guiding stripe and the adjacent P2VP lamellae assemble on the X-PS side walls. Similar 

regimes were also seen in the assembly of PS-b-poly methyl methacrylate (PS-b-PMMA) on pre-

pattern templates.
33

  

The tomographic characterization probes the detailed 3D structure of each assembled film. 

When the X-PS width is tuned to 1.6 L0,s and 1.4 L0,x, vertical through-film domains are obtained 

(Figures 2b and 2c). The xy slices (central column) and the full xy slice series of P2VP-b-PS-b-

P2VP DSA film on template with W=1.4 L0,s (Movie 2, supporting information) show that one 

lamella in every four P2VP lamellae “disappears” towards the bottom of the film. Thus, while at 

the top of the film (Figure 2b and 2c, central column, z ≈ 22 nm), and through most of the film 

thickness there are four lamellae in every template pitch (Ls), only three lamellae are seen in each 

LS near the BCP-template interface (Figure 2b and 2c, central column, z ≈ 5 nm). The origin of 

this assembly is the topography of the template, where the ~ 5 nm difference in height between 

the X-PS guide stripe and the PS-OH brush results in height variation in the assembly of the 

lamellae according to their location. The template topography creates two P2VP lamellae 

populations: P2VP lamellae that assembled on top of the X-PS guiding stripe (P2VPG), and 

P2VP lamellae that assembled on the PS-OH brush or on the PS-OH brush-PS guide stripe 

interface (P2VPB, Figure 2b and 2c, right column). Measurements of the z length of each 
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population in the averaged cross section (Figure 2c, right column) corroborate that there is ~ 5 

nm z length difference between the two populations. The two lamellae populations also differ in 

their brightness intensity; in both the single cross sections and in the averaged cross sections, 

P2VPG has lower brightness than P2VPB. This was attributed to lower scattered electron 

detection by the annular STEM detector due to the X-PS that is present below the P2VPG.     

When the width of the X-PS is tuned to W=1.9 L0,s and W=1.1 L0,s, non-aligned lamellae are 

assembled due to the mismatch between W and BCP domain size (Figure 2a and 2d). 

Interestingly, even near the interface with the brush domain, where there is geometrical 

constraint of the X-PS guide stripes, the lamellae are still non-aligned or only partly-aligned, as 

can be seen in Figure 2a and 2d – central column, z ≈ 5 nm. The non-aligned assembly results in 

blurred averaged cross sections (Figures 2a and 2d, right column) due to the variety of 

orientations of the BCP. The difference in blurriness within these cross sections corresponds to 

the percentage of misalignment in the particular area where the tomography and averaging were 

performed.  

When W is further decreased to 0.8 L0,s, aligned assembly is obtained but the films had 

higher defect levels than what was observed in the first aligned regime (Figures S5 and S6, 

supporting information). In this regime, the tomographic characterization reveals an interesting 

phenomenon; while aligned lamellae are seen at the top of the film (Figure 2e, central column, z 

≈ 22 nm) and this assembly would probably be deemed as satisfactory aligned assembly in top-

down imaging, there is significant deviation between the assembly at the top and the assembly at 

the bottom of the film; many defects appear close to the interface the BCP and the brush (Figure 

2e, central column, z ≈ 5 nm), and curved lamellae are observed in the averaged cross section 

(Figure 2e, right column). These defects are formed at the bottom 5 nm of the film, between the 

X-PS guide stripes, as can be seen from the full xy slice series (Movie 3, supporting 

information). Assembly directed by templates with W=0.7 L0,s showed similar behavior (Figure 

2f), and the differences between the two morphologies will be discussed shortly. Despite the 

defects at the bottom of the film, averaged cross sections show uniform structures along the y 

axis (Figures 2e and 3f, right column, respectively). These averaged cross sections reveal a 

significant difference between the two P2VP lamellae populations in these films: the external 

P2VP lamellae in the Ls repeating unit (P2VP-side; P2VPS) and the two central lamellae in the Ls 
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repeating unit (P2VP-center; P2VPC). At the top two thirds of the film, all lamellae form 

perpendicular morphology. However, at the bottom third of the film thickness, P2VPs curve and 

become narrower at the brush-BCP interface, while P2VPC remain relatively straight and with 

constant width. Comparison between the assemblies at W=0.8 L0,s and W=0.7 L0,s shows that the 

curvature of P2VPS is dependent on the template’s  geometry. While P2VPC are straight in both 

cross sections, the curvature of P2VPS is larger in the assembled film with W=0.8 L0.s (Figure 2e, 

right column) compared to the assembled film with 0.7 L0,s (Figure 2f, right column). 
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Figure 2: STEM tomography data of P2VP-b-PS-b-P2VP DSA film on pre-pattern templates with 

varying X-PS guide stripes width: high magnification visualization of the reconstructed volume (left 

column), 0.48 nm thick, parallel to the substrate (xy), slices of the reconstructed volume taken close to the 

top of the film (z ≈ 22 nm, central column on the left), and close to the bottom of the film (z ≈ 5 nm, 

central column on the right), and averaged cross sections of the reconstructed volume (right column). 

P2VP domains in the 3D reconstructed volume visualization are colored in blue while PS domains are 

transparent. One X-PS guide stripe is illustrated in each cross section to highlight the location of the pre-

pattern template. 
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Several conditions could have contributed to the defects formation and the thin, curved, 

lamellae observed at the bottom of the film. First, the preferred wetting of the side walls by 

P2VP together with the width of the brush regions of the template imposed a spatial constraint on 

the assembly, i.e. the brush region was not wide enough to accommodate four P2VP and three 

PS lamellae. Indeed, when the brush region was wider at W=0.7 L0,s, the curvature of P2VPS was 

reduced. Second, a gradient in the solvent evaporation during the drying step in the SVA process 

could have created volume fraction constraints that can lead to thin P2VP domains where there is 

preferred wetting (X-PS sidewalls). We anticipate that if W were decreased to 0.5 L0,s, the 

P2VPS curvature would be further decreased and non-defective, perpendicular and aligned 

lamellae would be assembled. 

   Importantly, the effect of the morphologies seen in Figures 2e and 2f on the pattern 

transfer of the BCP film has not been explored yet. There is a concern that these BCP patterns 

will be categorized as aligned assembly by top-down meteorology tools but would lead to 

defective lines after the pattern transfer process. In addition, placement errors and variation in 

pattern width can occur due to the curved lamellae at the bottom of the film. 

To gain insight into the BCP-template interactions and to quantify their role in DSA, TICG 

simulations were performed. Figures 3a and 3b show TICG simulations of P2VP-b-PS-b-P2VP 

DSA films on template patterns with different interaction chemistries (W=1.4 L0,s, in both 

simulations). The template in Figure 3a was modeled as a two-tone pre-pattern template where 

the X-PS guide stripes are preferential to PS wetting uniformly across both top and sides of the 

guiding stripe. The strength of interaction, ΛsN, was set to -0.5 (ΛtopN = ΛsideN = -0.5) according 

to a series of simulations (Figure S7, supporting information) and previous templates models.
34-35

 

The brush wetting was modeled to be non-preferential (ΛbrushN = 0). This simulated template 

leads to non-aligned assembly (Figure 3a). Simulating the assembly using a three-tone template, 

on the other hand, resulted in highly aligned assembly (Figure 3b), in good agreement with the 

experimental results (Figure 2c). In the three-tone pattern, the top of the X-PS was modeled to be 

slightly preferential to PS (ΛtopN = -0.5), while the sides of the guide stripes were modeled to be 

preferential for P2VP wetting with higher strength of interaction (ΛsideN = 1.0), creating three 

distinctive zones for guiding the assembly. The variation in wetting between the three zones of 
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the template seen here is in good agreement with recent reports on three-tone templates for PS-b-

PMMA and other BCPs.
30, 36

  

 

Figure 3: (a,b) TICG simulations of P2VP-b-PS-b-P2VP DSA films on templates with W=1.4 L0,s with 

different interaction geometry: (a) the pre-pattern template has two-tone interaction with the BCP  

(ΛtopN=ΛsideN=-1.0; ΛbrushN=0), and (b) the pre-pattern template has three-tone interaction with the BCP 

(ΛtopN=-0.5; ΛsideN=1.0; ΛbrushN=0). (c-f) TICG simulations of P2VP-b-PS-b-P2VP DSA films on pre-

pattern templates with three-tone interaction geometry with varying X-PS guide stripes width. Blue 

domains correspond to P2VP domains, red domains correspond to PS domains, while the white domains 

correspond to PS-P2VP interface.  

The quantification of the BCP-template interactions enabled us to examine this interface in 

the DSA films. Templates that resulted in aligned morphology in the experimental set up (W=1.6 

L0,s, 1.4 L0,s, 0.8 L0,s, and 0.7 L0,s, Figures 2b, 2c, 2e, and 2f, respectively) were modeled using 

TICG simulations (Figures 3c-3f). The good agreement between the molecular simulations and 

the tomographic results corroborates the three-tone model and highlights the role of the 

template’s chemistry and topography in creating a side-wall driven (or assisted) directed 

assembly. In addition, the simulations shed light on the origin of curvature in P2VPS in the 

assemblies with W=0.8 L0,s and W=0.7 L0,s (Figures 3e and 3f, respectively). The favorable 

interaction of the X-PS side walls with the P2VP domains leads to assembly where the P2VP 

follow the geometry of the X-PS guide stripe side walls, which results in curved lamellae near 

the interface with the guide stripe. Indeed, the simulations show that the P2VP curvature 

decreases with decreasing guide stripe width, in good agreement with the tomographic results 

(Figures 2e and 2f). 
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Fluctuations and interfacial width   

To fully explore a DSA system, it is necessary to probe both the through-film structure and 

the positional fluctuations in shape, size and placement of the structures with respect to the 

underlying template. The local interface between two domains in a BCP system is a diffuse 

interface with a finite interfacial width, ∆, over which the composition normal to the plane of the 

interface changes from A to B, and is well-modeled by a hyperbolic tangent function.
37-38

 The 

position of the interface also fluctuates; in the melt, the positional fluctuations relate to thermal 

fluctuations that produce random shifts in the position of each point of the BCP interface over 

time and are commonly described using a capillary wave model.
38-39

 After quenching into the 

glassy regime, positional fluctuations are locked into the surface that describes the interface 

between the blocks. These positional fluctuations contribute to the roughness of DSA patterns.
14

 

Quantitative analysis of the STEM tomography data allowed us to specify the positional 

fluctuation of the PS/P2VP interface as a function of depth in the film and the location of the 

interface with respect to the features of the underlying template. To quantify the positional 

fluctuation of the PS/P2VP interface, the center of the PS/P2VP interface was found using the 

canny edge detection algorithm
40

 and the standard deviation, σ, of this line from a straight line 

along the y axis was calculated for each interface and in each xy slice of the tomographic 

reconstructed volume (Figure S8). Positional fluctuation measurements were performed in two 

P2VP-b-PS-b-P2VP representative films: DSA film on a templates with W=1.4 L0,s, and DSA 

film on a template with W=0.8 L0,s. It should be noted that the choice of magnification in the 

TEM that enables high resolution structural characterization also limits the field of view for 

fluctuation analysis. Nonetheless, with ~850 nm field of view in the y direction, and an estimated 

resolution of 0.5 nm, the BCP interface fluctuations could be reliably measured.   

Positional fluctuation (σ) of P2VP-b-PS-b-P2VP DSA film on templates with W=1.4 L0,s as 

a function of depth are presented in Figure 4a. σ differed across the film’s depth, with high value 

at the top of the film (1.4 ± 0.1 nm) and at the bottom of the film (1.5 ± 0.1 nm), and lower 

values at the middle of the film’s thickness (1.1 ± 0.1 nm). All measurements are shown as 

average ± one standard deviation of the 80 PS/P2VP interface in the tomographic field of view. 

Additional discussion about the errors in the fluctuations measurements of tomographic data can 

be found in the supporting information. The change in positional fluctuations with depth can be 

Page 14 of 33

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 

 

visually seen in the xy slices in Movie 2. σtemplate, measured before photoresist removal using 

SEM imaging, was 1.1 ± 0.1 nm, and while these fluctuations have an effect on the BCP 

fluctuations,
41

 they do not solely explain the high fluctuations observed at the bottom of the film.  

 

Figure 4: Positional fluctuation of the PS/P2VP interface as a function of depth in P2VP-b-PS-b-P2VP 

DSA film on templates with W=1.4 L0,s (a,b), and W=0.8 L0,s (c,d). (a,c) Average σ of all the interfaces 

measured in the tomographic reconstructed volume as a function of depth. The grey dashed line shows the 

theoretically predicted value of σ for P2VP-b-PS-b-P2VP (0.82 nm). (b,d) The fluctuations shown in (a) 

and (c) plotted per edge in the 4x density multiplication repeating unit, respectively. For each P2VP 

lamellae, the left edge is marked with solid squares, and the right edge is marked with open circles. 

Colors correspond to the lamellae location as depicted in the schematic illustrations at the bottom of the 

figure.  
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To gain insight into the origin of the depth-dependent behavior described previously, we 

compared the measured σ to the theoretically predicted value of P2VP-b-PS-b-P2VP 

fluctuations. The standard deviation of the interface position between polymer blocks can be 

predicated for a diblock system from the interface tension	��, the interfacial width, and the 

polymer periodicity L0.
14, 37

  

(1) σ� =	 �δ	�
 = �
��
�

ln	(��� )  

where ����
	is the variance of the interface position between the polymer blocks. The interfacial 

width can be calculated using χ, the degree of polymerization N, and the statistical segment 

length ast 
14, 37

 

(2)  ∆= 2��� �
(��)�.� (1 +

�."#

(�$)
%
&
)	 

Although there has not been yet a theoretical description of the variance in interface position in 

triblock copolymers, theoretical calculations for diblock systems have been used for triblock 

copolymers by modifying the total degree of polymerization to Neff, where Neff = N/2.
42-43

 The 

interface tension in equation (1) is calculated according to mean-field theory using the following 

equation (�� is expressed in kT units): 

(3) �� = '()��.�
*��.�  

where + is the monomer volume.  

In order to calculate the theoretical σ of PS/P2VP interface positional fluctuations, one must 

consider the effective χ of this system under SVA conditions. χeff, was calculated using equation 

4:
26, 44

  

(4)  χeff=,-.(�"/ − 0.033) 

were ,- is the polymer volume fraction in the solvated state, 3 is the power factor, and T is the 

annealing temperature in K. For the conditions used in this research, the polymer volume fraction 

in the solvated state (extracted from swelling ratio measurements) was 0.7, 3 was 1.6, and T was 

298 K, resulting in χeff, of 0.101. 
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Using the values specified in Table 1, the theoretical σ of P2VP-b-PS-b-P2VP was calculated to 

be 0.83 nm. To compare this value to the measured σ as a function of depth in the DSA film, the 

theoretical value was plotted as a dashed grey line in Figure 4a. The comparison shows that in 

the middle of the film (10 nm < z < 15 nm), the positional fluctuations are closer to the 

theoretically predicted value than at the top and bottom of the film, suggesting that high 

fluctuations are suppressed by the neighboring polymer molecules. On the other hand, as P2VP-

b-PS-b-P2VP gets closer to the interfaces it deviates from the predicted value and higher 

fluctuations are observed. We hypothesized that at the top and the bottom interfaces, the polymer 

molecules are more mobile and less constrained by the neighboring polymer molecules, resulting 

in higher fluctuations at the interfaces. Interfacial energy of the BCP- template can also play a 

role; at the BCP-template interface it is difficult to optimize the interfacial energy of the two 

blocks with the various regions of the template, leading to higher fluctuations at that interface.  

Table 1: Characteristics of solvent annealed P2VP-b-PS-b-P2VP 

Parameter N N
eff
 χ

eff
 L

0,s
 (nm)

a
 a

st
 (nm)

45
 + (nm

3
)

28
 

 

P2VP-b-PS-b-P2VP 450 225 0.101 21.0 0.67 0.18 

a- Since the film was assembled on 84 nm pitch template with 4x density multiplication, L0,s of the DSA calculation was 

21.0 nm 

In order to understand the contribution of the various lamellae to the averaged σ in each xy 

slice, the PS/P2VP interface positional fluctuations were analyzed with respect to the position of 

the underlying template. The positional fluctuations of each of the eight interfaces present in the 

4x density multiplication DSA film with W=1.4 L0,s are plotted as function of depth in Figure 4b. 

To ease the interpretation of the plot, errors bars were not included in this plot; we estimated the 

error as ± 0.1 nm. This individual interface investigation revealed an interesting phenomenon: 

while at the top two thirds of the film only minor differences are seen between the various 

interfaces, at the bottom third of the film, and in particular in z heights lower than the X-PS 

guiding stripe, there is a strong correlation between σ and the location of the interface, with 

symmetric behavior around the central P2VPB lamella (B2). The two PS/P2VP interfaces of the 

central P2VPB lamella (B2-L and B2-R, solid red squares and open red circles, respectively) 

have the highest standard deviation, reaching values of 1.6-1.7 nm close to the BCP-template 

interface. The two PS/P2VP interfaces adjacent to the central P2VPB lamella, B1-R and B3-L 
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(open green circles and solid blue squares, respectively), show almost identical positional 

fluctuations with intermediate σ value of 1.5 nm close to the BCP-template interface, while the 

two PS/P2VP interfaces that are the furthest away from the central P2VPB lamella (or closest to 

the guiding stripe), B1-L and B3-R (solid green squares and open blue circles, respectively), 

have the lowest σ values close to the BCP-template interface (1.2-1.3 nm). We interpret this 

behavior as related to the energy cost of positional fluctuations for the various interfaces. B1 and 

B3 (the left and right interfaces of P2VPB) assemble on regions in the template which are 

preferential to one domain, in this case, the P2VP preferential guiding stripes sidewalls. High 

fluctuations of those interfaces will lead to frequent presence of P2VP or the neighboring PS on 

template sections that have different preference, which is unfavorable energetically. Thus, high 

positional fluctuations are suppressed in PS/P2VP adjunct to the guide stripes. B2, on the other 

hand, assembles solely on the brush in the template, which is considered non-preferential; thus, 

even when the B2 PS/P2VP interfaces wiggle, P2VP stays on the same brush region and higher 

fluctuations can be tolerated. The difference in positional fluctuation levels between the various 

P2VP lamellae can be seen directly in the xy slice at z ≈ 5 nm (Figure 2c, central column).  

When P2VP-b-PS-b-P2VP was assembled on templates with W = 0.8 L0,s, higher σ values 

were measured (1.4–1.8 nm, Figure 4c) compared to the assembly on W=1.4 L0,s (Figure 4a). 

The σ values were almost constant at the top 10 nm of the film, and then rapidly increased with 

depth to a maximum of 1.8 ± 0.1 nm at z = 8 nm. Positional fluctuations were not measured at 

smaller z due to the abundance of defects at the bottom of the film. The PS/P2VP interface 

positional fluctuations at the top of the film (1.4 ± 0.1 nm, Figure 4c) are very close to the values 

measured at the top of the film assembled on W=1.4 L0,s (1.4 ± 0.1, Figure 4a), suggesting a 

uniform behavior of assembly at the free surface. The high positional fluctuations observed z< 15 

nm were attributed to the curvature in P2VPs, and the abundance of defects formed at the bottom 

of this film.  

In General, all the individual PS/P2VP interfaces showed similar trend with depth (Figure 

4c). While the differences between the different PS/P2VP interfaces were small, the interfaces 

adjacent to the guide stripes (S1-L and S2-R; solid black squares and open blue circles, 

respectively) had consistently lower standard deviation values than the interfaces of the central 

lamellae (C1-L, C1-R, C2-L, and C2-R; solid green squares, open green circles, solid red 
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squares, and open red circles, respectively). It should be noted that measurements in xy slices can 

overestimate the fluctuation in curved lamellae since the positional fluctuations are normal to the 

interface surface while the measurements are done in slices parallel to the substrate. Thus, close 

to the guide stripes, P2VPS fluctuations have probably smaller values.  

Current routine measurements of BCP DSA positional fluctuations (or line edge roughness) 

are preformed using top-down SEM images of the film, usually after etching one of the BCP 

domains to obtain high contrast imaging.
15-16, 41

 The tomographic characterization, on the other 

hand, enabled us to probe the interface between the polymer blocks and through the depth of the 

film. The change in σ with depth and with relative position to the underlying template can have 

implications on understanding and designing BCP processes. First, the increase in fluctuations 

with distance from the guiding stripes at aligned DSA films (Figure 4b) suggest that while it is 

desirable to fabricate templates with large density multiplication factors, it might result in high 

positional fluctuations of lamellae that are far from the guiding stripes. Second, since minimal 

fluctuations were measured at the middle of the film thickness, we anticipate that in thicker DSA 

films, substantial part of the film thickness will have low fluctuations, which can still result to 

high fidelity structures after pattern transfer. Therefore, high aspect ratio DSA patterns might be 

preferable for obtaining low roughness. Third, techniques that probe structures in reciprocal 

space, such as X-ray scattering, often rely on models which describe the system as a single unit 

cell from one guiding stripe to another, exhibiting Gaussian fluctuations around the center of 

mass.
46

 The fluctuations depth profile presented in this work implies that these models can be 

improved if the changes in positional fluctuations as a function of depth are accounted for. 

The interfacial width of a BCP system plays an important role in the ability to transfer the 

BCP pattern to an underlying layer.
13

 Measurements of the interface that probe the averaged 

structure, such as X-ray probes and neutron reflectivity, measure an “apparent” width ∆a, which 

combines both the interfacial width and the positional fluctuations of this interface.
14, 16, 38

 When 

the positional fluctuations follow a normal distribution, the relationship between ∆a, ∆, and �δ	�
 
can be described using equation 5:

14, 37
 

(5) Δ� = Δ'� − 	25�δ	�
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Tomographic characterization of DSA films provides a rare opportunity to extract the 

interfacial width from real space data since it enables examination of both the averaged structure 

and the positional fluctuation. ∆a was measured from the averaged through-film structure while 

the fluctuations were measured in the xy slices. Since σ varied with depth and location, we 

focused our measurement and discussion on the middle of the film (z = 13.3 nm) of the best 

assembled sample (P2VP-b-PS-b-P2VP film on template with W = 1.4 L0,s). At this z, the change 

in fluctuations with z was minimal and no distinctive difference between the various lamellae 

was found. Figure 5 shows the intensity profile (red circles) of the averaged cross section of 

P2VP-b-PS-b-P2VP DSA film on templates with W = 1.4 L0,s at z = 13.3 nm. Independent fitting 

of each lamella with a hyperbolic tangent function at both interfaces (blue line) resulted in an 

apparent width of ∆a = 5.0 ± 0.4 nm. The fluctuations measured at that depth (σz=13.3nm = 1.1 ± 

0.1 nm; �δ	�
z=13.3nm = 1.1 ± 0.1 nm
2
) had a normal distribution and therefore can be used in 

equation (5), resulting in an interfacial width of ∆ = 4.2 ± 0.4 nm. To compare the measured 

values with the predicted values of P2VP-b-PS-b-P2VP fluctuations, we turn back to equations 

(1) - (5). The predicted ∆ and ∆a, calculated from these equations and the parameters in Table 1, 

are 2.5  nm and 3.3 nm, respectively. The values determined from the TEM analysis are 

therefore significantly larger than the predicted values. TICG simulations predict an intermediate 

∆a value of 3.7 nm. The high apparent and interfacial width, measured from the tomographic 

data, hints that assembly in the solvated state and trapping that state during rapid drying in thin 

films leads to a PS/P2VP interfacial width understandably much broader than assembly without 

boundary conditions (thick film or bulk configuration). In previous studies on thermally annealed 

PS-PVP BCPs, interfacial widths of 2.8 nm to 3.3 nm were measured.
42, 47

 Further study is 

needed to determine the relative contributions from SVA and other aspects of the DSA process 

to the apparent interfacial width. It should also be noted, that since the measurement was 

conducted on a stained film, there could be also an influence of the staining profile; while the 

iodine interacts with the pyridine group in the P2VP domain
32

, small interaction with the PS 

domain could result in a wider measured apparent width. The contribution of various staining 

agents such as iodine and selective Al2O3 growth
19

 to the interfacial profile measurements has 

not been quantified in past studies and is the subject of ongoing research.  
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Figure 5: The apparent width of P2VP domains in P2VP-b-PS-b-P2VP DSA film on template with 

W=1.4 L0,s. The intensity profile (red circles) of the averaged cross section at z = 13.3 nm (marked at the 

top with a dashed red line) was fitted with hyperbolic tangent function (blue line).  

 

 

Understanding DSA defects 

Understanding the origin of defects in BCP DSA films and the defects’ morphology in the 

film is essential for developing processes with low defect density. The most common BCP-

related defects in chemo-epitaxy DSA are: dislocations, residues with topography, micro-

bridges, and line breakage.
12, 48

 Recent investigations on the formation and kinetics of 

dislocations in DSA films have led to better understanding of their origin and 3D morphology.
9-

10, 49
 On micro-bridges and line breakage defects, on the other hand, little is known. In particular, 

there is scarce information on the formation of these defects in DSA films with density 

multiplication. Gronheid et al.
12

 and Pathangi et al.
11

 reported that micro-bridges (also called 

“flat bridges”) are created in the BCP layer but are very difficult to detect after assembly and are 

usually identified only after the pattern transfer process.  
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Figure 6: The three dimensional structure of DSA micro-bridge and line breakage defects. P2VP-b-PS-b-

P2VP films were assembled on templates with (a-c) W = 0.8 L0,s, or (d-f) W = 1.4 L0,s0. (a) STEM image 

with few examples of defects that are classified as micro-bridge defects (marked with a dashed yellow 

circle). (b,c) xy slices from STEM tomography reconstruction volume of the same are shown in (a) at z 

heights 22 nm and 5 nm, respectively. (d) STEM image with two line breakage defects marked with 

dashed yellow circles. (e,f) xy slices from STEM tomography reconstruction volume of line breakage 

defect at z heights 23 nm and 10 nm, respectively. 

 

In transmission microscopy, the 2D image is a projection of the 3D volume, similar to the 

effect of pattern transfer. By exploiting the abundance of defects in DSA film on templates with 

W=0.8 L0,s, micro-bridges were explored. A 2D STEM image of P2VP-b-PS-b-P2VP DSA film 

on templates with W=0.8 L0,s (Figure 6a) shows several structures (marked with dashed yellow 

circles) that are reminiscent of the micro-bridges after pattern transfer. The xy slices obtained 

from STEM tomography reconstructed volume of the same area of Figure 6a reveal that one 

source for micro-bridges are defects that were formed at the bottom of the film (Figure 6c). 

These defects are not present at the top of the film (Figure 6b), and therefore cannot be identified 

using SEM characterization (Figure S6, supporting information). The defects persist through ~ 5 

Page 22 of 33

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

 

nm of the film thickness at the bottom of the film, and therefore can affect the quality of pattern 

transfer from this BCP film. While micro-bridge formations in the assembly investigated here is 

related to the non-optimal geometry of the template, it is reasonable to assume that other types of 

mismatch between the templates and the BCP will also lead to formation of micro-bridges 

defects. Indeed, Williamson et al. observed an increased formation of micro-bridges defects with 

an increased mismatch between the chemical composition of the BCP and the pre-pattern 

template (through BCP formulation).
30

 

Line breakage defects were also observed in P2VP-b-PS-b-P2VP DSA (Figure 6d). These 

defects, found in P2VP-b-PS-b-P2VP DSA film on templates with W=1.4 L0,s, are disconnected 

P2VP domains. Interestingly, they were found almost entirely in P2VPG, i.e. on top of the X-PS 

guide stripe. STEM tomography of the defect reveals that the line breakage appears at the entire 

P2VPG thickness, with small disconnection at the top of the film (Figure 6e), and larger 

disconnection at the bottom of P2VPG (Figure 6f), close to the interface with the X-PS. We 

hypothesize that the line breakage defects are the result of defects in the X-PS guiding stripes 

(pinholes or local excess of X-PS), although accurate comparison between the templates and the 

BCP layer is needed in order to corroborate that.  

Conclusions 

Detailed investigation of the through-film structures, fluctuations, and defects in solvent 

annealed P2VP-b-PS-b-P2VP DSA films was conducted through STEM tomography three-

dimensional characterization. The tomographic characterization together with molecular 

simulations enabled us to correlate between the template chemistry, geometry, and topography 

and the BCP assembled structure, and revealed hidden defects and curved lamellae at DSA films 

that were considered aligned from top-down imaging. The topography in the template together 

with preferential wetting of the X-PS side walls by the P2VP resulted in a side-wall driven 

directed assembly. Measurements of the positional fluctuations of the BCP domain interface, 

conducted through the film’s depth and as function of the interface location in a density 

multiplication film, showed minimum fluctuations at the middle of the film thickness and an 

increase in fluctuations at the bottom of the film as PS/P2VP interfaces were further away from 

the guiding stripes. Moreover, it was demonstrated that combining positional fluctuations 

measurements and profile analysis of the through film averaged structure can enable interfacial 
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width measurements and shed light on BCP interface in a DSA processes. Finally, both micro-

bridge defects and line breakage defects 3D structures were characterized, pinpointing the 

location of defects through the film’s thickness and with regard to the pre-pattern template.   

SVA and triblock DSA are examples of the growing arsenal of materials and processes that 

enable sub-10 nm DSA patterning;
26

 this arsenal also includes top-coat DSA,
50

 and high-χ, top-

coat free materials.
51

 While each method has specific parameters that influence the BCP 

assembly, in all these methods, the BCP interaction with the BCP-guiding pattern interface is 

crucial for successful directed assembly. Therefore, probing the BCP structure and its 

fluctuations at the BCP-guiding pattern interface is necessary to fully describe high χ DSA 

assembly, and enable better understanding of the assembly processes. Combining experimental 

observations of the BCP 3D structure with theoretical simulations will allow better design and 

implementation of BCP DSA.  

 

Methods: 

Materials: Poly(2-vinyl pyridine-b-styrene-b-2-vinyl pyridine) (P2VP-b-PS-b-P2VP) block 

copolymer (12k-b-23k-b-12k, PDI = 1.2) was purchased from Polymer Source and used as 

received. Cross linkable polystyrene (X-PS, AZEMBLY™ NLD128) was provided by AZ 

Electronic Materials and used as received.  Hydroxyl-terminated poly styrene (PS-OH, Mn = 1.2 

kg/mol) was purchased from Polymer Source and used as received. Silicon wafers (4”, 200 µm 

thick, N-type, <100> orientation, double-side polished) coated with 30 nm-thick silicon nitride 

(SiNx) on both sides were purchased from WRS Materials. GL-2000-12 e-beam resist was 

purchased from Gluonlab and was diluted with anisole v:v = 1:2.5. The solvents used in this 

research: toluene, acetone, anisole, and N-methyl-2-pyrrolidone (NMP), were purchased from 

Sigma-Aldrich and used as received. Iodine (I2) was purchased from Sigma-Aldrich and used as 

received. 

Sample preparation: 4” silicon wafers coated with SiNx on both sides were used for sample 

fabrication. Using optical lithography and CF4 plasma, 10 x 10 array of 1.3 mm x 0.5 mm 

rectangles with 3 mm spacing were patterned into the SiNx on the back side of the wafer. The 

patterned SiNx would later act as mask during KOH etching when the exposed silicon in the 
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rectangles would be removed to create windows for imaging. Following back side patterning, the 

wafer was cleaned with piranha solution, and then treated with oxygen plasma for 30 sec, to 

partially oxidize the front side SiNx surface. Then, pre-pattern template was fabricated on the 

front side of the wafer according to the following procedure. A 7 nm X-PS mat was prepared by 

spin coating NLD128 at 1500 rpm and cross-linking at 270 °C for 30 min. 60 nm GL-2000 resist 

was coated and baked at 150 °C for 3 min. E-beam patterning was done on JEOL 9300 

lithography system using 100 kV accelerating voltage, with varying dose, to create grating 

patterns consisting of parallel lines with pitch Ls = 84 nm (∼4L0,s with slight polymer 

compression). The sample was developed in n-amyl acetate for 15 sec at room temperature. The 

pattern was then etched with oxygen plasma to break through the exposed X-PS mat as well as 

trimming the remaining resist and X-PS stripe to the desired width W. W of the X-PS guide 

stripes ranged from 15 to 40 nm, depending on the e-beam exposure dose. The resist was then 

removed with NMP and repeated sonication. PS-OH was coated at 1000 rpm and annealed at 200 

°C for 1 hr to graft the brush to the exposed substrate between X-PS guide stripes. Ungrafted 

brush was then rinsed with NMP. 25 nm of P2VP-b-PS-b-P2VP was coated and annealed by 

solvent vapor annealing using acetone vapor for 1 hour. During the solvent-annealing, the 

swelling ratio of the polymer film was controlled by tuning the nitrogen flow through the SVA 

chamber, and was kept at 42% as determined by reflectometry (Filmetrics 60).  After 1 hr, the 

SVA process was quenched by flowing nitrogen over the sample.  

Following the DSA process, the wafer was back etched using KOH wet etch (30 wt % KOH, 85 

°C, ~ 3 hr). With the front side of the wafer sealed and protected by a holder, the exposed silicon 

on the back side of the wafer was removed by KOH until the etching reached the silicon nitride 

on the front side, creating the imaging windows. The wafer was then cut up into individual 

windows for TEM imaging. Staining was conducted by exposing the samples to iodine vapors 

for 2 hours.  

Imaging: STEM imaging and tomography was performed using a field-emission gun TEM 

operated at 200 kV, and camera length of 300 mm. For tomography, a series of STEM images 

were acquired at tilt angles ranging from -68° to +68° at angular interval of 3° from -54° to +54°, 

and at angular interval of 2° from +54° to +68° and from -54° to -68°. The morphology and 

feature sizes were unchanged after acquisition compared to the initial state and therefore the data 
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was not significantly affected by beam damage. The tilt series of the STEM images (51 

projections) were aligned with Inspect 3D® software using iterative cross-correlations of the tilt 

series images. Iodine crystals (~2-3 nm in size) that accumulate on the bottom surface of the 

SiNx window during the staining process and naturally occurring defects in the block copolymer 

film enhanced the accuracy of the cross-correlation. Reconstruction was performed using 

simultaneous iterative reconstruction technique (SIRT) algorithm applied through the same 

software. Segmentation (thresholding) of the reconstructed volume was performed using multi-

thresholding in ImageJ to define the P2VP domains for surface rendering. Visualization of the 

segmented volume was performed using Avizo® software. z = 0 nm was defined where a 

significant loss of contrast and intensity occurred in the xy slice stack, and the xy slice series 

height was calculated using 0.47 nm z resolution. We estimate that there is a ± 0.47 nm error in 

determining the z = 0 height.  

SEM imaging was performed using Zeiss Merlin field emission scanning electron microscope 

operating at 1 kV accelerating voltage. AFM measurements were performed on Bruker 

Multimode 5 AFM in tapping mode. 

 

Quantitative image analysis:   

For interfacial fluctuations measurements, in each xy slice the interface between the P2VP and 

PS was found using a canny edge detection routine.
40

  Lines were fit to the edge pixels (using 

least squares) and the perpendicular distance from the edge pixel to the line was computed. The 

standard deviation of the distances between the individual edge locations and the fitted line was 

measured. For each lamella, over 1500 edge pixels were used in the computation of 7�. 

The apparent width (Δ') of the averaged cross section was measured for each lamella 

independently by fitting a hyperbolic tangent function with the intensity profiles in both sides:
38

 

(6) 8 = 91 :tanh :�(�>?�)�@
A − tanh :�(�>?")�@

AA 

Where y is the normalized intensity of the image, x is the x coordinate of the pixel, and P1, P2, 

and P3 are parameters in the fit. The fitting was preform at z = 13.2 nm, where the interfacial 

fluctuations were relatively uniform with z. Since at this z there was no correlation between the 

lamellae population (P2VPG, P2VPB-R, P2VPC-L, and P2VPB-L) and the apparent width, the 

apparent width was averaged between all 28 lamellae that were measured. 
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Molecular simulations:  

The P2VP-b-PS-b-P2VP system was modeled using a theoretically informed coarse grain Monte 

Carlo simulation with each polymer represented as a bead-spring chain. The system energy was 

defined according to the following Hamiltonian consisting of three separate parts: bonded-

energy, non-bonded energy, and surface energy.  

(7) B = BC + BDC + B� 

(8) 
EF
GH/

= "
�∑ ∑ ($>�)|KL(�M�)>KL(�)|N

OPN
$�Q�

D
RQ�  

(9) 
ESF
GH/

= TUV W XK
OP&

YZU[\[] + ^$
� (1 − [\ − [])�_`  

(10) 
E(
GH/

= a� b
�X(

exp	(− fN
�X(N

) 

 

The bonded term describes the stretching between consecutive beads within the same chain. The 

non-bonded term accounts for the long range polymer-polymer interactions. The surface term 

describes the polymer interactions with the guiding stripe and side wall. In the bonded term, Re is 

the root mean square end-to-end distance of the polymer chain, n is the number of chains in the 

simulation, and N is the number of beads per chain. In the non-bonded term, φA and φB are the 

normalized densities of PS and P2VP, respectively, χN is the Flory-Huggins interaction term, and 

κN is a compressibility term that penalizes deviations from the mean density. TUV, or the 

interdigitation number, is an estimate of the number of chains any given chain interacts with. In 

the surface energy term, fs is either 1 or -1 depending on whether the surface is preferential or 

non-preferential to PS or P2VP, z is the distance from the nearest hard wall (guiding stripe, 

sidewall, or underlying substrate), Λs describes how strongly the surface interacts with the 

polymer, and ds is the decay distance of the interaction. Random bead displacement and chain 

repetition moves were used to update the system according to the Metropolis Monte Carlo 

criteria in order to produce a system obeying the statistics of the NVT ensemble. The simulation 

was allowed to equilibrate over several thousand Monte Carlo turns until persistent structures 

had formed. Further details on how the simulation energies were calculated can be found in 

previous report.
34

 

Each X-PS guiding stripe was represented by a trapezoid on an otherwise flat surface, where the 

sides of the trapezoid represent the guiding stripe side walls. Both the tops and side walls were 
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modeled as hard surfaces, and given independent ΛsN parameters for PS and P2VP. Simulation 

parameters were chosen for a P2VP-b-PS-b-P2VP symmetric triblock copolymer system with a 

pitch of 84 nm, periodicity of 21.3 nm, χN = 55, and film thickness of 25 nm. Guiding stripes had 

a height of 6.5 nm and sidewall angle of 23°, as depicted in Figure 1. Additionally, a neutral 2 

nm thick brush was included. These parameters were chosen according to data collected on the 

templates using AFM, SEM, and spectroscopic elipsometry. The simulation box size was 252 nm 

X 84 nm X 25 nm (x,y,z). In order to reproduce the effects of solvent annealing, the simulation 

was first allowed to equilibrate under conditions near the order-disorder transition at χN = 31, 

giving rise to structures that would not be possible under the same conditions at larger χN. Once 

persistent equilibrium structures had formed at χN = 31, χN was ramped up to a final value of 55, 

which represents the conditions under which measurements would be taken. Structural and 

interfacial width data was collected once the structures had equilibrated at the final χN.  Guiding 

stripe interaction parameters were chosen to reflect a three-tone pattern: the tops of the guiding 

stripes were made preferential to PS with ΛtopN = - 0.5, while the sidewalls were made slightly 

preferential to P2VP with ΛsideN = 1.0; brush had a zero interaction term. A two-tone pattern was 

also simulated with both guiding stripe tops and sidewalls preferential to PS with ΛtopN = ΛsideN 

= - 0.5.  
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