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Abstract

The long-term goal of my Ph.D. study has been controlling the self-assembly of various
materials using state-of-the-art nanofabrication techniques. Electron-beam lithography has been
used for decades to generate nanoscale patterns, but its throughput is not high enough for
fabricating sub-10-nm patterns over a large area. Templated block copolymer(BCP) self
assembly is attractive for fabricating few-nanometer-scale structures at high throughput. On an
unpatterned substrate, block copolymer self-assembly generates dense arrays of lines or dots
without long-range order. Fortunately, physical features defined by electron lithography can
guide the self-assembly of block copolymer. In our previous work, the orientation of cylindrical
phase block copolymer was controlled simply by changing the distance between physical
features, and resulting polymer patterns were analyzed by an image analysis program.

Here, we first demonstrated high throughput sub-10-nm feature sizes by applying the same
approach to a cylindrical morphology 16kg/mol PS-PDMS block copolymer. The half-pitch of
the PDMS cylinders of this block copolymer film is 9 nm, so sub-10-nm structures can be
fabricated. We also applied the similar approach to a triblock terpolymer to achieve dot patterns
with square symmetry. To achieve a more complex pattern, electron-beam induced cross-linking
of a block copolymer and second solvent-annealing process was used. By using this method, a
line-dot hybrid pattern was achieved. Despite that the block copolymer self-assembly area had
been heavily studied, researchers had yet to ascertain how to design nanostructures to achieve a
desired target pattern using block copolymers. To address this problem, we developed a modular
method that greatly simplifies the nanostructure design, and using this method, we achieved a
circuit-like block-copolymer pattern over a large area. The key innovation is the use of a binary
set of tiles that can be used to very simply cover the desired patterning area. Despite the
simplicity of the approach, by exploiting neighbor-neighbor interactions of the tiles, a complex
final pattern can be formed. The vision is thus one of programmability of patterning by using a
simple instruction set. This development will thus be of interest to scientists and engineers across
many fields involving self-assembly, including biomolecule, quantum-dot or nanowire
positioning; algorithmic self-assembly; and integrated-circuit development.



We applied this concept - controlling the assembly of materials using nanostructures - to a
different material, protein. Single-molecule protein arrays are useful tools for studying biological
phenomena at the single-molecule level, but have been developed only for a few specific
proteins using the streptavidin-biotin complex as a linker. By using carefully designed gold
nanopatterns and cysteine-gold interaction, we developed a process to make single-molecule
protein arrays that can be used for patterning a broad range of proteins.

Thesis Supervisor: Karl K. Berggren
Title: Associate Professor of Electrical Engineering and Computer Science
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Figure 1-1. Examples of self-assembled patterns from (b,e) our group and
(a,c,d,f-h) other references. Self-assembled (a) millimeter-sized crosses?; (b)
nanopillars?; (¢) gold nanoparticles3; (d) PVBA on Ag(111)4. (e-h) Patterns
generated from self-assembly with lithographically defined templates. (e) Self-
assembled PS-b-PDMS block copolymer templated by topographical
templatess. (f) Self-assembled DNA patterns templated by chemical patterns®.
(g) Self-assembled microbeads in topographic tranches?. (h) Self-assembled

gold particles on chemical patternss.

Figure 2-1. Schematics showing diblock copolymer, triblock copolymer, and

starblock copolymers4. Redrawn from Fighre 1 of Ref. 54.

Figure 2-2. Schematics showing structures that can be formed when the block
copolymer with various volume fraction self-assembless. Redrawn from Ref.

55-

Figure 2-3. Simulated phase diagram of a block copolymer. polyisoprene-b-

polystyrenes®. Redrawn from Ref. 56.

Figure 2-4. Schematic diagram showing how a PS-b-PDMS block copolymer
self-assembles. Here, the self-assembled structure consists of spherical

microdomains made of PDMS and a PS matrix.

Figure 2-5. Schematic diagram showing how topographic template
functionalized by one of the two blocks can be used for achieving long-range

ordered microdomains.

Figure 2-6. Schematics showing a method of pattern transfer from the self-
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28
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assembly of PS-b-PDMS block copolymer film to metalsé”. Redrawn from Ref.
67.

Figure 2-7. SEM images of PDMS microdomains formed on the patterned
substrate. The bright dots are HSQ posts and gray lines are PDMS
microdomains after the top PDMS surface and PS matrix are removed. Yellow
arrows represent the orientations of the PDMS microdomains. Lx/Ly was fixed

at 1.5. In the SEM images, the error bars show the Lx of the template arrays?.

Figure 2-8. (a) SEM image of PDMS microdomains on a smooth substrate; (b)
The definition of Lx and Ly of the post arrays; (c~t) SEM images of PDMS
cylinders templated by post arrays. The height of the posts was 19 nm and the
diameter was 10 nm. Arrows indicate the direction of the PDMS cylinders.
Each figure is annotated Ly, Lx/Ly. (c~k) Lx/Ly = 1.5 (1~t) Ly/Ly = 1.15. Scale bar

=100 nm.

Figure 2-9. (a) The commensurate orientation for a post array with Ly = 48 nm
and Ly = 32 nm. (b~g) PDMS microdomains templated by arrays with various
post diameters with Ly = 48 nm and Ly = 32 nm and a post height of 16 nm.
The diameter of posts was (b) 6.3 nm (¢) 8.1 nm (d) 9.8 nm (e) 11.1 nm (f) 11.9
nm (g) 13.8 nm. Scale bar = 50 nm. (h) the area fraction of the cylinders
oriented along the commensurate orientation and the fraction along the y-axis.
(b~g) the samples were slightly overetched, which makes the PDMS cylinders

disconnected.

Figure 2-10. SEM images of PDMS microdomains templated by post arrays
with various heights. Ly and Ly of the array was 48 nm and 32 nm respectively.
The diameter of posts was 12 nm, and the height of posts was (a) 12 nm (b) 16
nm (c¢) 19 nm (d) 25 nm (e) 27 nm. Scale bar = 50 nm. (f) the area fractions of
the cylinders oriented along the commensurate orientation and the y-axis.
Each set of post height data came from a separate sample. (a~¢) the samples

were slightly overetched, which makes the PDMS cylinders disconnected.
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Figure 2-11. Unit-cell SCFT simulations of templated self-assembly of 16
kg/mol PS-b-PDMS modeled with YN = 14.0 and fppms = 0.33 templated by
posts with various heights. (a~c) cut-through cross-section 2D view at height
of 1.11L,; (d~f) top-down view of 2x2 unit cells; (g~1) 3D view. In terms of Lo,
the cell thicknesses are 2.11L, corresponding to an evolving solvent annealing
thickness of approximately 1.6 times the initial film thickness. The height of
posts in terms of L, is (a,d,g) 0.67L, (b,e,h) 1.06L, (c,f,i) 1.50L.. These heights
correspond to the respective heights in experiment of 12 nm, 19 nm, and 27

nm.

Figure 2-12. The change of area fraction of the block copolymer cylinders
templated by various posts. (a) Pie charts show area fractions of the block
copolymer cylinders oriented along the commensurate orientation (53.1°), the

y-axis (90°), and other orientations.

Figure 2-13. Block copolymers templated by dash-arrays. (a~d) Scanning
electron micrograph images of PDMS microdomains templated by dash-arrays
with various L. Ly was fixed at 100 nm and the length of each dash was fixed
at 60 nm. Ly was (a) 18 nm (b) 21 nm (c¢) 198 nm (d) 708 nm. Scale bar = 100
nm. (e) Plot of the area fraction of PDMS oriented along the y-axis vs. the pitch
of dashes. The area fraction was calculated by using an image-analysis
program written in MATLAB. (f) Plot of the area fraction of PDMS cylinders
oriented along the y-axis vs. the deviation of Ly from the commensurate
condition for the orientation parallel to the y-axis. The commensurate
condition for the orientation parallel to the y-axis is an integer multiple of the

equilibrium periodicity L, (18 nm).

Figure 2-14. The area fraction distributions of the PDMS cylinders templated
by posts with a height of 16 nm and a range of diameters as a function of in-
plane orientation. The width of bars were adjusted to make all three area

fraction distributions visible on the same axes. Post diameter is (green bars)
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6.3 nm, (red bars) 11.1 nm, and (blue bars) 13.6 nm. Due to the distortion of
the PDMS cylinders around the posts, the orientation of the PDMS cylinders

can be measured with a few degrees error.

Figure 2-15. Schematic diagram showing the boundary conditions
implemented in the SCFT simulations. The purple region represents the area
where the fields were constrained to be a high potential barrier to both blocks
of the polymer to model the posts and substrate, the red region represents the
area were the fields were constrained to be attractive to the minority
component to model the polymer brush layer, and the blue region represents
the area where the fields were constrained to be attractive to the minority
component to model the lower surface energy PDMS has with air as observed
in experiment. T is the cell thickness and Lx and Ly are the post lattice

dimensions.

Figure 2-16. Schematics of the perpendicular orientation of alternating
cylinders with square symmetry in an ABC triblock terpolymer film using

solvent annealing.

Figure 2-17. (a) SEM image PFS dots on a smooth substrate. (b) SEM image of
PFS dots templated by topographic post arrays. The spacing between two dots
of the double post was 44 nm. The substrate was functionalized with a PEOQ

brush layer and the post sidewalls were coated with PFS brush layer.

Figure 2-18. Schematics of the formation of dual morphologies in PS-b-PDMS
block copolymer thin films resulting from solvent annealing, electron-beam
irradiation, and a subsequent solvent anneal. The PS-b-PDMS film forms a
cylinder morphology in acetone and spheres in DMF vapor. After a first anneal
the films were selectively irradiated with a electron-beam to crosslink a region
of the film, and then annealed in the other solvent to change the morphology
in the unirradiated regions. The orientation of the sphere or cylinder array is

determined by a topographical template (not shown) enabling the electron
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beam irradiation to be aligned with the microdomain orientation, though not

with a specific microdomain?s.

Figure 2-19. Dual phase patterns combined with post templating. SEM images
of dual phase block copolymer patterns combined with post templates with a
period of 45 nm x 78 nm, commensurate with cylinders angled at 23° to the
post lattice and a 26 nm center-to-center sphere array aligned along the y

axisss.

Figure 3-1: PDMS cylinders templated by a square array of posts. a, Three-
dimensional schematic diagram showing how the PDMS cylinders were self-
assembled on the post array. b, SEM image of a square array of posts with a
periodicity of 39 nm. The height of the post was 28 + 1 nm and the diameter
was 10 + 1 nm. ¢, SEM image of the PDMS cylinders templated by the post
array in b. Since the pitch of the template was commensurate with the block
copolymer, two orientations (parallel to the x-axis and to the y-axis) were
degenerate and equally probable. Bends or terminations formed where the

orientation of the PDMS cylinder changes. Scale bars: 100 nm.

Figure 3-2: PDMS cylinders templated by a square array of posts. a, Schematic
diagram showing templates used in this study. Black dots represent single
posts and pairs of red dots represent double posts. The blue box represents a
tile and green box represents a design cell. PDMS cylinders formed in a
colored region would be primarily templated by the surrounding four double
posts. b, Schematic diagrams showing how PDMS-cylinder patterns on single
posts vary depending on the orientations of the closest two double posts.
Dark-gray rectangles are the PDMS cylinders assembled on double posts and
light-gray rectangles are the PDMS cylinders assembled on single posts. In iii,
an arrow represents a PDMS cylinder coming from a neighboring post. c-f,
Predicted block-copolymer patterns of the four different arrangements of a
design cell. White rectangles represent predicted block-copolymer patterns on
four single posts at the center of a design cell. g-j, SEM images of the templates

of the four arrangements. k-n, SEM images of the most frequently observed
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block-copolymer patterns formed on the four arrangements. Different colors
were used to distinguish the block-copolymer patterns from different

design-cell arrangements. Scale bars: 50 nm.

Figure 3-3: Prediction of the PDMS patterns directed by a template with
random double-dot orientations and an experimental result. a, Random
template and the predicted patterns. Insets show the block copolymer patterns
of the four design-cell arrangements used for the prediction. b, SEM image of
the fabricated template. ¢, SEM image of the PDMS cylinders formed on the
template shown in b. d, The predicted pattern overlaid on the SEM image of
the PDMS cylinders. Red circles and ellipsoid indicate mismatches between

the prediction and experimental result. Scale bars: 50 nm.

Figure 3-4: Two examples of complex target pattern fabrication. a,b, Two
template layouts to fabricate complex patterns consisting of dense bends and
terminations. Each color represents the pattern templated by each
arrangement. c¢,d, SEM images of the templates to fabricate dense patterns of
bends and terminations. e,f, SEM images of the PDMS patterns formed on the
template shown in ¢ and d. Gy = 97% (Figure 3e) and 99% (Figure 3f). g h,
SCFT simulation result showing the constant 50% density surface of PDMS

cylinders assembled with the template in ¢,d. Scale bars: 50 nm.

Figure 3-5: Counts and simulated free energy differences of various patterns
formed on the X2Y2 and XY3 arrangements. a-b, Panel i shows the SEM image
of the PDMS pattern identical to the predicted pattern of a, X2Y2 arrangement
and b, XY3 arrangement. Panels ii-v show other patterns observed from the a,
X?Y2 arrangement and b, XY3 arrangement. Error bars show + 1 standard
deviation of the count (blue line) and simulated free energy difference (green
line). Gy is the grid point yield of each pattern. The ranges of the right y-axis

in a and b are different. Length of double arrow: 39 nm.

Figure 3-6: a, b, Two predicted block-copolymer patterns of YXYX
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arrangement satisfying the basic rules shown in Figure 1c and a four-fold
rotational symmetry. c,d, Two most frequently observed block-copolymer

patterns from YXYX arrangement.

Figure 3-7: Schematic diagrams showing how the design rules were applied to
two neighboring design cells. a, Two neighboring design cells having a XY3
arrangement. i,ii, Predicted block-copolymer pattern of each design cell. The
pattern was predicted by applying the design rule of a XY3 arrangement. iii,
When the design rule was applied to the two design cells together, the same
pattern was predicted at the boundary between the two design cells. iv, Final
predicted pattern. b, Two neighboring design cells having a XY3 arrangement
and a X2Y2 arrangement. i,ii,iii, When the design rules of the XY3 and X2Y2
arrangements were applied together, a bend was predicted by the XY3
arrangement and a termination was predicted by the X2Y2 arrangement at the
boundary between the two design cells (red dotted circle). iv, According to the
observation in Figure 3-1c-iii, a bend would form when another
block-copolymer cylinder comes to a termination. So, the bend would override

the termination on the single post.

Figure 3-8: Grid prediction yield. a, M-by-N square grid. The total number of
lines connecting one grid point to its nearest neighbors is given by M(N — 1) +
N(M — 1). b, The predicted block-copolymer pattern of the X2Y2 arrangement.
¢, One of the observed block-copolymer pattern from the X2Y2 arrangement.
Red lines represent the mismatches between the predicted pattern and the

pattern in c.

Figure 3-9: a, Left: Cross section of a single 9-by-9 grid used in the SCFT
simulations with a single grid point in the center assigned for a single post in
grey and the surrounding red grid points being attractive to PDMS with the
remaining blue region being unconstrained fields that evolve during the
simulation. Right: Corresponding 9-by-9 grid cross-section for double dot

motifs used in the SCFT simulations. b, Left: Cross section of a single 9-by-9
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grid used in the SCFT simulations with five grid points in the center assigned
in grey for larger post modeling and the surrounding red grid points being
attractive to PDMS with the remaining blue region being unconstrained fields
that evolve during the simulation. Right: Corresponding 9-by-9 grid
cross-section for double dot motifs used in the SCFT simulations. ¢, Schematic
of the PDMS attractive surface field boundary conditions (red) in the 3D SCFT
simulations using an XY3 design cell for the post type in a. d, Schematic of the
post hard wall repulsive field boundary conditions (grey) in the 3D SCFT

simulations using an XY3 design cell for the post type in b.

Figure 3-10: Top: Preliminary simulation phase diagram using the target
structure from Figure 3 as an initial seeding. Parameters changed were height
of posts and effective volume fraction. For volume fractions above 0.35, the
structure remained after 10,000 iterations implying the structure was a
potential equilibrium structure. Bottom: Total free energy of preliminary
simulation phase diagram. The energy decreased with increasing volume
fraction. For a volume fraction of 0.36, the post height of 0.78 L, had the
lowest free energy and thus these parameters were chosen for additional

simulations.

Figure 3-11: a, Left: Post template used to examine free energy of X2Y2
template in SCFT simulations. Template used periodic boundary conditions
with a buffer layer of 3 X4 design cells on the top and bottom with the other 6
design cells being X2Y2. Right: 3D plots of constant density surfaces ¢ = 0.5 for
structures used to simulate observed structures for the X2Y2 template in
experiment. b, Left: Post template used to examine free energy of XY3 template
in SCFT simulations. Template used periodic boundary conditions with two
buffer layers of 3 Y4 design cells on the sides and 2 X2Y2 design cells at the top
and bottom with the other 4 design cells being XY3. Right: 3D plots of constant
density surfaces ¢ = 0.5 for structures used to simulate observed structures for

the XY3 template in experiment.
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Figure 3-12: Schematic diagrams showing a common defective feature. Dark 106

gray rectangles: PDMS cylinders templated by a double post; Light gray
rectangles: PDMS cylinders templated by the PDMS cylinders formed at
double posts; White rectangles: PDMS cylinders formed on the four single
posts at the center of the design cell; Orange rectangles: additional PDMS
cylinder formed between two perpendicular PDMS cylinders. a,c,e, Dominant
block-copolymer patterns observed on a, two perpendicular double posts; c,
XYs3 arrangement; and e, X2Y2 arrangement. Defective patterns observed on b,
two perpendicular double posts; d, XY3 arrangement; and f,g, X®Y?
arrangement. h,i, Possible way to prevent the formation of the common
defective feature by using elliptical-shaped posts instead of circular posts.
Green arrows indicate the positions where the elliptical-shaped posts should

be used to prevent the formation of the common defective feature.

Figure 3-13: Two possible methods for increasing the throughput of template
fabrication. a, Square array of single posts are fabricated by a massively
parallel technique, such as interference lithography and double posts are
fabricated on the square array of single posts by a serial fabrication technique,
such as electron-beam lithography. b, If a target pattern consists of many
parallel lines and few complex patterns, a sparse array of double posts or lines

can be used to achieve a long-range ordered block copolymer patterns.

Figure 3-14: Examples of T-junctions formed at missing posts. a-c, T-junctions

were formed when a single post was missing in the square array of single posts.

Figure 3-15. Proposed template arrangement to achieve an array of bends. a,
SEM image of an array of bends achieved in the previous study by using L-
shaped tepmlates (reproduced from Yang et al. Nature Nanotechnol. 5, 245,
2010). Red dotted circle indicates the L-shaped template. b, Proposed
template arrangement to achieve an array of bends. ¢, The triple dots shown in
in b could be replaced with L-shaped templates. d, Modified X3Y arrangement

to be joined with the template arrangement shown in b. Post positioned at the
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dotted red circle was shifted leftward to make the X3Y arrangement compatible
with the template arrangement shown in b. e, More complex block-copolymer
pattern could be achieved by joining the modified X3Y arrangement with the

template arrangement shown in b.

Figure 3-16. SEM image of a 16 kg/mol PS-b-PDMS block copolymer
templated by a post array. The film thickness increases from the bottom to top
of the image. The image was taken after a short Au/Pd sputter coating. The
posts look larger than their actual diameter because the PDMS blocks of the
PS-b-PDMS block copolymer wetted the surface of the posts (unpublished

result).

Figure 4-1. Gold nanodot fabrication process and two methods used in this

study to indirectly observe the assembled proteins around the gold nanodots.

Figure 4-2. Gold nanostructures fabricated on top of a TEM membrane by the

process described above.

Figure 4-3. Quadruple gold nanodot arrays. The center-to-center distance
between the dots of the quadruple dot was 26 nm. The diameter of the dots

was around 6 nm.

Figure 4-4. Proteins, gold nanodots, and imaging methods used in this study.
(a) Schematic diagram showing three proteins used in this study. (b)
Schematic diagram showing how the proteins were attached to the gold
nanodots and imaged by using gold nanoparticles. (¢ ) Schematic diagram
showing how fluorophore-tagged antibody was used for observing the

templated proteins.
Figure 4-5. Fluorescence study of templated cortexillin. (a) SEM image of gold

nanodot arrays with various diameters and pitches. (b) Schematic diagram

showing the arrangement of the gold nanodot patterns shown in (a). (c)
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Fluorescence micrograph of gold nanodot patterns incubated with cortexillin,
first antibody, and FITC-tagged second antibody. (d) Fluoroscence intensity

profile across the dotted line in (c).

Figure 4-6. Cortexillin templated by gold nanodots at room temperature and
high temperature. (a,c) SEM images of gold nanodots incubated with
cortexillin and gold nanoparticles at (a) room temperature; and (¢) 8o°C. (b,d)
Histograms showing the distribution of the gaps between the gold nanodots

and cortexillin incubated at (a) room temperature; and (d) 8o °C.

Figure 4-7. Native and C190A tropomyosin templated by gold nanodots. (a,c)
SEM images of gold nanodots incubated with (a) native tropomyosin and gold
nanoparticles; and (b) Ci90A tropomyosin and gold nanoparticles. (b,d)
Histograms showing the distribution of the gaps between the gold nanodots

and (b) native tropomyosin; and (d) C190A tropomyosin.

Figure 4-8. C190A tropomyosin templated by a gold trench. (a-e) SEM images
of gold trenches incubated with C190A tropomyosin and gold nanoparticles.
The width of the trenches are (a) 68 nm; (b) 63 nm; (¢) 73 nm; (d) 78 nm; and
(e) 88 nm. (f) Statistical result showing how delta changed depending on the
trench width. Delta was defined by the difference of the gaps between a

nanoparticle and two walls of the trench.

Figure 6.1 SEM image of PDMS patterns, greyscale version of the image, and

image showing grains oriented along different directions with different colors.
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1. Introduction

The objective of this thesis is controlling the self-assembly of materials at nanoscale to
fabricate complex pattern and develop a new computational scheme. Nanoscale pattern-
generation methods such as particle beam!-3 and extreme ultraviolet lithography+,
nanoimprint lithography(NIL)5, and templated self-assembly(TSA)é-8 have become
interesting manufacturing technologies because of advantages such as <10 nm feature
sizes9, the ability to form arbitrary designs?, compatibility with a wide variety of
materials with different propertiesiot; and the ability to pattern wafer-size areas'2.
However, the real-world adoption of these techniques is hindered by limitations such as
slow patterning times, lack of pattern fidelity, defectivity!3, and inadequate scientific

understanding of the methods4.

Here I aim to address the limitations of nanoscale pattern-generation methods by
increasing the fundamental scientific understanding, pattern complexity, and
throughput of templated self-assembly-based pattern generation. With these
achievements, nanomanufacturing can leverage the many benefits of TSA such as
<10 nm feature size, high pattern fidelity, and material versatility. We will outline our
prior work in the TSA of block copolymers (BCPs) and nanocollapse (NC) of resist
features, describe our research approach for overcoming the limitation of TSA, and

discuss methods for increasing the educational and broad societal impact of this work.

22



1.1 Current pattern generation methods

The fabrication of integrated circuits has been propelled by Moore’s Law and requires
advances in nanopatterning, but these advances are also required for a plethora of other
emerging technologies. Examples of other applications include nanoelectronicts and
energy devices!¢, biosensing!7, plasmonics!®, nano-electronic and mechanical systems

(NEMS)®, and surface energy engineering2°.

Particle-beam-lithography, extreme ultraviolet lithography, templated self-assembly,
and nano-imprint-lithography are the most developed pattern-generation methods.
These methods each encompass different advantages and disadvantages, but none of
them have emerged as the go-to technique for complex, defect-free, high-throughput,
small-scale nanopattern fabrication. Some of the limitations include slow patterning
times, lack of pattern fidelity, defectivity, and inadequate scientific understanding. We
suggest that the development of the above emerging technologies requires increases in
three of these aspects: fundamental scientific understanding and modeling, complex

patterning ability, and throughput.

1.2 Self-assembly as a pattern generation method

Self-assembly has been investigated to understand its potential as a pattern-generation
method2-3°, A wide variety of two- and three-dimensional patterns have emerged
through the self-assembly of simple building blocks, for example micropillars2s and dot
arrays2!, and of a wide variety of materials, for example gold nanoparticles?4, organic

backbone DNAS3L, or polymeric crystals®.
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Self-assembly has a number of other key advantages such as nanoscale lengths22, short
assembly times32, high structural uniformity24 and the ability to transfer to other
materialsl®l. As a result, self-assembly provides promise for the generation of a wide
variety of nanoscale patterns as exemplified in Figure 1(a-d). Despite these advantages,
self-assembly typically lacks complex design at the microscale or uniform order at the

macroscale, which limits it applications.

Figure 1-1. Examples of self-assembled patterns from (b,e) our group and (a,c,d,f-h)
other references. Self-assembled (a) millimeter-sized crosses?!; (b) nanopillars32; (c)
gold nanoparticles24; (d) PVBA on Ag(111)?2. (e-h) Patterns generated from self-
assembly with lithographically defined templates. (e) Self-assembled PS-b-PDMS block
copolymer templated by topographical templates®. (f) Self-assembled DNA patterns
templated by chemical patterns3s. (g) Self-assembled microbeads in topographic

tranchess34. (h) Self-assembled gold particles on chemical patternsss.

24



To this end, researchers have investigated templates to direct self-assembly33-5:. These
templates aim to provide control over the self-assembled patterns: for example higher
complexity at the few-feature-length scale” and higher order at the macroscopic length
scale24. These templates provide a higher driving force towards desired orientations or
patterns and therefore assist free-energy-minimization®. This driving force
augmentation is typically accomplished by matching patterned surfaces features (of
either different chemistries or physical topography) with characteristic geometries of the
self-assembly systems52. Examples of complex and long-range order of templated self-
assembled materials are shown in Figure 1 (e-h). After self-assembly, the template can
remain as a component of the final pattern® or be removed to leave only the self-

assembled materialss.

Chapter 2 shows a method of achieving long-range ordered block copolymer patterns
with a controlled orientation by using topographic template arrays. The orientation of
the block copolymer patterns was understood by the concept of commensurate and the
area fraction of grains was understood and explained by using an analytical theory. By
extending this approach, a long-range ordered sub-10-nm linear pattern is also achieved.
Chapter 2 also demonstrates a method of achieving square array of dots and dot-line
hybrid patterns. The square arrays of dots are achieved by using triblock terpolymer and

dot-line hybrid structures were achieved by using e-beam induced cross-linking.

Chapter 3 shows a new method of designing topographic template for achieving a

circuit-like block copolymer patterns. Set of topographic template tiles consisting of
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square lattices of posts with a restricted range of geometric features is developed. The
block-copolymer patterns resulting from all tile arrangements are determined. By
combining tiles in different ways, it is possible to predict a relatively simple template
that will direct the formation of non-trivial block-copolymer patterns, providing a new

template design method for a complex block-copolymer pattern.

In chapter 4, single-molecule protein arrays are developed. Cysteine residue of a protein
are used to direct the attachment of the proteins to gold nanostructures . By using a
fluorescence microscope, we show that the proteins were localized around the
nanostructures. We expect that the techniques developed in this program could be used
for studying biological phenomena at a single molecular level or developing an ultra-

sensitive biomedical sensors or devices.
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2, Templated self-assembly of block

copolymers for periodic pattern fabrication

Templated self-assembly of block copolymers has been used for patterning periodic
nanoscale patterns over large area. Here, we develop a method of achieving long-range
ordered linear block copolymer patterns and circular patterns by using topographic
templates. We also demonstrate the fabrication of dot-line hybrid patterns by using e-

beam induced cross-linking.

2.1 Introduction

Self-assembly has a number of other key advantages such as nanoscale lengths22, short
assembly times32, high structural uniformity24 and the ability to transfer to other
materialsl6]. As a result, self-assembly provides promise for the generation of a wide

variety of nanoscale patterns.

2.1.1 Block copolymer self-assembly

Block copolymers consist of two or several blocks of polymers and the blocks are joined
at their ends by a covalent bond and form a single polymer chain. Figure 2-1 shows three
different classes of block copolymers among a variety of molecular architectures: (1)
diblock copolymer; (2) triblock copolymer; and (3) starblock terpolymer. Among these
three classes of block copolymers, diblock copolymer is the simplest one. In the figure,

solid and dotted lines represent different blocks of the block copolymer.
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n=1 W\/l) diblock
n=2 W\/L%L triblock

n=4 starblock

Figure 2-1. Schematics showing diblock copolymer, triblock copolymer, and starblock

copolymers4. Redrawn from Figure 1 of Ref. 54.

Because the two blocks have different chemical properties and the solubility parameters
of the two blocks are different, the block copolymer molecules tend to segregate into
microstructures when they have enough kinetics energy to move and also when the
temperature of the polymers is below the order-disorder temperature. This is called
microphase separation. In this polymer molecule arrangement, the contact between
similar blocks is maximized and the contact between the dissimilar blocks is minimized,
which make the free energy of the system minimum. As the two blocks are covalently
linked, the two blocks cannot simply phase-separate by making two layers of polymer
chains, such as oil droplets in water. This phenomenon, microphase separation, depends
on the temperature of the system, as at high temperature entropy of mixing becomes

more dominant and at low temperature enthalpy of separation becomes more dominant.
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To quantify the free energy cost of the separation of dissimilar two blocks, Flory-
Huggins parameter y is useds+. In addition the Flory-Huggins parameter, two more
parameters are used: (1) N, the degree of polymerization; and (2) f,, the volume fraction
of one block. The morphology generated by the microphase separation of two blocks
depends on the volume fraction of one block, as shown in Figure 2-1. Among the three
parameters y, N, and fy, x depends on the monomer pair of the two blocks and N and f,
depends on the length of the total block copolymer chain and the relative ratio of one

block to the other block.

A B

UNSO

spheres cylinders lamellae cylinders spheres
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Figure 2-2. Schematics showing structures that can be formed when the block

copolymer with various volume fraction self-assembless. Redrawn from Ref. 55.

As shown above, the morphology of the microdomains formed by the self-assembly of
block copolymers changes from spheres to lamellae as the volume fraction of one block
increases. When the volume fraction of A block is small, A block forms a spherical
microdomains embedded in the B block matrix. On the contrary, if the volume fraction
of A block is large, A block forms a matrix and B block forms a spherical microdomains
embedded in the A block matrix. As the microphase separation depends on the
temperature of the system, the parameter measuring the free energy cost of the

separation, y also depends on the temperature. Generally, the temperature dependence
of Flurry-Higgins parameter is given by y = %+ B 54. As shown in the equation, Flurry-

Huggins parameter decreases as the temperature of the system increases.

80

60 |

40

20

Qisordered
]

02 04 06 038 1.0

Figure 2-3. Simulated phase diagram of a block copolymer. polyisoprene-b-

polystyrenest. Redrawn from Ref. 56.
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Figure 2-3 shows how the morphology of the self-assembled diblock copolymers
changes depending on the volume fraction of one block and also yN of the block
copolymer. Note that the morphology changes depending not only on the relative length
of one block, but also on the total length of the block copolymer. Also, when yN is
smaller than a specific value, block copolymer chain cannot undergo the microphase
separation, because when the chain is short, the area of the interface between two
dissimilar blocks doesn’t change, but the enthalpy gained by the separation decreases.

Figure 2-3(b) shows experimental result of polyisoprene-b-polystyrene.

In this study, we used a polystyrene-b-polydimethylsiloxane (PS-b-PDMS) block
copolymer and this block copolymer is composed of a long styrene polymer chain and
long dimethylsiloxane chain. Block copolymers have been recently heavily studied
because it can form periodic nanoscale objects over a large area with a relatively easy
and rapid process. Recently, several groups have started studies on using the self-
assembly of block copolymers in nanotechnology. The generation of the self-assembled
nanoscale patterns over a large area in two dimensions (2D) could be used as a method
for improving the throughput of relatively slow electron-beam lithography or for

improving the resolution of optical lithography.
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poly dimethyl siloxane (PDMS)

polystyrene {Ps{,ﬂ\ﬁj\f\)

1 Self-assembly

Figure 2-4. Schematic diagram showing how a PS-b-PDMS block copolymer
self-assembles. Here, the self-assembled structure consists of spherical microdomains

made of PDMS and a PS matrix.

2.1.2 Topographic templates

In our previous work, we used sphere-6 and cylinder-7 forming poly(styrene)-block-
poly(dimethylsiloxane) (PS-b-PDMS) block copolymer. The advantages of PS-b-PDMS
are a high x parameter and high etch selectivitys”. A chi parameter of 0.21 for PS-b-
PDMS is much higher than PS-b-PMMA, which has also been used for block copolymer
lithography4¢. Furthermore, because PDMS is composed of a silicon backbone, it is

selectively resistant to oxygen plasma etching. The PS matrix can be easily removed by
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an oxygen plasma etch to reveal PDMS microdomainss?. PDMS microdomains in a self-
assembled PS-b-PDMS block copolymer film can be guided by topographic post
templates to produce nanopatterns with a precisely determined orientation and long-
range order. Topographic post templates were fabricated by electron-beam exposure of
hydrogen silsesquioxane (HSQ) and a high-resolution development systems58. The
surface of the substrate and the templates were functionalized by a PDMS brush to
attract a PDMS block in PS-b-PDMS. We achieved long-range ordered close-packed dot
patterns with period of 40 nm with 51.5 kg/mol spherical PS-b-PDMS¢. Also, we ach-
ieved long-range ordered line patterns with period of 35nm with 45.5kg/mol
cylindrical PS-b-PDMS?7. The PDMS lines were aligned in one orientation when the x-
and y-pitch of the template array satisfied the commensurate condition (commensurate
condition: 1/Lo?>=a?/Lx>+b2/Ly?, where a and b are integers and Lo, is the natural pitch, Ly
and Ly are the x- and y-pitch). We also demonstrated local control of PDMS lines by
using elliptical or double-dot, instead of circular, template posts. The PDMS lines were
constrained to be oriented parallel to the elliptical or double-dot templates. Complex
patterns such as jogs and cross patterns were achieved by using elliptical and double-dot

posts7.
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Figure 2-5. Schematic diagram showing how topographic template functionalized by

one of the two blocks can be used for achieving long-range ordered microdomains.

Fabrication of multilevel thin film devices has some applications such as fabrication of
metamaterials59 and perhaps also via holes in integrated circuit manufacturing®. We
showed that PS-brush-functionalized templating HSQ post arrays could control the
alignment and the morphology of PS-b-PDMS BCP in two different layers. We
fabricated very complicated three-dimensional structures, junctions, periodic
superstructures and bends in different levels of the BCP. Moreover, we changed the
morphology of the BCP in one of the layers from the original cylinders to the other

morphologies, and therefore have two different morphologies on top of each other.
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2.1.3 Pattern transfer methods

The patterned formed by the block copolymers need to be transferred to another
material, such as magnetic materials or metals to fabricate bit-pattered magnetic media
or integrated circuit. There are numerous studies that have reported the successful
pattern transfer of 2D and 3D self-assembled structures onto functional materials from
metals to dielectrics and graphene using dry or wet etching or lift-off processes®-66, For
example, as shown in Figure 2-6 one of pattern transfer methods developed for PS-b-
PDMS block copolymers®7. In this method, first the PDMS microdomains are generated
by an annealing of a block copolymer film, and then a thick metal layer is deposited on
top of the substrate. After that, RIE is used to remove the top layer of metal and after
that to remove PDMS microdomains to reveal the metal structure between the PDSM
microdomains. It was shown that this method can be applied to various metals, such as

Pt, Ti, and Ni.
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Figure 2-6. Schematics showing a method of pattern transfer from the self-assembly of

PS-b-PDMS block copolymer film to metals®7. Redrawn from Ref. 67.

There are also methods for transferring 3-D block copolymer structures to another
materials, such as electrodeposition, sol-gel reactions, chemical vapor deposition,
atomic layer deposition or chemical reduction processes, as well as codeposition or
coassembly of the block copolymer with inorganic materials®8-70. Sub-pm-scale 3D
nanotemplates fabricated by 3D photolithography, mentioned above, have been
successfully transformed into stretchable conductors, photonic crystals, and carbon
microstructures via similar dry/wet backfilling or pyrolysis7*-73. providing a starting

point for developing pattern transfer processes applicable to 3D BCPs.

2.2 Long-range ordered line patterns by using topographic template arrays.

Block copolymer film on a smooth substrate generates a nanoscale patterns over the
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substrate, but the pattern is not ordered along one orientation. The pattern consists of
many grains with different orientations. To use the self-assembled block copolymer
patterns for fabricating integrated circuits of magnetic storage media, a method of

achieving long-range ordered block copolymer patterns should be developed.

2.2.1 Orientation control of sub-20-nm line patterns

Templated block copolymer self-assembly is attractive for fabricating few-nanometer-
scale structures at high throughput. Among several morphologies of block copolymers,
the cylindrical morphology is particularly important because it can be used for defining
metallization lines in IC circuit fabrication. However, to be used in the IC circuit
fabrication, we need to achieve a long-range ordered cylindrical-morphology block
copolymer patterns, and also we need to be able to control the orientation of the
patterns. In our previous study, we have developed a method of achieving long-range
order from a self-assembly spherical-morphology PS-b-PDMS block copolymers by

using minority block coated topographic template and commensurability®.

We applied the same strategy to the self-assembly of cylindrical-morphology block
copolymer. Figure 2-7 shows a scanning electron micrograph (SEM) of a guided
cylindrical-morphology polystyrene-polydimethylsiloxane (PS-PDMS) block copolymer.
Hydrogen silsesquioxane (HSQ) was used for the physical features of the templatess.
When the distance between the physical features satisfies the commensurate condition,
the whole pattern was composed of a single orientation of in-plane PDMS cylinders in a

PS matrix.
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BCP HSQ post

0° 18.4° 33.7° 53.1° 63.4° 90°

Figure 2-7. SEM images of PDMS microdomains formed on the patterned substrate.
The bright dots are HSQ posts and gray lines are PDMS microdomains after the top
PDMS surface and PS matrix are removed. Yellow arrows represent the orientations of
the PDMS microdomains. Ly/Ly was fixed at 1.5. In the SEM images, the error bars show

the Lx of the template arrays’.

As shown in Figure 2-7, the PDMS microdomains were aligned along one direction when
the block copolymer film was annealed on a patterned substrate. To predict and
understand the orientation of the microdomains, we used three parameters, Ly, Ly, and
Lo. Ly is the periodicity of the template array in the x-axis, and Ly is the periodicity of the
template array in the y-axis, and Lo is the natural periodicity of the block copolymer.
When Ly=Lo, the block copolymer cylinders were aligned along the y-axis, because in
this orientation, the distance between two neighboring PDMS lines was equal to Lo, the
natural periodicity of the block copolymer. However, for a larger Ly, such as Lo =
(1/Lx"2+1/Ly"2)"0.5, the PDMS microdomains were aligned in the diagonal direction,

also because in this orientation the distance between two PDMS microdomains was
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equal to the natural periodicity of the block copolymer. In figure 2-7, the ratio between
Ly and Ly (Lx/Ly) was fixed at 1.5. So, depending on L, the orientation of the block
copolymer cylinders changed to make the distance between two neighboring PDMS

microdomains was equal to the natural periodicity of the block copolymer.

2.3 Sub-10-nm pattern from a 16 kg/mol PS-b-PDMS block copolymer

Self-assembly of block copolymers is currently of interest as a method for fabricating
nanopatternss474-76, It can generate dense arrays of nanoscale spherical, cylindrical or
lamellar microdomains which can be used as lithographic masks?7-79, Compared with
conventional lithography methods, the self-assembly of block copolymers has two
advantages: (1) the periodicity of dense structures can be scaled down to ~10 nm, which
is well beyond the resolution limit of optical lithography;8° and (2) nanopatterns can be
fabricated over a large area in parallel, so the throughput can be several orders of
magnitude higher than that of electron-beam lithography (EBL)9. Based on these two
advantages, self-assembly of block copolymers has been used in the fabrication of
devices including nanocrystal flash memory, nanowire transistors, gas sensors,

patterned magnetic recording media, and contact holes for transistors60.64.81-84,

Microdomains generated in a self-assembled block copolymer film can be guided by
templates to produce nanopatterns with a precisely determined orientation and long-
range order. Periodic templates, such as chemical patterns46:5285-87, topographic

trenches88:89, facets of single crystal sapphire9o, or other block copolymers%8° have been
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used to impose long-range order on the microdomains. In prior work, sparse post arrays
were used to control the in-plane orientation of 51 kg/mol spherical and 45.5 kg/mol
cylindrical morphology poly(styrene-block-dimethylsiloxane) (PS-b-PDMS) block
copolymer microdomains with a period of 40 nm and 34 nm respectively®7. Designed
post arrays were also used to locally control the orientations of the cylindrical

microdomains, and to generate complex device-like nanopatterns?’.

To achieve sub-10-nm complex nanopatterns based on the self-assembly of block
copolymers, a block copolymer with a sub-10-nm periodicity and a process for
templating its self-assembly are required. Sub-10-nm periodicity has been achieved by
various block copolymer systems, such as PS-b-PDMS9:8¢, PS-b-PEO.90, and PMMA-b-
PMAPOSS!™°. Several different approaches have been used to template the self-assembly
of a block copolymer with a sub-10-nm periodicity, but sub-10-nm block copolymer
patterns with a specific registration with substrate features have not yet been

demonstratedss.

Here, we present a method for achieving well-oriented and registered sub-10-nm PS-b-
PDMS block copolymer patterns using topographic templates. To template the self-
assembly of PS-b-PDMS with a sub-10-nm periodicity, the diameter of the posts must
also be scaled down to the sub-10-nm range in concert with using lower molecular
weight block copolymers which generate periodic patterns with sub-10-nm features.
However, the fabrication of sub-10-nm posts is challenging even with state-of-the-art
lithography'. To overcome this challenge, processes are needed to fabricate the

templates, and a better understanding of the interaction between the microdomains and
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the posts is required. In this work, the templated self-assembly of a 16 kg/mol
cylindrical morphology PS-b-PDMS block copolymer with 18 nm period is demonstrated
using sparse topographic templates. The interaction between the block copolymer and
post templates with a range of diameters and heights was examined, and topographic
templates were designed to align the block copolymer microdomains in specific

directions on the substrate.

2.3.1 Orientation control of sub-10-nm line patterns

A 16 kg/mol cylindrical morphology PS-b-PDMS block copolymer (PDI ~1.08, fps ~0.69)
was spin-coated onto a substrate to form a monolayer of in-plane PDMS cylinders. The
thickness of the film was 24 nm, which is commensurate with a 18-nm-periodicity in-
plane cylinder, a top surface layer of PDMS, and a bottom surface layer of PDMS. A 24-
nm-thick films of the block copolymer were annealed in an acetone vapor in a chamber
with a small leak until complete evaporation of solvent (~ 4 hr). During the solvent
annealing, each block swelled to a different swelling ratio (PS ~ 1.62, PDMS ~ 1.44),
which increased the effective fpsfrom 0.67 to 0.7053. Solvent uptake by the film lowered
the Flory-Huggins interaction parameter compared to that of the dried film. The
annealed films were etched by oxygen plasma to remove the PS and reveal the oxidized
PDMS microdomains. Figure 2-8(a) shows randomly oriented linear patterns with 18

nm periodicity formed on a smooth substrate.

To impose long-range order and to control pattern registration, we used rectangular

arrays of posts with various periods Ly and Ly, as depicted in figure 2-8(b). In prior
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work, posts with heights of ~35 nm and diameters of ~10 nm were effective in
templating the self-assembly of a 45 kg/mol cylindrical morphology PS-b-PDMS block
copolymer with periodicity of 34 nm?. Extrapolation of these dimensions suggests that
posts with a height of ~18 nm and a diameter of ~5 nm would be needed to effectively
template the self-assembly of a 18 nm period block copolymer. However, fabricating
posts with diameter smaller than 10 nm is difficult with a conventional electron beam
lithography systemss8. In this work, posts were fabricated with diameters of 6.3 nm —
13.8 nm and heights of 12 — 27 nm from high-contrast negative-tone-resist hydrogen

silsesquioxane (HSQ) and a high contrast salty development system®2.

The posts were functionalized with a PDMS brush to be attractive to the PDMS block of
the block copolymer. Prior work on a 34 nm period block copolymer? showed that the
cylindrical PDMS microdomains contact the PDMS-coated posts and orient in plane so
as to minimize the strain in the microdomain lattice, i.e. the commensurability between
the post lattice and the equilibrium period L, governs the self-assembly. For example, if
Lo = nLx(with n an integer) then the microdomain lattice is commensurate with the Ly

spacing and the cylinders are expected to orient along the y-axis with zero strain.

Fig. 2-10(c-t) shows templating using posts with a height of 19 nm and a diameter of 10
nm. By varying Ly from 29 nm to 72 nm with Ly/Ly = 1.15 and 1.5, we demonstrated
every possible commensurate condition for the 18 nm period PS-b-PDMS, in which the
orientation of the block copolymer cylinders could be varied between 0° and 9o° with
respect to the x-axis. The block copolymer cylinders formed an aligned linear pattern

when the post arrays satisfied one of the commensurate conditions, exactly analogously
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to the case of the 34 nm period block copolymer?. This result shows that an aligned
linear pattern can be achieved by topographic post templates even for microdomains in
the sub-10 nm regime. The final pattern achieved by topographic templates and a block
copolymer can then be transferred into metal using previously demonstrated

techniques?.

To minimize the time required for template fabrication, it is desirable for the posts to be
as sparse as possible. Fig. 2-10(k) shows good order even when the posts only occupy 5%
of the final PDMS pattern, suggesting that this method of templated self-assembly can
be considered as a method to increase the throughput of EBL by a factor of ~20. To
decrease the density of the templates further, the posts can be replaced by well-spaced
‘dashes’ or fins which provide additional guidance to determine the in-plane orientation
of the cylinders. Those results are given in 2.3.7 Appendix, which shows long-range
ordered sub-10-nm block copolymer patterns guided by dash templates which occupied

only 1/66 of the final pattern.
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Figure 2-8. (a) SEM image of PDMS microdomains on a smooth substrate; (b) The

definition of Ly and L, of the post arrays; (c~t) SEM images of PDMS cylinders
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templated by post arrays. The height of the posts was 19 nm and the diameter was 10
nm. Arrows indicate the direction of the PDMS cylinders. Each figure is annotated Ly,

Lx/Ly. (c~k) Lx/Ly = 1.5 (I~t) Ls/Ly = 1.15. Scale bar = 100 nm.

2.3.2 Post diameter effect

We now consider the effects of post height and diameter on the templating process.
Figure 2-9 illustrates how a block copolymer interacts with posts with a range of
diameters, for Ix = 48 nm and Ly = 32 nm and a post height of 16 nm. The
commensurate orientation of the 16 kg/mol PS-b-PDMS block copolymer cylinders for

this array period is depicted in figure 2-9(a), giving a cylinder orientation of 53.1" with

respect to the x-axis. At a height of 16 nm, posts with diameter ranging from 6.3 nm to
13.8 nm could be obtained; posts fell over when the aspect ratio was larger than ~3.
Figure 2-9(b~g) shows the PDMS cylinders templated by posts with a range of
diameters. As shown in figure 2-8(b), the PDMS cylinders were not aligned in a
preferential orientation when templated by posts with a diameter of 6.3 nm, which is
smaller than the width of the PDMS microdomain. However, the PDMS cylinders were
aligned along the commensurate orientation (53.1°), when templated by posts with
diameters comparable to the width of the PDMS microdomain, as shown in figure 2-
9(c~f), although the PDMS cylinders lost long-range order and some fractions were

aligned parallel to the y-axis, as shown in figure 2(g).

Figure 2-9(h) shows how the orientation of the block copolymer cylinders depended on
the post diameter for a given post spacing. The distribution of cylinder orientations was

found by a MATLAB image analysis program, which determined the area fractions of
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cylinders oriented parallel to the y-axis (90°) and along the 53.1° commensurate

orientation. The cylinders formed the expected commensurate orientation over >80% of
the post lattice when the post diameter was in the range from 8 nm to 12 nm, which is
comparable to the width of the PDMS microdomains. The maximum area fraction was

achieved with a post diameter of 11 nm.

7 8 9 10 11 12 13 14
nanopost diameter (nm)

Figure 2-9. (a) The commensurate orientation for a post array with Lx = 48 nm and Ly

= 32 nm. (b~g) PDMS microdomains templated by arrays with various post diameters
with Ly = 48 nm and Ly = 32 nm and a post height of 16 nm. The diameter of posts was
(b) 6.3 nm (c) 8.1 nm (d) 9.8 nm (e) 11.1 nm (f) 11.9 nm (g) 13.8 nm. Scale bar = 50 nm.
(h) the area fraction of the cylinders oriented along the commensurate orientation and
the fraction along the y-axis. (b~g) the samples were slightly overetched, which makes

the PDMS cylinders disconnected.
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When the post diameter was larger than 12 nm, the area fraction of the block copolymer
cylinders oriented along the commensurate orientation decreased and the cylinders
broke into shorter segments. Instead of aligning along the commensurate orientation,
the block copolymer cylinders often lay along the larger gaps between the posts, parallel
to the y-axis. The 12 nm diameter posts are wider than the equilibrium width of the
cylindrical microdomain, leading to considerable distortion of the PDMS chains in the
microdomain surrounding the post, which destabilizes the commensurate condition.
Further information about how the orientation of PDMS cylinders changed depending

on the post diameter is included in the Supporting Information.

2.3.3 Post height effect

Figure 2-10 shows how the block copolymer interacted with posts with a range of
heights, 12 nm to 27 nm. The arrays had Lx of 48 nm and Ly of 32 nm, and a post
diameter of 12 nm. The PDMS cylinders were not aligned when templated by posts with
a height of 12 nm, as shown in figure 2-10(a). However, the PDMS cylinders were
aligned and oriented along the commensurate orientation when templated by posts with
a height of 16 nm, which is comparable to the equilibrium period of 16kg/mol PS-b-
PDMS, as shown in figure 2-10(b). Figure 2-10(c~e) shows that the PDMS cylinders
were oriented parallel to the y-axis when templated by posts taller than 19 nm. The area
fractions in figure 2-10(f) were consistent with the above observations. A post height of
16 nm gave the highest fraction of the commensurate orientation, while taller posts

promoted a y-axis orientation of the cylinders.
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Figure 2-10. SEM images of PDMS microdomains templated by post arrays with
various heights. Ly and Ly of the array was 48 nm and 32 nm respectively. The diameter
of posts was 12 nm, and the height of posts was (a) 12 nm (b) 16 nm (c) 19 nm (d) 25 nm
(e) 27 nm. Scale bar = 50 nm. (f) the area fractions of the cylinders oriented along the
commensurate orientation and the y-axis. Each set of post height data came from a

separate sample. (a~e) the samples were slightly overetched, which makes the PDMS

cylinders disconnected.

2.3.4 SCFT simulation

To gain further insight into how PDMS microdomains interact with tall or short posts,
we used self-consistent field theory (SCFT) simulation (collaboration with Adam F.
Hannon, Professor Caroline A. Ross, and Prof. Alfredo Alexander-Katz). SCFT has been
shown to agree with experimental results, and to predict éD morphologies_of block

copolymers92-94, In the SCFT simulations, the volume fraction of PDMS fppms = 0.33,
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and YN = 14.0 where Y is the effective Flory-Huggins interaction parameter based on the
equilibrium solvent uptake and N = 69 is the number of coarse-grained segments
corresponding to a Kuhn monomer. For the experimental block copolymer, x = 0.26 at
room temperature and N = 174, giving YN = 45.2. The details of the simulations are
included in 2.3.4 Appendix. Since the simulation implicitly accounts for the solvent by
using a lower effective x and also coarse-grains the polymer by a factor of 2.5 in number
of repeat units, the YN used in the model was much lower than the value based on the
0.26 bulk x parameter and 174 degree of polymerization. Figure 2-13 shows the
simulation result of block copolymer cylinders templated by posts with a range of
heights, 12, 19 and 27 nm. The as-spun polymer film in the experiment was 24 nm thick,
equivalent to 1.33Lo. During the solvent annealing process, the polymer film swelled 1.6
times compared with the original film thickness. To simulate templated self-assembly
during the solvent annealing process, the film thickness in the model was set as 2.11L, to
reflect the swelling of the film by the solvent. As in the experiment, the posts and
substrate and the air interface of the film were attractive to the PDMS block, and the

model shows PDMS wetting these surfaces.

The 12 nm post (0.67L,) in the simulation led to the formation of a bicontinuous
network of PDMS due to the periodic boundary conditions, implying that the cylinders
could orient in either direction, as shown in figure 2-1i(a,d,g). This structure is
consistent with the experimental observation that the 12 nm posts did not induce long-
range order because they were too short to make contact with the PDMS microdomains
embedded in the PS matrix. Figure 2-11(b,e,h) shows the cylinders templated by posts

with a height of 19 nm (1.06L,). The PDMS cylinders were in contact with the PDMS-
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coated posts, and were aligned along the commensurate orientation, with bulges
corresponding to the post locations. However, when the height of posts was 27 nm
(1.5Lo), the cylinders were not connected to the posts even though the posts had a layer
of PDMS surrounding them, as shown in figure 2-11(c,f,i), and the cylinders lay along

the larger gaps between the posts, as seen experimentally.

Figure 2-11(i) also shows why the diameter of posts in the SEM images of Figure 2-10
appeared different depending on the height of the posts, even though all posts were
fabricated with the same electron dose. A thicker layer of PDMS from the block
copolymer surrounded the taller posts, according to the simulations. The oxygen etching
preserves the PDMS layer, making the final diameter of the posts larger than the as-

fabricated HSQ posts.
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Figure 2-11. Unit-cell SCFT simulations of templated self-assembly of 16 kg/mol PS-b-
PDMS modeled with xN = 14.0 and froms = 0.33 templated by posts with various heights.
(a~c) cut-through cross-section 2D view at height of 1.11L,; (d~f) top-down view of 2x2
unit cells; (g~i) 3D view. In terms of L, the cell thicknesses are 2.11L, corresponding to
an evolving solvent annealing thickness of approximately 1.6 times the initial film
thickness. The height of posts in terms of L, is (a,d,g) 0.67L, (b,e,h) 1.06L, (c,f,i) 1.50Lo.
These heights correspond to the respective heights in experiment of 12 nm, 19 nm, and

27 nm.

2.3.5 Area fraction depending on the post diameter and height.

The preceding results suggest that there is an optimum post height (~16 nm, similar to
the height of the cylinders above the substrate) and diameter (~11 nm, similar to L,/2 or
the diameter of the cylinders) to obtain effective templating. To illustrate the window of
post dimensions that provide the best templating, Figure 2-12 shows the area fraction of
cylinders with commensurate orientation as a function of post height and diameter. The
smaller posts gave poor templating while the larger diameter and height posts promoted
a y-axis orientation, acting analogously to a topographical trench9. These results
indicate the tolerancg of the templating process to variations in post dimensions and
provide guidelines for templating lower molecular weight block copolymers or complex
structures using size-controlled orientation control within specific areas of the

substrate.
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Figure 2-12. The change of area fraction of the block copolymer cylinders templated by
various posts. (a) Pie charts show area fractions of the block copolymer cylinders
oriented along the commensurate orientation (53.1°), the y-axis (9o°), and other

orientations.

2.3.6 Discussion

This work has shown that a cylindrical morphology PS-b-PDMS block copolymer with a
period below 20 nm which forms microdomains with a diameter below 10 nm can be
registered and oriented in plane using an array of functionalized topographic posts.
Posts with a range of diameters and heights were fabricated from a high-contrast resist
and a high-contrast development system, and their templating effects were tested. The
diameter and the height of posts are major factors determining the interaction between

the block copolymer cylinders and the posts and therefore the effectiveness of the
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templating. The templating is optimized when the post diameter is similar to or smaller
than the diameter of the cylindrical microdomains so that the distortion of the
microdomains in contact with the posts is minimized, and when the height of the posts
is similar to the height of the microdomains above the surface of the substrate. When
templated by posts with appropriate diameter and height, the in-plane orientation of the
cylinder array is determined by the commensurability between the post lattice and the
equilibrium period, analogously to results on a 45.5 kg/mol PS-b-PDMS block
copolymer with a larger period. In the optimized case the area fraction of the
microdomains oriented along the commensurate orientation reached 92%. Short posts
were ineffective at templating, while tall or wide posts promoted alignment of the
cylinders along the y-axis, acting similarly to trenches9. Self-consistent field theory
modeling illustrated the 3D arrangement of the microdomains and was in good
agreement with the observations of post height effect. These findings enable an
improved design of sparse topographic templates to direct the assembly of block
copolymer patterns with a controlled in-plane orientation and sub-10-nm features. This
suggests that templated self-assembly of block copolymers based on sparse topographic
templates, formed for example by interference lithography followed by trimming down
and replication by nanoimprint, could be used for fabricating sub-10-nm nanopatterns

with high throughput.

2.3.7 Methods and area fraction analysis
Poly(styrene-block-dimethylsiloxane) (PS-b-PDMS) diblock copolymer was purchased

from Polymer Source. The molecular weight of the block copolymer was 16 kg/mol with
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polydispersity index of 1.08. The in-plane equilibrium spacing (L,) of the block
copolymer cylinders in a thin film after the PS matrix was removed by reactive ion
etching was 18 nm. The hydroxyl-terminated PDMS brush (Mn = 0.8kg/mol, PDI ~1.10)
was also purchased from Polymer Source. Hydrogen silsesquioxane (HSQ), a negative-
tone electron-beam resist, was used for fabricating the topographic templates. 1% HSQ

(XR-1521, solids) was purchased from Dow Corning.

HSQ films were spun coated to a thickness of 27 nm, 25 nm, 19 nm, 16 nm, and 12 nm
by using spin speeds ranging from 1,000 rpm to 6,000 rpm on 3-inch silicon wafers.
The thickness of the HSQ film was determined by ellipsometry. The HSQ coated silicon
wafers were cleaved into 2 cm by 2 cm pieces. Single-pixel dots or short dashes
(consisting of a short single-pass line) were exposed in a Raith 150 electron-beam
lithography tool at 30 kV acceleration voltage. A range of post diameters was achieved
from 6.5 nm to 15 nm by varying the electron dose. The samples were developed in a
high-contrast developer system as described previously to remove unexposed resist and
to reveal the topographic templates9!. The sample was further treated with O./He
plasma (50W, 10sec) to remove possible organic residues and to completely convert the
HSQ structures into silicon oxide. Then, PDMS brush solution (1% in toluene) was spin
coated on the substrate and fhermally treated overnight at 170°C in vacuum. After the
thermal treatment, residual brush molecules were removed by rinsing several times with
toluene.

0.7 wt% of 16 kg/mol PS-b-PDMS dissolved in cyclohexane was spin-coated at 5000
rpm on PDMS brush coated template substrates. The block copolymer films were then

exposed to solvent vapors using 1ml of acetone in a 9.3ml volume of glass chamber with
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a controlled leak until complete evaporation of solvent. The annealing process took
approximately 4 hrs. During the solvent annealing, the film swelled up to 1.5 times its
original thickness and gradually relaxed as the solvent vapor pressure decreasedss. To
measure the thickness of films during solvent annealing, a Filmetrics F20-UV
(Filmeterics, Inc.) instrument was used with a quartz window in the solvent annealing
chamber. The annealed BCP films were first treated with a 2 sec, 50W, 10 mTorr CF,
plasma and then a 12 sec, 50W, 6 mTorr O, plasma to remove first the PDMS surface
layer and then the PS matrix to leave oxygen-plasma-modified PDMS cylinders on the
substrate. The surface morphology was observed using a Raith 150 SEM operated with

an acceleration voltage of 10 kV.

The relationship between L, and Ly and throughput increase.

The throughput increase is a metric that describes how much of the final pattern
consists of PDMS microdomains vs. posts made by electron beam lithography (EBL), i.e.
the factor by which the block copolymer self-assembly can be considered to enhance the
throughput of an EBL system, compared to writing the entire pattern using EBL. It is
defined as the area of the final PDMS pattern divided by the area of the HSQ posts that
were written. The throughput increase is proportional to Ly and Ly of the post array, i.e.
inversely proportional to the density of the posts. As the post spacing increases it
becomes more likely that multiple in-plane orientations of the cylinders will form
because the difference in strain energy between competing orientations decreases74.
This leads to formation of defects in the templated microdomain arrays, and limits the

throughput increase which can be achieved by topographic templates. In Figure 2-10,
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throughput increases of the order of 20 were demonstrated with the presence of a few

defects per square um under the annealing conditions used.

Dashes can be used to increase the throughput over 66-fold.

In the case when Ly was larger than 72 nm, only a fraction of cylinders aligned along the
y-axis, which was the commensurate orientation for Ly of 72 nm. To prevent the
cylinders from being oriented in unwanted orientations, a template consisting of an
array of dashes (line segments) was used instead of posts. Ly of the array was fixed at

100 nm, and the length of the dashes was fixed at 60 nm.

When Ly was 18 nm, an array of dashes acted as trenches rather than topographic
templates. As figure 2-13 shows, the cylinders aligned along the x-axis. When L, was
larger than 20 nm, the arrays acted as topographic templates and guided the cylinders
along the y-axis. For dash-arrays with Ly of 708 nm, only 1/66 of the final pattern was

fabricated by EBL.

To estimate the templating effect of the dash-arrays, the area fraction of the cylinders
which made an angle between 80° and 9o° with the x-axis was calculated by using an
image-analysis program. If all angles between 0°and 9o° were equally probable, the area
fraction of cylinders oriented along an angle between 80° and 9o° would be around
11.1%. As shown in appendix, the area fractions of cylinders oriented along the y-axis
were higher than 50% for dash-arrays with a range of Ly of 85 nm to 756 nm. At some
specific Lx, the area fractions reached 90%. To estimate how the commensurate

conditions are applied to the dash-arrays, the deviation of Ly from the commensurate
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condition for an orientation parallel to the y-axis was calculated. The commensurate
condition for the orientation parallel to the y-axis is an integer multiple of the
equilibrium period L, (=18 nm). As shown in figure 2-13(f), the area fractions of the
cylinders oriented along the y-axis decreased as Lx deviated from commensurability.
This result implies that the y-axis orientation competes with other orientations when
the Lx does not satisfy the commensurate condition for orientation parallel to the y-axis.
Dash-arrays can increase the area fraction of the orientation parallel to the y-axis up to

90% when Ly satisfies the commensurate condition.
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Figure 2-13. Block copolymers templated by dash-arrays. (a~d) Scanning electron
micrograph images of PDMS microdomains templated by dash-arrays with various L.
Ly was fixed at 100 nm and the length of each dash was fixed at 60 nm. Ly was (a) 18 nm
(b) 21 nm (c) 198 nm (d) 708 nm. Scale bar = 100 nm. (e) Plot of the area fraction of
PDMS oriented along the y-axis vs. the pitch of dashes. The area fraction was calculated
by using an image-analysis program written in MATLAB. (f) Plot of the area fraction of
PDMS cylinders oriented along the y-axis vs. the deviation of Ly from the commensurate

condition for the orientation parallel to the y-axis. The commensurate condition for the
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orientation parallel to the y-axis is an integer multiple of the equilibrium periodicity Lo,

(18 nm).

The area fraction distributions of the PDMS cylinders.
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Figure 2-14. The area fraction distributions of the PDMS cylinders templated by posts
with a height of 16 nm and a range of diameters as a function of in-plane orientation.
The width of bars were adjusted to make all three area fraction distributions visible on
the same axes. Post diameter is (green bars) 6.3 nm, (red bars) 11.1 nm, and (blue bars)
13.6 nm. Due to the distortion of the PDMS cylinders around the posts, the orientation

of the PDMS cylinders can be measured with a few degrees error.
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Figure 2-14 shows the area fraction distributions for PDMS cylinders as a function of the
in plane orientation of the cylinders. The area fraction of the PDMS cylinders templated
by posts with a diameter of 6.3 nm (green bars) is uniform over all the orientations,
which means the PDMS cylinders were not aligned in a preferential orientation. This
implies that posts with a diameter of 6.3 nm did not template the self-assembly of 16
kg/mol PS-b-PDMS. PDMS cylinders templated by posts with a diameter of 11.1 nm (red
bars), which is similar to the diameter of the PDMS microdomains, were aligned in the
commensurate orientation. However, PDMS cylinders oriented parallel to the y-axis

when templated by posts with a diameter of 13.6 nm (blue bars).

SCFT simulation parameters

The SCFT simulations used to model the system uses the same formulation of the theory
as presented in the supporting information section of Mickiewicz et. Al.94 For the
systems considered, the SCFT calculations were carried out on a 24X16X20 grid, volume
fraction of the minority component f = 0.33, number of statistical segments in the chain
used was 69 modeling the approximate number of Kuhn monomers in the real PS-b-
PDMS system, and a xN = 14.0 modeling the reduced Flory-Huggins solubility
parameter encountered in the solvent annealing. The cell dimensions were chosen to
correspond to the real dimensions of a 48 nm by 32 nm post spacing with the thickness
being selected as an intermediate thickness encountered during the solvent annealing.
The natural polymer period L, corresponds to 9 grid points in the simulation grid. The
simulations were run for 300,000 iterations to ensure the energy of the system was

unchanging thus corresponding to an energy minimum structure. The posts, air
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interface, and polymer brush layer were all modeled by constraining the fields to take on
set values at the locations corresponding to those features with a large potential barrier
to both the majority and minority block for the posts and substrate and an attractive
potential to the minority block for the air interface and brush layer. A schematic
showing these boundary conditions is shown in Figure S3. In addition to the
topographical, chemical, and surface boundary conditions, the simulations used
periodic boundary conditions in the X and Y directions, thus having the system be a unit

cell in an infinitely periodic lattice.

M Posts & Substrate L
LY X

M Brushlayer
M Air Interface

Figure 2-15. Schematic diagram showing the boundary conditions implemented in the
SCFT simulations. The purple region represents the area where the fields were
constrained to be a high potential barrier to both blocks of the polymer to model the
posts and substrate, the red region represents the area were the fields were constrained
to be attractive to the minority component to model the polymer brush layer, and the

blue region represents the area where the fields were constrained to be attractive to the
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minority component to model the lower surface energy PDMS has with air as observed

in experiment. T is the cell thickness and Lx and Ly are the post lattice dimensions.

2.4 Square array from a triblock terpolymer

In many applications, such as bit-patterned magnetic media, square array of dots is
more useful than hexagonal array of dots. However, the spherical morphology block
copolymer thin film generates dot arrays with square symmetry. Here, we demonstrate

the dot arrays with hexagonal symmetry by using a triblock terpolymer.

2.4.1 Triblock terpolymer

Block copolymer self-assembly has been studied by many groups. Among many
morphologies of block copolymers, parallel lines or close-packed dots have been heavily
studied, because the parallel liens could be used for fabricating IC circuits and close-
packed dots could be used for fabricating bit-patterned media. Recently, triblock
terpolymers have been studied because it can produce more diverse and complex
structures that cannot be achieved by using conventional diblock copoylemers?5-97. The
examples of such complex structures are ring-shape patternsd and square symmetry
pattern%9. Among these complex patterns, the dot patterns with square symmetry could
be of interests because it could be useful in fabricating high density bit-patterned
medial©® or via holes in integrated circuits. There have been many attempts to achieve a
nanoscale dot patterns with square symmetry24.101-104  hut long-range ordered dot
patterns with square symmetry have been difficult to achieve. So, here, we demonstrated

the long-range ordered dot patterns with square symmetry by using polyisoprene-block-
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polystyrene-block-polyferrocenylsilane (PI-b-PS-b-PFS) triblock terpolymer and

topographic templates.

2.4.2 Templates for triblock terpolymer

The triblock film was made by mixing the PI-b-PS-b-PFS triblock terpolymer with 15%
PS homopolymer and spin-coating on a smooth substrate. As shown in Figure 2-16, the
self-assembled triblock terpolymer forms dot microdomains consisted of PFS and
another dot microdomains consisted of PI. These two dot microdomains are embedded
in the PS matrix. As two dot microdomains are formed from the self-assembly film, the
two microdomains form a hexagonal array, as shown in Figure 2-18. However, we can
selectively remove the PS matrix and PI dot microdomain by using reactive ion etching.

As a result, we can achieve a square array of PFS microdomain on a substrate.
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Figure 2-16. Schematics of the perpendicular orientation of alternating cylinders with

square symmetry in an ABC triblock terpolymer film using solvent annealing.

Figure 2-17(A) shows the PFS microdomains after the PI microdomains and PS matrix

were removed by RIE. The PFS microdomains made many grains with different
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orientations. To achieve a long-range ordered PFS microdomains, we fabricated
topographic post arrays by using electron-beam exposure of HSQ. As shown in Figure 2-
19(b), the array consisted of double posts with a spacing between the two posts of the
double post was 44 nm, which is equal to the natural periodicity of the PFS
microdomains. The distances between the double posts were 88 nm along the x-axis and
132 nm along the y-axis. The height of the posts was 25 nm and the diameter was
around 10 nm. The post sidewalls were coated with a PFS brush and the surface of the
substrate was coated with a PEO brush. As shown in Figure 2-17(b), the triblock
terpolymer film assembled on the patterned substrate showed a long-range ordered PFS

microdomains after the RIE.

PFS HSQ double dot

88_n m

Untemplated Templated by double dot

Figure 2-17. (a) SEM image PFS dots on a smooth substrate. (b) SEM image of PFS
dots templated by topographic post arrays. The spacing between two dots of the double
post was 44 nm. The substrate was functionalized with a PEO brush layer and the post

sidewalls were coated with PFS brush layer.
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2.5 Mixed morphology

Integrate circuit layout consists of lines and dots. However, the pattern generated by
spherical morphology block copolymers or cylindrical morphology block copolymers can
have only one morphology. Here, we demonstrate the fabrication of dot-line hybrid

structures by using e-beam induced cross-linking.

2.5.1 Two morphologies on one substrate

Templated block copolymer(BCP) self-assembly is attractive for fabricating few-
nanometer scale structures at high throughput. It has been used to fabricate various
devices and applications, such as nanocrystal flash memories, nanowire transistors, and
patterned magnetic-recording media. On an unpatterned substrate, block copolymer
self-assembly generates dense arrays of lines or dots without long-range order3s.74.75,77.105,
To impose this long-range order, topographic templates or chemical template have been
used. However, the limitation of the block copolymers self-assembly to be used in more
diverse industrial applications is, the morphology of the resulting pattern is limited only
to simple patterns, such as an array of dots patterns or lines. The morphology of the
resulting patterns is decided by the volume fraction of the block copolymers. Also, the
periodicity of the resulting pattern is decided by the molecular weight of the block
copolymers. There has been a study of controlling the morphology and natural
periodicity of the pattern by controlling the annealing condition of the block
copolymer9t or by straining the block copolymer pattern with incommensurate
templateso.106, However, achieving two different morphologies on a single substrate or
one morphology with two different periodicities on a single substrate have not been

achieved.
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2.5.2 E-beam induced crosslinking

Here we present a method for achieving two different morphologies on a single
substrate by cross-linking a solvent-annealed block copolymer film using electron-beam
irradiation and performing a second solvent annealing process. By using this method,
we achieved a sub-10-nm dot and line patterns on a single substrate. As shown in Figure
2-18, the morphology of 16 kg/mol PS-b-PDMS block copolymer can be tuned by using
two solvents: (1) DMF; and (2) Acetone. A solvent-annealing with DMF vapor yields
spherical morphology PDMS microdomains and a solvent-annealing with acetone vapor
yields cylindrical morphology PDMS microdomains. The block copolymer chains in the
solvent-annealed block copolymer film can be treated with a second solvent annealing
process to change the morphology of the block copolymer microdomains from spherical
to cylinder or from cylinder to spherical. We used electron-beam irradiation to cross-
link the polymer chain in the self-assembled block copolymer film after the first solvent-
annealing process. When the polymer chains were cross-linked, the polymer chains
cannot move during the second annealing process and the pattern formed at the first

annealing process were maintained after the second annealing process.
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Figure 2-18. Schematics of the formation of dual morphologies in PS-b-PDMS block

copolymer thin films resulting from solvent annealing, electron-beam irradiation, and a
subsequent solvent anneal. The PS-b-PDMS film forms a cylinder morphology in
acetone and spheres in DMF vapor. After a first anneal the films were selectively
irradiated with a electron-beam to crosslink a region of the film, and then annealed in
the other solvent to change the morphology in the unirradiated regions. The orientation
of the sphere or cylinder array is determined by a topographical template (not shown)
enabling the electron beam irradiation to be aligned with the microdomain orientation,

though not with a specific microdomains3. Redrawn from Ref. 53.



2.5.3 Block copolymer patterns with mixed morphology

We demonstrated a combination of dot and line patterns by using hydrogen
silsesquioxane (HSQ) post as template. The HSQ posts were fabricated by electron-
beam exposure of a negative tone resist HSQ and high-resolution development systems58.
HSQ posts have been used in many studies to achieve a long-range ordered spherical
morphology PDMS microdomains® and cylindrical morphology PDMS microdomains?.
To achieve a long-range ordered dot and line patterns, a template array that is
commensurate with both morphologies: spherical morphology and cylindrical
morphology. As shown Figure 2-19, a template array with Ly of 45 and Ly of 78 nm was
used. The diameter of the post was 9 nm. As shown in Figure 2-21, the cylindrical
morphology PDMS microdomains were aligned along a diagonal orientation and the

spherical morphology PDMS microdomains were also closely-packed.

.(a) . . HSQPRosts

Y/
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Figure 2-19. Dual phase patterns combined with post templating. SEM images of dual
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phase block copolymer patterns combined with post templates with a period of 45 nm x
78 nm, commensurate with cylinders angled at 23° to the post lattice and a 26 nm

center-to-center sphere array aligned along the y axisss.
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3. Tile-Based Directed Self-assembly of

Block-Copolymers

Directed self-assembly of block copolymers has been used for fabricating various
nanoscale patterns, ranging from periodic lines to simple bends. However, assemblies of
dense bends, junctions, and line segments in a single pattern have not been achieved by
using sparse templates, because no systematic template-design methods for achieving
such complex patterns existed. To direct a complex pattern by using a sparse template,
the template needs to encode the key information contained in the final pattern, without
being a simple copy of the pattern. Here we develop a set of topographic template tiles
consisting of square lattices of posts with a restricted range of geometric features. The
block-copolymer patterns resulting from all tile arrangements are determined. By
combining tiles in different ways, it is possible to predict a relatively simple template
that will direct the formation of non-trivial block-copolymer patterns, providing a new

template design method for a complex block-copolymer pattern.

3.1 Introduction

The self-assembly of block-copolymer thin films can generate dense nanoscale patterns
over large areas5s77.78105107-110. When directed by a sparse topographic or chemical
template, the block copolymers self-assemble into long-range ordered patterns with a
controlled orientation7:36.46.52.86.90,11-113 These aligned patterns have been used as

lithographic masks to fabricate devices including patterned magnetic recording media,
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flash memory, and nanowire or graphene ribbon transistors®4.81-83,14-117  Aperiodic
templates are necessary to fabricate patterns consisting of combinations of bends, line
segments and junctions using block copolymer directed self-assembly. Stoykovich et al.
and Liu and et al. have shown that an array of jogs, bends or T-junctions and an isolated
jog can be formed from a self-assembled polystyrene-b-polymethylmethacrylate
(PS-b-PMMA) block copolymer with lamellar-morphology on a chemical template36.18,
We have shown previously that a polystyrene-b-polydimethylsiloxane (PS-b-PDMS)
block copolymer with cylindrical-morphology can be directed to form an array of bends
by using a topographic template?. These approaches rely on the intuitive design of
templates that contain features with similar density and arrangement to the features in
the target pattern and produce relatively simple and periodic patterns. Recently, we
theoretically designed templates for directed self-assembly using a Monte Carlo
algorithm to move posts randomly within the simulation cell until the free energy is
minimized. By using this method, a template for an array of junctions was predicted 9,
but the template features were not constrained to have any predetermined spacing or
location. What is missing in these three approaches is the ability to template patterns
over a large area that contain complex assemblies of dense bends, terminations, and

junctions directed by a simple (and therefore, more easily manufacturable) template.

The key advantages of using templated self-assembly of block copolymers are resolution
enhancement and additionally and increase in throughput. In terms of the resolution
enhancement, there have been many studies on fabricating long-range ordered block
copolymer patterns by using low-resolution templates such as micron-scale trenches

(e.g. Jung et. al. Nano Lett. 2010). There have been also a few studies on achieving an
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array of bends and junctions by using low-resolution templates. However, to achieve
isolated jogs, a same-resolution template was used (e.g. Liu et. al. Adv. Func. Mater
2010), as we report in this work. In general as the information content of the pattern
increases, one would expect the template information content will also need to increase,
so that one would not expect to direct e.g. an isolated bend in a block copolymer line

surrounded by line terminations by using a micron scale trench.

In this work, we showed that the throughput can be increased by ~5-fold by fabricating
only a small fraction of the final pattern and having the block copolymer fill in the rest
according to the rules we established. This would be the minimum throughput
enhancement; if the pattern contains regions of e.g. parallel lines then simpler templates
could be used in those regions. One only needs the approach described here for regions
where various features need to be placed in proximity in a non-trivial pattern. For faster
fabrication of the template, a massively parallel technique could be used to fabricate a

square lattice of posts and a serial technique to add double posts where required.

3.2 Development of rules for a square-grid template

We present a general and modular approach to designing and fabricating dense and
complex block-copolymer patterns by developing block-copolymer assembly rules for
square template tiles and joining the tiles together in a mosaic to form a desired target
pattern. The template tiles consisted of a restricted set of post motifs. By limiting the

number of possible post motifs, we study both experimentally and through simulations
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the block-copolymer patterns and defects generated from all tile combinations as well as
interactions between the tiles. Based on these results, we develop a set of template
design tiling rules for our system that can be used for designing a template to achieve a

given target pattern.

We first demonstrate that the orientation of block-copolymer cylinders can be restricted
to two orthogonal in-plane directions by using a square lattice of topographic features.
Square lattices of topographic single posts with a pitch of 30 nm were fabricated by
means of electron-beam lithography. Next, the substrates and posts were chemically
functionalized with hydroxyl-terminated PDMSs7. A PS-b-PDMS block copolymer with
cylindrical-morphology was spin-coated onto the substrate, and then solvent-annealed
and finally etched to yield oxidized PDMS cylinders. On an unpatterned substrate, the
observed equilibrium periodicity of the PDMS cylinders (Lo) was ~39 = 2 nm. Figure 3-1
shows PDMS cylinders formed on a substrate with a single-post array which had a
periodicity of Lo (39 nm). Figure 3-1b,c show scanning electron microscopy (SEM)
images of the 39-nm-periodicity post array and the PDMS cylinders templated by this
post array. As shown in Figure 3-1¢, the block copolymer pattern templated by an array
of single posts consisted of many grains (regions of parallel cylinders). The grains were
degenerately aligned parallel either to the x-axis or to the y-axis, since both orientations
were equally probable and both directions were commensurate orientations. Bends and
terminations formed where two grains with different orientations met. The position of
the bends or terminations was random, because the size of the grains was not uniform
and also the center positions of the grains were not evenly spaced. As the templates

occupy only a small fraction of the final pattern, fabricating the square lattice of posts
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instead of the complete pattern of lines would increase the throughput of the
lithography process, provided the positions of the bends and terminations can be

controlled.

PDMS cylinder

AL EEYETLEYE : - - -~ AR YRR YXEREEERTY
AEBNEEEANGNeCeTERTL dBEHENENARBEW
A EREENEEYTREERER R = S CE RN EREERCR
EEEENEEEENENE N NFT. - = FEFEEREREEILE
EEEEEEEREEEEREERTEER =4 ERERA AR R.RRE
EEEREREREALEEERRER.

§ 5 TR EREARER R R

"R EE R R ERE

Hhewoes

P
5
ks

'"'E BB B

-

Figure 3-1: PDMS cylinders templated by a square array of posts. a, Three-dimensional
schematic diagram showing how the PDMS cylinders were self-assembled on the post
array. b, SEM image of a square array of posts with a periodicity of 39 nm. The height of
the post was 28 + 1 nm and the diameter was 10 + 1 nm. ¢, SEM image of the PDMS
cylinders templated by the post array in b. Since the pitch of the template was
commensurate with the block copolymer, two orientations (parallel to the x-axis and to
the y-axis) were degenerate and equally probable. Bends or terminations formed where

the orientation of the PDMS cylinder changes. Scale bars: 100 nm.
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To control the positions of the bends and terminations, we introduced double posts to
the square array of single posts. In previous work, double posts were shown to promote
block copolymer cylinders to align parallel to the direction of the double posts?. By
replacing a single post in the array with a double post, we can locally break the
degeneracy of the square array. We replaced one out of every nine single posts with a
double post (Figure 3-2a). We defined the resulting 3x3 post array consisting of eight
single posts and one double post at the center as a tile. As a result, a large square array
of single and double posts shown in Figure 3-2a can be regarded as a checkerboard of
tiles. However, the post array can be described equivalently by using another cell,
defined as a design cell. As shown in Figure 3-2a and the inset of Figure 3-2a, a design
cell consists of four single posts at the center and four double posts and eight single
posts at the boundary. Because the single and double posts at the boundary are shared
with the neighbor design cells, one design cell consists of eight single posts and one
double post. Unlike a tile, the block copolymer cylinders formed on the single posts in
the design cell (colored region in the inset of Figure 3-2a) are primarily templated by the
four double posts at its boundary. So, the block copolymer pattern of a design cell is
primarily determined by the orientations of the surrounding four double posts. The
periodicity of the post template defines the periodicity of the final block copolymer
pattern, and can be altered slightly (~+/- 10%) from L, while still effectively templating

the block copolymer.
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Figure 3-2: PDMS cylinders templated by a square array of posts. a, Schematic
diagram showing templates used in this study. Black dots represent single posts and
pairs of red dots represent double posts. The blue box represents a tile and green box
represents a design cell. PDMS cylinders formed in a colored region would be primarily
templated by the surrounding four double posts. b, Schematic diagrams showing how
PDMS-cylinder patterns on single posts vary depending on the orientations of the

closest two double posts. Dark-gray rectangles are the PDMS cylinders assembled on
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double posts and light-gray rectangles are the PDMS cylinders assembled on single
posts. In iii, an arrow represents a PDMS cylinder coming from a neighboring post. ¢-f,
Predicted block-copolymer patterns of the four different arrangements of a design cell.
White rectangles represent predicted block-copolymer patterns on four single posts at
the center of a design cell. g-j, SEM images of the templates of the four arrangements.
k-n, SEM images of the most frequently observed block-copolymer patterns formed on
the four arrangements. Different colors were used to distinguish the block-copolymer

patterns from different design-cell arrangements. Scale bars: 50 nm.

To gain insight into how the PDMS-cylinder pattern on a single post in a design cell
varies depending on the orientations of the surrounding four double posts, we first
studied PDMS cylinders in between two double posts. As shown in Figure 3-2b, the
PDMS cylinder connected the double posts via the two single posts when the double
posts were parallel (Figure 3-2b-i). The PDMS cylinders made a termination when the
two double posts were perpendicular to each other (Figure 3-2b-ii). However, the PDMS
cylinders formed a bend at the single posts instead when another cylinder from a
neighboring post (indicated by an arrow in Figure 3-2b-iii) came into the structure
(Figure 3-2b-iii). When the double posts were aligned parallel to each other in the
orthogonal in-plane direction, the PDMS cylinders aligned parallel to the double posts

(Figure 3-2b-iv).

By applying the four general observations mentioned above, we predicted the
block-copolymer pattern templated by each design-cell arrangement. Each double post

can be aligned along one of two directions with 16 (24) possible combinations of the
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orientations of the four double posts in the design cell. The 16 combinations can be
grouped into just four arrangements that are not equivalent under 90° rotations or
mirror transformations. Figure 3-2c¢-f show the four arrangements and the predicted
block-copolymer patterns based on the rules described in Figure 3-2b. We introduced a
notation X,X»Y3Y,, in which the 15, 2nd, 314 and 4th letters represent the orientation of
the double post in the upper right, upper left, lower left, and lower right quadrant
respectively. For a Y.Y.Y;Y, (=Y4) arrangement (Figure 3-2c¢), the light-gray rectangles
connecting dark-gray rectangles on the Y; and Y, double posts, and the Y, and Y; double
posts were predicted based on the observation in Figure 3-2b-i. Light-gray rectangles on
the single posts between the Y; and Y. double posts, and the Y5 and Y, double posts were
predicted based on Figure 3-2b-iv. After that, white rectangles on the four single posts at
the center of the design cell were predicted to align parallel to the surrounding
block-copolymer patterns (dark- and light-gray rectangles). For the other three
arrangements, the block-copolymer patterns were predicted based on the observations
in Figure 3-2b-i,ii,iv for an X,X.Y;Y, (=X2Y2) arrangement (Figure 3-2d), Figure 3-2b-
LiLiii,iv for a X;Y,Y3Y, (=XY3) arrangement (Figure 3-2e¢), and Figure 3-2b-iii for an
Y:X2Y5X, (=YXYX) arrangement (Figure 3-2f). In these three arrangements, the patterns
on the four single posts at the center of each design cell were predicted to align parallel

to the surrounding block-copolymer patterns.

When a block-copolymer film was annealed with these four design-cell arrangements,
the PDMS cylinders formed various patterns on each arrangement. Figure 3-2k-n show
SEM images of the most frequently observed patterns formed on the four arrangements.

For Y.Y.Y;Y, (=Y4), X:X-Y5Y, (=X2Y2), and X,Y.Y;Y, (=XY3) arrangements, the most
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frequently observed patterns were identical to the predicted patterns shown in Figure 3-
2c-e. However, for an Y. X.Y;X, (=YXYX) arrangement, the predicted pattern in Figure
3-2f was not observed. Instead, another pattern shown in Figure 3-2n was observed with

a low reproducibility (<20%) (Figure 3-6).

3.3 Prediction of block copolymer patterns formed on a given templat

To show that the patterns in Figure 3-2k-n can be used for predicting the
block-copolymer pattern formed on a large-area-template, we fabricated a square array
template of single and double posts and checked whether the final PDMS pattern agreed
with the predictions. Figure 3-3a shows the test template layout in which the
orientations of the double posts in the layout were random. The design cells having Y4,
X2Y2, XY3, and YXYX arrangements were predicted based on the patterns in Figure 3-
2k-n, as shown in Figure 3-3a. When the predicted patterns from two neighboring
design cells conflicted, the pattern was determined by the basic observations shown in
Figure 3-2b (Figure 3-7). Figure 3-3b shows a SEM image of the template and Figure 3-
3c shows the PDMS patterns directed by the template of Figure 3-3b. To quantify the
accuracy of the prediction, we introduced the design cell prediction yield Dys. Dy was
defined as the ratio of the number of completely matched design cells to the total
number of design cells. To quantify the degree of similarity between the predicted
pattern and observed pattern, we introduced the grid prediction yield Gyx. Gys was
defined as the ratio of the number of matched features on individual grid points to the
total number of grid points (Figure 3-8). When the predicted pattern was compared

with the block-copolymer pattern, Gyx = 97% (467/480) (more typically Gy = 90%) and
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Dyy% =76% (19/25), as shown in Figure 3-3d. Red circles and ellipsoid indicate

mismatches between the prediction and experimental result.
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Figure 3-3: Prediction of the PDMS patterns directed by a template with random

double-dot orientations and an experimental result. a, Random template and the

predicted patterns. Insets show the block copolymer patterns of the four design-cell

arrangements used for the prediction. b, SEM image of the fabricated template. ¢, SEM

image of the PDMS cylinders formed on the template shown in b. d, The predicted

pattern overlaid on the SEM image of the PDMS cylinders. Red circles and ellipsoid

indicate mismatches between the prediction and experimental result. Scale bars: 50 nm.
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3.4 Template design to achieve a target pattern

To demonstrate that complex target patterns can be templated by applying appropriate
design rules, we fabricated two complex patterns consisting: of many bends and
terminations. Figure 3-4a,b show the template layouts and the block copolymer patterns
predicted to form on these templates. Figure 3-4¢,d show SEM images of the templates
and Figure 3-4e,f show the PDMS patterns directed by the templates. Here Gyx = 97%
(Figure 3-4e) and 99% (Figure 3-4f). Furthermore, as shown in Figure 3-4gh, self-
consistent field theory (SCFT) simulations9294.120-122 were used to calculate the block
copolymer morphology resulting from the input templates of Figure 3-4a and 3-4b.
There is a very good agreement between the structure predicted from the empirically-
derived design rules, the structure predicted by SCFT, and the structure observed in the

experiments.
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Figure 3-4: Two examples of complex target pattern fabrication. a,b, Two template
layouts to fabricate complex patterns consisting of dense bends and terminations. Each
color represents the pattern templated by each arrangement. c,d, SEM images of the
templates to fabricate dense patterns of bends and terminations. e,f, SEM images of the
PDMS patterns formed on the template shown in ¢ and d. Gyx = 97% (Figure 3e) and 99%
(Figure 3f). g,h, SCFT simulation result showing the constant 50% density surface of

PDMS cylinders assembled with the template in ¢,d. Scale bars: 50 nm.

3.5 Free energy of various patterns formed on two arrangements

To understand the differences between the experiment and prediction shown in Figure

[os]
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3-3 and 3-4, we fabricated a large template array consisting of various different
combinations of tile arrangements and observed the self-assembled patterns of the
block copolymer on the template. Dyy was 100% for the Y4 arrangement having four
parallel PDMS cylinders regardless of the arrangement of their nearest neighbor design
cells. Dyy = 64% for the X2Y2 arrangement having a pattern identical to the predicted
pattern, as shown in Figure 3-5a-i. However, 7% of the X2Y2 arrangements yielded an
internal bend, as shown in Figure 3-5a-iii,iv. As shown in Figure 3-5a-ii,iii,iv,v, Gy% of
the unmatched patterns were 92%, 88%, 79%, and 83% respectively. For the XY3
arrangement, Dvy was 60%, as shown in Figure 3-5b-i. In 13% of the XY3 arrangements,
the position of a bend was shifted by one grid point to the X, double post, as shown in
Figure 3-5b-ii. In 10% of the XY3 arrangements, the position of a bend was shifted by
one grid point to the Y; double post, as shown in Figure 3-5b-iii. The defects in Figure 3-
5a-ii,iii,iv,v and 3-5b-ii,iii,iv had a common defective feature and they could be

explained by one simple mechanism (Figure 3-12).
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Figure 3-5: Counts and simulated free energy differences of various patterns formed
on the X2Y2 and XY3 arrangements. a-b, Panel i shows the SEM image of the PDMS
pattern identical to the predicted pattern of a, X2Y2 arrangement and b, XY3
arrangement. Panels ii-v show other patterns observed from the a, X2Y2 arrangement
and b, XY3 arrangement. Error bars show #+ 1 standard deviation of the count (blue line)

and simulated free energy difference (green line). Gy is the grid point yield of each
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pattern. The ranges of the right y-axis in a and b are different. Length of double arrow:
39 nm.

To gain insight about the relative counts of the patterns shown in Figure 3-5, we used
SCFT simulations to compute the free energy of those patterns and investigate the
equilibrium stability of the patterns (collaboration with Adam F. Hannon, Professor
Caroline A. Ross, and Prof. Alfredo Alexander-Katz). These free energy comparisons for
the 5 structures seeded for the X2Y2 and XY3 arrangements are shown in Figure 3-5a and
b respectively. The general trend here is that the structures observed with a lower
frequency had a higher free energy than the structure found most often. The qualitative
agreement is good even though the model does not account for several features of the
physical system: (1) the SCFT model does not consider the solvent anneal explicitly but

rather implicitly through an effective »x; (2) the SCFT model does not consider

fluctuations in film thickness; (3) a strong preference for the minority block to wet the
air and substrate surfaces is assumed, which has been verified experimentally; and (4)
the free energy calculations do not consider the activation barrier required to go from
one structure to another. However, the fact that the less frequently observed structures
have higher free energies in the simulation implies that the morphology is primarily
driven by thermodynamic considerations. Some of the less frequently observed
structures had similar free energy, implying there may be other factors influencing the

observed structure count such as the effects of neighboring design cells.

3.6 Discussion

We developed four simple design cells and concatenated them to direct the self-
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assembly of the block copolymer to form a complex pattern over a large area. The
template can be determined even for large patterns because a pattern in one design cell

can be considered independently of its neighboring design cells.

3.6.1 Advantage of this method compared with previous studies.

The use of posts, double posts, and solvent processing to achieve long-range ordered
block copolymer patterns is well established. However, designing templates for
achieving complex block copolymer patterns, which is essential to integrated-circuit
layout fabrication, has not been established. The previous study (Yang et al., Nature
Nanotech. 2010) showed a few examples of block copolymer patterns with bends, but
they are limited in two aspects: (1) only simple structures like arrays of bends, not
isolated bends, were achieved; and (2) the templates were designed by empirical
iterations. In the previous study, double dots were introduced to orient the block
copolymer microdomain parallel to the double dot, without any consideration of their
effect on neighboring microdomain orientations or patterns, such as bends or
terminations, and the double dots were parallel to their neighbors in a region of the
substrate. As a result, only a limited set of patterns, such as an array of bends or periodic
meanders were achieved after testing many different template designs. So, it was
difficult to rationally design a template for isolated bends, terminations, or junctions
and combinations of such patterns over a large area because the design space of the
template increased dramatically as the complexity of the target pattern increased. For
the same reason, it was difficult to judge which target patterns could be achieved or

could not be achieved without trying many different template configurations.
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The present work, unlike prior work, is focused on establishing rules for template design,
going far beyond prior demonstrations of posts templating block copolymers. We
developed four simple design cells and concatenated them to direct the self-assembly of
the block copolymer to form a complex pattern over a large area. The template can be
determined even for large patterns because a pattern in one design cell can be
considered independently of its neighboring design cells. An advantage of this approach
is that the post density across the substrate is constant, avoiding issues with varying
proximity effect of the electron-beam exposure of the templates. We believe that the
present study is a substantial advance over the prior work in that it provides a rational
design process for directed self-assembly, rather than an empirical approach, which was
backed up by analysis based on the energy of the different microdomain structures. The
idea of using a limited set of template tiles combined in different ways to produce a

target pattern could potentially be applicable to other self-assembling systems.

3.6.2 Summary and impact to other fields

The restricted set of geometric features presented in this study allows one to design a
template for fabricating a target pattern without relying on intuition?. The templating
effect of one double post is mainly decided by the orientations of its neighboring double
posts, and is therefore restricted to its local surroundings. Predicting a block-copolymer
pattern from a given template layout or designing a template layout for a target pattern
is therefore simplified to just assembling design cells, and we expect that in principle,

non-trivial patterns over a large area (e.g. a pattern relevant to an integrated circuit
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layout) could be achieved.

This approach to complex templating provides advantages in the context of
nanolithography. First, the time required for writing the template using electron-beam
lithography can be a factor of 5 or shorter than the time required to write the complete
pattern (Figure 3-13). The throughput could be further increased by using a two-step
process for template generation, instead of writing all the posts serially: (1) the basic
square array of posts could be fabricated by interference lithography or another
massively parallel technique, which can generate periodic patterns over a large area with
high throughput; and (2) the aperiodic double posts could then be fabricated by
electron-beam lithography or by another serial method (Figure 3-13). Second, we
believe that the four block-copolymer patterns shown in Figure 2k-n are only a subset of
block-copolymer patterns that could be achieved. We expect that a variety of
block-copolymer patterns could be achieved by fine-tuning several parameters including
the size of the design cell; the spacing of the two posts of the double post; the height and
diameter of the posts; the block copolymer film thickness; the volume fraction of the
block copolymer; and the block-copolymer annealing conditions. For example, a
T-junction was formed reproducibly when a post was missing (Figure 3-1). This would
extend the rules and the available block copolymer geometries beyond what has been
demonstrated here. Third, this approach could be used to achieve a block copolymer
pattern with higher resolution. For example, a block copolymer pattern with a
periodicity of 18 nm could be achieved by templating a 16 kg/mol PS-b-PDMS block
copolymer?13 using a square post array with a periodicity of 18 nm and double posts with

a post spacing of 12 nm. This resolution is difficult to achieve with electron-beam

88



lithography, but similar resolution has been achieved by helium-ion beam lithography23

and scanning transmission electron microscopy lithography:24

In summary, a template design based on a restricted set of tiles with post motifs
provides a way to achieve a target pattern of line segments with bends and terminations
from a relatively simple template. Forming a desired pattern by concatenating
block-copolymer design cells (tiles) derived from a limited number of local template
arrangements greatly reduces the difficulty of the template design process and the
amount of experimentation required to achieve the target pattern. This approach,
starting from a degenerate template, adding a restricted set of perturbations, and
developing rules for all possible perturbation arrangements, could potentially be applied
to other self-assembling systems that can be templated by topographic or chemical
features. Rule-based patterning strategies have been developed for other self-
assembling systems such as DNA origamit25-127, In DNA origami, the information used
to control the patterning is input via DNA synthesis, and is thus too slow to address the
enormous challenge of pattern generation in a modern technological setting (a single
mask for the semiconductor industry can take 5 days to pattern at a data-input rate of
108 bits per second). The application of such rule-based strategies to simple chemical
systems, such as block copolymers, potentially solves the modern pattern generation
problem, as the information defining the pattern is input lithographically. We expect
that rule-based strategies could be developed further to describe assembly of other
nanoscale objects such as nanoparticles, for example by functionalizing or programming
nanoparticles with ligands that promote specific types of interactions'28.129, Extensions

of the algorithmic strategies described here for block copolymers may enable further
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levels of control over the final pattern, and ultimately lead to a robust inverse-design

process that determines the optimum template for a given target pattern.

DNA tiling does represent a type of rule-based self-assembly, but the process is
fundamentally different from the approach presented here. In our work,
lithographically-defined templates (top-down) direct the self-assembly of block
copolymers (bottom-up) and the rules of template design were developed. We started
from a degenerate template and added a restricted set of perturbations (double posts) to
the degenerate template. As a result, we were able to study the block copolymer patterns
formed on all possible perturbation arrangements. This process, starting from a
degenerate template, adding a restricted set of perturbations, and studying patterns
formed on all possible perturbation arrangements, could be applied to any other self-
assembly systems that can be templated by topographic or chemical templates. However,
in other rule- or tile-based works, the rules represent how the materials or tiles are
synthesized (e.g. determining the DNA sequence) and refer to a specific materials

system, so are different from the approach described here.

3.7 Methods and SCFT simulations
We used electron-beam lithography to fabricate the topographic template arrays and
flow-controlled solvent annealing system. We collaborate with Prof. Caroline A. Ross for

simulating the free energy of the block copolymer patterns.

3.7.1 Methods
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Template fabrication

The templates were fabricated by using electron-beam patterning of hydrogen
silsesquioxane (HSQ). HSQ films (XR-1541 2% solids from Dow Corning) with a
thickness of 28 = inm were spin-coated on a silicon substrate. Single-pixel dots were
exposed in an Elionix ELS-F125 electron-beam lithography tool at 125 kV acceleration
voltage. Square arrays of single dots with a diameter of 10 + 1 nm and a range of pitches
from 30 to 42 nm were exposed. The exposed samples were developed with a salty
development system as described previouslys8. The developed sample was treated with
O:/He plasma (50 W, 10 sec) to convert HSQ posts into silicon oxide. To measure the
diameter of the templates, SEM images of the templates were obtained by using a Raith
150 scanning electron microscope operated with an acceleration voltage of 10 kV. The
errors of the template diameter were estimated from visual inspection of the SEM

images.

Block copolymer self-assembly

The patterned substrates were treated with a hydroxyl-terminated PDMS brush layer
(0.8 kg/mol, Polymer Source Inc., 170 °C for 12h) to render the HSQ nano-posts
attractive to the PDMS block. 2% of PS-b-PDMS (M = 45.4 kg/mol, fepms = 33.5%,
Polymer Source Inc.) solution in propylene glycol monomethyl ether acetate (PGMEA)
was spin coated onto templated substrate to a thickness of 35 nm. The films were
solvent annealed using either a flow-controlled solvent annealing system or
conventional solvent annealing system for 3h. In a flow-controlled solvent annealing
system, nitrogen gas was bubbled through a liquid reservoir of 5:1 mixture of toluene

and heptane at flow rate of 10 scem and diluted by nitrogen gas flow of 0.7 scem so that
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the annealing chamber was maintained at constant solvent vapor pressure. The vapor
pressure was controlled by changing the flow ratio between the solvent stream and the
nitrogen stream:3°, In a conventional solvent annealing system, the sample was placed
in the chamber containing a reservoir of liquid solvent (5:1 mixture of toluene and
heptane). On an unpatterned substrate, the equilibrium periodicity of the PDMS

cylinders (Lo) was ~39 = 2 nm.

Reactive ion etching

The annealed block copolymer films were treated with a 50 W, 10 mTorr CF, plasma for
5 sec and then a 9o W, 6 mTorr O, plasma for 22 sec to remove the top PDMS surface
layer and then the PS matrix. This two-step reactive ion etching process left oxygen-
plasma-modified PDMS cylinders on the substrate”. The PDMS cylinders were imaged

with a Raith 150 SEM operated with an acceleration voltage of 10 kV.
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3.7.2 YXYX arrangement

Figure 3-6: a, b, Two predicted block-copolymer patterns of YXYX arrangement
satisfying the basic rules shown in Figure 1c and a four-fold rotational symmetry. ¢,d,

Two most frequently observed block-copolymer patterns from YXYX arrangement.

As previously stated, we could not observe the predicted pattern of YXYX arrangement
shown in Figure 3-2f in experiment. Figure 3-6a,b show two predicted patterns of YXYX
arrangement. In Figure 3-6a,b, dark gray and light gray rectangles were predicted based
on the basic design rules from Figure 3-1c. The white rectangles were arranged such that
the final predicted pattern had same four-fold rotational symmetry as the YXYX
arrangement. The two predicted patterns in Figure 3-6a,b either have four bends
(indicated by black arrows in Figure 3-6a) or four terminations (indicated by black
arrows in Figure 3-6b) formed by the white rectangles. As observed from the block

copolymer patterns formed on the square arrays of single posts in Figure 1a, bends and
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terminations occur at a lower frequency than lines through the post indicating these
features have a higher free energy penalty of formation. This fact resulted in the block
copolymer cylinders on YXYX arrangement forming more energetically favorable
patterns with fewer terminations or bends regardless of the final pattern not having
four-fold rotational symmetry. Figure 3-6¢,d show the two most frequently observed
block-copolymer patterns on YXYX arrangement. Dy of both patterns were lower than

20 %.

3.7.3 Pattern conflict between two design cells.

Figure 3-7: Schematic diagrams showing how the design rules were applied
to two neighboring design cells. a, Two neighboring design cells having a XY3
arrangement. i,ii, Predicted block-copolymer pattern of each design cell. The pattern
was predicted by applying the design rule of a XY3 arrangement. iii, When the design

rule was applied to the two design cells together, the same pattern was predicted at the
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boundary between the two design cells. iv, Final predicted pattern. b, Two neighboring
design cells having a XY3 arrangement and a X2Y2 arrangement. i,ii,iii, When the design
rules of the XY3 and X2Y2 arrangements were applied together, a bend was predicted by
the XY3 arrangement and a termination was predicted by the X2Y2 arrangement at the
boundary between the two design cells (red dotted circle). iv, According to the
observation in Figure 3-ic-iii, a bend would form when another block-copolymer
cylinder comes to a termination. So, the bend would override the termination on the

single post.

When a block-copolymer pattern of two neighboring design cells is predicted, the
predicted patterns of the two design cells may or may not conflict. Figure 3-7a shows a
case without conflict, and Figure 3-7b shows a conflict case. In Figure 3-7a the two
neighboring design cells have a XY3 arrangement. Figure 3-7a-i,ii show a
block-copolymer pattern of each design cell predicted by applying the design rule of the
XY3 arrangement. When the design rule was applied to the two design cells together, the
same pattern was predicted at the boundary of the two design cells (Figure 3-7a-iii). As a
result, the pattern of these two design cells was predicted just by overlaying the
predicted patterns of the two design cells (Figure 3-7a-iv). However, as shown in Figure
3-7b, two predicted patterns conflicted at the boundary of two neighboring design cells
having a X2Y2 arrangement and a XY3 arrangement. As shown in Figure 3-7b-iii, a bend
was predicted by the design rule of the XY3 arrangement at the boundary but a
termination was predicted by the design rule of the X2Y2 arrangement. In this case, the
bend would override the termination, because a bend forms when another

block-copolymer cylinder comes to a termination (Figure 3-1c-iii). As a result, the final
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predicted pattern would have the bend instead of the termination at the boundary of the

two design cells, as shown in Figure 3-7b-iv.

3.7.4 Grid prediction yield Gy

a N b -
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Figure 3-8: Grid prediction yield. a, M-by-N square grid. The total number of lines
connecting one grid point to its nearest neighbors is given by M(N — 1) + N(M — 1). b,
The predicted block-copolymer pattern of the X2Y2 arrangement. ¢, One of the observed
block-copolymer pattern from the X2Y2 arrangement. Red lines represent the

mismatches between the predicted pattern and the pattern in c.

The grid prediction yield was defined as the ratio of the number of matched features on
individual grid points to the total number of grid points. When there is a M-by-N square
grid (Figure 3-8a), the total number of lines connecting one grid point and its nearest
neighbors is given by M(N — 1) + N(M — 1). One design cell consisted of a 4-by-4 square
grid if we consider a double post as a single grid point, as shown in Figure 3-8b,c. Hence,
the number of possible links between one grid point and its nearest neighbor grid points

in this 4-by-4 square grid is 24. Figure 3-8b shows the predicted copolymer pattern on
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the X2Y2 arrangement and Figure 3-8c shows one of the observed block-copolymer
patterns on the X2Y2 arrangement. When two patterns in Figure 3-8b and ¢ were
compared, there were mismatches in five lines, as shown in Figure 3-8c (red lines). So,

the grid point prediction yield of the pattern in Figure 3-8¢ was 79% (19/24).

3.7.5 SCFT simulation

The SCFT simulations used here use the same equations and computational methods as
presented in the supporting information of previous work by Mickiewicz et al.94. In the
SCFT simulations, the system was modeled by using hard-wall field boundary
conditions that represented the topographic posts used in experiment and PDMS
attractive potentials that represented the surface-air interface and brush layer. The

system was discretized onto an N, XN, XN, grid with a course-graining of 9 grid points

assigned to a distance of Lo. Both 2D (N, = 1) and 3D simulations were performed for
comparison (note that only the final 3D results are reported here). The posts were
modeled with a hard-wall potential field value surrounded by an attractive field
parameter modeling the PDMS brush layer. Two coarse grainings of posts were used as
schematically shown in Figure 3-9 with the first single point hard-wall potential
corresponding to ~8 nm post and brush layer and the second five point hard-wall
potential corresponding to ~16 nm post and brush layer. These 9-by-9 grids were
concatenated to form the entire simulation cells used with periodic boundary conditions
imposed in the planar directions and confined boundary conditions in the thickness
direction for the 3D simulations. The resulting simulation cells were on the order of

~108 by ~108 by 20 grid points (the thickness here chosen to roughly correspond to a
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swelling thickness observed in experiment of ~2.0 Lo). The lateral grid points used

varied depending upon the simulations.

Figure 3-9: a, Left: Cross section of a single 9-by-9 grid used in the SCFT simulations
with a single grid point in the center assigned for a single post in grey and the
surrounding red grid points being attractive to PDMS with the remaining blue region
being unconstrained fields that evolve during the simulation. Right: Corresponding
9-by-9 grid cross-section for double dot motifs used in the SCFT simulations. b, Left:
Cross section of a single 9-by-9 grid used in the SCFT simulations with five grid points
in the center assigned in grey for larger post modeling and the surrounding red grid
points being attractive to PDMS with the remaining blue region being unconstrained
fields that evolve during the simulation. Right: Corresponding 9-by-9 grid cross-section
for double dot motifs used in the SCFT simulations. e, Schematic of the PDMS
attractive surface field boundary conditions (red) in the 3D SCFT simulations using an
XYs design cell for the post type in a. d, Schematic of the post hard wall repulsive field
boundary conditions (grey) in the 3D SCFT simulations using an XY3 design cell for the

post type in b.
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Since the primary interest in using the simulations was to explore the energetics of
various structures, most simulations were seeded with target structures and the
chemical potential fields relaxed holding the seeded density fields constant to obtain
estimates of the free energy of the structures. These target-structure density fields were
created by first simulating a single cylinder feature over a single or double post in a
9-by-9-by-20 grid and then concatenating the field results into the appropriate seed
structure. The field relaxation required two steps. First the exchange field 2_ was
relaxed until the free energy reached an approximately constant value (~10,000 to
20,000 iterations). Then the pressure fields 2, were relaxed based on the density
solution of the relaxed 2_ until the free energy was again approximately constant.

Various likely seed structures were used to test each template.

In the experiment, the film thickness during solvent swelling varied from around 1.5 to
2.0 Lo, so in the simulations a film thickness corresponding to 2.0 L, was chosen for
simplicity in 3D simulations, though further studies on the effect of film thickness on
the structures and viability of the design rules for these thicknesses should be taken into
consideration. The post heights used in experiment were around ~2/3 Lo but it has been
observed that the exact height in relation to the film thickness affects the final
morphology, so various post heights were tried in preliminary simulations. Since the
experimental system is solvent annealed, the exact equilibrium volume fraction may not
be exactly the bulk value due to the solvent preferentially swelling the two blocks
differently. Thus different volume fractions were tried during preliminary simulations.

The exact y value used was reduced by a factor of ~1/2 since the solvent was modeled
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implicitly by varying » and the volume fraction (assuming ~50% of the system consists

of solvent). Since all these parameters need to be optimized for comparison with
experiment, an initial screening of the structure made experimentally in Figure 3-3g was
initiated in the simulations for a range of post heights from 0.67 Lo to 1.11 Lo and a range
of volume fractions from 0.30 to 0.37 on a 162-by-81-by-16 grid. Here the thickness
corresponded to 1.5 Lo. The resulting minority densities after 10,000 iterations were
calculated and are shown for the interface density of 0.5 in 3D along with the total
energy of the system (not normalized by grid point volume) in Figure S5. From these
simulations, the seeded structure only stabilized for volume fractions greater than 0.35
in the simulation. For all the post heights used, these higher volume fractions kept the
structure after relaxing the fields, but the lowest energy structure occurred for the
shorter posts. Based on these considerations, the lowest volume fraction that kept the
structures intact of 0.36 and height that gave the lowest free energy of 0.78 L, were
chosen to use as the parameters for free energy comparison simulations of structures
observed in the X2Y2 and XY3 design cells. These parameters do not correspond exactly
to the experiment, so other parameters such as total design cell thickness and surface
energy attraction strength could be optimized to get better corresponding results.
However, this optimization is not necessary since only general free energy trends were
of interest. The surface energy attraction strength was based upon the values used in

previous studies94.
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Figure 3-10: Top: Preliminary simulation phase diagram using the target structure
from Figure 3 as an initial seeding. Parameters changed were height of posts and
effective volume fraction. For volume fractions above 0.35, the structure remained after
10,000 iterations implying the structure was a potential equilibrium structure. Bottom:
Total free energy of preliminary simulation phase diagram. The energy decreased with
increasing volume fraction. For a volume fraction of 0.36, the post height of 0.78 L, had

the lowest free energy and thus these parameters were chosen for additional simulations.
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Using the parameters corresponding to stable formation of the target cylindrical
patterns, the 10 structures shown in Figure 4 were each seeded into a simulation box
with appropriate X2Y2 and XY3 template boundary conditions. To eliminate effects of
periodic boundary conditions, internal reflective boundary conditions were
implemented such that a 4-fold reflective simulation cell was created for the structures
with additional buffer layers of X4 or Y4 design cells that were the same in each
simulation for the given boundary conditions. In these simulations, the block copolymer

was modeled with a Flory-Huggins parameter x =o0.224, N =125 effective Kuhn

monomer segments and volume fraction of f=0.36, and topographic post features
modeled as hard wall potential fields surrounded with a preferential surface field to
model brush layer surface energies and air-interface surface energies in periodically
bound design cells of size 81-by-81-by-20. The density fields that were seeded are shown
as 3D isosurface for the 50% interface density between the two blocks in Figure S6. The
difference in the free energy of the structures calculated holding the density fields
constant while relaxing the fields and their standard deviation are thus shown in the
main text in Figure 4. Note that the use of reflective boundary conditions rather than
considering neighboring design cells as well as having a buffer layer of the Y4 structure
may change some of the energetics at the boundary of the structures. Since the
connectivity of the cylinders differs only in the design cell of interest across a given post
template, one can safely compare the relative free energies of these structures. The
absolute values of these energies are not as important since they depend on the
boundary conditions used. Ideally one would want to calculate a free energy of an

isolated design cell, but because there are always boundary issues at the connections,
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there are inherently effects due to the neighboring design cells or whatever boundary

conditions are chosen that affects the final energetics of the system.

I 101 10
| ] oz (] )

Figure 3-11: a, Left: Post template used to examine free energy of X2Y2 template in
SCFT simulations. Template used periodic boundary conditions with a buffer layer of 3
X4 design cells on the top and bottom with the other 6 design cells being X2Y2. Right: 3D
plots of constant density surfaces ¢ = 0.5 for structures used to simulate observed
structures for the X2Y2 template in experiment. b, Left: Post template used to examine
free energy of XY3 template in SCFT simulations. Template used periodic boundary
conditions with two buffer layers of 3 Y4 design cells on the sides and 2 X2Y2 design cells
at the top and bottom with the other 4 design cells being XY3. Right: 3D plots of
constant density surfaces ¢ = 0.5 for structures used to simulate observed structures for

the XY3 template in experiment.

The general trend of the populations of the block copolymer patterns formed on each
template arrangement show in Figure 3-5 did agree well with what was expected from
the calculated free energy of the patterns. This indicates that thermodynamic

considerations have a key role in determining which pattern forms. The good qualitative
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agreement supports the use of SCFT for analysis of the energies of the structures.
However, the relative populations of the block copolymer patterns formed on each
template arrangement was not a perfect match to those predicted from the free energy,
indicating an important role of kinetics in determining which pattern forms. This is
perhaps not surprising since the samples were solvent annealed and the kinetics of this
process is still under investigation. We expect that more study on the kinetics is required
to predict the relative counts of the block copolymer patterns precisely, which will be a

topic for future work.

There is not an exact correspondence between the experimental occurrence percentage
and the free energy of the structures calculated via the SCFT simulations because the
SCFT does not capture all the details of the system. In particular, it does not consider
the kinetic pathway to forming a structure, but only the free energy. For example, one
structure may be much higher in energy from an equilibrium standpoint, but may be
kinetically trapped during the solvent annealing, producing the structure in the higher
energy state more often than expected from a simple Boltzmann distribution. There are
other model approximations that may affect the energies of structures, such as the use
of periodic boundary conditions, which means that calculating the exact energy of an
isolated tile is not strictly possible. Other differences include approximations to the post

size, shape, surface energy, etc., and the assumption of a fixed film thickness.

The discrepancies between calculated energy and observed frequency of different
structures suggests to us that there is a kinetic component that affects which structures

occur. However, the fact that the lowest energy structures still dominate the majority of
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the landscape of structures observed means that we are reaching equilibrium structures
in most cases, and thus the model is useful in characterizing the most probable

morphologies.

3.7.6 Common defective feature

When we examined the defects in Figure 3-5, we found that several defects had a
common defective feature. The common defective feature was found between two
double posts that were perpendicular to each other. In this situation, a termination
formed where the extension of one double post met the other double post (Figure 3-2c-ii,
Figure 3-12a). However, in the common defective feature, an additional PDMS cylinder

formed between the two double posts (Orange rectangle in Figure 3-12b).

When we developed the rule-based approach, we assumed that the block copolymer
pattern of a design cell is primarily determined by the orientations of the surrounding
four double posts regardless of its neighboring design cells. However, when we studied
the block copolymer patterns formed on a template array consisting of various
combinations of tile arrangements, we found that a defect formed at the boundary of
one design cell could propagate to its neighboring design cells and induce another defect
there. The majority of defects shared one common feature. As shown in Figure 3-12, the
most common defective feature was found between two perpendicular double posts.
Usually a termination formed where the extension of one double post met the other
double post. However, in the common defective feature, an additional PDMS cylinder

formed between the two double posts. All the four unmatched patterns of the X2Y=
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arrangement and three unmatched patterns of the XY3 arrangement had this common
defective feature, so the key to increasing the probability of getting the predicted pattern

of the XY3 and X2Y2 arrangements is prohibiting the formation of the common defective
feature. The probability of getting the predicted pattern would then increase to 83% for

the X2Y2 arrangement and 90% for XY3 arrangement.
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defective feature. Dark

owing a common

gray rectangles: PDMS cylinders templated by a double post; Light gray rectangles:
PDMS cylinders templated by the PDMS cylinders formed at double posts; White
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rectangles: PDMS cylinders formed on the four single posts at the center of the design
cell; Orange rectangles: additional PDMS cylinder formed between two perpendicular
PDMS cylinders. a,c,e, Dominant block-copolymer patterns observed on a, two
perpendicular double posts; ¢, XY3 arrangement; and e, X2Y2 arrangement. Defective
patterns observed on b, two perpendicular double posts; d, XY3 arrangement; and f,g,
X2Y2 arrangement. h,i, Possible way to prevent the formation of the common defective
feature by using elliptical-shaped posts instead of circular posts. Green arrows indicate
the positions where the elliptical-shaped posts should be used to prevent the formation

of the common defective feature.

In one of the defects formed on a X,Y-Y;Y, (=XY3) arrangement, the position of a bend
was shifted by a one grid point to X,, as shown in Figure 3-12d. On the X;-Y. double post
pairs, the common defective feature shown in Figure 3-12b formed, instead of the
pattern in Figure 3-12a. In two of the defects formed on a X, X-Y;Y,(=X2Y2) arrangement,
a bend formed inside the design cell (Figure 3-12f,g). In those two defects, an additional
PDMS cylinder parallel to the X, and X. double posts formed and the internal bend
formed where the additional PDMS cylinder met another PDMS cylinder. So, the defects
in Figure 3-4a-ii,iii,iv,v and 3-4b-ii,iii,iv formed when the pattern in Figure 3-12b
formed between two perpendicular double posts instead of the pattern in Figure 3-12a.
One possible way to prevent the formation of such common defective feature would be
using an elliptical-shaped post instead of circular post. As shown in Figure 3-12(h,i),
elliptical-shaped posts would guide the PDMS microdomains to be aligned parallel to

the elliptical-shaped posts and thus prevent the formation of the common defective
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feature. Closely positioned two posts could also be used instead of the elliptical-shaped

posts.
3.7.7 Throughput
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Figure 3-13: Two possible methods for increasing the throughput of
template fabrication. a, Square array of single posts are fabricated by a massively
parallel technique, such as interference lithography and double posts are fabricated on
the square array of single posts by a serial fabrication technique, such as electron-beam
lithography. b, If a target pattern consists of many parallel lines and few complex
patterns, a sparse array of double posts or lines can be used to achieve a long-range

ordered block copolymer patterns.

One of the best advantages of our approach is that a square array of single and double

posts requires less writing time than simply directly writing a final pattern. The
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templates shown in Figure 3-2,3 occupied ~10% of the area occupied by the final
patterns. When the pattern writing time of the templates was estimated, it was 22~40%
of the time required for directly writing the final patterns (depending on the line width
of the final patterns), giving a factor of 2.5 ~ 5 increase in throughput. The throughput
of the template fabrication can be further increased by using two possible approaches.
First, as shown in Figure 3-13a, we can use a massively parallel technique to fabricate a
square array of single posts and then use a serial fabrication technique to fabricate
double posts. This approach will result in a triple post rather than a double post, but we
expect that same design rules will apply to this array of single and triple posts and in fact
may enhance the reliability of the rules by having a stronger orientation preference for
the block copolymer near the triple post when compared with the double post. In this
method, the overlay accuracy of two separate exposures should be smaller than few
nanometers, which may be possible in the near future. Second, if a target pattern
consists of many parallel lines and sparse complex patterns, then we can use sparse
double posts to achieve long-range ordered block-copolymer lines and use an array of
single and double posts to make complex patterns. Jung and colleagues have shown that
a trench with a width of 10 um can be used to achieve long-range ordered PDMS
cylinders®. Chang and colleagues also have demonstrated long-range ordered PDMS
cylinders by using a sparse triple-dot array*3. By combining a sparse double post arrays
(or lines) with a square array of single and double posts, the writing time of a template

could be greatly reduced.
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3.7.8 T-junction

Figure 3-14: Examples of T-junctions formed at missing posts. a-c, T-junctions

were formed when a single post was missing in the square array of single posts.

T-junctions are one of the essential features of a circuit layout, but this structure was not
observed from the block-copolymer patterns templated by the square grid of single posts
and sparse double posts. We observed instead that a T-junction was formed wherever a
single post was missing (due to the errors of the electron-beam lithography system or
poor adhesion of the post). Figure 3-14 shows three such examples of T-junctions. We
speculate that T-junctions also could be fabricated by deliberately removing a single
post, by reducing the diameter of a single post in an array of single posts, or by moving

the position of a single post a few nanometers away from its original position.

3.7.9 More diverse template designs
In our tile-based approach, the range of achievable patterns is naturally going to be
limited by the patterns that can be created in individual tiles. With the four template

arrangements we presented in this work, an array of concentric bends cannot be
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achieved from the 16 combinations of the orientations of the four double posts. However,
more diverse template arrangements could be developed by using triple or quadruple
dots or by removing dots. For example, an array of bends was achieved by using an L-
shaped template, as shown in Figure 3-15a. We believe that a template arrangement to
achieve an array of bends could be developed by using triple dots (or L-shaped
templates), as shown in Figure 3-15b,c. Fig. 3-15¢ suggests how these tiles could be

concatenated.
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Figure 3-15. Proposed template arrangement to achieve an array of bends. a,
SEM image of an array of bends achieved in the previous study by using L-shaped
tepmlates (reproduced from Yang et al. Nature Nanotechnol. 5, 245, 2010). Red dotted

circle indicates the L-shaped template. b, Proposed template arrangement to achieve an
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array of bends. ¢, The triple dots shown in in b could be replaced with L-shaped
templates. d, Modified X3Y arrangement to be joined with the template arrangement
shown in b. Post positioned at the dotted red circle was shifted leftward to make the X3Y
arrangement compatible with the template arrangement shown in b. €, More complex
block-copolymer pattern could be achieved by joining the modified X3Y arrangement

with the template arrangement shown in b.

In general, we expect that there will be a limit to the geometries of block copolymer
patterns that can be achieved by using sparse templates. Making the templates more
complicated can give access to different geometries, but some block copolymer
arrangements will always have higher free energy than others and therefore be less
readily formed. An unfavorable (highly strained) morphology can always be promoted
by a denser template and in the limiting case, a 1:1 template that is identical to the target
pattern. The utility of the current approach comes from a compromise between having a
template that can produce enough patterns to concatenate into useful structures, while
avoiding a template that produces so many patterns that the selectivity between them is

too small for design rules to be applicable.

3.7.10 Line edge roughness
In terms of line width roughness, we are confident that it could be improved by
optimizing parameters such as the etch process or by reducing the post diameter by

trimming (we have reported sub-10 nm posts previously, Chang et. al. ACS Nano 2012).
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In the present work, we slightly over-etched the block copolymer films to clearly observe
the block copolymer patterns and reveal post locations. We believe that the line width
roughness could be improved by optimizing the etching condition. In addition to the
etching condition, we have found that the line width roughness changes depending on
solvent-annealing conditions and block copolymer film thickness. For example, the
below SEM image shows a self-assembled 16 kg/mol PS-b-PDMS block copolymer
directed by a rectangular lattice of posts. The natural periodicity of the block copolymer
in the image was 18 nm and Lx and Ly of the post array was 36 nm and 24 nm
respectively. As shown in the image, the PDMS microdomains did not bulge around the
posts as they formed on top of the posts. We believe that the block copolymer film
thickness during a solvent annealing process affects the line width roughness of a final
block copolymer pattern by changing the height of the PDMS microdomains from the
surface of the substrate. So, we expect that the line width roughness of a PDMS
microdomain can be reduced by optimizing etching condition, solvent annealing

condition, and block copolymer film thickness.
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Figure 3-16. SEM image of a 16 kg/mol PS-b-PDMS block copolymer
templated by a post array. The film thickness increases from the bottom to top of
the image. The image was taken after a short Au/Pd sputter coating. The posts look
larger than their actual diameter because the PDMS blocks of the PS-b-PDMS block

copolymer wetted the surface of the posts (unpublished result).

Also, in our previous study (Chang et. al. ACS Nano 2012), we found that posts with
diameters ranging from 8 nm to 12 nm can be used for templating a 16 kg/mol PS-b-
PDMS block copolymer (L, = 18 nm). Based on this study, we achieved long-range
ordered block copolymer lines with a periodicity of 18 nm with a controlled orientation.
To apply the method developed in this work to the 16 kg/mol PS-b-PDMS block
copolymer, a square post array with a periodicity of 18 nm and double posts with a post
spacing of 12 nm are required. This resolution is difficult to achieve with electron-beam

lithography, but it has been achieved by helium-ion beam lithography (Sidorkin, V. et. al.
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J. Vac. Sci. Technol. B 27(4) L18-20 2009). So, we believe that our approach could be
applied to a lower molecular weight block copolymer to achieve complex block

copolymer patterns with a periodicity of 18 nm.
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4. Placement Control of Coiled-Coil Proteins

Patterning protein at few-molecule level or single-molecule level can be used for
studying biological phenomena at single-molecule level or developing a sensor with
ultra high sensitivity. Here, we demonstrate a method of making single-molecule

protein array by using cysteine-gold interaction.

4.1 Introduction

Protein patterning on a substrate is a very useful for many applications, such as a
platform for studying biological phenomena!3t-135 or developing a sensor3¢, There have
been several studies on patterning proteins, but the organization of the proteins at the
single-molecular level has not been studied. Patterning proteins at various length-scales
have been demonstrated by using a nanostructure!d” or self-assembled monolayer
(SAM)m38-140, Recently, patterning proteins at the single-molecular level has been
demonstrated by using sub-10-nm gold or gold-palladium nanostructures!4:. However,
organization of the proteins at the single-molecule level has not been studied. Here, we
study the organization of the patterned proteins at the single-molecule level, and based
on the study, we also control the protein organization by using various nanostructures

and protein engineering.

4.2 Gold structure fabrication
We used gold nanostructures to control the position of the proteins on a surface. The

gold nanodots were fabricated by using electron-beam lithography and lift-off process. A
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silicon substrate was spin-coated with a thin layer of a positive-tone electron-beam
resist PMMAQ50A with a thickness of 60 nm. The spin-coated resist film was exposed
with a Raith 150 electron-beam lithography system operating at 30 kV acceleration
voltage. The gold dots with diameters ranging from 30 nm to 100 nm were exposed. The
exposed resist film was developed in a 3:1 IPA:MIBK at -15 °C for 30 sec!42, 3-nm Ti film
and 6-nm Au film were deposited onto the sample with a physical vapor deposition.
Then the metal films on top of the resist film were removed by lift-off process. The lift-
off process was carried out in 60°C NMP for 20 min. The samples were rinsed with
acetone and sonicated in acetone for 1 min to completely dissolve out the resist film and
remove the metal films on the resist. The fabricated patterns were imaged with a Raith
150 electron-beam lithography system operating at 10 kV acceleration voltage. This
process could be used for fabricating gold nanostructures on a TEM membrane or

fabricating dense gold nanodot arrays, as shown in Figure 4-2,3.
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Figure 4-1. Gold nanodot fabrication process and two methods used in this study to

indirectly observe the assembled proteins around the gold nanodots.
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Figure 4-2. Gold nanostructures fabricated on top of a TEM membrane by the process

described above.
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Figure 4-3. Quadruple gold nanodot arrays. The center-to-center distance between the

dots of the quadruple dot was 26 nm. The diameter of the dots was around 6 nm.

4.3 Templating proteins
Here, we patterned two coiled-coil proteins by using gold nanostructures. We also
studied how the assembly and distribution of the templated coiled-coil proteins change

depending on the gold pattern geometries and number of cysteine residues.

4.3.1 Templating proteins by using gold nanostructures
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There have been many studies on patterning proteins by using lithographically-defined
patternstst133-135141.143 but controlling the placement of proteins at single-molecular
level has been demonstrated recently. However, in those studies, attachment of only a
limited range of proteins - such as antibodies or streptavidin - was demonstrated. Such
proteins were used as a linker to attach other proteins to a predefined pattern. However,
using linker increases the complexity of the process and it also requires a genetic
engineering of a target protein, which prevents this method to be used for patterning
native proteins. To control the placement of native proteins on a substrate, an
interaction between a native protein and surface pattern should be used. Here, we show
that a coiled-coil protein can be attached to a gold surface with high precision through
cysteine-gold interaction. By using gold nanostructure with different geometries, it is
possible to achieve a higher control of the assembly of proteins. We also study how
multiple cysteine residues changes the attachment of proteins. As cysteine is one of the
twenty amino acids constituting proteins, our approach could be used for patterning

other proteins with cysteine residues.

In this work, two coiled-coil proteins with different length were used as a model protein
for demonstrating the attachment of proteins to a gold surface via cysteine-gold
interaction. The advantages of using coiled-coil proteins over other proteins are their
length and stiffness44:145. The lengths of two coiled-coil proteins are 14 nm44 and 40
nm45, which are much longer than usual globular proteins. Based on these two
advantages (length and stiffness), we studied how the protein assembly changes
depending not only on the presence of gold nanostructures but also on the arrangement

of gold nanostructures.
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The cortexillin I monomer consists of a large globular domain, strait coiled-coil domain,
and relatively flexible tail domain44. We used only the strait coiled-coil domain in this
study. The coiled-coil domain of cortexillin I;.-35. used in this study consisted of 81
amino acids and the expected end-to-end length was 14 nm. To demonstrate the
attachment of a protein to a gold surface via cysteine-gold interaction, we added
additional cysteine residue to the N-terminal of the cortexillin I,;-352, as depicted as red
dots in Figure 4-4(a). We also used a longer coiled-coil protein, tropomyosin. Additional
cysteine residue was also introduced to the N-terminal of tropomyosin. However, the
native tropomyosin had additional cysteine residue at the 190th amino acid from the C-
terminal of tropomyosin. To study the effect of this internal cysteine, we constructed
another tropomyosin, in which the internal cysteine was replaced with another amino
acid, alanine. We denote the mutated tropomyosin as C190A tropomyosin. To observe
the attached proteins, we used two methods: (1) gold nanoparticle tagging; and (2)
fluorescence microscope. To selectively tag proteins with a fluorophore, we added FLAG
sequence to C-terminal of the proteins (cortexillin Is;s-35., tropomyosin, Ci9oA
tropomyosin). This C-terminal FLAG sequence was used as a binding site of anti-FLAG
rabbit IgG antibody and the anti-FLAG antibody was used as a binding site of
fluorophore-tagged anti-rabbit-IgG antibody, as shown in Figure 4-4(c). We also added
Hig-tag residue to the C-terminal of the proteins. This Hig-tag residue was used as a
binding site of Ni-NTA gold nanoparticle with a diameter of 5 nm. Each coiled-coil
dimer has two cysteine residues at its C-terminal, but due to steric hindrance, we
expected that only one gold nanoparticle could be attached to the C-terminal of the

proteins. As a result, gold-nanoparticle tagging could offered a platform for studying
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how an individual protein is assembled around gold nanostructures by using a

conventional SEM.

(a) 14 nm _

Cortesiiiin e |“' ® Cysteine ~ Histag - Flag

42 nm'

Tropomyosin

Tropomyosin C190A W

(b) Primary antibody ~ Secondary antibody (C)
(Anti-Flag antibody) (Anti-rabbit IgG antibody)

Ni-NTA gold particle

Figure 4-4. Proteins, gold nanodots, and imaging methods used in this study. (a)
Schematic diagram showing three proteins used in this study. (b) Schematic diagram
showing how the proteins were attached to the gold nanodots and imaged by using gold
nanoparticles. (¢ ) Schematic diagram showing how fluorophore-tagged antibody was

used for observing the templated proteins.

To image proteins, a liquid tapping mode of atomic force microscope (AFM) and
transmission electron microscope (TEM) have been widely used. However, a liquid

tapping mode of AFM requires a relatively complex and well-maintained AFM. Also the
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speed of AFM is not fast enough more large-area study. TEM is fast compared with AFM,
but fabricating various nanostructures on a TEM membrane is not well established yet.
So, we used scanning electron microscope to observe the attachment of the proteins to
gold nanostructures. As proteins are not visible under SEM, a gold nanoparticles were
used.

To template the assembly of the proteins, we used thin gold nanostructures. The gold
nanostructures were fabricated by electron-beam exposure of positive-tone electron-
beam lithography resist and lift-off process. 3-nm-thick titanium layer was used as an
adhesion layer between a gold layer and a silicon substrate. The thickness of gold
nanostructures was 6 nm. To prevent the non-specific binding of the proteins to a un-
patterned surface, the surface of the substrate was coated by polyethylene glycol, which

is widely used as a passivation layer:33.
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4.3.2 Fluorescence imaging
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Figure 4-5. Fluorescence study of templated cortexillin. (a) SEM image of gold
nanodot arrays with various diameters and pitches. (b) Schematic diagram showing the
arrangement of the gold nanodot patterns shown in (a). (¢) Fluorescence micrograph of
gold nanodot patterns incubated with cortexillin, first antibody, and FITC-tagged

second antibody. (d) Fluoroscence intensity profile across the dotted line in (c).

We first demonstrated that the proteins can be selectively attached to a gold
nanostructure. Gold nanodots arrays with diameter ranging from 40 nm to 80 nm and
periodicity ranging from 100 nm to 250 nm were incubated with a solution of cortexillin
I272-352 for 3 hours and then incubated with a solution of anti-FLAG rabbit IgG antibody

(primary antibody) and anti-rabbit-IgG antibody (secondary antibody). The primary
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antibody would bind to the FLAG residues in cortexillin I.;»352, and the secondary
antibody, which has a fluorophore, would bind to the primary antibody. The substrate
was imaged using a conventional fluorescence microscope. Figure 4-5(a) shows SEM
image of the gold nanostructures and figure 4-5(b) shows schematic diagram showing
the arrangement of the gold nanostructures. Figure 4-5(c) shows the fluorescence
micrograph. Bright color yellow color represents strong fluorescence signal and dark
purple color represents weak fluorescence signal. The fluorescence signal was strong
around the gold nanostructures and letter made of a single column of gold
nanostructures with a diameter of 40 nm was visible. When the fluorescence signals
from gold nanostructure arrays with different diameters and pitches were compared, the
fluorescence signal was proportional to the surface area of the gold. This result shows
that the attachment of proteins to the gold nanostructures were mediated by specific

surface interaction.

4.3.3 Gap size measurement of templated cortexillin

Next, we used gold nanoparticles to observe proteins attached to the gold
nanostructures at single-molecular level. Substrate with gold nanodots with diameters
ranging from 70 nm to 100 nm were first incubated with cortexillin I.;»35. and then
incubated with Ni-NTA gold nanoparticles with a diameter of 5 nm. Then the sample
was rinsed by a buffer solution and dried by nitrogen gun blow. Figure 4-6(a) shows a
SEM image of the gold nanodots after the drying. As shown in Figure 4-6(a), the gold
nanoparticles were assembled around the gold nanodots with a non-zero spacing

between the sidewall of the gold nanodots and the gold nanoparticles. Figure 4-6(b)

126



shows a distribution of the size of the spacing. The average of the spacings was 9.2 nm,
which is slightly shorter than the expected end-to-end length of cortexillin I»72-350.
Instead, there was a pick at 14 nm, which is the expected end-to-end length of cortexillin

1272-352-
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Figure 4-6. Cortexillin templated by gold nanodots at room temperature and high
temperature. (a,c) SEM images of gold nanodots incubated with cortexillin and gold
nanoparticles at (a) room temperature; and (c) 80°C. (b,d) Histograms showing the
distribution of the gaps between the gold nanodots and cortexillin incubated at (a) room

temperature; and (d) 8o °C.
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We also tested the assembly of proteins at high temperature. When cortexillin Io7..352
was incubated with gold nanostructures at 80 °C, which was higher than the melting
temperature of cortexillin I,;2-352, the gold nanoparticles were assembled around the
gold nanodots with almost-zero gap, as shown in Figure 4-6(c). At temperature higher
than the melting temperature of a protein, a protein agglomerates and forms a globular
shape instead of maintaining its native 3-D structure. As a result, the gold nanoparticles
attached to the N-terminal of cortexillin I.;..;52 were assembled around the gold
nanodots with much smaller spacing. The average of the spacings was 5 nm, as shown in
Figure 4-6(d). There was no gold nanoparticles assembled around the gold nanodots

with a gap of 14 nm, when cortexillin I.7.-35 was incubated at 80 °C.

128



4.3.4 Gap size measurement of templated tropomyosin
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Figure 4-7. Native and C190A tropomyosin templated by gold nanodots. (a,c) SEM
images of gold nanodots incubated with (a) native tropomyosin and gold nanoparticles;
and (b) C190A tropomyosin and gold nanoparticles. (b,d) Histograms showing the
distribution of the gaps between the gold nanodots and (b) native tropomyosin; and (d)

C190A tropomyosin.

To further study how the proteins are assembled around the gold nanostructure (or to
gain insight about), we used a longer proteins, tropomyosin. When a native tropomyosin
was incubated with gold nanodots and gold nanoparticles, the gold nanoparticles were

assembled around the gold nanodots with a gap spacing of 10 nm, as shown in Figure 4-
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7(a,b). There was only few gold particles were assembled around the gold nanodots with
a gap spacing of 40 nm or around 40 nm, which is the expected end-to-end distance of
tropomyosin. When a mutated tropomyosin C190A tropomyosin, in which an internal
cysteine was replaced with alanine, was incubated with gold nanodots and gold
nanoparticles, the gold nanoparticles were assembled around the gold nanodots with
larger gap spacing, as shown in Figure 4-7(c,d). The average of the gap spacings was 21

nm, which is half of the expected end-to-end length of tropomyosin.

4.3.5 Higher control of the proteins by using gold trenches

To achieve the control of not only the placement but also the orientation of proteins, we
used gold trenches. The gold trenches were fabricated with same procedure used for
fabricating gold nanodots arrays. To test how the orientation of the proteins changes
depending on the width of the gold trenches, we fabricated two rectangular gold pads, in
which one gold pad is slightly tilted relative to the other gold pad. As a result, gold
nanotrenches with a trench width ranging from 40 nm to 100 nm was achieved. When
the gold nanotrench was incubated with C190A tropomyosin and gold nanoparticles, the
assembly of the gold nanoparticles changed depending on the width of the trench. As
shown in Figure 4-8(a), the gold nanoparticles were aligned at the center of the trench
when the trench width was 68 nm, which is slightly shorter than the expected end-to-
end distance of C190A tropomyosin. However, when the trench width was narrower
than 68 nm, gold particles were aligned at the center of the trench, instead their
positions were deviated from the center of the trench, as shown in Figure 4-8(b). When

the trench width was wider than 68 nm, the gold nanoparticles stick to the either side
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the the trench, as shown in Figure 4-8(c-e). To quantify the degree of alignement of the
gold nanoparticles at the center of the trench, we defined delta as the difference between
the gap spacing of the nanoparticles to the two sides of the trench. Figure 4-8(f) shows
the distribution of the delta depending on the width of the trench. The delta is o if the
gold nanoparticles are aligned at the center of the trench, and it is same to the trench
width, if the gold nanoparticles stick to the either side of the trench. As shown in Figure

4-8(f), the delta generally increased as the trench width increased.
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Figure 4-8. C190A tropomyosin templated by a gold trench. (a-e) SEM images of gold
trenches incubated with C190A tropomyosin and gold nanoparticles. The width of the
trenches are (a) 68 nm; (b) 63 nm; (c¢) 73 nm; (d) 78 nm; and (e) 88 nm. (f) Statistical
result showing how delta changed depending on the trench width. Delta was defined by

the difference of the gaps between a nanoparticle and two walls of the trench.
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4.3.6 Discussion

We demonstrated the placement control of proteins by using gold nanostructures and
two coiled-coil proteins. We used a cysteine residue of a protein to direct the attachment
of the proteins to gold nanostructures. By using a fluorescence microscope, we showed
that the proteins were localized around the nanostructures. We also observed an
individual protein with a SEM by attaching gold nanoparticles to the proteins. Finally,
we achieved more precise placement control of proteins by using a gold trench. The
placement control and visualization method developed in this program could be easily
applied to another proteins. We expect that the techniques developed in this program
could be used for studying biological phenomena at a single molecular level or

developing an ultra-sensitive biomedical sensors or devices.
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5. Summary and future direction

Topographic templates can be used for guiding the self-assembly of block copolymers to
produce complex nanoscale patterns. In our previous work, regular patterns were
achieved by using a polystyrene-b-polydimethylsiloxane (PS-b-PDMS) block copolymer
and topographic templates. We applied the similar approach to achieve long-range
ordered sub-10-nm line patterns by using a 16 kg/mol PS-b-PDMS block copolymer.
Template height and diameter effect on the orientation of the block copolymer was
studied. To achieve more diverse patterns, such as dot patterns with square symmetry, a
triblock terpolymer was used. By using topographic templates to control the self-
assembly of PI-b-PS-b-PFS triblock terpolymer, we achieved a long-range ordered dot
patterns with square symmetry. Also, to achieve more complex patterns, such as a dot-
line hybrid pattern, we cross-linked a solvent-annealed block copolymer film with
electron-beam exposure and performed a second solvent annealing with a different
annealing condition. By fine-tuning a topographic template array, we successfully

achieved a long-range ordered dot-line hybrid patterns.

Despite that the block copolymer self-assembly had been heavily studied, researchers
had yet to ascertain how to design nanostructures to achieve a desired target pattern
using block copolymers, because, more complex block-copolymer patterns required
similarly complex templates. As a result, a complex circuit-layout pattern over a large
area can only be achieved using a template with many different and non-periodic

features. To address this problem, we developed a modular method that greatly
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simplifies the template design. By developing design cells from a simple square grid of
single posts and concatenating the design cells, it was possible to design a template to
achieve a complex target pattern. This approach, template design based on a restricted
set of tiles with post motifs provides a way to achieve a target pattern of line segments
with bends and terminations from a relatively simple template. Several groups have
already demonstrated fabrication of simple bends or jogs by guiding block-copolymer
microdomains to follow a topographic or chemical template. However, no one has yet
combined arbitrary assemblies of dense bends and jogs in a single pattern, in large part

because no one knew how to design templates for such complex patterns.

The method shown in this thesis used a topographic template consisting of a square
lattice of posts with a restricted set of post motifs. Since a finite number of post motifs
are considered, block-copolymer patterns from all possible square geometry templates
with these post motifs can be studied. We used a sparse array of double posts
distributed among a dense array of single posts. One out of every nine single posts was
replaced with a double post. When this template was used to guide a 45.5 kg/mol PS-b-
PDMS block copolymer, the PDMS cylinders that assembled over double posts were
aligned parallel to the double post direction. However, the orientation of the PDMS
cylinders assembled over single posts depended on the orientations of the neighboring
four double posts. We first studied PDMS cylinders surrounded by two double posts and
found that termination or bend was formed depending on the orientations of the
surrounding two double posts. By applying these observations, we predicted the possible

block-copolymer patterns surrounded by four double posts. Each double post can be
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aligned along one of the two directions with 16 (24) combinations of the orientations of
the four double posts. These 16 combinations can be grouped into four nonequivalent
arrangements. On each arrangement, various block copolymer patterns were observed.
For a Y4, X2Y2, and XY3 post arrangement, the most frequently observed patterns
matched the predicted patterns and the reproducibility were 100%, 64%, and 60%
respectively. For an YXYX arrangement, the predicted pattern was not observed. When
the free energy of these five patterns were calculated by using a SCFT simulation, the
pattern observed with a lower count had a higher energy than the pattern found most
often. To demonstrate that patterns needed for components of integrated circuits (IC)
can be fabricated based on our rules, we fabricated an array of bends, one of the

essential components of an IC layout.

The key innovation is the use of a binary set of tiles that can be used to very simply cover
the desired patterning area. Despite the simplicity of the approach, by exploiting
neighbor-neighbor interactions of the tiles, a complex final pattern can be formed. The
vision is thus one of programmability of patterning by using a simple instruction set.
This development will thus be of interest to scientists and engineers across many fields
involving self-assembly, including biomolecule, quantum-dot or nanowire positioning;
algorithmic self-assembly; and integrated-circuit development. The specific strategy
(based on a binary set of tiles on a 3x3 grid of template posts) that we demonstrated is
only one of many possible such tiling strategies, and so we expect that this paper will
spark interest in finding new and optimum strategies for rule-based cellular approaches

to the directed self-assembly of block copolymers and other self-assembling material
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systems. This approach, starting from a degenerate template, adding a restricted set of
perturbations, and developing rules for all possible perturbation arrangements, could
potentially be applied to other self-assembling systems that can be templated by

topographic or chemical features.

We also showed that proteins can be attached to a metal surface through gold-cysteine
interaction. There have been many studies on patterning proteins in micron length scale,
but only few studies successfully showed protein patterning at the single-molecule level.
Also, in those studies, the details of the assembly of the proteins around the
nanostructures were not studied. Here, we used a cysteine residue of a protein to direct
the attachment of the proteins to gold nanostructures. By using relatively long and stiff
proteins (coiled-coil proteins), we studied how the proteins were assembled around the
patterned nanostructures. We also showed that higher control of the proteins can be
achieved by using more complex nanostructures, such as gold trenches. We believe that
the method developed in this study could be applied to diverse proteins and DNA

origami structures.
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6. Appendix

We developed an image analysis software to measure the area fractions of the block

copolymer grains. Here is the code of the software.

6.1 Image analysis code for measuring the area fractions of polymer grains

An Image analysis software was developed to measure the area fraction of polymer
grains formed on a patterned substrate. The program first transforms a SEM image of
PDMS patterns to a grey scale image and after that further processes the image and

measures the area fractions of polymer grains oriented along various directions.
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Figure 6.1 SEM image of PDMS patterns, greyscale version of the image, and image
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showing grains oriented along different directions with different colors.

The software was written with MATLAB and it consists of 5 m files. cylin_ test.m is the

main file and it has the filename of file to be analyzed as an input.

6.1.1 cylin_ test.m

function cylin_ test(filename)

x=[0:1:256];
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warning off all

close all

deltax=round(70/200%*128);

deltay=round(70/200*128/1.5);

image=imread(filename);
original_img=image;
original_img3(:,:,1)=original_img(:,:);
original_img3(:,:,2)=original_img(:,:);
original_img3(:,:,3)=original_img(:,:);
original_img3(:,:,:)=0;
original_img2=original_img3;

img=original_img;

pixel=zeros(1,size(img,1)*size(img,2));

k=0;

for i=1:size(img,1)
for j=1:size(img,2)
k=k+1;
pixel(1,k)=img(i,j);
end

end

first_max=o0;

first_min=o;

for i=90:255
if first_max==0;
if size(find(pixel(:,:)==i),2)>size(find(pixel(:,:)==i+1),2);

first__max=i;
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end
else
if first_min==0 && size(find(pixel(:,:)==i),2)<size(find(pixel(:,:)==i+1),2);
first_min=i;
end
end

end

image=img;
sum=uint32(img);
sum(:,:)=0;

num_ picture=0;

fori=-1:2
num_ picture=num_ picture+1i;

img=image;

temp=i;

img(find(img(:,:)<=first_min+temp))=0;
img(find(img(:,:)>first_min+temp))=255;

se=strel('disk’,1);

img=imclose(img,se);

img=imopen(img,se);

sum(:,:)=sum(:,:)+uint32(img(:,:));
[labeled,numObjects]=bwlabel(img,4);

end

temp=uint8(sum(:,:)/num_ picture);

image(find(temp(:,:)<60))=0;
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image(find(temp(:,:)>60))=255;
[labeled,numObjects]=bwlabel(image,4);
graindata=regionprops(labeled,'Area');
temp=labeled;

for i=1:numObjects
if graindata(i).Area<=20
temp(find(labeled(:,:)==i))=0;
end

end

board=zeros(size(labeled,1),size(labeled,2),10);
for i=1:size(board,3)
board(:,:,i)=labeled;

end

board(:,:,:)=0;

[labeled,numObjects]=bwlabel(temp,4);
graindata=regionprops(labeled,'Area");
temp=labeled;

figure;imshow(temp);

pause

temp2=temp;

colormap=zeros(14,3);
colormap(1,:)=[255 0 0];
colormap(2,:)=[0 255 0];
colormap(3,:)=[255 255 0];
colormap(4,:)=[0 176 240];
colormap(s,:)=[161 77 7];
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colormap(6,:)=[146 208 80];
colormap(7,:)=[255 153 204];
colormap(8,:)=[102 0 255];
colormap(9,:)=[204 0 204];

colormap(10,:)=[0 0 0];

temp(find(temp(:,:)~=0))=1;

for i=1:numObjects
[i numObjects]
temp=temp2;
temp(find(temp(:,:)~=i))=0;
xyc=cylin_test3(temp,deltax,deltay,5);

for j=1:size(xyc,1)

original_img3(xyc(j,2),xyc(j,1),:)=0;
original_img3(xyc(j,2),xyc(j,1),:)=colormap(xyc(j,3),:);

board(xyc(j,2),xyc(j,1),xyc(j,3))=1;

end

end

for i=1:size(board,3)
board(:,:,i)=remove_small(board(:,:,i));

end

for x=1:size(original_img2,2)
for y=1:size(original_img2,1)

for c=1:size(board,3)

if board(y,x,c)~=0; original_img2(y,x,:)=colormap(c,:); end
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end

end

end

result_filename=[filename 'i''."'t''i' 'f'];
imwrite(original_img2,result_filename,'tif');

area=zeros(size(board,3),1);

for i=1:size(original_img2,1)
for j=1:size(original_img2,2)
for k=1:size(board,3)-1
if original_img2(i,j,1)==colormap(k,1) && original_img2(i,j,2)==colormap(k,2)
&& original img2(i,j,3)==colormap(k,3)
area(k,1)=area(k,1)+1;
end

end

end
end
total_area=0;
for k=1:size(board,3)-1
total area=total area+area(k,1);

end
area_fraction=double(area(1:size(board,3)-1,1))/double(total_area)*100

area_fraction_filename=[filename 'a''."'d"'a' 't'];

dlmwrite(area_fraction_filename,area_fraction);
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6.1.2 cylin_test3.m

function xyc=cylin_test3(output,deltax,deltay,width)

[m n]=find(output~=0);
xy=[m n];
xyc=zeros(size(m,1),3);

xyc(:,1:2)=xy(:,1:2);

y1o=convolution(output,1,0,deltax,deltay,width);
yo1=convolution(output,0,1,deltax,deltay,width);
yi1=convolution(output,1,1,deltax,deltay,width);

y21=convolution(output,2,1,deltax,deltay,width);
y12=convolution(output,1,2,deltax,deltay,width);
yi13=convolution(output,1,3,deltax,deltay,width);
y23=convolution(output,2,3,deltax,deltay,width);
y31=convolution(output,3,1,deltax,deltay,width);
y32=convolution(output,3,2,deltax,deltay,width);

y(:,:,1)=y10;
y(:,5,2)=yo01;
y(:,5,3)=y21;
y(:,54)=y11;
y(:,5,5)=y12;
y(:,5,6)=y13;
y(:,,7)=y23;
y(:,:,8)=y31;
y(:,:,9)=y32;
z=y;

for i=1:size(m,1)
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x=xy(i,2);
y=xy(i,1);
maximum=o;
n=o0;
for k=1:size(z,3)
if z(y,x,k)>maximum;
n=Kk;
maximum=z(y,x,k);
end

end

xyc(i,1)=x;
xyc(i,2)=y;

if maximum>0.6

xyc(i,3)=n;

else
xyc(i,3)=10;
end

end

6.1.3 convolution.m

function convoluted_image=convolution(image,i,j,deltax,deltay,width)
[positive_filter,negative_filter, filter_size]=make_ filter(deltax,deltay,width,i,j);

positive_result=conv2(image,positive_filter,'same");

negative_result=conv2(image,negative_filter,'same');
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for x=1:size(positive_result,2)
for y=1:size(positive_result,1)
if positive_result(y,x)<negative_result(y,x)
positive_result(y,x)=negative_result(y,x);
end
end

end

convoluted_image=double(positive_result/filter_size);

6.1.4 make_ filter.m

function [positive_filter,negative_filter, filter_size]=make_ filter(deltax,deltay,width,i,})

ifi==1&& j==0
filter=zeros(width,deltax);
filter(:,:)=1;
positive_filter=filter;
negative_filter=filter;
elseif i==0 && j==1
filter=zeros(deltay,width);
filter(:,:)=1;
positive_filter=filter;
negative_filter=filter;
else
length=round((((i*deltax)”" 2+(j*deltay)"2)"(1/2)));
filter=zeros(width,length);
filter(:,:)=1;
positive_filter=imrotate(filter,180/pi*atan((j*deltay)/(i*deltax)));
negative_filter=imrotate(filter,-180/pi*atan((j*deltay)/(i*deltax)));

end
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[m n]=size(find(positive_filter(:,:)~=0));

filter_size=m*n;

6.1.5 remove_small.m

function output=remove_small(img)
se=strel('disk’,1);

output=imopen(img,se);

output=imclose(output,se);
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