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Abstract
Self-assembly of block copolymers (BCPs) is emerging as a promising route for numerous
technological applications to fabricate a variety of nanoscopic structures. The resulting feature
sizes range from a few to several hundred nanometers, and are readily tunable by varying the
molecular weights of block copolymers. Directed self-assembly of block copolymer is an effective
way to pattern periodic arrays of features with long-range order, to generate complex patterns, and
to multiplicatively increase the pattern density and resolution that are far beyond the limit of
conventional lithography. Despite of the significant progress in the area of directed self-assembly
in recent years, critical research problems regarding the dimension scalability toward sub-10-nm
regime and large feature sizes on hundreds of nanometers scale as well as the capability of
generating complex device-oriented patterns remain challenging.
In this thesis, BCP systems, including high-v BCPs that are capable of self-assembling into extreme
small and large feature sizes as well as those with more complex block architectures, are identified
and studied in order to understand how those materials may be processed and directed selfassembly to bridge the patterning size spectrum between nano- and micro-fabrication. Another
focus is placed on the scientific exploration of directed self-assembly of triblock terpolymers and
the investigation on the mechanisms that regulate the scaling and geometry of self-assembled
patterns. A comprehensive understanding about self-assembly of BCP thin films will enable
developing device-oriented geometries, manipulating BCPs phase behavior, and incorporating
new functional materials for a wider range of applications. In the meanwhile, optimizing the
processing condition of self-assembly of various BCPs is essential to confirm viability of the
directed self-assembly of block copolymers process in manufacturing.
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Chapter 1

1.1

Introduction

Thesis Overview

Novel fabrication techniques for nanostructures with desired functionality are driven by
the emergence of new advanced devices. Block copolymers (BCPs) have attracted considerable
interest because of their inherent beauty of spontaneous molecular self-assembly. BCPs can selfassemble into periodic nanostructures with size ranging from a few nm to hundreds of nm, due to
the thermodynamic segment-segment incompatibility between the blocks that are covalently
bound together." 2 The block copolymer itself can be functional, or its self-assembled features can
be used as a mask to pattern other functional materials in a simple process.' The dimensions and
the morphology of the self-assembled patterns are largely dictated by the volume fraction of each
block (/), the Flory-Huggins interaction parameter (X) and the degree of polymerization (N). As a
consequence, considerable tunability and scalability of self-assembled block copolymer patterns,
enabled by controlling the molecular characteristics and the polymer architecture, offer an
effective pathway for next generation nanolithography for sub-I 0-nm technology nodes as well as
other meso-scale patterning techniques.6-9

Many applications require the use of BCPs in thin film geometries, which would deviate
from bulk microphase-separated structure.' 0 The self-assembling behavior of BCP thin films are
influenced by the boundary conditions, such as the commensurability between the natural period
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of the morphology of BCP (Lo) and the film thickness, the copolymer/substrate and copolymer/free
surface interfacial interactions, and the surface energies of each block." Control over the
orientation and lateral ordering of microdomains is essential to fully realize the potential use of
self-assembled structures. Solvent vapor annealing and thermal annealing are the most common
methods that impart mobility to the BCPs systems and facilitate defect removal. To further enhance
the lateral ordering of BCP microdomains, directed self-assembly (DSA) of BCPs has been
developed, where the topographically or chemically patterned substrates are exploited to guide the
BCP self-assembly.' 2 DSA offers opportunities to create periodic/aperiodic nanostructures with
lower cost and high throughput. 3 The benefits of DSA also include strict control over the
microdomains, templating for multiple layers of patterns, as well as generating complicated
patterns induced by confinement effects.'3--1 While the strategies of fabricating long-rang lateral
ordering of the microdomains with dimension between 10-100 nm from self-assembly of BCPs
have been well developed, achieving microdomains in sub-10 nm and above 100-nm regimes
remain challenging. Moreover, the advances in synthesis of BCPs with more complex architectures
open intriguing questions regarding how these BCPs behave differently from conventional linear
diblock copolymers in the contexts of scaling and self-assembly.

Here, this thesis opens by presenting an overview of thesis content and the research
motivation in Chapter 1. The underlying physics of BCP self-assembly in bulk and thin film was
illustrated, followed by the introduction of mechanism of DSA using graphoepitaxial templates
and strategies of nanolithography via self-assembly of BCPs. Chapter 2 introduces the experiment
methods/tools used in this research work, including the experimental setups and mechanism of
solvent vapor annealing, In-situ grazing-incidence small-angle scattering characterization during
solvent annealing, plasma etching process, and lithography approaches. Chapter 3 describes the
kinetic study of a high segregation (high XN) silicon-containing BCP thin film self-assembly using
selective solvent vapor annealing and its application for pattern transfer into functional materials.
Chapter 4 demonstrates the self-assembly of bottle-brush copolymer (BBCP) with novel block
architectures, including the geometrical characteristics evolution during solvent annealing and the
self-assembly characteristics under confinement effect. Chapter 5 presents a method of imparting
superhydrophobicity to a surface through the self-assembly of PS-b-PDMS BCPs to produce a
surface with multilayer silica-like hierarchical nanoscale topographic patterns. Chapter 6 discusses
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bulk and thin morphologies as well as in-situ observation of 3 Miktoarm PI-arn-PS-arm-PFS
triblock terpolymers during solvent vapor annealing. Chapter 7 concludes the thesis and suggests
future works.
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1.2

Research Motivation
Nanopatterning techniques based on self-assembly of block polymer have been highlighted

as key technologies on the International Technology Roadmap for Semiconductors (ITRS) for the
next generation lithography since 2007. Over the past decade, advances in polymer synthesis, selfassembly process, microdomain alignment have allowed realization of nanopatterning with
resolution goes beyond conventional lithography limits. However, technology gaps exist in
fabricating sub-10 nm as well as hundreds of nanometer nanopatterns from the self-assembly of

BCPs.

The main driving force behind research on high-resolution patterning is the continuous
pursuit of smaller feature sizes by the semiconductor industry, as the device cost and performance
are strongly correlated to feature sizes. In the coil-coil BCPs, the period of the microdomains scales
with aNA 21 3X/ 6, where N is the degree of polymerization,

X the interaction parameter and a the

segment length. Producing small period patterns requires a small molecular weight BCPs, leading
to a decrease in the order-disorder temperature and eventually limiting the scalability of the pattern.
New materials and processes must be developed to lower the resolution limit. Higher Z BCPs allow
for lower values of N and thus formation of exceptionally small domains. High-X BCPs also
demonstrate a strong tendency to form microdomains with low defectivity and excellent line edge
roughness. The Si-containing block, polystyrene-block-poly(dimethylsiloxane) (PS-b-PDMS) not
only exhibits intrinsic highy characteristic but also an excellent etch selectivity. On the other hand,
the self-assembly of BCPs with feature sizes on the hundreds of nanometer scale is also in
demand". Much effort has therefore been dedicated to access large period patterns via high
molecular weight BCPs. However, the use of high molecular weight, high-X BCPs such as PS-bPDMS presents greater challenges because of the higher segregation strength (XN) compared to
lower-X linear BCP systems with a similar degree of polymerization.' 9 The resulting slow kinetics
of reorganization impede self-assembly despite a strong thermodynamic driving force for ordering,
and poorly ordered microdomains are produced.

20,2 1This

restricts the practical implementation of

simple, low-cost microfabrication using these high molecular weight BCPs. Hence, understanding
of kinetic behavior of high-X, high molecular weight BCPs with the aid of solvent vapor annealing
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technique helps the extension of BCP lithography to larger feature sizes on hundreds of nanometers
scale and provides a wider area of nanomaterial applications.

On the other hand, the merger of advanced polymer architectures with concepts from BCP
assembly offers numerous strategies to control the structure and composition of soft matter on the
nanoscale. 2 2 Janus-type "A-branch-B" BBCPs, featuring a polymerizable norbornene group at the
center of immiscible A and B domain, are particularly interesting due to their dense functionality,
high molecular weight, lack of entanglement, and large molecular size.. The backbone lies parallel
to the inter-material dividing surface instead of perpendicular to it. Therefore, removal of one
block leaves a robust structure if the backbone remained intact during etching. In contrast to the
conventional linear BCP systems with high molecular weight, the microdomain period scales with
the length of the side chains instead of the overall backbone length. Ultrasmall patterns are
fabricated from high molecular weight BBCPs, and the desired pitch of the patterns is controlled
by tuning the side chain length, which breaks the conventional XN limit. There are several studies
of BBCPs that showed strong tendency for other types of BCPs undergoing rapid and efficient
bulk phase separation. 3 24 ' 2 5 However, to date, the self-assembly and DSA of this Janus type "Abranch-B" BBCPs has not yet been studied.

Throughout last decade, the majority of work relevant to DSA has made use of coil-coil

diblock copolymers, including PS-b-PMMA, PS-b-P4VP, and PS-b-PDMS among many others.
While enormous process has been made to fabricate periodic nanostructures using diblock
copolymers, there has been little effort on the exploitation of multiblock copolymers, which can
form a more diverse range of nanoscale pattern geometries. We had previously reported templated
self-assembly of archimedean tiling and knitting patterns from 3-miktoarm star terpolymers;2 2- 8
and cylindrical core-shell morphology and square symmetric patterns from linear triblock
terpolymers. 29 3, 1 However, the triblock terpolymers self-assembly dynamic and self-assembly
behaviors in response to selective solvent annealing, surface functionalization, and confinement
effect have not yet been investigated. Additionally, there has been relatively little work on the use
of triblock terpolymers as lithographic templates for pattern transfer. The triblock terpolymers can
generate "three-colored" surface by its nature, which provides heterogeneous surface chemistry as
well as additional degree of freedom for etching. The resulting patterns can be used to guide
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functional materials into complex arrangements, which may not be easily obtained through diblock
copolymer systems.

We had previously conducted in-situ Grazing-incidence small-angle scattering (GISAXS)
measurement using a diblock copolymer PS-b-PDMS. This produced very good quality data due
to the high contrast between the organic PS and the Si-containing PDMS. The results validate the
effectiveness of the in situ experimental setup. The self-assembled feature spacing of PS-b-PDMS
was seen to increase and decrease as films were swelled and deswelled, respectively. A critical
swelling ratio was found to determine whether the film underwent detectable self-assembly,
identifying the order-disorder transition. Vertical spacing changed more than in-plane spacing as
film swells and collapses in the out-of-plane direction. Morphological transitions occurred due to
the competition between driving forces due to the solvent gradient and to surface wetting."
Triblock terpolymers PI-b-PS-b-PFS or PI- arm -PS-arm-PFS are promising candidates for the insitu scattering study. Measurement on a similar type of sample was conducted and were clearly
able to resolve the structure, due to the high contrast between the PFS with its Fe and Si
constituents, and the other blocks. Therefore, both the solvent annealing system to operate as
required and the data to show well resolved peaks suitable for subsequent analysis are expected.
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1.3

Thermodynamics of Block Copolymers
Block copolymers comprise two or more chemically distinct blocks covalently attached to

each other. The thermodynamics is governed by two opposing effects, the cnthalpic interfacial
energy between the blocks and the conformational entropy of polymer chain. The Flory-Huggins
theory is developed to express the free energy of mixing for a polymer solutions and polymer
The configurational entropy of mixing comes from the increased possibilities for placing

blends.

the center of mass of polymer chain and can be expressed as ASm = - k (

nA

In

qA

+ nB In

5B),

where k is Boltzmann constant, ni is the number of molecules of component i, 4 is the volume
fraction of component i. The energy of mixing, which opposes mixing, is AHm

- nA4BXkT.

Combining the entropy and enthalpy factors and dividing by the total number of lattice site n

=

nANA + nBNB, the general expression for the free energy of mixing per lattice site is obtained:

AGm

= 9PA

(

P

+-NlnP
kTkT-ln)A
NA
NB

+ (PA~HX

Polymer solution are mixtures of macromolecules (NB = N >> 1) with low molar mass
solvent defining the lattice (NA = 1), whereas polymer blends are mixtures of macromolecules of
different chemical components (NA >> I and NB >> 1). Phase separation is thermodynamically
favorable when gibbs free energy of mixing is greater than zero.

[EAD -

(EAA

+

In diblock copolymer A-B system, the X can be described by y = (Z / kT)

EBB)/2 1, where Z is the number of nearest neighbors per monomer, kT is the thermal energy, and
EAA , EBB,

and EAB are the interaction energies per monomer between A and A, B and B, and A and

B, respectively. The X value is a dimensionless measure of the differences in the strength of
pairwise interaction energies between A and B in a mixture. It represents the driving force for
microphase separation, and it decreases linearly with the temperature, which can be approximated
by the relationship: X = a/T +
contributions to

P where

a and

P arc

parameters for the enthalpic and entropic

X, respectively. The propensity for BCPs phase separation is determined by the

segregation strength of diblock copolymer expressed by XiV.

3

The disordered state, where the

polymer chains are intermixed as shown in Figurel.1a, tends to phase separate into ordered
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microdomains (Figure 1.1 b) when the segregation strength is above critical value for the orderdisorder transition (ODT). The temperature at which the phase transition occurs is referred to as
the order-disorder transition temperature

(TODT).

From the self-consistent field theory (SCFT), the

critical XN value (XN)ODT is 10.5 for a symmetric diblock copolymer, indicating a transition
between an ordered and disordered state when volume fraction of each block (1) equals to 0.5.4
At the weak segregation limit (10.5 < XN <12) of the ordered state, the interface between two
phases are diffusive as the segregation strength is Week. The microdomain period scales as N'2
Whereas in the strong segregation limit (XN >100), the width of the intermaterial dividing surface
scales with aX- 2

where a is the statistical segment length of diblock copolymer. The

equilibrium domain spacing of microdomains is Lo = aN 1 X"3 6 determined by the minimization
of enthalpic interfacial energy between the blocks and the maximization of conformational entropy
of polymer chain.

(b)

(a)

A

B

A

HIgherXN

f -ir

\

iA

-

Lower T

ordered state

disordered state

Figure 1.1 Schematic illustration of chain distribution in the (a) disordered state and (b) ordered

state of A-block-B diblock copolymer system.

Nonetheless, the phase behavior of A-b-B diblock copolymers is largely dictated by the

volume fraction of each blocks (/) and the Flory-Huggins interaction parameter between blocks
(x). As a result, the phase behavior of block copolymers is determined via a phase diagram depicted
the equilibrium microphase as a function ofXN andf
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As shown in Figure 1.2, the discrepancy between theoretical (Figure 1.2a) and
experimental (Figure 1.2b) phase diagram is due to the effects of the themal concentration
fluctuations that are not included in SCFT.
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Figure 1.2 (a) A-block-B diblock copolymer phase diagram calculated with self-consistent field
theory; (b) Phase diagram of poly(styrene-block-isoprene) obtained experimentally. 7 3 8

Depending on the composition, possible morphologies of sphere, cylinder, gyroid,
perforated lamellae and lamellae are produced, as depicted in Figure 1.3. Due to the chemical
junctions of each block chain located at the interface in between, the phase separation occurs on
the microscopic scale. The dimensions of microphase separated domains are therefore in the order

of the radius of the gyration Rs of each block chain (5-100nm).
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Spheres

Spheres
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Cylinders
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Figure 1.3 Various equilibrium morphologies formed by the self-assembly of A-block-B diblock
copolymer. Thef indicates volume fraction of one component."
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1.4

Block Copolymers in Thin Films
As discussed in the previous section, the thermodynamic equilibrium morphology of block

copolymers is determined by the chemical structures N andfof each block as well as the interaction
between the polymer chains X. However, the thin film morphology deviates from the equilibrium
bulk structure due to the effect of boundary conditions such as steric confinement and surface
energy fields." Among all the boundary conditions in thin films. interfacial interactions at
copolymer/substrate and copolymer/free surface interfaces and the commensurability between
film thickness and natural block copolymer period (L 1) are found to be primary factors dictating
the self-assembled thin film morphologies.

The total free energy of an AB diblock copolymer thin film can be expressed as a sum of
conformational entropy and enthalpic interaction energy. .BCPs self-assemble into non-bulk
morphologies and cause an entropy penalty, while the favorable surface energies overwhelm the
penalty, further reducing the total free energy of the system.4 ' Hence, the equilibrium morphology
of the block copolymer thin film can be theoretically predicted by minimizing the overall energy.
The main influence of interfacial energy on the BCP thin film morphology is the orientation of
microdomains. Copolymers are consisted of blocks with different chemical compositions and thus
different interfacial energies, leading to preferential wetting of interfaces. Figure 1.4 schematically
illustrates the lamella domains under different surface wetting conditions, assuming the films are
exposed to the air. Under symmetric wetting condition, one block has the propensity to wet both
copolymer/air and copolymer/substrate interfaces, domains parallel to the substrate are formed and
the interfaces are wetted by the domain composed with polymer having lower surface energy (y).
For example, if yB

>

yA at both interfaces, wetting layers of A block at interfaces are promoted

(Figure 1.4a). If the interfacial energy is asymmetry, e.g. YA> y at copolymer/air interface but yB
yA at polymer/substrate interface, a wetting layer of B block at polymer/air interface is formed
instead (Figure 1 .4b). On the other hand, the neutral interfaces, where the substrate and the free
surface are non-preferential against the polymers

(yA

= yB), will promote perpendicular orientation

of microdomains. For pattern transfer applications, perpendicularly oriented morphologies on the
thin film are preferable. To obtain perpendicular nanostructure, one can chemically treat the

substrate by grafting random copolymer 4 2 or adopt top-coat on the polymer/air interface43 to tailor
the wettability.

Another factor is the effect of commensurability between film thickness and Lo. In order to
maintain the intrinsic bulk domain spacing in BCP films subjected to solvent vapor annealing, the
swelled film thickness for in-plane oriented domains should obey the commensurability rule for
both symmetric and asymmetric wetting conditions as described in Figure 1.4.5,10.445 Under
symmetric wetting condition, commensurability is fulfilled if the swelled film thickness matches
nLo, where n is an integer.4 6 47 Likewise, asymmetric wetting leads to the commensurate swelled
film thickness quantized as (n + 0.5)Lo.4 1 When the substrate and the free surface are neutral
wetting, the domains are generally oriented out-of-plane, and thus there is no limit in the film
thickness. If the commensurability condition is not fulfilled, morphological transition and spatial
inhomogeneity in the film thickness such as macroscopic terraces or holes can be induced.

(c) Neutral

(a) Symmetric Wetting

(b) Asymmetric Wetting

YB/air > YA/air

YAair > YB/air

YB/air

YB1Sub > YAlsub

Yeisub =yAISt

YLsub > YAlsub

YA/air

Figure 1.4 The schematic cross-section of lamellae microdomain self-assembled from A-b-B
diblock copolymer on the thin film under (a) symmetric wetting, (b) asymmetric wetting, and (c)
neutral interfaces conditions.
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1.5

Directed Self-Assembly of Block Copolymers
The typical challenge of implementing self-assembly of BCPs in nanofabrication is the

elimination of its intrinsic defects as well as undesirable microdomain orientation. In order to
achieve long-range ordered, uniform self-assembled microdomains with desired orientation,
directed self-assembly (DSA) of BCPs is comm.only employed to enable two and three
dimensional periodic nanostructure formation. DSA integrates bottom-up self-assembly with topdown lithography to direct the orientation of BCP self-assembled microdomains with surface
patterns on the substrates generated. by conventional lithography, such as e-beam, ArF lithography.,
and I-line lithpgrpahy, which are discussed in Chapter 2 Research Methods. Topographically or
chemically patterned substrates have been reported to effectively guide the self-assembly of BCP
in the thin films." The surface interaction between polymer and substrate as well as the
commensurability between natural period of BCP (Lo) and template dimension are found to be
main factors dictating DSA.12,0-

5

In this thesis, the fabrication methods and the DSA mechanism

of graphoexpitaxy (2-D planar patterned substrate) are discussed in detail.

Commensuration of template lateral dimensions to LO allows formation of ordered
microdomains. Park et al. demonstrated alignment of lamellar microdomains of polystyreneblock-poly(methylmethacrylate) (PS-b-PMMA) with trench patterns, where the self-assembly
behavior depends not only on the film thickness of BCP, but also on the dimension of the
underlying trench? Cheng et al. demonstrated the control over the number of rows (N) of
polystyrene-block-poly(ferrocenyl dimethylsilane) (PS-b-PFS) self-assembled arrays of spherical
microdomains by the various trench widths (W).5 As illustrated in Figure 1.5, N rows of spherical
microdomains were formed when W = NLo with minimum free energy. When the width of the
trench W varied from W = NLo to W z (N+ 0.5)Lo, there is a transition in the number of rows from
N to N + 1 due to the change in the free energy.

In the DSA, the microdomains can be locally guided by the adjacent confinement. The
lateral ordering imposed by the trench sidewall initiates at the trench sidewall, and BCPs selfassemble into ordered features based on the geometry of templating features. Cheng et al.
demonstrated high placement accuracy in templating hexagonal arrays of spherical PFS
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microdomains using 2-D 600 sharp corner topographical patterns. 5 Chuang et al. achieved FCCpacked self-assembled spherical PFS microdomains in the V-groove topographical patterns instead
of BCC-packed microdomains, which is commonly seen in PS-b-PFS BCP self-assembly.5 6 On
the other hand, the confinement effect also allows for the formation of non-equilibrium
morphologies once the Lo of the corresponding morphology is commensurate with the trench
dimension.57

(b)

(a)

Figure 1.5 The PS-b-PFS self-assembled array of spherical microdomains in the parallel-sided
groves.54 (a) Top-down SEM images of N = 2~12 PFS microdomains. (b) The number of rows in
the grooves (N) as a function of confinement width (W). (c) The free energy of block-copolymer
system against the confinement width.

However, the ordering effect dampens for microdomains far away from the sidewall. It was
found that commensurability is important when the template lateral dimension is around 1OLo or
fewer.

8

Hammond et al. demonstrated that when the trench width is over I ym, the ordering is

decreased in the middle of the trench. When trench width fluctuation exists, the elastic nature of
BCPs allows 10% mismatch tolerance between template lateral dimension and Lo. 51 ,52

9

It was

found that the periods of the adjusted BCP microdomains inside the trenches are not uniform, with
the period being similar to Lo at the center while the period being less than Lo along the trench
sidewall due to the thickness variation and capillary effect during solvent vapor annealing.5 5
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Templates can be functionalized with random copolymer to have neutral interfaces60 or
with homopolymer brushes to have preferential interfaces to one block. Brush treatment also
improves ordering of microdomains. Jung et al. reported the change in BCPs ordering within the
trench by modifying the trench with no brush, with hydroxy-terminated polystyrene homopolymer
(denoted PS-OH), and with hydroxy-terminated poly(dimethylsiloxane) homopolymer (denoted
PDMS-OH).' The highest correlation length was observed with template functionalized with
PDMS-OH brush as shown in Figure 1.6, suggesting that PDMS-OH brush provides the lowest
surface diffusion barrier for self-assembly.

Figure 1.6 Top-down SEM images of PS-b-PDMS on the trench substrate. 46 (a) without brush, (b)
with PS brush, and (c) with PDMS brush treatment.

The coupling of interfacial interaction and steric confinement effect allows wider variation
in microdomain orientation and self-assembly geometry. Bai et al. reported a perpendicular PS-bPDMS mircrodomain alignment in the high aspect ratio trench, in which the trench floor was
deposited with platinum to generate relatively neutral surface to both blocks and the deep trench
sidewalls were functionalized to be preferential to minority block, as shown in Figure 1.7.4
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(a)

(b)

Pt

Figure 1.7 (a) Schematic and (b) experimentally demonstrate the DSA with high aspect-ratio
(width = 200nm, height = 400 nm) templates made of platinum-deposited trench floor and PDMSbrush coated sidewalls..

Other mechanism that affects DSA is the impact of kinetic flow of BCP from the mesa into
the trench. In the early stage of solvent annealing, the kinetic flow effect dominates and the
orientation domain is typically perpendicular to the trench sidewall. After the extension of
annealing process, the equilibrium parallel ordering is achieved. Kathrein et al. reported this
metastable ordering of BCPs perpendicular to the trench sidewall.

If the trench height is less than

the BCPs swelled thickness, the confinement effect is reduced since the BCPs would overflow
onto the mesa during solvent annealing.

The topographically guided BCP microdomains can be useful for applications such as
integrated circuit and memory fabrication,6 1 filtration," and energy devices." The fabrication of
various metallic nanostructures using BCP lithographic masks with graphoepitaxy has been
extensively explored. 65 '

More recently, fabrication of a fin field effect transistor (FinFET) was

achieved by using graphoepitaxy of lamellar-forming PS-b-PMMA diblock copolymers selfassembled in the HSQ trench patterns, showing great promise in solving key fabrication challenges
of advanced FET design. 6
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1.6

Nanolithography Strategies via Self-assembly of Block Copolymer
Nanolithography process is the key technological requirement for manufacturing of

semiconductor device and most biological applications. While the conventional top-down
lithography techniques are reaching intrinsic limits, BCP nanolithography is emerging as an
alternative bottom up nanopatterning technique for next generation lithography with its inherent
compatibility with a conventional wafer manufacturing process.6 7 71 Self-assembly of BCPs
provides periodic functional nanostructures (spheres, cylinders, or lamellae) with feature size of
tens to hundreds of nanometers. Topographically or chemically patterned substrates can be
exploited to implement DSA to achieve precise spatial control over self-assembled nanostructures,
as discussed in the section 1.5. There are serval advantages of DSA approach for nanolithography,
such as pattern density multiplication, feature size uniformity improvement, and pattern size
shrinkage.7 2 -77 IBM fabricated chemically patterned substrates for generating high density BCP
line patterns, described in Figure 1.8a.76 The positive-tone 193 nm photoresist gratings were
prepared by ArF immersion lithography to selectively mask areas of the substrates. A neutral layer
was then coated on top of the photoresist prepattern, followed by photoresist lift-off to generate
asymmetric chemical patterns for DSA. Finally, a lamellac-forming PS-b-PMMA BCP was spincoated and thermal-annealed to generate 25 nm period of PS gratings after PMMA removal with
oxygen RIE. Alternatively, asymmetric chemical patterns can be fabricated by pattern trimming
process, demonstrated by Liu et.al as shown in Figure 1.8b.7 5 Crosslinked PS stripes were
patterned on a silicon nitride thin film through ArF immersion lithography process, where the
exposed positive-tone photoresist were trim-etched and transferred into the underlying PS layer.
After applying neutral layer and subsequently rinsing off un-grafted brush polymers, a lamellacforming PS-b-PMMA was self-assembled on the patterned substrate, achieving pattern density
multiplication. In an analogous fashion to patterning using positive-tone photoresist, DSA
processes based on negative tone photoresist were also reported.76
Besides of density multiplication of grating patterns, pattern size shrinkage with DSA is
another practical application in device fabrication.74-77 In particular, contact hole shrinkage via
self-assembly of PS-b-PMMA has received a great deal of research attention industry. Yi et al.
reported that contact hole size can be effectively controlled by using cylindrical guiding templates
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with an industrial compatible process. Contact holes patterning for 22 nm SRAM devices and
random logic circuits were demonstrated, and the IC-layout relevant patterns were able to be
obtained through proper template designs, as presented in Figure 1 9.77
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(b)
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Figure 1.8 PS-b-PMMA pattern density multiplication by DSA based on (a) lift-off process
reported by Cheng et al. 74 and (b) pattern trimming process by Liu et al.7
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Figure 1.9 Contact hole patterning (ab) DSA-aware contact hole layout. (c) SEM image of
guiding templates patterned in silicon by e-beam lithography. The average guiding hole diameter

is 51.3 nm. (d) SEM image of PS-b-PMMA self-assembled inside the guiding patterns. The dark
regions are the of 22 nm contact holes, where PMMA cylinders were removed. The grey region is
the PS domain.77
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In the semiconductor or other electronic devices manufacture fields, precise control over
molecular dimensions, patterning positions as well as low defect tolerance are required. In
additional to the insertion of DSA approach, high-X silicon-containing or metal-containing
polymers and use of additives are emerging as materials with several advantages
78

nanofabrication.19-

for

First of all, enhanced x-parameter extends the range of achievable self-

assembled pattern scale and geometries and reduce the line-edge roughness, as illustrated in Figure
1.10.19,79,80 Jeong ct al., has shown highly tunable self-assembled patterns via solvent annealing of
a poly(2-vinylpyridine-b-dimethylsiloxane) (P2VP-b-PDMS) BCP. 79 By controlling the swelling
ratio and choices of solvent vapor, feature sizes of cylindrical patterns were varied from 6 to 31
nm, and the morphologies including spheres, cylinders, hexagonally perforated lamellae and
lamellae were attainable from the same BCP. Kim et al. reported self-assembled line patterns with
very low 3a line edge roughness forming from poly-(4vinylpyridine-b-dimethylsiloxane) (P4VP-

b-PDMS) BCP.80
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of self-assembled line patterns from P4VP-b-PDMS BCP.80

Moreover, the highly ordered self-assembled patterns can be exploited for etching mask to
transfer patterns to target materials for applications spanning in a variety of technological

fields.6381 " The incorporation of metallorganic or Si-containing in the blocks such as
polyferrocenylsilane (PFS) or polydimnethylsiloxane (PDMS) renders high etch selectivity between
blocks. After selective etching, the remaining block (e.g. oxidized PDMS or PFS) can be served
as robust mask for the following pattern transfer steps. Jung et al. and Tu et al. have previously
developed different pattern transfer techniques, including additive and subtractive pattern transfer
6 82
process, to pattern metal nanostructures from etching masks fabricated from PS-b-PDMS BCP. .

The schematic of different pattern transfer processes from PS-b-PDMS BCP mask to metal

nanostructures are briefly illustrated in Figure 1.11. In the damascene-like pattern transfer process,
Figure 1.1

metal
ta, material is deposited over the topographic templates (which are made by
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oxidized PDMS domains in our case), followed by planarization and mask removal through RIB,
leaving metal nanostructures with reverse contrast from the templates. In the lift-off process,
Figure 1. 11 b, a resist is deposited in between the mask and the substrate as a sacrificial layer, and
the mask patterns arc transferred to the sacrificial layer by RIE. After metal material deposition,
sacrificial layer was removed, leaving nanostructures on the substrate.

The major advantage of lift-off is the fact that etching is not required to reveal the target
materials, enabled a wide variety of materials being patterned by this method. While the additive
pattern transfer process offers inverse contrast of the mask pattern, subtractive pattern transfer
process, in which pre-deposited metal film under the mask is etched directly by physical sputtering
(e.g. ion beam etching), transfer the mask pattern directly to the metal materials.8 1 In this process,
the etching selectivity between materials is required, and the use of metallorganic or Si-containing
BCP is therefore particularly beneficial for subtractive pattern transfer. If needed, carbon can be
used as a conformal sacrificial layer between the BCP film and the target layer, as shown in Figure
1. 11c. The sacrificial layer provides higher resistance under argon ion beam etching and enhances
the achievable etch aspect ratio.
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(a) Damascene-like pattern transfer process

BCPfiIm deposition
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(b) Lift-off pattern transfer process
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Figure 1.11 Pattern transfer from a A-block-B cylindrical-forming BCP thin film. Schematic of
(a) damascene-like, (b) lift-off, and (c) ion-beam etching pattern transfer process.
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Chapter 2

Research Methods

This chapter highlights the main techniques that have been used in the research. In a general
process flow, block copolymers (BCPs) are spin-coated on the target substrates and subsequently
subjected to thermal or solvent vapor annealing in order to promote self-assembly. GrazingIncidence Small-Angle Scattering and filmetrics are used for in-situ stud during the annealing
process in order to reconstruct the pathway of self-assembly. To reveal the self-assembled
microdomain itself or to transfer the self-assembled microdomain to other functional materials,
which are deposited using magnetron sputter system, techniques used in pattern transfer processes
such as plasma etching, ion beam etching, and wet etching are introduced. To enhance the lateral
microdomain ordering, topographically patterned templates are fabricated by conventional
lithography methods.
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2.1 Introduction

Substrate

Brush Deposition

BCP Solvent Annealing

BCP Film Deposition

Plasma Selective Etching

Figure 2.1 Schematic of block copolymer self-assembly on top of a functionalized substrate and
subsequent plasma selective etching process. Here, in-plan cylinder microphase separation is
shown in the solvent annealed step. After the plasma treatment, the majority block is removed and
the minority block is revealed. The brush deposition step is optional.

Figure 2.1 schematically illustrates the general process flow for fabricating self-assembled
patterns in thin films of block copolymers on a silicon substrate. In order to control the substrate
surface energy, the substrates are spin-coated with hydroxyl-terminated homopolymer and are
subsequently baked at 170*C under vacuum (20 Torr) for 16 hours. Upon heating, the hydroxyl
groups react with the native oxide layer and are covalently bonded onto the substrate." 2 After
baking, the substrates are thoroughly rinsed in toluene to remove ungrafted polymer chains. The
thickness of the grafted brush layer is estimated to be 3 nm by optical ellipsometry. Next, a block
copolymer is spin-coated on the modified substrates with a specific film thickness, depending on
the polymer solution concentration and the spin speed. The film thickness is obtained from a
reflectometry system (FilMetrics F20-UV) by measuring the reflectance spectra of the BCP thin
film within a wavelength range of 300-1000 nm. To induce microphase separation, the BCP thin
film are solvent annealed in solvent vapor at room temperature. The swelled thickness of the BCP
films during solvent anneal is measured in situ, and the swelling ratio (SR) can be calculated as
the ratio of the swelled film thickness during solvent annealing to the initial film thickness. After
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the completion of solvent annealing, the lid of the chamber is slowly removed and the films were
dried within 30s at ambient temperature. The solvcnt-annealed BCP films are then subjected to
reactive ion etching (Plasma-Therm 790) to selectively etch one block and to reveal the selfassembled patterns. The etched BCP films are observed using a Zeiss Merlin high-resolution
scanning electron microcope (SEM) at 3kV.
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2.2 Solvent Vapor Annealing
Thin films of microphase-separated block copolymers forming long-range alignment of
lines, dots, rings and other geometries are necessary for fabricating nanosystems with a high degree
of complexity and functionality. However, the as-cast block copolymer thin film, which is
prepared from spin coating or dip coating from a polymer solution, is usually in a kinetically tapped
state consisting of disorganized micelles or microphase-separated

microdomains. Thermal

annealing, solvent annealing, or the combined annealing process are typically employed to drive
the block copolymer system into equilibrium and achieve a fine control over long-range ordering
of the self-assembled microdomains. In contrast with thermal annealing, where the BCPs arc
heated to temperatures greater than Ts but lower than their ODT temperature, solvent vapor
annealing effectively lowers the Tg of the block polymer system such that the BCPs can equilibrate
under ambient condition. Here, the experimental setups and the mechanism of solvent vapor
annealing are briefly described.

When the BCP film exposes to the solvent vapors, the dry BCP film is swelled by the
solvent molecules that incorporated into the film. The swelling ratio (SR, swelled thickness /initial
thickness) is dictated by the vapor pressure of the solvent, providing control over the relative
concentrations of polymer and solvent in the film. There are several effects of solvent annealing
on the BCP film. First, the swelling of the BCP film results in reducing in the Ts of block
copolymer system and effectively enhancing chain mobility for structural reorganization without
the danger of polymer degradation.- Second, solvent incorporation decreases the contact between
disparate blocks and lowers the effective interaction parameter to Xci= x(l- I0),- where X is the
interaction parameter of the dry film and

#h is

the volume fraction of solvent in the film, resulting

in a lower free energy barrier to the formation of well-ordered structures.6 Moreover, the variation
in Zetf during solvent annealing results in changes in effective volume fraction of the blocks and
period of the microdomains." Hence, a range of non-bulk morphologies can be produced in one
BCP by selective solvent annealing. 9

Increasing the annealing time allows greater solvent uptake until the film approaches
interphase equilibrium, i.e. the chemical potential of the solvent in the film equals to that of the
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solvent in the vapor phase. At the end of the anneal, evaporation of the solvent results in deswelling
of BCP film, which traps the swollen morphology as the glass transition temperature Ts of the
blocks increased above ambient temperature, except for the shrinking in the direction normal to
the substrate." The solvent evaporation rate is one of the crucial factors that determines the final
film morphologies. A fast quenching process often results in defective morphology, whereas a
slow evaporation process generally produces thermodynamic equilibrium morphology. 9 Figure 2.2
schematically illustrates the polymer chain confornation during the overall solvent vapor
annealing process.

-

solvent
molecules

As-cast

Swelling
Xeff = Al -

Quenching

ec)

Figure 2.2 Schematic diagram showing solvent vapor annealing process. The pink coils and green
coils represent two different polymer blocks. The blue dots and red dots represent different solvent
molecules, if binary solvent mixture is employed.

There are two types of experimental setups for solvent annealing process. In the closed
reservoir system (Figure 2.3a), the BCP film is supported above a reservoir of liquid solvent. The
solvent vapor pressure, which is controlled by the ratio of liquid solvent surface area to chamber
volume, 7 will gradually decrease during the annealing process (scaling approximately with time')
as the solvent evaporated. Another system for solvent annealing is the continuous flow system,"
including independently controlled streams of different solvent and inert gas as shown in Figure
2.3b. The BCP film placed in the chamber will be exposed to saturated solvent vapors produced
by bubbling inert gas through liquid solvents. By varying the volumetric flow rates of each stream,
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this system enables a fine control over the partial vapor pressures of the solvents at certain
temperature and provides a route to study the effect of partial pressure of solvents and
swelling/deswelling rate on the self-assembled morphology.

(a)

(b)
F(snetrks
Controller

Solvent

MR

MRC

Figure 2.3 (a) Closed reservoir system, (b) Continuous flow system for solvent vapor annealing.
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2.3 Plasma Etching
In order to create the nanolithographic template using BCP self-assembled patterns, etching
is needed to selectively remove one of the blocks relative to the other block(s). The two
fundamental etching processes are wet etching and dry etching. For wet etching, the wafer is
immersed in a bath of etchant to dissolve materials. Disadvantages of wet etching are disposal of
toxic waste and the undercutting caused by isotropic etch. Modem processes prefer anisotropic
etch, which produces sharp and well-controlled patterns that is critical for high-fidelity pattern
transfer. Reaction ion etching (RIE), as shown in Figure 2.4, operating between 10-3 and 10' Torr,
is one method of anisotropic dry etching combining the kinetic energy of the ions and ion-induced
chemical reactions. First, the plasma is initiated in the grounded vacuum chamber by applying a
strong RF (radio frequency) electromagnetic field to the electrode, creating reactive plasma by
oscillating the electric field and ionizing the gas molecules. The electrons struck on the DC isolated
sample platter develop large negative charge build-up, while the plasma itself develops slightly
positive charge resulting from a higher concentration of positive charge. The charge buildup
between two electrodes creates an electric field that accelerates ions toward the sample platter. The
ions are generated from the gas pumping into the chamber. The ions collide with the sample and
react chemically with the materials on the surface, forming volatile compounds that can be easily
pulled away from the chamber. The etching condition in RIE is controlled by chamber pressure,
RF power, gas flow ratios, and temperature. The type of gas used varies depending on the etch
process. Carbon tetrafluoride (CF4) and oxygen are commonly used gases for etching siliconcontaining blocks and organic blocks, respectively. The CF 4 does not etch Si directly. Instead, CF4
is ionized, excited, and dissociated in a plasma in order to produce highly reactive ions and radicals
such as CF3' and F. The fluorine atoms interact with Si or Si0 2 surface, creating Si-F bonds and
eventually releasing volatile SiF4 by-product: 4F

Si 4 SiF 4 or 4F + Si0 2 4 SiF 4 +

02.

RIE provides high etching selectivity and perfectly anisotropic etch process for various
types of materials, especially suited for etching organic/inorganic polymers. Transition metals are
difficult to be etched by the gas species in RIE. Ion milling, operating under 10 ' Torr, is therefore
used to transfer the BCP mask to the target transition metal materials. It bombards the sample with
energetic ions of noble gases such argon and removes materials from the substrate by ion
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momentum transfer. Though the ion milling provides highly anisotropic etch, it tends to display
lower etching selectivity.

+-

Electrode

+

Electrode

Plasma

Ar+

+

CF 3

-L-

Figure 2.4 Schematic diagram of mechanism of reactive ion etching (RIE).
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2.4 Fabrication of Topographical Templates

2.4.1 Topographical Templates Fabrication Process Flow
To enhance the correlation length of the self-assembled microdomains, a strategy of
graphoepitaxial directed self-assembly is employed, which integrates bottom-up BCP selfassembly with top-down conventional lithography." Fabrication of topographic templates can be
accomplished with maskless lithography techniques such as interference lithography and e-beam
lithography, which are described in detail in next sections. The general process flow is as followed:
First, the photoresist is spin-coated on the substrate with desired thickness. Organic positive-tone
PFI-88

photoresist

or

polymethyl

methacrylate

(PMMA)

3

or negative-tone

hydrogen

silsesquioxane (HSQ)1 4 are commonly used as resist in high-resolution patterning. The desired
topographical patterns are fabricated by exposure using lithography techniques. After development
and resist strip by use of oxygen plasma asher, the desired patterns are revealed. The developed
photoresist patterns can be further employed as the topographical templates with or without
transferring the patterns into the underlying film stack,15 16 followed by the deposition of BCP for
directed self-assembly process.

Target substrate00

Positive PR Deposition

Lithography exposure/
Development

PR Strip

Etching

Figure 2.5 Schematic diagram of topographical templates fabrication process flow. Here, positive
photoresist is used to pattern grafting patterns as an example.
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2.4.2 Interference Lithography
Interference lithography (IL) produces periodic patterns using the interference of the
coherent beams without using photomasks." A single coherent beam splits into multiple beams,
and the beams recombine with the original primary beam on the photoresist film on a substrate to
create a standing wave or periodic intensity pattern. The peak energy is absorbed by the photoresist
and the subsequent development reveals periodic I -D or 2-D arrays over large areas. The period
of linear arrays can be controlled by light sources wavelength and recombination angle. The most
widely used setup for IL is the Lloyd's mirror system with a 325 nm wavelength He-Cd coherent
light beam, which is easily configured to write patterns with periods ranging from 170 nm to
several microns. Another setup is achromatic interference lithography (AIL) system with a 193
nm ArF excimer laser.18 By using shorter wavelengths of the light source, IL can further extend
the resolution and produce high-quality sub-100 nm pitch patterns. Exposure of IL can not only be
used to fabricate chemically patterned surfaces as well as topographically patterned surfaces for
DSA application, but also to induce assembly of nanoparticles.'

9

2.4.3 Electron-beam Lithography
Another highly flexible method for fabrication of graphoepitaxial templates is electronbeam lithography (EBL), which is a direct-write, maskless, and high resolution lithography. 0
During the write, a focused electron beam controlled by a computer is exposed to the photoresist
on the substrate by primary, secondary, and backscattered electrons. Depending on the property of
the photoresist, i.e. a positive-tone or negative-tone resist, the exposed area can be removed or
leftbehind, respectively. The pattern size will be mainly influenced by beam dose, beam size,
proximity effect, and resist property. In comparison with IL, which produces limited periodic
structures, EBL is a standard technique to fabricate almost all desired 2D patterns with different
dimension on the same substrate. The patterned produced by EBL have comparably less line-edge
roughness, which is beneficial to the study the commensurability of a smaller molecular weight
BCP. However, EBL has relatively lower throughput and higher cost comparing to IL or
conventional photolithography.
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2.5 Grazing-Incidence Small-Angle Scattering

2.5.1 Grazing-Incidence Small-Angle Scattering Experimental Setup
Grazing-Incidence Small-Angle X-ray Scattering (GISAXS) technique has been widely
used to study soft matter systems, such as block copolymers, nanoparticles, and lipids, on the
molecular resolution in a nondestructive manner.2

2

The GISAXS scattering experiment, as

schematically shown in Figure 2.6,26 involving directing a highly collimated x-ray beam to reflect
off the surface of a flat substrate at a grazing-incidence angle (a1 ), typically is in the vicinity of
the critical angles. In Figure 2.6, the beam propagates along the spatial coordinate of x-direction,
the scattered beams are measured along the y-direction, and the sample surface normal is along
the z-direction. The main characteristics scattering features include scattered beams, specular
reflected beam, the Yoneda peak, and the direct beam. In the experiment, the direct beam and the
specular reflected beam are often blocked by a rod-like beam stop to prevent the detector saturation.
The scattered beams are collected by a two-dimensional detector in the y-z plane, and the scattering
features can be further analyzed to obtain the structural information about the sample of interest,
such as unit-cell parameter, geometry, orientation of nanoscale features, and spatial correlations at
both surfaces or surface-near interfaces.
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Figure 2.6 Schematic of the GISAXS measurement on a BCP thin film.26
The in-Situ GISAXS measurement during BCP solvent annealing experimental setup is
shown in Figure 2.7. Researches employing similar experimental setups have been previously
reported by Chavis et al. and Bai et aL 27

29

The BCP film is placed in a custom airtight annealing

reservoir, with one end connecting to a solvent vapor inflow tube and the other end connecting to
vapor exhaust tube. The Kapton windows on both sides of reservoir enables the incident and
scattered x-ray beams, and the quartz lid allows in-situ measurement of film thickness of block
copolymer films during the solvent annealing by a spectral reflectometry (FilMetrics), which is
installed above the annealing reservoir. Both the ,custom annealing reservoir and spectral
reflectometry are mounted inside the beamline sample chamber. The solvent mass flow controller
(MKS Inc., M100B) is connected to the annealing reservoir, enabling a stream of pure nitrogen
flow and independently controlled streams of nitrogen bubbled through different solvent liquids
to flow through the reservoir. The injected solvent vapor composition and partial pressure can be
controlled by regulating the volumetric flow rates (sccm). The individual stream of pure nitrogen
can be used to control the solvent absorption and desorption rate. The GISAXS measurements are
taken at a periodic increment of time to study the dynamics of BCP self-assembly. To avoid
polymer cross-link, the sample is translated slightly a certain amount of distance between each
measurement for each new exposure.
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.

Ml-

(c)

Figure 2.7 (a) Experimental set-up of In-Situ GISAXS study during BCP solvent annealing. (b)
Experimental setup inside the sample chamber in which x-ray passes through. (c) solvent annealing
reservoir compatible with solvent vapor flow-through, with one end connecting to solvent mass
flow controller and the other end connecting to exhaust fume hood.
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2.5.2 Grazing-Incidence Small-Angle Scattering Data Analysis
The x-ray scattered from the sample surface are collected by either a charged-coupled
device (CCD) detector or a hybrid pixel-array detector. The resulted experimental GISAXS
detector images can be calibrated into reciprocal space by measuring a silver behenate powder as
a calibration standard.2 8 The scattered data can be analyzed to obtain unit-cell lattice parameter in
both in-plane and out-of-plane, average grain size, and the fraction of in-plane and out-of-plane
oriented microdomains.

To determine a lattice parameter, horizontal or vertical linecuts, i.e. the intensity
distribution as a function of q, (or qz) at a constant q, (or qx), can be extracted from two-dimensional
GISAXS images. To determine an in-plane unit cell spacing from a structure in which the majority
of the microdomains are vertically oriented, horizontal linecuts along the Yoneda and the 1s'
scattering peak is needed. The results are fit with Gaussian function with a power-law background
in order to account for the diffuse scattering, producing the center position q, and the peak width
Aq. The unit cell spacing is therefore calculated to be:

27r
-

dX =

qx

The d. represents the cylinder layering distance, and the corresponding cylinder center-to-center
distance is calculated to be Lo = 2d,/'3 for ideal hexagonally packed cylinders. For a structure in
which the majority of the microdomains are horizontally oriented, the horizontal linecuts through
the l

Peak above the Yoneda is used to determine the q,, position, which gives the in-plane unit

cell spacing using the same equation.

On the other hand, the unit-cell spacing in the z-direction can also be obtained by
converting qz position into real space, yet the refraction-induced distortion of GISAXS has to be
taken into account to correct the peak position. First, the peaks in GISAXS data were fit to a simple
model of a Gaussian with a linear baseline. The center of the Gaussian peak was used to extract a
nominal q, value; that is, the q7 peak position in the detector space. This value must be shifted to
account for the refraction effects inherent to GISAXS geometry. In particular, an x-ray beam
incident upon a film (at angle O0) is refracted upon entering the thin film, and the scattering is
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refracted as it exits the film. The extent of the refraction depends upon these angles, and the
refractive index (for x-rays) of the film. We convert from detector q, into scattering angle (20,)
using k = 27r/A, where A is the x-ray wavelength:

20S= 2 sin- 1

[

The exit angle of the scattering (above the film horizon) is then Of = 20s - Oi. The amount of
refraction distortion is calculated through appropriate application of Snell's law:

Aqz = qz- 2k sin

1
[cos Of
1
rcos
-cos--L
+ -cos'ci
G
cos O
2
[cos6C

The true reciprocal-space peak position is then obtained by removing the refraction shift:

Q,

=

q, - Aqz. For the analysis of an in-plane aligned hexagonal lattice of cylinders (i.e. cylinder long
axes in the plane of the film), we cannot directly measure the peak at q, = 0, owing to the intensity
of the specular rod and the blocking of the beamstop. Instead, we measure a peak located at 600
with respect to the vertical. The

Q7

positions of these peaks are related by a factor of 2. Thus the

layering of cylinder rows can be computed using:

27r
dZ=2Qz
Moreover, the average grain sizes can be estimated by extracting the correlation length via
Scherrer peak width analysis on the linecuts. Generally speaking, a broad peak width corresponds
to a short positional-order correlation length, whereas a sharp peak indicates a long positionalorder correlation length. Lastly, the fractions of vertical- and horizontal-aligned microdomain
populations can be estimated by calculating the relative integrated intensities of the corresponding
peak profile after local background subtraction, because the peak intensity is linearly proportional
to the interaction between the x-ray beam and the given microdomain population. Noted that the
values of fractions of vertical-and horizontal-aligned microdomain populations are estimated in a
relative sense (i.e. not absolute population fractions) in order to demonstrate the trends of
microdomains reorientation.
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2.5 Magnetron sputtering System
The magnetron sputtering system used in the research is a load-locked magnetically
assisted alternating current sputter, capable of deposition thin films of conductors and insulators.
Figure 2.7 shows the schematic diagram of mechanism of magnetron sputter system. The main
chamber, which contains gas (e.g. argon), is pumped by a turbomolecular pump and an ion pump,
which maintain the chamber at base pressure in low range (10-

- 106

torr). Samples are mounted

on a rotating stage with variable rotation speed. An electric field is applied across the chamber and
it accelerates the electrons and ions toward the electrodes, and with sufficient applied field, these
species ionize other atoms. Under certain range of voltage and pressure, avalanche breakdown
occurs and the plasma is self-sustaining. The positively charged ions are accelerated by potentials,
enabling them to strike the target which is held at negative voltage and eject atoms through the
collisions of ions and the target. The targets are equipped with magnetrons, a set of magnets that
enables the confinement of the plasma and enhances the sputtering rate. The materials composed
of the target eventually get deposited on the substrate surface that are placed in proximity to the
magnetron sputtering cathode. The thickness of sputtered film is controlled by adjusting pressure
and power.

Conductive elements (e.g. metal species) are generally deposited via direct current (DC)
power supply, and insulators (e.g. oxide) can be deposited by using a radio frequency (RF) power
supply. To avoid charge build-up on the surface, RF AC power is superimposed over the DC target
bias. It is currently set up for layer-at-a-time deposition from single target, but also available for
sputtering from multi-targets. Deposition is done at room temperature, and the power supplies are
rated at tunable power output (Walt). Mixing gases input during the deposition is possible utilizing
two channels on the mass flow controller.
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Figure 2.8 Schematic diagram of mechanism of magnetron sputter system.
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Chapter 3

Morphology, Directed Self-assembly and

Pattern Transfer from a High Molecular
Polystyrene-block-Poly(dimethylsiloxane)

Weight
Block

Copolymer Film

Self-assembly of block copolymers with large feature sizes is inherently challenging as the large
kinetic barrier arising from chain entanglement of high molecular weight polymers limits the
extent over which long-range ordered microdomains can be achieved. In this chapter, the evolution
of thin film morphology from a diblock copolymer of polystyrene-block-poly(dimethylsiloxane)
exhibiting total number average molecular weight of 123 kg/mol is illustrated. The formation of
layers of well-ordered cylindrical microdomains under appropriate conditions of binary solvent
mix ratio, commensurate film thickness, and solvent vapor annealing time were demonstrate.
Directed self-assembly of the block copolymer within lithographically patterned trenches occurs
with alignment of cylinders parallel to the sidewalls. Fabrication of ordered cobalt nanowire arrays
by pattern transfer was also implemented, and their magnetic properties and domain wall behavior
were characterized. This work was published in Cheng et. al 2017 Nanotechnology 28 145301.1
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3.1 Introduction
Self-Assembly of block copolymers (BCPs) continues to attract significant interests as a
promising nanopatterning technique. Polystyrene-block-poly(dimethylsiloxane) (PS-b-PDMS) is
of particular interest among the linear diblock copolymer systems because of its intrinsically high
Flory-Huggins segmental interaction parameter (X ~ 0.14-0.26 at room temperature),""

2

which

leads to a large thermodynamic driving force for segregation between the chemically disparate
blocks. High-X BCPs demonstrate a strong tendency to form microdomains with low defectivity
as a result of defect annihilation driven by free energy minimization.'

4

The edge roughness is

believed to be related to the width of the intermaterial dividing surface, which scales with X-_2

2s

Sharp interfaces between microdomains and therefore low edge roughness of the self-assembled
patterns can be produced from BCPs with high X values.'

6

Furthermore, the PDMS block, where

the Si-O bonds constitute the backbone of the polymer, exhibits excellent etch contrast against the
polystyrene block and can be converted into robust silica-like nanostructures upon oxygen plasma
etching.'" The remaining patterns have been adopted as a durable nanolithography mask for pattern
transfer to manufacture nanowires or dot arrays with scalable feature sizes. 18-22

Although BCPs with ultra-small period have received most attention as lithographic
features shrink following Moore's law, the self-assembly of BCPs with feature sizes on the
hundreds of nanometer scale is also in demand for applications such as photonic crystals, solar
cells, and desalination membranes. 23

24

The equilibrium domain spacing is Lo ~ aN2 3 X 1/6

according to strong segregation theory, where a is the statistical segment length.2 5 The period of
the microdomain arrays formed from the self-assembly process, and the period of the fabricated
nanostructures, is therefore dictated primarily by the overall degree of polymerization N of the
block polymer, which is proportional to the molar mass. Much effort has therefore been dedicated
to access large period patterns via high molecular weight (MW) BCPs. Kim et al. demonstrated
the formation of perpendicularly oriented lamellae with a period of 200 nm in high-MW (total
number average molecular weight, M= 256 kg/mol) polystyrene-b-poly(methyl methacrylate)
(PS-b-PMMA) films on a neutral substrate by solvent annealing sequentially combined with
thermal annealing. 2 6 Urbas et al. exploited an approach of blending a low-MW homopolymer with
high-MW polystyrene-b-polyisoprene (PS-b-PI, Mn = 391 kg/mol) to swell the assembled lamellar
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microdomain to a period of 140 nm and tune the bandgap across the visible light spectrum by
adjusting the amount of homopolymer for photonic crystal applications. 27 Other methods such as
compression-aided annealing, 28 thermal annealing in the presence of carbon dioxide, 29 and
adoption of nonlinear macromolecular architectures 3 0 have been proposed to surmount the
limitations in the self-assembly of high-MW BCPs. However, the multi-step annealing process,
prolonged annealing times, and the possible enhancement of defect formation due to the
immiscibility of additives with the BCP host or the gas removal restrict the practical
implementation of simple, low-cost microfabrication using these high-MW BCPs.

The use of high molecular weight, high-X BCPs such as PS-b-PDMS presents greater
challenges because of the higher segregation strength (XN) compared to lower-X linear BCP
systems with a similar degree of polymerization.31 The resulting high order-disorder transition
temperature, low diffusivity and slow kinetics of reorganization impede self-assembly despite a
strong thermodynamic driving force for ordering,32

33
,

and poorly ordered microdomains are

produced. This limits the applicability of such materials in lithography. We previously reported a

variety of thin film morphologies of a bulk-gyroid PS-b-PDMS with molecular weight of 75.5
kg/mol (SD75) and bulk periodicity of 61 nm.3 ' The exceptional degree of solvent-induced
controllability over the morphology of this relatively large molecular weight BCP provided a
motivation to pursue further investigations of the solvent annealing of high-X BCPs with even
greater molecular weight. Here we demonstrate long-range ordered periodic cylinder patterns from
PS-b-PDMS with total number average molecular weight of 123 kg/mol enabled by selective
solvent casting and solvent vapor annealing. The effect of the solvent annealing time, film
thickness commensurability, and solvent mix ratio on the self-assembly kinetics and morphology
was studied, and directed self-assembly by graphoepitaxy was demonstrated. The patterns were
used for the fabrication of arrays of cobalt lines, and their magnetic properties were characterized.
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3.2 Experimental Methods
A cylinder-forming PS-b-PDMS (labeled SD123) with total number average molecular
weight of Mn

=

123 kg/mol with PDMS volume fractionfPDMS

=

0.38 (weight fraction of PDMS

was equal to 0.35 as calculated by proton nuclear magnetic resonance spectroscopy) was prepared
by anionic polymerization. 3 7 The molecular weight of SD123 used in the experiment was measured
from size exclusion chromatography (SEC). The average molecular weight of PS and PDMS were
85 kg/mol and 38 kg/mol, respectively. The molecular weight of styrene monomer (Mst) and
dimethylsiloxane monomer

(MDMs)

are 104 g/mol and 74 g/mol, respectively. Therefore, the

overall degree of polymerization of SD123 can be calculated from the equation: N = Nps +
=

Mn(PS)

Mst

+

Mn(PDMS) =
MDMS

PDMS isX

NPDMS

1514. Given the Flory-Huggins segmental interaction parameter of PS-b-

0.26 at room temperature 38 , the overall segregation strength XN ~ 394 at room

temperature. The number average molecular weight and polydispersity of the copolymer and the
homopolymers were measured by a combination of size exclusion chromatography and membrane
osmometry. Table 3.1 summarizes the molecular characteristics of SD123.

Table 3.1 Molecular Characteristics of PS-b-PDMS 123 kg/mol
Sample

Mn(PS)
kg/mol

Mn(PDMS)
kg/mol

Mn(Tota')
kg/mol

I(total)

f(PDMS)
kg/mol

(I(PDMS)a
v/v

XN

PS 85-b-PDMS 38

85

38

123

1.05

0.30

0.33

394

aVolume

fraction calculated based on 'H-NMR values
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PS-OH Brush
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SD123 BCP film
Deposition
oxidized PDMS

PS

BCP Solvent Annealing

Plasma Selective Etching

Figure 3.1 Schematic of block copolymer self-assembly on top of a PS-OH functionalized
substrate and subsequent plasma selective etching process. In the solvent annealed step, the PS is
shown in light green and the PDMS in pink. After the plasma treatment, the resultant oxidized
PDMS patterns are shown in red.

Figure 3.1 schematically illustrates the process flow for fabricating self-assembled patterns
in thin films of PS-b-PDMS. Silicon wafers with native oxide layer were used as substrates. First,

the substrates were spin-coated with hydroxyl-terminated polystyrene brush (Mn = 7 kg/mol,
polydispersity index (PDI) = 1.1, denoted as PS-OH, Polymer Source, Inc) and were subsequently
baked at 170 *C under vacuum (20 Torr) for 16 hours. Upon heating, the hydroxyl groups reacted
with the native oxide layer and were covalently bonded onto the silicon substrate.35 3. 6 After baking,
the substrates were thoroughly rinsed in toluene to remove un-grafted polymer chains. The
thickness of the grafted brush layer was estimated to be 3 nm by optical ellipsometry.

SD123 was spin-coated from a 2.5 wt% solution in toluene on the modified silicon
substrates at various spin speeds, resulting in film thickness ranging from 50 nm to 90 nm. The
film thickness was obtained from a reflectometry system (FilMetrics F20-UV) by measuring the
reflectance spectra of the BCP thin film within a wavelength range of 300-1000 nm. To induce
microphase separation, the BCP thin films were solvent annealed by a binary mixture of solvent
vapors with various compositions (vapors were produced from toluene:heptane volumetric
mixtures in ratios of 1:0, 5:1, 3:1, 1:1) at 298K for different annealing times varied from 3 hr to
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24 hr. Solvent vapor annealing was performed in a 30 cm) glass chamber filled with 6 ml of liquid
solvent mixture, with samples supported above the liquid surface and the lid loosely covering the
top of the chamber. The vapor pressure gradually decreased during the 3-hr to 24-hr annealing
process (scaling approximately with time-') as the solvent evaporated. The swelled thickness of
the BCP films during solvent anneal was measured in situ, and the swelling ratio (SR) can be
calculated as the ratio of the swelled film thickness during solvent annealing to the initial film
thickness. After the completion of solvent annealing, the lid of the chamber was slowly removed
and the films were dried within 30s at ambient temperature.

PDMS microdomains formed in a PS matrix during annealing, with a thin wetting layer of
PDMS forming at the film/air interface as a result of the lower surface energy of the PDMS block."
The solvent-annealed BCP films were then subjected to a two-step reactive ion etching (PlasmaTherm 790) composed of 50 W CF 4 plasma at 15 mTorr and 90W 02 plasma at 6 mTorr to remove
first the PDMS wetting layer on the surface and then to selectively etch the PS matrix, leaving
oxidized PDMS cylinders on the substrates. The etching rate of the PS domains in 02 plasma is
estimated to be 0.75 nm/s. In the thin film morphology study, 5 see CF 4 and 30 see 02 plasma
etching process were chosen to reveal the self-assembled morphology and to allow clear contrast
between two domains in scanning electron microcope (SEM). For the pattern transfer process, an
extended 02 plasma time (60 see) was employed to completely remove the PS domains and to
transfer the pattern through to the underlying substrate. The etched BCP films were observed using
a Zeiss Merlin high-resolution SEM at 3kV.
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3.3 Bulk Morphology of PS-b-PDMS 123kg/mol
A drop-cast sample, prepared by dissolving in toluene solution, slowly evaporated for 72
hr, and plasma etched, was obtained as a reference state, showing 45 nm diameter PDMS
cylindrical microdomains with 90 nm period near the surface (Figure 3.2). Figure 3.3 summarizes
the periodicities of cylinder-forming PS-b-PDMS systems with different number average
molecular weight from SD123 and our prior work. The approximately linear relation verifies the
scaling law, in which the microdomain period should scale with the 2/3 power of the degree of
polymerization N for block copolymers composed of flexible chains, and N scales with the
molecular weight of the BCP if the volume fraction remains constant. The plot shows that the
period of the microdomains is predictable from equilibrium theory and can be used to alter pattern
size in practical applications.

Figure 3.2 The morphology of the drop-cast film consisting of 45 nm diameter PDMS cylindrical
microdomains in a PS matrix with period of 90 nm. The PDMS microdomains appear brighter.
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Figure 3.3 Period of cylinder microdomain (LO) as a function of the 2/3 power of the molecular
weight of PS-b-PDMS (SD). From left to right data point from our experimental results: Lo, SD6 =
12 nm, Lo, SD8.5 = 13 nm, Lo, SD12.5 = 14 nm, Lo, SD16 =17.8 nm,40 Lo, SD45 = 35 nm, 4 1 Lo, SD75= 61
nm, 34 and Lo, SD123 = 90 nm, where the subscript indicates the number average of molecular weight.
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3.4 Thin Film Morphologies of PS-b-PDMS 123kg/mol

3.4.1 Thin Film Morphologies as a Function of Annealing Time
The effect of annealing time on the morphology of thin film SD123 is reported in Figure
3.4. Films (Figures 3.4a-d) with as-spun thickness of 80 nm were solvent annealed in a chamber
with a vapor from a toluene:heptane liquid mixture in a 5:1 volumetric ratio at 298K for Ohr, 3hr,
and 12hr, respectively. Previous studies have shown that vapors from a liquid mixture of 5:1
corresponding to toluene:heptane by volume produced a neutral swelling condition, i.e. PS and
PDMS swelled to approximately the same swelling ratio.'

The swelling ratio of the samples

was tracked in situ (Figure 3.4e). It increased dramatically during the initial 3 minutes and then
reached a saturation swelling ratio of 2.68 which was maintained throughout the annealing process.
At the end of the anneal, deswelling trapped the swollen morphology as the glass transition
temperature Tg of PS increased above ambient temperature. Tg is around 100 'C for the dry BCP
and decreases with swelling.

The morphological transitions from the as-spun disordered configuration to ordered
cylinder structures are observed as a function of solvent vapor annealing time. Figure 3.4a presents
the kinetically trapped state of an as-spun thin film from toluene solution, with poorly organized
PDMS microdomains. After 3 hr annealing, stacked short PDMS cylinders were observed, Figure
3.4b. With a further increase of the annealing time, the alignment of the cylinders is improved and
they form discontinuous or defective features. The best ordering was acquired at 12 hr annealing,
producing largely bilayer cylinders with the cylinders in the upper layer offset between the
cylinders in the bottom layer (Figure 3.4c). The bilayer structure was identified by the different
contrast of the top and the bottom layers of the PDMS microdomains, with the top layer appearing
brighter. However, ordered monolayer cylinders were also observed in some regions (Figure 3.4d),
which results from terrace formation of the bilayer structure, showing that the average film
thickness was slightly too low to form a bilayer across the entire sample. Figure 3.5 indicates the
transition between bilayer cylinders and monolayer cylinders. Similar phenomena of the formation
of ordered bilayer cylinders (Figure 3.6d) and the regional formation of monolayer cylinders
occurred when the annealing time was extended to 24 hr.
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Figure 3.4 Time evolution of PS-b-PDMS 123k self-assembled morphology. Top-down SEM
images were obtained from samples with as-spun thickness of 80 nm solvent annealed in a chamber
with a vapor from a toluene-heptane 5:1 volumetric ratio mixture at 298K for (a) Oh; (b) 3h; (c),
(d)12h. Ordered morphologies of (c) bilayer and (d) monolayer cylinders were both observed in
the 80 nm film annealed for 12h. (e) The in situ swelling ratio (SR, swelled thickness /initial
thickness) vs. solvent vapor annealing time. The film reached SR = 2.68 within 3 minutes. After
24 hours solvent annealing, the chamber lid was slowly removed and the film deswelled
completely in 30 seconds.
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Figure 3.5 Transition between monolayer cylinders to multilayer cylinders obtained from BCP
film with as-spun thickness of 80 nm. The sample was solvent annealed under vapor from
toluene:heptane 5:1 volumetric ratio mixture at room temperature for 12 hr. The multilayer
structure was identified by the contrast of different layers. The similar results were also observed
in the 80-nm film annealed under vapor from toluene:heptane 5:1 for 24 hr.

The poorly organized morphology observed at the early stages of the annealing process can
be explained by the low diffusivity of the highly entangled polymer chains. For both symmetric
and asymmetric block copolymers, the self-diffusivity decreases rapidly with increasing chain
length, scaling as exp(-(XN)." The dramatic change in the conformation after extended solvent
annealing as shown in Figure 3.4c and Figure 3.4d can be interpreted as a result of enhanced
reptation dynamics of the less entangled chains and the decrease in the effective Xparameter eff
during the casting process. Solvent incorporation decreases the contact between PS and PDMS
blocks and lowers the effective interaction parameter toXeff=X(parameter of the dry film and

's)

45 4 6

' , whereX

is the interaction

#P, is the volume fraction of solvent in the film, resulting in a lower

free energy barrier to the formation of well-ordered structures. 47 The formation of regional
monolayer or bilayer structures (terraces) can be explained by the diffusion over macroscopic
distances 48 during long annealing times, caused by the incommensurate swelled thickness
compared to the film thickness required to form uniform bilayer cylindrical microdomains. This
implies an upper bound to the solvent annealing time in order to avoid dewetting and eventually
coarsening into the bulk morphology. 49
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3.4.2 Thin Film Morphologies as a Function of As-cast Film Thickness
The thin film morphology deviates from the bulk structure due to the effect of boundary
conditions such as steric confinement and surface energy fields.50 In particular, commensurability
between the swelled film thickness and the block copolymer period (Lo) is found to be essential to
produce a well-ordered self-assembled

morphology. 6,34 ,I, 52 To illustrate the role of film

thicknesses, Figures 3.6a-e show top-down SEM images of etched films with different as-cast film
thicknesses, annealed under a vapor from a toluene:heptane mixture with 5:1 volumetric ratio for
24 hr at 298 K. It is evident that the samples with as-spun film thickness of 55 nm and 80 nm
(Figure 3.6b and Figure 3.6d) produced the best ordering. The mean period of the pattern and the
line width were 86 nm and 40 nm, respectively. The film with 50 nm as-cast thickness showed a
fingerprint pattern consisting of a monolayer of short cylinders, whereas well-ordered monolayer
cylindrical microdomains were achieved at initial film thickness of 55 nm (Figure 3.6b). As the
film thickness increased to 70 nm, the morphology appeared as a poorly-ordered mixture of single
and double layers of cylinders. For thin film with 80 nm as-cast film thickness, bilayer cylindrical
microdomains were formed parallel to the substrate, as shown in Figure 3.6d. A gyroid-like
multilayer porous structure was produced at as-cast film thickness of 90 nm. The upper layer
consisted of mixed morphologies, including lamellae, perforated lamellae, and cylinders,
interconnected with underlying features, suggesting that the formation of a single morphology is
frustrated by the incommensurate film thickness.

In PS-b-PDMS, the asymmetry of surface energy (y) between PS (yPs- 40.7 mN/m) and
PDMS (yPDMS- 20.4 mN/m) 53 is expected to promote a thin PDMS wetting layer at the air/polymer
interface. 54

55

When the air-polymer and polymer-substrate interface are attractive to the same

block (symmetric wetting), commensurability is fulfilled if the swelled film thickness matches nLo,
where n is an integer.3 9,56 In our experiment, the substrates were functionalized with a PS brush,
leading to asymmetric wetting where the commensurate swelled film thickness is (n +1/2)Lo.3 6
This structure is shown schematically in Figure 3.6f and is found to be in quantitative agreement

with the films forming monolayer (Figure 3.6b) and bilayer (Figure 3.6d) cylindrical
microdomains from 24-hr solvent annealing. A monolayer of cylinders was obtained from the film
with dry thickness of 55 nm that swelled to 2.68 times its initial thickness = 147 nm. This is slightly
larger than the commensurate thickness of 1.5Lo = 129 nm predicted to form a single layer of
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microdomains. The mainly bilayer morphology corresponded to the film with dry thickness of 80
nm which swelled to 214 nm, similar to 2.5Lo = 215 nm.

(a) TH K=50 n m(b)

(c) THK=70 nM

TH K=55 n

200 m

Mf

(d) TH K=8o n m

+

PS

PSweting layer

Figure 3.6 The self-assembled morphologies of PS-b-PDMS 123k films with various initial film
thickness. Top-down SEM images were obtained from samples with as-spun thickness of (a) 50
nm; (b) 55 nm; (c) 70 nm; (d) 80 nm bilayer region; (e) 90 nm, solvent annealed in a chamber with
a vapor from a toluene:heptane 5:1 volumetric ratio mixture at 298K for 24 h. (f) Schematic crosssectional self-assembled structure of PS-b-PDMS 123k film on PS-functionalized substrate. n is
an integer, here n=1. The 3-nm PS-OH brush layer on the native silicon oxide substrate is shown
in light blue, leading to a majority-attractive surface wetting condition.

In a block copolymer film with thinner film thickness, solvent molecules can fully
incorporate into the film more easily than a film with higher film thickness. Additionally, there is
an error range of swelling ratio during solvent vapor annealing. These may be the reasons why the
real-time swelled thickness of a 55-nm film is slightly higher than the theoretical swelled thickness
yet it still generates perfect monolayer domains. In general, thinner films are less stable against
57
thermal fluctuations (amplification of capillary waves driven by spinodal decomposition),

58

which leads to film rupture and dewetting by the growth of a surface instability in order to
minimize the free energy of the system." For the 55-nm film, though it is a commensurate
thickness, it is less stable against extensive solvent vapor annealing process with high degree of
swelling, and areas of small hole formation were locally observed. To circumvent these issues,
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topographically patterned substrates, as described in Section 3.5. can be exploited to inhibit the
macroscopic morphological changes induced by capillary-driven surface diffusion so as to fully
realize the potential use of self-assembled BCP thin films.

3.4.3 Thin Film Morphologies as a Function of Solvent Vapor Composition
A range of microphase-separated

structures different from the equilibrium bulk

morphology can be obtained by solvent annealing with various compositions of block-selective
solvents.

425 9 60

, , To illustrate this, a binary solvent composed of a PDMS-selective solvent (heptane,

with solubility parameter

6

hep=15. 3 MPa" 2) and a PS-selective solvent (toluene , Stoi =18.3

M~a12)61 was used to anneal samples with initial film thicknesses of 55 nm and 80 nm for 24 hr
and 12 hr, respectively. As the fraction of heptane in the vapor increased, the effective volume
fraction of PDMS in the swelled film increased. Figures 3.7a-d present the morphology of 55 nm
as-cast films annealed for 24 hr as a function of the volumetric ratio of toluene (T) to heptane (H),
and Figures 3.7c-h present the evolution of films with 80 nm as-cast film thickness annealed for
12 hr. The corresponding swelling ratios are presented in Figure 3.8.

(a)T:

2.3, TH K=80nm
nm
(g) TH 3:1, SR

(h) T:H

1:1, 5R

2.1, THK=80
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c : :,S=.,TK=55 nm
2.7, TH K = 5n
(b) T:H =5:1, SR
=:0 S=.4,TH =5 ma*

1:

(d) T:H

=2.1, TH K SS5 nm
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Figure 3.7 The effect of solvent composition on the self-assembled morphology of SD123.Topdown SEM images were obtained from samples with as-spun thickness of (a)-(d) 55 nm, (e)-(h)
80nm, solvent annealed in a chamber with various toluene:heptane (T:H) volumetric ratio mixture
at 298K for (a)-(d) 24 hr, (e)-(h) 12 hr. T:H volume ratios used here are (a,e) 1:0, (b,f) 5:1, (cg)

3:1, and (d,h) 1:1.
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Figure 3.8 Swelling ratios of SD 123 BCP films for various toluene:heptane (T:H) solvent mix
ratio. The swelling ratio (SR) can be calculated as a ratio of the swelled film thickness during
solvent annealing to the initial film thickness. The corresponding expected vapor pressures based
on the non-random two liquid model (NRTL) model are listed in our previous study. 4 6

The morphology and quality of ordering exhibited dramatic changes as the fraction of
heptane varied. Under vapor from pure toluene with swelling ratio of 2.41, the 55-nm film formed
well-ordered hexagonally packed spheres with average center-to-center spacing 90 nm and
diameter 45 nm (Figure 3.7a), and the 80-nm film yielded a multilayer structure containing
disordered spheres and short cylinder segments (Figure 3.7e), suggesting that the effective volume
fraction of PDMS approached that of a spherical morphology but the mobility of the PDMS block
is limited. At a solvent ratio of T:H 5:1, in which the swelling ratio is 2.68d0.03, well-ordered
monolayer cylinders were formed in the 55-nm film as discussed above (Figure 3.7b, the same as
Figure 3.6b), whereas well-ordered bilayer cylinders were formed in the 80-nm film (Figure 3.7f,
the same as Figure 3.6d) with mean period of 86 nm and linewidth of 40 nm. While cylindrical
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microdomains (Figure 3.7c and 3.7g) were also observed at solvent ratio of T:H 3:1 with swelling
ratio 2.37, the line edge roughness of the cylinders is higher than that of the cylinders produced
from T:H 5:1. Discontinuous parallel cylinder segments and the coexistence of cylindrical
segments and an underlying wetting layer were clearly observed in the films annealed under vapor
from T:H equal to 3:1 (Figure 3.9). A further increase in the volume fraction to T:H 1:1 with
swelling ratio of 2.10 led to a morphology transition from cylindrical microdomains to patches of
in-plane lamellae in the 55-nm film (Figure 3.7d), and to a mixture of in-plane cylinders (period
~ 90 nm) and hexagonally coordinated perforated lamellae (HPL, period

110 nm) with

underlaying thin wetting layer in the 80-nm film (Figure 3.7h).

Figure 3.9 SEM images of oxidized PDMS microdomains formed in SD123 thin films with ascast thickness of (a) 50nm, (b) 70nm solvent annealed under a vapor from a toluene:heptane 3:1
volumetric ratio mixture at 298K for 12 h. The 50-nm film showed arrays of cylinder segments on
top of porous wetting layer. The 70-nm films exhibited discontinuous cylindrical microdomains.

The change in the T:H ratio leads to a different composition vapor, changes the segregation
strength XeffN as well as the effective volume fraction, and consequently facilitates a wide range
of self-assembled morphologies. As shown in Figure 3.6, having a commensurate film thickness
is important in obtaining well-ordered microdomains. For Figure 3.7a, in toluene vapor the swelled
thickness is 133 nm which compares with 1.5Lo = 135 nm, taking Lu as the sphere period (90 nm).
As discussed above, for T:H 5:1 the swelled film thicknesses of Figure 3.7b and Figure 3.7f are
commensurate with 1.5Lo and 2.5Lo respectively, with Lo= 86 nm. For T:H 3:1 the swelled film
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thicknesses of Figure 3.7c and Figure 3.7g are 130 nm and 190 nm. The pattern quality is lower
than that of the T:H 5:1 samples.

The mixed solvent vapors swell both blocks and provide mobility to both PS and PDMS.
The higher swelling ratio for a solvent ratio of T:H 5:1 compared to T:H 3:1 and 1:1 may explain
the improved ordering in the T:H 5:1 samples, as a higher degree of swelling is expected to
promote faster self-assembly kinetics provided that the swollen BCP films remain below the orderdisorder temperature.4 3 The pure toluene vapor is a solvent for both blocks, though selective for
PS, producing a well ordered morphology at least for the thinner film. In contrast, we showed
elsewhere that pure heptane vapor is ineffective in producing microphase separation.6 3 The mixed
morphology of in-plane cylinders and HPL observed at T:H=1:1 implies the possibility of onestep fabrication of a variety of patterns from a single BCP film.64

In comparison to the preceding study of PS-b-PDMS with total average molecular weight

(M,) of 75.5 kg/mol (SD75), the SD123 not only has higher molecular weight but also a higher
segregation strength XN ~ 394 at room temperature (XN

229 for SD75). For the formation of a

cylinder morphology in the SD123 at solvent ratio T:H

5:1, a longer annealing time (t < 12h)

and a much larger solvent uptake and therefore higher swelling ratio (SR > 2.6) were required to
obtain sufficient mobility to produce equilibrium structures. In comparison, a 3 hr anneal at a
swelling ratio 1.4 was sufficient to produce well-ordered cylinders in SD75. Despite these
differences, the trends of morphological changes with solvent composition and the effect of film
thickness are quite similar between the two materials.
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3.5 Directed Self-assembly of PS-b-PDMS 123kg/mol
To enhance the correlation length of the PDMS cylindrical microdomains observed in
Figure 3.6b, a strategy of graphoepitaxial directed self-assembly was employed, which integrates
bottom-up

BCP

self-assembly

with

top-down

conventional

lithography.'

Figure

3.10

schematically illustrates the process flow for fabrication of topographic templates with grating
patterns using a Lloyd's Mirror interference lithography system. The detailed fabrication methods
are described in Chapter 2.4. The resultant 100-nm-deep trench templates (730 nm trench width,
1.05 pm pitch) consisting of a native oxide base and ARC sidewalls were functionalized with a
PS-OH brush and coated with SD123 in the same way as described for the smooth substrates in
Figure 3.1. The SD123 BCP deposited on the template was solvent annealed with a vapor from
toluene:heptane 5:1 volumetric ratio mixture for 12 hr, followed by two step plasma etching.
During the solvent annealing, the block copolymer on the mesa flowed into the trenches and
assembled into cylindrical PDMS microdomains in a PS matrix within the trench, leading to an
(unswelled) thickness within the trenches estimated to be 60 nm.

If the sidewalls are attractive to PS, there is a symmetric wetting condition such that n
cylinders are formed within a confinement width W, where W = nLo is the physical trench width
minus the PS-OH brush layer on each ARC sidewall. The formation of multiple SD123 cylinders
parallel to the trench sidewalls is demonstrated in Figure 3.11. The number of cylinder rows n was
9 or 10 in different parts of the sample, with the arrangements of 9 cylinders dominant and less
defective. With W = 730 nm (the brush layer thickness is a few nm), this yields an average period
Lo of the cylindrical microdomains in the trench of 81 nm or 73 nm respectively, smaller than the
period of the untemplated microdomains (86-90 nm). The period and width of the cylinders
appeared to be larger at the center of the trench which may result from thickness variations due to
capillary effects, since the trench is deeper than the estimated film thickness, or it could arise from
a variation in swelled thickness inside the trench during the spin-casting or solvent annealing. The
topographic features not only enforced the ordering of the self-assembled BCP microdomains
along the trench sidewalls but also limited dewetting arising from macroscopic diffusion during
annealing.
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Figure 3.10 Schematic of fabrication of topographic templates and directed self-assembly of

SD 123.

Figure 3.11 SEM image of directed self-assembly of SD 123 films in a topographic confinement
with 730 nm width and 100 nm depth. The bright lines are the edges of the mesas, and parallel
cylinders can be seen in the trenches.
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3.6 Pattern Transfer from PS-b-PDMS 123kg/mol into Cobalt Film
The SD123 cylindrical microdomain array was used to demonstrate the feasibility of
pattern transfer from the BCP mask to a metallic film by an ion beam etching process as shown in
Figure 3.12.65 A bilayer mask process was employed to obtain line patterns in a cobalt (Co) layer.
This process utilizes carbon as a conformal sacrificial layer between the BCP film and the target
layer to provide higher resistance under argon ion beam etching and enhance the achievable etch
aspect ratio. Before fabricating the self-assembled SD123 cylindrical pattern, 20 nm cobalt and
then 20 nm carbon were deposited on the Si substrate by electron beam evaporation. The 80-nm
SD123 BCP film deposited on carbon was subsequently solvent annealed with vapor from
toluene:heptane 5:1 volumetric ratio mixture for 12 hr, followed by two step plasma etching with
extended oxygen plasma. The regions consisting of a monolayer of oxidized PDMS parallel lines
on top of the carbon served as a hard mask, while the regions covered with hexagonal-packed array
of bilayer cylinders prevented the plasma from reaching down to the carbon substrate. The stacked
film was then placed on a rotating stage and exposed to an argon ion beam to mill away the exposed
cobalt film at an argon pressure of 2x 10 Torr, beam voltage of 450 V, and accelerator voltage of
250V. The completion of ion beam etching at 8 min was determined by the dramatic increase in
the electrical resistance of the cobalt film measured by two-point resistivity measurement (Figure
3.13), indicating the exposure of the underlying insulating silica substrate and the formation of line
and space patterns in the cobalt layer. The ion-beam-etched cobalt nanowires, which were
transferred from the 45 nm-wide lines of the oxidized-PDMS mask, were on average 40 nm wide,
85 nm in pitch, and 15 nm in height (Figure 3.14a).
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Figure 3.12 Schematic of pattern transfer process from SD123 to cobalt layer, with oxidized
PDMS cylindrical microdomains and carbon mask serving as the hard mask.
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Figure 3.13 Resistance of cobalt film vs. ion beam etching time obtained from two-point resistivity
measurement with two-point probes placing 5 mm apart. The dramatic change in the resistance by
two orders of magnitude at 8 min indicates the exposure of underlying insulating silica substrate
and determines the completion of ion beam etching process.
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Figure 3.14 (a) SEM image (obtained at 500 tilt angle) of cobalt nanowires transferred from SD123.
(b) AFM and (c) MFM images of SD123 BCP patterned cobalt nanowires after ac demagnetization.
The bright and dark dots in the MFM image indicate stray field in and out of the plane, respectively.
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The surface topography of the arrays of cobalt nanowires and the corresponding magnetic
structure after ac demagnetization were probed by magnetic force microscopy (Dimension 3100
Nano-scope IV) at lift height of 15 nm using a low-moment magnetic tip coated with CoCr thin
film (Figure 3.14b and Figure 3.14c). The MFM image shows bright and dark contrast only at each
termination and Y-junction of the cobalt nanowires (Figure 3.15). The contrast corresponds to
stray field normal to the sample plane originating from the monopoles at the terminations or
junctions, e.g. black indicating north poles and white indicating south poles. The contrast indicates
that the Co magnetization is oriented along the length of the wires. Further investigation of the
domain configurations and domain wall interactions in magnetic nanowire arrays of different
widths patterned via block copolymer lithography are reported elsewhere.66 To achieve pattern
transfer with higher uniformity and fidelity, graphoexpitaxy with commensurate thickness BCP
deposition is required to form a uniform monolayer self-assembled BCP mask for subsequent
pattern transfer and to avoid the issue of only regional pattern formation.

5OnM
Figure 3.15 The overlay of AFM (Figure 3.14b) and MFM (Figure 3.14c) images. The blue and
yellow colors indicates magnetic diploes pointing in the opposite directions. The different contrast
occurs at the ends and the Y-junctions of the wires after the film was in-plane ac-demagnetized.
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3.7 Conclusion
In summary, we illustrated how the kinetic limitations inherent to the self-assembly of a
high MW, high-X PS-h-PDMS BCP can be overcome by selective solvent annealing at room
temperature, producing wcll-ordcrcd microdomain arrays in processing times of several hours.
Furthermore, changing the solvcnt vapor composition produced a variety of thin film morphologies
including spheres, in-plane cylinders, and perforated lamellae. The best ordering was obtained
when the thickness of the swelled film was commensurate with the period of the microdomains,
taking account of the asymmetric wetting conditions in the experiment. For the 123 kg/mol PS-bPDMS withfPDMS = 0.38, ordered arrays of cylindrical PDMS microdomains with period 86 nm
were produced upon annealing of a 55-nm film (monolayer) or a 80-nm film (bilayer with small
regions of monolayer) in a vapor from toluenc:heptane 5:1 for 12 hr or above, which produced a
swelling ratio of 2.68 0.03. Topographical trench patterns were employed to guide the cylindrical
microdomains parallel to the sidewalls and enhance the correlation length of the self-assembled
patterns. We also demonstrated the fabrication of metal nanowires by transferring line patterns
from a robust mask generated from the SD 123 via a sacrificial carbon layer into a cobalt thin film,
and the stray field arising from magnetic poles at the terminations and junctions of the nanowires
was observed.
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Chapter 4

Templated Self-assembly of a Polystyrene-

branch-Poly(dimethylsiloxane) Bottlebrush Copolymer

The self-assembly of block copolymers (BCPs) with novel architectures offers tremendous
opportunities in nanoscale patterning and fabrication. In this chapter, an unconventional Janus-

type "PS-branch-PDMS" bottlebrush copolymer (BBCP) is described. In the Janus-type BBCP,
each segment of the bottlebrush backbone connects two immiscible sidechain blocks. Thin films
of a Janus-type BBCP with Mn= 609 kg/mol exhibited 22 nm period cylindrical microdomains
with long-range order under solvent vapor annealing, and the effects of as-cast film thickness,
solvent vapor pressure, and composition ofthe binary mixture of solvent vapors are described. The
dynamic self-assembly process was characterized using in-situ grazing-incidence x-ray scattering.
Templated

self-assembly

of the BBCP within

lithographically

patterned

substrates was

demonstrated, showing distinct pattern orientation and dimensions that differ from conventional
BCPs. Self-consistent field theory is used to elucidate details of the templated self-assembly
behavior within confinement. This work was published in Kawamoto et. al J. Am. Chem. Soc. 2016,

138, 36, 11501-11504 and Cheng et. al Nano Lett. 2018, 18, 7, 4360-4369.,'
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4.1 Introduction
Self-assembly of block copolymers (BCPs) is a cost-effective and scalable way of
fabricating well-defined periodic nanostructures with diverse applications.3 4

The resulting

feature sizes range from a few nanometers to several hundred nanometers, and are readily tunable
by varying the molecular weights (MWs) of the block copolymer. 67, ' 8 The main driving force
behind the development of high-resolution patterning is the continuous pursuit of smaller feature
sizes by the semiconductor industry, as the device cost and performance are governed by the device
dimensions.9 Over the past decade, advances in polymer synthesis, process routes to self-assembly,
and templating
nanopatterning

of microdomain
based

photolithography.

0

with dimensions

on directed

geometry

and alignment

self-assembly

with

have allowed

resolution

beyond

realization
the

of

limits of

While strategies for obtaining long-range lateral ordering of microdomains
between

10-100

nm have been well

studied,

achieving

well-ordered

microdomains in the sub-10 nm regime remains challenging. In a coil-coil diblock copolymer, the
period of the microdomains scales with the degree of polymerization N and the interaction
parameter y. To promote phase separation and produce sharp interfaces between microdomains,
maintaining a high XN during self-assembly is necessary, which limits the scalability of block
copolymer nanopatterning. 8 'l

The interest in nanofabrication via block copolymer self-assembly has motivated studies
of diverse block architectures such as multiblocks and bottlebrushes to overcome the limitations
of diblock copolymers and extend the available microdomain geometries. Conventional "A-blockB" diblock bottlebrush copolymers (BBCPs) consist of a backbone with sidechains of each block
occupying different regions of the backbone, and exhibit large molecular size, densely-grafted
sidechains

and

a

worm-like

conformation.

12,13

The

repulsive

interaction

between

the

macromolecule sidechains leads to steric hindrance and reduced entanglement. This molecular
complexity opens intriguing questions regarding how these BBCPs behave compared to
conventional linear BCPs in the contexts of microdomain geometries and self-assembly dynamics.
The morphologies and domain spacings attained by linear BCPs are determined by the volume
fraction and length of the constituent blocks. In contrast, in the BBCPs, the length of the backbone
and the brush sidechains can both be varied to provide materials with the same volume fraction
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but distinct morphologies and domain sizes. Prior studies of conventional diblock BBCPs with
high MW have demonstrated their tendency to undergo rapid microphase separation due to the
lack of entanglement and thus reduced kinetic barrier for self-assembly.'141 5 1 6 On the other hand,
the self-assembled microdomain sizes achievable via BBCPs are much larger than that obtained
from their linear analogs, making them attractive candidates for applications such as photonic

crystals. 17,13,18

With advances in synthetic approaches, a myriad of BBCP architectures involving
additional molecular parameters can be built.' 9 Janus-type "A-branch-B" BBCPs, as shown in
Figure 4.la, are unique in having pseudo-alternating sidechains instead of having each type of
sidechain at opposite ends of the molecule as in conventional bottlebrush block copolymers. " In
contrast to the conventional linear BCPs and BBCPs, the microdomain period of Janus-type "Abranch-B" BBCPs scale with the length of the side chains instead of the overall backbone length.
Therefore, ultrasmall period patterns can be fabricated from high MW Janus-type BBCPs by
tuning the side chain length, which breaks the conventional ZN scaling relation of linear BCPs. 2 0
We previously reported the synthesis and self-assembly of A-branch-B BBCPs with varying
composition and degree of polymerization, confirming that these unique polymer architectures
possess advantageous features that could address outstanding challenges in high resolution
patterning.

2,22

This chapter presents the first report of the thin film behavior and directed self-

assembly of a Janus-type polystyrene-branch-polydimethylsiloxane "PS-branch-PDMS" BBCP.
This silicon-containing block copolymer system is attractive for nanolithography as the PS matrix
can be removed when exposed to an oxygen plasma, leaving behind oxidized PDMS
microdomains that serve as robust etch mask. 2 3,2 4 ,25 Additionally, the PS and PDMS blocks have
a high X value

(XPS-PDMS =

0.14 - 0.27 at room temperature),26

27

which promotes microphase

separation as well as low defectivity. The self-assembled morphologies were investigated, and the
correlation length was quantified under different as-cast film thickness, solvent vapor pressure,
and composition of the binary mixture of solvent vapors used for annealing. The structural
evolution during self-assembly process was characterized in-situ by grazing-incidence small-angle
x-ray scattering (GISAXS).

The directed self-assembly of BBCPs within lithographically

patterned substrates was demonstrated. Self-consistent field theory (SCFT) was used to understand
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the characteristics of templated self-assembly of BBCPs based on segregation strength and
molecular architecture.
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4.2 Experimental Methods

4.2.1 BBCP Polymer Synthesis
PS-branch-PDMS BBCP with minority volume block fraction of PDMS

(fPDMS

26%)

was synthesized via graft-through ring-opening metathesis polymerization (ROMP). ROMP is an
efficient technique to produce high MW, low dispersity BBCPs as a result of the fast-initiating Rubased olefin metathesis catalyst as well as the ring strain of the norbornene moiety.2 8 By
polymerizing norbornene-functionalized branched macromonomers, PS-branch-PDMS BBCPs
were produced featuring tunable degrees of polymerization of the backbone at the interface
between the immiscible PS and PDMS blocks. The PS homopolymer, PDMS homopolymer, and
branched macromonomers were characterized via gel permeation chromatography (GPC) and
proton nuclear magnetic resonance spectroscopy ('H-NMR) to verify the molecular characteristics.
The number average molecular weight (Me) of the branched macromonomer measured from GPC
was 21.9 kg/mol, with dispersity D = 1.03. The theoretical M, of the BBCP with degree of
polymerization of 30 is 609 kg/mol, while the Mn obtained from GPC was 252 kg/mol. As BBCPs
do not scale in the same manner as linear BCPs, the deviation of M" is largely attributed to
inadequacy of the GPC calibration in which linear PS is used as the standard material. More
detailed synthetic procedures and material characterizations were reported in our previous paper. 2 2

4.2.2 BBCP Thin Film Preparation
The BBCP films were spin-coated from a 2 wt% toluene solution onto silicon substrates
with a native oxide layer. The film thickness, controlled by the polymer solution concentration and
the spin speed, was obtained from a reflectometry system (Filmetrics, Inc., F20UV) by measuring
the reflectance spectra of the BBCP thin film within a wavelength range of 300 - 1000 nm. To
induce microphase separation, the BBCP thin films were solvent annealed at room temperature for
30 min. Solvent vapor annealing was performed in a flow-controlled system, in which streams of
saturated toluene and heptane vapor diluted by a separate stream of nitrogen gas flowed at rates of
0 - 10 sccm into an 80 cm 3 chamber. In addition, a third N 2 flow stream was exploited to control
vapor pressure dilution. The swelled thickness of the BBCP films during the solvent anneal was
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measured in situ, and the swelling ratio (SR) can be calculated as the ratio of the swelled film
thickness to the initial film thickness. After the completion of solvent annealing, the solvent
streams were turned off, followed by a flow of 10 sccm N 2 gas in order to dry the films in 5 min.
The solvent-annealed samples were subsequently subjected to a two-step reactive ion etching
process in a Plasma-Therm 790. In order to remove the thin PDMS layer that segregates to the
film surface due to its low surface energy,25 a short CF4 plasma (3 s, 50W, 15 mTorr) was first
employed, followed by an 02 plasma (5 s, 90W 6 mTorr) to remove the PS matrix and produce
oxidized PDMS microdomains on the substrate. Image analysis was performed with a Zeiss Merlin
high-resolution scanning electron microscope (SEM) at 3kV.

4.2.3 X-ray Characterizations

Transmission small-angle X-ray scattering (SAXS) was conducted at the Cornell High
Energy Synchrotron Source (CHESS) at the Gi beamline on a bulk sample. The BBCP sample
was drop-cast from THF solution onto the hole of a circular washer which served as a sample
holder (outer diameter: 24 mm, inner diameter: 2 mm, thickness: 1 mm), and subsequently heated
to 145 'C for 6 h in a vacuum oven. The sample to detector distance was 1.250 m and the
wavelength of the X-ray was 1.268 A. In-situ GISAXS measurements during solvent annealing
were performed on thin film samples at the Complex Materials Scattering beamline (CMS, 11BM) of the National Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory.
The BBCP thin film was mounted inside a 67.5 cm 3 chamber compatible with solvent vapor flowthrough. A reflection-mode interferrometer was also mounted to the chamber in order to measure
the film thickness during the in-situ scattering experiment. The sample was translated slightly
between every measurement to avoid beam-induced damage. The sample to detector distance was
5.082 m and the wavelength of the X-rays was 0.9184 A.
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4.3 Bulk Morphology of PS-branch-PDMS BBCP
The bulk morphology of the PS-branch-PDMS BBCP using SEM and SAXS was
investigatcd, which provide complcmcntary information about the self-assembled morphology and
domain spacing. The bulk morphology as shown in Figure 4.1 b was measured from a sample
prepared by drop-casting on a silicon substrate from 1.5 wt% toluene solution, slow solvent
evaporation over 72 hr, and plasma etching to reveal 10 nm diameter PDMS cylindrical
microdomains with 22 nm period near the surface. The intrinsic morphology was confirmed by

the corresponding one dimensional SAXS profiles (Figure 4.lc) of PS15 .3k-branch-PDMS5k
macromonomers and (PS15.3k-branch-PDMS5k)30 (degree of polymerization = 30) acquired at room
temperature.

Both data sets showed the same reflection peaks at relative q values of

1 :43 :44 :47 :49 :413, confirming the formation of hexagonally packed cylindrical phases. It is
worth noting that the d spacing of the polymerized BBCP was larger than that of the

macromonomers

(Table 4.1). The repulsive forces between adjacent side chains after

polymerization are believed to cause the side chains to stretch out further, giving rise to extended
configurations.

Table 4.1 Principal q and d for branched macromonomers (MM) and bottle brush copolymer
PSI 5 3k-brush-PDMSSk with different degree of polymerization (DP).

Sample Composition
PS-15.3k-branch-PDMS-5k

Backbone DP
MM
10
30
40
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Principal g (nm')
0.324
0.292
0.287
0.287

d (am)
19.4
21.5
21.9
21.9

-1

(a)
ROMP

Lo
(C)

(b)

DP30

1

BMM

32

gI nm

Figure 4.1 Characteristics of brush block copolymers. (a) Brush block copolymers generated from
norbornene-terminated polystyrene (PS) and polydimethylsiloxane (PDMS) macromonomers
adopt rigid rod-like conformations that allow them to self-assemble into cylinder arrays with small
period. (b) The morphology of the drop-cast film consisting of 10 nm diameter PDMS cylindrical
microdomains in a PS matrix with period of 22 nm. The PDMS microdomains appear brighter
under SEM. (c) Small-angle X-ray scattering plots of intensity I(q) vs q in nm' for PS1s. 3k-branchPDMSSk macromonomers (BMM) and (PS15.3k-branch-PDMSSk)30 (degree of polymerization= 30,
DP30) with indexed peaks. The principal q (nm-i) values and the corresponding d (nm) are
provided in Table 4.1.
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4.4 Thin Film Morphologies of PS-branch-PDMS BBCP

4.4.1 Thin Film Morphologies as a Function of Film Thickness
To study the thickness dependence of the BBCP self-assembly, thin films of (PS15.3kbranch-PDMSk)3o with different as-cast film thicknesses were annealed under pure toluene
solvent vapor for 30 min, Figure 4.2a-c. The SR increased quickly within 5 min and reached a
saturated SR of 2.5. Figure 4.2a shows the morphology of an annealed film with an as-cast
thickness of 23 nm, which consisted of PDMS cylinders and spheres. The PDMS blocks segregate
to the polymer film/substrate interface to produce a wetting layer above which a poorly ordered
mixture of microdomain morphologies was formed. Hole formation and pattern discontinuity
suggest that the thickness was insufficient to form a complete layer of in-plane cylinders. In
contrast, at an as-cast thickness of 30 nm, well-aligned self-assembled cylindrical microdomains
oriented parallel to the substrate were achieved over macroscopic area without terrace formation
(Figure 4.2b). The average domain spacing was 24 nm, which is larger than that of the drop-cast
bulk BBCP. For films with as-cast thickness ranging from 40 nm to 430 nm (Figures 4.2c and
Figure 4.3), layers of 24 nm period cylindrical microdomains of PDMS with a higher correlation
length oriented parallel to the substrate were consistently observed.
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(e) THK=50 nm
Xd=1, SR =1.6

X

(fQ THK= 5o nm,
1 =0.8,SR=1.7

Figure 4.2 Thin film self-assembled morphology of (PS15.3-branch-PDMS5k)30. (a-c) The effect
of initial film thickness on the self-assembled morphology of (PS 15.3k-branch-PDMS5k)30. Topdown SEM images were obtained from samples with as-spun thickness of (a) 23 nm; (b) 30 nm;
(c) 50 nm, solvent annealed with toluene at swelling ratio (SR) = 2.5 at 298 K for 30 min. (c-e)
The effect of toluene vapor pressure on the self-assembled morphology. Top-down SEM images
were obtained from samples with as-spun thickness of 50 nm, solvent annealed with toluene at SR

of (c) 2.5; (d) 1.9; (e) 1.6 at 298 K for 30 min. (d-h) The effect of solvent composition on the selfassembled morphology. Top-down SEM images were obtained from samples with as-spun
thickness of 50 nm, solvent annealed with various composition of toluene and heptane solvent
mixture at 298 K for 30 min. The molar fraction of toluene in the toluene plus heptane solvent

vapor mixture (XTO1) used here are (d,e) 1; (f) 0.8; (g) 0.5; (h) 0.2.
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(a) 40 nm

(b) 60 nm

(c) 80 nm

(d) 430 nm

Figure 4.3 The self-assembled morphologies of (PS15 .3k-branch-PDMSk)30 films with various
initial film thickness. Top-view SEM images of the self-assembled morphology after solvent
annealing under pure toluene vapor at a swelling ratio of 2.5 for 30 min. (a) 40 nm as-cast thickness;
(b) 60 nm; (c) 80 nm; (d) 430 nm. Scale bars = 200 nm.

4.4.2 Thin Film Morphologies as a Function of Solvent Vapor Pressure

We next describe the effect of toluene solvent vapor pressure on the morphology of BBCP
films, Figure 4.2c-e and Figure 4.4. The solvent annealing flow system delivers toluene solvent
29
vapor at its saturated vapor pressure P*roI = 22 Torr at ambient temperature. The toluene vapor
pressure was varied by diluting the toluene solvent vapor with N 2 at different flow rates. The partial
pressure of toluene vapor PT.i in the annealing chamber can be estimated by PToI = P*ToI (QToIl/ Qmoi
30
+ QN2), where Q, denotes the total molar flow rate. Here Qroj was set to 10 sccm and QN2 was
varied from 0 to 6 sccm, affecting the degree of swelling of the BBCP. Without nitrogen flow, the
saturated toluene solvent vapor, 1.0P*rol, produced a SR of 2.8 and the film formed highly ordered
cylinders with periodicity of 23.7 nm (Figure 4.4a). At intermediate vapor pressure, 0.83 P*Toi and
0.72P*Toi, where the SR was 2.5 and 1.9 respectively, highly ordered cylindrical microdomains
similar to the results at 1.OP*roI were revealed, as shown in Figures 4.2c and Figure 4.2d. At a
lower vapor pressure 0.63 P*Toi, which produces a much lower swelling ratio (SR - 1.6), highly
defective fingerprint patterns were obtained (Figure 4.2e). As expected, larger film swelling ratios
increase the period of the cylinders and enhance ordering kinetics. However, we observe non-
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monotonic behavior in the period (24.1

0.6 nm), likely due to commensurability effects due to

the film thickness.

To determine the correlation length and to quantify defects in BBCP films, an automated
image analysis tool was employed. 3 Figure 4.4e indicates that the self-assembled pattern with
highest correlation length and the lowest defect density was obtained when the SR was 2.5. As the
swelling ratio decreased further, microphase separation occurred but the long-range order
diminished. Previous studies have shown that solvent incorporation decreases the contact between
disparate blocks and lowers the effective interaction parameter to Xeff =XA-B (1
is the y parameter of the dry BCP,

qAi

-

yos0

i)Q, where XA-B

the volume fraction of solvent in the swollen BCP, and (X is

taken as I for the dry film and between 1.3 and 1.6 for increasing solvent incorporation. 23 3 3 34
Additionally, swelling of the BBCP film results in a reduced glass transition temperature Tg,
effectively

enhancing diffusivity

at room temperature

without the danger

of polymer

degradation." To obtain well-ordered patterns, the solvent uptake must be sufficient to ensure
chain mobility without lowering Xeff so far that it precludes microphase separation. In this
experiment, well-ordered patterns formed for a SR of>l.6, at which the fraction of solvent present
in the film is

soi =

1 - SR' = 0.375, theoretically leading to 0.088 <Zeff < 0.127 (with

XPS-PDMS

0.14 - 0.27 and c = 1.3 - 1.6), which is still large enough to drive microphase separation. The
poorly ordered morphology at SR = 1.6 is attributed to slow kinetics. BBCP film annealed at SR
= 2.8, in spite of the order microdomain formation, the correlation length was decreased slightly
as the interaction parameter between two blocks was lowered further, which consequently lowered
the driving force for microphase separation.
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Figure 4.4 The effect of solvent vapor pressure on the self-assembled morphology of (PS15.3kbranch-PDMSk)30. Top-down SEM images were obtained from samples with as-spun thickness
of 50 nm, solvent annealed under pure toluene vapor at a swelling ratio (SR) of (a) 2.8, (b) 2.5, (c)
1.9, (d) 1.6 for 30 min. The self-assembled repeat-spacing d are labeled on the images. Scale bars
= 200 nm. (e) Plots of microdomain correlation length and defect density as a function of swelling
ratio for different as-cast film thicknesses. The swelling ratio was controlled by the vapor flow rate
of nitrogen gas from 0 to 6 seem.

4.4.3 Thin Film Morphologies as a Function of Solvent Composition

In our previous paper, we demonstrated that a range of bulk morphologies can be produced
from different intrinsic volume fraction of (PS.-branch-PDMSk)30,where x = 2.3 - 15.3k. 22 Here,
the effect of variations in effective volume fraction of (PS15.3-branch-PDMS5k)3o BBCP induced
by binary solvent composition is studied. A binary solvent composed of a PDMS-selective solvent
(heptane, with solubility parameter 6 he = 15.3 MPal 2 and saturated vapor pressure P*T, = 22 torr)
and a PS-selective solvent (toluene, 5toi = 18.3 MPa" 2 , P*Hep = 40 torr) was used to anneal the
BBCP films for 30 min." To a good approximation by Raoult's law, the molar fraction of solvent

i, denoted X, in the vapor phase can be obtained from the ratio of partial vapor pressure of solvent
i to the total vapor pressure. The thin film morphologies obtained from samples annealed with
various solvent composition is shown in Figures 4.2d-h. For 50-nm thick as-cast films subjected
to a pure toluene vapor (SR > 1.6), well-ordered cylindrical microdomains oriented parallel to the

101

substrate were achieved. The quality of ordering of the cylinder morphology decreased as heptane
was added (Figure 4.2f). As the fraction of heptane increases further, the BBCP film exhibited
interconnected cylinder structures (Figure 4.2g). Figure 4.2h shows the result of a heptane-rich
annealing solvent, producing interconnected cylinders or poorly ordered hexagonal perforated
lamellae (HPL). The heptane swells the PDMS block, resulting in a larger PDMS effective volume
fraction.
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4.5 In-Situ GISAXS Study on the Geometric Characteristics During
Solvent Vapor Annealing
Figures 4.5a-b show cross-section views of BBCP films consisting of highly ordered inplane cylinders. The in-plane periodicities of the cylindrical microdomains are independent of film
thickness. For thinner films (<200 nm), the out-of-plane microdomain spacing was further reduced
compared to films with thickness >310 nm, leading to a larger distortion of the hexagonal lattice
(Figure 4.7). As the film deswells, a solvent gradient is produced perpendicular to the film plane.
The thinner BBCP films experience a steeper solvent concentration gradient and faster drying than
thicker films, leading to collapse of the microdomain array in the out-of-plane direction and
formation of a distorted hexagonal packing.3 7 The thicker films dry more slowly and there is
greater mobility, which allows for more chain reorganization and a less distorted hexagonal
array.38 More cross-section images of films with various as-cast film thickness are shown in Figure
4.8.

The evolution of the structure of a 109 nm thick as-cast film in a toluene vapor was
observed in-situ using GISAXS. Figure 4.5c presents the GISAXS peak profile at four stages of
the annealing process: before swelling; during solvent absorption; at the steady state swelling ratio;
and after solvent desorption. The as-cast film exhibits a broad and weak scattering ring, indicative
of a poorly-ordered and weakly microphase-separated structure. This state exhibits a nominal
period of 22 nm, with significant anisotropy likely due to film shrinkage in the vertical direction
caused by evaporation during film casting. Swelling with solvent vapor led to improved
microphase separation, with distinct rings appearing in the GISAXS images, followed by
intensification of the peaks corresponding to a well-defined cylinder morphology but with a threedimensionally random orientation distribution. As annealing proceeds, the rings transformed into
intense Bragg reflections of the hexagonally packed in-plane cylinders, with scattering peaks at q,
0.0261 A

as well as higher order peaks along qz. This well-ordered structure was maintained

throughout the annealing process at a swelling ratio of 2.4. Upon fast drying (200 sccm pure
nitrogen flow), the morphology and well-aligned in-plane orientation were unchanged, as shown
in Figure 4.9.
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Figure 4.5d illustrates the dimensional evolution of the BBCP film during solvent
annealing. In the early stage of swelling, the in-plane periodicity dip increased by 2 nm and reached
a plateau at 24 + 0.1 nm as SR increased. On the other hand, the out-of-plane periodicity dop was
dramatically increased from -13

to -18

nm, and the increment in dop continued even under a

saturated SR = 2.4 + 0.03. The distortion factor, which is given by 2/V3(dop/dp) and has a value
of I for an ideal hexagonal close packed structure, increased in this experiment from 0.65 to 0.90
when the BBCP film was being swollen by the solvent. The annealing time was short in this case,
and we expect that further annealing would produce an increase in distortion factor approaching
1.0. Upon quenching the film by N 2 gas, the dop demonstrated a remarkable reduction from -19 to
-15 nm, leading to distorted hexagonally packed in-plane cylinders with distortion factor = 0.72,
dop = 24.7nm, and dip = 15.6 nm.
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Figure 4.5 (a,b) The SEM 750 cross-section images of arrays of in-plane cylinders obtained from
samples with as-spun thickness of (a) 125 nm; (b) 360 nm. (c) Real-time in situ GISAXS 2D maps
during solvent annealing using toluene vapor at room temperature and after fast quenching. The
in-plane and out-of-plane line cut analysis is plotted in Figure 4.6. (d) Plots of distortion factor
(DF), swelling ratio (SR), and periodicity of in-plane (IP) and out-of-plane (OP) oriented cylinders
of a 109 nm BBCP film as a function of annealing time. The film was swelled at times up to 800
s, then quenched starting at 800 s.
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denoted as do, the full width at half maximum (FWHM) is denoted as a(A-'), and the grain-size
correlation length is denoted as (nm).
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200 nm

Figure 4.8 SEM cross-section images of arrays of in-plane cylinder obtained from samples with
different as-cast film thickness.
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200 nm
Figure 4.8 Continued.
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Figure 4.9 Top-view of SEM images of the self-assembled morphology after etching of 109 nm
thick thin films of (PS15.3K-branch-PDMSk)3o after solvent annealing under pure toluene vapor at
a swelling ratio of 2.4.

These results show that within a short span of annealing time, the film evolves from an
isotropic state into a highly ordered structure of in-plane cylinders. Significant microphase
separation occurs shortly after 7 min solvent annealing, as SR exceeds 1.6. This is consistent with
the result discussed above (Figure 4.2c-e and Figure 4.4) in which a swelling ratio above 1.6 was
required in order to achieve well-ordered microdomains. A large correlation length for structural
order was observed in the GISAXS within 13 min solvent annealing. The formation of an ordered
self-assembled structure at room temperature within a few minutes is attributed to the reduced
chain entanglement, despite the high MW. The scattering peaks of the film after drying were
slightly broader and weaker than those of the swelled film, which indicates a slight worsening of
order (decrease in average grain size) during the fast quenching process. 23
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4.6 Directed Self-assembly of BBCP
We next describe the directed self-assembly behavior of the BBCP inside lithographically
defined trenches with different widths.

Figures 4.10a and Figure 4.11 demonstrate BBCP

microdomains within 100 nm deep, 500 nm period trenches made using a Lloyds mirror
interference lithography system." After annealing in toluene vapor for 3 h, the BBCP formed inplane cylindrical microdomains aligned parallel to the trench walls. The number of cylinder rows
and their center-to-center spacing as a function of confinement width are plotted in Figure 4.1 Ob
for trench widths up to 8Lo where Lo is the unconfined period. As the width of the trench increases,
a systematic oscillation in the microdomain period and a transition in the number of cylinders
occurs. This behavior is analogous to that observed in a linear diblock copolymer39 in which the
number of microdomains formed in the trench is an integer M that minimizes the total energy
consisting of elastic strain energy and interfacial energy between the blocks. When the trench
width is incommensurate with Lo, the period of the cylinders deviates from Lo and a transition
between M and M

microdomains occurs. This leads to stretching or compression of the

sidechains and a decrease in conformational entropy. From the trench width at which the transition
occurs, the results indicate that the BBCP is better able to accommodate stretching rather than
compression.

Figures 4. 1Oc-c show the morphologies of microdomains self-assembled in wider trenches,
here 730 nm wide and 100 nm deep. After 3 h anneal in toluene vapor, Figure 4.1 Oc, the
microdomains adjacent to the trench sidewall aligned parallel to the sidewall, but nearer the center
of the trench the microdomains aligned transverse to the side wall and produced T junctions or 90'
bends. The average microdomain spacing near the center of the trench is 21 nm, similar to the
periodicity of the unconfined BBCP. As BBCP film spun on the topographical template is swelling
during solvent annealing, the polymer flow from mesa into trench, inducing capillary flow that
aligns the micordomain along the direction of mass flow."," This flow induced transverse
alignment is considered as metastable state, and the BBCP will be eventually align parallel to the
side wall of the trench if it is allowed to relax to the equilibrium state. Therefore, extended
annealing time was given in order to observe the microdomain reorientation. A 16 h anneal, Figure
4. 1Od, shows an increase in the region occupied by cylinders parallel to the trench walls. Figure

III

-A

4. 1Oe demonstrates a concentric pattern formed by the reorientation. Both these patterns show 900
bends and junctions. Considering the results of modeling, described below, the reorientation of the
microdomains on annealing suggests that the trench walls are favorable to one block, the PDMS,
which is known to preferentially wet the silica substrate. Noted that a thin PDMS wetting layer
near trench side wall is expected, as shown schematically in Figure 4.11. However, in the SEM
images, the thin wetting layer of PDMS cannot be distinguished from the edge of the silica trench
after being transformed into silica-like structure by 02 plasma. Noted that the wetting layer of
PDMS was not taken into account for the calculated trench width.
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Figure 4.10 DSA of BBCP (a) Templated self-assembly of (PS5.3k-branch-PDMSk)30 in narrow
topographic confinements (2Lo < W < 8 Lo). Top-view SEM images of ordered arrays of oxidized
PDMS microdomains within gratings of different groove widths W, with number of cylinder rows
M varied from 1 to 7. The bright lines are the edges of the mesas, and parallel cylinders can be
seen in the trenches. (b) The number of cylinder rows and the microdomain period are plotted vs.
the confinement width. The groove confinement width W and the period are defined in terms of
the bulk microdomain spacing Lo, which is 22 nm for this BBCP. (c-e) Templated self-assembly
in wide topographic confinements (W > 34 Lo). Top-view SEM images of ordered arrays of
oxidized PDMS microdomains were obtained from samples solvent annealed with toluene vapor

at 298 K for (c) 3h and (d,e) 16h.
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Figure 4.11 Templated self-assembly of BBCP in the narrow topographic confinements (2Lo 5 W
8Lo). Top-view SEM images of ordered arrays of oxidized PDMS microdomains within gratings
of different groove widths W, with number of cylinder rows in the groove M varied from 1 to 7
rows. As PDMS block preferentially wets the silica substrate, a thin PDMS wetting layer near
trench side wall is expected, as seen in the schematic plots. However, in the SEM images, the thin
wetting layer of PDMS cannot be distinguished from the edge of the silica trench after being
transformed into silica-like structure by 02 plasma. Noted that the wetting layer of PDMS was not
taken into account for the calculated trench width.
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4.7 Self-consistent Field Theory (SCFT) Study of BBCP Self-assembly
(This section is a collaborative writing with Dr. Karim Gadeirab.)

4.7.1 Methods for Self-consistent Field Theory Study of BBCP
Self-consistent Field Theory (SCFT) is employed to study the effect of the polymer
architecture of an (AB),C,,

block polymer on the characteristics of its self-assembly. The system

consists of n bottlebrush molecules with degree of polymerization N, in a volume V, where every
molecule has m AB sidechains dividing the C backbone into m+1 equal segments. NA and NB refer
to the degree of polymerization of the sidechains A and B, respectively. Nc is the degree of
polymerization

of the

backbone

segment

between

branching

points.

Hence,

NX

=

m(NA+NB)+(m+1)Nc. For simplicity, all molecules are assumed to have equal statistical segment
length b and the melt is incompressible. The total block volume fractions are calculated as follows

fj

N/N forj = A and B andfc = (n+I)Nc/N. The AB degree of polymerization Nis kept fixed,

where N = NA+NB = 100. As a result, NX is a variable that depends on both Nc and m that sets a =
Nt/N. For all spatial dimensions, we employ a reference radius of gyration Rg = b(N/6)" 2 . The
backbone C and the AB side chains are modeled as flexible Gaussian chains within the mean-field
approximation. 4 ' Herein, the canonical partition function of a melt of a bottlebrush polymer with
ABC blocks can be written

F
ank T

1

= If dr

V

Y N/#(r)#

as42

(r)-

drzN.,

W(r)#(r)-P I -

J

(r)

InQ[W']W(1)

n)
aK1rj

The interaction energy between dissimilar species A, B, and C is described by a Flory-like model
through the Flory-Huggins parameter

x'U. We employ a dimensionless monomer volume fraction

= pj/po in the free energy expression (po = nNt/V). Q[Wi] is the partition function of a noninteracting polymer in external fields W,(r) that can be expressed in terms of a restricted chain
partition function q(rs) as will be discussed below. The polymer is assumed to be incompressible,
a constraint enforced through a pressure field P(r). kbT is the thermal energy. The architecture of
the bottlebrush molecule is constructed using propagators qj(r, s, k) and qj*(r, s, k) where s is a
variable parameterizing the contour of chain for segment number k. The polymer probability
distributions qj and qi' satisfy the modified diffusion equation
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a q= RV

2

(2)
(2)

q-q

Hence, the applied field W matches the block type of contour variable s when solving eq. (2). The
key step in constructing the polymer structure is identifying the initial conditions for every
propagator. In this regard, qA(r,0,k) = qB(r,0,k)

I; qC(r,0,l) = q+C(r,0,m+) = 1; qc(r,0,k+1) =

qA(r,NA,k)qB(r,NB,k)qC(r,Nck) ; q+A(r,Ok) = qB(r,NBk) qc(r,Nc,k)qc(rNcm+1-k); qB(r,0,k) =
qA(rNA,k)qc(r,Nc,k)q~c(r,Nc,m+]-k); q~c(rOk) = qA(r,NA,k)qB(rNB,k) q+c(rNc,k-1) where k c
[1,m]. The modified diffusion equation is solved using the pseudospectral method with operator
splitting scheme.4 3 Accordingly, the single chain partition function can be written as

Q

=1/Vfdr

qc(r, Nc,m+1). Minimization of the free energy F with respect to the fields, density, and pressure
leads to the following set of equations that have to be solved self-consistently. 43

B

0C

(r)

=

QN =f
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3

No5 (r)+ P(r)

(r) + X'BC Noc (r) + P(r)

(r )+X'BC No'#B +Pr

(r)+#B(r)+0c(r)=

The numerical solution of the SCFT equations to study phase separation of the bottlebrush
polymer can be initialized through random fields W,'s or seeded with initial structures, which are
subsequently used to solve the modified diffusion eq. (2). The calculated propagators are employed
to estimate

Q and accordingly the density

distributions. The fields Wi's and P are updated using a

numerical relaxation scheme.44 The effect of confinement on the polymer domains is depicted
through a masking method. External fields of Wi= 10 are imposed as masks at the location of the
walls at a thickness of 6 pixels each to create a polymer free region.
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The analysis focuses on densely packed bottlebrush polymers with a short linker between
grafted chains. Hence, we set Nc/N = 0.02 with a large value of m = 29.22 For comparison,
calculations are also conducted for a bottlebrush polymer with mi =1 which closely resembles a
diblock polymer with a single AB chain and two very short branches of C. Block C is assumed to
= x'BC 0), and only contributes to the
be neutral towards either of the two remaining blocks (X'ACc

AB interface with an entropic constraint on the AB chain spacing. The distribution of C in the
polymer morphology is a response to the AB segregation governed by the incompressibility
constraint of SCFT. For equal proportions of AB (NA= NB), the polymer forms striped structures
with flat interfaces independent of

'AB and m, forcing C to be localized at the AB interface.

Furthermore, it was shown that effective degree of segregation between the AB blocks had a strong
dependence on m where grafting more chains on the polymer backbone caused the polymer to
phase separate at a lower Z.22 In order to isolate the structural effects on the polymer for different
values of m, we use a rescaled value ofX between the AB blocks where x'AB = ax/M.4 5 We assume
that the polymer exhibits an intermediate degree of segregation of N= 25.

4.7.2 Self-consistent
Microdomains

Field

Theory

Study

of

Confinement

Effect

on

BBCP

The energy associated with different orientations of BBCP microdomains in trench
confinement as a function of trench width is studied using SCFT. Here, the BBCP is described as
(AB)mCm+, where every molecule has m AB sidechains dividing the C backbone into m+1 equal
segments. The special case of m = 1 therefore represents a terpolymer with a single AB chain and
two short C blocks (i.e., the branched macromonomer). The simulations are seeded with striped
structures mimicking the 2D projection of in-plane cylinders in thin films. Confining fields are
applied at the top and bottom of the computational cell to resemble the confinement effect of trench
walls in experiments (Figure 4.12). The separation between trench walls D is systematically
increased for every simulation by growing the cell size along that direction. Without loss of
generality, we sampled a range of D that results in an equilibrium number of domains between 4Lo
and 7Lo. The bottlebrush structure is relaxed and the free energy AF of the system is calculated
according to Eq. 1.
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Figure 4.13a shows the variation of AF as a function of trench width D [in units of Rg, the
radius of gyration] for both parallel (open markers) and transverse (solid markers) orientations of
the microdomains, in the case of XN= 25. The parallel structure shows the characteristic semiparabolic AF plots as a function of width. For a given number M of microdomains in the trench,
AF exhibits a minimum at a particular value of D where the trench width is commensurate with Lo
and stretching energy is minimum. Without loss of generality, plots are shown for M= 4 - 7. When
D deviates sufficiently from the commensurate spacing, the number of domains changes to
minimize the strain energy at the expense of the interfacial component of AF. Bita et al. derived a
model describing the change of AF as polymer domains are strained away from their equilibrium
periodicity Lo. The expression takes into account both the conformational entropy of a polymer
chain and the interfacial energy between domains. The expression reads

AF
kbT

= x(N,b)D2 +y(N, X,b)/ D+z

8Nb

(4)

+ 2b7I; z =-3 / 2

, ;y = 2Nb

x=

6

Using Eq. 4, the magnitude of AF can be accurately fit (dashed lines). 4 6 On the other hand, the AF
plot for the transverse microdomain orientation shows a continuous decay with increasing D,
indicating the diminishing entropic effect of confinement on the polymer. For the transverse
orientation, the domains can adopt an equilibrium spacing irrespective of trench width.
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Figure 4.12 SCFT Density profile of block A in 2D for an m = 29 BBCP. The density shows a
striped structure perpendicular and parallel to confining walls (top and bottom of computational
cell) used to analyze AF at different wall separation.
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Figure 4.13 Stability of polymer domain orientation under confinement. (a) free energy plots of
polymer domains aligned parallel (open marker), and perpendicular (solid markers) to trench walls

as a function of trench width D [in units of Rg]. At XN= 25, the single AB chain polymer (m =1)
shows the free energy of the perpendicular structure consistently lower than the parallel orientation
resembling the behavior obtained for simple diblock copolymers. On the other hand, the
bottlebrush polymer with m = 29 has a lower free energy for the parallel orientation near the

commensurability condition compared to the perpendicular orientation. Dashed lines are fits using
eq. 4.4 (b) Master free energy plots for parallel structures showing the change in AF when the
polymer domains are strained. Dashed lines are fits using eq. 4.
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While the overall behavior of AF plots is qualitatively similar for polymers of m = 1 and m
=

29, the relative magnitudes of AF show a remarkable dependence on m. For the branched

macromonomer (m = 1), the transverse orientation of microdomains has a consistently lower AF
than the parallel orientation for the neutral walls modeled here. In other words, a polymer
composed of a single (AB) 1 C2 chain would exhibit a transverse microdomain orientation
independent of the trench width at neutral wall conditions. On the other hand, a BBCP with m =
29 shows a lower AF for the parallel orientation at near-commensurate trench widths compared to
the transverse orientation. These data show that a parallel orientation can be obtained for certain
trench widths even if the walls are neutral; making the walls preferential towards either of the
blocks in this symmetric architecture would only favor the parallel orientation even further.

For the branched macromonomer (m = 1) the difference in AF between parallel and
transverse orientations decreases as D grows to large multiples of Lo. In the limit of infinite
separation, both orientations should be degenerate recovering the bulk state. The situation is
different for the BBCP with m = 29, for which the energy reduction seen for the commensurate
parallel orientation decreases with increasing D, but the difference in AFgets smaller in magnitude
as D grows and the two orientations are degenerate in energy at D = 7Lo. Hence, the ability to
achieve parallel orientation of the BBCP is promoted by the strong confinement effect achieved
by narrow trenches. Figure 4.13a also demonstrates that as D increases, the parabolic energy curves
become shallower, indicating lower energy cost when the microdomain spacings deviate from the
unconfined

value.

This

phenomenon

occurs

because

the

incommensurability

can

be

accommodated by distributing the strain between a larger number of polymer chains as the number
of microdomains M increased, resulting in a smaller entropic energy penalty for each chain, which
allows for a wider coexistence of M and M+l rows at larger D, as seen for a linear diblock
copolymer

4

7

The branched macromonomer closely follows the behavior of a simple linear AB diblock
polymer under neutral wall conditions, for which incommensurate trench width imposes a
stretching energy penalty that promotes the transverse orientation. This can be changed if the
trench walls are preferential towards either of the blocks, such that an interfacial energy gain
compensates for the imposed strain energy. Nonetheless, SCFT calculations have showed that, for
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low and intermediate degrees of segregation in a linear BCP, transverse orientation is more stable
for neutral walls even if the commensurability condition is satisfied4 8 4. 9 5 0 because the transverse
structure is stabilized by the presence of a negative line tension at the walls due to broadening of
the AB interfacial width." At a neutral wall, either block can be present near the wall and AB
chains would lie parallel to walls forming transverse domains. These findings seem to extend to
the branched macromonomer showing that the presence of the short C chain linker does not alter
the AB chain behavior.

The microdomain orientation preference of the m = 29 BBCP can be understood in the
context of sidechain packing. The short C linker imposes an entropic constraint forcing the AB
sidechains to be in close proximity. Away from the strong segregation regime, crowding is
expected at the diffuse AB interface. Each chain is characterized by a large interfacial area, and a
short C linker would cause these chains to stretch away from the interface, which is reflected in
the increase of equilibrium domain spacing (Figure 4.14). These findings would suggest that the
backbone would take a more extended form (worm-like rather than coiled) due to sidechain volume
exclusion. An extended backbone would entropically favor an orientation in which the backbone
is parallel to the wall (i.e. the domains are parallel to wall, Figure 4.15a) instead of an AB sidechain
parallel to wall (i.e. domain transverse to the wall, Figure 4.15b) as in the case of a diblock
copolymer. This preference in orientation should fade away in the strong segregation regime where
the diblock behavior is recovered, and is only seen when a strong confinement effect is applied as
in narrow trenches.

To further investigate the effect of m on the BBCP behavior, the AF plots of the parallel
orientation are collapsed to a master curve of Lo by dividing trench width D by the number of
polymer domains M. Figure 4.13b shows the change of AF due to a strain of

20% and the

corresponding fit using eq. S4 (see Figure 4.14 for D [Rs]). An asymmetry between tension and
compression is observed in the shape of AF. Compressive strain results in a steeper rise in AF
compared to tensile strain. This tilt-effcct of AF generates a tighter lower bound on the number of
domains to fit in a particular trench width compared to a more relaxed upper-bound given the
ability of the domains to stretch. Polymer architecture plays an important role in shaping AF as the
energy penalty of straining polymer domains is higher for m = 29. Hence, a bottlebrush polymer
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I

would generate domains with well-defined periodicity and shape within a confined space with
minimal distortion. The effect of ni on AF will diminish at a higher segregation strength.
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Figure 4.14 Master free energy showing the effect of trench spacing in real units [Rg] on polymer
strain energy.

(b)

(a)

Template mesa

Vw% vvVoWWOWv
WV%%vv

Self-assembly

A%^VVM

VVAWVAMAO,

inside the trench

Figure 4.15 Schematic representation of (a) extended backbone of BBCP being parallel to the wall

(parallel domain orientation) and (b) BCP sidechains being parallel to the wall (perpendicular
domain orientation).
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4.8 Comparison Between BBCP with Its Linear Counterpart
In comparing the thin film behavior of the (PS Is.3k-branch-PDMSk)3o BBCP to that of its
linear counterpart, we first note that the BBCP thin films formed cylindrical microdomains for a
wide range of film thickness, the same morphology seen in bulk. This contrasts with linear block
copolymers in which morphological transitions may occur in order to accommodate the
incommensurability between the BCP period and the film thickness. 23

24

The width of the cylinders

formed from the BBCP did not vary significantly with the solvent vapor pressure, whereas Jung et
al. demonstrated a change in the cylinder width of a linear diblock copolymer as a function of the
solvent vapor pressure and solvent composition.'

Finally, the BBCP formed its bulk cylindrical

morphology even when a solvent that is selective for one block is present, except at the highest
heptane content where the HPL formed. In contrast, in linear diblock copolymers, annealing in a
mixture of selective solvents can produce several non-bulk morphologies 3 0 due to variations in/eff
and the effective volume fraction of the blocks. One reason for the differences between BBCP and
a linear BCP is the limited chain flexibility in the BBCP polynorbornene backbone imposed by
the densely grafted side chains. 54 The backbone is constrained to lie along the intermaterial
dividing surface, and a rigid backbone provides additional constraints that limit morphological
transitions caused by incommensurability and selective solvent concentration variation.

The BBCP shows remarkably rapid ordering kinetics and requires less solvent
incorporation for the onset of chain reorganization and ordering compared to a linear diblock
copolymer of equivalent MW. For example, we previously showed that a linear PS-b-PDMS BCP
with M, = 123 kg/mol required solvent vapor annealing at SR > 2.6 for 12h to form a well ordered
microdomain array, 23 whereas the BBCP in this study with theoretical M = 609 kg/mol only
required annealing at SR > 1.6 for 7 min. We had previously demonstrated that the critical XN
value is decreased upon BMM polymerization.22 The preorganization of side chains along the
dense A-branch-B BBCP backbone reduces the entropic penalty of self-assembly that a BMM
suffers and thus enhances the assembly of BCPs via architectural approach. On the other hand,
cylindrical microdomains with 18 nm period, similar to the BBCP period reported here, have been
demonstrated from a linear PS-b-PDMS BCP with MW = 16 kg/mol. An in-situ GISAXS study of
this 16 kg/mol BCP revealed that a SR greater than 1.8 reduced the effective XN sufficiently that a
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disordered state was obtained. 38 In contrast the BBCP showed intense high-order peaks even when
the SR reached 2.4. Therefore, the BBCP has the advantage of forming a small period pattern
within a short anneal time and remains below its ODT even at high swelling ratios.

Contrary to linear BCPs and conventional BBCPs, the Janus BBCP microdomain period is
determined by the length of the sidechains instead of the overall backbone length. The pattern
period obtained here does not represent the lower bound of what could be attained from Janus-type
BBCP but demonstrates the feasibility of small microdomain formation from a high MW polymer.
Templated self-assembly of BBCPs demonstrates the efficacy of topographic patterns in ordering
and registering the microdomains. In wide templates, SCFT simulations reveal that single chains
of the BBCP behave similarly to a linear diblock copolymer, with favorable microdomain
orientation transverse to a neutral trench wall. However, the BBCP with 29 repeat units shows a
stabilization of microdomain orientation parallel to the sidewall as a result of the rigid backbone.
Both the experimental data for period vs. trench width and the calculated asymmetric energy
landscape indicate that a BBCP in an incommensurate template can better accommodate a tensile
strain than a compressive strain.
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4.9 Blending Low Molecule Weight
BBCP

Homopolymers with Janus-type

Previous studies have demonstrated that blending homopolymers with linear BCP can
efficiently swell the microdomain size and induce morphological transition.5-

7

Similar

methodology was applied to a BBCP in which a backbone with sidechains of each block occupying
different regions of the backbone. The periodicity was shown to be controllable by blending short
homopolymers with the large (100 - 500 nm) self-assembled lamellae microdomains BBCP,
enabling tunable photonic band gaps and enhancing the processability of BBCPs.58 However, it is
not necessarily obvious how self-assembly behavior of a Janus-type BBCP would change by
blending homopolymer. In this section, self-assembly of a (PS10 3-branch-PDMS)30 BBCP blended
with low molecule weight (MW) homopolymers was demonstrated. Comparing to the BBCP used
in the previous sections ((PS 15 3 -branch-PDMS)S30 , JPDMS = 26%, L0 = 21 .9 nm, Table 4.1), this
BBCP exhibits fPD M S = 34% and the intrinsic microdomain period is 19.9 nm, Table 4.2. The thin
film annealed in toluene vapor for 30 min revealed well-order in-plane aligned hexagonally packed
cylinders with width of oxidized PDMS microdomain of 12 nm and average period of 22.8 nm, as
shown in Figure 4.16a. The period in bulk and thin film are both slightly smaller than that of
(PSI 5.3-branch-PDMS5)30.

Table 4.2 Principal q and d for branched macromonomers (MM) and bottle brush copolymer
PS 0 3-brush-PDMS5 with different degree of polymerization (DP)
Sample Composition

PS-10.3k-branch-PDMS-5k

Backbone DP

Principal q (nm-1)

d (nmn)

MM

0.327

19.2

10
20
30
40
50
60

0.321
0.317
0.316
0.316
0.314
0.321

19.6
19.8
19.9
19.9
20.0
19.6
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First, we investigated the extent to which blending homopolymers can tailor the

microdomain spacing. PS and PDMS homopolymers (hPS and hPDMS) with Mn = 10.5 kg/mol
and 9.6 kg/mol, respectively, were used for blending. The BBCPs were blended with equal amount
of hPDMS and hPS by weight with different weight fraction ratio. e.g. 10 wt% blending = 90 wt%

(PSi 0 3-branch-PDMS) 3o BBCP + 5wt% hPDMS+ 5wt% hPS. At 20% blend, the GISAXS data
and SEM images (Figure 4.16b) revealed highly ordered in-plane cylinder microdomains with
average period of 28 nm and microdomain width of 16 nm, roughly -1.3% increment in lateral
length scale. The GISAXS profile showed sharp and intense peaks along qz, yet the average grain
size ( ) was decrease from 547.4 to 203.3 am, indicating the decrease in the quality of long-range
order. However, as the blending concentration increased, only weak and broad first-order peaks
were observed, and isotropic ring was still presented after solvent annealing, indicating poorly
order structure in the film. In Figures 4.16c-d, 35wt% blended film demonstrates spherical-like
features, while 50wt% blended film showed macrophase separation. The results showed that low
amount (20wt%) of hPS and hPDMS blending can incorporate into BBCPs microdomain arrays
and swell the microdomain spacing during self-assembly. The characteristic of fast self-assembly
kinetic that was observed in the unblended BBCPs was still preserved after blending. As the
blending concentration increased to 35-50wt%, the BBCP films appeared disorder, indicating the
BBCPs and homopolymers were phase segregated.
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Figure 4.16 SEM and GISAXS images of (a) unblended (PS1o.3-branch-PDMS)3o BBCP and
BBCP with (b) 20%, (c) 35%, (d) 50% hP:BBCP weight ratio, annealed in toluene vapor for 30

min and plasma etched. hP is combined with equal amounts of hPS and hPDMS by weight. (e)
Microdomain spacing (do) and average grain size ( ) as a function of added hP. Data were obtained
via GISAXS 2D image linecut analysis.
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Next, we examined if the effective volume fraction of BBCPs can be controlled by blending
single type of homopolymer. Here, hPDMS was blended into the BBCPs in order to increase the
effective PDMS volume fraction (fDms) from intrinsic value of 34% to a target value. Figures

4.17a and 4.17b showed the film obtained from blended BBCPs with effective PDMS volume
fraction of 40% and 45%, respectively. Both of the GISAXS profiles showed sharp and intense inplane hexagonal peaks with 27-28 nm period, and the SEM images revealed cylindrical
microdomain formation with approximately 20 nm width. With further blending of hPDMS,
Figure 4.17c, period of cylinders increased to 30 nm yet a small amount of PDMS started to
segregated to the top surface, which is attributed to its low surface energy. AtfPDMs,cff= 55%, inplane features were observed in Figure 4.17d, suggesting a layer of PDMS was formed in the
surface. However, the corresponding GISAXS data indicated that first-order peak position and
microdomain spacing remained unchanged. The results suggest that while the microdomain
spacings were increased by the addition of small amount of hPDMS, the morphological transition
was not induced by the presence of hPDMS. The addition of high hPDMS concentration

(fpDms,eff

= 50% and 55%) did not contribute to the self-assembly of BBCP, instead, the hPDMS segregated
to the air/polymer interface for energy minimization of whole blend system. For future study,
blending hPS instead of hPDMS into the BBCPs system could avoid the homopolymer segregation.
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Figure 4.17 SEM and GISAXS images of (PSo.3-branch-PDMS)3o BBCP with PDMS effective
volume fraction (fpDMs,,ff) of (a) 40%, (b) 45%, (c) 50%, and (d) 55%, annealed in toluene vapor
for 30 min and plasma etched. (e) Microdomain spacing (d0) and average grain size
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4.10 Conclusion
In summary, we have demonstrated the thin film morphology and templating of a (PSi5.3kbranch-PDMS5)

3 0 Janus

bottlebrush copolymer, which in bulk exhibits a cylindrical morphology

with 22 nm period. Thin films of the BBCP produced well-ordered arrays of cylindrical PDMS
microdomains with average period of 24 nm for a range of as-cast film thickness with remarkably
fast ordering kinetics for room temperature annealing in toluene vapor. Microphase segregation
was observed for a SR = 1.6 and above, with the highest correlation length at SR = 2.5. The
cylindrical morphology was formed even over a range of selective solvent vapor composition,
attributed to the rigid extended backbone of the BBCP. Addition of low molecule weight
homopolymers with a (PS10o .rbranch-PDMS5)A( BBCP were implemented to study the extent to
which blending homopolymers can tailor the microdomain spacing and thin film morphology.
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Chapter 5

Imparting Superhydrophobicity with a

Hierarchical Block Copolymer Coating

This chapter presents a method of imparting superhydrophobicity to a surface through the selfassembly of PS-b-PDMS

BCPs to produce a surface with multilayer silica-like nanoscale

topographic patterns. This approach involves iterative steps of spin-coating, annealing, and etching
of a block copolymer (BCP) thin film to form a multilayer nanoscale topographic pattern with a
water contact angle up to 155 . A model based on the hierarchical topography was developed to
calculate the wetting angle and optimize the superhydrophobicity, showing excellent agreement
with the experimental trends, and explaining superhydrophobicity arising through combination of
roughness at different lengthscales.
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5.1 Introduction
Superhydrophobic surfaces are defined by their characteristic ability to repel water and the
resulting resistance to wetting, 1- and can be created by introducing appropriate surface roughness
and chemical functionalization.

Superhydrophobicity is alternatively called the lotus effect

because it underlies the self-cleaning ability of the lotus plant and certain insect wings. 5'

0

Quantitatively, superhydrophobicity corresponds to a water contact angle that exceeds 1500 and a
roll-off angle less than

10.11,12

The large contact angle reduces the contact area between a water

droplet and the surface, and allows the droplet to roll off at a small tilt angle. As a result, the water
droplet will dislodge hydrophilic contaminants from the surface, making the surface self-cleaning.
In addition, the continuous condensation and roll-off of water from a surface improves heat transfer
through the interface.' 3 Superhydrophobic surfaces therefore hold technological promise for a
myriad of applications including anti-fouling, reduced drag-force on ships, combustion engines,
heat exchangers, synthetic fibers, windshields, solar panels, airplanes, and droplet transfer in
microfluidics.1 4 - 7 The range of applications spans different environments, service conditions and
length scales.

Recent

studies suggest that multiscale roughness is beneficial

for the enhanced

superhydrophobicity displayed by many natural surfaces.' 8 - 22 Attempts have been made to prepare
synthetic analogues by introducing micro-scale features onto a surface in order to generate the
necessary roughness for trapping air under a water droplet.4,8

23

Current manufacturing approaches

rely on methods such as lithography, nanoimprint, and chemical synthesis procedures to artificially
introduce roughness to surfaces.24 - 2 8 However, these approaches typically utilize particulate or
non-permanent polymer-based films so the hydrophobic surface lacks mechanical robustness. For
instance, glasses used for windshield or rear-view mirrors have been imparted with hydrophobicity
by wet-coating organic compounds or hybrid composites, but their abrasion resistance is limited
by the low adhesion strength of the coating. 29 Likewise, nanoparticle coatings suffer from poor
durability due to the weak interaction between particles and the target surface. 30 The formation of
the superhydrophobic surface may require expensive processing, such as the chemical vapor
deposition steps used to produce a thin-film of titanium dioxide on self-cleaning glass.3 ' In addition,
the roughness compromises the optical qualities of the surface and restricts its utility in
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applications

such

as solar cell panels

and window treatments.

For example,

spray-on

superhydrophobic products show limited lifetime and optical properties.32 The reduced optical
transparency of the roughened surfaces is due to Mie scattering from features of similar size to the
wavelength, 3 3 in which the scattering intensity increases rapidly with the ratio of the characteristic
surface features to the wavelength of light. Sub-100 nm roughness is therefore preferable to
enhance the optical transparency for visible light.'1,27,2 8 ,34-36 Hence, a new technology is required
to produce superhydrophobic surfaces via inexpensive, facile fabrication based on robust
nanoscale structures that induce hydrophobicity while preserving optical properties.

Block copolymers (BCPs) self-assemble into periodic nanoscale patterns with controllable
size and morphology determined by the molecular weight and composition of the BCP.

37 3

,'

The

resulting self-assembled features themselves can be functional, or can be employed as a mask to
pattern other functional materials.
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BCPs have been used to pattern surfaces to achieve

hydrophobicity, 40 13 for example, silica nanopillar arrays with 100 nm period were fabricated using
micellar films of polystyrene-block-poly(2-vinylpyridine) as etch masks. The height, radius, and
periodicity of the nanopillar arrays were varied by tuning the deposition and plasma etching
conditions, and the high water repellency originated from the resulting surface roughness.4 2
Cylindrical pillars and nanocones with feature spacing less than 100 nm were patterned in Si using
a mask made from a polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) film in which
aluminum oxide was selectively incorporated in the PMMA domains by sequential infiltration
synthesis. The textured surface rendered a substantial improvement in the surface wetting
properties,

and

its robustness was investigated

by means of high-speed

water droplet

impingement. 4 3 However, the self-assembled microdomains from block copolymers composed of
organic monomers display poor mechanical stability and etching selectivity, necessitating
additional pattern transfer steps to achieve final robust surface features, accomplished, for example,
by a damascene processes,44 lift-off," or sequential infiltration synthesis. 4 3 Additionally, these
works have been limited to creating a monolayer of self-assembled nanoscale features with a
uniform period. Block copolymer self-assembly has the potential to make hierarchical surfaces at
sub-100 nm length with multiple precisely-controlled length scales and geometries, but there has
been no attempt to synthesize such surfaces and realize the predicted improvements in hydrophobic
behavior.
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Herein, we report a method for functionalizing a surface with a durable and optically
passive hydrophobic coating via the self-assembly of silicon-containing BCPs. An iterative
process

of spin-coating,

annealing,

and

etching

of cylindrical-forming

poly(styrene-b-

dimethylsiloxane) (PS-b-PDMS) thin films was employed to manufacture multilayer hierarchical
structures. An oxygen plasma treatment removes the PS block and transforms the PDMS block
into robust silica-like line patterns forming immobilized topographical features without requiring
further pattern transfer processes.4 6 The inherent tunability of the geometric characteristics of the
multilayer topography also facilitates systematic studies of surface wetting behavior at the
nanoscale. To understand how superhydrophobicity emerges from multilayer hierarchical BCP
structures, a topographical model was constructed, and the apparent water contact angles of various
mesh and grating structures were simulated. The results reveal the significance of controllably
introducing multiple well-defined levels of patterning through the self-assembly block copolymer
method.
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5.2 Modeling of Topography and Contact Angle
(This section is a collaborative writing with Mr. John Simonaitis)

5.2.1 Modeling Methods
The topography of the hierarchical block copolymer structures was approximated in Fusion
360 CAD software, based on tapping-mode atomic force microscopy (AFM) measurements and
prior observations. Examples of experimental measurements of topography arc shown in Figures
5.1(a) and 5.1(b) and the corresponding model topography in Figure 5.1(c). Three different
cylinder-forming PS-b-PDMS BCPs were used in the experiments with total number average
molecular weight (Ma) of 123 kg mol' (labeled SD123; fraction of PDMSfDMS

=

0.38, period Lo

=

80 tm), 53 kg mol- (SD53;fPDMS = 0.30, Lo = 40 nm), and 16 kg mol' (SD16;fPDMS = 0.32, Lo

=

20 nm). The block copolymers SD 123, SD53, and SD16 arc denoted as layers A, B, and C, with

80nm, 40nm, and 20nm spacing respectively. The topographical oxidized-PDMS features were
approximated as half-cylinders with diameter one-half of the period. When one block copolymer
layer crossed over another, we introduced a five-point cubic spline at the top of the lower layer, a
quarter of the radius down, and the minimum sag at one-half the bottom layer radius, then placed
the top hemi-cylinder across this. Any overhanging topography was then extruded to the substrate
at a 5' angle from the vertical, mimicking the sidewall taper produced by reactive ion etching.
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~. b

I

Figure 5.1 Construction of multilayer block copolymer structures from atomic force microscopy
topological maps. (a) shows a raw image of a lxi um region of block copolymer film. (b) shows
that converted to a topological map, while (c) is the idealized topography used for modeling.

Next, we swept a surface across the structures to represent the boundary of the water drop,
calculating the surface area of the substrate topography above this wetting plane, denoted
and the projected area onto the plane beneath, denoted

fih).

PSL(h),

Both are functions of the height h of

the boundary plane above the substrate plane. From these curves, shown in Figure 5.2, we then
calculate the expected wetting angle as a function of height h as follows. We begin with the result
of Cassie and Baxter' shown in equation 1, which gives the predicted wetting angle on an
inhomogeneous surface as a function of the wetting angle Oy on the solid portion, the fraction fs
of the liquid surface that is in contact with the solid, the contact angle of the liquid interface with
air (which is always

9

G

= 1800) and the fraction of the liquid surface that is in contact with air,

Simplifying these terms according to Calvimontes 4 7 by recognizing that fs +
and cos Oy is effectively

f(h)rSL(h)COSOYO,

fG =

1, CoS OG

=

fG.

1,

where 9yo is the intrinsic contact angle of the flat
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substrate (determined for example by its brush coating), we obtain equation (2), whose termsf(h)
and

rSL(h)

are defined in equations (3) and (4) and Lm 2 represents the rectangular area of the full

simulated region. Equation (2) gives the predicted contact angle as a function of the height of the
water contact boundary above the substrate.

cos 0 =

fAcosy

(1)

+ fG COS OG

cos ( = f(h) (rSL(h) COS YO + 1)

-

(2)

1

(3)

TSLL~h)f, L(h)
rSL(h)

p~(4)

When h reaches zero, we simply recover the fully-wetted Wenzel regime surface roughness factor
r. This case is never achieved for hydrophobic surfaces, but for hydrophilic surfaces it provides a
check of our model. With no hydrophobic coating, we measure a contact angle of 400 for the
polished glass substrate, and from this we predict a wetting angle of 100 for a single layer of BCP
topography, which approximately matches our experimental result of- 13'.

This analysis yields the predicted contact angle as a function of the height of the water-air
boundary

above the substrate,

but the equilibrium value

of h has to be determined

thermodynamically. The analysis of Calvimontes using polygonal maps allows for the prediction
of h using free energy arguments. 47 Following this approach, we define the total free energy Atotai
in equation (5) where ASL is the interfacial energy contribution of the solid-liquid interface and
ALG

that of the liquid-air interface, given in Eqs. (6) and (7) respectively. The term YLG L' in (6)

and (7) represents intrinsic properties of the surface (YLG is the liquid-air surface energy, YSL is the
solid-liquid surface energy), and does not appear in calculating the equilibrium wetting height. The
(1

-

fch)) term

in Eq. (7) represents the fractional projection of the surface area on the water-air

interface, and the (2 - cosS) approximates the additional air-water surface area as described in
Figure 5.2. Equations (8-10) show the derivation of S and are described elsewhere.4 7
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ASL

ALG

:

=

Atotai = ASL + ALG

(5)

-YLG L mCoS(0Y0) f(h)rSL(h)

(6)

YLG Lm (

15h) =

*

~ f(h))(2 -

COS)

Oy + a(th) - 1800

rSL(h)f(h)

-

rSL(h-Ah)f(h-Ah)

f(h)

cos a

(8)

(9)

(h-Ah)

=

1

=h)

(10)

Once Atotai is calculated for a range of wetting heights, we then take its derivative with respect to
h, denoted A*otal which is plotted in Figure 5.3. The minima of these plots denote the lowest
energy configuration of each wetting line, and from this value we can then calculate the expected
contact angle from Eq. (2) which is demonstrated graphically in Figure 5.2.. From this procedure,
we derived the contact angles and heights shown in Table 1. This method is appropriate for either
of the two hydrophobic treatments used in the experiment, because the difference comes in simply
as the Oyo initial contact angle term which can be varied. In the case of Table 1, we present values
calculated for the perfluorosilane treatment.
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a
Simulated water boundary

I

Boundary swept up
and down, calculating
surface energies

Block copolymer structure

b

Boundary swept up
and down, calculating
surface energies

Figure 5.2 Geometry of the surface topography and the boundary of the wetted area, with
definitions of local contact angles and interfacial areas. The meniscus area was included in
calculations of the water-air surface area, but any contact with structures beneath the water line at
h was neglected.
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Figure 5.3 Examples of wetting curves, heights and angles for six different substrate topographies.
The top-most row shows the raw ratios of rsL(h) (yellow) and fqh) (blue) for the A, A 1 B, and A
11B I C geometries from left to right. The green curves below show the predicted contact angles
at each height, while the red bottom-most curve shows the free energy minimization procedure.
The lower three rows show corresponding data for A 11B, A v B, and A I B I C.
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5.2.2 Modeling Results and Discussion
The wetting behavior of surfaces has long been understood as the result of surface tension
between water, air, and the surface in question (in this case, the etched BCP). From the work of
Cassie and Baxter' to that of Calvimontes, 47 the calculation, modeling, and simulation of wetting
on arbitrary surfaces has become well established. We applied these theories to simulate the
relative wetting behavior of water on hierarchical BCP line and mesh patterns with varying length
scales and layer alignment as described in the Methods section. These structures were based on
the observed geometries of multilayered BCP films, where sequential deposition, annealing and
etching of BCP films leads to either parallel alignment of cylinders, or the spontaneous orthogonal
ordering of one layer of in-plane cylinders on another to form mesh patterns. 48 The topography is
modeled as meshes or gratings of smoothly curved approximately hemicylindrical structures with
different periods and orientations. The layers of in-plane cylinders in the hierarchical structures
are labelled as A, B and C, with A having the largest period of 80 nm, B a period of 40 nm and C
a period of 20 nm, and the symbols V, I, and 11 refer to angled, orthogonal, and parallel alignments
of the cylinders in successive layers. Several structures and their labels are shown in Figure 5.4(a)
and a comparison of model and experimental topography is shown in Figure 5.1.

To calculate the wetting behavior, water is placed on the model topography, making contact
at a height of h above the plane of the substrate. Air is trapped in the recesses of the topography
below h, and the total interfacial energy consists of contributions from the liquid-solid and the
liquid-air interfaces. By calculating the energy as a function of h, the equilibrium configuration
and energy of the wetted interface is determined from which the contact angle is found. This
analysis neglects gravity and the effects of captured air pressure in the cavities, and assumes
imperfect wetting, insoluble surfaces, homogenous hydrophobic coatings on all surfaces, and
complete BCP coverage.4 7

The results of the analysis of the structures in Figure 5.4(a) are summarized in Table 1,
revealing several important trends that can be used to understand the influence of nanoscale
topography on hydrophobicity. The first observation is that introducing any roughness to the
surface, even a grating pattern made from a single layer of a BCP dramatically increases the contact
angle of a brush-layer-coated surface. However, there is no predicted thermodynamic stable state
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for wetting of a surface consisting of a single layer grating pattern, and instead we predict a range
of wetting values. The second observation is that adding layers of different length scales always
improves hydrophobicity, regardless of the orientation. This is seen in comparing the wetting
angles on a single layer of A to the results of A _ B, A V B, and A I B. It is not necessary for the
second layer to have a smaller period than the first, and structures such as B I A and A I A also
increase the wetting angle compared to that of A. In practice, fabrication of B I A and A I A
structures was more challenging due to poorer surface coverage and orthogonality of the upper
layer with respect to the lower layer. The third observation is that orthogonal alignment of the
cylinders to form a mesh leads to greater hydrophobicity than that obtained from parallel cylinders.
The orthogonal topographical structures are able to pin the droplets at higher points above the
surface and maximize the liquid-air surface contact while minimizing contact with the topography.
The 450 and 90' orientations had similar wetting angles. Three-layer structures, A 1 B I C and A
11B I C, showed the same trends and offered a further increase in the predicted wetting angle.

Table 5.1 Predicted contact angles of block copolymer structures.
Structure

Predicted Wetting Heightb

Predicted Contact Angle

Smooth (No Coating)a

0 nm

40' (Measured)

Smooth

0 nm

1200

A (No Coating)

0 nm

100

A

Nonec

1300 - 1500

A I B

22 nm

1620

AV B

22 nm

1620

A 11B

13 nm

148*

A IB I C

20nm

1640

A

30 nm

1700

BI C

aNo coating refers to the absence of the hydrophobic fluorosilane brush layer. bPredicted height

refers to the calculated equilibrium height of the water contact line above the plane ofthe substrate.
cFor this topography no stable height was found.
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(A118)

(AiBIC)

(AvB)

(ALA)

(A|j3)

(A((BIC)

(AB)

Solvent Annealing

Spin-Coating

Hydrophobic Treatment

Plasma Etching

(A)

1*

0

1s Layer
(Large MW BCP)

.

b

(A)

0
n

*

*

2"d Layer
(Medium MW BCP)

*

Add Layer

I

(A 11 BIC)

3d Layer
(Small MW BCP)

0

4

*f

Figure 5.4 (a) Schematic examples of hierarchical BCP structures. The label A refers to the block
copolymer with the largest period shown in green, B to the intermediate period in yellow, and C
to the smallest period in red. The ordering from left to right refers to the order in which they were
deposited, i.e. the first letter is the bottom layer, and the symbols V, I, and 11 refer to angled,
orthogonal, and parallel alignments of the cylinders. (b) The fabrication process for multi-layer
hierarchical structure A 11B IC. Each block copolymer film is spin-coated, solvent annealed, and
etched, and the process is repeated to form a hierarchical structure.
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5.3 Fabrication of Hierarchical Block Copolymer Coating

5.3.1 Experimental Methods
(a) Hierarchical BCP film preparation
First, a BCP was spin-coated from toluene solution on a glass substrate and subsequently annealed
in a solvent vapor at room temperature in order to induce microphase separation. Solvent vapor
annealing was performed in a 30 cm3 glass chamber filled with 6 ml of liquid solvent, with the
samples supported above the liquid surface and the lid loosely covering the top of the chamber. A
binary mixture of solvent vapor produced from toluene:heptane volumetric mixtures in the ratio
of 5:1 was used for SD123 solvent annealing, pure toluene vapor was used for SD 53, and pure
acetone vapor was used for SDI6. After the completion of solvent annealing, the lid of the chamber
was slowly removed and the films were dried within 30s at ambient temperature. Film thicknesses
were selected to produce a monolayer of in-plane cylindrical PDMS microdomains in a PS matrix,
with a thin wetting layer of PDMS forming at the film/ air interface as a result of the lower surface
energy of the PDMS block. Subsequently, a CF4 reactive ion etching (RIE; 5s for SD 123 and SD53,
and 3s for SD 16) was used to remove the PDMS wetting layer, followed by an 02 RIE (30s for
SD123, 22s for SD53, and 12s for SD 16) to remove the PS matrix, leaving a monolayer of
oxidized-PDMS microdomains on the substrates. The width of the oxidized-PDMS lines was less
than about half their width, and they formed a fingerprint-like pattern on the substrate lacking long
range orientation order. The oxidized-PDMS formed by the oxygen plasma is a robust silica-like
material that serves as an insoluble, durable topographical grating pattern. The next layer of selfassembled oxidized-PDMS microdomains was generated by spin-coating another PS-b-PDMS
BCP directly on top of the lower layer. The sample was subjected to solvent vapor annealing and
two-step RIE as described above, leaving a bilayer oxidized PDMS structures on the surface of the
substrate. To generate the third layer of self-assembled oxidized-PDMS domains, the BCP film
deposition, solvent vapor annealing and two-step RIE processes were repeated. The process
parameters that influence the alignment angle between BCP layers are described in the following
section.
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(b) Hydrophobizing treatments
The silica-like topographic structures produced by etching the BCP are hydrophilic, and a
hydrophobic

brush

layer was therefore

applied,

either hydroxy-terminated

perfluorosilane coating, (heptadecafluoro- 1,1,2,2,-tetrahydrodecyl)trichlorosilane.

PDMS

or a

The PDMS

brush coating was formed by spin-coating a hydroxyl terminated polydimethylsiloxane brush (Mn
= 5 kg mol', PDI= 1.1, Polymer Source, Inc) onto the multi-layer structure. The sample was baked
at 170

0

C under vacuum (20 Torr) for 16 h and was subsequently rinsed by toluene. The grafted

PDMS layer is approximately 2 nm thick. The perfluorinated brush was prepared by placing the
sample inside a vacuum glass chamber with a ImL of heptadecafluoro-1,1,2,2,-tetrahydrodecyl
trichlorosilane (Gelest, Inc) droplet on a glass slide to create a vapor environment. The fluorination
time was 30 min and the fluorinated layer is approximately I nm thick.

(c) Contact angle measurements, optical and mechanical testing
Droplets of distilled water were applied to the prepared surface, and the static contact angle
was measured with a horizontal microscope equipped with a VCA 2000 Optima (AST Products
Inc). The mean value was calculated from at least four individual measurements.

The optical

transmittance spectrum of reference and patterned glass were measured over a wavelength range
of 300 - 800 nm, using a UV-Vis spectrophotometer (Perkin Elmer Lambda 1050). For the
mechanical tests a high-tack tape (3M VHB Tape 5925 with an adhesion to steel of 3000 N/m)
was applied on the sample by rolling a 8 lb. steel roller forward and reverse and subsequently
peeled off in a direction perpendicular to the sample surface, as reported by Peng et. al. 4 9

5.3.2 Experimental Results
The theoretical results were used as a guide in the preparation of superhydrophobic BCP
films on glass substrates. Figure 5.4(b) outlines the manufacturing process utilized to fabricate A
11 B LC as an example. To prepare multilayer hierarchical nanostructures, the first layer of BCP
was spin-coated, solvent annealed and etched in oxygen to form a topographical silica-like grating
pattern. A second BCP was then spin-coated, annealed and etched, followed by a third BCP, and
the final structure was treated with a hydrophobic brush layer. Self-consistent field theory showed
that orthogonal alignment of the second layer of cylinders with respect to the first is promoted if
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the lower surface has shallow topography or weak affinity to either of the two blocks, independent
of the trench spacing. On the other hand, a parallel alignment is favored for deeper topography
when the domain spacing between the two BCP layers is close to commensurate. This is
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50 5

'

'

particularly true when the substrate surface is attractive to the majority block.4 8

a

Untreated glass

SD123| SD53
+ PDMS coating

PDMS coating

60 nm

30

0.0

0.2
0.4
0.6
0.8

1.0 PM
Figure 5.5 (a) Contact angles of untreated, PDMS-coated, and PDMS-coated bilayer-patterned
glass substrate. (b) AFM topography images of the bilayer A 11B (SD123 11SD53) surface.

The contact angle of untreated glass substrate was measured as a reference, showing a low
contact angle of 430, increasing to 930 on application of the PDMS brush layer and 114' for the

perfluorosilane brush layer, as shown in Figures 5.5(a) and 5.6(a). A topography consisting of a
hierarchical pattern of parallel cylinders made from SD123 as the first layer and SD53 as the
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second layer with a PDMS brush layer is presented in Figure 5.5(b). This A 11B structure had a
contact angle of approximately 1120, i.e. the topography increased the wetting angle by 19'. A
perfluorosilane-coated A 11B I C topography with SD123 as the first layer, SD53 as the second
layer, and SD16 as the third layer, Figure 5.6(b), showed a contact angle of 155' (vs. 1140 for the
perfluorosilane-coated glass) and a roll-off angle of 20'. These results confirm the beneficial
results of the multilayer hierarchical topography in increasing the contact angle. We also tested
other structures such as A I C 1 B and A I C I C which produced hydrophobic results as shown
in Figure 5.7, 147* and 148" respectively.

b

a

Perfluorosilane coating

SD123 11SD53 .1 SD16
+ Perfluorosilane coating

Figure 5.6 (a) Contact angles of untreated, perfluorosilane-coated, and perfluorosilane-coated trilayer-patterned glass substrate. (b) AFM topography images of the tri-layer (SD123 11SD53 I
SD16) BCP film.
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Figure 5.7 The contact angles of different three-layer morphologies. The best wetting behavior
corresponds to an A 11 B _ C morphology with a 1550 contact angle.

5.3.3 Optical Property and Mechanical Robustness Test
The optical and mechanical characterizations of the hydrophobic surfaces are shown in
Figure 5.8. The optical transmittance of a hydroxy-terminated PDMS coated glass film, Figure
5.8(a), shows negligible difference with respect to the reference substrate (air and bare glass), with
25
an average of 92.36% transmittance over the visible wavelength ranging from 380 to 740 nm.

The transmittance obtained for a superhydrophobic surface composed of a tri-layer (SD123 11
SD53 I SD16) with a PDMS brush layer was 1.4 + 0.4 % lower than that of reference substrate
over the visible wavelength range. The absorption of visible light by the patterned glass substrates
is low because the length scale of the roughness is significantly lower than the wavelength of
visible light. On the other hand, the mechanical robustness of the plasma oxidized-PDMS patterns
on the glass was examined by an adhesion test (Figure 5.9) in which an adhesive tape was pressed
onto the surface with a steel roller then peeled off." The RMS surface roughness of a single-layer
surface SD53 decreased from an initial value of 3.73 nm to 2.85 nm after 100 peel-off cycles,
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while the topography of the BCP structures on the glass film remained unchanged, shown in Figure
5.8(b). The result demonstrates that our etched-BCP coatings preserve their surface topography
after multiple repetitive cycles of 90 degree peel adhesion testing.
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Figure 5.8 Optical transparency and mechanical robustness test of etched BCP films. (a) Optical
transmittance spectrum of reference substrate (air and bare glass), PDMS-brush coated glass, and
PDMS-coated tri-layer-patterned glass substrate, showing average transmittance of 92.56%,
92.36%, and 91.23% respectively over the visible wavelength ranging from 380 to 740 nm. (b)

AFM topography images of an etched SD53 film subjected to 0, 50 and 100 repetitive peel-off
cycles.
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Figure 5.9 90 degree peel adhesion test setup. 3M VHB Tape 5925 was applied uniformly on the
sample by rolling a 8 lb. steel roller twice, and subsequently was peeled off manually at 90 degrees.
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5.4 Alignment Control between Microdomains
There are several factors that influence the alignment between different layers. First, large
substrate corrugations in the form of large barrier height promote parallel orientation when the
period of the second or upper BCP is close to commensurate with that of the first. On the other
hand, if the underlying topographical patterns are shallow, there is greater tendency for orthogonal
alignment." Second, when the topographically patterned substrate is chemically modified to be
strongly attractive to one of the blocks, a parallel alignment is promoted. Orthogonal alignment is
expected when the surface chemistry of the topographical patterned substrate is close to neutral to
the two blocks." Moreover, the commensurability between the periods of the underlying
topographical pattern (w) and that of the overlaid BCP (L.) plays an important role. When the
commensurability condition is matched, i.e. the ratio w/L. = n, where n is an integer, the alignment
of top-layer in-plane cylinders parallel to the underlying topography is energetically preferable.
This is driven by the entropy penalties of distorted polymer chains and the curved inter-material
dividing surface between blocks that are required to follow the contour of the underlying
topography.50
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When the

commensurability condition

is not matched,

the underlying

topographical pattern can promote the orthogonal alignment of the top-layer in-plane cylinders to
avoid polymer chain deformation.

4 5

,

The BCP can tolerate -10% mismatch between w and Lo

54 55
without making highly defective parallel patterns, as seen in other templated systems. ,

However, our study has shown that when the topography is shallow and there is weak substrate
attraction to the minority block, an orthogonal alignment is favored even when the upper BCP is
commensurate with the lower layer. In addition, the as-spun thickness of the BCP film on the
topographical patterned substrate is critical. The plasma oxidized-PDMS patterns, which serve as
the topographically patterned templates for the next layer, are expected to exhibit at least a weak
preferentiality to PDMS, and the air/polymer interface also preferentially attracts the PDMS due
to its low surface energy. Under this symmetric wetting condition, where air-polymer and polymersubstrate interface are attractive to the same block, a swelled film thickness of 2Lo leads to
formation of a monolayer of in-plane cylindrical microdomainsi 6 If the as-spun film thickness or
the swelling ratio are too small, there is microdomain formation only in each trench of the
underlying pattern and an adjustment of the microdomain spacing. On the contrary, a greater film
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thickness or swelling ratio could result in the formation of microdomains in both trenches and
mesas of the underlying topographical pattern as shown in Figure 5. 10 as an example.
ab

e

200 nm

Figure 5.10 (a) Hierarchical structure consisting of SD53 cylindrical microdomains (Lo 40 nm,
shown in yellow) as the second layer aligned parallel only in between SD123 cylindrical
microdomains (Lo = 80 nm, shown in green), because the as-spun SD53 film thickness was thinner
than a commensurate monolayer thickness. (b-c) Hierarchical structure consisting of parallelaligned SD53 as a second layer located both on top of and in between SD123 when the as-spun
thickness was increased. (d) Hierarchical structure self-assembled by coating a layer of SD16
cylindrical microdomains (Lo = 20 nm, shown in red) on the structure shown in (c), with SD16
aligned orthogonal to the underlying patterns. It demonstrates a higher complex hierarchical
structure of A |I B .L C. (e) Hierarchical structure consisting of SDI6 as the second layer aligned
orthogonal to SD 123.

157

5.5 Conclusion
We report a method of imparting superhydrophobicity to a surface through the selfassembly of BCPs to produce a mechanically robust surface with nanoscale hierarchical
topography, preserving the optical transparency of the underlying material. The multilevel
topography introduces the necessary roughness on the nanoscale to trap air and increase the
hydrophobicity of the surface, and can be controlled via the period and layer sequence of the block
copolymers. A theoretical model was constructed that matched the experimentally observed
topography. By determining the energy for different wetting configurations, the contact angles
were calculated. The modelling predicted increasing hydrophobicity in hierarchical structures as
observed in the experimental results, especially where the layers of topographical features
produced from the BCP align orthogonally or at an angle to form a mesh. A bilayer topography
increased the wetting angle from 930 for PDMS-coated glass to 1120 for a PDMS-coated bilayer,
and from 1140 for pcrfluorosilanc-coated glass to 155* for a perfluorosilane-coated tri-layer
topography. The superhydrophobic property induced by hierarchical

BCP nanostructures

presented here lays the foundation for design of robust superhydrophobic coatings which can
potentially be fabricated via scalable process such as spray- and dip-coating strategies.57
Furthermore, this technique demonstrates its promise as a versatile technology platform, especially
in optically sensitive settings like photovoltaics, tactile surfaces, optical lenses, and vehicular
windshields.
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Chapter 6

Self-assembly of a PFS-containing ABC 3-

Miktoarm Star Terpolymer Thin Films

The self-assembly of diblock block copolymers provides a versatile means of generating wellordered periodic structures such as spheres, cylinders, and lamellae, which have been intensively
studied and by now a relative well-understood area. Multiblock polymers demonstrate a myriad of
more complex patterns that are not easily accessible from any conventional linear copolymers. The
processing conditions (e.g. solvent identity, vapor pressure, annealing time, quench speed, film
thickness, pressure gradients, swelling ratio, surface chemistry... etc.) provide yet another set of
design handles to tune the nanometer scale architecture. In this chapter illustrates the Selfassembly of a PFS-containing ABC 3-Miktoarm Star Terpolymer Thin Film. The presence of iron
and silicon in the PFS backbone adds a distinctive functionality to this materials. The unique
geometries obtained from thin films further expand the utility of multiblock polymers for
nanopatterning.
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6.1 Introduction
Precisely engineered patterning of materials at the nanometer length scale has been shown
to generate unique structure-dependent physical phenomena and provide a versatile technology
platform.1- 4 Self-assembly of block copolymers provides an facile approach to the fabrication of
complex nanostructured composites.f

7

Throughout the last decade, the majority of work relevant

to self-assembly of block copolymers has made use of coil-coil diblock copolymers, including
polystyrene-block-poly (methyl methacrylate) (PS-b-PMMA), poly (styrene-block-4vinylpyridine)
(PS-b-P4VP), and (polystyrene-b-polydimethysiloxane) (PS-b-PDMS) among many others.2 8-' 2
While enormous progress has been made to fabricate long-range ordered periodic nanostructures
using diblock copolymers, there has been little effort on the exploitation of multiblock copolymers,
which can form a more diverse range of nanoscale device-oriented geometries such as ring-shaped
features and square-symmetry patterns.13 -16 Triblock terpolymers are made of three different
chemistry blocks, and the equilibrium morphologies are determined by three interaction

parameters

(XAB, XBC, XAC),

two independent volume fractions

(PA,

PB,

I

-

(PA -

(B,

and the

geometry of block architectures. Triblock terpolymers can generate "three-colored" surfaces,
which provides heterogeneous film surface chemistry as well as additional degrees of freedom for
etching.1 7 18 The resulting patterns can be used to guide functional materials into complex
arrangements, enabling multifunctional materials for next generation technologies, e.g. bitpatterned magnetic media or plasmonic devices.192 0

Multiblock copolymers that incorporate

organometallic polyferrocenylsilane (PFS) block with organic blocks (e.g. PS, P2VP, and PI)
offers highly etch resistance and excellent etch selectivity between blocks.2 ' Upon oxygen reactive
ion etching (RIE), the PFS segments, where iron and silicon are in the polymer backbone, are
etched slowly compared to organic blocks, leaving oxidized PFS microdomains which are valuable
for subsequent pattern transfer processes.

152223

Investigations of the self-assembly of polyisoprene-b-polystyrene-b-polyferrocenylsilane
(PI-b-PS-b-PFS, ISF) triblock terpolymers have been carried out to demonstrate a myriad of
23
complex patterns that are not easily accessible from any conventional diblock copolymer. 1",11 A

linear ISF with ratios in volume fractions (qP,:

Os:

#5F)

approximately equal to 2.5/6.5/1 showed

square arrays of posts composed of PI and PFS blocks in the PS matrix. 6

163

23
-

The quality of ordering

was controlled by optimizing solvent annealing conditions, film thickness, and types of brush
layers on the substrates. Templated self-assembly was implemented on a sparse arrays of
topographical post template, and the effect of template surface chemistry on the square lattice
orientation was studied. Pattern transfer from this linear ISF was demonstrated, generating positive
post patterns by plasma etching or negative hole patterns by surface reconstruction in a solvent. 8
Compared with ABC linear triblock terpolymers,2 4 in which three blocks are sequentially
connected, ABC miktoarm star terpolymers are constructed by connecting three ends of blocks at
a single junction point which is confined on a linear or curved interfaces between blocks .25-28 The
additional entropic effect arisen from the spatial arrangement of molecules renders more complex
self-assembly behavior and the resulting self-assembled microdomains. The phase behavior of
ABC miktoarm star terpolymers with symmetric interaction among all blocks
26

has been extensively studied using self-consistent field theory (SCFT), ,

33

(XAB

XBC

= XAC)

showing unique phase

diagram with complex self-assembled features that are absent in linear triblock terpolymers.
Nonetheless, the asymmetry interactions among three component polymers, the geometric
confinement, and the surface fields in thin films often leads to different morphologies from the
prediction. 34 Previous investigations on the miktoarm star terpolymers (PI-arm-PS-arm-PFS,3[1ISF) with similar volume fraction ratio (1.5/1.9/1 and 1.5/1.3/1) have demonstrated that the selfassembled archimedean tilings and knitting patterns with different sequence of phases can be
tailored by tuning the amount of homopolymer blending, the as-cast film thickness, and the solvent
vapor annealing condition.3 5 37 The unique geometries further expand the utility of multiblock
polymers for nanopatterning.

Here, we report the morphology of 3p-ISF with volume fractions of pp, = 54%, #ps = 23%,
and

OPFS

= 23%, respectively, synthesized according to Nunns et al. The ratios in volume fractions

of these three blocks approximately equal to 2.3/1/1, and they exhibit asymmetric interactions,
with the Flory- Huggins interaction parameter between blocks being XFS- 0.08 <Xis
~ 0.17.

0.11 <

IF

The PFS phase show a pronounced incompatibility towards PI, which suggest that the

system would tend to minimize the unfavorable contact between PFS and PI, whereas these three
blocks are adjoining each other due to architecture of star-shaped polymers. Solvent vapor
annealing is used to improve the diffusivity of polymer chains and expedite the process of selfassembly. Grazing-incidence small-angle X-ray scattering (GISAXS) is considered as one of the

164

most powerful tools to allow for a full understanding of the block copolymer self-assembly process
during solvent vapor annealing. The observed real-time structural evolution can be related to the
solvent selectivity, overall degree of swelling, static swollen and deswelling stages of solvent
annealing, which gives a general understanding of the self-assembly behavior of triblock
terpolymers under a solvent environment. The results can illustrate the multiple annealing kinetics
and thermodynamic factors which influence the final self-assembled morphologies.
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6.2 Experimental Method

6.2.1 Sample Preparation
A 50.69 kg/mol (Mn) PI-arm-PS-arm-PFSMiktoarm star triblock terpolymer was used
with volume fractions of 54%, 23%, and 23%, respectively, synthesized by combing the living
polymerization of blocks with copper (I)-catalyzed azide-alkyne cycloaddition "click" reactions.
The details of synthesis procedure are given in a previous paper.3 8 The polymers were dissolved
in toluene at 1 wt % and spin-cast on a Si substrates with a native oxide layer. The film thickness
was controlled by varying spin-coating speed. The spin-cast films were subsequently annealed in
flowing solvent vapor diluted with nitrogen gas. For bulk morphology study, the sample was dropcast from a 30mg/ml toluene solution onto a TEM grid and thermally annealed for 72 h at 140 'C.

6.2.2 In-Siti GISAXS Measurements during Solvent Vapor Annealing
GISAXS measurements were performed at the Complex Materials Scattering (CMS, 11BM) beamline of the National Synchrotron Light Source II at Brookhaven National Laboratory.
The in-Situ GISAXS measurement during BCP solvent annealing experimental setup is shown in
Figure 2.7. Researches employing similar experimental setups have been previously reported.39- 4 2
The BCP film was placed in a custom airtight annealing reservoir, with one end connecting to a
solvent vapor inflow tube and the other end connecting to vapor exhaust tube. The annealing
reservoir is customized to have two Kapton-film windows on two opposite sides of the chamber,
allowing the incident X-rays to reach the block copolymer film and scattered light to be collected
by the detector. The quartz lid of the reservoir allows in-situ measurement of film thickness of
block copolymer films during the solvent annealing by a spectral reflectometry (FilMetrics), which
was installed above the annealing reservoir. The swelling ratio (SR) is the ratio of the swelled film
thickness during solvent annealing to the initial film thickness and is a measure of solvent uptake.
Both the custom annealing reservoir and spectral reflectometry were mounted inside a beamline
sample chamber. The solvent mass flow controller (MKS Inc.,MOOB) with 0-200 sccm range
was connected to a continuous flow solvent vapor annealing system, in which a stream of pure
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nitrogen flow and independently controlled streams of nitrogen bubbled through different solvent
liquids were generated and flown into the annealing reservoir. The injected vapor composition
ratio and pressure can be controlled by regulating the volumetric flow rates (sccm). The individual
stream of pure nitrogen can be used to control the solvent absorption and desorption rate.

The X-ray beam of energy 13.5 keV (wavelength A = 0.918

A ) was collimated using a

multilayer monochromator and focused to a beam size of 200 Rm (horizontal) by 50 ltm (vertical)
at the sample position. The measurements were performed over a range of incidence angles ai

=

0.080, 0.100, 0.120, and 0.15', below and above the film-vacuum critical angle. The analysis results
shown in this study were measured with ai = 0.12', which generates the best signal-to-noise for
this data set. The GISAXS measurements were taken at a periodic increment of time to study the
dynamics of BCP self-assembly. To avoid polymer cross-link, the sample is translated slightly a
certain amount of distance between each measurement for each new exposure. The scattering data
were collected by a hybrid pixel-array detector (Dectris Pilatus 2M), with sample-to-detector
distance being 5.09 m. The resulted experimental GISAXS detector images were calibrated into
reciprocal space by measuring a silver behenate powder as a calibration standard. To extract
structural information such as lattice parameter and spatial correlations, horizontal or vertical
linecuts, i.e. the intensity distribution as a function of q, (or qz) at a constant q, (or q,) were
performed on the detector images. Detailed data analysis are described in Section 2.5.2.

6.2.3 Ex-situ characterization
The in-situ GISAXS data were validated by post-anneal processing treatment, e.g. etching
or selective staining,

followed by microscopy. Reactive ion etching (RIE) was conducted at

6mTorr and 90W oxygen plasma using Plasma Therm 790. Transmission electron microscopy
(TEM, Tecnai F20) were used to image the bulk morphology after sample being selective stained
by Os04 which reacts with PI vinyl group selectively in order to enhance contrast under TEM (PS:
bright, PI: dark, PFS: grey). Oxygen plasma etching were conducted to remove organic PS and PI
domains, leaving oxidized-PFS domains on the substrates. Scanning electron microscopy (SEM,
Zeiss Merlin) were used to image the final etched self-assembled patterns on thin film.
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6.3 Bulk Morphology
The bulk morphology of 3g-ISF after thermal annealing for 72 h at 140 'C under vacuum
is shown in Figures 6.1. The inset of Figure 6.1b shows bright field TEM images of mesh
morphology with a center-to-center distance between PFS domains of 36 nm, whereas the PI and
PS microdomains are not distinguished and appear as a light gray matrix. To probe the issue of the
low contrast between PI and PS phases under TEM, the sample was stained with osmium tetroxide
(Os04),

which is known to selectively binds to the PI vinyl group. Therefore, in the stained sample,

the PI microdomain appears dark, whereas the grey regions correspond to the PFS and the bright
regions to the PS. Figure 6.1b shows the stained sample in which grey domains (PFS) with a dark
surrounding annulus (PI) in a light gray (PI) mesh. On the same bulk sample, alternating wide and
narrow cylinders were also observed, Figure 6.1c. This morphology is composed of iron-rich PFS
(grey, width (W) = 10 nm), PI (dark, W = 13 nm), and PS (bright, W = 10 nm), with an average
center-to-center distance between PFS domains of 46 nm. From the TEM images of unstainedand stained morphologies, the schematic of this morphology is proposed in Figure 6.la.
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Figure 6.1 (a) Molecular formula of the 3p-ISF star terpolymer chain and the schematic of self-

assembled bulk morphology. (b,c) TEM images of 3p-ISF bulk morphology obtained after
annealing at 140 'C for 72 h at 140 *C and staining with OsO4. The PI microdomain a
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6.4 Thin Film Morphology
Thin films with thickness of 60 nm were fabricated by spin-coating from a solution in
toluene on a native oxidized silicon substrate and were solvent annealed in different solvent vapor
composition at room temperature to promote phase separation, followed by quenching slowly in
nitrogen flow. A solvent vapor system equipped with nitrogen carrier gas flow was used to transfer
streams of solvent vapor generated from a liquid solvent reservoir into the sample chamber in order
to swell the triblock terpolymer film. Mass flow controllers were used to tune the nitrogen flow
rate in order to control the solvent vapor pressure and composition inside the sample chamber. The
film thickness variation caused by solvent incorporation was monitor in-situ by spectral
reflectometry. The films were subjected to 10 sec of oxygen reactive ion etching (RIE), which
removes PI faster than PS blocks and oxidizes the PFS blocks, leaving residual PS domains and

oxidized PFS microdomains appearing as bright features."
Figures 6.2a-c show thin film morphologies of etched 3k-ISF films that were annealed
under chloroform vapor at different solvent vapor pressure for Ih. The swelling ratio (swollen
thickness/as-spun thickness) of the films increased with solvent vapor pressure. At a lower vapor
pressure (Figure 6.2a, SR = 1.3), perpendicular PFS cylinder arrays were revealed after 02 RIE,
with small areas showing parallel cylinder microdomains. At intermediate vapor pressure (Figure
6.2b, SR = 1.6), mix of perpendicular and parallel oriented PFS cylinder microdomains were
formed with improved qualify of ordering, attributing to increased mobility of block segments
with higher solvent molecules incorporation. The film annealed at high chloroform vapor pressure
with SR = 2.0 showed predominantly in-plane PFS cylinders microdomains, as shown in Figure
6.2c. This microdomain reorientation can be attributed to an increased effective volume fraction
of PI in the swollen films at high chloroform vapor pressure. Previous study has indicated that at
high chloroform vapor pressure, PI domains swell significantly more than PS and PFS domains
due to the chain flexibility, although the solubility parameters of PS and PFS have better match
with that of chloroform (8p = 17 (MPa)" 2 , 6 ps = 18.5 (MPa)" 2 , 6 ps = 18.7 (MPa)" 2 , kchlorofomi = 19
(MPa)"'2).

4

Figure 6.2d shows film annealed in pure toluene vapor at SR = 1.6. The 3p.-ISF film

exhibited microphase separated yet poorly ordered microdomains. This can be attributed to the
incompatibility between toluene molecules (OT.1uc = 18.3 (MPa)" 2) and majority PI domains and
170

thus the resulting impeded chain mobility. The 3p-ISF film annealed with a vapor from a
toluene:heptane (T:H) liquid mixture in a 5:1 volumetric ratio at SR = 1.6, Figure 6.2e, showed
similar in-plane cylinder features as observed in the film obtained from chloroform vapor
annealing. While the pure toluene vapor does not promote chain reorganization, annealing in the
binary solvent composition T:H 5:1 can effectively decrease the effective X value, swell the blocks,
and promote self-assembly in the 3g-ISF films. Figure 6.2f depicts the schematic of the out-ofplane and in-plane self-assembled structures observed in the thin films. The periodicity of PFS
domains were 34 nm in the out-of-plane structures and 40 nm in the in-plane structures.
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Figure 6.2 SEM images of 3p-ISF thin film annealed in (a-c) chloroform, (d) toluene, and (e)
mixture of toluene:heptane 5:1 volumetric ratio vapor with different swelling ratios as labeled on
the images. The films were unstained and subjected to short 02 RIE. (f) Schematic illustration of
the out-of-plane and in-plane self-assembled structure in the thin films.
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6.5 In-Situ GISAXS Study under Solvent Vapor Annealing
GISAXS scattering was used to probe the structural order within the 3 p-ISF thin films
with swelling ratio recorded simultaneously in order to fully understand how triblock terpolymers
microphase separate and then reorganize upon given 1-hour solvent vapor annealing treatments.
Details of the experimental procedures and setup of In-situ GISAXS measurement are given in the
Methods section. The solvent vapor system equipped with mass flow controller and a custom
annealing reservoir were incorporated into the beamline. As soon as the solvent vapor starts to
flow into the annealing reservoir, the beamline can detect the evolution of the film structure,
including self-assembled morphology, periodicity, orientation, and film roughness. As the extent
of solvent uptake is inversely proportional to 4ISF, the volume fraction of 3p[-ISF in the swollen
film can be expressed as 4isF = D0 / D = SR', where D, denotes the initial film thickness and D
the real-time film thickness.

Figure 6.3 shows a series of 2D in situ GISAXS images obtained during swelling of thin
film in different vapor and their corresponding in-plane profiles. Figure 6.3a shows 2D in-situ
GISAXS data obtained during the annealing of 3-ISF film in pure chloroform vapor. The data of
as-spun film ($Isr = 1) shows partial powder ring associated with microphase separation but with
three-dimensionally random orientation distribution. Upon swelling to concentration

=0.83,

the ring connecting the in-plane and out-of-plane bragg peaks was weaken. and the first-order peak
shifted to a significantly lower q, value, indicating sufficient chain mobility for structural
rearrangement. As annealing proceeded ($s

0.66), the first order peaks became sharper and the

second-order peaks were observed, indicating well-ordered microdomains in the thin film. The
2"d-to-

1t

order peak ratio corresponds to hexagonally packed microdomains. The orientational

disorder rapidly decreased and the film exhibited a mixture of in-plane and out-of-plane
orientations. The fractions of in-plane (IP) and out-of-plane
populations (f

(OP) aligned microdomain

and k,.) were estimated by calculating the relative integrated intensities of the

corresponding peak profile after local background subiraction,as shown in Figure 6.4. Noted that
the values of the fractions populations are estimated in a relative sense (i.e. not absolutepopulation

fractions) in order to demonstrate the trends of microdomain reorientation. At (IsF = 0.66), a
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shoulder peak appeared at a larger q, value as seen in Figure 6.3b, and the.', was roughly 0.28.
With further swelling of the film

($ISF

=0.62), no significant reorganization occurred as can be

seen from the unchanged peak position, yet thefop increased to 0.5. At 4iSF = 0.83, the deswelling
process began, and the f,, decreased rapidly. The GISAXS data showed two ellipsoidal shaped
(010) peaks behind the beam stop, associated with the scattering of reflected beam and the direct
beam. The final morphologies of the film (ISF

=

1) demonstrated a mixture of IP and OP

microdomains withfi = 0.45. The average periodicities of in-plane and out-of-plane structures
were 39.5 rnm and 35.8 nm, respectively, and the cylinder layer distance in the vertical direction
was 17.1 nm in the out-of-plane structures.
For 3p-ISF film annealed in T:H = 5:1 vapor, Figure 6.3c, isotropic ring was observed at
the early stage of annealing, followed by first-order peak intensification and q, value decreasing
when concentration reached

$ISF

= 0.77. With further swelling to

$TsF= 0.75, the

width of the first-

order peak became narrower and the peak position continued to shift to lower q, value. In the
beginning of the deswelling process

(hi'=

0.77) the second-order peaks appeared along qx which

suggest better ordering and larger grain sizes. The peaks that are sharp and intense were consistent
with well-aligned perpendicular cylinder microdomains with a hexagonal lattice constant of 34.8
nm. The quenched film (1S1.=

1) revealed cylinder microdomains with average periodicity of 32.2

nm that are predominantly formed perpendicular to substrate surfaces, although the weak shoulder
peak at larger q, value in Figure 6.3d indicates presence of in-plane features. For 3t-ISF film
annealed in pure toluene vapor, Figure 6.3e, GISAXS revealed a broad and diffuse first-order peak,
and the second-order peaks appeared along

q, and q, at

0.SF
0.66. The isotropic ring was

connecting the IP and OP peaks, showing the formation of microdomains that are oriented both
parallel and perpendicular to the substrate surface. Upon deswelling

(4ISF=

0.58 - 1), only the

peaks along qx preserved, indicating the formation of 33.5 nm period microdomains perpendicular
to the substrate interface. A broad peak of the quenched film (Figure 6f, C4) indicates short
positional-order correlation length of the self-assembled microdomains.
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Figure 6.3 GISAXS images and the In-plane GISAXS intensity as a function of the lateral
scattering momentum qx of the 3p-ISF thin films annealed in (a,b) chloroform, (c,d) T:H 5:1, and
(e.f) toluene vapor for 1 h. The #ISF labeled on the image represents the volume fraction of 3g-ISF
in the film and can be expressed as OISF = SR-1.
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Figure 6.3 Continued.
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Figure 6.4 The swelling ratio (SR, swollen thickness D/as-spun thickness D.) and the fraction of
out-of-plane oriented microdomain population (fop) as a function of annealing time.
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6.6 Conclusion
In this chapter, the self-assembled morphologies of 3[t-ISF with volume fractions of Op, =
54%, ops = 23%, and

PPFs

= 23%, respectively, were illustrated. The bulk morphology was

confirmed by Os04 staining and TEM imaging, showing a core-shell-like cylinders with period of
46 nm. Solvent vapor annealing at room temperature offers considerable control over selfassembled geometries on thin films that are beyond what can be achieved in the bulk films. The
results demonstrated that by tuning solvent vapor composition and solvent vapor pressure, the inplane or out-of-plane self-assembled microdomains with long-range order can be obtained. The
etched films with in-plane structures are composed of alternating wide oxidized PFS domains and
thin PS domains, with the PI domains being etched away and leaving space on between. The
average periodicity of this alternating cylinders are 40 nm. On the other hand, the vertically aligned
microdomains were composed of hexagonally packed PFS domains with center-to-center distance
of 34 nm. In-situ GISAXS measurement was implemented to characterize the structural evolution
of 31-ISF, including the variations in periodicity, average grain size, and microdomain orientation.
Additionally, the thick-and-thin patterns observed in the 3-ISF thin film provides a promising
route to produce multi-pitch patterns, which is generally fabricated through litho-etch-litho-etch
pitch splitting process, i.e. double patterning. This work not only illustrates the versatile means of
producing complex structures from ABC miktoarm star terpolymer but also confirms the promise
of triblock terpolymers for creating a wide range of pattern geometries useful in nanopatterning.
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Chapter 7

Summary and Future Work

7.1 Summary
In conclusion, this thesis illustrates the research motivation, methods, and results of
fabricating patterns with extreme feature sizes from BCPs self-assembly and implementing DSA
of novel BCPs architectures. As discussed In Chapter 1, the understanding of the thermodynamics
of BCP self-assembly has established over the past decade, enabling manipulation of phase
behavior of various BCPs. The commensurability, interfacial interaction, and confinement effects
play key roles in self-assembly. By combining a top-down approach to pattern a substrate with the
self-assembly of BCPs, DSA can not only guide the lateral ordering and orientation of the
microdomains over macroscopic areas but also achieve pattern density multiplication and feature
size shrinkage. The principles and fabrication methods are described in Chapter 2.

Technology gaps in sub-10 nm resolution and the extreme large size scale (> 100 nm) using
BCP self-assembly motivate the research interests in high-X, low N BCPs as well as the
investigation of kinetic behavior of high-X, high N BCPs. In chapter 3, the evolution of thin film
morphology from a 123 kg/mol polystyrene-block-poly(dimethylsiloxane) diblock copolymer
(SD123), i.e. high XN BCP, was demonstrated. Solvent annealing in mixed solvent vapor is a
convenient technique to fabricate a variety of large-period (>100 nm) pattern geometries from a
single BCP film by overcoming the kinetic limitations inherent in the large segregation strength
XN of these BCPs. Well-ordered arrays of cylindrical PDMS microdomains with period 86 nm
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were produced upon annealing of a 55-nm in a vapor from toluene:heptane 5:1 for 12 hr.
Topographical trench patterns were employed to guide the cylindrical microdomains parallel to
the sidewalls and enhance the correlation length of the self-assembled patterns. The correlation
between equilibrium domain spacing and the 2/3 power of the degree of polymerization of BCPs,
which is verified by our work on PS-b-PDMS systems, can be useful as a rough initial guide for
producing specific domain spacing. The establishment of pathways to realization of extreme large
feature sizes is critical to drive the self-assembly of block copolymer to a wider range of advanced
applications. For example, the fabrication of metal nanowires by transferring line patterns from a
robust mask generated from the SD123 via a sacrificial carbon layer into a cobalt thin film was
demonstrated, and the stray field arising from magnetic poles at the terminations and junctions of
the nanowires was observed. The realization of self-assembled microdomains from large period
BCPs not only bridges the patterning size spectrum between nano- and micro-fabrication but also
suggests their utility in applications such as photonic crystals and solar cells.

The advances in synthesis of block copolymers with more complex architectures open
intriguing questions regarding how these block copolymers behave differently from conventional
diblock copolymers in the contexts of scaling and self-assembly. New materials such as brushtype copolymers, linear and startriblock terpolymers offer architectures with additional degrees of
freedom. In chapter 4, the self-assmebly of an unconventional Janus-type "PS-branch-PDMS"
bottlebrush copolymer (BBCP) is described. In the Janus-type BBCP, each segment of the
bottlebrush backbone connects two immiscible sidechain blocks. Thin films of a Janus-type BBCP
with M,= 609 kg/mol exhibited 22 nm period cylindrical microdomains with long-range order
under solvent vapor annealing. In contrast to the conventional linear BCPs and BBCPs, the
microdomain period of Janus-type "A-branch-B" BBCPs scale with the length of the side chains
instead of the overall backbone length. BBCPs therefore show interesting differences compared to
linear BCPs, which are relevant to their application in nanoscale patterning and lithography.
Notably the pattern period of the BBCPs breaks the scaling behavior of linear BCPs where a
reduction in period is accompanied by a reduction in segregation strength XN which ultimately
limits the achievable period. The lack of entanglement in BBCPs promotes rapid self-assembly
despite the large MW, characterized using in-situ grazing-incidence x-ray scattering (GISAXS).
Templated self-assembly

of the BBCP within lithographically
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patterned

substrates was

demonstrated, showing distinct pattern orientation and dimensions (T-junctions and 900 bends)
make it useful in defining precise patterns for device fabrication. This first demonstration of
directed self-assembly of a Janus-type BBCP opens a new area for designing block copolymers
with more complex spatial arrangements of side chains, leading to advances in nanofabrication
techniques based on brush copolymer architectures.

The ability of expanding pattern scalability can potentially enable applications where
multiscale patterns are in need. In chapter 5, nanoscale hierarchical topographies generated from
large, medium, small MW BCPs were used to impart superhydrophobicity to a surface. The
multilevel topography introduces the necessary roughness on the nanoscale to trap air and increase
the hydrophobicity of the surface, and can be controlled via the period and layer sequence of the
block copolymers. A theoretical model was constructed that matched the experimentally observed
topography. By determining the energy for different wetting configurations, the contact angles
were calculated. The modelling predicted increasing hydrophobicity in hierarchical structures as
observed in the experimental results, especially where the layers of topographical features
produced from the BCP align orthogonally or at an angle to form a mesh.

DSA of these novel materials enables fabricating a wide range of complex, three dimension,
device-oriented patterns. Solvent vapor annealing and plasma etching are employed to facilitate
the self-assembly process and to reveal the resulting self-assembled structures. By identifying BCP
systems and developing solvent vapor annealing and DSA process that are applicable at those
extreme length scales, we can drive DSA BCPs technology to widespread implementation in
nanofabrication.
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7.2 Future work

7.2.1 High-X, low NBCPs and Selective Pattern Transfer
Attempts to adopt silicon-containing high-y BCPs began with the use of PS-b-PDMS with

x value of 0.27, which is considerably larger than that of PS-b-PMMA (y

0.06), PS-b-P2VP (=

0.18), and PS-b-PEO (X = 0.08) at room temperature.' Formation of 8-nm cylinders with 17 nm
from PS-b-PDMS 16 kg/mol was reported.2 In 2011, Jeong et al. successfully prepared highly
tunable selfassembled nanostructures from a 26 kg/mol poly(2-vinylpyridine-b-dimethylsiloxane)

(P2VP-b-PDMS) BCP, with cylinder dimensions ranging from 6 to 31 nm.3 The solubility
parameters of P2VP, PS, and PDMS are 20.6, 18.5, and 15.5, respectively, 4 suggesting that the y
parameter of P2VP-b-PDMS is a few times larger than that of PS-b-PDMS. It is expected that sub5 nm features could be achieved from this high-X material with a much smaller molecular weight
provided that the microphase separation occurs. There, the use of PDMS-b-PVP (e.g. P2VP-bPDMS and P4VP-b-PDMS) is suggested to realize high-resolution patterning for the following
reasons:

1. High tunability in pattern geometry and dimension due to high X.
2. Processability toward sub-10 nm feature size due to high X, low N.
3. The two-phase surface produced from PDMS-b-PVP could be used as templates for
selective deposition.

The schematic of selective deposition using self-assembled PDMS-b-PVP is proposed in Figure
7.1. The enhanced X-parameter in the PDMS-b-PVP system can extend the range of achievable
self-assembled pattern scale and geometries and reduce the line-edge roughness. By using the two
-phase surface created after self-assembly, metallization can be implemented by immersing the
film into acid solution with metal precursor. The metal components can segregate into PVP domain
and bind with PVP, forming hydrogen bonds. 5 Subsequent 02 RIE will convert PDMS domain
into silica-like structures, while the metalized domains remain robust. The surface can therefore
be selectively attractive to metal and dielectric features, making it useful for the following selective
deposition. Early work had demonstrated arrays of metal dots and lines self-aligned on a PS-b-
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PMMA BCP by sputtering.6 The self-aligning process was occurred because the mobility of metals
were lower on PS than on PMMA domains.
Metal element contained
domain
PVP-PDMS BCP

Solvent annealing

Oxidized PDMS

PVP domain metallization

Metal SiO2
+

Spin coating BCP film

02 Plasma

Reactive-ion etching
Figure 7.1 Schematic of selective deposition of metal/oxide on the surface of PVP-PDMS selfassembled microdomain

7.2.2 GISAXS Study on the Dynamics of Assembly Process of Multiblock Polymers

Investigation of the self-assembly of linear and miktoarm star triblock terpolymers has
been carried out to demonstrate a myriad of complex microdomain morphologies, patterns that are
not easily accessible from any conventional diblock copolymer. The processing conditions (e.g.
solvent identity, vapor pressure, annealing time, quench speed, film thickness, pressure gradients,
swelling ratio, surface chemistry... etc.) provide yet another set of design handles to tune the
nanometer scale architecture. However, very few studies have been done on systematically
showing how each individual parameter plays a role in structural evolution in triblock terpolymers.
Given the large number of variables that can be used as processing parameters to modify the selfassembly of triblock terpolymers, there exists a large process window in which we can work to
tune the morphologies of the assembled structures. Our prior work on triblock terpolymers assure
that these studies will result in technological advancement of the field of nanopatterning as well
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as significant production of new knowledge regarding multiblock copolymer assembly processes,
even though the multiblock systems are too complex to fully predict assembly behavior at this
time. The following questions need to be addressed by in situ measurements in order to better
understand the mechanisms that regulate the scaling and geometry of self-assembled patterns from
triblock tepolymers:
(1) What is the self-assembly sequence of triblock terpolymer microdomains with
corresponding process treatments? e.g. one block would segregate to the interface first and
the other two blocks appear subsequently?

-?

Matrix
PFS

PS
PFS
P

Figure 7.2 Schematic of triblock terpolymer sequential self-assembly process.

(2) Can we control the morphology and dimensions of triblock terpolymer microdomains
by swelling blocks selectively? If so, how would the microphase separation dynamics be
changed by varying solvent composition?
(3) What is the effect of template surface functionalization and substrate topography as
well as the coupling of interfacial interaction and steric confinement?
The real-time microdomain orientation formed inside the topographical templates can be
characterized by GISAXS. 7 By exploiting GISAXS during solvent annealing, study can provide
correlation between the self-assembled structure and its physical and chemical environment and
illustrate the influences of important parameters on the structure evolution and final self-assembled
morphology. This will be an unprecedented testbed for answering questions that were previously
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uninvestigated due to the complexity and limited access to complex block architectures.

7.2.3 Design of Multiblock BBCP
Our work on the PS-branch-PDMS has provided fundamental understanding of self-

assembly with novel block architectures. The advancement in synthesis techmiques is expected to
unlock new design and building of new bottlebrush copolymer with different side chain
arrangement or more number of monomer type, which provide new possibilities in obtaining
complex patterns from self-assembly. To facilitate successful self-assembly and practical

applications, there are plenty variables involved, including the processability of these components,
the corresponding volume fraction, and most importantly, their Flory-Huggins X parameters.
Inverse design methodologies have been successfully applied on BCP self-assembly and guide the
research from a desired materials property toward building the parameter space. 8-10 It is

foreseeable that by identifying the desired pattern characteristics (e.g. IC design layout), the selfassembled patterns and thus the block architectures can be designed accordingly.

Required pattern

Self-assembled
pattern

Molecular
architecture

Figure 7.3 Schematic of future design of bottle brush terpolymers
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