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ABSTRACT

Various block copolymer microdomain structures are controlled in bulk as well as in
thin film by employing flow fields, directional solidification, and substrates. In bulk
systems, flow fields generated by the ‘roll casting’ process orient amorphous cylindrical
microdomains along the flow direction in a semicrystalline block copolymer. Subsequent
crystallization of the crystalline block is significantly influenced by the pre-existing
oriented amorphous cylindrical microdomains. The orientation of crystalline lamellae is
achieved parallel to the cylinder axis, completely suppressing spherulite formation.

Microdomain structures of block copolymers are also controlled in thin films by
directional solidification of a crystallizable solvent. This new method is based on the use
of crystalline organic materials, which are solvents for the block copolymers above their
melting temperatures. The directional crystallization of the solvent induces the directional
microphase separation of the block copolymer. Furthermore, the flat (001) crystal face of
benzoic acid or anthracene provides both a surface for epitaxy of a semicrystalline
polyethylene block as well as a confining surface for the thin polymer film which forms
between the crystallizing solvent and the glass or silicon wafer substrate.

Several semicrystalline and non-crystalline block copolymers were directionally
solidified using a crystallizable solvent. A bi-axially ordered edge-on crystalline lamellar
structure is obtained due to the epitaxy between a melt-compatible semicrystalline block
copolymer and benzoic acid single crystal. Directional solidification generates vertically
aligned lamellar and cylindrical microdomain structures of conventional non-crystalline
block copolymers such as PS/PMMA and PS/PL. The combination of epitaxy and
directional solidification with a strongly segregated cylinder forming semicrystalline
block copolymer produces a perpendicularly aligned cylindrical microstructure with each
cylinder containing precisely one crystalline lamella. In addition, the utilization of the
degenerate epitaxy between anthracene and the polyethylene block in a semicrystalline
block terpolymer alters the classic block copolymer microstructure into a new pattern
structure. This new process was also performed on a topographically pre-patterned silicon
oxide substrate and produced two types of spatially patterned cylinders (vertical and in-
plane), depending on the local film thickness. The selective removal of the diene domains
by reactive ion etching points the way towards a host of nano-technological applications
such as high density magnetic storage media and photonic crystals.

Thesis Supervisor: Edwin L. Thomas
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Figure 7.1.1 TEM micrographs of simple cast and directionally solidified and
epitaxially crystallized block copolymers.

(a) Solvent cast thin film of PS/PE block copolymer stained with RuO,. The bright
field TEM image shows a poorly ordered microphase separated structure. The lighter
regions correspond to the PE cylindrical domains, the gray regions to the PS matrix.
Darker regions appear due to island areas of greater film thickness.

(b) Uniform thickness well ordered thin film of PS/PE block copolymer formed by
directional solidification of a solution of the block copolymer in BA. The PE
component forms cylinders oriented perpendicular to the film surface and packed in a
pseudo-hexagonal lattice. The interdomain spacing is 40 nm along the b-axis
direction of BA, and about 10-15% smaller along the other 2 directions. Inset:
Magnified region showing the noncircular shape of the PS-PE interface...................... 166

Figure 7.1.2 Diffraction patterns and dark field image of directionally solidified and
epitaxially crystallized block copolymer.

(a) Selected area electron diffraction pattern of an unstained film of PS/PE block
copolymer crystallized from BA demonstrating epitaxy. The pattern exhibits only 0kl
reflections of PE, which indicates that the (100) plane of PE is normal to the electron
beam and parallel to the (001) face of the BA crystals. The c and b axes of the PE
crystals are parallel to the a and b axes of the BA crystal.

(b) Diffraction pattern from a similar sample after tilting 34° about the chain axis
direction of PE. The strong (110) diffraction peaks of PE are prominent.

(c) Dark field image of the PS/PE film using the (110) diffraction spot. Small
rectangular PE crystals are observed well aligned along the b axis direction of the BA
crystals and packed on a pseudo-hexagonal lattice whose size and orientation is the
same as seen in Figure 7.1.1b. The PE crystals are 7nm thick by 20nm long with their
longest dimension parallel to [110]¥........ccoeiiiiiiiii e 169

Figure 7.1.3 Hypothetical phase diagram of the BA-PS/PE block copolymer system
showing the melting points of benzoic acid (T (BA)) and polyethylene (T, (PE)) as

well as the microphase separation transition temperature of the PS/PE block

copolymer (MST) and the eutectic point and eutectic temperature (Te). The dilute
polymer solution is cooled from location 1 to 3 during the film formation process...... 171

Figure 7.1.4 Schematics depicting the evolution of the structure during the
directional eutectic solidification and epitaxial crystallization of the block copolymer
from the crystallizable solvent.

(a) Homogeneous solution of PS/PE in BA between two glass substrates.

(b) Directional solidification forms o crystals of BA coexisting with a liquid layer of
more concentrated polymer.

(c) Second directional solidification showing the eutectic liquid layer transforming
into BA crystal (which grows on the pre-eutectic BA-ol crystal) and an ordered
lamellar block copolymer (f3).

(d) Due to the highly asymmetric composition of the block copolymer and the
epitaxial crystallization of the PE in contact with the BA substrate, the flat interfaces

12



of vertically oriented lamellae are unstable and spontaneously deform in order to

achieve a more preferred interfacial curvature and allow epitaxial growth of PE.

(e) The layers transform into an array of vertically oriented, pseudo-hexagonally

packed semicrystalline PE cylinders. A single chain folded PE lamella is formed in

each cylinder. The PE crystals have their (100) planes contacting the (001) plane of

the BA crystal with apa // cpg ANA DRA /] DPE.ceeveevniiiciiiiieitii e 174

Figure 7.2.1 SAD pattern and TEM images of a thin film of PS/PEP/PE terpolymer
directionally solidified and epitaxially crystallized onto BA.

(a) SAD pattern of a thin film of PS/PEP/PE terpolymer. The pattern presents the 0kl
reflections of PE, hence it indicates that the (100) plane of PE is normal to the
electron beam and parallel to the (001) exposed face of the benzoic acid crystals. The
c and b axes of the PE crystals are parallel to the a and b axes of the benzoic acid,
respectively. '
(b) TEM Bright-field image of the unstained thin film of PS/PEP/PE terpolymer
corresponding to an area similar to that of (a). The image contrast is enhanced by
underfocus of the objective lens. The dark regions correspond to the crystalline PE
phase, which form long lamellae oriented edge-on, and aligned along the b axis of PE
, parallel to the b axis of BA.

(c) TEM bright-field image of the stained thin film of PS/PEP/PE terpolymer with
RuOQy. The dark regions correspond to the PS phase, which form cylinders aligned
parallel to the crystalline lamellae.............coiveriiiiniiini e 180

Figure 7.2.2 Schematic model showing the development of the microstructure in thin
films of the PS/PEP/PE terpolymer epitaxially crystallized onto BA.

(a) Homogeneous solution of PS/PEP/PE in BA between two glass substrates.

(b) Directional solidification forms crystals of BA coexisting with a liquid layer of
more concentrated polymer.

(c) Second directional solidification showing the eutectic liquid layer transforming
into BA crystal (which grows on the pre-eutectic BA crystal) and an ordered lamellar
block copolymer.

(d) Due to the highly asymmetric composition of the block copolymer, the flat
interfaces of vertically oriented lamellae are unstable and spontaneously deform in
order to achieve a more preferred interfacial curvature.

(e) Epitaxial crystallization of PE blocks onto the BA crystals occurs resulting in the
formation of long, thin crystalline PE lamellae in between the PS cylinders. The PE
crystals have their (100) planes contacting the (001) plane of the BA crystal with apa
/! CPE and bBA /! pr .......................................................................................................... 183

Figure 7.2.3 Small angle X-ray diffraction patterns of a bulk sample of the PS/PE

block copolymer recorded at the indicated temperatures during the cooling from the

melt. The ratios (g./q1) of the diffraction vectors g,, with respect to that of the first

peak at g =q; =0.15 nm'l, are also shown. The ratios 1, \/3, \/7, \/9, V11 indicates the
presence of a microstructure characterized by a hexagonal packing of PE cylinders.

The expected peak at g/q; = V4 is probably concealed by the broad peak at g/q; = V3..186
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Figure 7.2.4 SAD pattern and TEM image of a thin film of PS/PE block copolymer
directionally solidified and epitaxially crystallized onto BA.

(a) SAD pattern of a thin film of PS/PE block copolymer. The pattern presents only

the Okl reflections of PE. This indicates that the (100) plane of PE is normal to the
electron beam and parallel to the (001) exposed face of the BA crystals. The ¢ and b

axes of the PE crystals are parallel to the a and b axes of the BA, respectively.

(b) TEM Bright-field image of a thin film of PS/PE block copolymer stained with

RuO,. The darker regions correspond to the stained PS matrix, while the light regions
correspond to the crystalline PE microdomains, which form hexagonally packed
cylinders oriented perpendicular to the substrate surface.............cccovienniiniin 187

Figure 7.2.5 SAD pattern and TEM image of a thin film of PS/PE block copolymer
directionally solidified and epitaxially crystallized onto AN.

(a) SAD pattern of a thin film of PS/PE block copolymer. The pattern presents the Okl
reflections of PE, hence indicates that the (100) plane of PE is parallel to the (001)
exposed face of the AN crystals. The c axis of the PE crystals is parallel to the [110]

and [ITO] directions of AN crystal. Therefore, two diffraction patterns rotated by an
angle of 70° and oriented symmetrically relative to the a* axis of the AN crystals is
shown along the [1 10] and [ITO] directions of AN crystals.

(b) TEM Bright-field image of a thin film of PS/PE block copolymer stained with

RuOy. The darker regions correspond to the stained PS matrix, while the light regions
correspond to the crystalline PE microdomains, which form hexagonally packed
cylinders oriented perpendicular to the substrate surface..........c.cocoovniiininnnn 189

Figure 7.2.6 Schematic models of the microstructures in thin films of the PS/PE
block copolymer directionally solidified and epitaxially crystallized onto BA (a) or
AN (b).

(a) Vertically oriented PE cylinders are packed on a hexagonal lattice and contain one
~ crystalline PE lamella oriented edge-on on the substrate with the b axis parallel to the
b axis of BA crystal.

(b) Vertically oriented PE cylinders are packed on a hexagonal lattice and contain one
crystalline PE lamella oriented edge-on on the substrate with two different
orientations in which the ¢ axis of PE lamella is parallel to either [110] or [ITO]

directions of AN CIYSLalS......cccooueeiiiiiiiiiiiiiii e 191

Figure 8.1. (a) Selected area electron diffraction pattern of a thin film of PS/PEP/PE
block terpolymer epitaxially crystallized onto AN. The pattern presents the Okl
reflections of PE, and hence indicates that the (100) plane of PE is normal to the

electron beam and parallel to the (001) exposed face of the AN crystals. The ¢ axis of
the PE crystals is normal to the lamellar surface and parallel to the [1 10] and [ITO]
directions of AN crystal due to the matching between bpg and dj1o inter-row spacing

as well as due to the matching of the 2¢pg with (1/2)d; 10 of AN. Therefore, two
diffraction patterns rotated by an angle of 70° and oriented s etrically relative to

the a* axis of the AN crystals is shown along the [110] and ﬁ“{’(‘;] directions of AN
crystals. (b) Schematic of epitaxy between PEand AN........................ 197
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Figure 8.2 TEM bright-field and AFM images of a thin film of PS/PEP/PE
epitaxially crystallized on AN corresponding to an area similar to that of Figure 8.1.
a) TEM bright-field image of the unstained sample. The phase contrast is enhanced
by underfocus of the objective lens. The dark regions correspond to the crystalline PE
phase, which forms cross oriented PE lamellae standing edge-on. Inset shows FFT
spectrum of the TEM image, confirming the two orientations of crystalline PE
lamellae.

b) Tapping mode AFM image of the unstained sample. The contrast results from the
height difference. The cross oriented PE lamellae are shown to protrude on the
surface.

c¢) TEM bright-field image of the sample stained with RuQO,. Image contrast is mass
thickness amplitude contrast. The dark regions correspond to the PS phase, which
forms a similar double oriented structure to that of the PE microdomains.................... 200

Figure 8.3 Schematic model showing the relationship between the orientation of the
crystalline phase and the alignment of the microdomains in a semicrystalline block
copolymer. (a) The cylindrical PS microdomains are initially aligned along the fast
growth direction of AN crystals (b axis) via the directional solidification prior to the
crystallization of the PE. (b) The orientation of the molecular chains in the crystalline
phase is induced by the epitaxial crystallization on the surface of AN crystal. The 2
dimensional orientation of the crystalline PE lamellae standing edge-on on the
substrate surface, and oriented parallel to the [1 10] and [ITO] directions of AN
crystal is obtained. The epitaxy of the PE on the AN crystal reorganizes the pre-
oriented PS microdomains. (c) Schematic model showing the crystalline and
amorphous microdomains in the PS/PEP/PE block terpolymer epitaxially crystallized
onto AN. Epitaxial relationship shows the relative orientation of the polyethylene
lamellae on AN. (100)pg//(001)4an, and cpp//[110]an. The PS microdomain is shown in
between the edge-on PE crystalline lamellae aligned into two different directions....... 203

Figure 9.1 Schematic of topographically pre-patterned silicon substrate..................... 214

Figure 9.2 TEM bright-field image of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with BA on the pre-patterned substrate, and stained with

0Os0q. The dark regions correspond to the stained PI microdomains. The cylindrical

PI microdomains perpendicular and parallel to the substrate are shown in the square

mesa (light) and matrix dark regions respectively.........ccoovvviviiiiiiiiiniiiniiiicee, 215
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Figure 9.3 (a) Tapping mode AFM image of a thin film of PS/PI(45/12) block
copolymer, directionally solidified with BA on the pre-patterned substrate. The

amplitude contrast image is shown. The cylindrical PI microdomains with two

different orientations with respect to the substrate are well aligned along the fast

growth direction of the BA crystals. The square shape mesa regions show the PI
cylinders perpendicular to the substrate. The thicker matrix regions show the in-plane

PI cylinders.

(b) Higher magnification AFM image of (a). Hexagonally packed PI cylinders

vertically aligned to the substrate are observed. In addition, smooth transition is

clearly seen from perpendicular to parallel orientation of PI cylinders..........c.c.coeuenee. 216

Figure 9.4 Schematic of the PS/PI block copolymer orientations between top glass
substrate and bottom pre-patterned substrate. The block copolymer films confined
between BA crystal and the bottom pre-patterned substrate undergo thickness

variation, leading to two different orientations............ccoceeevieinieiiinncn 217

Figure 9.5 TEM bright-field images of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with BA, and exposed to ozone. Void microdomain structure

after removal of the PI cylinders by ozone appears brighter. (a) Thinner block

copolymer film shows vertically ordered cylindrical microdomains to the substrate (b)
Thicker block copolymer film shows directionally solidified PI microdomains

oriented parallel to the SUDSLIALE..........ccoviviiiiiiiiiie 219

Figure 9.6 TEM bright-field images of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with BA, and treated via O,-RIE. Void microdomain structure
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FOREWORD

Introduction

Nanometer scale patterns based on self assembly have been considered as
alternatives to replace high resolution lithographic technologies such as X ray, electron
beam and interference lithography. In particular block copolymers have recently received
attention not only thanks to the scale of the microdomains (tens of nanometers) but also
due to the convenient size tuneability of microdomains by simply changing their
molecular weights.

Many potential usages of block copolymers for different nanotechnologies have been
proposed. However the main drawback of using block copolymers lies in difficulty of
their microstructure control. Achievement of microdomiain orientation and further
control of the microstructures of block copolymers requires introduction of external
fields. Mechanical, electrical, magnetic and surface interactions have been proposed to
manipulate the microstructures of block copolymers.

In this thesis microdomain structures of various block copolymers are controlled in
the bulk state as well as in thin films. An initiate study used the roll cast process to
manipulate the microstructure of a semicrystalline lamellar-glassy cylinder block
copolymer in bulk. The crystallization of the crystalline block was significantly guided,
completely avoiding the spherulite growth, by the pre-aligned microphase separated
cylindrical domain structure.

Two new approaches and their combination, involving new types of interactions with
block copolymer microdomains (epitaxy and directional solidification) are introduced.
Epitaxy between a crystalline block and a crystalline substrate whereby a crystallizable
organic solvent (such as benzoic acid and anthracene) serves as a solvent for a
semicrystalline block copolymer at temperatures above the solvent melting temperature
and becomes a substrate onto which the crystallizable block can orient when the block is
cooled below the solvent’s melting point is shown to be an excellent way to form highly
aligned edge-on lamellae in both lamellar and cylindrical microdomains. Directional
solidification of the crystallizable solvent induces an overall orientation of the block

copolymer Inter-Material Dividing Surface (IMDS) parallel to the temperature gradient.
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When a block copolymer which contains a crystallizable block is used, one can also
utilize epitaxy in combination with directional solidification to control the microdomain
pattern. When the process is conducted on a film confined to have various thickness
(topographically patterned substrate), 2 types of microdomain orientation can be

accessed.

Thesis Structure

This thesis is an experimental study of the nanometer scale texture of several types
of block copolymers. The thesis consists of two parts. Part I describes the control of
semicrystalline block copolymer domains in bulk. In part II, various examples of control
of microdomains of block copolymers in thin films are presented.

Chapter 1 introduces and describes the broad background related to the current study.
Various nanotechnologies are discussed with a particular focus on those utilizing self
assembled block copolymers. Previous methods used to control the block copolymer
microdomain structures, a most important step for industrial applications are reviewed.
Two new types of interactions which can strongly couple to the block copolymer
domains and lead to controlled pattern structures are identified. These are epitaxy and
directional solidification. ‘

Materials and various experimental methods used in this thesis are discussed in
chapter 2. Synthesis and characterization of semicrystalline and amorphous block
copolymers are presented. In particular the experimental procedures to prepare
directionally and/or epitaxially solidified thin block copolymer films are dealt with in
chapter 2.

Flow field facilitated equilibrium microdomain structure and its orientation of the
microstructure is presented in chapter 3. A cylindrical microdomain structure is formed to
occur at volume fraction as low as 12 % minority component. Chapter 4 describes the
induced alignment of the lamellar microdomains due to their crystallization in the
presence of a pre-oriented glassy amorphous cylindrical microdomain structure.

Chapter 5 demonstrates that epitaxy of a melt-compatible semicrystalline block
copolymer onto a crystalline organic substrate is a good way to manipulate the

microdomain structure. Directional solidification induced by eutectic phase separation
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between a crystallizable organic solvent and a block copolymer is also discussed as
another method for controlling microstructures in chapter 6. Microdomain structures such
as a vertically aligned lamellar structure and thickness dependent ordered cylindrical
structures oriented parallel or perpendicular to the substrate are presented. In addition the
combination of these two types of interactions allows for better control of semicrystalline
block copolymer textures as discussed in chapter 7. A vertically oriented hexagonally
packed cylindrical microdomain structure with each cylinder containing precisely one
crystalline lamellae epitaxially oriented with respect to the crystalline substrate is
produced by directional solidification of a crystallizable solvent which also possesses an
epitaxial relationship to the crystallizable block. Not only orientation of microdomains
but also alteration of block copolymer micropattern structure by degenerate epitaxy is
demonstrated in chapter 8. A double oriented cylindrical microdomain structure is
induced by the crystallization texture.

Chapter 9 collects the various principal conclusions and suggests directions for
future work. In particular an in-progress study using the new directional solidification
and a topographically patterned substrate method is described in detail in section 9.3 and
9.4. In addition, the directionally solidified microdomain structure is modified via
chemical and physical etching methods such as ozone and oxygen plasma reactive ion

etching.
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CHAPTER 1: Background and Motivation

1.1 Nanotechnology

Condensed-matter physics addresses the various properties that describe solid and
liquid substances, including their thermal, elastic, electrical, chemical, magnetic, and
optical characteristics." Theoretical advances in solid state physics have been made in
recent years to study crystalline materials, whose properties are described in terms of
quantum mechanics. Crystalline and amorphous semiconductors and insulators, as well as
properties of the liquid state matter (for example, liquid crystals and quantum liquids) are
also examined in condensed-matter physics.

Nanometer size structures in materials draw attention for their interesting size
dependent physical properties, and therefore their potential for nanotechnologies. The
need for smaller electronic, optical and mechanical devices has created the new field of
nanotechnology. The underlying principles for nanoscale devices are remarkably
different because the systems are so small that quantum effects often govern their
behavior. Nanotechnology involves the fabrication of functional structures in the 1 to 100
nanometer range. Nanometer scale systems exhibit particularly peculiar and interesting
characteristics: quantized excitation,” single-electron tunneling (SET),” and metal-
insulator transition.* Other interesting physical processes that can be observed in similar
structures-for example, near-field optical behavior® and interaction of light with photonic
band-gap crystals6 represent nanoscopic manifestations of processes. Recent
developments in surface microscopy, physical chemistry, and computational engineering
have come together to help scientists better understand, fabricate, and manipulate
structures at this level.

Various approaches to nanotechnology have been described as top-down by the
engineering disciplines and bottom-up by the physical disciplines. People working from
the bottom up are attempting to create a new understanding and structure from the
dynamics of the basic molecules. Those working from the top down seek to improve

existing devices, such as transistors, and to make them smaller and therefore faster.
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1.1.1 Nanoscale pattern structure

Fabrication of nanoscale structures is essential for nanotechnology. The ability to
fabricate on the nanometer scale guarantees a continuation in the miniaturization of
functional devices. New advanced fabrication technologies have enabled the lateral
dimensions of devices to be shrunk well below 100 nm. Lithography is usually the most
critical procedure for successfully defining structures with such dimensions. Photo-
lithographic methods all share the same operational pn'nciplc:.7 Exposure of an
appropriate material to electromagnetic radiation (ultra violet (UV), deep ultra violet
(DUV) or X-ray) introduces a latent image (usually a difference in solubility) into the
material as a result of a set of chemical changes in its molecular structure; this latent
image is subsequently developed into 1D or 2D relief structures through etching.

Methods based on writing with particles (electrons or ions) usually accomplish the
same task using a scanned beam or projected image of energetic particles rather than
photons. Exposure is usually patterned either by interposing a mask between the source
of radiation (or particles) and the material or by scanning a focused spot of the source
across the surface of the material. When masks are used, the lithographic process yields a
1D or 2D replica of the pattern on the mask.

Electron beam nanolithography is well suited for generating patterns on the
submicron scale.>'> However, it is not the best method for accurately manipulating
structures which are less than approximately 30 nanometers wide. 50 nm period
structures have so far been obtained by various state of the art direct e-beam lithography
approaches in which proximity effects (the dose delivered by the electron beam tool is
not confined to the shapes that the tool writes, resulting in pattern specific linewidth
variations) can be minimized. Recently by optimizing the exposure and development
conditions Scherer’s group generated a nanostructure array of 12 nm dots with 25 nm
period and 20 nm lines with 40 nm period."’

X-ray lithography has also been used to create sub micron size features."> Combined
with electron beam lithography to make a mask, X ray source replicated features as small
as 25 nm in size in a practical reproducible way. Moreover, interferometric lithography,
using interactions between two or more coherent laser beams, has been well matched to

create sub-micron features in an inexpensive way.'*!® Generally periodic and quasi-
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periodic 2D pattern structures were easily fabricated with interferometric lithography.
Recently Smith et al. developed a new technique, Zone-Plate Array Lithography in which
array of Fresnel zone plates focus the X-ray beam source and directly pattern on the resist
surface without a mask.'®

A shadow-mask evaporation or nanostencil method has also been used to define sub-
micron single layer material pattems.17 In this approach, the nanostencil, a perforated
ultra-thin silicon nitride membrane with various sub-micron size apertures, is in contact
with the surface during deposition. This technique which does not involve photoresist
processing steps, successfully created a periodic 2 D array of metal dots having lateral
dimension of 100 — 750 nm on substrates. The combination of shadow mask (nanostencil)
and scanning probe methods such as atomic force microscope (AFM), scanning tunneling
microscope (STM) provided better and faster control of the pattern structures.

With scanning probes, a sharp tip (< 50 nm) induces local change in a resist or
causes local deposition. Methods that involve scanning or writing can generate arbitrary
2D patterns and therefore be used for master writing. Advantages of scanning probe
methods include resolution that, for AFM and STM methods, approaches the atomic
level, the ability to generate features with nearly arbitrary geometries, and the capability
to pattern over surface topography that deviates significantly from planarity.18 These
methods are serial techniques, however, and have writing speeds that are typically limited
by the mechanical resonances of the tips and the piezoelectric elements that maintain
constant separation between the tips and the sample.

Direct patterning on self assembled monolayers (SAMs) using atomic force
microscope (AFM) was developed to study selective protein absorption on patterned area.

The method, called nanograftinglg’20

, combined the displacement of selected resist
molecules by an AFM tip and the adsorption of new adsorbate. Nanografting allows a
more precise control over the size and geometry of patterned features and their locations
on surfaces.

Another technology using scanning probes is dip-pen nanolithography (DPN)
developed in Mirkin’s group.?! DPN uses an AFM tip as a "nib," a solid-state substrate (in
this case, Au) as "paper,” and molecules with a chemical affinity for the solid-state

substrate as "ink." Capillary transport of molecules from the AFM tip to the solid
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substrate is used in DPN to directly "write" patterns consisting of a relatively small
collection of molecules in submicrometer dimensions. However, these methods pattern
the substrate sequentially, and therefore the patterning time scales linearly with the area
to be patterned. The characteristics of various nanolithographic techniques mentioned

above are summarized in Table 1.1.

1.1.2. Self assembly: natural materials

Nature uses self-assembling materials for nanostructures as the components for
living cells.? The structures of biological systems are hierarchically organized in discrete
levels or scales. Several levels of structure can be distinguished in proteins.z3 The
primary structure of the sequence of amino acid groups along the polypeptide chain is
developed into various secondary structural motifs, such as coils, sheets and ribbons. The
motifs are packed together to give the overall molecule a distinctive shape, the tertiary
structure. The association of several sub tertiary units corresponds to the protein’s
quaternary structure. Another example of self assembly of biomaterials is tobacco mosaic
virus which is a self-assembling replication machine.” It contains a core of coiled RNA
surrounded by a coat of protein subunits. The self assembly of these subunits takes place
spontaneously in slightly acidic or near neutral solution. Another hierarchical biomaterial
structure is found in spider silk (Nephila clavipes).23 The structure of dragline silk
contains regions of largely crystalline protein, about 50 nm across, embedded in a
disordered tangle of protein chains. Again within the fully disordered matrix, there are
much smaller crystallites, about 2 nm across of stacked polyalanine f sheets.

Most of biocomposite systems also exhibit hierarchy and at least one distinct
structural feature that lies within each length scale and is defined by the molecular,
nanoscopic, microscopic and macroscopic regions. Examples such as bones and shells
demonstrate how nature can assemble different materials into a variety of useful
composites at the cellular level. In general biocomposites achieve design at the nanoscale
through the self-assembly of organic structures. The inorganic structures then form via
directed or template-assisted self assembly, during which the self assembled organic
materials (e.g. proteins and/or lipid) first build the scaffolding which in turn regulates the

nucleation, growth morphology and orientation of the inorganic compounds. For example
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an abalone shell consists of layered platelets of CaCO3; (~ 400 nm thick) that are held
together by much thinner (< 30 nm) organic polymer materials. The organic materials not
only bind the platelets together, but also act as a template to induce the growth of these
epitaxially oriented, chemically distinct components.24 Another example is found in a
spine from the sea mouse Aphrodita,25 which consists of an array of hollow cylinders,
with the long axis of the cylinders along the spine. This structure reflects visible light to
create various colors. The spine normally appears to be deep red in color, but when light
is incident perpendicular to the axis of the spine, different colors are seen.

However, human attempts at similar structures are limited to building self-
assembling nanoscale materials a few atoms or molecules at a time. Various examples
can be observed in biology, in the field of embryology and morphogenesis®*; in
chemistry, where groups of molecules form supramolecular structures.”® In achieving
nanostructures and nanoelectronic devices, chemical self-assembly has become an

important factor in building supramolecular nanostructures.

1.1.3 Biomimetic materials

The field of biomimetics is based on the supposition that nature can provide models
for processing at the submicrometer scale. Artificial nanoscale structures can be
fabricated with similarity to bioloigical materials, through the application of self
assembly coupled with lamination and patterning methods. Originally the biological
processes that create the mineralized tissues (e.g. bone, teeth, and shell) inspired the
directed synthesis of ceramic materials through the use of organic molecules.”’

Sellinger et al. fabricated a laminated hierarchical organic-inorganic composite
structures similar to the structure of narce of abalone shell, using a self assembly
process.28 A solution of silica, surfactant and organic monomers was evaporated on a
silicon substrate via dip-coating to induce the formation of surfactant micelles with
- organic monomers and silica. Subsequent self assembly of nanolayers created a laminated
organic-inorganic composite structure. Additional polymerization of organic monomers
fixed the structure, completing the nanocomposite assembly process.28

In addition to laminated biomimetic composite structures, many other organic-

inorganic hybrid nanoscale structures have been demonstrated.”*° For example, bacterial
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S-layers, self assembled, two dimensionally ordered films of proteins that feature in many
bacterial cell walls, were used as templates for the in situ nucleation of ordered two
dimensional arrays of cadmium sulfide nanocrystals.29 Another example is an inorganic
macroporous structure fabricated using a colloidal crystal, comprised of monodisperse
polystyrene spheres.30 An inorganic precursor, like a metal alkoxide, was infiltrated into
the octahedral and tetrahedral interstitial void spaces of a latex colloidal crystal.
Hydrolytic polycondensation of the metal alkoxide forms a composite metal oxide-
polymer colloidal crystal. Subsequent solvent extraction facilitated the removal of the
polymer spheres to leave behind an inorganic shell with the structure of an inverted
opal.*®

Polymer films can be grown directly on inorganic surfaces that have been
functionalized with a self-assembled monolayer of polymerizable monomer.”' In this
strategy an alkylalkoxysilane or alkanethiol with a terminal olefinic moiety may be
anchored to a silicon, silica or gold substrate. Platinum catalyzed hydrosilation of a
hydrosiloxane polymer facilitates the chemical attachment of the polymer to the
substrate. “Hairy” polymer-SiO; nanoparticles may self-assemble into densely packed
arrays of inorganic nanoparticles with controlled packing dimensions.

A similar approach has been persued by Boal et al., using monolayer-functionalized
gold nanoparticles.”> To provide a general means for the controlled self-assembly of
nanoparticles, a “brick and mortar” method was developed in which colloidal gold
particles functionalized with recognition elements serve as bricks, while polymer bearing
complementary functionality serves as the mortar, holding together the colloidal particles.
Using this strategy, the conformational flexibility of the polymer compensates for
irregularities in the size and shape of the aggregate structure.

Block copolymers have also been used as hosts for inorganic materials.”> A film of
poly(tert-butylacrylate)-b-poly(2-cinnamoylethylmethacrylate) (PrBA-b-PCEMA)
assembled to give hexagonally packed cylinders of P/BA inside the PCEMA matrix.
Subsequent hydrolysis removed the tBu groups to leave loosely packed poly(acrylic acid)
inside the channels. These nanochannels could then be filled with solid state materials
such as CdS and Fe,0s. Other various examples using block copolymers for templating

are discussed in the section of 1.1.5.
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1.1.4 Block copolymers

Block copolymers satisfy the size requirement for many 1'1anotechnolog.;ies.34 Block
copolymers consist of chemically distinct macromolecules covalently linked to form a
single chain. Owing to their mutual repulsion, dissimilar blocks tend to segregate into
different domains, the spatial extent of the domains being limited by the constraint
imposed by the chemical connectivity of the blocks. Area minimization at the interface of
two blocks takes place due to the interfacial energy difference of two blocks. As a result
of these competing effects, self-organization of periodic microstructures occurs on the
nanoscopic length scale. Various microstructures are achieved, depending on relative
volume ratio between two blocks.

In the simplest case of AB diblock copolymers, the composition of the AB diblock
(i.e., the volume fraction f of block A) controls the geometry of the structure (see Figure
1.1). For nearly symmetric diblocks (f ~ 1,), a lamellar (LAM) phase occurs. For
moderate asymmetries, a complex bicontinuous state, known as the double gyroid (DG)
phase, has been observed in which the minority blocks form domains consisting of two
interweaving threefold-coordinated networks. At yet higher compositional asymmetry,
the minority component forms hexagonally packed cylinders (CYL) and then spheres
(SPH) arranged on a body-centered cubic lattice. Eventually, as f -> 0 or 1, a
homogeneous phase results.® A schematic diagram of various microstructures of AB
diblock copolymer, depending on relative volume fraction ratio between A and B blocks,

is shown in Figure 1.1

1.1.5. Nanotechnologies with block copolymers

Until recently, most industrial applications of block copolymers were as adhesives or
as mechanical property modifiers (e.g. thermoplastic elastomers). Only in the past 10
years have researchers taken block copolymers into the “high technology” area, to the so
called “nanotechnologies”.
Many attempts have been made to utilize block copolymers in nanotechnology. One
dimensional photonic crystal was made with high molecular weight block copolymer.*®?®
Layer-by-layer stacked alternating block copolymer lamellae structure in between two

glass substrates showed nearly perfect normal incidnece photonic band gap property.
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Variation of microdomain size to vary the band gap was successfully controlled by
adding homopolymers.

A low dielectric constant silicon based material was obtained by ozoneolysis of a
silicon containing block copolymer precursor.39 A self assembled double gyroid
microdomain structure was developed from spin casting, annealing and ozoneolysis to
create a nanoscale bicontinuous ceramic (SiO,) channel structure.

Mesostructured silicates have been prepared through the use of block copolymers as
structure-directing agents. The processing of ceramics with block copolymers is similar
to that of surfactant molecules at a longer length scale as discussed in section 1.1.3.
Mesoporous silica films have been fabricated using amphiphilic block copolymers as the
structure directing agent.‘")’41 The aqueous silica cations partition within the hydrophilic
regions of the self assembled system and subsequent sol-gel polymerization of the silica
precursor produces a densely cross-linked silica network exhibiting the microphase
separated block copolymer structure. An approach that is more obviously biomimetic
uses synthetic cysteine-lysine block “copolypeptides” that mimic the properties of
silicatein, a protein found to direct silica growth in certain sponges.*” The morphology of
the silica mesostructure, spheres and columns of amorphous silica, are produced by
using the reduced and the oxidized forms of the copolymer, respectively.

Block copolymers have also been utilized not only as surfactants to inhibit
coalescence of nanoscale particles such as metal, metal oxide, inorganics, molecular
chromophore and quantum dots but also to spatially pattern the particles.**” The
selective dispersion of quantum dots in microdomains within functionalized
polynorbornene block copolymers was achieved by controlling the affinity between the
selective block and quantum dot surface.*”™ In addition, the block copolymer
microstructure has been used as “nano-reactors” where nanoscale particles grow through
the chemical reactions.***”*® For example, nanometer scale platinum and palladium
catalysts were generated and stabilized within the polystyrene core of polystyrene-b-
ethylene oxide block copolymer micelles.* Electroless deposition of metals into selected
microdomains has been recently performed to provide continuous material loading.51’55 26
The periodic nanostructures of block copolymers are very useful in thin films as

templates for nanolithography.sg‘63 By removing one polymer chemically, the patterns
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may be transferred to a substrate through either reactive etching or by thermal
evaporation or electroplating of a component into the previously removed regions. Dense,
periodic arrays of holes and troughs have been fabricated in silicon, silicon nitride, and
germanium. Domains approximately 20 nm wide, 20 nm deep, and spaced 40 nm apart,
yielding a pattern with 3 x 10'? holes/in* were obtained on a three inch wafer.®’ In
addition, GaAs nanoparticles have been grown in a hexagonally ordered array of
nanometer scale holes with a density as high as ~ 10''/cm® by metal-organic chemical
vapor deposition.63 This array of holes was created using a block copolymer as the
etching mask.

High density storage media can be made by transferring the block copolymer pattern
into a magnetic substrate. A block copolymer-hard mask-magnetic layer scheme was
recently used for creating single bit magnetic media storage.®* One set of domains of the
block copolymer were selectively removed by oxygen reactive ion etching (RIE) to create
the nanopattern structure. The pattern was subsequently transferred into the hard mask
used for better surface adhesion among the layers. The following ion milling process
transferred the pattern structure of the hard mask into a magnetic layer and developed a
nanoscale magnetic pattern structure. Thurn-Albrecht et al. have recently demonstrated a
way to fabricate a high density ferromagnetic cobalt nanowire structure with the density
as high as 1.9 x 10" wires per square centimeter using a block copolymer template.65
Enhanced coercivities were observed, proposing a new route to ultrahigh density storage
media.

Furthermore, a potential display device application for side chain ferroelectric liquid
crystalline polymer films has been considered.®® Mao et al. examined a side chain liquid
crystal block copolymer with a ferroelectric smectic C* liquid crystal block.®” They
found that the block copolymer exhibits bistable switching behavior in electric fields and
provides the possibility of a microphase stabilized ferroelectric liquid crystal device. The
characteristics of various block copolymer nanotechnologies mentioned above are

summarized in Table 1.2.
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Figure 1.2 Bright field TEM micrograph of PS/PI (45/12) block copolymer thin film.
The film was cast on a glass substrate and annealed at 120 °C for 2 days. OsO4 was used
to stain the cylindrical PI microdomains which appear dark.

1.1.6. Limitations and opportunities

The chief limitation to using block copolymers to form periodic patterns lies with the
fact that the self assembled structure is hard to control. Indeed, the microdomains
composed of the different blocks, having sizes of several tens of nanometers, typically
nucleate randomly and grow as a polygranular texture, with periodic ordering maintained
only over distances of several tens of lattice constant (i.e., a grain size of only 1 ~ 2
microns). For example, Figure 1.2 shows a bright field TEM micrograph of a cylinder
forming PS/PI block copolymer thin film. The cylindrical PI microdomains look dark due
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to OsO, staining for 4 hours. Most of PI cylinders are ordered perpendicular to the
substrate due to thin film thickness (see the chapter 6). Laterally several grain boundaries
are observed. The typical size of a grain is approximately 1 pm. A few point dislocation
defects are also seen where one PI cylinder is surrounded by 7 or by 5 other PI ones
instead of 6. In these cases, the center PI cylinder looks a little bigger than others. A
greater range of engineering applications demands control over the orientation and
position of the microdomains.

Several techniques are currently used for inducing alignment of the microdomains in
block copolymers. They rely on the ability to couple an externally applied field to
somemolecular and/or supermolecular feature in the polymer, and thus achieve
directional properties, such as transport, optical and mechanical properties.

In the next section, various approaches used in this thesis to control the
microstructures of block copolymers, which should help make these potential

nanotechnologies work, will be reviewed.

1.1.7 Brief outline of the thesis ,

- The thesis deals with methods to induce global order of block copolymer
microdomains resulting in oriented microdomain structures. Mechanically generated flow
fields in the “roll casting” process are utilized to develop an orientation of amorphous as
well as crystalline microdomains in a semicrystalline block copolymer. New types of
interactions between crystallizable organic solvent and block copolymer: epitaxy and
directional solidification are introduced and applied to manipulate the various block
copolymer microdomain structures in thin films of semicrystalline and non-crystalline
block copolymers. A combination of the two types of interaction provides more precisely
controlled hierarchical microdomain structure. Spatial control of microdomain structure
and orientation is achieved via directional solidification on a topographically patterned
substrate. The double microdomain texture is modified using ozone and RIE methods

further demonstrating technological applications.
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1.2 Orientation of Block Copolymer Microdomains

Microstructural control of block copolymers can be achieved by the choice of
molecular weight, composition and chain architecture. Coupling of external forces via a
mechanical flow field, an electrical field or by the influence of surface interactions or
temperature gradient can create preferred orientations of the microdomains. Block
copolymer microdomain orientation is also affected by film thickness variation.
Additionally by using solvent/block interactions and kinetics of the structure formation
process, one can access non-equilibrium microdomain structures. The modification of
block copolymers themselves by chemistry provides specific interactions to control the
microstructures. Various surface patterning techniques, such as soft lithography,
holography, and the silicon crystal miscut method, enable researchers to better control the
microdomain structures of block copolymers. The numerous approaches which have
been used to control block copolymer microstructures in bulk systems as well as in thin

films are reviewed next.

1.2.1 Mechanical flow fields

Various mechanical flow fields, involving steady shear, oscillatory shear,
elongational flow, bi- or uni-directional compression and stretching, have successfully
developed the alignment of microdomains of block copolymers in solution and/or in melt
states. Keller and co-workers were first to apply melt extrusion of an already microphase
separated copolymer to orient a cylinder forming styrene-butadiene-styrene triblock
copolymer."? The shear gradient developed as the molten material was squeezed through
an orifice into a heated glass capillary, resulted in well ordered microstructure with near

“single crystal” texture.

1.2.1.1 Shear fields

After the pioneering work of the Keller group, other types of flows were utilized to
develop highly textured microdomain samples. Oscillating a pair of parallel plates with
an adjustable gap, provides great advantages for controlling the experimental variables

3-6

such as film thickness, shear rate, and strain amplitude. Shear flow experiments

allowed comparison of the experimental observations with theory.” Parallel plate type
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rheometers have been used extensively to study the development of orientation of
microdomains in the microphase separated molten state.>?® By careful choice of shear
rate and strain amplitude and temperature well ordered microstructures can be formed. In
particular large amplitude oscillatory shear at different frequencies and temperatures
produced two different types of orientations of lamellar-forming block copolymers:
parallel (the normal to the lamellae is aligned along the velocity gradient direction) and
perpendicular (the normal to the lamellae is aligned along the vorticity axis)."'?® The
detailed conditions for obtaining the two different microstructured orientations are now
well documented in the literature.”® In-situ X-ray scattering as well as birefringence
measurements combined with rheological measurements of structural changes during
shearing allowed study of the kinetics of the evolution as well as the mechanism for the
appearance of different orientations.'>'*1618222% The effect of surface anchoring on
orientation developed under shear was also investigated by Winey et al.2® They found that
a parallel orientation of a lamellar forming PS/PI block copolymer persists up to 2 um
into the bulk regardless of the orientation of interior region of the sample.

In addition to the microphase separated molten block copolymers, gels of solvent
swollen microdomains in a closed sample holder which prevents evaporation of the
solvent were subjected to shear flow to study the orientation of cylindrical as well as

spherical microdomains.?®>? Initially Mortensen and co-workers 2930

used oscillatory
shear to prepare aligned cubic spherical microdomains of a poly(oxyethylene)-
poly(oxypropylene)-poly(oxyethylene) triblock copolymer. Recently several studies have
been done to control micellar block copolymer structures, using a shear flow field. '
Coupling of liquid crystalline mesogens selectively attached on one of the blocks to
oscillatory shear flow induced not only the global orientation of cylindrical
microdomains but also the transition of orientation from parallel to transverse (the normal
to the cylinders is aligned along the shear direction). The novel transverse structure is a
compromise orientation due to the strong homogeneous boundary condition of the
mesogens with respect to the IMDS.>* This work suggests that the presence of
hierarchical structure (i.e. smectic layers of the liquid crystal and the cylindrical

microdomains of the block copolymer) could provide opportunities for manipulating the

antagonistic or cooperative actions that occur when the material is placed in a field
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interacting with both structures. This notion of using multiple interaction to better control

- pattern formation is indeed the main theme of this thesis.

1.2.1.2 Compression fields

Compression of microphase separated molten block copolymers can also induce
orientation of microdomains.>>*® Press molding to a desired thickness produces a biaxial
flow field, resulting in the orientation of lamellar and cylindrical microdomains.>*”° In
addition, Cohen et al. developed the channel die apparatus similar to press molding but
with flow constrained to a single direction.’”*' The block copolymers confined in a deep
channel area are compressed along the direction at elevated temperature and allowed to
flow along one direction while being constrained in the other. Ordered lamellér and
cylindrical microstructures have been observed in many different types of block

copolymers using this method. !

1.2.1.3 Roll casting: shear and elongational flow fields

Another orientation technique called “roll-casting” has been developed by Albalak
and Thomas.**! Block copolymer solutions were applied between two counter rotating
rolls. The flow field is complex, involving shear and elongational flows. The important
difference from other flow field orientation techniques is that the flow field is applied to a
solution and the solvent is allowed to evaporate so that the disorder to order transition
occurs under a biasing field, resulting in global microdomain orientation. Roll casting
permits the processing of higher molecular weight block copolymers below their
degradation temperatures. Use of heated follers, also offers the possibility to roll cast
crystallizable block copolymers. |

The global orientation of lamellar, 42,49 cylindrical,45 spherical,46 and

bicontinuous*’*®

microdomains has been achieved by the roll cast method. Moreover a
semicrystalline block copolymer subjected to flow fields on a heated roll cast apparatus
not only developed the cylindrical microdomain orientation but also a strong molecular
chain orientation of the crystalline block when the film was subsequently cooled below
the crystallization temperature.so’s1 The aligned microdomain structures created via roll

casting permitted the study of the anisotropic deformation behavior of lamellar,
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cylindrical, spherical and double gyroid microstructures.*”*® Recently Ha et al. have
investigated the orientation and deformation behavior of block copolymer-nano clay

composite materials using the roll cast method.*

1.2.2. Temperature gradient

A selective area temperature gradient apparatus somewhat analogous to the zone
refining process used to purify semiconductor materials was utilized to align the block
copolymer microstructures. Samples were prepared in a “zone heating device” which
consists of a pair of central heating blocks, surrounded by two parts of cooling blocks.
The centers of each pair of heating blocks and cooling blocks are aligned to form a
sandwich, with the polymer film sample in the center.”> A temperature gradient
established along moving direction of temperature controller was on the order of about 30
°C/mm. Bodycomb et al. achieved vertically ordered lamellar microdomain structure of a
millimeter thick film on the glass substrate with the rate of 2.16 mm/day of the

temperature graldient.s4

1.2.3. Electric fields
Block copolymers comprised of segments with different dielectric properties have
been found to orient under an applied electric field.>>®! Electric fields can be readily

557 as well as thin films.*>®' Although previously

applied to bulk block copolymer films®
used to control the morphology in multiphase systems including polymer blends and
polymer solutions,62 use of an electric field to induce microdomain orientation was not
done until 1991 when Amundson et al.”>>’ used an electric field to order PS/PMMA melt.
A theoretical determination of phase behavior of a block copolymer under electric field
was done by Gurovich.”® Shortly afterward, an in-plane electric field was applied to a
cylinder forming polystyrene-polymethylmethacrylate block copolymer thin film
patterned with electrode to induce local microdomain orientation parallel to the field
lines.® By orienting the electric field across a thick (~ 1 mm) PS/PMMA block
copolymer film, the cylindrical microdomains became oriented perpendicular to the

electrode surface.®®' A vertically aligned cylindrical microstructure can be very useful in

nanolithographic applications.61 Recently an electric field was used to generate a
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micropattern structure of a single homopolymer.63 The combination of air-polymer
interface instability and electric field allowed the development of a hexagonally arrayed

PS cylindrical microstructure aligned vertically with respect to the electrode surface.

1.2.4. Homogeneous substrate interactions

Growing interest in thin film block copolymers has spurred researchers to develop
new types of methods to control thin film block copolymer microstructures.** As opposed
to bulk, thin films involve additional variables such as thickness of the film and two types
of surface interactions: block copolymer/superstrate  (often air), block
copolymer/substrate. Manipulation of these additional parameters could generate diverse
microstructures.

In thin films, the behavior of block copolymers depends primarily on two factors:
interfacial interactions and commesurability of the period of the block copolymer and the
film thickness. In most cases, there is a preferential wetting of one block at an interface to
minimize interfacial and surface energies. Consequently a parallel orientation of the
microdomains such as lamellae and cylinders is often induced at the interface and this
orientation leads to propagate throughout the entire film.*" In lamellar-forming block
copolymers, the conditions of commensuration-incommensuration are given by the
relation between the film thickness and the natural period of block copolymer
microdomains.®7* Thin films with thicknesses which are incommensurate with the
natural period of the block copolymer undergo quantization of the film thickness to
discrete integer or half-intéger values of repeat period, leading to the formation of
terraces (i.e. islands and holes) at the polymer/air interface.69'74 When one of the blocks
preferentially interacts with both the substrate and the air surface in a substrate supported
thin film, symmetric boundary conditions 70 are established while asymmetric conditions
pertain when one block is preferentially wetted by the substrate and the other block by
the superstrate. >

The experimental evidence shows that the variation of film thickness on the
preferential substrate altered the microstructure.”””* In particular Fasolka et al. recently
studied the extensive morphological phase behavior of the lamellar forming block

copolymer thin film whose thicknesses are less than the period of the block copolymcr.75
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Adding a superstrate to a substrate supported block copolymer film, i.e. confinement
of a block copolymer thin film in between two surfaces increases the possible ways to
develop interesting microstructures.’®” Confinement of thin films between two surfaces,
which have a specific interaction to one of the blocks, prohibits terracing formation and
block copolymer chains experience either chain stretching or chain compression,
depending on the deviation of the thickness from an integer or half integer multiple of the
natural period.76'77 By providing a neutral surface (i.e. by using a random copolymer of
the same average composition as the confined lamellar block copolymer), the lamellar
microdomains rearrange themselves into perpendicular orientation to a substrate.”® In
addition, severe frustration imposed by decreasing a confined film thickness creates a
heterogeneous in-plane structure where both parallel and perpendicular lamellae are
located near the confining substrate.” Theoretical studies are consistent with
experimental work and predict the behavior of block copolymer thin films in confined
geometry.[“o'87

The effects of film thickness and surface interaction on the orientations of block
copolymers were also investigated with cylinder-forming asymmetric block
copolymers.65 - 8893 A parallel to vertical transition of cylindrical PB microdomains was
observed in a PS/PB block copolymer, depending on film thickness.®> Strong preferential
surface interactions between one block and the substrate in a substrate supported thin film
as well as a confined thin film was shown to induce a microstructural transition from
cylindrical microdomain to a layered structure near the substrate surface both
experimentally 8 and theoretically.®® In addition, reducing the film thickness in an
asymmetric PS/PB block copolymer created vertically oriented cylindrical PS
microdomains.” Theoretical calculation of thickness effects in a cylinder forming block
copolymer supports the presence of vertical cylinder microstructure.”** Recently Konrad
et al. ° demonstrated, using stepwise erosion in a radio-frequency plasma, that the
vertical cylindrical microdomain structure observed on the thin PS/PB/PS triblock
copolymer film converted to parallel cylinders at some distance underneath the film
surface.

Surface modification in addition to film thickness to tune the specific interaction

between block copolymer and substrate has also generated alignment of microdomains in
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both substrate supported films and confined films.”**® Application of a random
copolymer brush anchored on the substrate was useful to control the surface interaction
with the corresponding block copolymer. Systematic change of the amount of one of the
components in the random copolymer permitted observation of the morphological
transition from parallel to perpendicular or vice and versa. In addition, providing surface
treatment with a PS homopolymer brush reduced the surface pinning of the PB block
molecules which are supposed to wet the silicon surface, leading to less defective
microstructures when a PS/PB block copolymer with cylindrical PB microdomains was

spun cast.!®

1.2.5 Special block copolymers: architecture, liquid crystallization, crystallization

Chain architecture, liquid crystallization and crystallization of specially designed
block copolymers can all lead to specific interactions between block copolymers and
substrates, resulting in useful thin film orientations such as a vertically ordered lamellar
structure with respect to a substrate. "%

The architecture of block copolymers has been known to modify the surface
interaction between the block copolymer and the air surface.”'%% A short polybutadiene
block attached between long PS and PMMA blocks in an ABC type block terpolymer
interacted specifically with the air surface, resulting in a vertically ordered A-C lamellar
microdomain structure on a glass substrate after a long time annealing. 101,102

Wong et al. observed lamellar microdomains vertically ordered on a glass substrate
in a thin film of coil block/side chain liquid crystal block copolymer.'® They explained
that the microstructure obtained results from block copolymer-interface wetting and
configurational frustration induced by the incommensurability between the smectic
spacing of liquid crystals within the LC domains and the block copolymer periodicity.

Slow crystallization at the rate of 1 nm/sec in a microphase separated structure
allowed formation of a lamellar microdomain structure perpendicular to a non-crystalline
silicon oxide substrate in a thin film of hydrogenated PB (amorphous)/PEO
(semicrystalline) block copolymer.'® Moreover the crystallization of the PEO block
occurring at wetting-dewetting boundaries generated lateral alignment of the

perpendicular lamellae over short distance.
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1.2.6. Solvent control

The preparation of block copolymer thin films under various solvent evaporation
conditions turned out to be a good way to manipulate the microstructures.'®'%” The
solvent evaporation speed is one of the factors to determine the final kinetically trapped
microstructures. Kim and Libera demonstrated that vertically aligned cylindrical PS
microdomains were obtained in a PS/PB block copolymer thin film of the thickness of ~
100 nm when intermediate evaporation (~ 5 nL/s) was used.'® Fast (~ 200 nL/s) and
slow (~ 1.5 nL/s) evaporation rates developed a microphase separated structure with no
long range order and a duplex microstructure of PS cylinders with domains of either
vertical or in-plane cylinders respectively.105 A perpendicular lamellar microstructure was
observed on fast solvent extraction process where a sample in a saturated solvent vessel
was removed and brought in contact with a hot plate kept at 60 °C in a
polystyrene/vinylpyridine/butyl methacrylate block copolymelr.106 The mechanical strain
field observed on shear alignment of diblock copolymer melts present during the drying
process was discussed for the observed microdomain structures.

Prewetting of the silicon oxide substrate with a minor polar solvent such as methanol
or acetone before spin casting of the PS/PMMA block copolymer generated micron-scale
annular structures with unique alignment of cylindrical microdomains.'”” The cylindrical
PMMA microdomains were aligned radially on a micron size rim created during spin
coating. Even though these approaches provided some interesting results in microdomain
structures, more carefully controlled temperature, vapor pressure, vapor extraction speed
and so on are required for more quantitative control and understanding of microstructure

formation.

1.2.7. Patterned substrates

Introduction of lithographic technologies to modify the substrate surface properties
provided ways for better control of block copolymer microdomains. Control of the nano-
scale microdomains can be achieved by confining them into a lithographically patterned

108,109

micro-scale structure. In particular the development of soft lithography allowed

easy preparation of chemically modified surface pattern structure in micron-scales with
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the combination of self assembled monolayers (SAM).”o’111 Techniques which yield
homogeneous substrate interactions were again applied to the PS/PVP block copolymers
deposited on a SAM modified substrate. Heier et al. HoI showed that the local domain
orientation for lamellar copolymers depended on the local chemistry of the substrate. The
preferential wetting capability of the PVP block on a polar selective region can create a
patterned structure comprised of a mixture of parallel and perpendicular lamellar
microdomains. In addition, they demonstrated that the patterned chemistry affects the
topography of the film surface. The energy required to form islands was different for
each substrate domain, leading to the preferential formation of islands over the less
energetically costly domain.

Another topographic technique to create a chemically patterned substrate was
developed, using an off-cut silicon single crystal substrate.!'>!® In this technique, a one
dimensional groove pattern is prepared from Si single crystal wafers miscut by a certain
angles with respect to the (001) crystal plane. The period and amplitude of the grooves on
the surface are determined by the miscut angle of the surface, the annealing temperature
and time. The typical period and amplitude of the grooves are tens of nanometers and
several nanometers respectively. The subsequent evaporation of metal atoms at a low
incidence angle successfully generated a chemically and topographically modified
nanoscale pattern substrate. The preferential wetting on each patterned domain and
commensuration of substrate period and block copolymer period provided a vertically
ordered lamellar microstructure of a PS/PMMA block copolymer.''*

Theoretical predictions of block copolymer morphologies on chemically patterned
substrates have also been made analytically and numerically.”s 17 With one dimensional
striped patterns whose dimensions vary from a smaller to a larger length scale than the
lamellar periodicity of a block copolymer, Chakrabarti et al. found that the morphology
of the block copolymer thin film is strongly influenced by the commesurability between
the bulk unconstrained lamellar periodicity and the period of the pattern. Various
microdomain orientation was obtained with different combinations of the two
factors.!’>!'® In addition, Pereira et al. specifically modeled the case where a lamellar
periodicity is larger than a width of striped pattern. The periodic striped surface induced a

lamellar structure with unequal spacings and this striped potential developed an inverted
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bilayers, i.e., an AB, AB pattern of AB diblock copolymer rather than the more usual AB,
BA one.'"”

As opposed to chemically patterned substrates, topographically patterned substrates
whose patterns consist of height variations on a chemically homogeneous non-crystalline
substrate have also been fabricated to control the microdomain structures of block
copolymers.“g’119 A one dimensional groove pattern, used for chemically modified
pattern substrate previously 14 was prepared without the subsequent metal atom
evaporation process to investigate the thickness effect of block copolymer thin film. The
lamellar forming block copolymer thin film with two different film thicknesses (~ a half
lamellar periodicity and less than a half lamellar periodicity in trough and peak regions
respectively) overlaid on the patterned substrate exhibits a laterally patterned ordering.''®
Parallel and perpendicular orientation of lamellar microdomains with respect to the
substrate were achieved in trough and peak regions re:spectively.118

Holographic method and subsequent chemical etching techniques 120 fabricated the
silicon grating substrates with micron scale periodicity and various heights. PS/PVP
block copolymer thin films with lamellar or cylindrical microdomain structure, cast and
annealed on the patterned substrates, experienced the surface modulation of either in
phase (conformal) or out of phase (anticonformal),'® relying upon the periodicity of
block copolymer microdomains with respect to the height of gratings.'™

Recently Segalman et al. used a method “graphoepitaxy” with a topographically
alternating mesa and well pattern to align spherical PVP microdomains of a PS/PVP
block copolymer. Careful selection of material and pattern dimensions created a large

area single crystal of the PVP spheres not only on the mesas but also on the wells.'?

1.2.8 Summary

Various methods were presented to manipulate microdomain structures of block
copolymers in bulk as well as in thin films. Mechanically driven flows such as shear,
elongation and compression successfully created microdomain orientation in bulk.
Temperature gradient and electric field were also utilized to align various types of
microdomains. In thin films, the effect of thickness and/or surface interactions (substrate

and superstrate) on microdomain orientation were extensively reviewed. In addition,
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special block copolymers with multiple interactions such as liquid crystallization and
crystallization were demonstrated for developing useful microdomain structures. Solvent
control including evaporation rate, co-solvent was also a way for this purpose.
Combination with lithographic techniques permitted better control of microdomain
orientation. Chemically and/or topographically patterned substrates were used to alter
microdomain orientation. The techniques mentioned in this section are summarized in
Table 1.3. The next two sections will describe general background of new types of
interactions such as eutectic directional solidification and epitaxy which are main topics

of Part II in the thesis.
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1.3 New Approaches

1.3.1 Eutectic directional solidification

The word eutectic is derived from the Greek and means ‘most fusible’. A typical
binary phase diagram with a eutectic transformation is given in Figure 1.3a. Two
distinctive features characterize the diagram: (i) there is complete miscibility in the liquid
state and incomplete miscibility in the solid state; (ii) the slopes of both pairs of liquidus
and solidus lines are negative, taking the pure materials as reference points. In the
diagram, there are two solid solutions formed from the liquid, one rich in A and the
second rich in B (denoted o and P respectively). The liquidi meet at E, the composition
of the equilibrium eutectic. At this composition, two phases separate from the liquid. At

Tk, the equilibrium is a unique one between the L, o and B phases. It is expressed as:

L 2 a+f

below Tg the equilibrium is between solid phases o and .

A variety of microstructures exists in eutectic alloys. Generally, these complicated
microstructures are categorized into 3 different groups.1

(i) Continuous microstructures. Continuous in this sense means that both phases can
be traced along some unbroken path from the beginning of the solidification process to
the region of its completion, i.e. both phases are continuous along the growth direction.
The lamellar structures and the rod-like structures fulfill this criterion. There are few
discontinuous lamellae that result from ‘faulted’ regions or ‘mismatched’ surfaces which
give the impression that the lamellae have undergone a shearing movement normal to
their length.

(ii) Discontinuous microstructures. In this group, one of the phases of the alloy is
dispersed in the second phase as discrete particles, and there is no continuity of one phase
in any direction. Probably the outstanding example of this type of structure is the Al-Si
eutectic system, in which the silicon is finely dispersed in the aluminium matrix.

(iii) Spiral structures. Only a few examples of this type are known. Mg-Zn eutectic

alloys show hexagonal spirals.
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These finely structured composites can be used in a variety of applications, for
example, as high-temperature materials or as superconductors.2 In addition, similarly
appearing composite structure can be made in alloys of noneutectic composition, thus
permitting control to be exercised over the volume fraction of constituents present.

The common, lamellar eutectic microstructures are reviewed in the next section.

1.3.1.1 Lamellar eutectics

An experimental example and a schematic drawing representing the growth of a
lamellar eutectic alloy are given in Figure 1.3b and ¢ respectively.3

The first theory of lamellar eutectic solidification appears to have been given by
Tammann®* (1908), who proposed that the two phases crystallized alternately; first a plate
of one of the phases would grow, enrich the adjacent liquid in the second component,
which would then nucleate and grow on the surface of the first phase, and so on. The
solidification of the eutectic crystal was thus envisaged as the progressive build up of
alternate lamellae. Vogel5 (1912) expressed a different opinion of the growth mechanism,
as he considered that the eutectic alloy of Cd-Zn solidified by the simultaneous
crystallization of both phases. Lamplough and Scott® (1914) repeated Vogel’s
experiments and supported Vogel’s view of simultaneous growth of the two phases, and
also observed that increasing the growth rate (larger undercooling) led to a finer eutectic
structure. Staumanis and Brakss’ (1935) later verified that the mechanism of growth of
lamellar eutectic alloys was by the simultaneous edgewise growth of both phases by

conducting experiments in which the heat flow direction was controlled.
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Figure 1.3 (a) Hypothetical schematic phase diagram of A/B mixtures. See the text for
detailed definitions of parameters (b) Optical micrograph of directionally solidified Pb/Cd
crystals. Alloy Pb/Cd forms a eutectic structure with the composition of 17.4 wt% of Pb.
(c ) Schematic diagram of advancing front of directionally solidified o/f} eutectic crystals.

The average composition of the solid is exactly the same as the composition of the
liquid from which it freezes, although the component phases o and B of the solid can be
of widely different compositions. During solidification the o phase rejects atoms of B
and the P phase rejects atoms of A. Under steady state growth conditions, the rate of
rejection of B atoms by the o phase is equal to the rate of rejection of A atoms by the
B phase. For any particular growth rate, lateral concentration gradients are set up ahead of
the interface in Figure 1.1c to give the required amount of diffusion of the two species of
atoms to stabilize the steady state interlamellar spacing.

The following development is based on the Chapter 4 “Solidification” of Porter and

Estering’s book “Phase transformations in metals and alloys”.
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For an interlamellar spacing, A, there is a total of (2/ 1) m® of o/B interface per m’ of
eutectic. Thus the free energy change® associated with the solidification of 1 mol of liquid

is given by

2 gV,
AG(A) = ~AG() +% .................................. (1.1)

where Vp, is the molar volume of the eutectic and AG( <) is the free energy decrease for
very large values of A. Since solidification will not take place if AG(}) is positive, AG(
o) must be large enough to compensate for the interfacial energy term, i.e. the
eutectic/liquid interface must be undercooled below the equilibrium eutectic temperature
Tg. If the total undercooling is ATy it can be shown that AG(ec) is then given

approximately by

where AH is an enthalpy term. The minimum possible spacing (A*) is obtained by using

the relation AG (A*) = 0, whence

2% VT
qro reB M E (1.3)
AHAT,

When the eutectic has this spacing the free energy of the liquid and solid eutectic is
the same, i.e. all three phases are in equilibrium. In order to balance the interfacial
tension at the o/f/L interface, interface, o/L and B/L interfaces have appropriate
curvature resulting in increase of total free energy.

If solidification is to occur at a finite rate there must be a flux of atoms between the

tips of the o and [ lamellae and this requires a finite composition difference. For
example, the concentration of B must be higher ahead of the o phase than ahead of the 3

phase so that B rejected from the o layer can diffuse to the tips of the growing B. If A =
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A* growth will be infinitely slow because the liquid in contact with both phases has the
same composition, Cg in Figure 1.1a. However if the spacing is greater than A* the
interfacial energy is lower. Under these circumstances the liquid in local equilibrium with
the o has a composition CgY® which is richer in B than the composition in equilibrium

with the B phase, cs™P. (see Figure 1.3c)

1.3.1.2 Polymer diluent eutectics

Eutectic-like behavior has been also observed in polymer-diluent binary mixtures. In
addition to the two classical conditions required for the existence of a eutectic as
explained in the previous section, the Flory-Huggins theory of freezing point depression
in concentrated polymer solutions predicts a well defined eutectic point if the melting
temperatures of both polymer and diluent are close together. However, since the
kinetically induced folded chain polymer crystals have lower dissolution temperatures in
comparison with the thermodynamically more stable extended chain polymer crystals,
solvent-polymer eutectics are experimentally found at compositions and temperatures
that deviate markedly from those predicted from thermodynamics.

Calculation of the liquidus curves for both solvent and polymer was made using the

simplified Flory-Huggins lattice model. The liquidus curves are given by’

1 1_ R
T T Ing, +1-9, + xa=6)2] oo (1.4)
1 1_ RV,

?_T_zzAHz‘_/;[—¢l+;(¢12] ............................... (1.5)

where T; and T, are the melting temperatures of the solvent and the polymer respectively,
and AH; and AH, are the heat of fusion of the solvent and the polymer respectively.
Additionally ¢; is a volume fraction of solvent and V; and V; are the molar volumes of
the solvent and the polymer. ¥, is the usual Flory-Huggins interaction parameter between
the solvent and the polymer.

Eutectic crystallization in polymeric systems was at the first time studied by Smith

and Pennings not only to achieve unique physical mechanical properties but also to
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obtain information about the solidification mechanism. They found that the mixtures of
polyethylene and 1,2,4,5-tetrachlorobenzene form a pseudo-eutectic solid with a melting
point depressed by about 15 °C compared with that of the pure polymer.9’10 Similar
results were obtained by Wittmann and St. John Manley for other polymer-solvent
eutectic systems, namely poly(e-caprolactone)-trioxane, polyethylene oxide (PEO)-
trioxane and polyethylene-1,3,5, tribromobenzene.!' 1? They also observed that in the
hypoeutectic mixtures, the polymer crystals deposit epitaxially on the freshly grown
diluent crystal surfaces, thus providing the examples of polymer epitaxy on organic
substrates. Experimental phase diagrams of polyethylene and 1,2,4,5-tetrachlorobenzene
and polyethylene-1,3,5, tribromobenzene mixtures obtained by differential scanning
calorimetry (DSC) are shown in Figure 1.4 a and b.!%!* The problems from the
polydispersity and chain folding of polymer molecules hindering the formation of pure
binary mixture and polymer diffusion respectively were addressed by Dorset et al. using
monodisperse low molecular paraffin-n-hexatriacontane with —organic solvents.™*
Anthracene, naphtalene, acridine and benzoic acid formed eutectic structures with
- paraffin and those eutectics were interpreted with various theoretical models.* In
particular the paraffin-benzoic acid system clearly showed eutectic behavior which is
closely related to this thesis. Experimental phase diagram of this system obtained by DSC

is shown in Figure 1.4 .
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Figure 1.4 Experimental phase diagrams of (a) PE/1,2,4,5-tetrachlorobenzene, (b) PE/1,3,5-
tribromobenzene and (c) paraffin (nC;4H,,)/benzoic acid determined by DSC. All diagrams

show eutectic points.
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1.3.1.3. Block copolymer diluent eutectics

The presence of solvent in a noncrystalline A/B block copolymer depresses the
order-disorder temperature of block copolymer in certain ways depending on the solvent
quality. In spite of diversity of theories to explain the phase behaviors of block
copolymer-organic solvent mixtures, in general those agree with the depression of order-
disorder transition (ODT) with solvent.”>!” For example, in the simplest theory, the so-
called dilution approximation, the primary role of added nonselective good solvent is to
reduce the number of unfavorable A-B monomer contacts in a spatially uniform manner.

The order-disorder transition is then given by15
@22N)opr = F(F) ceveiiiiiiiieiic, (1.6)

where ¢, is total polymer volume fraction and f is the volume fraction of one of the
blocks and F is a weak function of f.

Since y is inversely proportional to T, the ODT temperature of block copolymer is
predicted to decrease linearly with solvent concentration.

The freezing temperatures of organic diluents drop when they are mixed with block
copolymers.'® Bates et al.'® demonstrated that the addition of a poly(ethylene oxide)
(PEO)-b-poly(styrene) (PS) copolymer to a crystalline 2-chloro-4-nitroaniline (CNA)
resulted in the freezing temperature depression of CNA. Selective partitioning of CNA
into the polar PEO microdomains created a crystalline molecular complex, comprising
two ethylene oxide repeat units per one CAN (o phase). The phase diagram exhibits a
eutectic point at approximately 40 % CNA between PEO crystalline phase and o phase.18

When the solvents are crystallizable, i.e. organic diluents, the mixtures ofv block
copolymers and diluents can be expected to become eutectics. The two liquidus lines of
the binary mixture of a block copolymer and an organic diluent: the freezing point
depression curve of the organic diluent and the order-disorder temperature depression
curve of the block copolymer can meet each other at a certain composition (the eutectic
point) and induce a liquid to two solids phase transition. Since the order-disorder
transition in a block copolymer is weak first order transitions, the phase separated block

copolymer at the triple point can have some diluent inside as seen in the mixtures of
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block copolymers and solvents.!” If this is the case, the phase separation at the triple point
would be from homogeneous liquid to pure solid (diluent) and another solid (solvent
swollen microdomains).

The phase behaviors of two different block copolymers: polystyrene-block-
poly(ethylene) (PS/PE) and polystyrene-block-(polyethylene-alt-propylene)-block-
polyethylene (PS/PEP/PE) (see Chapter 2 for detailed material characteristics), were
examined with a diluent, benzoic acid (BA) by differential scanning calorimetry (DSC).
The mixtures of block copolymer and diluent of various compositions were heated up to
160 °C and held for 2 min to assume a complete homogeneous single phase mixture. The
samples were then cooled to room temperature at the rate of 60 and 30 °C/min for BA
and PS/PE mixtures and BA and PS/PEP/PE mixtures respectively. The crystallization of
BA and block copolymer mixtures during fast cooling determined the non-equilibrium
experimental phase behaviors of mixtures to minimize the loss of BA crystals caused by
fast sublimation of BA crystals.

The phase diagrams of PS/PE and PS/PEP/PE with BA are shown in Figure 1.5a and 1.5b
respectively. In both cases, the crystallization of BA is significantly affected by the block
copolymers at higher diluent content, resulting in depression of the crystallization
temperature. The crystallization temperatures of pure BA crystals in both cases are
different due to the different cooling rates (60°C/min and 30°C/min for PS/PE and
PS/PEP/PE respectively) . The second crystallization of BA expected in eutectic mixtures
at the eutectic temperature was not observed due to the fast cooling rate. Since the heat
involved on microphase separation of the block copolymers is hardly detected by DSC,
only second crystallization of BA is observed at the eutectic temperature in higher block
copolymer composition ranges. The eutectic temperatures determined in these samples
both vary with cooling rate in DSC. The crystallization of PE in both block copolymers is
independent of the presence of BA, occurring constantly at approximately 50 and 60 °C
for PS/PE and PS/PEP/PE with the cooling rate of 60 °C/min and 30 °C/min respectively.
It indicates that in both cases the crystallization of BA and the microphase separation of

block copolymer are coupled to form a eutectic-like phase.

69



a
/| Toor
T.(BA)
85 °C

— Teutectic

1
. . - T, (PE)

BA + microphase structure
1
0 0.5 1
weight fraction
block copolymer
| Toor
T.(BA)
95 °C
[ J
i ° Teutectic
— e & j__. S Tc (PE)
BA + microphase structure
|
0 0.5 1

weight fraction
block copolymer

Figure 1.5 (a) Experimental phase diagram of BA and PS/PE block copolymer mixtures
determined by DSC with the cooling rate of 60 °C/min. (b) Experimental phase diagram of

BA and PS/PEP/PE block copolymer mixtures determined by DSC with the cooling rate of
30 °C/min.
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1.3.2 Epitaxy

Epitaxy is defined as the growth of one phase on the surface of a crystal of another
phase in one or more strictly defined crystallographic orientations. The resulting mutual
orientation is explained by a two dimensional or, less frequently, a one dimensional
structural matching in the plane of contact of the two species. The oriented deposition of
a solid phase upon another single crystal was discovered in 1817 !, epitaxial single
crystals were grown in the laboratory soon afterward. The organized study of possible
epitaxial combinations began in the early 1900s using mainly optical microscopy. The
development of X-ray crystal structure analysis permitted a detailed molecular
description of epitaxy, that is, the periodic atomic arrangement of deposited crystal with
respect to the substrate crystal structure.

The term epitaxy, literally meaning “on surface arrangement”, was introduced by an
early theory of epitaxial growth based on structural matching.2 Discrepancy between
atomic or molecular spacings is measured by the quantity (d - dg)/do, expressed as a
percent, where d and d, are the lattice periodicities in the direction of interest of absorbed
and substrate phase, respectively. In general 10 ~ 15 % discrepancies are considered as an
upper limit for epitaxy to occur.”

Epitaxial crystallization has been observed to occur from the vapor phase, melt, and
solution.** Numerous examples of this phenomenon range from the deposition of single
atoms through more complex organic molecules to high molecular weight polymers.
Several literature reviews have been devoted to the epitaxy of low molecular weight
(mainly inorganic) materials on crystalline inorganic substrates for growth and structural
studies of thin films.>* Here I briefly review the epitaxial crystallization of polymers

onto various kinds of substrates such as inorganic, organic and even other polymers.

1.3.2.1 Epitaxy of polymers

Epitaxy of polymeric materials was first observed on alkali halide substrates by
Willems® and by Fischer® in the 1950s. The use of inorganic substrates has revealed the
major structural and morphological features of polymer epitaxy. There are several
detailed reviews covering these aspects in the literature.>™® As a general rule, the

deposited polymer chains lie with their chain axis parallel to the substrate surface; the
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crystalline lamellae that are built up on further growth thus stand edge-on, i.e. are normal

to the surface as shown in a schematic of Figure 1.6.

Contact plane of
polymer crystal

Polymer
chain axis

crystalline plane of
substrate

Figure 1.6 Schematic of a polymer epitaxy on a crystalline substrate

An unambiguous and quantitative understanding of the mechanism of epitaxial
crystallization of polymers require knowledge of the interfacial binding forces, or,
equivalently, the polymer-substrate energetics. Purely geometric theories involving
favorable lattice superpositions are obviously inadequate to explain all aspects of
polymer epitaxy. Hardly applicable are previous theories of interfacial energy and elastic
strain of epitaxial overgrowths of low molecular weight materials.”'°

The adsorption and configuration of flexible polymer chains from solution or melt
onto surfaces have been theoretically investigated using statistical mechanics'"%, but
these studies did not provide specific atom-atom interactions of polymer and substrate. A
molecular theory of heterogeneous nucleation of polymer was incorporated to explain
polymer epitaxy because the rate constants are a function of the activation energy.'’
However, this kinetic description is not based on a fundamental theory of explicit

molecular interactions, but utilizes macroscopic factors such as surface energies and heats

of fusion.
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Other theoretical models'® are based upon fundamental pairwise interactions between
atoms in the polymer and substrate. Similar to conformational analysis, this approach
minimizes the total energy of the polymer-substrate system on a two dimensional lattice
with respect to the interfacial geometry to locate the most favorable molecular
arrangements. The substrate effects a lowering of the activation free energy for
nucleation with its anisotropic force field, leading to orientation of the depositing
material. Both the chemical nature and the geometric locations of the constituent atoms in
the substrate affect the form of this surface potential. At the first time, the cap-continuum
method for calculation of van der Waals forces is used to examine the polymers on alkali

15

halide substrates. > In this method, the substrate is broken into two regions: a

hemispherical cap of discrete atoms and the remainder, which is modeled as a continuum
where the atoms have a uniform density distribution in space. A more advanced model'®
overcame the limitations of the previous work to represent a closed-form of infinite
summing of van der Waals interactions. In this study, the interactions between polymer
and crystalline substrate were assumed to involve only van der Waals or dispersive-
repulsive forces. The potential Vjj between the two atoms i and j is represented by a

Lennard-Jones function;

where A; and Bj; are constants characteristic of the interacting atomic pair, and 1 is the
corresponding interatomic distance. The A;; values are calculated from the like atom

constants using the geometric mean approximation:

The Aj; values for various organic species have been reported.!” The repulsive constants
are then calculated by constraining the potential gradient to be zero at the equilibrium

position; thus
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where r; is the equilibrium distance reported in the literature 18

The interaction of the polymer segment with the substrate involves the summation of
interactions of the individual constituent atoms of a representative polymer chain
segment with the substrate. The simple summation turned out to be impossible due to
slow convergence. Success was made with a special transformation method, which had
been developed in several areas of crystal physics. In this method, the interatomic
distance 1 was decomposed into two vectors, one with its projection parallel to the
substrate layer and the other normal to the substrate, i.e. the height above the substrate, p.
Using the unit cell developed earlier, the interaction Vi of all the substrate atoms in a

given layer with a polymer atom i is given by

2

v =-4) +§ E’ [(”k"l)z+/02]_3+3ik§2: E’ g[(’k—rz)z"'Pz]_é--(l-lO)

k:lllz—oo lz=—°° =lll =—00 lzz—oo

where 1; and 1y are the lattice vector (11, 1; integer) and the projection of the polymer atom
minus the projection of the kth atom in the unit cell, respectively. Application of the
transform to the equation yields a more mathematically complicated, but easily
convergent form thanks to the presence of the Bessel function. The complete calculations
for real polymer/inorganic substrate systems such as polyethylene/graphite provided good

agreement with the experimental data.'®

1.3.2.1.1 Epitaxy on inorganic substrates

Alkali halides such as NaCl, KCl and so on are the principal substrates for the
investigation of polymer epitaxy. The first investigation employed optical microscopy of
solution of polyethylene in decalin placed on the (001) surface of a NaCl single crystal.’
Electron microscopy was used to characterize the detailed molecular chain arrangement
with respect to the substrate surface shortly afterward.>'® The “edge-on” lamellar single

crystal whose basal plane is perpendicular to the substrate surface was obtained. Near
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perfect matching between the chain separation along the monoclinic PE axis and the
distance between rows of like-charged ions in the [110] direction of NaCl developed the
epitaxial orientation.’ The polymer whose epitaxial behavior on alkali halides has been
studied next most intensively to PE is polyoxymethylene (POM). The epitaxy of POM
from dilute solution on cleaved (001) alkali halide was 1'eportcd.20 Isotactic
polypropylene was also epitaxially oriented on alkali halides.”!

Other inorganic substrates such as graphite and quartz have also been used to orient
semicrystalline homopolymers in an epitaxial manner. PE was isothermally crystéllized
between 90 and 115 °C on graphite from dilute xylene solution.”” The “edge on” lamellae
structure was obtained with the molecular chains and (110)pg plane parallel to the basal
plane (0001) of graphite substrate. Quartz was also utilized as substrate to study the
epitaxial relations between the substrate and the polymers involving nylon-6, nylon-6,6,

nylon-8, and polyacrylonitrile.23

1.3.2.1.2 Epitaxy on organic substrates

Epitaxy of polymers on organic surfaces has been primarily in an effort to investigate
the molecular interactions prevailing at the interface between polymers and organic
additives.® Willems was the first to demonstrate oriented growth of paraffins (nC;gHas)
on aromatic hydorcarbons such as chloranil and anthraquinone crystals.5 More relevant

to polymers, Walton et al. #

reported the epitaxial crystallization of isotactic
polypropylene on potassium hydrogen phthalate. Other examples can be found in the
work done by Morawetz et al.® They described the epitaxial crystallization of nylon 6 on
its own monomer crystal, e-aminocaproic acid. A major advance has been accomplished
by the pioneering studies of Smith and Pennings on polymer eutectics with organic
diluents.?®?’ Thereafter Wittmann and St. John Manley reported that eutectic
solidification can lead to the epitaxial crystallization of the polymer on the diluent crystal
grown in-situ.’®** The PE component of the eutectic formed crystalline lamellae which
are highly oriented with the chains in the (110) contact plane parallel to the
tribromobenzene needle axes due to an epitaxy between the PE and the substrate.” This

approach of using polymer/low molecular weight, crystallizable solvent mixtures in

which a combination of eutectic solidification and oriented growth of the polymers on the
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single solvent crystals are extended to semicrystalline block copolymer/crystallizable
solvent mixtures to utilize multiple interactions during the phase separation, leading to
ordered molecular chain as well as microdomains in this thesis.

PE has been epitaxially crystallized on various organic single crystal surfaces such as
benzoic acid, anthracene, p-terphenyl, p-Br benzoic acid, K benzyl penicillin and p
phenyl benzoic acid.®*%3! Most aromatic carboxylic acids, aromatic hydorcarbons and
linear polyphenyls are good candidates for PE epitaxy.®!

A straightforward extension of the results with PE, can be made for paraffins and a
large number of shorter chains with polymethylene segments (including biological alkane
chain lipids), owing to the similar crystal structure.>** Dorset et al. have determined the
crystal structure of not only paraffins but also cycloalkanes™*, and pho_spholipids35 using
an epitaxial growth method on benzoic acid substrates.

In addition, aliphatic polyestersal, polyarnides31 and polycarbonate of bisphenol A®
have been epitaxially crystallized with aromatic acid crystals after recrystallization of an
aromatic acid from a homogeneous mixture with a polymer. The investigations have
shown that polyethylene terephthalate, polybutylene terephthalate and polycarbonate do
crystallize epitaxially on aromatic substrates such as anthracene or p-terphenyl. In both
cases, these resulting orientations correspond to the layers containing the phenyl rings
parallel to the substrate surface.

Although epitaxy of helical polymers are less favorable than for linear polymers due
to the lower symmetry of the helix and its usually large diameter, several epitaxies of
helical polymers on organic substrates have been reported.’®® Isotactic and syndiotactic
polypropylenes were epitaxially crystallized on independently prepared benzoic acid and
p-terphenyl, and y-quinacridone crystal substrates respectively.%'38 Each single crystal
was produced by slow cooling of a xylene solution from its boiling temperature; a drop of
suspension was deposited onto the solution cast polymer film at room temperature,
leaving, after evaporation of xylene, large, flat crystals scattered on top of the polymer
film.*” An inorganic helical polymer, selenium, was also oriented on linear polyphenyl

crystals (p-terphenyl, quaterphenyl), resulting in epitaxial crystallization similar to PE.”
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1.3.2.1.3 Epitaxy on polymer substrates

Polymer-polymer epitaxy can be considered as a specific interfacial interaction
between two distinct macromolecular species. The underlying assumption that
crystallographic interactions, and more specifically epitaxy, may result in improved
adhesion between the two (in general incompatible) phases and ultimately lead to a
synergism of mechanical properties of the polymer composite systems. For example, in
the iPP-PE system,*’ the laminates of highly oriented iPP coated with thin PE layer
displayed the improvement of adhesion due to the epitaxy of PE.

Epitaxy has been observed on various types of polymer substrates.
Transcrystallization and the resulting morphologies were investigated with sandwiched
two melt polymers.“ Melt crystallization of iPP and PEO in contact with poly(2,6-
dimethyl phenylene oxide) (PPO) and Nylon 6 respectively revealed nucleating abilities
of surfaces. On an active substrate (PPO), transcrystallization occurred while on an
inactive substrate (Nylon 6) spherulitic structure was obtained.*’ An attempt was made to
orient a number of polymers from the melt on the drawn and annealed
polytetrafluoroethylene (PTFE).*? High density PE, polycaprolactone, nylon-6 and PP
were crystallized in epitaxial fashion. For example, PE crystals with their ¢ axis were
aligned parallel to the molecular axis of PTFE. Needle shaped crystals of
poly(oxymethylene) (POM) were used to provide a unique substrate for the
crystallization of the same polymer and an acetal copolymer from the molten state.*’ The
crystallization on the crystalline surface formed a cylindrite, comprising a pile of chain
folded lamellar crystallites.43 A system similar to homoepitaxy of a polymer on its own
crystal was reported by Buleon et al.** They observed that cellulose I extended chain
microfibrils can be used as a substrate for the epitaxial growth of cellulose II folded chain
lamellae.

A new process was developed by Wittmann and Smith to create flat and smooth
PTFE substrates.*>>° The method was based on the creation of thin polymer films on
glass substrates by the friction force generated while a heated PTFE bar was slowly
moved under pressure over a glass surface. Regularly arranged polymer chains well
aligned along the moving direction acted as single crystal surface. The method enabled

examination of numerous polymers such as PE, iPP, nylon 6, 11, poly(p-oxybenzoate)
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etc. on the highly oriented PTFE surface. In some cases, more than two polymers were
deposited on the PTFE substrate to study the relative interactions between epitaxy and

transcrystallization among the polymers.*
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1.3.3 Summary

Two types of interactions: directional solidification and epitaxy which can
potentially couple to molecular chains and/or microdomain structures of block
copolymers were reviewed. Eutectic directional solidification, originally observed in
many metal alloys, was dealt with in the first section. A brief review of thermodynamics
of lamellar-forming eutectics was given and more importantly polymer-diluent mixture
eutectics were considered. Theoretical as well as experimental evidences were presented.
Finally the extension to block copolymer-diluent mixtures were tried. Non-equlibrium
experimental phase behaviors of block copolymer/crystallizable organic solvent mixtures
implied a possible eutectic formation.

Various polymer epitaxies were presented in the next section. Several theoretical
methods for prediction of crystalline polymer/crystalline substrate epitaxy were
demonstrated first. Catogorized polymer epitaxies were described, depending on the
types of substrates. Many experimental works with various inorganic, organic and
polymer substrates were reviewed. In particular the idea of using crystallizable organic

solvents as a substrate for epitaxy was extended to semicrystalline block copolymers.

1.4 Summary

Chapter 1 described the motivation and background of the thesis. Many
nanotechnological applications using block copolymers were reviewed. Focus was on
control of block copolymer microdomains which is a key for realization of the potential
technologies. ~ Various techniques to achieve orientation of block copolymer
microdomains were discussed. Next new types of interactions: directional solidification
and epitaxy which can couple to block copolymer microdomains were proposed. General
background of these two interactions was given such as thermodynamics of eutectic
directional solidification, energetic interaction of epitaxy and various experimental
evidences.

Next chapter 2 describes materials and experimental methods used in Part I and II.
Detailed synthesis and characterization of block copolymers are presented. In addition,

various film preparation and structural characterization methods are illustrated.
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Part 1 deals with orientation of a semicrystalline block copolymer in bulk. Flow
induced mechanical field creates orientation of amorphous microdomains and following
crystallization in between amorphous microdomains is influenced by the pre-existing
orientation of amorphous microdomains. Not only microdomains orientation, but also
molecular chain orientation of crystalline block is discussed.

In Part II, new types of interaction discussed in this chapter are extended to block
copolymer systems. Various controlled microdomain orientations are shown, depending
on block copolymers and interactions: directional solidification, epitaxy and combination

of both.
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CHAPTER 2: Materials and Experimental Methods

Chapter 2 describes materials and experimental methods used in this work. Three
different types of semicrystalline block copolymers and two amorphous block
copolymers are presented. Synthesis, molecular characterization of the block copolymers
and melting/crystallization properties of the semicrystalline block copolymers are dealt
with in the first section. The second section demonstrates various experimental methods
such as solution and roll cast film preparation, transmission electron microscope (TEM),
atomic force microscope (AFM), simultaneous small (SAXS) and wide angle X-ray
scattering (WAXS) and more importantly thin film preparation using crystallizable

organic solvent for directional solidification and/or epitaxy.

2.1 Materials
2.1.1 Semicrystalline block copolymers

Three different types of semicrystalline block copolymers were used in this work.
The PS/PEP/PE terpolymer and the PS/PE diblock copolymers, used in Chapter 3, 4, 7
and 8 have been prepared by catalytic hydrogenation of poly(styrene-b-1,4-isoprene-b-
1,4-butadiene) (PS/PI/PB), and poly(styrene-b-1,4-butadiene) (PS/PB) block copolymers
at Exxon Research Co. by Dr. L. J. Fetters, respectively. The polymer precursors
PS/PI/PB and PS/PB were prepared by anionic polymerization in benzene at 20 °C with
sec-Butillithium as initiator according to the standard high vacuum techniques.' The
polymerizations were performed in a sequential fashion commencing with styrene. The
1,4 additions of butadiene units in the PS/PI/PB and PS/PB block copolymers give rise,
after hydrogenation, to the polyethylene blocks, whereas the hydrogenation of the 1,4
isoprene units in the PS/PI/PB block copolymer gives rise to the alternating copolymer of
ethylene and propylene (PEP) in the PS/PEP/PE copolymer. Small percent of 3.4
additions of isoprene units produces, after hydrogenation, isopropyl branches in the PEP
block, while small percent of 1,2 additions of butadiene units produces ethyl branches in
the PE blocks. The presence of two ethyl branches per 100 backbone carbon atoms in the
PE blocks of both block copolymers was estimated. The hydrogenation reaction was

carried out using the standard procedure described elsewhere.” The method used leads to
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complete saturation of the polydiene segments while leaving the polystyrene segment
unchanged.

The poly(ethylene-b-(ethylene-alt-propylene)-b-ethylene)  triblock  copolymer
(PE/PEP/PE), used in Chapter 5, was prepared by catalytic hydrogenation of poly(1,4-
butadiene-b-1,4-isoprene-b-1,4-butadiene) (PB/PI/PB) by Dr. L. J. Fetters. The latter was
synthesized again by anionic polymerization in benzene at 20 °C with sec-butyllithium as
initiator according to the standard high vacuum techniques." The 1,4 additions of
butadiene and isoprene units in the PB/PI/PB block copolymer give rise, after
hydrogenation, to the PE end-blocks and the alternating copolymer of ethylene and
propylene (PEP) in the PE/PEP/PE copolymer. The small percentage of 3,4 additions of
isoprene units again produces, after hydrogenation, isopropyl branches in the PEP block,
while the small percentage of 1,2 additions of butadiene units produces ethyl branches in
the PE blocks. The estimated number of ethyl branches per 100 backbone carbon atoms
in the PE block is two. The hydrogenation reaction was carried out using the same
procedure described above.? The solvent was heptane and the catalyst was palladium on
calcium carbonate. 1H NMR showed that no double bonds remained.

Molecular weight characterizations were done using a combination of size exclusion
chromatography (SEC) and low angle laser light scattering. Tetrahydrofuran was used as
solvent in all cases. For the PS/PI/PB sample the average molecular weight via light
scattering was Mw = 103,000 g/mol, while SEC gave Mz/Mw and Mw/Mn ratios of 1.02
and 1.04, respectively. The molecular weights of the polystyrene, polyisoprene and
poly(1,4-butadiene) blocks were 15000, 75000, and 15000 g/mol, respectively. The same
molecular weights results for the corresponding hydrogenated blocks in the PS/PEP/PE
sample. The volume fractions of the PS, PEP and PE blocks are 0.13, 0.71 and 0.16 at the
above the melting point of PE block (98 °C), respectively.

For the PS/PB sample the average molecular weight via light scattering was Mw =
50,000 g/mol. The molecular weights of the polystyrene and poly(1,4-butadiene) blocks
were 40000 and 10000 g/mol, respectively. The same molecular weights results for the
corresponding hydrogenated blocks in the PS/PE sample, and the volume fraction of the
PE block is 0.24.
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For the PB/PI/PB sample the average molecular weight via light scattering was Mw
= 55,000 g/mol, while SEC gave Mz/Mw and Mw/Mn ratios of 1.02 and 1.03,
respectively. The molecular weight of each poly(l,4-butadiene) end-block was
approximately 10,000 g/mol, while that of the polyisoprene mid-block was approximately
35,000 g/mol. Essentially the same molecular weights result for the corresponding
hydrogenated blocks in the PE/PEP/PE sample. From the weight fractions of the blocks
and assuming for the PE and PEP blocks densities at 140 °C of 0.78 and 0.79 g/cc,’
respectively, a volume fraction of the PE blocks in the block copolymer melt of 0.37 was
estimated. Molecular characteristics of the semicrystalline block copolymers are
summarized in Table 2.1. Flory-Huggin’s interaction parameter, ¥PE-PEP and yPS-PEP

were obtained from the literatures.*’

Mo ign/ i:;peat M, (g/ mol) Voz;;ac | M;IMO) Nt XN (413K)
PE 56 20000 37 357 857 4
PEP 70 35000 63 500
PE 56 15000 16 268 1411 78
PEP 70 70000 71 1000
PS 105 15000 13 143
PE 56 10000 24 179 560 40
PS 105 40000 76 381

Table 2.1. Molecular characteristics of three semicrystalline block copolymers.

The melting temperatures and the crystallinity indices were obtained with
calorimetric measurements using a differential scanning calorimeter Perkin-Elmer DSC-
7, performing scans in a flowing N, atmosphere at a heating rate of 2 °C/min. The
crystallinity indices was calculated from the values of the experimental melting enthalpy
and the value of the equilibrium melting enthalpy of a perfect crystal of PE (289 J/g).6
The melting temperatures of the as-prepared PS/PEP/PE, PS/PE and PE/PEP/PE samples
were 98, 96 and 102 °C, respectively, significantly lower than that of a high density
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polyethylene, indicative of the presence of the ethyl branches. The glass transition of the
PS block in the PS/PEP/PE was of nearly 80 °C, but that of the PS block in PS/PE was
not detected due to overlap with the melting peak of PE block. The glass transition
temperature of the PS block in PS/PE was chosen to be approximately 100 °C, based on
the literature.”

The crystallinity index of PS/PEP/PE sample crystallized from the melt by cooling at
2 °C/min, was nearly 40% with respect to the crystallizable PE block, corresponding to
nearly 6 % with respect to the total weight of the block copolymer. For the melt-
crystallized PS/PE samples the crystallinity index of nearly 25% with respect to the
crystallizable PE block, corresponding to nearly 5 % with respect to the total weight of
the block copolymer, was evaluated. The crystallinity index of a PE/PEP/PE sample
crystallized from the melt was nearly 30%, with respect to the crystallizable PE blocks,
corresponding to only about 10 % with respect to the total weight of the block copolymer
sample. The melting and crystallization properties of the semicrystalline block

copolymers are summarized in Table 2.2.

HDPE PE/PEP/PE PS/PEP/PE PE/PS
Tm (°C) 140 102 98 96
T, (°C) 140 92 66 61
Heat (J/g) 289 30 16 14
Total: 10 Total: 6 Total: 5
Crystallinity(%) 60 ~ 80
PE part: 30  PE part: 37 PE part: 25

Table 2.2 Melting and crystallization properties of high density polyethylene and three
semicrystalline block copolymers
2.1.2 Amorphous block copolymers

Two different types of amorphous block copolymers were used in Chapter 6 and 9: a
polystyrene-block-poly(methylmetacrylate), PS/PMMA (26/32) diblock copolymer and a
polystyrene-block-polyisoprene  diblock copolymer, PS/PI(45/12). The sample
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PS/PMMA(26/32) has a total molecular weight of 58,500 g/mol, a polydispersity of 1.06,
with PS and PMMA blocks of 26,000 and 32,000 g/mol, respectively. This sample

presents a bulk lamellar microstructure (evidenced by small angle X-ray scattering
(SAXS): dfg;," =39 nm), consistent with the 49% volume fraction of the PS block. The

sample PS/PI(45/12) has a total molecular weight of 57,000 g/mol with polystyrene (PS)
and polyisoprene (PI) blocks 45,000 and 12,000 g/mol, respectively. Since the volume
fraction of the PI block is 24%, the bulk sample displays a hexagonally packed

cylindrical microstructure of the minority PI component (evidenced by SAXS:

d®% = 42nm). The PS/PMMA (26/32) was purchased from Polymer Laboratories; while
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the PS/PI(45/12) block copolymer was supplied by Dr. L. J. Fetters of Exxon Research .

2.2 Experimental Methods
~ 2.2.1 Solution cast films

The bulk samples of the PS/PEP/PE and PS/PE block copolymer were prepared by
evaporation of the solvent from 5 wt% decalin solution of the block copolymer. The
obtained samples were annealed at 150 °C for 10 days and quenched in liquid N; to
eliminate the effect of the PE crystallization on the microstructure. The bulk samples of
the PE/PEP/PE block copolymer were prepared by melting and recrystallization in order

to eliminate any previous thermal history.

2.2.2 Roll cast films

Anisotropic thick films (Imm thickness) of PS/PEP/PE terpolymer were made by
pouring the polymer solution (15 wt% in decalin) between two temperature controlled
counter-rotating adjacent cylinders while at the same time the solvent was allowed to
evaporate. The angular velocity of each cylinder was about 30 rpm. The flow direction
corresponds to X, the neutral direction to Y and the through thickness direction to Z. The
roll casting process was performed at the elevated temperature (90 °C) to avoid any
effects of the crystallization of the PE block, (which occurs at 70 °C) on the structure.
Roll cast films were subsequently quenched in liquid N; to preserve the oriented PS

microstructure formed above the crystallization temperature of PE and dried in a vacuum
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oven at 40 °C for 24 h in order to remove all traces of the solvent. They were then
annealed for an additional 10 days under vacuum at 140 °C, significantly above both the
glass transition temperature of polystyrene segments (Tg ~ 80 °C) and the melting
temperature of polyethylene segments. The films were then subsequently slowly cooled
down to room temperature with a cooling rate 'of 2 °C/min. A schematic diagram of roll

casting apparatus is shown in Figure 2.1.

Teflon coated
Roller

Heating block

Metal
Roller

Polymer film

Figure 2.1 Schematic diagram of roll casting apparatus. A typical radius of roll is 20 mm
and a film with the thickness of 2 mm is obtained after process.

2.2.3 Transmission electron microscope (TEM) and atomic force microscope (AFM)

Thin sections of the bulk films were prepared for TEM using a Reichert-Jung FC4E
Ultracut microtome at -110 °C. For thin film samples obtained via directional
solidification and/or epitaxy (see 2.2.4), The interior surface of the coverslip was then
scored with a knife and small sections of the carbon film were floated off onto distilled
water and picked up by TEM grids (200 mesh).

The PS/PEP/PE, PS/PE and PS/PMMA(26/32) samples were subsequently stained
for 20 min with RuQy, a preferential stain for the PS block. PS/P1(45/12) films were then

exposed to OsOy for 2 hours to stain the PI microdomains.
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Amorphous block copolymer films were analyzed in the TEM in bright field and
semicrystalline block copolymer films analyzed in bright and dark field mode as well as
in selected area diffraction. A JOEL 200CX and Philips CM12 TEM, operating a 200 kV
and 120 kV, were used.

The computer simulated Fast Fourier Transforms (FFTs) were made from the TEM
image, using a software program, image SXM. This program performs the FFT and
outputs the data on a log scale as a 2 D image.

The surface topology of thin films was examined with 226 pm long etched silicon tip
which had a radius of curvature of about 10 nm and spring constants ranging from 1.7 to
3 Nm’, using “tapping mode” method of the Nanoscope III instrument (Digital

Instrument). Height and amplitude contrasts were used.

2.2.4 X-ray scattering

Simultaneous SAXS and WAXS measurements were carried out at the Advanced
Polymer beamline, X27C, National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL). The wavelength used was A = 0.1307 nm, and the beam size
at the sample position was about 0.4 mm in diameter. A three 2° tapered tantalum pinhole
collimation system was used with a sample to detector distances of 1560 mm and 108
mm, for the SAXS and WAXS patterns, respectively. Scattering angles 20 down to 1.5
mrad, corresponding to a spacing (d = 271/q, where g = 4msin6/A) of about 100 nm, were
achieved in the SAXS pattern. The SAXS and WAXS patterns were recorded at various
temperatures using a single-cell heating stage (maximum temperature: 350 °C). The
sample was melted and the patterns recorded at different temperatures starting from the
melt and cooling to room temperature at a cooling rate of 2 °C/min. Fuji imaging plates
were used to collect the scattering data with exposure times of 1 min per frame. The
isotropic diffraction data were circularly averaged over the azimuthal coordinate of the
two-dimensional patterns and plotted as a function of the scattering vector g, and the

Bragg angle 26, for the SAXS and WAXS pattern, respectively.
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2.2.5 Directional Solidification and/or Epitaxy

The processing method is based on the use of the low molecular weight organic
crystallizable solvents such as benzoic acid (BA) and anthracene (AN). The process
employs three main steps:
1) Thin films of the block copolymer (~100 nm thickness) were first formed on carbon
coated coverslip glass, by evaporation of the solvent from a xylene solution (0.1- 0.3
wt%).
2) Crystalline BA or AN powders are then spread over a glass slide, the coverslip is
placed polymer side down on the BA or AN and melted at 150 °C and 240 °C,
respectively, whereupon the molten BA or AN dissolves the block copolymer. The
solution is then supercooled by placing the glass slide on a hot bar at 110 °C for BA and
at 190 °C for AN and contacting the edge of the coverslip with tweezers to induce
directional crystallization of the BA (melting temperature T, = 123 °C) or the AN (T =
220°C). Rapid crystallization of BA or AN occurs (growth front velocity = 2 mm/sec)
resulting in large, elongated crystals with the b axis parallel to growth front direction.
Figure 2.2a and b shows a photograph and a polarized optical microscope image of
directionally crystallized BA. Large flat and elongated crystals of BA are seen. Finally
the slide is moved to a position on the hot bar with a temperature of 60°C (or 140°C) and
held for a minute to complete the crystallization of the BA (or the AN), then cooled to
room temperature.
3) A razor blade is used to fracture-open the solidified material (cleavage occurs easily
on the (001) BA and AN planes). Ethanol at 50°C is then used to wash away either the
BA or the AN from the coverslip.
Polarized light microscopy of the films after BA or AN removal demonstrates that there
is a strong texture, most apparent from some elongated regions of thicker polymeric
material which formed between the BA or AN crystals. This direction corresponds to the

fast growth direction of the BA or AN (the b-axis).
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Figure 2.2 (a) photograph and (b) polarized optical microscope image of directionally
crystallized BA crystals. The large, flat and elongated BA crystals are aligned with the b
axis parallel to growth front direction. BA single crystals with various thicknesses lead to
different colors under polarized light.
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CHAPTER 3: Spherical to Cylindrical Microdomain Transformation by
Application of a Flow Field

A structural transformation from a spherical microdomain structure to a cylindrical
one in a semicrystalline polystyrene-b-polyethylenepropylene-b-polyethylene
(PS/PEP/PE) terpolymer having a total molecular weight of 103 Kg/mole under a strong
external flow field was observed. Quiescently formed samples made by evaporation of
the polymer in decalin show the disordered spherical microdomain structure of
polystyrene (PS). The roll cast process generated a cylindrical PS microdomain structure
well oriented along the flow direction as determined by TEM and SAXS. The observed
structural transformation is explained by an analogy to the behavior of surfactant systems
under external forces and furthermore this chapter demonstrates that the cylindrical
structure is an example of a facilitated equilibrium morphology development by an

external force.

3.1 Introduction

The mechanical, transport and other properties of multicomponent and multiphase
polymer systems largely rely upon their phase morphology and the nature of the interface
between these phases. Control of morphology is the key to manipulating the properties of
such systems. In addition, controlling phase transitions is essential to advance our
knowledge of material properties in multi-component and multi-phase systems.

A number of methods have been found which can induce a shape transformation in a
self- assembled system. The transition from vesicle to cylindrical micelle has been

observed in the surfactant/solvent systems in three different ways, namely, by an increase
. 1 iy 2 . .34 .
in temperature , an addition of a surfactant , or upon mechanical shearing. = Similar

shape transitions from a randomly dispersed spherical structure to an elongated

cylindrical structure have been observed in polymer systems including

homopolymer/solvent systems 5, homopolymer /homopolymer /solvent ternary systems

7 and homopolymer/block copolymer surfactant system38 due to application of

mechanical or electrical fields.
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Phase transitions in block copolymers have been induced in many ways. Most of the
phase transitions in block copolymers have been achieved by evaporating solvent,

_ 9 10 . .
altering temperature or pressure. Block copolymer microdomain structure can also be

altered by simply adding homopolymer of one of the block components.ll_14 Here,

solubilization of homopolymer into the same polymer component phase results in the
change of the volume fraction of that component which induces a phase transition. A
related approach to control the shape of the microdomain is to blend a low molecular

weight additive which can preferentially swell one of the block componcants.15

16-19 ) .20 L. 21-23
External forces such as shear flow , surface orientation , and electric fields

have generally been applied to obtain a well oriented microphase separated structure
rather than to induce phase transitions in block copolymer systems. Attaining a well-
oriented structure is useful for both material characterization and detailed investigation of
the full tensor properties. The methods using surfaces with specific interactions and
electrical fields, however, are limited to relatively thin films, and block copolymers
composed of blocks with significantly different dielectric constants, respectively. The
application of a flow field to a molten but already microphase separated sample, creates a
highly aligned struéture due to the forced rotation of the many originally misaligned
grains (due to their individual mechanical anisotropy) but leads to numerous
morphological defects in the final material.

An orientation method called ‘roll casting' developed in our lab can be a good
method to obtain a thick and relatively defect-free globally aligned film. This method
subjects the material to a hydrodynamic flow as the solvent evaporates and the initially
homogeneous solution undergoes microphase separation. Previous studies show that the

resultant global orientation of block copolymer films with cylindrical or lamellar
morphology is almost single-crystal like using this method.%26 Recently a highly

oriented spherical microdomain structure arranged on a body-centered cubic lattice as

well as an oriented double gyroid bicontinuous cubic microdomain structure have also

been produced using the roll cast method.
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Only a few reports have appeared on the effect of the external forces on phase
transformation of block copolymer melts. Hamley et al.” detected various intermediate

metastable phases between the lamellae and cylindrical phases of a diblock copolymer
upon shearing through the transition region. The nature of these intermediate structural
states is related to the transformation pathway of the lamellar to the cylindrical
microdomain structure. The intermediate structures are termed hexagonally modulated
lamellae and layered hexagonal-packed channels. The coexistence of two cylindrical

microdomain structures of different lattice symmetries has been observed in a sheared
triblock copolymer as reported by Jackson et al.” Shearing of a spherical domain

structure near the order-disorder transition temperature was shown to transform the
material into cylinders. Upon cessation of shearing, the material converts back to the
spherical domain structure via epitaxial growth from the oriented cylinder structure
resulting in a texture with the [111] direction in the cubic phase parallel to the [001]
direction of the hexagonal phasof:.30 Recently, Vigild et al.” showed a similar epitaxial
growth of the double gyroid phase either from a hexagonal perforated layer pﬁase or from

a hexagonal cylinder phase obtained by shear aligning. Dair et al.” also reported an

epitaxial growth of the gyroid phase from a roll cast oriented hexagonal phase of a
PS/PI/PS triblock by annealing.

In block copolymer systems, it is well known that the microdomain geometry
depends on the relative volume fraction of each segment and their respective degree of

polymerization. Flow field energy can, however, shift the zero field phase diagram, as
observed in both e,xperimental32'33 and theoretical’ " studies. The suppression of the

composition fluctuations by external fields such as shearing drives the system towards the
mean-field limit, resulting in an apparent increase of order-disorder transition
temperature. For example, Amundson et al.” demonstrated that an ordered structure
persisted even after heating the materials 14K above the critical temperature of the zero
electric field (electric-field-induced shift of the ﬁ]jcrophase separation).

Most of the phase transitions promoted by applied fields observed in block

copolymer melts took place when the phase present under zero field conditions was not
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far from a phase boundary, in which case, the external forces need only to provide a small
bias to affect the transition. In addition, the field induced structures revert to the previous
zero field (equilibrium) structures after cessation of the forces and annealing.

In this chapter, TEM and SAXS are employed to study structure formation in a
crystallizable block terpolymer consisting of polystyrene (PS), polyethylene propylene
(PEP), and polyethylene (PE) microphase separated with and without the presence of an
applied flow field. The chapter shows that the development of the thermodynamically
stable morphology can be facilitated by application of an external force during
microphase separation. Such an ABC linear terpolymer with one glassy end block (PS)
and a crystallizable end block (PE) which are connected via a rubbery midblock (PEP)
presents a novel situation in which the crystallization of the end block within the
microphase separated structure is partially screened by the rubbery midblock. Since PEP

and PE are completely miscible above the T, of PE, the microdomain morphology
consists of PS domains segregated within a mixed matrix of PE and PEP.” The sample is
allowed to microphase separate above the T, of PE using both the roll casting and simple
casting methods, and the films obtained are subsequently quenched in liquid N, to limit

crystallization. When the temperature drops below the crystallization temperature of PE,
phase separation between the PE and PEP blocks will take place within the matrix,
leading to some type of crystalline PE morphology. The influence of the crystallization of

the PE block on the microdomain structure will be described in the next chapter.

3.2 Results and Discussion
The morphology of the simple cast film is shown in the bright field TEM images of
Figure 3.1a. A spherical microdomain structure of PS is clearly evident as the dark

circular regions selectively stained with RuO,. The PS spheres are arranged in the

PEP/PE matrix without significant long range order. This is likely due to the weak
correlation between PS spheres at the low volume fraction of PS and/or possibly due to
the crystallization of PE in the matrix which could disrupt the sphere packing at room

temperature.
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The possibility that crystallization of the PE lamellae disrupts the ordering of the PS
spheres was investigated using temperature-controlled SAXS. Figure 3.1b shows the

SAXS scattered intensity vs. scattering angle at 140 °C for the simple cast film. There is a

- distinct low angle reflection and with a shoulder at a g of approximately 0.27 nm'

followed by a broad maximum centered at g ~ 0.43 nm™. This pattern is similar to those
previously observed by Kinning and Thomas™ and Bates et al." for PB micelles
packed on a bcc lattice in polystyrene homopolymer/PS-b-PB diblock blends. The

average inter-sphere distance can be estimated as 42 nm from the first peak(d, ) position.

Assuming the broad high g peak at g ~ 0.43 nm’ arises from the sphere form factor,

allows the sphere radius to be estimated as 10 nm. This compares reasonably well to the
sphere diameter of 20 nm determined from the TEM image. The small crystals of PE

formed during the quenching process apparently do not alter the spherical microdomain
structure developed during simple casting and annealing. Bates et al.”! also showed that

quenching a diblock copolymer could result in very fine scale crystallization of the PE
block which does not disrupt the microdomain structure established by a high
temperature annealing treatment.

Figures 3.2 and 3.3 show 2-dimensional SAXS patterns of a roll cast film. The
coordinate system is chosen so the flow direction corresponds to x, the neutral direction
to y and the through thickness direction to z. When the incident beam is parallel to the
flow direction, an approximate 6-fold symmetric set of intense reflections appear (see
Figure 3.2a and b). This indicates that the roll casting process has induced a well

oriented, highly ordered structure. The azimuthal averaged intensity scan is shown in

Figure 3.2c. The set of Bragg peaks have approximate g /g, values of 1.0, 31/2, 41/2, 71/2,

9" etc. which corresponds well with hexagonal packing. Figure 3.3a and b show 2-

dimensional SAXS patterns with the incident beam perpendicular to the flow direction

(parallel to y direction). The scattering is concentrated along the normal to the flow

172
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direction with peaks again in the ratio of 1.0,3 ,4 , 7  etc. indicating the structure is

- only two dimensionally ordered as for example, hexagonal packing of cylinders.
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Figure 3.1 (a) Bright field TEM micrograph for the simple cast PS/PEP/PE (15/70/15)
film. The film was stained with RuO, for 20 min so that the PS domains appear dark.
Poorly ordered PS spheres are shown. (b) SAXS profiles at 140 °C for the simple cast
PS/PEP/PE film.
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Figure 3.2 (a) 2-dimensional SAXS pattern with the incident beam along the flow

direction, normal to the YZ plane. (b) SAXS patterns with different threshold cut off to

emphasize 6-fold symmetry. (c)Azimuthal averaged SAXS profile shows peaks in the
ratio of 1.0, 3'%, 4%, 7'*, 9",
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Figure 3.3 (a) 2-dimensional SAXS pattern with the incident beam along the normal to
the XZ plane. Several strong reflections are shown perpendicular to the flow direction. (b)
172

SAXS profile along the vertical direction of (a) also shows peaks in the ratio of 1.0, 3,
4'%, 7' etc. confirming the structure is hexagonal packing.

103



F .

TEM micrographs of the RuO, stained sections for views along the flow direction

and normal to the flow direction (parallel to y direction) are shown in Figures 3.4a and b.
The magnified inset selected area in Figure 3.4a shows that the PS domains clearly self
assemble onto a hexagonal lattice during microphase separation under the applied flow
field. Interestingly there are many lattice points in the image without any apparent PS
domains. These “PS vacancy” defects shown in the micrograph seem not to result from
misalignment of many small grains because relatively few grain boundaries are apparent,
but from a local deficiency of PS implying gaps of the PS cylinders along the flow
direction. The three dimensional structure of the roll cast film becomes plainly evident
when examining the view perpendicular to the flow direction. Short cylindrical PS
domains and strings of PS spheres are seen everywhere to be oriented along the flow
direction. Some spheres are elongated to a prolate ellipsoid shape as apparent in the
magnified inset of figure 3.4b. The diameters of the spherical and cylindrical shaped PS
domains correspond approximately to 22 and 20 nm respectively.

The morphological examination made for the different directions of the roll cast film
demonstrates that the flow field created by the co-rotating cylinders induced a shape
transformation from the spherical domain structure of the quiescent film to a cylindrical

domain structure during self assembly of the roll cast film. Since after the roll casting, the
films were first annealed for 10 days at 140 °C (well above Tg of PS as well as T_ of PE),

the roll cast-induced phase transformation is a stable state. To determine whether the
transformed cylindrical structure is thermodynamically stable or metastable, an even
higher temperature annealing was employed. 2D SAXS patterns for the sample annealed
at 190 °C for 48 hours are almost the same as those after annealing at 140 °C for 10 days
(data not shown), implying that the cylindrical structure is an equilibrium state in spite of
a low PS volume fraction (13 vol%). Annealing at a higher temperature than 190 °C was
tried but the sample began to degrade at around 200 °C.

The work done by Sakurai et al.** confirms the claim of an equilibrium cylindrical
microdomain structure at only 13 vol.% minority component. Sakurai et al.*? obtained the
cylindrical morphology of a PS/ PEP block copolymer with a 12.8 vol% polystyrene

content by annealing at 300 °C. The material they used is quite similar to the one in the
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Figure 3.4 (a) Bright field TEM micrograph for the roll cast PS/PEP/PE (15/70/15) film:
view normal to YZ. The film was stained with RuO,. Circular regions of PS are evident.
Inset of the selected area magnified from (a) shows a hexagonally ordered structure but
with many regions without PS domains.

(b) Bright field TEM micrograph for the roll cast PS/PEP/PE (15/70/15) film: view
normal 1o XZ. Needle shape and prolate spherical PS domains are shown parallel to the
roll casting direction. Inset of the selected area magnified from (b) shows an elongated PS
domains.




current study in composition as well as in molecular weight. The only difference is that

the current material has a small amount of PE component which is completely miscible
with PEP above the T_ of PE. They explained their results by suggesting that

conformational asymmetry between the PS segment and PEP segment leads to the shift of
the phase boundary toward the PS axis. Thus, it is concluded that the spherical PS
morphology obtained by simple casting is a metastable structure and that the cylindrical
PS structure developed in the presence of a bias flow field is thermodynamically stable in
the current material whose degradation temperature does not allow sufficiently high
temperature processing to achieve structural equilibrium. In the simple casting process,
the microphase separation during evaporation of the solvent first forms spherical PS
microdomains. The subsequent annealing at the experimentally accessible temperature
does not provide sufficient energy to overcome the activation energy barrier and
transform the metastable sphere structure to the equilibrium cylindrical morphology.
However, when energy generated by a strong bias flow field is provided such as in the
roll casting process, the sphere morphology becomes unstable under external forces, as
predicted by Huang and Muthukumar®, and at the same time the structure can overcome
the activation energy barrier, leading to the equilibrium morphology with cylindrical
microdomains. The factors which coalesce the PS spheres along the flow direction are
interfacial energy and viscosity differences. This clustering ultimately leads to the
formation of cylinders. The cylinders are aligned in the flow direction as expected, since
this orientation represents a minimum in the potential energy when compared with other
possible orientations. A similar phase transformation from spherical micelles to cylinder
was observed when a block copolymer/homopolymer/solvent blend was subjected to a
strong electrical field”® as well as when surfactant solutions were subjected to an applied
flow field.>* The transformed structures formed in the other systems are, however, all
metastable. A schematic diagram of domain formation and transformation by the flow

field is shown in Figure 3.5a — 3.5d.
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Figure 3.5 Schematic diagram of the proposed mechanism of cylinder formation under
the flow field with solvent evaporation. (a) Microphase separation is initiated at a certain
concentration of polymer solution during the evaporation of solvent in roll casting
process. Solvent swollen PS spheres are formed. (b) The PS spheres become prolate and
align along the flow direction. (c)The development of needle shape PS cylinders. (d) PS
cylinders arrange to form a hexagonally packed structure

The imperfect cylinder structure may be due to the lack of time to form long
continuous cylindrical domains even with a strong coupled field due to the dramatic drop

in molecular diffusivity resulting from the evaporation of the solvent during roll casting.

107



e 1

TR RAT T =Y o

The resultant domain structure contains, in addition to cylinders, prolate spheres and
pearl shaped strings of PS shown in Figure 3.4b.

Since most block copolymers have relatively low degradation temperatureé, a
metastable spherical microdomain morphology is likely a common occurrence. This may
be a reason that the boundary volume fractions between spherical and cylindrical

structure predicted by theories are usually lower than those obtained by experiments.*?

3.3 Conclusions

The metastable spherical structure observed in the quiescently formed solvent cast
film of PS/PEP/PE terpolymer can be essentially transformed into a thermodynamically
equilibrium cylindrical structure under application of a strong external flow field during
microphase sepﬁration by the roll cast process. Highly ordered 6-fold SAXS pattern with
the incident beam along the flow direction and TEM micrograph of the same plane show
a well defined hexagonal arrangement of the PS microdomains. Highly ordered SAXS
scattering peaks perpendicular to the flow direction when the incident beam is
perpendicular to the flow direction and TEM micrographs also confirm that the spherical
microdomain structure was converted into cylindrical structure. The high temperature and
long time annealing process verified that the flow field induced cylindrical structure is an

*2 The similar

equilibrium state which is consistent with the work done by Sakurai et al
observations in some surfactant systems under external forces suggest the mechanism
shown in Figure 3.5 to explain the phase transformation.

This chapter illustrates clear experimental evidence of how an equilibrium
morphology can be facilitated by an applied field. In addition, it is the first real space
study by TEM to investigate the shape transformation from the spherical to cylindrical

microdomain structure.
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CHAPTER 4: Influence of an Oriented Glassy Cylindrical Microdomain
Structure on the Morphology of Crystallizing Lamellae in a Semicrystalline
Block Terpolymer

The effect of an oriented microphase separated structure, induced by an applied flow
bias field (roll casting), on the crystallization of the polyethylene (PE) block in a
semicrystalline polystyrene-block-(polyethylene-alt-propylene)-block-polyethylene
terpolymer has been analyzed. The orientation and morphology of the emerging crystals
with respect to the pre-existing glassy cylindrical microdomain structure has been
investigated by simultaneous wide angle and small angle X-ray scattering and
transmission electron microscopy.

The oriented hexagonally packed cylinders induce oriented crystallization of the PE
block in the matrix upon slow cooling below the crystallization temperature. The texture
which develops has the b and c axes of the PE crystals predominantly parallel and
perpendicular to the PS cylinder axes, respectively. The lateral packing of the PS
cylinders is disrupted by the crystallization, but the longitudinal orientation of the

cylinders is maintained.

4.1 Introduction

Semicrystalline block copolymers have been studied for their possible application as
replacements for glassy/rubbery block thermoplastic elastomers due to their improved
mechanical properties as well as better thermal stability. '* In addition, semicrystalline
block copolymers have been recently shown to provide new means to nanoscale patterned
thin films.?* There exists strong scientific interest in these materials because they can
undergo at least two thermodynamic transitions during their process history.
Understanding how the competition of the crystallization, the microphase separation, and
the glass transition leads to the final morphology is the key in furthering our knowledge
of the properties of semicrystalline block copolymers.

In general, one can expect that the microstructure and physical properties of the

material will be significantly influenced by the nature of the chain and domain
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organization in both the non-crystalline and crystalline blocks. The process pathway of
structure formation is of prime importance in that the first forming structures present to
those emerging a prescribed geometry into which the new structure must evolve. Studies
have been done on anionically synthesized model block copolymers having a
crystallizable block to reveal how the final sample morphology depends not only on the
sequence of transitions the material experiences, but also on the relative thermodynamic
strengths of the transitions. Various groups'** have shown that the morphology of
semicrystalline block copolymers is path dependent; different microdomain structures are
obtained if the crystallization occurs from a homogeneous melt (in this case the
crystallization drives the microphase separation) or it occurs from an already microphase
separated heterogeneous melt (in this case microphase separation precedes crystallization
and provides a microstructure within which crystallization takes place).

When the block incompatibility is small, as for instance for the block copolymers
composed of crystallizable polyethylene (PE) blocks and poly(ethylene-alt-propylene)
(PEP) or poly(ethylethylene) amorphous blocks, such as those analyzed by Rangarajan et
al.,%® crystallization occurs from a homogeneous melt resulting in the formation of
alternating lamellar microdomains in a spherulitic superstructure regardless of the
copolymer composition,5 as has been assumed in theoretical treatments.>>2¢

When the block segments have a larger interaction parameter and also have high
molecular weights, microphase separation in the melt occurs prior to crystallization. The
presence of microdomains in the ordered melt may affect the crystallization process and

1.24,7,8,14,17-19,:21,23 However, when the order-disorder transition is

the final morphology.
close to the melting temperature of the crystallizable block, the energy barrier for
destruction of the ordered melt is small and the crystallization may alter the order
achieved during the microphase separation. For example, a weakly segregated lamellar
structure of the melt of ethylene/head-to-head propylene block copolymer was
transformed into a strongly segregated spherulitic microstructure containing crystalline
lamellae after crystallization of PE block. A caprolactone-butadiene diblock copolymer5

also clearly showed the replacement of the melt microstructure by a crystallization-driven

morphology. Ryan et al.'' showed that a cylindrical microstructure of the melt of
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poly(ethylene-b-ethylethylene) diblock copolymer is reorganized upon crystallization
into a final spherulitic lamellar morphology.

In an AB diblock copolymer where the B block is crystallizable, the microdomain
melt morphology can be preserved, when the TgA (the glass transition temperature of A
block) > T.? (the crystallization temperature of B block). Such a situation confines the
crystals to grow within or between the pre-existing microseparated domains.

4,7,8,14,21,23

Crystallization confined in pre-existing lamellar al17 %

spherical® or cylindric
microdomains has been observed.

Globally aligned semicrystalline block copolymers permit determination of the
orientation of the crystals and the unit cell with respect to the microdomain interfaces.
Cohen et al.”® first used a channel die to orient PE containing semicrystalline block
copolymers and showed that the chain axis of PE crystals is perpendicular to the normal
direction of microphase separated lamellar surfaces. Other workers also studied lamellar
systems using the shear forces for alignment of the microphase separated block
copolymer structures and found that the orientation of the chain axis of crystals depends
on several factors such as molecular weight of the block copolymer and the

141523 Quiram et al.?® recently used a channel die to study the

crystallization conditions.
crystal orientation in a sample wherein the crystallizable block constituted the cylindrical
microdomains and demonstrated that the crystalline PE lamellae grow along the PE
cylinder axis.

Studies of the oriented microstructure in the case that the crystallizable component
forms and aligns within the majority matrix phase due to the pre-existing minority glassy
microstructure are not yet reported in single block copolymer system. Liu et al. showed
that the crystalline poly(tetrahydofuran) (PTHF) block is oriented due to the confinement
in between the cylindrical poly(methymethacrylate) (PMMA) microdomains in the blend
of the diblock copolymer and homo PTHE.”” However, they did not provide direct
evidence of the molecular chain orientation.

In this chapter I use simultaneous wide angle X-ray scattering (WAXS) and small
angle X-ray scattering (SAXS), transmission electron microscopy (TEM) to study the
morphology of a polystyrene-block-(polyethylene-alt-propylene)-block-polyethylene

terpolymer (PS/PEP/PE). Since the PEP and PE blocks are completely miscible above the
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melting temperature (Ty) of PE (Chapter 3), a microstructure of PS microdomains in a
matrix of mixed PE and PEP blocks is expected above the T of the PE component.
When the temperature drops below the crystallization temperature of PE, another phase
separation takes place within the matrix, due to the crystallization of PE. The PS and PE
end-blocks are connected via the rubbery PEP mid-block, presenting a novel situaﬁon in
which the crystallization of the PE end-block between the microphase separated glassy
PS structure is partially screened by the rubbery mid-block. In order to study the
influence of the presence of well aligned minority PS microdomains on the growth and
organization of the PE molecular chains and PE crystalline lamellae, I employ the roll
cast method at temperature above the crystallizing point of the PE and well below the
microphase separation temperature to obtain an aligned hexagonally packed PS
cylindrical microdomain structure.”®*® The development of oriented crystalline PE
microdomains was observed upon slow cooling in the well defined microseparated PS

structure by scattering and microscopy.

4.2 Results and Discussion

Figure 4.1a shows the SAXS pattern of a roll cast sample after long term annealing,
heated to 150 °C with the incident beam normal to the XZ plane, perpendicular to the
flow direction. The scattering is concentrated along the normal to the flow direction. The
intensity scan across the equator as a function of the scattering vector is shown in Figure
4.1b. The set of Bragg peaks present in Figure 4.1a have g»/q; approximate values of 1.0,
\/3, \/4, \/7, \9 etc. (where g is the scattering vector of the first peak ¢; = 0.14 nm'l),
which corresponds well with a hexagonal packing. Figure 4.1c shows the SAXS pattern
of the roll cast film recorded with the incident X-ray beam along the normal to the YZ
plane, parallel to the flow direction. Adjusting the threshold cut off intensity allows
emphasis of the 6-fold symmetry of both the first and the second order reflection in
Figure 4.1d. As expected, the pattern presents an approximate 6-fold symmetric set of
intense reflections, which indicates that the roll casting process has induced a well
oriented, highly ordered structure. SAXS therefore indicates that the structure is a two
dimensionally ordered hexagonal packing of PS cylinders whose axes are parallel to the

flow direction. The value of the scattering vector of the first peak (g; = 0.14 nm™),
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corresponding to the (1010) reflection, indicates that the hexagonal lattice has a
periodicity of 45 nm. The 150 °C SAXS patterns for the two different incident beam
directions are very similar to those of the quenched roll cast sample in the chapter 3
(Figure 3.2). Since the small PE crystals developed during the quenching step do not
disturb the cylindrical PS microdomain structure, the microstructure at room temperature
after quenching can be assumed the same as that at 150 °C as mentioned in the chapter 3.
The TEM micrographs of the quenched samples in our previous work suggest that the
microstructure at 150 °C is a hexagonally packed cylinder structure as expected from the
SAXS results. However, the PS cylinders are not the customary infinitely long straight
units. Rather they display a range of prolate structures aligned along the flow direction.
Many defect points along the cylinder axis occur due to low volume fraction of the PS
block (0.13) as well as due to high activation energy to reach the equilibrium cylindrical
microstructure.

The SAXS patterns, recorded during the cooling with the rate of 2 °C/min do not
change much with decreasing temperature until around 70 °C. At this temperature the
first and higher order peaks broaden and a shoulder appears at high g region. The patterns
become diffuse above g = 0.2 nm’’, indicating disturbance of the microdomain pattern by
the PE crystals and the superposition of peaks arising from the inter-lamellae scattering
of the crystalline PE regions in the matrix. A similar thermal treatment of the
hydrogenated 1,4 PB homopolymer with a molecular weight of 65,000 g/mol and the
same butyl content ratio, give a first order reflection peak around g ~ 0.2 nm” and a
broad intermediate peak (q ~ 0.4 nm™).

Figure 4.2 shows the SAXS patterns of the slowly cooled sample at 50 °C, when the
incident beam is perpendicular to the XZ (3.2a) and YZ planes (3.2c), respectively. The
intensity scan across the equator of the block copolymer melt, recorded at 50 °C is
compared to that for 150 °C in Figure 4.2b. The increased intensity around g ~ 0.2 nm”
and broad scattering intensity at g ~ 0.4 — 0.5 nm’’, in the pattern at 50 °C, are due to
scattering from the crystalline PE lamellae and/or due to the partial distortion of the pre-
existing microstructure (Figure 4.2b). The invariant location of the first peak at g = 0.14

nm’ (compare with the pattern at 150 °C), and the retention of the 2 fold and the 6 fold
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Figure 4.1 (a) 2-dimensional SAXS pattern of the roll cast sample taken at 150 °C with
the incident beam perpendicular to the flow direction, normal to the XZ plane. Several
strong reflections are shown perpendicular to the flow direction. (b) SAXS profile along
the horizontal (equatorial) direction of (a) shows peaks in the ratio of 1:V3:vV4:V7:79:v12
etc., implying the structure is characterized by a hexagonal packing of cylinders. (c) 2-
dimensional SAXS pattern of the roll cast sample at 150 °C with the incident beam along
the flow direction, normal to the YZ plane. (d) SAXS pattern with different threshold cut
off to emphasize the 6-fold symmetry of the first and second order reflection.
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Figure 4.2 (a) 2D SAXS pattern of the slowly cooled sample taken at 50 °C when the
incident beam perpendicular to the XZ plane. The pattern with a different threshold cut
off to emphasize the first order reflection is shown in the inset. It confirms that the
oriented structure of the PS microdomains formed by the applied flow field is preserved
after the crystallization of PE.

(b) Comparison between the SAXS profiles along the horizontal (equatorial) direction (+
10° sector slice) at 150 °C and at 50 °C. The increase of the scattering intensity at the
high g region (g = 0.4 ~ 0.5 nm™), due to the presence of the crystalline PE lamellae is
apparent in the 50 °C pattern.

(c) 2D SAXS pattern of the slowly cooled sample at 50 °C when the incident beam along
the flow direction normal to YZ plane. The same pattern with a different threshold cut off
to emphasize the 6 fold symmetry of the first V1 reflection, is shown in the inset. The V3
reflection is only observed as a weak, broad continuous ring. It indicates that the lateral
packing of the PS microdomain structure developed during the roll cast was perturbed by
the crystallization of PE.
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symmetry axes, clearly shown in the insets of Figures 4.2a and 4.2c respectively,
indicate that the texture developed during the roll cast process remains after
crystallization. The SAXS patterns indicate that the axes of PS cylinders are still parallel
to the flow direction and the average distance between the hexagonally packed cylinders
is still 48 nm. The distortion of the microstructure due to the crystallization of the PE
primarily affects the inter-cylinder lateral packing, resulting in the loss of the higher order
reflections.

The effect of the PE crystallization on the orientation of the cylindrical PS microdomains
along the flow direction can be made by comparing the Full Width Half Maximum
(FWHM) values at 50 °C to those at 150 °C. The azimuthal scattered intensity

distributions of the (1010) reflection at 50 °C and at 150 °C of Figure 4.2a and 4.1a
respectively are shown in Figure 4.3. Both azimuthal FWHM are approximately 45°,
indicating that the orientation of the cylindrical PS microdomains does not change along
the flow direction due to crystallization of the PE component.

The WAXS pattern of the slowly cooled sample recorded at 50 °C with the incident beam
normal to the XZ plane is shown in Figure 4.4a. The pattern presents four evident rings:
an unoriented, broad innermost ring due to scattering from amorphous PS, PEP and PE
regions and three oriented, narrow, outer rings corresponding to the (110), (200) and
(020) reflections arising from the PE crystals in the usual orthorhombic form. It is
apparent that the (110) reflection is textured into four off-axis regions of high intensity,
while the less intense (200) and (020) reflections show two arcs concentrated on the
equator and on the meridian respectively. A schematic of the WAXS pattern is given in
Figure 4.4b. The presence of four arcs for the 110 reflection, two equatorial arcs for the
(200) reflections and two meridian arcs for (020) indicates that the PE lamellae are
oriented with the b axis parallel to the flow direction. The SAXS (Figure 4.2a) and
WAXS (Figure 4.4a) patterns, therefore, suggest that the crystalline PE lamellae are
primarily oriented with their b axis parallel, and the chain axis normal, to the axes of the
PS cylinders. The measure of azimuthal separation of the (110) reflection peaks is
approximately 114° which indicates within experimental uncertainty that the PE crystal
stems are preferentially oriented perpendicular to the PS cylinder axis.” The WAXS
pattern with the incident X-ray beam directed along the X axis, parallel to the flow
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direction, and therefore parallel to the b axis, reported in Figure 4.4c, displays isotropic
rings for the (110) and (200) reflection. Although the six-fold symmetry of the oriented
V1 reflection of the cylindrical PS microdomain structure is still evident after the PE
crystallization (Figure 4.2c), the PE crystals formed in-between the PS cylinders show o
fold rotational symmetry of their b axes around the PS cylinder axis. Strong

crystallization forces disturb the long range lateral packing of the PS cylinders as
described earlier.
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Figure 4.3 The equatorial azimuthal intensity distribution profiles of the (1010)
reflection at 150 °C in figure 4.1a and at 50 °C in figure 4.2a. Two highly oriented peaks
appear at 0 ° and 180 ° at both temperatures. The FWHM value of the peak is
approximately 45 ° in both cases, indicating that the crystallization of the PE block does
not disturb the orientation of the cylindrical PS microdomains along the flow direction.
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Figure 4.4 (a) 2-dimensional WAXS patterns, obtained simultaneously with the SAXS
pattern of figure 2a, of the slowly cooled sample with the incident beam normal to the XZ
plane. The diffuse inner ring is the unoriented amorphous halo. The first crystalline
reflection corresponds to (110) reflection of orthorhombic PE crystals and displays four
off-axis regions of high intensity. The (200) and (020) reflections are preferentially
located on the equator and on the meridian respectively. These features indicate that the
PE lamellae are oriented with the b axis normal to the X-ray beam, therefore parallel to
the flow direction.

(b) Schematic diagram of the WAXS pattern with indexed reflections.

(c) 2-dimensional WAXS pattern, obtained simultaneously with SAXS pattern of figure
4.2¢c, of the slowly cooled sample with the incident beam normal to the YZ plane. The
isotropic (110) and (200) diffraction rings indicate uniaxial symmetry around the b axis
of the PE crystals.
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The axial orientation of the PE crystals can be also assessed by the FWHM of the
(020) reflection of Figure 4.4a. The FWHM value corresponds to the degree of the
orientation of the b axis of the PE crystals along the flow direction. The value is about

45° which is consistent with the degree of the orientation of the PS cylinders along the

flow direction measured by the azimuthal FWHM of the (1010) reflection at 50 °C in
Figure 4.3 (~45°). An approximately axi-symmetric orientation of the PE lamellae around
the b axis, which is parallel to the PS cylinder axis, accounts for WAXS patterns of
Figure 4.4c.

When cooled below TCPE, crystalline PE lamellae nucleate and grow in various
directions. The fast growth direction of the PE crystals is the & axis direction.’! In the
present work, when the fast growth direction of the crystalline PE lamellae is parallel to
the cylinder axis of the PS microdomains, large crystals can grow, whereas in other
directions, the crystals encounter the PS microdomains. This bias results in the preferred
alignment of the b axis of the PE parallel to the PS cylinder axis.

TEM of the RuOy stained sections permits direct visualization of the PS cylinders in the
slowly cooled sample. A transverse view of the PS cylinders parallel to the flow field is
observed in Figure 4.5a. The PS cylinders display waviness and a distribution of lengths.
The average diameter of the PS cylindrical microdomains is nearly 20 nm, and the
average distance between the cylinders is 40 ~ 50 nm, in agreement with the SAXS data.
The oriented structure along the flow direction in Figure 4.5a is very similar to that of the
quenched sample in the chapter 3 (Figure 3.4b). The crystallization of the PE block does
not much affect the pre-oriented PS microstructure along the flow direction consistent
with the FWHM data (Figure 4.3). However, the hexagonally packed structure is
disturbed by the crystallization of PE in the matrix as evident from Figure 4.5b. The axial
view of the structure shows circular cross sections of the RuOy stained PS cylinders with
poor lateral registry. In comparison with Figure 3.4a in the chapter 3, the crystallization
of the PE lamellae via the slow cooling significantly disrupts the hexagonal packing of

the PS cylinders.
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Figure 4.5 Bright field TEM images of the microtomed sections of the slowly cooled roll
cast films stained with RuOa.

(a) Transverse view showing PS cylinders aligned parallel to the flow direction. The
orientation of PS cylinders is still preserved after the crystallization of PE.

(b) Axial view showing circular cross sections of PS cylinders. The hexagonally packed
structure, observed in the SAXS pattemn taken at 150 °C, is disrupted by the
crystallization of PE in the matrix.
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Figure 4.6 Underfocus phase contrast bright field TEM images of the microtomed
sections of the unstained roll cast films slowly cooled to room temperature.

(a) Transverse view showing crystalline PE lamellaec (seen edge-on) (dark region),
oriented along the roll casting direction. The thickness of lamellae ranges from 10 nm to
20 nm.

(b) Axial view showing crystalline PE lamellae (seen edge-on) oriented in various
directions.




The crystalline PE lamellae can be seen in the TEM micrographs of the unstained
sample as reported in Figure 4.6a,b. Phase contrast obtained by underfocus of the
objective lens makes the noncrystalline regions appear bright.32 The phase contrast is
proportional to the mean inner potential difference between microdomains projected
through the specimen. The mean inner potentials of the blocks in the terpolymer are 7.35,
7.08 and approximately 6.3 for the PE crystal, the PS and amorphous PE and PEP
respectively.32 Thus, those lamellae which are oriented edge-on to the electron beam
direction and completely traverse the sample provide the highest contrast. For the regions
where the projection across the sample includes the PS, PEP and PE domains, the
contrast is much lower and does not uniquely correspond to domain size. When viewed
along the normal to the XZ plane (Figure 4.6a), those crystalline PE lamellae, for which
the b axis is parallel to the PS cylinders are evident. The thickness of lamellae is
estimated as 10 to 20 nm. In the TEM image viewed along the flow direction, i.e. along
the axes of the PS cylinders and the b axis of the PE lamellae, the crystalline PE lamellae
are seen edge-on oriented in various directions (Figure 4.6b). The TEM images confirm
that the PE lamellae are oriented with their b axes parallel to the axes of the PS cylinders
but have many orientations around the b axis.

A model of the PS-PEP-PE terpolymer microstructure after the crystallization of the
PE block is shown in Figure 4.7. The crystallization of PE is confined between the pre-
existing pseudo hexagonally packed PS cylinders. The PE chain axis is preferentially
oriented orthogonal to the PS cylinder axis with the fast growth b axis direction of PE
parallel to the axis of the cylinders. This type of unit cell orientation occurs because it
allows the PE lamellae to grow long in the direction parallel to the PS cylinders. This

orientation was also observed by Quiram et al.?

in the case of a poly(ethylene-b-
vinylcyclohexane) where the crystallization occurred within the cylindrical PE
microdomains. Rotation of crystalline lamellae around the average cylinder axis
direction may occur when the growing lamellae encounter some defects such as, for
instance, misaligned PS cylinders and prolate PS spheres as shown in TEM micrographs
of Figure 4.5a. The development of lamellae with different orientations results in the
partial disturbance of the long range hexagonal packing of the PS cylinders. In an ideal

hexagonal packing microstructure, three different orientations of the planar crystalline
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Figure 4.7 Schematic diagram of the microdomain structure of the slowly cooled roll cast
sample. The crystallization of PE is confined between the preformed hexagonally packed
PS cylinders, and b and c¢ axes of the PE crystals are preferentially parallel and
perpendicular to the axes of the PS cylinders respectively. Various orientations of the
crystalline PE lamellae develop on the view of the YZ plane not only due to the
hexagonal symmetry of the cylindrical PS microdomains but also due to many defects
and misaligned PS cylinders in the roll cast microstructure. In addition, random
nucleation of the PE crystals in the matrix generates various other orientations.
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lamellae on the view of the YZ plane could be expected. However, in our sample, the
initial roll cast structure is not perfect in terms of cylinder packing, orientation and
defects. Also the random nucleation of the PE crystals results in a variety of lamellar
orientation with the strong forces of crystallization tending to disrupt the lateral packing
of the PS microdomains. Those crystallizing lamellae, which have their b axes parallel to
the PS cylinder axis, develop preferentially leading to an overall orientation of the PE b

axis.

4.3 Conclusions

The crystallization of PE component in the matrix of the semicrystalline PS/PEP/PE
block terpolymer does not significantly disturb the orientation of the pre-existing
cylindrical PS microdomain structure, but does disrupt the lateral packing of the PS
cylinders. The oriented microstructure of the minority PS phase induces orientation of the
crystallizing PE microdomains. Crystalline PE lamellae organize themselves with the fast
growth direction of the PE following the orientation of the PS cylinders. The strong
forces of crystallization disrupt the lateral packing of the PS cylinders. The b and c axes
of the PE crystals are predominantly parallel and perpendicular to the axes of the PS
cylinders, respectively.

A preformed oriented microstructure is shown to be able to induce orientation of the
subsequent lamellae crystallizing in the matrix. Furthermore, this study, using the model
semicrystalline block terpolymer, provides a way to control the morphology of the
nanocomposite of semicrystalline polymer and fillers (organic and inorganic types). Pre-
aligned nanoscale anisotropic fillers such as nanotube and clays could induce the

orientation of the crystalline phase of the semicrystalline polymer matrix.
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CHAPTER 5: Epitaxy
Control of Molecular and Microdomain Orientation in a Semicrystalline

Block Copolymer Thin Film by Epitaxy

Epitaxial crystallization is utilized to control both molecular chain orientation and
microdomain structure in a thin film of a semicrystalline triblock copolymer, composed
of crystallizable polyethylene (PE) end blocks and an amorphous ethylene-alt-propylene
(PEP) mid-block where the microphase separation is driven by crystallization from a
homogeneous melt, characterized by small angle and wide angle X-ray diffraction.
Surface interaction due to a crystallographic matching of unit cells between the
crystalline PE block and benzoic acid (BA) substrate induces high orientation of the
crystalline PE block, resulting in a well ordered parallel lamellar microphase separated
structure. The excellent orientation induced by the surface interaction is evidenced by the
selected area electron diffraction (SAD) pattern and bright-field (phase contrast) and
dark-field (diffraction contrast) transmission electron microscope (TEM) images of the
block copolymer thin film. The data clearly show that the chain axis (¢) of PE is parallel

to the normal (7)) of the microphase separated lamellar surfaces.

3.1 Introduction

The driving force for microphase separation in amorphous block copolymers is the
incompatibility between the blocks that are chemically linked.! The resulting ordered
microstructures have periods on the order of the polymer chain dimensions; different
microphase-separated morphologies can form depending on the inherent block
incompatibility (characterized by ¥, the Flory-Huggins segmental interaction parameter,
which is generally found to be inversely proportional to the temperature), the total degree
of polymerization (Nt) and the volume fraction of the components.” For high values of
the product xNt ** the block copolymer is strongly segregated and well organized
microdomain structures result. For low values of the product YNt (low block
incompatibility and/or low molecular weight and/or at high temperature) the block

copolymer presents a homogeneous disordered phase.
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In block copolymers which contain one or more crystallizable blocks, microphase
separation can result either from incompatibility of the blocks or by crystallization of
some block. The final morphology will be the result of the interplay between microphase
separation of the component blocks and the crystallization of the crystallizable blocks.

Early work by Skoulios et al.” and Lotz et al.° on semicrystalline block copolymers
was concerned with the influence of an attached amorphous block on the nature of the
chain folding of the crystalline block in poly(styrene-b-ethyleneoxide). More recently,
various groups ' " have shown that the morphology of semicrystalline block copolymers
is path dependent; different microdomain structures are obtained if the crystallization
occurs from a homogeneous melt (in this case the crystallization drives the microphase
separation) or it occurs from an already microphase separated heterogeneous melt (in this
case microphase separation precedes crystallization and provides a microstructure within
which crystallization takes place).

When the block incompatibility is small, as for instance for the block copolymers
composed of crystallizable polyethylene (PE) blocks and poly(ethylene-alt-propylene)
(PEP) or poly(ethylethylene) amorphous blocks, such as those analyzed by Rangarajan et
al.,'>s crystallization occurs from a homogeneous melt resulting in the formation of
alternating lamellar microdomains in a spherulitic superstructure regardless of the
copolymer composition,12 as has been assumed in theoretical treatments.>*

When the segments are highly incompatible and also have large molecular weights,
microphase separation in the melt occurs prior to crystallization. The presence of
microdomains in the ordered melt may affect the crystallization process and the final
morphology.”11:1925:27.30

The orientation of the chain axis (¢) within crystalline lamellae in the confined
superstructure has also been widely studied,'®'21520:25.272830 1o relationship between ¢
and the normal direction (7}) of microphase separated lamellar surfaces turned out to be
very complex, influenced by many factors such as molecular weight of the block
copolymer and crystallization temperature of the crystalline block and so on. A model in
which ¢ is oriented parallel to /i of microphase separated lamellar surfaces has been
proposed on the basis of experimental observations on PE containing block

copolymers,'*'> for which the polymer is crystallizing from a homogeneous melt or
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within a weakly microphase segregated state. On the other hand, other experimental
observations have indicated that crystallization from an ordered microphase-separated
melt results in ¢ aligned perpendicular to 7/ of the lamellar microdomain
surfaces, 1013.14.2030

An important parameter which influences the orientation of the chains with respect
to the domain interface in lamellar systems seems to be the molecular wei ight. 2028 Ryan et
al."** have shown that the number of folds in the low molecular weight regime is
coupled to the conformational state of the amorphous block. The metastable structures
developed during various heat treatments show different folding behavior of the
semicrystalline block. In addition, the equilibrium conformation of the semicrystalline
block depends on the molecular weights of both the semicrystalline and amorphous
blocks.”? As the total molecular weight increases, the interfacial area per junction is
increased and the crystalline stems tilt and eventually become parallel to the lamellar
interface to match the preferred interfacial area of the amorphous chain.?*? Recently Zhu
et al. showed that the variation of the crystallization temperature of the crystalline block
develops different orientations (¢ L 7i at low T, inclined at intermediate Teand ¢ // 73 at
the highest T.) of the crystals with respect to the microphase separated structure at fixed
molecular weight.*

It is worth noting that in many of the cited papers, the determination of the
orientation of the chains in the crystalline domains has been achieved by employing
methods which are normally used to induce alignment of the microdomains, that is by
application of an external bias field, such as thermo-mechanical plane strain compression

13,1425.27 oscillatory shear.'®* These methods achieve good alignment of

(channel die),
the microdomains, however the resulting orientation of the molecular chains in the
crystalline phase, usually detected by wide angle X-ray diffraction, is often very low,
making detailed modeling of the crystalline structure and microdomain structure
problematic and raising the issue of the role of the applied field on the boundary
conditions so formed. In addition, these processing methods are hardly applicable for
patterning thin films.

The epitaxial crystallization of PE homopolymer on various substrates has been

extensively studied; inorganic substrates (e.g. alkali halides),* polymer substrates (e.g.
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oriented films of polytetrafluoroethylene),* and organic substrates (e.g. benzoic acid,
condensed aromatic hydrocarbons and linear polyphenyls)*>* have been successfully
used to grow well oriented crystals of PE. Although the versatility of these substrates has
been clearly shown, attempts of using them to control the crystallization and its
orientation as well as to investigate the resulting morphology of the thin film of
semicrystalline block copolymers is new.

In this chapter the PE blocks in a semicrystalline triblock copolymer are epitaxially
crystallized onto the surface of crystals of benzoic acid (BA). A goal is to obtain a high
orientation of the crystals in a semicrystalline triblock copolymer thin film. The triblock
has PE as crystallizable end blocks and a non crystalline rubbery mid-block composed of
alternating ethylene and propylene units. The external field generated by the
crystallographic matching of PE crystal and BA crystal provides a way to control not
only the molecular chain orientation of PE block but also the resulting microphase
separated structure. In addition, the high orientation of the suprastructure allows precise
determination of the angle between ¢ and 7 by employing SAD, bright field (BF) and
dark field (DF) TEM.

5.2 Results and discussion

Bulk samples of the PE/PEP/PE block copolymer were analyzed by simultaneous
WAXS and SAXS in order to check if the crystallization of the PE blocks occurs from a
homogeneous melt or from an already microphase separated heterogeneous state. Thin
films were analyzed by electron diffraction and electron microscopy under both bright
and dark field mode in order to observe the orientation of the PE crystals and the

microdomain morphology which develop in the epitaxial crystallization process.

5.2.1. Bulk samples

SAXS and WAXS patterns of the PE/PEP/PE bulk sample, recorded simultaneously
at a series of temperatures, starting from the melt and cooling to room temperature, are
shown in Figure 5.1 (a) and (b), respectively. It is apparent that the SAXS pattern at
120°C is essentially featureless indicating that no microdomain structure is present in the

melt. The correlation hole peak normally found in the disordered state of block
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copolymers is absent because of the very low electron density contrast between the PE
and PEP blocks." This is contrary to the higher molecular weight sample analyzed by
Seguela and Prud’homme’, which yielded a microphase separated melt. In our sample,
the PE and PEP blocks are miscible in the melt (120 °C), which appears therefore as a
homogeneous phase. The WAXS pattern of the melt (Figure 5.1(b)) at 120°C presents a
typical amorphous halo. The intensity of the amorphous halo decreases due to the
crystallization of PE block (at 70 °C and 50°C). The two crystalline peaks correspond to
the {110} and {200} reflections of the usual orthorhombic form of PE.*’ In good
correspondence to the temperature at which the crystalline peaks develop in the WAXS
pattern, a peak at g=0.16 nm-1, corresponding to a Bragg distance of 40 nm, develops in
the SAXS patterns, indicating the formation of a microphase-separated microstructure.
The weak broad reflection around 0.32 nm™ , indicated by arrows in Figure 5.1a, gives a
ratio g»/q; of about 2, characteristic of a lamellar structure, as was previously found in the
weak segregated semicrystalline block copolymers.12’15 The parallel growth of the WAXS
and SAXS peaks in the cooling step indicates that in this sample of PE/PEP/PE block
copolymer, the microphase separation is driven by crystallization from a single phase

melt.

5.2.2. Thin films

A bright-field TEM image of a thin film of the PE/PEP/PE sample, prepared by
casting at room temperature on a microscope glass slide from dilute xylene solution, is
shown in Figure 5.2. The PE blocks crystallize by evaporation of the solvent, and in
Figure 5.2 radially oriented lamellar PE microdomains comprise volume filling
crystalline spherulites having an average diameter of 5-10 um.

In order to avoid the typical spherulite structure and control the morphology, thin
films of the block copolymer were epitaxially crystallized onto the (001) surface of
crystals of BA following the method outlined in the experimental section. The selected
area electron diffraction pattern of the PE/PEP/PE block copolymer using a 6um
diameter SAD aperture is shown in Figure 5.3. The pattern essentially presents only the

Okl reflections of PE; therefore it corresponds to the b*c* section of the reciprocal lattice
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Figure 5.1. (a) Small angle X-ray diffraction patterns and (b) wide angle X-ray

diffraction patterns of a bulk sample of the PE/PEP/PE block copolymer recorded at the
indicated temperatures during cooling from a homogeneous melt.
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Figure 5.2 TEM bright-field image of a thin film of PE/PEP/PE block copolymer
obtained by casting from a xylene solution. Radially oriented lamellar PE microdomains,

characterized by crystalline spherulites having size of 5-10 um, are imaged through the
diffraction contrast.
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Figure 5.3 Selected area electron diffraction pattern of a thin film of PE/PEP/PE block
copolymer epitaxially crystallized onto BA. The pattern presents mainly the Okl
reflections of PE, hence it indicates that the (100) plane of PE is normal to the electron
beam and parallel to the (001) exposed face of the BA crystals. A small tilting of the
lamellae around the b axis, or progressive tilting of successive stacks of lamellae,
accounts for the presence of arced reflections as well as the 14/ and 2kl type reflections
(in particular, 121 and 112 reflections) and the weak 110 and 200 reflections.
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Figure 5.4 Schematic diagram of the epitaxial relationship between PE and BA crystals.
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of PE. This indicates that a high orientation (single crystal-like) of the chain molecules in
the crystalline phase has been achieved. Since the b*c* section of the reciprocal lattice is
in the diffraction condition, the chain axis of the crystalline PE lies flat on the substrate
surface and oriented parallel to the a axis of BA crystals, as in the case of the PE
homopolymer.>> The (100) plane of PE is in contact with the (001) plane of BA,”
therefore the crystalline PE lamellae stand edge-on on the substrate surface, with PE b
axis oriented parallel to the b axis of BA.* The relative orientation of PE and substrate
lattices is therefore identical to that obtained for the polyethylene homopolymer.35
Schematic diagram of epitaxial relationship between PE and BA is shown in Figure 5.4.
The b and ¢ axes of PE are parallel to the b and a axes of BA, respectively; this epitaxy is
well explained in terms of matching the PE inter-chain distance of the b PE axis
periodicity (4.95 A) with the b periodicity of the BA unit cell (5.25 A).>*

A bright field TEM image of the film epitaxially crystallized onto BA is shown in
Figure 5.5a. Instead of a spherulitic structure, the epitaxy has produced a highly aligned
lamellar structure with long, thin crystalline PE lamellae, with a thickness of 10-15 nm,
oriented along the [010]pg // [010]p4 direction. The average distance between the lamellae
is 30 - 40 nm, in agreement with the bulk SAXS data, and the order extends over larger
than 100 um? region.

Further details of the structure and orientation of the film can be made by dark field
(DF) imaging of the PE crystalline lamellae. Since the film has a single-crystal-like
orientation, dark field imaging using a single diffraction spot should reveal the entire set
of crystalline regions. In view of the limited lifetime of PE crystals under the electron
beam, it is preferable to use the strongest 110 reflection to record DF images.38 For this
purpose, the epitaxially crystallized film was tilted by 34° about the ¢ axis of PE in order
to bring the 110 reflection in diffracting position. The corresponding DF image shown in
Figure 5.5b reveals the same parallel array of crystalline PE lamellae, oriented along the
b axis of BA crystals, with 40 ~ 50 nm inter-lamella spacing. The dark areas in the image
correspond to regions slightly out of the Bragg condition due to a small amount of tilting.
The thickness of the crystalline PE domains is approximately 10-15 nm, almost
comparable to that of amorphous PE and PEP layer. Based on the PE volume fraction,

bulk crystallinity (30 %), and microdomain lamellar repeat, a crystal thickness of around
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Figure 5.5 (a) Under-focused TEM bright-field image of a thin film of PE/PEP/PE block
copolymer epitaxially crystallized onto BA corresponding to an area similar to that of
Figure 5.3. The light noncrystalline regions appear bright due to phase contrast. The dark
regions correspond to the denser crystalline PE phase, which form long lamellae standing
edge-on on the substrate surface. The lamellae are preferentially oriented with the b axis
of PE parallel to the b axis of the BA. (b) TEM (110) dark-field image of a thin film of
PE/PEP/PE block copolymer epitaxially crystallized onto BA corresponding to an area
similar to that of Figure 5.3. Long thin, highly parallel altenating regions of bright/dark
contrast are evident over the field of view. The bright regions correspond to the
crystalline PE lamellae in the Bragg condition, Dark regions crossing the lamellar
structure, correspond to crystalline areas where the crystals are tilted or twisted out of the
Bragg condition. :




4-5 nm would be expected for bulk crystallized material. The larger crystal thickness
observed may be due to an enhancement of crystallinity by the substrate.*

The following chapter 7 and 8 will show that in strongly segregated semicrystalline block
copolymers, epitaxially crystallized onto an organic substrate, the resulting structure can
be understood in terms of a combination of directional solidification of the eutectic
solution of the block copolymer in the crystallizable organic solvent and the following
epitaxial crystallization of the crystalline block onto the organic crystalline substrate. The
eutectic behavior of binary solutions of a semicrystalline homopolymer and a
crystallizable organic solvent has been described in the literature.***? In the present case,
where the two blocks are miscible above the crystallization temperature of the PE block
(melt compatible semicrystalline block copolymer), the orientation of the microdomains

occurs only due to epitaxial relationship of the PE block with the BA.

5.3 Conclusions

The chapter demonstrates how to control the microstructure of a semicrystalline block
copolymer by a highly specific molecular interaction with the substrate. High orientation
of the crystals and microdomains of a PE/PEP/PE triblock copolymer has been achieved
through epitaxial crystallization of the copolymer, from the homogeneous melt, onto
benzoic acid substrate crystals. The epitaxial crystallization is used to control the
crystallization and the morphology of a thin film of block copolymer. Since the
microphase separation is driven by crystallization from a homogeneous melt, the long
range orientation of the crystalline unit cell induces excellent alignment of the
microdomains, as shown in the schematic model of Figure 5.6. The PE microdomains
consist of long crystalline lamellae aligned parallel to a preferential crystallographic
direction of the substrate (the b axis of the benzoic acid crystals, parallel to the b axis of
PE). The combination of electron diffraction and bright and dark field images allows
clear determination of the molecular chain orientation of PE with respect to the
suprastructure of crystalline PE lamellae and PEP layers. The orientation of the PE unit

cell, induced by the epitaxial relationship with the crystalline lattice of the substrate, is

such that the PE molecular chain axis (&) is parallel to the normal direction (71) of

lamellar plane, as shown in Figure 5.6. This result is in agreement with the model

145



amorphous PEP and
non crystalline PE blocks

crystalline
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Figure 5.6 Schematic model showing the crystalline and amorphous microdomains in the
PE/PEP/PE block copolymer epitaxially crystallized onto BA. Epitaxial relationship
shows the relative orientation of the polyethylene lamellae on the benzoic acid.
(100)pe//(001)pa, and cpg//apa, bpe//bga. The orientation of the PE molecular chains
perpendicular to the lamellar plane ¢ // 7 is also shown. .

proposed by Rangarajan et al.'>'> for semicrystalline block copolymer crystallized from
the homogeneous melt. The result is a consequence of the interaction with the substrate
surface in the thin film and yields a globally oriented single crystal like texture of
vertically oriented PE/PEP lamellae.
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CHAPTER 6: Directional Solidification

Orientation of Block Copolymer Microdomains via Directional

Solidification

A fast method for inducing alignment of microdomains in noncrystalline block
copolymers is presented. The method is based on the use of crystalline organic materials,
which are solvents for the block copolymers above their melting temperatures, and, when
cooled and directionally crystallized, act as a substrate on which thin films of the block
copolymers are formed. Both lamellar and cylindrical type microdomains in a symmetric
polystyrene-block-poly(methylmethacrylate) diblock copolymer and in an asymmetric
polystyrene-block-polyisoprene, respectively, are globally aligned using either benzoic
acid (BA) or anthracene (AN) as the crystallizable solvent. The fast directional
solidification during the phase separation leads to alignment of the inter material dividing
surface (IMDS) of both types of microdomains parallel to the fast growth direction of BA
and AN crystals (b axis direction in both cases). With respect to the processing methods
currently used to induce orientation in block copolymers, our method allows attainment

of ordered patterns over large distances within a few seconds without annealing.

6.1 Introduction

The self-assembly of block copolymers produces microstructures on the nanoscopic
length scale.' Such periodic nanostructures are very useful, for instance, in thin films as
templates for lithography.z'5 By removing one polymer chemically, the patterns may be
transferred to a substrate through either reactive etching or by thermal evaporation of a
component into the previously removed regions.> Additionally the domains can be used
as template for decoration with nanoparticles.®®

Optimal utilization of nanoscopic patterns, however, requires spatial and
orientational control of the microdomains. Indeed, the microdomains composed of the
different blocks, having sizes of several tens of nanometers, typically nucleate randomly

and grow into a polygranular texture, with periodic ordering maintained only over

distances of only 50 lattice constants (i.e., a grain size of only 1 ~ 2 microns). A greater
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range of engineering applications demands control over the orientation and position of
the microdomains. Thus, the development of processing techniques which create global
orientation of the microdomains in block copolymer thin films is an important goal.

Several techniques are currently used for inducing alignment of the microdomains in
block copolymers.®? They rely on the ability to couple an externally applied field to
some molecular and/or supermolecular feature in the polymer, and thus achieve
directional properties, such as transport, optical and mechanical properties. Therefore, if
an applied bias field (mechanical, electric etc.) is present during the self-assembly
process, then instead of random nucleation of microdomains, preferential orientation can
develop.

Flow provides an efficient and versatile means of achieving global alignment. In
typical processing methods involving flow fields, the material with an initial polygranular
texture is subjected, for instance, to capillary extrusion’, oscillatory and steady shear,'*,
extensional flow ° or compression.'® The flows cause certain domain orientations to be
favored and eventually a near-single crystal structure can be developed in bulk materials.
Alternatively, instead of re-alignment of an existing polydomain structure, use of low
molecular weight samples for which the material is initially above its order-disorder
transition temperature and subsequently cooled during processing can result in well
aligned samples within a few hours.'* The roll-casting method utilizes a volatile solvent
to permit processing of higher molecular weight polymers from an initially homogeneous
solution through the order-disorder concentration into a well aligned state in
approximately one hour.'” Flow field techniques, however, cannot be easily applied to
thin films due to flow instabilities.

Recently, Hashimoto et al.'® have shown that a single grain lamellar microdomain
orientation can be achieved using an applied temperature gradient. Also in this case, the
process is very slow (~2 mm/day). The spatial variation of the dielectric constant of block
copolymers is another means for alignment under electric fields of the nanoscale patterns
in bulk '° as well as in thin film.2’ In particular Morkved et al. demonstrated that in-plane
cylindrical polymethylmethacrylate (PMMA) microdomains were aligned along the
electric field in a thin polystyrene (PS)/ polymethylmethacrylate (PMMA) block

copolymer film.?°
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The simplest technique to make a uniform thin film is spin casting. However, after
long time annealing, the thin film typically displays a polygranular texture.>*

Variation of thin film thickness is another way to control the orientations of block
copolymers. Fasolka et al.*! recently studied the extensive morphological phase behavior
of the lamelllar forming block copolymer thin film whose thicknesses are less than the
period of block copolymer on native SiO, surface. They showed that either parallel or
perpendicular ordering can be obtained simply depending on film thickness.

A bias field induced by surface interactions such as preferential wetting of the
contact surface can also control the thin film microstructure.?* Surface modification with
a random copolymer provided a neutral surface upon which a perpendicular lamellae
structure formed in approximately 100 nm thickness film.”> However, due to degenerate
azimuthal orientations, a film containing many defects and grain boundaries is produced.

Multiple interactions can be used for control, for example, the physical structure of
the substrate surface and the chemical nature of both the polymer and pre-patterned
substrate. The surface topography of substrate is another means to influence the
orientation of the microdomains.”> A one dimensional groove pattern was prepared from
Si(113) single crystal wafer miscut by a certain angles towards the (001) crystal plane.
The period and amplitude of the grooves on the surface were controlled by the miscut
angle of the surface, the annealing temperature and time. The lamellar forming block
copolymer thin film with two different film thicknesses overlaid on the patterned
substrate exhibits a laterally patterned ordering.> In addition one dimensional groove
pattern previously mentioned was treated with the subsequent evaporation of metal atoms
with a certain incidence angle and successfully generated a chemically and
topographically modified nanoscale pattern substrate.’* A lamellac forming block
copolymer on the substrate showed a controlled pattern structure when the periodicity of
block copolymer was comparable with that of groove.**

The chemically modified pre-patterned substrates were obtained by micro-contact
printing of self assembled monolayer, based on soft lithography. A parallel and
perpendicular lamellae microstructures formed on the patterned substrate with two

different surface properties (preferential and neutral surfaces).”
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The previous chapter 5 introduced a new process involving two driving forces, i.e.
directional solidification and epitaxy, and demonstrated that epitaxy is a way to control
both the molecular and the microdomain orientation in a semicrystalline block copolymer
thin film.

This chapter describes that the simple and fast process developed for the
semicrystalline block copolymers can be employed to induce the alignment of lamellar
and cylindrical microdomains of amorphous diblock copolymers. In this case, directional
solidification is involved. Understanding of this effect will give new insight into the

physics of the ordering process in block copolymers.

6.2 Results and Discussion

A bright field TEM image of a thin film of PS/PMMA (26/32) block copolymer
prepared using BA is shown in Figure 6.1a. The darker regions correspond to the RuO,
stained PS microdomains. Edge-on parallel lamellae of PS and PMMA are well aligned
along the fast growth direction of the BA crystals. The PS lamellae appear thicker than
the PMMA lamellae because the PMMA microdomains beam damage and shrink under
electron irradiation. The well aligned parallel lamellae extend over regions larger than 50
um?. The FFT power spectrum in the inset of Figure 6.1a shows spot-like first reflection
located on the meridian, indicating the nearly single crystal-like microstructure.

The schematic model of the microstructure of the PS/PMMA block copolymer after
directional solidification with BA is shown in Figure 6.1b. Vertically alternating PS and
PMMA lamellac are very well oriented along the b axis of BA crystal. The fast
directional microstructure formation during the phase separation and thin film thickness
approximately less than a half lamellar period avoid preferential wetting of one of the
blocks on the substrate, leading to the oriented lamellae microdomain structure where the
interface of the microdomains is parallel to the normal of the substrate surface. The
structure is kinetically driven and subsequently vitrified at room temperature. Importantly
in thicker regions approximately thicker than a half lamellar period the perpendicular
lamellae orientation switches to in-plane parallel one and large planer regions (no TEM

contrast) are produced.
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Figure 6.1 (a) TEM bright-field image of a thin film of PS/PMMA(26/32) block
copolymer, directionally solidified with BA, and stained with RuQOs. The dark regions
correspond to the stained PS microdomains. The lamellae are well aligned along the fast
growth direction of the BA crystals (crystallographic b axis). Inset shows the FFT power
spectrum of the TEM micrograph. Spot-like first reflection located on the meridian shows
the nearly single crystal-like microstructure.

(b) Schematic model of the microstructure of PS/PMMA processed with BA. Alternating
lamelae of PS and PMMA microdomains are aligned along the b axis of BA crystal.




A bright-field TEM image of a thin film of the PS/PI(45/12) block copolymer,
prepared with the BA, is shown in Figure 6.2a. The darker regions in Figure 6.2a
correspond to the OsOy stained PI microdomains. It is apparent that the PI cylinders,
lying in-plane, are well oriented along the crystallographic b axis of the BA. The ordered
of parallel cylinder structure also extends over regions larger than 50 pm?. The average
diameter of the PI cylindrical microdomains is approximately 20 nm, while the average
distance between the cylinders is 40-50 nm consistent with the bulk SAXS data. A
schematic model of microstructure of PS/PI block copolymer after the directional
solidification with the BA is shown in Figure 6.2b. In-plane PI cylinders are aligned
along the b axis of BA crystal. It is assumed that the lower surface tension PI block is
preferentially at the carbon interface while the PS block forms the interface with the BA
surface due to its more favorable interaction.

In order to confirm that this simple process can be applied with other organic
crystallizable solvents, AN was employed which has a melting temperature 100 °C higher
than that of BA. A TEM bright-field image of a thin film of the PS/PI(45/12) block
copolymer, directionally solidified with the AN, is shown in Figure 6.3. A microstructure
similar to that obtained with BA is observed. The cylindrical PI microdomains are again
aligned along the fast growth direction of AN crystals. However, in terms of the
perfection of ordering, the microstructure produced with AN is much more defective with
many more dislocations than when BA is used. The FFT power spectrum of Figure 6.3
(inset) shows only one arced reflection. Whereas the FFT power spectrum of Figure 6.2a
(inset) clearly shows spot-like multi order reflections perpendicular to the cylinder axis of
PI microdomains. This decrease in microdomain ordering is due in part because the shape
anisotropy of the AN crystals is lower than that of BA crystals as observed with optical
microscopy.

In the case with AN, PS/PI (45/12) block copolymer was observed to de-wet on the
AN crystal in some area. Low magnification TEM bright field image, shown in Figure
6.4a, displays a highly aligned dewetted block copolymer films along the fast growth
direction of AN crystals, confirming the directional solidification due to anisotropic

crystal growth of the AN crystals. The zoom-in TEM bright field image of certain area in
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Figure 6.2 (a) TEM bright-field image of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with BA, and subsequently stained with OsOs. The dark regions
correspond to the stained PI cylinders, while the white regions correspond to the PS
matrix. The cylindrical PI microdomains are well aligned along the fast growth direction
of the BA crystals. No grain boundaries are evident. A few dislocation defects are seen.
Inset shows the Fast Fourier Transform (FFT) power spectrum of the TEM micrograph.
Spot-like reflections located on the equator at go and 2qo indicate a nearly single crystal-
like microstructure. In particular absence of the v3gqo reflection in this FFT power
spectrum demonstrates that there is no rotation and tilting of microdomain lattice along
the cylinder axis.

(b) Schematic model of the microstructure of PS/PI processed with BA. Cylindrical PI
microdomains are edge-on to the crystalline substrate and aligned along the b axis of BA
crystal.
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Figure 6.4a clearly shows that the cylindrical PI microdomains are paralle] to the
macroscopic growth direction (Figure 6.4b).

The essential aspects of overall phase transformation can be understood assuming the
possible formation of a eutectic mixture of the block copolymer and the crystallizable
solvent (See Chapter 1). In a hypothetical solvent-polymer phase diagram an eutectic
may be present due to the intersection of the melting point depression liquidus curve of
the crystallizable solvent and the microphase separation transition depression liquidus
curve of the block copolymer. The initial homogeneous solution confined between the
glass substrates transforms due to the imposed directional solidification into large crystals
of BA (or AN) having (001) surfaces coexisting with a thin liquid layer near the eutectic
composition. Dropping the temperature further then causes this layer to also directionally
solidify by thickening the preexisting (BA or AN) crystal with simultaneous formation of
a thin, metastable vertically oriented lamellar microdomain film (see Chapter 7). In the
case of the PS/PMMA block copolymer, the vertical lamellar structure is vitrified due to
the high glass transition temperatures of both blocks. In the case of PS/PI block
copolymer with a low volume fraction of PI block, however, the vertical lamellar
microstructure is transformed into in-plane cylindrical microstructure due to the
interfacial instability of thin lamellae, film thickness and preferential wetting of PI block.

A thinner PS/PI film (approximately 20 nm thickness) prepared with more dilute
solution undergoes vertical undulation instability, resulting in vertically aligned
cylindrical structure. The experimental evidence of a vertically undulated and a resulting
vertically aligned cylindrical structures of PS/PI films, using BA are shown in Figure
6.5a and b respectively. The dark OsO, stained vertically aligned cylindrical PI
microdomains are oriented into rows along the b axis of BA crystal (Figure 6.5b). The
FFT power spectrum in the inset of Figure 6.5b displays spot-like first reflections with 6-
fold symmetry, indicating approximate hexagonal packing of the PI microdomains.

Several noncrystalline block copolymers with different molecular weights,
compositions and architectures were also processed, using BA. In general, the kinetically
controlled process gives poorer orientation with higher molecular weight block
copolymers. Better orientation is achieved with higher PS-containing block copolymers

probably because of better solubility of the PS block in BA. At high PI block content, the
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Figure 6.3 TEM bright-field image of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with AN, and stained with OsO,. The dark regions correspond to
the stained PI cylinders, while the white regions corresponds to the PS domains. The
cylindrical PI microdomains are not so well aligned along the same direction, which
corresponds to the fast growth direction of the AN crystals. Many dislocation defects are
observed. Inset is the FFT power spectrum of the TEM micrograph. The arced first order
reflection perpendicular to b axis of AN crystals demonstrates the orientation of the PI
microdomains observed in TEM, which is not as good as when the PS/PI copolymer is
processed with BA.
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Figure 6.4 TEM bright-field images of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with AN, and stained with OsOs. (a) Block copolymer has
dewetted on the AN crystals. Low magnification image shows that directional
solidification occurred macroscopically. (b) The magnified image of certain area of (a)
shows that cylindrical PI microdomains are aligned parallel to the macroscopic
solidification direction. The dark regions correspond to the stained PI cylinders, while the
white regions corresponds to the PS domains.
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Figure 6.5 TEM bright-ficld images of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with BA, and stained with OsO,. The dark regions correspond to
the stained PI cylinders, while the white regions corresponds to the PS domains. (a)
Cylindrical PI microdomains are aligned along the fast growth direction of BA crystal.
Vertically undulated PI microdomains are observed (b) Due to very thin film thickness,
vertically undulated PI cylinders transform into hexagonally packed cylinders oriented
perpendicular to the BA substrate. Inset shows the FFT power spectrum of the TEM
micrograph. Spot-like first reflections with 6-fold symmetry shows the nearly
hexagonally packed microstructure.




block copolymer film dewets on the glass substrate after removal of BA at room

temperature.

6.3 Conclusions

The process is an effective way to develop unidirectional long range ordering of
conventional amorphous block copolymers. The orientation of microdomains occurs
within a few seconds without any long time annealing procedures. Several types of
microdomain alignment were possible: (1) vertical lamellae, (2) in-plane cylinders and
(3) vertical cylinders, depending on film thickness. The method could be applied to
different block copolymers with various compositions, and generalized by using other
crystallizable provided the solvents dissolve block copolymers above their melting
temperature and directionally crystallize. In addition, this process can be combined with
topologically and/or chemically modified patterned substrates for better control of

microdomain structures.
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CHAPTER 7: Directional Solidification and Epitaxy

7.1 Microdomain Patterns via Directional Eutectic

Solidification and Epitaxy

The creation of a regular surface pattern on the nanometer scale is important for
many applications. For instance, periodic arrays constructed by optical microlithography
are used as separation media in electrophoresis,' island structures are used for high
density magnetic recording devices,” and block copolymer patterns can be used for sub-
30 nm lithography.?” However, in order for block copolymers to be useful for many thin
film technologies, researchers must learn how to make chemically patterned surfaces
substantially defect-free over large areas with tailored domain orientation and periodicity.
Control over domain orientation has been achieved in several ways.®® By rapidly
solidifying a semi-crystalline block copolymer from a crystallizable solvent between
glass substrates using directional solidification and epitaxy, A new, extremely fast
process is introduced to form large area, uniform thickness, thin films with 2D periodic,
vertically aligned cylindrical domains each containing precisely one crystalline lamella.
The film is both chemically and structurally periodic, therefore providing new

opportunities for more selective and versatile nanopatterned surfaces.

7.1.1 Introduction

Block copolymers consist of chemically distinct macromolecules covalently linked
to form a single chain and due to their mutual repulsion, the dissimilar blocks tend to
segregate into different domains whose shape, size and spacing are determined by the
relative amount of the block components and their respective molecular weights.'®!!
Control over the microdomain patterns has been achieved by employing electric fields,
temperature gradients, patterned substrates and neutral confining surfaces. For example,
Bodycomb et al. '? has used a temperature gradient to produce a vertically aligned
lamellar structure with excellent long range order. To obtain a well ordered structure slow

growth (mm/day) in a large gradient (700 °C/cm) is required.
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In crystalline materials, control of the solidification process is key to many
technologies which rely on the features of the resultant microstructure for achieving
optimum properties. For example, the directional solidification of a eutectic metal alloy
can lead to rod or lamellar structures well aligned along to the growth direction’. In
crystalline polymeric materials, orientation of crystallizable macromolecules has been
achieved by mechanical forces as in fiber spinning and also by epitaxial crystallization
onto substrates.'*!® Reiter et al.'® have utilized crystallization from the microphase
separated state of a low molecular weight diblock copolymer adjacent to boundaries
formed by dewetting from the substrate to achieve a vertically oriented lamellar structure.
Smith and Pennings first demonstrated that mixtures of polyethylene and a crystallizable

18 showed that

1. 19

solvent (tetra-chlorobenzene) form a binary eutectic!’. Wittmann et al
polyethylene homopolymer epitaxially crystallizes on benzoic acid. Dorset et a
showed that benzoic acid and paraffin form a eutectic and that the paraffin grows
epitaxially onto the crystallized benzoic acid. This section thus presents a semicrystalline
block copolymer dissolved in a crystallizable and epitaxy-forming solvent yields
interesting directionally solidified structures.

A polystyrene-block-polyethylene (PS/PE) diblock copolymer is employed which
was prepared by hydrogenation of polystyrene-block-1,4-butadiene, pre\}iously
synthesized via sequential anionic polymerization. The amorphous PS block and the
crystallizable PE block have molecular weights of 40,000 and 10,000 g/mol respectively,
the volume fraction of the PE block is 0.24 with a melting point of 98 °C. SAXS of bulk
films of PS/PE shows multiple low angle reflections characteristic of hexagonally packed
PE cylinders with the first Bragg peak at g=0.15 nm™ corresponding to a cylinder-

cylinder spacing of 42 nm.

7.1.2 Results and Discussion

When cast from dilute xylene solution onto a carbon support film, the structure
consists of in-plane meandering cylinders of PE in the PS matrix (Figure 7.1.1a). In order
to control the PS/PE microdomain and crystalline PE structures, The diblock in benzoic
acid (BA) is first dissolved the, and then the solution is crystallized between glass slides

in two stages using a modest temperature gradient (10 °C/cm). In the first directional
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solidification done at 110 °C, the BA forms large 200 x 500 micron shaped crystals with
the (001) planar surfaces parallel to the substrate and the b axis (the fast growth direction)
well aligned along the temperature gradient. The remaining solution is then directionally
solidified at 60 °C. A thin polymer layer forms adjacent to the glass surfaces and can be
examined by microscopy. A bright field image of the RuQ, stained film shows well
ordered arrays of light unstained PE domains in a dark stained PS matrix (Figure 7.1.1b).
The light domains are packed on a hexagonal lattice with good long range order
extending over 20 micron diameter areas.

Tilting the film in the TEM demonstrates the light domains are cylindrical shaped
rather than spherical. A magnified image shows the shape of the interface between the PS
and PE is non-circular (see image inset). The diameter of the PE domains along the bga
direction is about 50% larger on average than in the perpendicular direction (30 nm vs 20
nm). This point will be addressed later in the discussion of the dark field (DF) images and

the mechanism of structure formation.

R
500 nm
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Figure 7.1.1 TEM micrographs of simple cast and directionally solidified and epitaxially
crystallized block copolymers. '

(a) Solvent cast thin film of PS/PE block copolymer stained with RuOs. The bright field
TEM image shows a poorly ordered microphase separated structure. The lighter regions
correspond to the PE cylindrical domains, the gray regions to the PS matrix. Darker
regions appear due to island areas of greater film thickness.

(b) Uniform thickness well ordered thin film of PS/PE block copolymer formed by
directional solidification of a solution of the block copolymer in BA. The PE component .
forms cylinders oriented perpendicular to the film surface and packed in a pseudo-
hexagonal lattice. The interdomain spacing is 40 nm along the b-axis direction of BA, and
about 10-15% smaller along the other 2 directions. Inset: Magnified region showing the
noncircular shape of the PS-PE interface.




An electron diffraction pattern from an unstained film in Figure 7.1.2a shows very
well oriented near-single crystal like reflections which index to the (0kl) reciprocal lattice
section of orthorhombic polyethylene (space group Pna2,). The (020) reflection of the PE
lies along the BA b-axis direction with the (002) PE chain axis reflection along the
perpendicular direction. This situation corresponds perfectly to the known epitaxy
between homopolyethylene and BA: namely the (100) plane of PE is in contact with the
(001) plane of BA, with the b and ¢ axes of PE parallel to the » and a axes of BA
respectively'®, Considering the sample has a total bulk crystallinity of less than 10%,
such an impressive diffraction pattern may be due to the extraordinary ali gnment into the
diffraction condition of nearly all of the crystals within the selected area as well as the
enhancement of crystallinity by the substrate’.

The PE crystals can be visualized with DF imaging employing a rotation-tilt stage to
bring the strongest diffracting (110) planes into the Bragg condition (Figure 7.1.2b). Low
dose imaging21 shows a periodic array of small rectangular shaped crystals (Figure
7.1.2c). The crystals are arranged in a pseudo-hexagonal lattice whose orientation and
average center to center spacing are in very good correspondence with the orientation and
spacings of the cylindrical PE domains seen in the BF image. Their size and spacing
shows there is precisely one crystalline PE lamella centered in each cylinder and with the
b axis of the lamella oriented parallel to the b axis of the BA, confirming the epitaxy of
PE on BA demonstrated by the electron diffraction pattern. This information also proves
that the minority PE component was in direct contact with the BA crystals and hence is
present at least at the BA-facing surface of the thin film. The longest dimension of the
PE crystals is along the b axis and parallel to the longest diameter of the noncircular
interface of the PE domain. This suggests that during crystallization, the anisotropic
growth of the crystallizing PE lamellae deforms the microdomain interface.

The essential aspects of the overall phase transformation can be understood by
dividing the process into 3 stages using a hypothetical solvent-polymer phase diagram
(depicted schematically in Figure 7.1.3). A key feature of the phase diagram is the
presence of a eutectic due to the intersection of the melting point depression liquidus
curve of the BA with the microphase separation transition depression liquidus curve of

the block copolymer. The hypoeutectic system begins as a homogeneous liquid (point 1),
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Figure 7.1.2 Diffraction pattems and dark field image of directionally solidified and
epitaxially crystallized block copolymer.

(a) Selected area electron diffraction pattern of an unstained film of PS/PE block
copolymer crystallized from BA demonstrating epitaxy. The pattem exhibits only 0kl
reflections of PE, which indicates that the (100) plane of PE is normal to the electron
beam and parallel to the (001) face of the BA crystals. The ¢ and b axes of the PE crystals
are parallel to the a and b axes of the BA crystal. ,
(b) Diffraction pattem from a similar sample after tilting 34° about the- chain axis
direction of PE. The strong (110) diffraction peaks of PE are prominent. :

(¢) Dark field image of the PS/PE film using the (110) diffraction spot. Small rectangular
PE crystals are observed well aligned along the b axis direction of the BA crystals and
packed on a pseudo-hexagorial lattice whose size and orientation is the same as seen n
Figure 7.1.1b. The PE crystals are 7nm thick by 20nm long with their longest dimension
parallel to [110]%. .




the temperature is then dropped below the liquidus and growth of BA crystals is initiated
by directional solidification (point 2) which increases the copolymer content of the
remaining liquid toward the eutectic composition. Further cooling below both the eutectic
temperature and the crystallization temperature of the PE results in the transformation of
the eutectic liquid into crystalline BA and an ordered, microphase separated block
copolymer within which the PE block crystallizes (point 3). A similar phase behavior was
achieved in the current material system (PS/PE and BA mixtures) as illustrated in Figure
1.3a.

' Liquid —|MST
~
7’
7/
/
T_(BA) /)
5 L+p
L
T Teutectic
— T, (PE)
E o+
v |
0 0.5 1
weight fraction
block copolymer

Figure 7.1.3 Hypothetical phase diagram of the BA-PS/PE block copolymer system
showing the melting points of benzoic acid (T (BA)) and polyethylene (T, (PE)) as well
as the microphase separation transition temperature of the PS/PE block copolymer (MST)
and the eutectic point and eutectic temperature (T.). The dilute polymer solution is cooled
from location 1 to 3 during the film formation process.
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The morphological evolution of the system is schematically depicted in Figure
7.1.4a-e. The initial homogeneous solution confined between the glass substrates (a)
transforms due to the imposed directional solidification into large o crystals of BA
having (001) surfaces coexisting with a thin liquid layer near the eutectic composition
(b). Dropping the temperature then causes this layer to also directionally solidify by
thickening the preexisting BA crystal and the formation of a thin, metastable vertically
oriented lamellar microdomain film (c¢). This can be understood by noting that in the thin
liquid layer, the spatial distribution of the junction points of the block copolymer
molecules is nearly random and upon rapid extraction of the solvent during the second
directional solidification process, the junctions must quickly localize onto periodic
interfaces defining the domains. For microdomain interfaces parallel to the fast growth
direction, this is readily accomplished, whereas for interfaces which are normal to the fast
growth direction, repeated nucleation of these junction surfaces is required. For this 24
vol % PE diblock, there is more interface/unit volume in a lamellar structure than in a
cylindrical one, so the first structure to form is that which forms the fastest, namely
domain layers oriented with their surface normal orthogonal to the fast growth direction
of the BA. Of the degenerate set of such orientations, parallel and vertical layers are the
most suitable because inclined orientations necessitate junction area density variations
near the surface regions. Depending on the affinity of the respective blocks for the
substrate surfaces, the polymer film thickness, microdomain period, and the type of
epitaxy and crystallizable block chain orientation with respect to the crystalline substrate,
many scenarios are possible. In the present PS/PE - BA system, for an assumed parallel
lamellar orientation, the subsequent transformation into cylinders embedded in a PS
matrix would be highly degenerate, so the final morphology would consist of small grains
of in-plane cylinders, whereas, the actual structure is well aligned, vertically oriented,
pseudo-hexagonally packed PE microdomains with a 10% larger intercylinder spacing
along the fast growth direction. For an assumed vertical lamellar domain orientation, the
structure would transform again due to the instability of the flat interface at this
composition as well as from the in-plane PE c axis orientation induced by the epitaxy.
Cylinder growth from a vertical layer orientation is more consistent with the observed

film morphology since the domains evolve from an aligned precursor state (d), into the
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final structure (). To check for the stability of the vertically oriented cylindrical
structure, the sample was heated to 115 °C (above the T, of the PS (80 °C) and the Ty, of
the PE but below the Ty of the BA), for 1 day and then quenched to vitrify the PS
domains and to crystallize the PE block. Note after about 30 minutes the BA completely
sublimed. TEM showed that the cylinders were still standing up in the thin film
indicating that the vertically oriented structure is the equilibrium state or at least a
strongly metastable state. The resultant electron diffraction pattern of the quenched film
showed {110} powder diffraction rings, indicating small, randomly oriented PE crystals.
This suggests that kinetic control of pattern formation via a combination of
microphase separation and crystallization along a temperature gradient can organize the
block copolymer molecules into ordered microphase separated structures. This fast
process via the rapid directional extraction of the solvent from the polymer solution by

crystallization may have wide applicability to nanopatterning of thin films.
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Figure 7.1.4 Schematics depicting the evolution of the structure during the directional
eutectic solidification and epitaxial crystallization of the block copolymer from the
crystallizable solvent.

(a) Homogeneous solution of PS/PE in BA between two glass substrates.

(b) Directional solidification forms o crystals of BA coexisting with a liquid layer of
more concentrated polymer.

(¢) Second directional solidification showing the eutectic liquid layer transforming into
BA crystal (which grows on the pre-eutectic BA- crystal) and an ordered lamellar block
copolymer ().

(d) Due to the highly asymmetric composition of the block copolymer and the epitaxial
crystallization of the PE in contact with the BA substrate, the flat interfaces of vertically
oriented lamellae are unstable and spontaneously deform in order to achieve a more
preferred interfacial curvature and allow epitaxial growth of PE.

(e) The layers transform into an array of vertically oriented, pseudo-hexagonally packed
semicrystalline PE cylinders. A single chain folded PE lamella is formed in each cylinder.
The PE crystals have their (100) planes contacting the (001) plane of the BA crystal with
apa /! CPE and bBA // pr.
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7.2 Control of Molecular and Micropattern Orientation in
Semicrystalline Block Copolymer Thin Films by Directional
Solidification and Epitaxy

The directional solidification of semicrystalline block copolymers with crystallizable
organic solvents and the subsequent epitaxial crystallization of the crystalline blocks onto
the surface of the crystalline substrate, control both molecular chain orientations of the
crystalline blocks and the microdomain structures of block copolymers. Semicrystalline
polystyrene-block-poly(ethylene-alt-propylene)-block-polyethylene) (PS/PEP/PE)
terpolymer and polystyrene-block-polyethylene) (PS/PE) diblock copolymer, containing
the crystallizable polyethylene (PE) blocks, have been analyzed using benzoic acid (BA)
and anthracene (AN) as crystallizable solvents. The directional solidification induces
orientation of the microdomains and the surface interaction (epitaxy), due to the
crystallographic matching of unit cells between the crystalline PE blocks and the
crystalline substrates, develops high orientation of the crystalline PE blocks. The
orientation of the PE crystals onto the substrate is evidenced by selected electron
diffraction and bright field transmission electron microscope. In the case of the
PS/PEP/PE terpolymer, the process induces the PS cylinders aligned parallel to the b axis
of BA crystals. Long crystalline PE lamellae are oriented edge-on on the BA sﬁrface,
with the b axis of PE parallel to the b axis of BA and parallel to the PS cylinders. In the
case of PS/PE diblock copolymer, the PE cylinders are oriented perpendicular to
substrate, packed on a hexagonal lattice. Each cylinder contains precisely one crystalline
PE lamella oriented edge-on on the substrate. When BA is used the PE lamellae inside
cylinders are oriented with the b axis parallel to the b axis of BA crystals. When AN is
used as crystallizable solvent, due to the different epitaxial relationship between PE block

and AN crystals, the PE lamellae are oriented along two equivalent directions, with the ¢

axis parallel to the [110] and [ITO] direction of AN crystals.

7.2.1 Introduction
Semicrystalline block copolymers are characterized by a hierarchical structure

ranging from the Angstrom to the micron scale and present at least two thermodynamic
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transitions: crystal-melt and order-disorder transitions. In these materials the
microstructure and the physical properties are significantly influenced by the nature of
the organization of chains and microdomains in both the noncrystalline and crystalline
blocks. Microphase separation can result either from incompatibility of the blocks or
from crystallization of one or more blocks.

The process pathway of structure formation is of prime importance in that the first
forming structures present to those emerging a prescribed geometry into which the new
structure must evolve. Various types of path-dependent microstructures were discussed in
the introduction sections of Chapter 4 and 5. In addition those introductions deliberately
dealt with the previous studies of molecular chain orientation of crystalline block with
respect to pre-existing microdomain structures.

Chapter 5 described that a high orientation of the crystals of a triblock copolymer
containing PE as crystallizable end-blocks, has been achieved through epitaxial
crystallization of the copolymer onto benzoic acid (BA) crystals. The epitaxial
crystallization controlled the molecular chain orientation of the PE block, resulting in a
well ordered parallel lamellar microstructure in the melt-compatible semicrystalline block
copolymer. The method is based on the use of organic crystalline substances, which are
solvents for the block copolymers above their melting temperatures, and, when
crystallized, act as a substrate on which thin films of the block copolymers are formed.

The Chapter 6 also showed that a long range orientation of the microdomains in
conventional amorphous block copolymers is obtained by the directional solidification,
during the phase separation, of the block copolymer with organic crystallizable solvents.

Moreover, the previous section 7.1 presented the directional solidification of
semicrystalline block copolymers from organic crystallizable solvents, combined with the
epitaxial crystallization, to obtain high orientation of the molecular crystalline PE chains
and vertically ordered cylindrical microstructure in thin films of the strongly segregated
semicrystalline block copolymer.

In this section, the directional solidification and epitaxy of semicrystalline block
copolymer with crystallizable organic solvent is more extensively studied. Two different
semicrystalline block copolymers with crystallizable PE blocks, have been processed

using the directional solidification and the epitaxial crystallization, employing two
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different organic crystallizable solvents. A terpolymer, polystyrene-block-poly(ethylene-
alt-propene)-block-polyethylene (PS/PEP/PE), and a diblock copolymer, polystyrene-
block-polyethylene (PS/PE), presenting different microphase-separated microstructures in
the melt, are analyzed. Benzoic acid (BA) and anthracene (AN), having the different
crystal structures and epitaxial relationships with PE crystals, are used as crystallizable
solvents. This section aims at clarifying the roles that the two driving forces: directional
solidification and epitaxial crystallization play in the formation of the ordered

microstructures in thin films of block copolymers.

7.2.2 Results and Discussion
7.2.2.1 PS/PEP/PE block terpolymer

The PS/PEP/PE terpolymer presents a novel situation in which the crystallization
event of the PE end-block within the microphase separated structure is partially screened
by the intervening rubbery PEP mid-block. The terpolymer is in the intermediate
segregation regime at room temperature, due to the large incompatibility between PS and
PE/PEP blocks leading to an order-disorder transition higher than 250 °C (Chapter 3).
Thus PS microdomains form below the microphase separation temperature and above the
melting point of the PE block. Once the sample is cooled below the crystallization
temperature of PE blocks (70 °C), crystallization occurs in the matrix from the ordered
microphase separated melt, and a further separation between the PEP and PE blocks
results (Chapter 4). In spite of the low volume fraction the equilibrium microdomain
structure is cylindrical PS (Chapter 3).

Thin films of the PS/PEP/PE block copolymer have been directionally solidified and
epitaxially crystallized with BA following the method outlined in the experimental
section.

The SAD pattern of PS/PEP/PE block copolymer film, using a 6um diameter SAD
aperture, is shown in Figure 7.2.1a. The pattern of Figure 7.2.1a essentially presents only
the Okl reflections of PE; therefore it corresponds to the b*c* section of the reciprocal
lattice of PE. This pattern is very similar to that obtained for the melt-compatible
PE/PEP/PE triblock copolymer, reported in Chapter 5. The orientation of the PE crystals
in the PS/PEP/PE terpolymer is the same as that found for the PE/PEP/PE triblock |
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copolymer. Since the b*c* section of the reciprocal lattice is in diffraction, the chain axis
of the crystalline PE molecules lies flat on the BA surface and oriented parallel to the a
axis of BA crystals, as for the PE homopolymer.'® The (100) plane of PE is in contact
with the (001) plane of BA, therefore the crystalline PE lamellae are oriented edge-on on
the substrate surface, and parallel to the b axis of BA."® The b and ¢ axes of PE are
parallel to the b and a axes of benzoic acid, respectively; this epitaxy is well explained in
terms of matching the PE inter-chain distance of the b PE axis periodicity (4.95 A) with
the b periodicity of the BA unit cell (5.25 A)."® The low bulk crystallinity of nearly 6%
implies that such diffraction pattern in thin film may be due to the high alignment into the
diffraction condition as well as the enhancement of crystallinity by the substrate (Chapter
5).

A bright-field TEM image of the unstained film directionally solidified and
epitaxially crystallized onto BA, is shown in Figure 7.2.1b. Phase contrast obtained by
underfocus of the objective lens makes the noncrystalline regions appears bright.? It is
apparent that the epitaxy has produced a highly oriented lamellar structure with long thin
crystalline lamellae, having a thickness of 10-20 nm, oriented along the [010]pg//[010]5a
direction, according to the electron diffraction pattern.

A bright-field image of the same sample after staining with RuO, is shown in Figure
7.2.1c. In this amplitude contrast micrograph the darker regions correspond to the stained
PS microdomains; it is apparent that the PS blocks are organized in parallel cylinders
whose axes are generally oriented along the elongation direction of the crystalline
lamellae (Figure 7.2.1b), [010]pg//[010]ga. The average diameter of the PS cylindrical
microdomains is nearly 20 nm, while the average distance between the cylinders is 40-50
nm, according with the results in the bulk (Chapter 3).

The section 7.1 described that in the strongly segregated semicrystalline block
copolymer, epitaxially crystallized onto an organic substrate, the resulting structure can
be understood in terms of a combination of directional solidification of the eutectic
solution of the block copolymer in the crystallizable organic solvent and the following

epitaxial crystallization of the crystalline block onto the organic crystalline substrate.
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Figure 7.2.1 SAD pattern and TEM images of a thin film of PS/PEP/PE terpolymer
directionally solidified and epitaxially crystallized onto BA.

(a) SAD pattern of a thin film of PS/PEP/PE terpolymer. The pattern presents the 0kl
reflections of PE, hence it indicates that the (100) plane of PE is normal to the electron
beam and parallel to the (001) exposed face of the benzoic acid crystals. The ¢ and b axes
of the PE crystals are parallel to the a and b axes of the benzoic acid, respectively.

(b) TEM Bright-field image of the unstained thin film of PS/PEP/PE terpolymer
corresponding to an area similar to that of (a). The image contrast is enhanced by
underfocus of the objective lens. The dark regions correspond to the crystalline PE phase,
which form long lamellae oriented edge-on, and aligned along the b axis of PE , parallel
to the b axis of BA.

(c) TEM bright-field image of the stained thin film of PS/PEP/PE terpolymer with RuO,.
The dark regions correspond to the PS phase, which form cylinders aligned parallel to the
crystalline lamellae.
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Binary solutions of block copolymers and crystallizable solvents may also present a
eutectic composition due to the intersection of the melting point depression liquidus
curve of the BA with the order-disorder transition depression liquidus curve of the block
copolymer (Chapter 7.1). DSC experiment to determine a phase behavior of PS/PEP/PE
and BA mixtures displayed a phase diagram analogous to a hypothetical eutectic phase
behavior (Figure 1.3b).

A schematic model of the development of the microstructure is shown in Figure
7.2.2. From the initial homogeneous solution between two glass substrates (Figure
7.2.2a), large crystals of BA form due to the imposed directional solidification. The BA
crystals have the (001) surfaces coexisting with a thin liquid layer near the eutectic
composition (Figure 7.2.2b). Decreasing the temperature, this thin eutectic liquid layer
also directionally solidify resulting in the thickening the preexisting BA crystal and the
formation of a thin film of the microphase separated block copolymer presenting a
metastable vertically oriented lamellar microdomains (Figure 7.2.2c). This metastable
structure is the fastest one which may develop during the fast directional solidification. It
then transforms again due to the instability of the highly unfavorable flat interface at this
composition and the stable PS cylinders form (Figure 7.2.2d). A further decrease of the
temperature at ~60 °C induces the epitaxial crystallization of the PE blocks, in the
PE/PEP matrix, onto the BA crystals. Long, thin crystalline PE lamellae, oriented edge-
on on the substrate form in between the PS cylinders (Figure 7.2.2e). The crystalline
lamellae are oriented along the [010]pg//[010]ga direction, therefore parallel to the axes of
the PS cylinders. Using BA, the directional solidification and epitaxial crystallization

induce alignment of the PS cylinders and PE lamellae along the same direction.
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d. Structural Transformation into In-plane PS cylinders

€. Epitaxy of PE blocks between PS cylinders onto BA

Crystalline PE lamellae

Figure 7.2.2 Schematic model showing the development of the microstructure in thin
films of the PS/PEP/PE terpolymer epitaxially crystallized onto BA.

(a) Homogeneous solution of PS/PEP/PE in BA between two glass substrates.

(b) Directional solidification forms crystals of BA coexisting with a liquid layer of more
concentrated polymer.

(c) Second directional solidification showing the eutectic liquid layer transforming into
BA crystal (which grows on the pre-eutectic BA crystal) and an ordered lamellar block
copolymer.

(d) Due to the highly asymmetric composition of the block copolymer, the flat interfaces
of vertically oriented lamellae are unstable and spontaneously deform in order to achieve
a more preferred interfacial curvature.

(e) Epitaxial crystallization of PE blocks onto the BA crystals occurs resulting in the
formation of long, thin crystalline PE lamellae in between the PS cylinders. The PE
crystals have their (100) planes contacting the (001) plane of the BA crystal with a,, // c,;
and b,, // b,,.
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7.2.2.2 PS/PE diblock copolymer

SAXS patterns of the PS/PE bulk sample recorded at different temperatures, starting
from the melt of the PE block and cooling to room temperature, are shown in Figure
7.2.3. The presence in the pattern at 140 °C (Figure 7.2.3a) of the diffraction peaks
having diffraction vectors gy in the ratios g./q: equal to 1, V3, V7, V9, V11 indicates a
microphase separated ordered microstructure of the melt, characterized by cylinders of

PE packed in a hexagonal lattice. The first peak at g; = 0.15 nm’’, corresponding to the

1010 reflection, indicates a distance between the cylinders of 42 nm. The same
hexagonal microstructure is preserved at lower temperatures (Figure 7.2.3b), and after the
crystallization of PE (evidenced by WAXS pattern simultaneously obtained), which
occurs at nearly 65 °C. In fact, the SAXS pattern recorded at 50 °C (Figure 7.2.30) is very
similar to that of the melt (Figure 7.2.3a). The peak positions are unaltered, indicating
that the crystallization of PE occurs inside the cylinders present in the melt and does not
disturb the cylindrical microstructure. Only a small variation of the intensities of the
diffraction peaks is observed due to additional scattering of the PE crystals.

In order to control the PS-PE microdomain and the PE crystalline structure, thin
films of PS/PE block copolymer have been directionally solidified and epitaxially
crystallized employing BA and AN as crystallizable solvents.

7.2.2.2.1. Benzoic acid

The SAD pattern of an unstained film, using a SAD aperture of 6 um, is shown in
Figure 7.2.4a. A high degree of orientation of the PE crystals has been obtained. The
pattern presents only the Ok reflections of PE and is very similar to that obtained for the
PS/PEP/PE (Figure 7.2.1a). The orientation of the PE crystals onto the (001) surface of
BA crystals is therefore the same as that described for the PS/PEP/PE in the previous
section. Due to the epitaxial relationship between PE and BA, crystalline PE lamellae are
oriented edge-on on the substrate surface with the (001) plane of BA in contact with the
(100) plane of PE, and the b and c axes of PE parallel to the b and a axes of BA,

respectively.
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Figure 7.2.3 Small angle X-ray diffraction patterns of a bulk sample of the PS/PE block
copolymer recorded at the indicated temperatures during the cooling from the melt. The
ratios (ga/q1) of the diffraction vectors g, with respect to that of the first peak at g = ¢, =
0.15 nm'l, are also shown. The ratios 1, \/3, \/7, \/9, V11 indicates the presence of a
microstructure characterized by a hexagonal packing of PE cylinders. The expected peak
at g/g; = V4 is probably concealed by the broad peak at g/q; = V3.

A bright field TEM image of a thin film of PS/PE block copolymer directionally
solidified and epitaxially crystallized onto BA, and stained with RuQy, is shown in Figure
7.2.4b. The presence of a well ordered array of light unstained PE cylinders in the dark
stained PS matrix, is apparent. Since the epitaxy requires the contact of the PE on BA
crystal surface, chemically different pattern structure is obtained. Tilting the film in the
TEM shows that the light domains are cylindrical rather than spherical. The cylinder are
vertically aligned and are packed on a hexagonal lattice, having an average lattice
constant of nearly 40 nm, in agreement with the SAXS data of the bulk sample, and the
order extends to large distances (> 20 pm), much larger than the picture shown in Figure
7.2.4b. The dark field image in the previous section (7.1) shows that only one crystalline

PE lamella is occupied in each cylindrical PE microdomain.
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Figure 7.2.4 SAD pattern and TEM image of a thin film of PS/PE block copolymer
directionally solidified and epitaxially crystallized onto BA.

(a) SAD pattern of a thin film of PS/PE block copolymer. The pattem presents only the
0kl reflections of PE. This indicates that the (100) plane of PE is normal to the electron
beam and parallel to the (001) exposed face of the BA crystals. The ¢ and b axes of the
PE crystals are parallel to the a and b axes of the BA, respectively.

'(b) TEM Bright-field image of a thin film of PS/PE block copolymer stained with RuO.

The darker regions correspond to the stained PS matrix, while the light regions
correspond to the crystalline PE microdomains, which form hexagonally packed
cylinders oriented perpendicular to the substrate surface. : '




7.2.2.2.2. Anthracene

The SAD pattern of an unstained film is shown in Figure 7.2.5a. The pattern exhibits
the Okl reflections of PE of two different orientations similar to that found for PE
homopolymer and semicrystalline block copolymer crystallized on AN 2 The pattern
indexes to the b*c* section of the PE reciprocal lattice symmetrically rotated by an angle
of + 70° to the a* axis of the AN. Since the area selected for diffraction is approximately
6 um in diameter, it indicates that a high global double-orientation of the PE chain

molecules in the crystalline phase is achieved. This angle of 70° corresponds to the angle

made by [110] and [ITO] directions in the a*b* plane of AN, i.e., in the contact plane

with PE. The c-axis of PE is therefore oriented parallel to the [110] and [ITO] directions

of AN. Since only the 0kl reflections are present, the bc plane ((100) plane) of PE crystals
is normal to the electron beam and therefore parallel to the exposed (001) face of AN
crystals. The crystalline PE lamellae stand edge-on on the substrate surface. The epitaxial
relationship is similar to that obtained for the polyethylene homopolymer,” which can be
well explained in terms of matching between bpg and the AN dy;o inter-row spacing and a
second matching of the 2cpg with (1/2)d;;0 of AN. This epitaxial relationship gives two
equivalent orientations (See Figure 8.1b in Chapter 8 for schematic of epitaxial
relationship between PE and AN).

A bright field TEM image of the PS/PE block copolymer directionally solidified
from AN and epitaxially crystallized onto AN crystals, and stained with RuOy, is shown
in Figure 7.2.5b. Also in this case the light unstained PE cylinders are vertically aligned
and packed on a hexagonal lattice. A degree of order in the alignment of the PE cylinders
along the fast growth direction of AN crystals (b axis), lower than in the case of BA
crystals (Figure 7.2.4a), is obtained. This is probably because the shape anisotropy of AN
crystals in growth process is lower than that of BA crystals, as observed with optical

microscope (Chapter 6).
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Figure 7.2.5 SAD pattemn and TEM image of a thin film of PS/PE block copolymer
directionally solidified and epitaxially crystallized onto AN. '

(a) SAD pattern of a thin film of PS/PE block copolymer. The pattern presents the Okl
reflections of PE, hence indicates that the (100) plane of PE is parallel to the (001)
exposed face of the AN crystals. The ¢ axis of the PE crystals is parallel to the [110] and
[110] directions of AN crystal. Therefore, two diffraction pafterns rotated by an angle of
70° and oriented symmetrically relative to the a* axis of the AN crystals is shown along
the [110] and [110] directions of AN crystals. 7

(b) TEM Bright-field image of a thin film of PS/PE block copolymer stained with RuO..
The darker regions correspond to the stained PS matrix, while the light regions
correspond to the crystalline PE microdomains, which form hexagonally packed
cylinders oriented perpendicular to the substrate surface.




The mechanism of the pattern formation of PS/PE on BA or AN is basically the
same as that shown in Figure 7.2.2 for the PS/PEP/PE block copolymer. The directional
solidification of the organic crystal (BA or AN) and the successive solidification of the
eutectic liquid mixture of organic crystal and block copolymer, produce the formation of
thin metastable vertically oriented lamellar microdomain film. Instead of forming in-
plane PS cylinders for PS/PEP/PE, the instability of the flat interface at this composition
as well as the in-plane PE c-axis orientation induced by the epitaxy in the thin vertical
lamellae transforms into vertically oriented PE cylinders eventually containing one
crystalline lamella after complete epitaxy. The plasticization of PS matrix from BA or
AN (the decrease of the glass transition temperature of PS was evidenced by DSC)
enables the epitaxial crystallization to transform the microstructure. The structural
difference between using BA and AN results from the different epitaxial relationships.
When BA is used the PE block epitaxially crystallizes with one orientation in which the b
and ¢ axes of PE are parallel to the b and a axes of BA (Figure 7.2.6a). Whereas when
AN is used the degenerate epitaxy of PE block on the AN surface induces two different

orientations of PE crystals inside cylinders. The c-axis of PE is oriented parallel to the

[110] and [1_1_0] directions of AN (Figure 7.2.6b).

7.2.3 Conclusions

The section 7.2 has shown that the microstructure of semicrystalline block
copolymers can be controlled by a combination of the directional solidification of a
eutectic solution of the block copolymer in crystallizable organic solvents, and the
following epitaxial crystallization of the crystalline block onto the organic crystalline
substrate. Depending on the nature of the block copolymer and on the crystallizable
solvent, various microstructures were achieved in thin films.

In the case of PS/PEP/PE terpolymer the directional solidification induces the
parallel PS cylinders oriented along the b axis of BA. The subsequent epitaxial
crystallization of the PE blocks onto BA crystals creates the long, thin crystalline PE
lamellae between the PS cylinders, oriented edge-on on the substrate and with the b axis

parallel to the b axis of BA and therefore parallel to the axes of the PS cylinders.
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Figure 7.2.6 Schematic models of the microstructures in thin films of the PS/PE block
copolymer directionally solidified and epitaxially crystallized onto BA (a) or AN (b).

(a) Vertically oriented PE cylinders are packed on a hexagonal lattice and contain one
crystalline PE lamella oriented edge-on on the substrate with the b axis parallel to the b
axis of BA crystal.

(b) Vertically oriented PE cylinders are packed on a hexagonal lattice and contain one
crystalline PE lamella oriented edge-on on the substrate with two different orientations in

which the ¢ axis of PE lamella is parallel to either [110] or [110] directions of AN
crystals.
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In the case of PS/PE block copolymer the use of either BA or AN generates the
vertically oriented PE cylinders in the PS matrix. The following epitaxial crystallization
was confined into the PE cylinders. Each cylinder contains precisely one crystalline PE
lamella. Due to the different epitaxial relationship of PE crystals with BA and AN, the
crystalline PE lamellae are oriented with the b axis parallel to the b axis of BA, while the

two different orientations onto AN with the ¢ axis of PE parallel to the [110] and [ITO]

directions of AN crystals are obtained.
These results indicate that the method could be successfully used to form, in thin
films of semicrystalline block copolymers, periodically ordered microdomain patterns,

which can be used in various applications for nanostructure fabrication.
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CHAPTER 8: New Micropattern Structure

Alteration of Classical Microdomain Patterns by Degenerate Epitaxy

Degenerate epitaxial crystallization of a semicrystalline block terpolymer alters the
normal microdomain structure. The strong interaction created by crystallographic
matching of unit cells between the crystalline polyethylene block and the anthracene
substrate forces the amorphous PS cylindrical microdomains into a new nanoscale

pattern.

8.1 Introduction

Pattern formation for nanostructure fabrication requires the achievement of periodic
long range order. For instance periodically ordered microdomain patterns in block
copolymer thin films are useful for lithographic templates.l'2 By removing one polymer
chemically or by etching, the patterns may be transferred to a substrate through further
etching or by depositions (chemical vapor deposition, thermal evaporation etc.)."?
Another possibility is to use metal containing block copolymer microstructures as
nanoreactor for decoration with nanoparticles.3’4

Block copolymers consist of chemically distinct macromolecules covalently linked
to form a single chain. Owing to their mutual repulsion, dissimilar blocks tend to
segregate into different domains, the spatial extent of the domains being limited by the
constraint imposed by the chemical connectivity of the blocks and the molecular weight.
Area minimization at the interface of two blocks takes place due to interfacial energy
difference of two blocks. As a result self-organization of periodic microstructures occurs
on the nanoscopic length scale. Advanced lithographic techniques can currently achieve
feature sizes below 30 nm.’ Various techniques for nanometer-scale surface patterning,
based on the self-assembly in synthetic materials such as block copolymers, are being
d<=,veloped.""7

Several approaches have been developed to manipulate the morphology and
microdomain orientation in block copolymers.g'10 If an applied bias field (mechanical,

electric and magnetic etc.) is present during the self-assembly process, well oriented
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microstructures can develop.*'® The microstructure can also be controlled by surface
topography of a substrate. '’

Crystallization in semicrystalline block copolymers has recently been shown as
another way to control the orientations of the microdomains in thin films.'>'* Reiter et al.
demonstrated a vertically oriented lamellar structure by the combination of the
crystallization and wetting-dewetting properties of the block copolymer on a native Si
substrate.'? Chapter 5 showed that well aligned, vertically oriented lamellae can be
grown over large areas by epitaxy of semicrystalline block copolymer onto an organic
crystal substrate. Chapter 7 also demonstrated a well ordered cylindrical microdomain
structure oriented perpendicular to the substrate surface via directional solidification and
epitaxy. However, most of previous works have been limited to improvement of
orientation of the classical domain types (lamellar, cylindrical) in block copolymers. The
broader engineering applications of the block copolymers demand more versatile 2
dimensional thin film regular patterns.

In this chapter the idea of using degenerate crystallization onto a crystalline substrate
to induce a new microphase separated pattern is presented. The structure is initiated by
the 2 equivalent epitaxial orientations with respect to the crystalline organic substrate:
Anthracene (AN) of the crystallizable block of a semicrystalline block terpolymer,
PS/PEP/PE (15/70/15). The double epitaxy is clearly evidenced by selected area
diffraction (SAD). Phase and mass thickness bright field transmission electron
microscopy (TEM) along with atomic force microscopy (AFM) is used to identify the

lamellae and the cylindrical domains.

8.2. Results and Discussion

The SAD pattern (Figure 8.1a) exhibits PE 0kl reflections of two different
orientations similar to that found for PE homopolymer crystallized on AN.'* The pattern
indexes to the b*c* section of the PE reciprocal lattice symmetrically rotated by an angle
of + 70° with respect to the a* axis of the AN. Since the area selected for diffraction is
approximately 6 wm in diameter, this indicates that a high global double-orientation of
the PE chain molecules in the crystalline phase has been achieved. This result is relevant

also considering the very low overall crystalline content of this material. This angle of
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70° corresponds to the angle made by [110] and [1—1_0] directions in the a*b* plane of
AN, i.e., in the contact plane with PE. The c-axis of PE is therefore oriented parallel to
the [1 10] and [1T0] directions of AN. Since only the Okl reflections are present, the bc
plane ((100) plane) of PE crystals is normal to the electron beam and therefore parallel to
the exposed (001) face of AN crystals. The crystalline PE lamellae stand edge-on on the
substrate surface. The epitaxial relationship is similar to that obtained for the
polyethylene homopolymelr.14 Schematic diagram of the epitaxial relationship between
PE and AN is shown in Figure 8.1b. The epitaxy was well explained in terms of matching
between bpg and the AN dyo inter-row spacing and a second matching of the 2cpg with

(1/2)d;10 of AN. This epitaxial relationship gives two equivalent orientations.

b* \n
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Figure 8.1. (a) Selected area electron diffraction pattern of a thin film of PS/PEP/PE
block terpolymer epitaxially crystallized onto AN. The pattern presents the Ok! reflections
of PE, and hence indicates that the (100) plane of PE is normal to the electron beam and
parallel to the (001) exposed face of the AN crystals. The c axis of the PE crystals is

normal to the lamellar surface and parallel to the [1 10] and [ITO] directions of AN

crystal due to the matching between bpg and d;;o inter-row spacing as well as due to the
matching of the 2cpg with (1/2)d;19 of AN. Therefore, two diffraction patterns rotated by
an angle of 70° and oriented symmetrically relative to the a* axis of the AN crystals is

shown along the [1 10] and [ITO] directions of AN crystals. (b) Schematic of epitaxy
between PE and AN.

Defocused bright field (BF) phase contrast imaging of the unstained film permits
direct visualization of the crystalline PE lamellae as shown in Figure 8.2a. In the under-

focused BF image, the dark regions correspond to the crystalline PE phase. The phase
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contrast is proportional to the mean inner potential difference between microdomains
projected through the specimen. The mean inner potentials of the blocks in the
terpolymer are 7.35, 7.08 and approximately 6.3 for the PE crystal, the PS and
amorphous PE and PEP respectively.'> Only those lamellae which are oriented edge-on to
the electron beam direction provide good contrast. Regions containing PS and PEP
blocks exhibit lower contrast of the PS microdomains. The nonuniform contrast visible in
the matrix region results from the weak contribution to the phase contrast by the PS
microdomains. The lamellae present a cross-oriented texture with an individual lamella
having a thickness of 10-20 nm. Images show that the lamellae are predominantly
oriented along two different directions whose acute angle is approximately 70° as
expected from SAD. The FFT spectrum of Figure 8.2a in the inset confirms the double
orientation of crystalline PE lamellae. Non-uniform distances between the long, thin PE
lamellae in two orientations result in the streak-type pattern. The height contrast AFM
image of the same sample shows that cross oriented crystalline PE lamellae protrude
approximately 3-5 nm above the film surface (Figure 8.2b).

The orientation of PE chain axis (¢ axis) with respect to the crystalline PE lamellar
normal was examined, comparing the Full Width Half Maximum (FWHM) value of the
(002) reflection in Figure 8.1 with the FWHM of the oriented peak of FFT spectrum in
the inset of Figure 8.2a. The measured FWHM value of the (002) reflection is
approximately 9° which is consistent with the value from the inset of Figure 8.2a. It
indicates that the chain axis of crystalline PE lamellae is parallel to the normal of the
crystalline lamellae.

A BF image of a different region of the same sample after staining with RuO . 18

shown in Figure 8.2c. In this in-focus amplitude contrast micrograph, the darker regions
correspond to the PS microdomains. It is apparent that the PS blocks are organized into a
similar double oriented pattern. Some areas show loop-shape PS microdomains resulting
from the confinement by the surrounding diamond-shape PE patterns (Figure 8.2a). The
thickness of individual PS microdomain is about 20-25 nm consistent with the result in
the bulk (Chapter 3). Some PS microdomains are thicker. This can be understood as due
to the forced confinement of the PS microdomains by the PE lamellae which induces

highly contorted structures in some regions.
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Figure 7.2 TEM bright-field and AFM images of a thin film of PS/PEP/PE epitaxially,
crystallized on AN corresponding to an area similar to that of figure 1. a) TEM bright-
field image of the unstained sample. The phase contrast is enhanced by underfocus of the
objective lens. The dark regions correspond to the crystalline PE phase, which forms
cross oriented PE lamellae standing edge-on. Inset shows FFT spectrum of the TEM
image, confirming the two orientations of crystalline PE lamellae. '
b) Tapping mode AFM image of the unstained sample. The contrast results from the
height difference. The cross oriented PE lamellae are shown to protrude on the surface.

¢) TEM bright-field image of the sample stained with RuOs. Image contrast is mass
thickness amplitude contrast. The dark regions correspond to the PS phase, which forms a
similar double oriented structure to that of the PE microdomains.




In the current process, the formation of the oriented semicrystalline block copolymer
morphology and the oriented chain structure on the crystalline organic solvents can be
understood in terms of a combination of the directional solidification of the eutectic
solution and the subsequent epitaxial crystallization of PE block (Chapter 7). In the
present case, the directional solidification induces oriented microphase separation of the
PS cylinders from the PEP-PE matrix with the cylinder axis oriented along the fast
growth direction of AN (b axis). The extremely rapid crystallization of the PE block in
the thin film does not allow to freeze-in the straight PS cylindrical microdomain structure
existing prior to the PE crystallization. Instead, the orientation of PS microdomain before
epitaxy was indirectly obtained by employing a poly(styrene-b-isoprene) (PS/PI) block
copolymer with PE cylindrical microdomains (Chapter 6). The directional solidification
of an amorphous PS/PI block copolymer on AN substrate shows that the cylindrical PI
microdomains are aligned along the 5 axis of AN crystal (Figure 6.3). After further
cooling, the crystallization of PE block occurs in the PEP-PE matrix (87 vol%), and long

crystalline PE lamellae form with their long dimensions (b axis) along the [110] and
[ITO] directions of the AN substrate. The crystallization of the PE presumably occurs

near or slightly above the glass transition temperature (Tg) of the PS block. The Tj of the
PS block (nearly 80 °C without AN, as evaluated from DSC curves registered at cooling
rate of 2 °C/min) is more depressed by plasticization from the AN (evidenced by DSC).
In addition, the heterogeneous nucleation of the PE onto the AN crystals increases the
crystallization temperature of the PE block.'®

The strong crystallization forces guided by epitaxy of PE and AN are able to bend
and/or buckle the pre-existing PS microstructure driven by the directional solidification
into a new micropattern structure. In addition, since the PS microdomains obtained before
the crystallization of the PE consist of short cylindrical sections with many defects
(Chapter 3), the PS microdomains are more easily rearranged from the strong epitaxial

crystallization forces.
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Figure 8.3 Schematic model showing the relationship between the orientation of the
crystalline phase and the alignment of the microdomains in a semicrystalline block
copolymer. (a) The cylindrical PS microdomains are initially aligned along the fast
growth direction of AN crystals (b axis) via the directional solidification prior to the
crystallization of the PE. (b) The orientation of the molecular chains in the crystalline
phase is induced by the epitaxial crystallization on the surface of AN crystal. The 2
dimensional orientation of the crystalline PE lamellae standing edge-on on the substrate
surface, and oriented parallel to the [110] and [ITO] directions of AN crystal is obtained.
The epitaxy of the PE on the AN crystal reorganizes the pre-oriented PS microdomains.
(¢) Schematic model showing the crystalline and amorphous microdomains in the
PS/PEP/PE block terpolymer epitaxially crystallized onto AN. Epitaxial relationship
shows the relative orientation of the polyethylene lamellae on AN. (100)pg//(001)an, and
cpe//[110]an. The PS microdomain is shown in between the edge-on PE crystalline
lamellae aligned into two different directions.
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The schematic of the pattern formation is shown in Figure 8.3. The directional
solidification of the mixture of the terpolymer and AN develops the orientation of the
cylindrical PS microdomains along the fast growth direction of the AN crystals (b
direction) before the crystallization of the PE (Figure 8.3a). The epitaxial crystallization
induces a high orientation of the molecular chains of the crystalline phase, resulting in PE
lamellae standing edge-on on the substrate surface, oriented into the two directions due to
the crystallographic degeneracy (Figure 8.3b). This structure in turn induces
reorganization and alignment of the pre-existing PS microdomains, and the similar
structure of PS microdomains is formed by guidance of the patterned crystalline phase
developed during the epitaxy (Figure 8.3b). The schematic model of molecular chain
orientation of the terpolymer on AN substrate is shown in Figure 8.3c. The primary
epitaxial relationship of matching between bpg and the AN d;yo inter-row spacing creates
edge-on crystalline PE lamellae, leading to the re-organization of PS microdomains.

This thin film process suggests the possibility to design new 2D patterns via self
assembled semicrystalline block copolymers using a combination of one or more
crystallizable blocks and various crystalline organic substrates. Versatility of regular
patterns of semicrystalline polymers on the organic crystalline substrates'’ guarantees the
creation of various different patterns of the block copolymers when crystalline block is

introduced in the block copolymer.
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CHAPTER 9: Conclusions and Future Work

External fields which can interact with microstructure of materials can direct
unorganized microdomain structures into a technologically desirable one. Manipulation
of block copolymer microdomain structures by employing external fields thus promises
realization of potential nanotechnological applications. In this chapter, the major two
Parts of the thesis are summarized and various ideas concerning future studies are
outlined for each Part. In particular two types of preliminary results extending the work

presented in Part II are discussed.

9.1 Summary: PART I

In Part I of the thesis, a mechanically driven flow field generated by the ‘roll casting’
process was employed to the microstructure of a semicrystalline block terpolymer. In
spite of the low volume fraction of PS block (13 %), results presented in Chapter 3 show
that the flow field developed a cylindrical microdomain structure aligned along the flow
direction. A metastable spherical microdomain structure, obtained in a simple cast film,
was transformed to an equilibrium cylindrical structure under the flow field.
Conformational asymmetry between PS and PEP/PE block was suggested to explain the
observation. Large differences in Kuhn lengths with similar densities of PS and PE or
PEP blocks resulted in an asymmetric phase behavior. The roll casting not only facilitated
to achieve an equilibrium microstructure but also created an ordered structure.

The influence of the aligned PS cylindrical microdomain structure on the resultant
crystallization of the PE block was also investigated in Chapter 4. The crystallization of
the PE block when the sample was cooled below the crystallization temperature of PE
block occurred in the matrix from the mixture of PEP and PE blocks. The crystallization
of PE was significantly affected by the presence of ordered cylindrical PS microdomains.
The pre-aligned PS microdomains along the flow direction of roll casting forced the
primary growth direction of crystalline PE lamellae (b axis) to follow the PS cylinder
axis. Preferred chain orientation of the PE block resulted in the ordering of the crystalline
PE lamellae parallel to the PS cylinder axis, completely inhibiting the spherulites usually

observed in semicrystalline block copolymers as well as semicrystalline polymers.
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9.2 Future Work: PART 1

Semicrystalline block copolymers provide great opportunity not only to improve
existing material properties but also to develop new mechanical, optical properties. For
example, uni-axially ordered microdomain structure without spherulite formation
(presented in Chapter 4) leads to transparent block copolymer films with good anisotropic
mechanical properties.

Although the control of microphase separated structure and crystalline
microstructure was successfully achieved in Part I, this work can trigger many successive
future works. First of all, different architectures of semicrystalline block copolymers
might be interesting. In the present work, a noncrystalline rubbery PEP blocks separated
the glassy PS and crystallizable PE end blocks of the terpolymer. In particular the case in
which a crystalline PE block is directly connected to a glassy PS block deserves
examination. Not only of interest is the effect of sequence on microstructure formation,
but also a block copolymer provides a similar situation to transcrystallization of a PE
polymer matrix with cylindrical fillers such as glass fibers. However in the case of the
block copolymer the geometry is on the nanometer scale because the crystallization takes
place directly next to cylindrical PS microdomain surfaces. A well-known phenomenon
in the composites of semicrystalline polymers and fillers, transcrystallization could be
systematically investigated. In addition, a scaling study of the transcrystallization would
be possible with different length scales from millimeter, to micron to nanometer scales.

Another interesting work might be to study the effect of curvature of the IMDS on
crystallization in semicrystalline block copolymers. The systematic> change of molecular
weights of block copolymers with constant relative volume fraction allows one to tune
the size of cylindrical microdomains. In other words one of the principal curvatures of
cylindrical microdomain could be controlled. Crystalline lamellac growth on these glassy
cylinder surfaces could be influenced by the different surface curvatures. This work is
relevant to the recent field of thermotropic nano-composites where fine size dispersed
fillers with various shapes are incorporated in semicrystalline polymers.

Microstructure modification and control of semicrystalline block copolymers should

as relate to their material properties. In particular, anisotropic mechanical properties of
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both oriented glassy and crystalline microdomains are interesting. Using the roll cast
PS/PEP/PE films examined in Part I, an in-situ deformation study is under way
employing an uni-axial tensile stretcher mounted directly on a synchrotron X-ray
scattering beamline. Simultaneous wide and small angle X-ray scattering will be used to
monitor both molecular chain orientation of the crystalline phase and structural changes
of microdomains. Stress-strain curves obtained simultaneously with in-situ scattering data
enable us to relate the modified microstructures to their mechanical properties. In
addition, high voltage cross linking technique allows us to fix microstructures after
certain deformation. TEM experiments with these deformed and then “fixed” samples
should reveal valuable real space microstructural information on the type and nature of
deformation structures occurring as a function of strain and loading direction with respect
to the textured microdomain sample.

Another possible idea with semicrystalline block copolymers would be to fabricate
nanometer scale near-single-crystal wires of semicrystalline polymers by using a block
copolymer template. In this case, a cylinder forming semicrystalline block copolymer is
used in which cylinders are semicrystalline in a rubbery matrix. As shown in Part I,
cylindrical microdomains can be aligned along the flow direction via the roll casting
method. At this stage, crystallization of the crystalline blocks is confined into cylindrical
microdomains, but it is far from a single crystal as the chain folded lamellae produce an
orientation of the chain axis, essentially normal to the cylinder axis. Near single crystal
cylindrical wires with the chain axis parallel to the cylinder axis could be made using
slow uni-axial stretching of the film along the cylinder axis at just below the melting
temperature of crystalline block. Very slow deformation near melting temperature could
convert the folded chain crystal structure into an extended chain crystal structure with
much higher crystallinity and modulus. Etching out matrix e.g. UV degradation of the PI
block after completion of near single crystal cylinder might create separate individual
wires with nano-meter length scales (“ultra fibers”). Alternatively the nano-composite
could show extreme anisotropy due to high PE axial modulus (possibly 300 GPa) vs the

low transverse modulus (approximately 1 GPa) dominated by the rubber.
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9.3 Summary: PART II

In Part II of the thesis, new types of interactions are used to couple and control the
microdomain structure of block copolymers. The two driving forces are epitaxy and
directional solidification and are especially effective for thin block copolymer films.
Depending on the block copolymers applied, one or both of interactions can be used. The
basic idea in directional solidification is to utilize crystallizable organic solvents such as
benzoic acid and anthracene. Block copolymers are dissolved in these solvents above
their melting temperatures and when the solvent is crystallized in a temperature gradient
the microdomains form with their IDMS aligned parallel to the growth front of single
crystal of the solvent. The basic idea in epitaxy is to utilize a substrate with known
preferred lattice matching to the crystallizable block to control the direction of growth of
the chain-folded lamellae with form. Depending on the nature of the blocks in the
polymer, crystallization may occur from a single phased homogeneous melt (low Ny) or
a heterogeneous microphased separated melt (high Nx). We also developed a processing
method in which both directional solidification and epitaxy serve to control the crystal
orientation and microdomain orientation.

Chapter 5 examined the case of a melt compatible semicrystalline block copolymer
which was epitaxially crystallized on the single crystal surface of benzoic acid. Since
microphase separation was driven only by the crystallization of PE block, the directional
crystallization of benzoic acid was coupled with the crystallization of the PE blocks. The
strong epitaxial coupling between the BA (001) and PE (100) crystals determined the
orientation of the microstructure as well as molecular chains with bpg//bga and cpg//aga.

When amorphous-amorphous block copolymers were employed (chapter 6), the
directional crystallization of the crystallizable organic solvent was only coupled with the
microphase separation transition of the block copolymer. Samples of PS/PMMA and
PS/PI developed the lamellar and cylindrical microdomains ordered along the growth
front direction respectively. In addition, the PS/PI block copolymer showed thickness
dependent cylinder orientations. In thick film (approximately 50 nm thick), in-plane PI
cylinders are aligned along the growth front. In thin film (approximately 20 nm thick)

vertically ordered PI cylinders are oriented along the growth front.
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Strongly segregated semicrystalline block copolymers in which the microphase
separation temperatures of the block copolymers are much higher than the melting
temperatures of the crystalline blocks were also investigated in Chapter 7. Starting from a
homogeneous solution of the block copolymer and the crystallizable organic solvent, the
directional crystallization of the solvents was first initiated which also caused microphase
separation of the block copolymer. Subsequent eptiaxy of the crystalline block onto the
single crystal surface of the crystallizable solvent occurred in the presence of the
microphase separated structure. We observed the epitaxial crystallization of the PE block
in a PS/PE block copolymer onto BA. BA surface was delicately balanced to create the
cylindrical microstructure vertically aligned to the BA surfaces in which each cylinder
has one single lamellar PE crystal. When the AN was used as the crystallizable organic
solvent, vertically ordered PE cylindrical microdomain structures form on the single
crystal of AN. However, in this case, the crystalline PE lamellae inside the cylindrical
microdomains have two degenerate orientations due to the known epitaxial relationship
between PE and AN (cpg//[110]an). In another case where the epitaxial crystallization of
PE block occurred in between the aligned cylindrical PS microdomains (PS/PEP/PE
sample), the BA crystal allowed crystalline PE lamellae to orient and to alternately
confine themselves in between the cylindrical PS microstructure formed previously via
directional solidification.

We also explored the situation where the epitaxy with the substrate was degenerate.
That is, where there are two equivalent orientations of the crystallizable block with
respect to the substrate as explained above. The PS/PEP/PE terpolymer was chosen to
probe how the subsequent PE crystallization could influence the PS cylinders since the 2
lamellar orientations were aligned at + 70° to the ban axis. The subsequent strong
crystallization forces of the growing PE lamellae caused a re-organization of uni-axially
aligned cylindrical PS microdomain structure, obtained during directional solidification,
into a double oriented microstructure. The confined PS cylinders in between crystalline

PE lamellae were highly bent and/or buckled (Chapter 8).
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9.4 Future Work: PART II

The utilization of crystallizable organic solvents has been found to be a very
effective way to control the orientation of a variety of semicrystalline and noncrystalline
block copolymer microdomain structures and even to force alteration of a classical
microdomain structure into a new pattern. For better control of microdomains and further
engineering applications, many future studies should be addressed.

First of all, many experimental parameters of the directional solidification and
epitaxy technique introduced in Part II should be more carefully controlled. By using
different supercoolings of the block copolymer/crystallizable organic solvent solution one
can vary crystallization rates of the organic solvents which should influence the
microstructures of block copolymers. Control of centimeter scale single crystals of
organic solvents is also possible, for example, using extremely slow crystallization
(‘zone refining method’). These large substrates could then be used to fabricate a
macroscopic device on which microdomains of a semicrystalline block copolymer are
epitaxially ordered.

Control of environmental variables such as moisture, temperature and solvent purity
is also important. Easy sublimation of most of crystallizable organic solvents makes it
difficult to maintain constant thickness of the substrate crystal. In addition, impurities
introduced during process can affect the quality of single crystals of organic solvents.
Heterogeneous nucleation induced by impurities such as dust could restrict large area
fabrication of highly ordered block copolymer thin films. Filters could be used to remove
impurities in the block copolymer solution. A closed control box in which temperature
and environmental variables are delicately controlled could prove useful.

Another important experimental parameter to be controlled is the gap between two
glass substrates which resulted in different block copolymer film thicknesses. Pressure
can be applied on the top substrate to keep the gap constant.

The means by which nucleation is initiated can be modified for control of very large
areas. The tweezer method we employed created a single initiation point ‘where
crystallization started and then diverged out within an approximately 90 ° spread angle.
This method created an ordered microdomain structure on the scale of the grain width.

However, when one is interested in larger scale fabrication, the initiation method should
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be changed. For example, line nucleation parallel to the growth direction of the single
crystal instead of point nucleation can be useful for macroscopic fabrication. More
specifically this can be accomplished using a needle shaped seed crystal of the organic.
When previously prepared needle seed crystal lies on the edge of the supercooled
solution, the solution undergoes multiple nucleation and directionally crystallizes from
the surface of needle crystal, resulting in macroscopically parallel structure.
Topographically patterning of a substrate by conventional lithographic techniques
can be combined with the main process described in Part II for better control of
microdomain structures of block copolymers. The essential underlying idea is that the
topographic pattern achieved with conventional lithographic techniques can assist the
nanometer scale self assembly of block copolymers up to micron scale which is the
typical scale of block copolymer grains. In addition, pattern regions of different height
can induce a thickness dependent microdomain orientation. Furthermore, the ordered
microdomain structures shown in Part II (in particular chapter 6) can be modified for
engineering applications such as template for nanolithography and micropattern for
magnetic media storage and so on (See the chapter 1.1). Control of microdomain
structure  of block copolymer wusing topographically patterned substrate and
microstructure modification using either ozone or oxygen reactive ion etching method

will be discussed in the next section.

9.4.1 Orientation of block copolymer microdomains on topographically patterned

substrate via directional solidification: Preliminary results’

Directional solidification of the mixture of a polystyrene-b-isoprene (PS/PI) block
copolymer and benzoic acid (BA) was done on a pre-patterned silicon substrate. The
patterned substrate was produced via standard lithographic techniques by the MIT
Microsystems Technology Laboratories. The substrate pattern consists of 30 nm high, 2
micron X 2 micron square mesas arranged in a square array with a 4 micron center to
center spacing as shown schematically in Figure 9.1. The substrate has a silicon oxide
surface. The square shape mesas are silicon oxide thermally grown for the lithographic

process. Areas between the mesas have a native oxide layer. Prior to deposition of the
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block copolymer/crystallizable organic solvent solution, the substrate was cleaned via

one hour sonication in toluene followed by 2 hour immersion in chromic/sulfuric acid to

Figure 9.1 Schematic of topographically pre-patterned silicon substrate

hydrolyze and remove any organic material adsorbed to the surface. Directional
solidification was performed with the procedure described in Chapter 6.

A bright field TEM micrograph of the PS/PI block copolymer, directionally
solidified on the pre-patterned substrate, is shown in Figure 9.2a. Staining with OsOy
provides good contrast, rendering the PI microdomains dark. Long range ordering of
block copolymer structure is observed across the micron scale pre-patterned substrate.
The directional solidification of the BA and the PS/PI mixture develops an in-plane

orientation of cylindrical PI microdomains along the fast growth direction of BA crystal
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(b axis) (see Chapter 6) within thicker regions while a vertical orientation of the
cylindrical microdomains occurs in the thinner mesa regions.

Tapping mode AFM imaging at higher magnification (Figure 9.3a) also clearly
shows the two different orientations of the PI microdomains. The cylindrical
microdomains vertically oriented on the substrate are hexagonally packed in the thinner
mesa regions. Figure 9.3b shows boundary between the two different orientation. The
microdomains transform from vertical to parallel as they go from the mesa to matrix

regions.

Figure 9.2 TEM bright-field image of a thin film of PS/P1(45/12) block copolymer,
directionally solidified with BA on the pre-patterned substrate, and stained with Os0q.
The dark regions correspond to the stained PI microdomains. The cylindrical PI
microdomains perpendicular and parallel to the substrate are shown in the square mesa
(light) and matrix dark regions respectively.
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Figure 9.3 (a) Tapping mode AFM image of a thin film of PS/PI(45/12) block
copolymer, directionally solidified with BA on the pre-patterned substrate. The amplitude
contrast image is shown. The cylindrical PI microdomains with two different orientations
with respect to the substrate are well aligned along the fast growth direction of the BA
crystals. The square shape mesa regions show the PI cylinders perpendicular to the
substrate. The thicker matrix regions show the in-plane PI cylinders.

(b) Higher magnification AFM image of (a). Hexagonally packed PI cylinders vertically
aligned to the substrate are observed. In addition, smooth transition is clearly seen from
perpendicular to parallel orientation of PI cylinders.




The two different orientations observed on the substrate result from the thickness
variation of block copolymer films. Both theoretical and experimental results support the
notion that the equilibrium orientation of the block copolymer microdomains depends on
film thickness.”” Cylinder forming block copolymers show a transition from parallel to
vertical when the film thickness is less than the diameter of cylinder.z'5 In this case, the
microphase separated block copolymer films form on BA single crystals between the top
glass substrate and bottom pre-patterned substrate when they are directionally solidified
as explained in Chapter 6. Block copolymer films contacting with the pre-patterned
substrate undergo thickness variation as shown in the schematic of Figure 9.4. The film
thickness of block copolymer in the mesa region (approximately 15 - 20 nm) is obtained
from the mechanically torn film region with AFM. Since the diameter of PI cylinders is
approximately 20 nm (Chapter 6), PI cylinders vertically aligned to the substrate are
observed. Block copolymer films with the thickness of approximate 45 — 50 nm lead to

the in-plane PI cylinders in the matrix region.

Si substrate

Figure 9.4 Schematic of the PS/PI block copolymer orientations between top glass
substrate and bottom pre-patterned substrate. The block copolymer films confined
between BA crystal and the bottom pre-patterned substrate undergo thickness variation,
leading to two different orientations.
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9.4.2 Directionally solidified microdomain modifications via ozone and oxygen

plasma reactive ion etching methods

The cylindrical PI microdomains aligned along the fast growth direction of BA
crystal via directional solidification are modified for nanometer scale template. Either
ozone or oxygen plasma reactive ion etching (O,-RIE) can be used to selectively remove
the PI microdomains. Since polydiene chains are rapidly cleaved with ozone (Os) at a rate
one million times faster than the scission of PS chains®, PI microdomains in the PS matrix
can be selectively degraded and removed with ozone while not significantly affecting the
PS matrix. The PS matrix becomes insoluble after ozone exposure due to cross linking.
The directionally solidified PS/PI block copolymer films on a carbon film coated TEM
grid were then exposed to a room temperature oxygen atmosphere containing about 2 %
ozone, generated by a Pacific Ozone Technology Inc. Ozone Generator, Model L21, for 1
hour. After ozone exposure, the films were soaked in de-ionized water overnight to
remove the isoprene fragments.’

Bright field TEM micrographs of the ozone treated PS/PI block copolymer film are
clearly shown in Figure 9.5. Two different orientations of the block copolymer
microstructures are observed in Figure 9.5a and b. As explained in Chapter 6, the
cylindrical microdomains vertically aligned to the substrate form in the thinner regions,
while ones parallel to the substrate in the thicker regions. Microdomains with both
orientations are well oriented on the plane view along the fast growth direction of BA
crystal. After ozonation, the mass difference between the PS matrix and the cylindrical
voids provides a good TEM contrast without staining. Compared with the images stained
with OsO4 which makes the PI microdomains dark, the empty cylindrical microdomains
appear brighter than the PS matrix due to less scattering of the electron beam, implying

that the ozone treatment successfully removed the PI microdomains.
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Figure 9.5 TEM bright-field images of a thin film of PS/P1(45/12) block copolymer,
directionally solidified with BA, and exposed to ozone. Void microdomain structure after
removal of the PI cylinders by ozone appears brighter. (a) Thinner block copolymer film
shows vertically ordered cylindrical microdomains to the substrate (b) Thicker block
copolymer film shows directionally solidified PI microdomains oriented parallel to the
substrate.
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Figure 9.6 TEM bright-ficld images of a thin film of PS/PI(45/12) block copolymer,
directionally solidified with BA, and treated via O,-RIE. Void microdomain structure
after removal of the PI cylinders by O,-RIE appears brighter. (a) Thinner block
copolymer film shows vertically ordered cylindrical microdomains to the substrate (b)
Thicker block copolymer film shows directionally solidified PI microdomains oriented
parallel to the substrate.




O,-RIE can also be used to selectively remove the PI microdomains. However,
etching rates of PS and PI under O,-RIE vary with the experimental parameters.
Previously Harrison et al.' reported that the etching rates of homopolymer PS and PI
under certain conditions of CH4-RIE are almost equal. In the current study, O,-RIE is
directly applied to the directionally solidified PS/PI block copolymer films on carbon
coated TEM grids. Reactive ion etching was performed on a Plasma Therm. Model 790
plasma etcher. O,-RIE using Smtorr of | O, and various bias conditions were used.

Bright field TEM images of the PS/PI block copolymer films after O,-RIE are
shown in Figure 9.6. Similar to Figure 9.5, the cylindrical microdomains look brighter
due to less mass of voids. Again vertically ordered cylinders to the substrate are seen in
Figure 9.6a and in-plane cylinders aligned along the fast growth direction of the BA
crystal is shown in Figure 9.6b. In the O,-RIE case, due to the small etching rate
difference bright cylinder microdomains look thicker than in the ozone case (Figure 9.5)

in both orientations, indicating that the PS matrix is also partially removed by O,-RIE.

Control of block copolymer microdomain patterns is very challenging but at the
same time worth pursuing. Many nanotechnological applications await such materials.
Part of this thesis suggests a simple new technique, involving two types of driving forces,
to manipulate block copolymer microstructures. These new types of interactions: epitaxy
and directional solidification not only draw much scientific interest but also provide
diverse combinations with other interacting driving forces such as surface and
confinement. Chemically and/or topographically patterned substrates, temperature
gradients and epitaxy can work together to generate unprecedented microdomain control,

leading us one step closer to technological realization.
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