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1.1

Science and Technology in Diminishing Dimensions

A large amount of research and industrial interest is focussed on subjects that can be
hosted under a single umbrella called “Nanotechnology.” The demand is driven by a single
reason: Scale. For example, electronic systems are rapidly moving toward small, fast and
high-density information storage devices. Already in 1959, Richard Feynman addressed the
possibility of manipulating matter in his visionary lecture, “There’s plenty of room at the
bottom,” which has become a “classic” among micro- and nanoscientists nowadays.1 He was
“…inspired by the biological phenomena in which chemical forces are used in a repetitious
fashion to produce all kinds of weird effects…” Nature already demonstrated that the
information for the organization of a complex creature such as ourselves can be stored in very
small cells. In his talk, Feynman foresaw the importance and technological applications of
manipulating and controlling things on a small scale. Whether a structure is called small,
depends on one’s viewpoint. Nanostructures, which are assemblies of molecules with
dimensions in the range of 1 – 100 nanometers, will be considered small by electrical
engineers and materials scientists, but are large to chemists.
As dimensions become smaller and smaller, new technologies and methodologies
need to be developed in order to construct architectures at length scales characteristic of
atoms and molecules. Several strategies have so far been investigated to obtain and control
(near) nano-sized structures. When using optical lithography in a top-down approach, the
decrease in feature sizes has been made possible by the application of lasers with shorter
wavelengths.2 At present, 193 nm lithography using an ArF laser is a leading candidate for
printing devices with features of the size of 0.18 µm. Further decrease of wavelengths has led
to proximity x-ray,3 extreme UV,4 electron projection5 and ion projection lithography.6
Physical printing techniques like hot-embossing lithography7 and microcontact printing8 also
appear to be good candidates to cheaply reproduce complex patterns on a sub-micron scale.
However, a variety of technological applications, including the fabrication of densely
packed magnetic domains9,10 or the use of silicon posts as model synthetic electrophoresis
gels,11 require only a regular array of domains on a surface. Laser interference lithography
(LIL) is a maskless technique that allows the preparation of sub 100-nm lines and dots.12
Using bottom-up self-assembly strategies, regular patterns can be generated on a variety of

1

Chapter 1

length scales. The application of self-assembly to form functional systems has been used in
many examples, for instance block copolymers,13,14,15 colloidal suspensions,16 surfactants,17
and proteins.18
Scanning probe microscopes, for example scanning tunneling microscopes (STMs),19
atomic force microscopes (AFMs),20 near-field scanning optical microscopes (NSOMs),21
and scanning electrochemical microscopes (SECMs),22 are able to image and modify surfaces
with atomic resolution. Although these microscopes were originally designed to provide high
resolution images of surfaces, their lithographic capability was demonstrated in a set of
experiments with an STM, just five years after the first STM images were recorded.23
Although these methods are serial techniques, and have limited writing speeds, they are
“enabling technologies” for nanoscience.24

1.2

Polymers and the Periodic Table

The progress in organic polymer synthesis has been immense during the past 50 years.
Polymers built from readily accessible organic units find numerous applications as
elastomers, plastics and fibers in a variety of products.
In contrast to the versatility of organic polymer chemistry, the incorporation of
inorganic elements in macromolecules has been very limited. This can be understood if one
considers the main synthetic routes to organic polymers. Chain growth mechanisms can
hardly be used since inorganic species that contain stable multiple bonds and that are suitably
reactive enough are difficult to prepare. The preparation of difunctional inorganic monomers
for polycondensation type reactions is also difficult, and the stoichiometry needed for this
type of reactions further limits the applicability. Polymerization via ring-opening seems to be
very promising, since inorganic ring chemistry is quite well-developed.25
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Chart 1.1 Polysilane, polysiloxane and polyphosphazene are among the best-known examples of “inorganic”
polymers that find many applications in present day life.

The few well-established and commercialized examples of “inorganic” polymers
show very diverse and interesting properties.26 Among them are polysilanes, polysiloxanes,
and polyphosphazenes (Chart 1.1). Polysilanes can for instance be used as ceramic
precursors,27 photoresists28 or photoinitiators.29 Polysiloxanes, currently the commercially
most important inorganic polymer systems, are used in a large number of applications,
including mold-release agents and as biomedical materials.30 Polyphosphazenes consist of an
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alternating phosphorus and nitrogen backbone31 and comprise the largest class of inorganic
polymers. These materials, often called “inorganic rubbers”, are of interest as biomedical
material, or for example as polymeric electrolyte components in battery technology.30b
Organometallic based polymers can be divided in two major classes,32 namely
poly(metallocenes) and rigid-rod organometallic polymers like metal-acetylide compounds
(Chart 1.2). Insoluble and uncharacterized polyacetylides with Cu or Hg were reported
already in 1960.33 It took 15 more years before the first soluble Pt and Pd metal poly-yne was
synthesized.34 Since then much progress has been made on synthetic routes to similar
structures, incorporating group 8,35 9,36 and 1036,37 metals into metal acetylide polymers.
These polymers display interesting non-linear optical, electrochemical and electrical
properties, due to the presence of low oxidation state transition metals and delocalized,
extended π-electron systems.

M
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C

C

C

x

M

C

C

C
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n
n

Chart 1.2 Metal-acetylide polymers incorporate metal atoms, depicted by M, within an extended chain.

1.2.1

THE BIRTH OF METALLOCENES38

Fe

Chart 1.3 Illustration of the ferrocene “sandwich” structure, and the electronic bonding.

In 1951, two groups of chemists independently prepared ferrocene by “accident”.39,40
An air-stable, sublimable, orange solid that melted at 173 °C and was soluble in organic
solvents was reported by both groups. Simple σ-bonding between the iron and the organic
part would be relatively unstable and ionic interaction could not explain the volatility of the
solid. The correct structure of ferrocene was reported shortly afterwards by Wilkinson and
Fischer,41,42 for which they shared the Nobel Prize for Chemistry in 1973. The five
electronically equivalent carbons in each ring had to participate with the bonding to iron in an
equal way. In the resulting “sandwich” structure, the metal d orbital overlaps strongly with
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the carbon π-electrons in the p orbital (Chart 1.3).43 It was discovered that the
cyclopentadienyl rings behaved chemically very similar to aromatic species. It was this
discovery that spurred the field of metallocene chemistry.

FERROCENE-CONTAINING POLYMERS

1.2.2

Poly(ferrocenylene), synthesized in a simple free-radical process, was first reported in
1960. Low molar mass materials were obtained in low yields, but the quality and quantity
of the materials gradually improved as better synthetic routes were developed.45,46
Copolymers that contain ferrocene in the main chain have been prepared in wide
variety, featuring ester or amide linkages, and alkene, alkyne or aromatic repeating units
alternating with ferrocene. The nature of the bridging unit in linked metallocene plays a
decisive role in the degree of interaction between the iron centers.47 Difunctional ferrocenes
were employed in controlled polycondensation reactions to produce heteroannular polymer
chains, e.g. poly(arylene-siloxane-ferrocene),48 and ferrocene containing polyesters.49
Ferrocene copolymers have been of interest for a variety of reasons including thermal
stability, electroactivity, and non-linear optical properties in conjugated systems.
44

R
Fe

Fe
n

n

Chart 1.4 Poly(ferrocenylene) and poly(ferrocenes) are heteroannular polymers that incorporate both
cyclopentadienyl rings within the polymer backbone.

1.3

Ring-Opening Polymerization of Ferrocenophanes

[n] Metallocenophanes are molecules feature linking of the cyclopentadienyl rings by
the introduction of a heteroannular bridge (with n being the number of bridging atoms). They
have very interesting chemical properties compared to the simple metallocenes. A short
bridge causes distortion, which affects the reactivity of the molecule or the bridge can
sterically hinder the approach of attacking species.
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M

X
β

α

Chart 1.5 Structure of metallocenophanes, with inclination, α, of the cyclopentadienyl rings (ring-tilt) and
deviation, β, of the exocyclic bonds from the planes of the rings.

Metallocenophanes can be strained, depending on the length of the bridge, and as a
consequence they can undergo ring-opening polymerization as cyclic compounds. The typical
structure of metallocenophanes is illustrated in Chart 1.5; data related to the ring strain in
ferrocenophanes (M = Fe) is given in Table 1.1. Poly(ferrocenes) with relatively short
heteroannular bridges can be prepared by ring-opening polymerization of the corresponding
ferrocenophanes.50,51 To date, the Sn(t-Bu)2 bridged [1] ferrocenophane, has the smallest ring
tilt α (14.1°) to still undergo ring-opening polymerization,52 and [2] metallocenophanes with
tilt angles up to 13 ° were resistant to ring-opening polymerization.
Table 1.1 Structural differences indicating ring strain of [1] and [2] ferrocenophanes.53

Bridging Group (X)
SiMe2
GeMe2
Sn(t-Bu)2
(CMe2)2
(SiMe2)2
(SnMe2)2

1.3.1

Ring Tilt α (°)
20.8
19.0
14.1
23.2
4.19
0.7

Angle β (°)
37.0
36.8
36.2
11.0
10.8
10.5

POLY(FERROCENYLSILANES) VIA RING OPENING POLYMERIZATION

As previously mentioned, strained metallocenophanes can undergo ring-opening
polymerization as cyclic compounds. Recently, the ring-openings polymerization of such a
strained monomer, 1,1’-silylferrocenophanes, (Chart 1.6) was reported by Manners and coworkers.54,55 The polymerization can take place via a surprisingly large variety of
polymerization techniques. In the solid state, the monomer can be polymerized by thermal
treatment or by γ-irradiation56 or in solution by transition metal catalysts57 and anionic
initiators.58 The polymer consists of alternating ferrocene and substituted silane units in the
polymer main chain.59 Cyclic voltammetry experiments showed interesting redox properties
that indicate intermetallic coupling between the iron centers.59a,60 Pyrolysis of the metal
containing polymer produced a shaped magnetic ceramic.61
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Chart 1.6 Ring-opening of silicon bridged ferrocenophane.

The sequential anionic polymerization allows one to synthesize block copolymers
with narrow polydispersities and targeted compositions.62 These block copolymers open up
the way to nanostructured inorganic/organometallic materials with unconventional properties.

1.4

Nanostructured Materials by Block Copolymer Self-Assembly

For the fabrication of regular arrays of nanoscale domains, two approaches have been
pursued. Lithographic methods, in a top-down approach, are developed for directed
patterning of substrates. Electron beam,63 focussed ion beam,64 and scanning probe
lithography65 are techniques that are used for patterning on a sub 100-nm scale.66 However,
these techniques are very expensive and time-consuming as they fabricate the nanodomains
in a point by point addressing method. Bottom-up self-organization processes can be used to
prepare regular patterns over a large area in a quick and cheap fashion.
Molecular self-assembly is the spontaneous organization of molecules into stable,
well-defined structures.67 Multiple weak, reversible interactions like hydrophobic and
hydrophilic effects, hydrogen bonds, Coulombic interactions, and van der Waals forces
account for the assembly of molecules into stable aggregates. Self-assembly is a strategy for
fabrication at thermodynamic equilibrium, so defects are rejected and a high degree of order
can be achieved.
Well-controlled architectures can be obtained in block copolymers and the
equilibrium structures of interest can be controlled by designing the macromolecules.68 The
self-assembly is driven by the immiscibility of the two different phases. By forming a
segregated phase, the number of contacts between the dissimilar phases is minimized, thereby
lowering the free energy of the system, which offsets the corresponding loss of entropy. The
degree of chemical incompatibility, χ, between the different blocks, the degree of
polymerization, N, of the polymer, and the composition, ƒ, can be adjusted to manufacture
self-assembled structures with corresponding dimensions on a length scale of about ten to a
hundred nanometers. Furthermore, the copolymers benefit from excellent processability,
which makes them extremely interesting for nanotechnological applications.
Polymer technology can benefit from self-assembling interactions to form
nanostructured materials combined with inorganic polymer chemistry to induce well-defined
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patterns with topologically or chemically distinct regions that are unparalleled in organic
polymers. For example, the creation of structures with dimensions below 100 nm on
semiconductor substrates can be achieved. Controlled nanodomain formation and surface
segregation of etch resistant layers, built from inorganic polymers, may prove to be useful
tools.

1.5

Concept of this Thesis

The research described in this thesis comprises the synthesis, characterization and
application of organometallic-inorganic homopolymers and block copolymers. Block
copolymer phase separation was employed as a self-assembling strategy to obtain
nanostructured materials.
Chapter 2 serves as a general introduction to the topics that are relevant for the work
described in this thesis. The crystallization and melting behavior of semi-crystalline
homopolymers is briefly discussed. Self-assembly in block copolymer systems is reviewed,
and special attention is given to conformationally asymmetric block copolymers, blends of
block copolymers and corresponding homopolymers, and block copolymer thin films.
In Chapter 3, the thermal behavior and morphology of ferrocenyldimethylsilane
homopolymers is described. A series of well-defined polymers was prepared by anionic ringopening polymerization. The isothermal crystallization kinetics were analyzed by means of
the Avrami equation. The polymers displayed a melting-recrystallization behavior upon
heating after isothermal crystallization.
Chapter 4 covers the surface modification of poly(ferrocenylsilane) by means of
oxygen reactive ion etching (O2-RIE) treatment. It was found that the organometallic polymer
was highly resistant towards O2-RIE treatment. The formation of a thin iron-silicon-oxide
layer, of approximately 10 nm thickness, protected the underlying polymer towards
oxidation. The etching rate is then determined by a competition between the oxide formation
and oxide removal by ion sputtering. Due to the presence of iron in the oxide layer the
transfer of an initial pattern into the underlying silicon or siliconnitride substrate by means of
CF4/O2-RIE treatment is possible.
Block copolymers of styrene and ferrocenylsilane (PS-b-PFS) are described in
Chapter 5. The bulk morphology of these organic-organometallic diblock copolymers was
studied by transmission electron microscopy (TEM) and small angle x-ray scattering (SAXS).
Blends of block copolymer with corresponding homopolymer were prepared to vary the
composition and thereby control the morphology. Besides the three classic morphologies
(spheres, cylinders, and lamellae) more exotic structures like the double gyroid and the
perforated lamellae were observed. Information about order-order and order-disorder
transitions was obtained from rheological experiments.
In Chapter 6, the thin film morphologies of PS-b-PFS copolymers, studied by atomic
force microscopy (AFM), transmission electron microscopy (TEM), secondary ion mass
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spectroscopy (SIMS), and x-ray reflectivity measurements are described. Thin films were
investigated both on solid silicon substrates as well as freestanding films. Upon annealing the
films form islands or holes if the thickness is not commensurate with the domain spacing of
the copolymer. However, these islands disappear upon longer annealing due to a
rearrangement of the phase separated nanodomains. The nanodomains could be visualized by
AFM after selective removal of the organic PS phase using O2-RIE. In freestanding films,
both parallel and perpendicular orientations for the cylinders were observed.
Chapter 7 describes thin films of asymmetric block copolymers of isoprene and
ferrocenylsilane (PI-b-PFS). Thin films were prepared and studied by AFM. Several
morphologies were observed, depending on the block copolymer composition and film
thickness. The films show dewetting behavior if the initial film thickness is not
commensurate with the interdomain spacing. On the longer term, these films are unstable due
to crystallization of the poly(ferrocenyldimethylsilane) block.
The use of self-assembled organic-organometallic block copolymer films for
nanolithographic applications is discussed in Chapter 8. Small Fe/Si/O domains can easily be
deposited on substrates like silicon or siliconnitride. The inorganic domains are also resistant
towards removal by a CF4/O2 plasma. This makes it possible to transfer the structure into the
underlying substrate by conventional reactive etching techniques and to increase the aspect
ratio of the nanodomains.
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This chapter serves as an introduction to topics that are relevant for the work
described in the remainder of this thesis. The crystallization and melting
behavior of semi-crystalline homopolymers is briefly discussed. Selfassembly in block copolymer systems is reviewed, and special attention is
given to conformationally asymmetric block copolymers, blends of block
copolymers and homopolymers, and block copolymer thin films.

2.1

Semi-Crystalline Homopolymers

Figure 2.1 Three proposed models for the lamellar polymer crystals. (a) regular, adjacent reentry folds similar
to those postulated as present in pyramidal crystals that have been grown from solution. (b) irregular, adjacent
reentry folds in which the extent or thickness of the irregular layer is suggested to be proportional to the
temperature. (c) switchboard, or non-adjacent reentry, model in which an even more non-ordered amorphous
layer is present on both sides of the lamellae than in the regular model.1
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Since the discovery of stereospecific polymerization by Ziegler and Natta, the
crystallization of linear polymers has been studied extensively. In 1954 Keller, Fischer, and
Till found independently that linear polyethylene crystallizes from dilute solutions into thin
platelet crystals, the so-called lamellae. These crystalline lamellae consist of arrays of folded
chains (Figure 2.1). The reentry of the folded chains can be either adjacent or nonadjacent.
The thickness of lamellae is typically 10 to 20 nanometer (depending on the crystallization
temperature), but can extend laterally over micrometers.

2.1.1

MORPHOLOGY

Semi-crystalline polymers exhibit a structural hierarchy depending on the length
scale. The monomers are packed in crystal unit cells (nanometer level order). Lamellae
consist of regularly packed unit cells whereas one chain belongs to a large number of cells,
depending on the chain length. The lamellae in most polymers, crystallized either from the
melt or from concentrated solutions, are organized in larger spherical-structures, called
spherulites. Starting from a nucleus, the lamellae grow in a direction perpendicular to the
chain axis. When the lamellae start curving and splaying apart, so-called axialites2 or
hedrites3 are formed (Figure 2.2), which eventually mature into spherulites.4 The lamellae
grow in the radial direction from the spherulite until individual spherulites will impinge upon
one another and the primary crystallization is terminated.

Figure 2.2 AFM image (deflection) of an edge-on view of a melt-crystallized hedrite of poly(ferrocenylsilane).5
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2.1.2

CRYSTAL MELTING TEMPERATURE

The equilibrium melting temperature is perhaps the most important macroscopic
characteristic for a given macromolecular crystal. In general, the observed melting
temperature Tm is always lower than the equilibrium melting temperature Tm0. Experimentally
equilibrium is difficult to reach since crystals with large dimensions are difficult to grow. The
finite crystal size, which depends also on the crystallization conditions, as well as on
impurities, contributes to melting point depression. The Thomson-Gibbs equation can be
employed to extrapolate the melting temperature of finite crystals Tm to the equilibrium
melting temperature Tm0:

2γ
Tm = Tm0 1 −
 l ⋅ ∆H f







where Tm0 is the melting temperature of the infinitely large crystal, γ is the specific surface
free energy of the fold surface, l is the lamellar thickness, and ∆Hf corresponds to the bulk
heat of fusion. As the lamellar thickness l decreases (i.e. the crystals get thinner), the melting
point decreases. Assuming that during isothermal crystallization the fold length is fixed at a
value proportional to the reciprocal of the supercooling ∆T, one can derive that:6
Tm =

Tm0 (2 β − 1) + Tc
2β

where Tm is the observed melting temperature, Tm0 is the extrapolated equilibrium melting
temperature, Tc is the crystallization temperature, and β indicates the fold length. A plot of
the experimental melting temperatures versus the crystallization temperatures (the so-called
Hoffman-Weeks plot) can be extrapolated to a point where:7
Tm = Tc = Tm0

2.1.3

CRYSTALLIZATION KINETICS

For a given polymer, the rate of crystallization depends on the degree of
undercooling. The crystallization rate exhibits a maximum as a function of temperature. At
the melting point the crystallization rate is zero. As the undercooling and thus the driving
force for crystallization increases, the crystallization rate increases. As the glass temperature
of the polymer is approached, the crystallization rate becomes smaller again due to the
absence of large scale chain mobility. The rate of crystallization can be determined at a given
temperature, and the process may be analyzed by the Avrami equation:8
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(

X t = 1 − exp − K (t − t 0 ) n

)

where Xt is the relative conversion of the crystallization process at time t, K is a temperature
dependent growth-rate parameter, t0 is the point in time at which crystallization begins, and n
is a temperature-independent nucleation index, the so-called Avrami exponent. The Avrami
exponent characterizes the type of growing structure and nucleation mechanism.

2.2

Block Copolymers

Block copolymers are macromolecular architectures that consist of two or more
chemically different polymer chains, linked to one another covalently. They find applications
for instance as compatibilizers,9,10,11 impact modifiers or as thermoplastic elastomers.12 In
solution their properties are exploited for applications in foams, solubilizers, thickeners and
as dispersion agents.13

Figure 2.3 Typical block copolymer architectures.

The scientific interest in block copolymers has been tremendous during the last few
decades and is still a field of major research efforts. Structural and dynamical properties have
been considered for melts, solids, dilute solutions and concentrated solutions. In the melt,
block copolymers self-assemble into a variety of structures via the process of microphase
separation. The important energies in the formation of phase separated structures are the
entropic chain-conformation energy and the enthalpic interaction energy (characterized by the
Flory-Huggins interaction parameter χ). The chemical connectivity of the demixing blocks
prevents macrophase separation and therefore domains of both components are created. The
domain morphology is prescribed by the area-minimization of the surface separating these
domains. Consequently, these so-called inter material dividing surfaces (IMDS) are said to
have constant mean curvature.
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The self-assembly of block copolymers provides a versatile means to create
nanostructures with potential applications in biomaterials, optics, and microelectronics.14 In
biomineralization, for instance, complex morphologies on different length scales are usually
obtained through cooperative self-assembly of organic and inorganic species.15
Well-defined block copolymers can be prepared by controlled/living polymerization
via several methods: sequential monomer addition, coupling reaction of living polymer
chains, and mechanism transformation.16 The sequential monomer addition is restricted by
relative monomer reactivity.17 First a block is polymerized and after completion, the living
polymer chain functions as the initiator for the next monomer. If initiation is fast compared to
the propagation, well-defined block copolymers with relatively narrow molar mass
distributions can be obtained.

2.2.1

BULK MORPHOLOGY

In a diblock copolymer phase diagram the order-disorder transitions (ODT) and the
order-order transitions (OOT) between different morphologies are plotted in Figure 2.6.
Typically, a phase diagram describes the morphology as a function of temperature and
composition. It has been established that the temperature, the composition, the chemical
nature of the phases, and the molar mass influence the morphology.18 These quantities can be
described by the Flory-Huggins interaction parameter χ, the number of statistical segments in
the block copolymer N (which is proportional to its molar mass), and the copolymer
composition f. The χ parameter accounts for the temperature and the chemical nature of the
copolymer. In a diblock copolymer phase diagram, the product χN is plotted as a function of
composition f, since theories predict that such phase diagrams would be universal.19,20,21 The
product χN can be regarded as a measure for the degree of segregation. The strong
segregation limit (SSL) extents to very high values of χN, whereas the weak segregation limit
(WSL) is reached near the order-disorder transitions. Typically, the domain interfaces are
sharp in the strong segregation limit and more diffuse in the weak segregation limit.

Figure 2.4 Three classical morphologies in block copolymer systems. With increasing volume fraction of the
darker phase, spheres on a bcc lattice, hexagonally packed cylinders, alternating lamellae and the inverse phases
can be observed.
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The morphology of microdomains formed by pure and simple diblock copolymers has
been an intensively researched and is by now well understood area.22 In neat diblocks, three
“classic” ordered microphases are usually distinguished (Figure 2.4). These include
alternating lamellae (LAM), hexagonally packed cylinders (HEX) and body-centered-cubic
packed spheres (BCC). In addition, some other more complex microstructures, like the
bicontinuous gyroid (see Figure 2.5)23,24,25, the hexagonally modulated layer,26 or the
perforated lamellae,26,27,28 may appear especially near the order-disorder transition.29,30

Figure 2.5 Illustration of the double gyroid structure. A triply periodic interface with constant mean curvature.31

In the strong segregation limit (SSL), i.e. at large values for χN, the volume fractions
for the transitions between the different ordered phases are almost independent of χN. For
example, for PS-PI diblocks, the transitions were situated at the following PS volume
fractions: BCC < 0.17 < HEX < 0.28 < DG < LAM < 0.62 < DG < 0.66 < HEX <0.77 <
BCC.22a
For relatively high values of χN, the classical phases remain stable as opposed to the
more exotic ones. Theoretical extrapolations to χN = ∞ provide evidence for the order-order
transition from lamellar to cylindrical at a relative volume fraction of 0.310 and from cylinder
to sphere at a volume fraction of 0.105.32 In the strong segregation limit (SSL) the phase
boundaries are almost independent of χN.
Triblock copolymers composed of three different phases (ABC) form even more
complex structures,33 such as helical strands surrounding cylinders embedded in a continuous
matrix,34 or the so-called “knitting pattern”.35 Architecturally more complex nonlinear block
copolymers, such as star blocks and graft copolymers, also display a very diverse
morphological behavior.36
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2.2.2

IDENTIFICATION OF BLOCK COPOLYMER BULK MORPHOLOGIES

A few techniques have been used to study the bulk morphology of block copolymers.
Transmission electron microscopy (TEM) is a widely used tool to visualize the phase
separated nanodomains.37 An ultrathin sample slice (approximately 50 – 70 nm) is
microtomed and projected in an electron microscope. The contrast in TEM imaging of
diblock copolymers is due to differences in electron scattering power of the phases. Most
polymers have low atomic number atoms (organic polymers) and therefore the scattering
contrast is usually weak. In general, selective staining is necessary to obtain suitable contrast
in the TEM.38,39 Care must be taken concerning the identification of the morphology by TEM
experiments alone, since it is based only on the 2D projection of a 3D structure of a small
region of the sample.40

Figure 2.6 Phase diagram for conformationally symmetric diblock melts. Phases are labeled L (lamellar), H
(hexagonal cylinders), Q (cubic, bicontinuous gyroid Ia 3 d and bcc spheres Im 3 m), CPS (close-packed
spheres), and DIS (disordered). Figure was adopted from ref. 21.

X-ray diffraction identifies the lattice type and lattice parameters by their specific
Bragg-reflections. Diffraction is governed by the Bragg law:

λ = 2d hkl sin θ
where λ is the wavelength of the x-rays, dhkl is the spacing between the allowed reflecting
hkl-planes, where hkl are the Miller indices, and θ is half of the scattering angle 2θ.
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Typically, the x-ray wavelength is about 1.5 Å and the first reflecting hkl-planes are spaced
by approximately 30 nanometers. This implies that the scattering angles must be detected
from 2θ ~ 0.3º upwards, by so-called small-angle x-ray scattering (SAXS). SAXS data are
represented by plots of scattered intensity as a function of the scattering vector qhkl:
q hkl =

2π
4π sin θ
=
d hkl
λ

Each lattice type has a characteristic sequence of distances between the scattering planes.41
For a lamellar structure, the interdomain distance alam is equal to the d100 spacing, and the
following reflecting dh00 spacings are given by (h = 1, 2, 3, 4,...):
d h 00 =

a lam
h

This results in peak positions, relative to the first bragg-peak q100, at:
q h 00
= 1, 2, 3, 4 etc.
q100
For a morphology that consists of cylinders that are packed in a hexagonal lattice, the
interdomain distance ahex, and the reflecting dhk0 spacings are connected by:
d hk 0 =

a hex

(

4 2
h + hk + k 2
3

)

In this case the hk0-planes diffract for hk = 10, 11, 20, 21, 30,..., so the corresponding relative
peak positions will be at:
q hk 0
= 1, 3 , 4 , 7 , 9 , etc.
q100
The simple cubic and body-centered cubic lattices require seven well-developed peaks to be
distinguished. A cubic lattice type has interdomain distance acubic and dhkl spacings:
d hkl =

(h

a cubic
2

+k2 +l2

)

A bcc lattice type has allowed reflections for hkl = 110, 200, 211, 220, 310, 222, 321, 400,...
and will therefore display diffraction peaks at relative positions of:
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q hkl
= 1, 2 , 3 , 4 , 5 , 6 , 7
q100
For a simple cubic lattice, the allowed indices are hkl are 100, 110, 111, 200, 210, 211, 220,
300,... Therefore, the √7 reflection allows one to distinguish between the body-centered cubic
and the simple cubic structure, since for the simple cubic structure, the √7 reflection is absent.
For the more exotic double gyroid structure, the space group was determined to be Ia 3 d (Int.
tables no. 230).41 The first three allowed reflections are 211, 220, and 321, which result in
relative peak positions at √3, √4, and √10.23
From the specific peak reflections it is possible to accurately measure the dimensions
of the structure. Combining the structure and dimensions that are known from SAXS
measurements, together with the block copolymer composition, an accurate determination of
the individual domain sizes can be calculated. Due to the form factor of a single domain, the
intensity will display minimal values at corresponding positions (so-called particle scattering
profile).42 More specifically, the scattering intensity displays a minimum at qR equals 5.76
for spheres and 3.83 for cylinders respectively, where q is the scattering vector and R is the
radius of the sphere or cylinder.43
Finally, rheological measurements are often employed to observe order-order and
order-disorder transitions.44 The flow properties of block copolymer melts depend on the
state of order in the system. The order-disorder transition temperature (TODT) can be
identified from rheological measurements during a heating ramp. Going through TODT, the
dynamic elastic modulus displays a sharp decrease. Also, the frequency dependence of the
elastic and storage moduli gives valuable information concerning transitions. In the phaseseparated state, i.e. below TODT, the elastic modulus displays a somewhat limited (nonNewtonian) behavior (G’~ω0.5). Rheological experiments are also very useful to locate orderorder transitions, although they do not identify phases unambiguously. Some reports in the
literature, however, succeeded to assign a certain rheological “fingerprint” to defined
phases.28,29,45

2.2.3

CONFORMATIONAL ASYMMETRY

Most theories on microphase separated morphologies of diblock copolymers deal with
conformationally symmetric diblocks. Conformational asymmetry can arise from either
differences in densities, or in Kuhn lengths, or both. The asymmetry ratio ε, which
characterizes the conformational asymmetry of a system, can be defined by:46

ε=

fA fB
R g ,A

2

R g ,B

2

=

ρ 0 B bB

2

ρ 0 A bA

2
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In this equation f is the volume fraction, Rg is the radius of gyration, ρ0 is the density
of the pure component and b denotes the Kuhn segment length. Vavasour and Whitmore,47
and later Matsen and Schick,48 calculated the effect of conformational asymmetry on the
microphase diagram of diblock copolymers (see Figure 2.7). They found for a
conformationally asymmetric diblock that the order-disorder transition was virtually
unchanged with respect to a conformationally symmetric diblock, but all the order-order
boundaries were shifted toward the higher A content, in which A is the block with the larger
ρ0b2.

Figure 2.7 Phase diagram of a conformationally asymmetric diblock copolymer. Phases are labeled for
disordered (D), lamellar (L), gyroid (G), hexagonally packed cylinders (H), and spheres on a cubic lattice (C).
The figure was adopted from ref. 48.

The most investigated diblock system, poly(styrene-block-isoprene), displays a certain
asymmetry of the phase diagram with respect to the composition. Hasegawa et al.49 reported
the order-order transitions of PS-PI diblock copolymers for BCC - HEX - LAM - Tetrapod HEX - BCC to be located at PS volume fractions of approximately 0.18, 0.31, 0.61, 0.66 and
0.76, respectively. The order-order transitions were found to be asymmetric with respect to
the PS volume fraction. The shift of the order-order transitions was explained by
conformational asymmetry of the PS-PI diblocks. The authors considered that the tetrapodnetwork structure and the ordered bicontinuous double diamond (OBDD, space group Pn 3 m)
were essentially the same type of morphology. It must be noted that some structures
identified as OBDD may in fact have been double gyroid (DG) morphologies (space group
Ia 3 d).23,25
Pochan et al.50 investigated a series of conformationally asymmetric poly(isoprene-btert-butylmethacrylate) (PI-PtBMA) diblocks (ε ~ 0.75) in the strong segregation limit and
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compared their results with the theory. They found that the shift of phase boundaries to
higher volume fractions of PtBMA is consistent with the theory. However, they observed
PtBMA spheres up to a relatively large volume fraction of PtBMA compared to the theory.

2.2.4

HOMOPOLYMER/BLOCK COPOLYMER BLENDS

Another approach to explore the composition dependence of the morphology diagram
is to alter the composition by mixing homopolymer (hA) into the diblock copolymer (AB).51
Two different situations may occur when a homopolymer is blended into a diblock
copolymer. The components either can mix with preservation of the microdomains, or they
can demix leading to macrophase separation. If they mix, the addition of homopolymer
effectively swells the matching block of the copolymer and this may induce a phase
transition. The solubilization of the homopolymer in a block copolymer depends on the
relative molar mass α of the homopolymer to the molar mass of the corresponding block in
the copolymer (α = MA,homo / MA,diblock). Both theory52 and experiment53 have shown that this
ratio α is a crucial parameter for determining the topology of the phase diagram. If 1 > α >
0.5 the homopolymers swell the corresponding domains and are weakly segregated towards
the center of these domains. This case corresponds to the “dry brush” situation, where a free
chain cannot diffuse into domains of shorter chains grafted to a surface (here the interface
between the blocks), since the loss of conformational entropy is larger than the gain in
translational or mixing entropy.54 However, if α < 0.5 the homopolymers are much shorter
than their matching block and they distribute themselves more uniformly throughout the
domains (“wet brush” situation). Consequently, the homopolymer solubility for low α is
much higher compared to high α.

Figure 2.8 Schematic illustration of homopolymer distribution within a phase separated block copolymer for
relatively high (but still smaller than approximately 1) and low values of α (<0.5). Both situations lead to
selective swelling of the corresponding microdomain.

Extensive work on binary blends of polystyrene homopolymers with styrene-isoprene
diblocks or styrene-butadiene diblocks demonstrated the importance of the relative
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homopolymer molar mass and overall blend composition. The overall composition of the
blend mainly determines the final morphology and approximately matches the morphology in
neat diblocks at the same composition.53f-i
An important aspect about diblock/homopolymer blends found both in theory and
experiment is that the addition of homopolymer can stabilize new morphologies especially
between the lamellar and cylindrical phases. This is attributed to the relief of packing
frustration by the homopolymer. In neat diblocks, the junctions are placed on the interface
and pull the monomers near these junctions, thereby stretching them. The added
homopolymer will preferentially occupy regions in the domains, which would otherwise be
occupied by stretched chains of the corresponding block.

2.2.5

BLOCK COPOLYMER THIN FILMS

In thin films, the presence of a substrate and surface can induce orientation of the
structure,55 and can result in changes in domain dimensions or in phase transitions56,57 due to
preferential segregation of one of the blocks at the substrate or the surface.
If one block has a higher affinity for the substrate, it will exhibit preferential wetting,
resulting in an orientation of the phase separated domains parallel to the substrate.58 Similar
wetting will occur at the free surface, i.e. the block with the lower surface free energy will
enrich the surface.59 For symmetric block copolymers in unconfined films, the lamellae orient
parallel to the surface and substrate and a mismatch between the film thickness and lamellar
period results in the formation of holes or islands in thin films (the term “unconfined” was
used to indicate situations when the film has at least one free surface).60 This allows the
preferred blocks to be present at both the substrate and free surface, without changing the
equilibrium period of the lamellae (Figure 2.9).

Figure 2.9 Schematic illustration of a symmetric block copolymer thin film. The same block covers both the
substrate and the surface. By the formation of islands or holes, the preferred block can still be at the substrate
and surface although the thickness is not commensurate with the equilibrium spacing d.
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If the same block is present at both the substrate and the surface, the film thickness
must match nL0, and correspondingly, if opposite blocks are present at the substrate and
surface, the film thickness is quantified as (n+½)L0 (where n is an integer and L0 is the bulk
equilibrium period).61 This is for example the case for thin PS-b-PMMA copolymer films on
silicon substrates. PS will segregate at the film surface, due to its lower surface energy,
whereas PMMA has a higher affinity for the hydrophilic silicon substrate. If the initial
thickness of the film differs from the quantified thickness, islands or holes will form, as
illustrated in Figure 2.9. The lateral size and number of the islands depend on the initial film
thickness and annealing time. Such surface relief structures have been studied in detail.62
By confinement, holes and islands can not be formed. The lamellar period in confined
thin block copolymer films was found to deviate from the equilibrium bulk period as a
function of film thickness.63,64 There is in some cases, however, an extent to which the period
can increase or decrease to accommodate the thickness constraint. The frustration generated
within the film can lead to perpendicular orientation of lamellae.65,66 If the film thickness is
below the bulk equilibrium period, lateral structures are sometimes found even in unconfined
films.56,67,68 Perpendicular orientation of lamellae can also be obtained by balancing all
interfacial interactions, i.e. by making the substrate neutral to both blocks.69 The substrate can
be made neutral to both blocks by surface grafting of a random copolymer with the same
composition as the block copolymer. The domains in films that were confined between two
non-preferential surfaces were found to orient perpendicular to the substrate throughout the
entire film.70 In such structures, both blocks are present at the polymer-substrate interface.
Theoretical predictions71,72,73 and simulations74 have confirmed such observations.
The ordering in thin films of asymmetric block copolymers, with spherical or
cylindrical morphologies, has been investigated to a much smaller extent compared to
symmetric block copolymers. In a theoretical study, the surface induced ordering of a
cylindrical phase was treated.75 A lamellar region (covering layer) at the surface existed if the
surface tension difference between the two phases and the surface is above a certain critical
value. Suh et al.76 found theoretically that cylinders in triblock and diblock copolymers could
orient parallel or perpendicular in confined geometries, depending on the film thickness and
surface tensions. In films of asymmetric poly(styrene-block-butadiene) copolymers (PS-bPB) annealed without the presence of a substrate, a transition from the bulk cylindrical
morphology was observed as the film thickness decreased.77 A block copolymer that formed
PS cylinders transformed into an interlayer, penetrated by PB channels as the film thickness
decreased. A block with a PB cylindrical bulk structure formed PB spheres and thin PB
surface wetting layers in very thin films. This was induced by the surface segregation of the
lower surface tension PB component. For different PS-b-PB diblock compositions, the
morphology in thin film droplets of non-uniform thickness on carbon substrates was studied
by Henkee et al.78 Although there was no clear affinity for one of the two blocks to wet the
substrate, a parallel orientation was observed for spherical and cylindrical domains in a single
domain layer. For a spherical morphology, the domains oriented in a two dimensional
hexagonal packing. Adjacent layers consisted of hexagonally packed arrays of spheres were
stacked onto each other in a fashion so that the spheres in the upper layer are located over the

25

Chapter 2

interstitial sites of the lower layer. Cylindrical domains arranged themselves also parallel to
the surface, with transversely shifted adjacent layers. The morphology of spherical and
cylindrical PS-b-PB and PS-b-PI copolymer thin films on silicon wafers was investigated by
Harrison et al.79 The authors combined reactive ion etching (RIE) and high resolution
scanning electron microscopy (HRSEM) to visualize thin block copolymer films at various
depths. In a single domain layer, the cylinders were oriented parallel to the substrate, which
was wetted by a layer of PB. The wetting of the silicon by the PB was ascribed to the lower
interfacial tension between unsaturated hydrocarbons and a polar substrate, compared to
aromatic hydrocarbons and a polar substrate.80 In a monolayer of spheres, the domains were
arranged in a hexagonal lattice, also parallel to the substrate. Both the spherical and
cylindrical films formed islands and holes, if the initial film thickness was not compatible
with the domain spacing. Along the edges of islands and holes in a cylindrical film the
authors observed hexagonally packed spheres. In these regions, that are slightly thinner than
the monolayer thickness, the PB wetting layers were depleting the PB in the interior of the
film and this drove the morphology to an effectively lower PB concentration, producing PB
spheres. Liu et al.81 studied the morphology of both cylindrical di- and triblock copolymers,
consisting of deuterated poly(styrene) (dPS) and poly(vinylpyridine) (PVP). Uniform films
were prepared by spin-casting from toluene solution onto native oxide covered silicon wafers.
Due to the strong interaction between the substrate and the PVP block, the substrate was
preferentially wetted by the PVP block, even though it was present in the minority phase. The
authors concluded that also asymmetric diblock copolymers may orient parallel to a surface.
The formation of islands was not observed for the diblock copolymer films even after
annealing for five days in contrast to the triblock copolymer films. Yokoyama et al.82 studied
thin films of asymmetric PS-b-PVP copolymers and found that the minority PVP phase
preferentially absorbed at the silicon substrate. This block copolymer displayed a spherical
morphology in the bulk and the (110) planes were oriented parallel to the substrate in thin
films, up to 5 layers from the substrate. Island and hole formation was also observed in their
films, indicating a high degree of ordering in the direction perpendicular to the substrate. The
ordering in asymmetric diblock copolymer films, consisting of poly(ethylenepropyleneblock-ethylethylene) (PEP-b-PEE) was investigated by using neutron reflectivity and phase
contrast microscopy.83 The PEE minority phase segregated at both the substrate and the
surface. Island formation was not observed for any thickness. The lattice distortions in the
bulk of these films and the formation of a wetting surface layer did not favor the creation of
islands and holes.
Thin block copolymer films have been studied using several techniques. Visualization
techniques include atomic force microscopy (AFM), scanning electron microscopy (SEM),84
and transmission electron microscopy (TEM). Atomic force microscopy is particularly useful
to study block copolymer thin films since only minimal sample preparation is required.85 The
reduction of lateral forces can be accomplished by using tapping mode, so even soft polymer
films can be imaged. In tapping mode, the cantilever is resonated near its resonance
frequency. When the tip is scanning the surface, the amplitude can be kept constant. The
phase shift of the cantilever’s frequency is used to obtain a so-called phase image.86 The
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contrast in phase images is due to mechanical interaction by the different phases and for
visualization of the phase separation in thin copolymer films, phase images often give good
contrast.87,88 The disadvantage of performing atomic force microscopy on block copolymer
samples is that only information about the surface structure can be obtained.
Secondary Ion Mass Spectrometry (SIMS) is a surface characterization technique that
gives in-depth information about the atomic composition in thin films. While an ion gun, e.g.
Ar+ ion gun, is sputtering and ionizing particles of the sample upon surface bombardment, the
energy of the incident ions is dissipated in a series of collisions and secondary ions from the
sample are emitted. A mass spectrometer detects the ions that have been removed.
Thin film layer systems are often investigated by x-ray or neutron specular
reflectivity. The reflected intensity is determined by the thickness dj, the interfacial roughness
σj and the density ρj of the layer denoted by j.89 For x-rays the ρj densities correspond to the
electron densities and for neutrons to the scattering length density of the nuclei, respectively.
An arbitrary density profile ρ(z) perpendicular to the sample surface will result in a reflected
intensity I(qz) given by the Born approximation:90
I (q z ) ≈

1
qz

4

dρ (z )
∫ dz exp(− iq z z )dz

2

where qz = (4π sinθ)/λ is the wave vector transfer, λ is the wavelength of the radiation and θ
corresponds to the incident angle with respect to the surface. The calculated scattering spectra
can be compared with the experimental data, and after optimization a density depth profile
can be obtained. Very recently, a new Fourier method has been developed for the analysis of
x-ray reflectivity data from low contrast polymer systems.91 This technique was used to
profile the system of interest in this thesis as will be described later.

2.3

Surface Treatment of Polymers

Plasma processes have become important industrial processes in modifying polymer
surfaces. Phenomena such as wetting, adhesion, and thin film stability are important factors
for their applications. Therefore, surface treatment of polymers and substrates is of
substantial interest. Generally, a plasma can be defined as a gas containing a variety of
species including: electrons, positive ions, negative ions, radicals, atoms, and other
molecules. To produce a plasma, an energy source is required to produce ionization of the
feed gas.
Plasma etching can proceed by physical sputtering or chemical reaction and ionassisted mechanisms (Figure 2.10).92 Chemical etching refers to the chemical reactions that
take place between the active plasma species and the surface of interest. After absorption of
the reactive species, the reaction takes place and the product desorbs from the surface. Purely
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chemical etching has therefore no preferential direction, which leads to isotropic etching. Ion
enhanced plasma etching, on the other hand, produces an anisotropic profile. An electrical
field makes the ions in the plasma strike the surface almost at normal incidence. The ion
bombardment accelerates the reaction in the direction of incidence so that etching occurs
anisotropic (Ion-enhanced energetic). A second class of ion enhanced plasma etching requires
an etchant and an inhibitor (Ion-enhanced protective). The inhibitor forms a thin protective
layer on the surface. Chemical etching can then only occur at places that have been disrupted
by the bombarding ions. Since vertical surfaces see little or no ion bombardment the ionenhanced etching results in anisotropic profiles. Physical etching occurs due to the
bombardment of positive ions. The positive ions are accelerated towards the surface, and
break bonds upon impact, which results in physical etching. Since this sputter etching is
purely physical it is least selective.

Figure 2.10 Basic mechanisms of plasma etching: 1. Sputtering - ion bombardment physically removes
material. 2. Chemical – neutral radicals react with the surface and a volatile reaction product is formed. 3. Ionenhanced energetic – impinging ions increase the reactivity of the surface so chemical reactions can take place
to form volatile products. 4. Ion-enhanced protective – a film forms on the surface that acts as a barrier to the
etchant. The ion bombardment disrupts the protective film and allows the chemical etching. Figure was obtained
from ref. 92.

Which plasma etching mechanisms take place depends on a large number of
variables, such as plasma gas, pressure, reactor design, and substrate.93 The most important
parameters in etching are etch rate, selectivity, and anisotropy.94 Selectivity is defined as the
etch rate ratio between the material which is to be etched and the material which is not to be
removed (e.g. the masking layer) and anisotropy is related to the directionality of etching.
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Polymer resists in the lithographic industry are being developed for smaller and
smaller feature sizes. Organic polymers are known to oxidize rapidly while silicon containing
polymers form an etch resistant oxide layer when exposed to an oxygen plasma.95 The
competition between the oxide formation and the oxide removal by ion sputtering results in
relatively low etching rates compared to organic polymers. Selective silylation of exposed
areas in polymer resist films will therefore be developable in oxygen plasmas.96 Also other
inorganic components, such as tin,97,98 germanium,99 or titanium,100 have been employed to
enhance the etch resistance in oxygen plasmas. Another approach combines etch resistance of
inorganic or organometallic polymers with the sensitivity of organic polymers in so-called
multilevel resists. 101,102 Organometallic materials have been employed for direct writing
methods in lithographic applications, as well. Direct writing of metallic features is possible
by irradiating thin films of organometallic materials with highly focussed charged particle
beams.103
X-ray Photoelectron Spectroscopy (XPS) is a powerful technique for studying the
chemical composition of surfaces. A sample surface is irradiated with x-ray photons that
interact with an inner shell electron of an atom. The energy from the photon is then
completely transferred to the electron. It the transferred energy is larger than the binding
energy of the electron, the electron will be ejected from the atom. Only electrons that are not
reabsorbed in the material and escape the sample are detected (typically less than 10 nm
depth, depending on the angle of take off). The kinetic energy of the photoelectrons (Ek) that
are emitted from the sample surface is determined by the difference between the x-ray photon
energy (hν) and the binding energy of the emitted inner shell electron (Eb). The binding
energy of a particular shell of an atom is unique for each element.
E b = hν − E k
Electrons from all orbitals with a binding energy less than the x-ray photon energy
can be excited. In a so-called survey spectrum, the photoelectron binding energies can readily
be identified. A high resolution scan even allows one to detect small shifts in these binding
energies and can therefore give information about the chemical environment of the atom.
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Synthesis, Characterization and Thermal Properties
of Ferrocenyldimethylsilane Polymers, Obtained by
Anionic Ring-Opening Polymerization#
Well-defined ferrocenyldimethylsilane homopolymers were obtained via
anionic ring-opening polymerization. The thermal behavior and morphology
of these materials was studied using differential scanning calorimetry (DSC),
temperature dependent wide- and small-angle x-ray scattering (WAXS and
SAXS), and atomic force microscopy (AFM). The isothermal crystallization
kinetics were analyzed in terms of the Avrami equation. The value of the
Avrami exponent was approximately 3 for the majority of samples and
crystallization temperatures. Hedrites (immature spherulites) were formed at
low undercooling whereas at high levels of undercooling mature, well
developed spherulites were observed with small hedritic features in their
center. The melting enthalpy for a 100% crystalline polymer was estimated to
be 35 J/g from DSC and x-ray diffraction data obtained by using specimens
with different degrees of crystallinity. All polymers investigated showed
multiple melting endotherms upon heating after isothermal crystallization,
which was ascribed to a melting-recrystallization process. The semicrystalline polymers showed a melting behavior as described by the HoffmanWeeks equation, leading to an equilibrium melting temperature of 143 oC.

3.1

Introduction

Since the 1970’s, poly(ferrocenylsilanes) were made accessible via a condensation
polymerization of dilithioferrocene and dichlorodialkylsilane.1 However, the recent discovery
of the ring-opening polymerization (ROP) of silicon bridged ferrocenophane2 has increased
#

Parts of the work described in this Chapter was published: (a) R. G. H. Lammertink, M. A. Hempenius, I.
Manners, G. J. Vancso, Macromolecules 1998, 31, 795. (b) R. G. H. Lammertink, M. A. Hempenius, G. J.
Vancso, Macromol. Chem. Phys. 1998, 199, 2141. (c) M. A. Hempenius, R. G. H. Lammertink, G. J. Vancso,
Macromol. Symp. 1998, 127, 161.
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the opportunities for the tailoring of poly(ferrocenylsilanes). For example, thermal ROP and
γ-irradiation3 in the solid state produces high molar mass poly(ferrocenylsilanes). Transitionmetal catalyzed4 ROP allows for the synthesis of regioregular poly(ferrocenylsilanes).
Anionic polymerization leads to poly(ferrocenylsilanes) with controlled molar masses and
low polydispersities.5 Using these methods, a range of novel polymers have been synthesized,
featuring the following variations: substituents on silicon,6 number and type of bridging
atoms,7 and substituents on the cyclopentadienyl rings.8 This chapter describes the thermal
behavior and morphology of a series of well-defined poly(ferrocenyldimethylsilanes),
prepared via anionic ring-opening polymerization.

3.2

Synthesis and Characterization of Poly(ferrocenylsilane)

1,1’-Dimethylsilylferrocenophane was prepared as described earlier9 and purified by
sequential dissolution in heptane followed by vacuum sublimation. The monomer was
obtained in approximately 70% yield.
Polymerizations of 1,1’-dimethylsilylferrocenophane were carried out in THF using
n-butyllithium as the initiator. The living polymerization was terminated by the addition of a
few drops of methanol (Chart 3.1). The polymers were precipitated in methanol and dried
under vacuum.
Li

n-BuLi

Cl2SiMe2

Fe

Fe

Fe

Fe

Si

CH3

CH3
CH3

Li

CH3

Si

H

1. n-BuLi
2. MeOH

CH3
n-Bu

Fe

Si
CH3

Chart 3.1 Preparation and anionic ring-opening polymerization of dimethylsilyl bridged ferrocenophane.
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Figure 3.1 1H-NMR spectra of 1,1’-dimethylsilylferrocenophane (indicated as monomer in the spectrum) and of
poly(ferrocenyldimethylsilane) (indicated as polymer). The peaks are labeled according to the labels in the
structures. In the spectrum of the polymer, the arrow indicates the unsubstituted terminal cyclopentadienyl ring
(end-Cp).
1

H-NMR spectra of the monomer and the polymer in deuterated chloroform are
shown in Figure 3.1. In order to characterize the molar mass distribution function, GPC
experiments were performed on polymers dissolved in THF. The GPC traces showed narrow
molar mass distributions as expected for anionic polymerization. The characteristics of the
polymers are shown in Table 3.1. The molar mass of the polymer with the lowest degree of
polymerization was also estimated by end group analysis using 1H-NMR. In the NMR spectra
in Figure 3.1 the unsubstituted cyclopentadienyl of the terminal ferrocene unit is indicated by
an arrow. The polymers are indicated as PFS, followed by their approximate degree of
polymerization. A reasonable agreement exists between the molar mass according to GPC
(using a polystyrene calibration curve) and 1H-NMR for specimen PFS-25. Also, the molar
masses estimated from the ratio of monomer to initiator agree within 10% from the values
obtained by GPC.
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Table 3.1 Characteristics of the poly(ferrocenyldimethylsilanes) used in this study.a

PFS-25
PFS-50
PFS-100
PFS-200
PFS-350

Mn
[g/mol]
6500, 5800b
11400
24200
44900
76700

Mw
[g/mol]
7100
12500
26200
49500
87100

a

GPC in THF using polystyrene calibration curves.

b

Determined by end group analysis using 1H-NMR.

Mw/Mn
1.09
1.09
1.09
1.10
1.14

3.3

Thermal Properties of Poly(ferrocenyldimethylsilanes)

3.3.1

GLASS TRANSITION

The glass transition temperatures (Tg), determined with DSC on quenched samples at
10 K/min, heat capacity values (∆Cp) at Tg, and the crystallization enthalpies (∆Hc) of the
poly(ferrocenyldimethylsilanes) with different molar mass are given in Table 3.2.
Table 3.2 Thermal data of the poly(ferrocenylsilanes).

PFS-25
PFS-50
PFS-100
PFS-200
PFS-350

Tg
[°C]
22.4
25.7
28.0
31.0
31.3

∆Cp
[J/gK]
0.15
0.16
0.16
0.18
0.17

∆Hc
[J/g]
14.7
14.2
12.6
10.0
7.7

Due to the excess free volume associated with the chain ends, the value of Tg depends
on the number average molar mass Mn. According to Flory,10 the value of Tg is proportional
to 1/Mn. For many polymer systems a better fit can be obtained using O’Driscoll’s equation.
According to O’Driscoll, the Tg can be described as:11
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T g = T g,∞ −

K
Mn

2/ 3

In this equation, Tg,∞ is the glass transition temperature of the polymer with infinite molar
mass, and the polymer dependent constant K is related to the excess free volume at the chain
ends. For poly(ferrocenyldimethylsilanes), this results in an extrapolated Tg,∞ value of 33.5 °C
(see Figure 3.2). This value agrees well with the glass transition temperature of 33 °C
observed for high molar mass poly(ferrocenyldimethylsilane), prepared by thermal
polymerization.6 A fit of our data to O’Driscoll’s equation resulted in a regression coefficient
of 0.991, as opposed to the regression coefficient of 0.981 for the 1/Mn fit.

34
32
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Tg [ C]
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Figure 3.2 Tg as a function of Mn-2/3 for poly(ferrocenyldimethylsilane). The line represents a fit according to
the equation of O’Driscoll.11

The values of the crystallization enthalpies ∆Hc, determined from the crystallization
exotherm during slow cooling are given in Table 3.2. Cooling scans showed a single
exotherm from which accurate ∆Hc values could be obtained. On the other hand, it was not
possible to obtain meaningful ∆Hm values from heating scans as these displayed multiple
endotherms (see later in this chapter). The magnitude of the crystallization enthalpies
decreased with increasing molar masses.
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3.3.2

CRYSTALLIZATION KINETICS

The isothermal crystallization process was monitored in time at different
crystallization temperatures. Figure 3.3 shows the exothermic heat flow signal of the three
samples crystallized at 90 °C as measured by DSC (PFS-200 and PFS-350 could not be
monitored accurately due to slow crystallization kinetics). The magnitude of the exothermic
heat flow was approximately constant for each polymer at different temperatures.

< Exo

PFS-100
PFS-50

PFS-25
0

5

10

15

20

25

30

Time [minutes]
Figure 3.3 Isothermal crystallization exotherms at 90 °C of PFS homopolymers.

It is obvious from Figure 3.3 that the lower molar mass results in faster completion of
the crystallization process. Values of the exothermic area at time t and the total exothermic
area can be obtained from the DSC heat flow signal. The relative completion of the
crystallization, Xt, can be determined as a function of time as the ratio between the
exothermic area at time t and the heat flow of the complete process. The results obtained
were analyzed by using the Avrami equation:12

(

X t = 1 − exp − K (t − t 0 ) n

)

where Xt is the relative conversion of the crystallization process at time t, K is a constant
which accounts for the growth rate, nucleation rate, and temperature terms, t0 is the point in
time at which crystallization begins, and n is the Avrami exponent which characterizes the
type of growing structure and nucleation mechanism. For every sample and temperature, t0
was taken as the time at which the onset of the crystallization exotherm occurred. The
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linearized form of the Avrami equation, log(-ln(1-Xt)) vs. log(t-t0), was plotted for all samples
at different crystallization temperatures. Figure 3.4 displays Avrami plots for all three
samples at 90 °C.

1.0

PFS-25
PFS-50
PFS-100

0.5

log(-ln(1-Xt))

0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
-3.5
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

log(t-t0)
Figure 3.4 Avrami plots for PFS homopolymers.

Table 3.3 Results on the Avrami analysis of the isothermal crystallization of poly(ferrocenyldimethylsilanes).

PFS-25

PFS-50

PFS-100

TC
[°C]
80
85
90
95
85
90
95
100
90
95
100
105

n
3.1
2.9
3.0
3.4
3.1
2.9
3.0
2.9
3.0
3.1
3.7
3.8

average n

3.1 ± 0.2

3.0 ± 0.1

3.4 ± 0.4

K (10-3)
[min-n]
2.25
5.21
3.83
1.14
1.28
3.75
4.47
2.31
0.56
0.83
0.10
0.08

t½
[min]
6.47
5.53
5.53
6.70
7.47
6.09
5.50
7.05
11.0
8.79
10.6
10.7

The results of the Avrami analysis, including the crystallization temperatures, the
corresponding (and the average) Avrami exponents n, the value of the constant K in the
Avrami equation, and the half-time of crystallization t½ are given in Table 3.3. An average
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Avrami exponent of approximately 3 suggests simultaneous nucleation followed by threedimensional growth.13
A significantly higher value for the Avrami exponent was obtained only for PFS-100
at 100 and 105 °C compared with the rest of the samples and temperatures studied. This
might indicate that mixed nucleation modes are operative. The evaluation of crystallization
kinetics can also be influenced by the accuracy of the determination of the heat of
crystallization and the choice of the starting point, t0, of the phase transition.14 The
aforementioned deviations of the Avrami exponent found for PFS-100 seem to be beyond the
experimental error.
The rate of crystallization can be expressed by the inverse of the half-time of
crystallization, t½, which is the time needed for development of 50% of the final
crystallinity:13

t1

2

 ln 2 
=

 K 

1

n

A distinct crystallization temperature exists for each polymer at which the growth rate
has a maximum and thus the t½ value exhibits a minimum. For PFS-25 this temperature is
between 85 and 90 °C; and for PFS-50 and PFS-100 the corresponding value is located
around 95 °C. A slightly lower optimal crystallization temperature for PFS-25 is probably
caused by the lower melting temperature due to dilution by end-groups.

3.3.3

MORPHOLOGY OF MELT-CRYSTALLIZED POLY(FERROCENYLSILANE)

The morphology of PFS-100 was studied by means of AFM on melt crystallized
samples. According to the Avrami exponent (approximately 3) we can expect a spherulitic
superstructure for this polymer when crystallized at 90 or 95 °C. Figure 3.5 A displays an
AFM image of PFS-100 which was crystallized isothermally at 90 °C. Mature spherulites
with small hedritic cores in the centers can be observed. Note the straight lines of intersection
between neighboring spherulites on impingement (Figure 3.5 A), which suggest simultaneous
nucleation. This is in agreement with the proposed mechanism indicated by the Avrami
exponents.
Figure 3.5 B displays an AFM image of PFS-100, crystallized at 105 °C. Non-mature
spherulites exhibiting hedritic features are observed. In general, hedrites transform into
spherulitic morphologies at more mature stages of crystallization.15
The connection between the appearance of spherulites or hedrites and crystallization
temperature has been observed for other polymers, as well.16 At lower crystallization
temperatures, the smaller “hedritic” cores and higher branching density allow for the
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formation of a mature spherulite. At higher crystallization temperatures these hedrites
impinge before they develop into spherulites.

Figure 3.5 AFM images (deflection) of PFS-100, isothermally crystallized at 90 °C (A) and at 105 °C (B).
According to the Avrami analysis, the exponent is higher at 105 °C (Table 3.3).

If DSC is used to determine the percent crystallinity of a polymer, then the heat of
fusion of the 100% crystalline material, ∆Hm,100%, must be known. The value can of ∆Hm,100%
can e.g. be determined by measuring the heat of fusion, ∆Hm, of a series of samples with
different degrees of crystallinity. These ∆Hm values can be correlated with the weight fraction
of crystallinity for the given sample, determined from wide-angle x-ray scattering (WAXS)
by comparing the integrated crystalline and amorphous diffracted x-ray intensities.17 We
followed this approach and determined ∆Hm for poly(ferrocenyldimethylsilane) assuming a
value of 1 for the WAXS correction factor which takes into account differences in the
scattering power for the amorphous and crystalline phases for a given angular range of
diffraction. In our analysis we also assumed equality for the values of the heat of
crystallization and the heat of fusion for a given specimen.
Figure 3.6 shows the WAXS patterns for PFS-25 after isothermal crystallization at 90
°C for different times in the DSC apparatus. One strong reflection evolves at 6.06 Å (2 theta
= 14.6°) and a weaker one at 6.75 Å (2 theta = 13.1°).
The degree of crystallinity can be determined from the x-ray diffraction spectra using
the following equation:
Cryst.% =

ASC − AA
⋅100%
ASC

where ASC is the area under the semi-crystalline WAXS pattern (Figure 3.6 b-e) and AA is the
area under the amorphous WAXS pattern (Figure 3.6 a). The different crystallization times
correspond to different heats of crystallization, as can be determined form the isothermal
crystallization exotherms (see Figure 3.3).
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Figure 3.6 WAXS pattern of PFS-25 after isothermal crystallization at 90 °C for (a) 0 min, (b) 6 min, (c) 8 min,
(d) 12 min, and (e) 15 min.

Figure 3.7 displays the fusion enthalpy (taken to be equal to the heat of
crystallization) as a function of the degree of crystallinity as determined by WAXS
experiments for PFS-25. From this plot the fusion enthalpy of a 100 % crystalline polymer
can be extrapolated to approximately 35 J/g.
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Figure 3.7 Enthalpy of fusion vs. crystallinity as estimated by WAXS measurements. The line represents a
linear fit that was extrapolated to 100% crystallinity.
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3.3.4 MELTING BEHAVIOR OF POLY(FERROCENYLSILANES)
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Figure 3.8 DSC scans (heat flow versus temperature) obtained at a scan rate of 10 K/min. Samples were
crystallized isothermally at temperatures indicated on the figure: (a) PFS-25, (b) PFS-50, (c) PFS-100, (d) PFS200, (e) PFS-350. Sample characteristics are shown in Table 3.1.
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Figure 3.8 shows the DSC heating traces for all polymers after isothermal
crystallization at different temperatures. Before isothermal crystallization, the samples were
kept in the melt for 5 minutes in order to erase any thermal history. After heating, the
specimens were quenched (300 K/min) to the crystallization temperature indicated in the
figures. After completion of the crystallization process, the corresponding heating trace was
recorded starting directly from the crystallization temperature.
The heating scans display multiple melting transitions. Although such transitions are
frequently observed in DSC experiments, their origins are not always well understood.
Several models have been proposed in the literature. These include dual lamellar thickness
models,18 melting recrystallization models,19and physical aging models.20
In the heating traces of all polymers, two types of transitions indicated by I and II in
the figures can be distinguished. The isothermal crystallization temperature does not affect
the position of peak II. In contrast, peaks of type I do depend on the crystallization
temperature and shift to higher temperatures when a higher crystallization temperature was
applied. A crystallization exotherm following transition I can be observed for samples PFS25, PFS-50 and PFS-100 (see Figure 3.8 a, b, and c).

I
II

Endo >

a

b
c
100

110

120

130

140

150

o

Temperature [ C]
Figure 3.9 Irreversible melting illustrated for PFS-25: (a) melting after isothermal crystallization at 90 °C; (b)
melting as in part (a) but scanned to 125 °C; (c) crystallization at 90 °C after scan (b).

A striking feature on the DSC traces is that peak I is a result of an irreversible
transition, as shown in Figure 3.9 for PFS-25. Scan (a) was taken up to 150 °C after the
sample was crystallized at 90 °C. Scan (b) was recorded following the same thermal
treatment, but was only obtained by scanning to a temperature of 125 °C. The sample was
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then cooled to 90 °C, was allowed to crystallize, and then reheated (scan (c)). Scan (c) shows
that peak I completely disappeared due to the irreversible transition. Peak I can only be
formed again after complete melting and crystallization.
From these results it can be concluded that a structural reorganization process occurs
during the DSC scan. This was also confirmed by the observation that the enthalpy of peak II
becomes smaller when higher scanning rates are applied, thus not allowing the sample to
sufficiently reorganize. Similar reorganization processes are known for polymers including
PET,21 PEEK22 and PE.23 For these polymers it was found that peak I represents the melting
point of the original crystals which are present prior to the first heating scan. Peak II was
ascribed to the melting of reorganized crystals formed from the original crystals during
heating.
The position of peak I (i.e. the temperature at which the reorganization occurs)
depends on the crystallization temperature. For example, in Figure 3.8 a, a sample of PFS-25
is crystallized at 80 °C, then partially melts and recrystallizes at approximately 112 °C (peak
I). This recrystallization temperature is still low enough to allow for the formation of a
structure which melts at a temperature lower than the final melting temperature (peak II),
giving rise to an additional peak, visible as a shoulder, at the lower temperature side of peak
II. If on the other hand, the sample is crystallized at 95 °C, recrystallization occurs at 120 °C
(peak I), and the final melting transition occurs as a single peak II. At 120 °C, the
supercooling is small enough to allow formation of the most stable structure.
The same dual melting behavior is observed for PFS-50 (Figure 3.8 b) and PFS-100
(Figure 3.8 c), but the transitions occur at slightly higher temperatures. (This may be due to
the less pronounced diluting effect of the n-butyl end-groups). The shoulder in peak II is not
visible, but the endotherm becomes broader at lower recrystallization temperatures. The
higher molar mass polymer, PFS-200 (Figure 3.8 d), displays an analogous behavior. Its DSC
trace exhibits multiple transitions. The position of the lower temperature transitions depends
on the crystallization temperature (type I) whereas a final melting endotherm remains at a
constant temperature (type II). The members with lower molar mass, PFS-25, PFS-50 and
PFS-100, display one melting transition followed by recrystallization. The higher polymer,
PFS-200, showed additional melting endotherms. PFS-350 (Figure 3.8 e) exhibits a melting
behavior similar to PFS-200. Its type I transitions are crystallization temperature dependent
as expected. The final peak II, only visible as a shoulder, is positioned at a constant
temperature.
The position of peak I depends linearly on the crystallization temperature for all
polymers. Its position may be influenced by the presence of the recrystallization exotherm.24
It appears, however, that the position of peak I is not affected to a great extent by the
recrystallization exotherm since the enthalpy of peak I hardly changes when higher scanning
rates are applied. The position of peak I, Tm, can be described by the Hoffman-Weeks
equation:25
Tm =

Tm0 (2 β − 1) + Tc
2β
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in which Tm is the observed melting temperature, Tc the isothermal crystallization
temperature, Tm0 the extrapolated equilibrium melting temperature, and β is the fold length in
terms of primary, homogeneous nuclei. Figure 3.10 shows the Hoffman-Weeks plots for all
polymers studied in this work using the position of the first peak I transition upon heating as
Tm. This peak was chosen because the transition belongs to the melting of the original
crystals formed during the isothermal crystallization.
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Figure 3.10 Hoffman-Weeks25 plot of melting temperature
poly(ferrocenyldimethylsilanes) with different chain lengths.
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From the intersect Tm = Tc = Tm0, the equilibrium melting temperature could be
determined. For all polymers, except for PFS-25 (Tm0 = 139 °C), an equilibrium melting
temperature of 143 °C was found.
Previously, Manners et al.26 reported on the melting points of oligomers of ferrocenyldimethylsilanes that have 2 to 9 repeat units. These authors found that the melting point
displayed an “odd-even” effect and converged to 145 °C. This is in close agreement with the
equilibrium melting temperature found for the polymers described here, but is significantly
higher than the previously reported melting temperature of 122 °C of high molar mass
poly(ferrocenyldimethylsilane).6a
Figure 3.11 shows the long-period L (thickness of a crystalline lamella and an
amorphous layer) of PFS-25 as a function of temperature after isothermal crystallization at 90
°C, deduced from the maximum of the SAXS intensity peak using Bragg’s law. In Figure
3.11 the temperatures of the transition I and II, respectively, as determined on the DSC
thermogram (see Figure 3.8 a), are also shown. The average long-period increases from about
13 nm to 15.5 nm in the temperature range of our experiments.
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The observed increase in the long-period (SAXS), in association with findings from
DSC, WAXS and AFM suggests that it is a lamellar thickness transformation which accounts
for the multiple endotherms observed in the DSC experiments. This is due to thin lamellae
formed at high degrees of supercooling resulting in the first melting endotherm (type I) upon
heating. Subsequently, recrystallization occurs when these thin lamellae melt. Since a large
number of nuclei are still present up to the equilibrium melting temperature, the
recrystallization occurs very rapidly, leading to thicker lamellae. These thicker lamellae melt
at a higher temperature resulting in the second endotherm (type II).
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Figure 3.11 Long-period as a function of temperature for PFS-25 after isothermal crystallization at 90 °C.

3.4

Conclusions

The melting and crystallization behavior and morphology of a series of anionically
prepared poly(ferrocenyldimethylsilanes) is described. Isothermal crystallization kinetics
were analyzed in terms of the Avrami equation and the Avrami exponents were found to be
approximately three for all studied temperatures. Some deviations were found for PFS-100 at
relatively high crystallization temperatures. Furthermore, it was found that at relatively low
undercooling, hedrites were formed rather than spherulites. The melting enthalpy of a 100%
crystalline poly(ferrocenyldimethylsilane) was estimated to be 35 J/g, as was obtained from
x-ray scattering and DSC measurements on a series of polymers with different degrees of
crystallinity. The multiple melting endotherms that were observed in DSC heating scans were
ascribed to a lamellar reorganization process that occurs during the experiment. The observed
melting temperatures of crystals formed during isothermal crystallization could be described
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by the Hoffman-Weeks equation. The equilibrium melting temperature of poly(ferrocenyldimethylsilane) at 143 °C was obtained by extrapolation. During small angle X-ray scattering
experiments there was an increase observed in the long period upon heating through the type
I endotherm. From these findings it was concluded that thinner lamellae, which are formed
during isothermal crystallization, melt upon heating (peak I) and recrystallize into thicker
lamellae. The thicker lamellae then melt at a higher temperature, giving rise to a second
endotherm (peak II).

3.5

Experimental

N,N,N’,N’-Tetramethylethylenediamine (TMEDA), ferrocene, dichlorodimethylsilane
and n-butyllithium were purchased from Aldrich. TMEDA was distilled from sodium, and
ferrocene was Soxhlet extracted with cyclohexane prior to use. Dimethylsilylferrocenophane
was prepared as described earlier.9 Polymerization was carried out in THF in a glovebox
purged with prepurified nitrogen. n-Butyllithium was used as initiator, and the reaction was
terminated after 2 hours by adding a few drops of methanol. The polymers were precipitated
twice in methanol and dried in vacuo.
1
H NMR spectra were recorded in deuterated chloroform using a Bruker AC 250
spectrometer that was operated at 250.1 MHz.
GPC measurements were carried out in THF using microstyragel columns with pore
sizes of 105, 104, 103 and 106 Å (Waters) equipped with a dual detection system consisting of
a differential refractometer (Waters model 410) and a differential viscometer (Viscotek
model H502). The molar masses were referenced to a polystyrene calibration curve.
A Perkin-Elmer DSC-7 equipped with a PE-7700 computer using TAS-7 software
was used for thermal analysis. In DSC experiments, unless otherwise reported, a scan rate of
10 K/min was employed. Tg values quoted in this study correspond to the inflection point at
the heat capacity change as determined by the software of the equipment used. Melting
temperatures were taken from the peak maximum. Isothermal crystallization experiments
were performed by quenching (300 K/min) the samples from the melt to a selected holding
temperature. When crystallization was complete, the thermograms were recorded starting
from the holding temperature.
Wide angle X-ray scattering (WAXS) patterns were recorded by a Siemens D500
diffractometer equipped with a water cooled hot stage. A CuKα x-ray source (λ = 1.542 Å)
was used. The samples were melted on an aluminum plate, isothermally crystallized, and
examined in reflection mode. The angle of diffraction, 2-theta, ranged from 5 to 30 °. A step
size of 0.1 ° with a collection time of 12 s for each step was used. For crystallinity
determination a Philips X’Pert-1 set-up using a Cu Kα x-ray source (λ = 1.542 Å) was used.
2 Theta step sizes of 0.04 ° were taken. The specimens for WAXS measurements were
rapidly cooled from the melt and isothermally crystallized at 90 °C for different times in the
DSC. After a certain crystallization time, the sample was quenched (300 K/min) to room
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temperature. The value of the heat of crystallization, ∆Hm, was taken from the isothermal
crystallization exotherm. Samples were removed from DSC cups and pressed to pellets for
WAXS measurements.
Small angle X-ray scattering (SAXS) experiments were performed using a Kratky
camera (Paar, Graz) in vacuo and a CuKα source (λ = 1.542 Å). A water cooled hot stage
controlled temperatures up to 300 °C with an accuracy of 0.4 °C. Thin samples of about 150
µm were pressed under 3 kN at 50 °C and slowly heated under vacuum inside the SAXS
camera. From the melt the sample was cooled to the desired crystallization temperature, and
the SAXS experiments were started. Measurements were performed at temperatures ranging
from 90 to 160 °C.
Atomic force microscopy (AFM) images were taken in air using a NanoScope III
(Digital Instruments) equipped with a J scanner. The scans were carried out in contact mode
utilizing a NanoProbe 100 µm triangular Si3N4 cantilever with a quoted spring constant of
0.38 N/m. Samples for AFM investigations were crystallized with a free surface in a Mettler
FP82 hotstage.
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Reactive Ion Etching of Poly(ferrocenylsilanes)

&KDSWHU
Poly(ferrocenyldimethylsilanes) for Reactive Ion
Etch Barrier Applications#
The behavior of poly(ferrocenyldimethylsilane) (PFS) under reactive ion
etching conditions was investigated. Due to the presence of iron and silicon,
the polymer was found to be relatively stable towards oxygen plasma etching
compared to common organic polymers. Depending on the conditions
employed, the etching rate ratio for poly(isoprene) vs. poly(ferrocenylsilane)
ranged from 20:1 to 50:1. During etching a thin oxide layer is formed at the
surface of the organometallic polymer that contains iron and silicon. The
oxide layer was characterized by x-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES) using depth profiling. Iron was found to
be more resistant towards removal by oxygen plasma compared to silicon.
Due to the presence of iron, the polymer is also resistive to CF4/O2 etching. A
regular pattern consisting of parallel lines of PFS on a solid substrate was
obtained by micromolding in capillaries (MIMIC) (a microcontact printing
technique) which could be transferred into the underlying substrate. Under the
conditions employed, silicon, and silicon nitride substrates were etched at
approximately 20 nm/min whereas no thickness decrease was observed for the
poly(ferrocenylsilane) film, even after etching times of 10 minutes.

4.1

Introduction

Production of integrated circuits is often performed using low-pressure radio
frequency plasmas to etch thin films. The patterns of interest are formed by lithographic
processes. Such processes consist of two steps, namely delineation of the pattern in a thin
polymer film and transfer of the pattern into the underlying substrate using an appropriate
etching technique. In order to obtain smaller and smaller feature sizes, thinner resist layers
have proven to be necessary to avoid pattern collapse at small dimensions. The sensitivity for

#

The work described in this Chapter has been submitted for publication in Chemistry of Materials.
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the employed irradiation (UV, X-rays, etc.) and the etch resistance of the photoresist are
significant factors that determine the quality of the photoresist.
Since the mid-1970s the same basic chemistry associated with a typical conventional
positive photoresist has been used. The system consists of a diazonaphthoquinone sensitizer
and a novolac resin. Upon irradiation, an indene carboxylic acid is generated which allows
the novolac resin to dissolve in an appropriate solvent.1 However, as the dimensions of the
features desired to be fabricated become progressively smaller, the sensitivity and absorption
properties of this resist system has reached its limitations.
The next generation of resist systems employs the photogeneration of species that can
catalyze chemical reactions in a subsequent process step. Such systems are called chemically
amplified resists.2 The most widely studied system employs photoacid generation combined
with an acid labile group such as the tert-butyloxycarbonyl (“t-BOC”). The acid catalyzes the
decomposition of the t-BOC groups, and thereby modifies the chemical composition ( Chart
4.1). Several different trajectories can be followed from here leading to both positive and
negative tone resists.
in exposed areas,
acid is generated
aqueous base soluble

A

+

H

B
O t-Bu

O

OH

O2 plasma developable

Me2N-SiMe3

O

OSiMe3

Chart 4.1 Schematic representation of the chemical amplification process.

The so-called plasma-developable resist systems generally involve a hydrocarbon
polymer film containing areas which are selectively loaded with an inorganic component.3
When placed in an oxygen plasma environment, the organic regions etch quickly while the
areas containing the inorganic component (such as silicon,4 tin,5,6 germanium,7 or titanium8)
are converted into a nonvolatile oxide. For example, the selective silylation of areas is an
approach to obtain etch resistance in an oxygen plasma.9 The selective incorporation of
inorganic components can be accomplished by irradiating the film and in a subsequent step
treating the film with an inorganic reagent, either from solution or from the gas phase. Most
of the published work that follows this general process deals with phenolic hydroxylcontaining films that react with a silylating agent to yield the corresponding silylether (see
route B in Chart 4.1).
Multilevel resist processes have been developed to separate the imaging layer from
the process etch mask. Simply stated, multilevel lithography combines the properties of the
imaging layer with those of an etching barrier. Generally either random copolymers10 or
block copolymers11 are used, which possess a monomer unit that is incorporated to provide
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sensitivity while a monomer containing an inorganic component is added to enhance the etch
selectivity. Such systems are essential in the drive towards smaller dimensions. Much
attention has been devoted to polymers containing inorganic components that are useful as
etch barrier in multilevel applications. In particular organosilicon polymers are good
candidates for multilevel lithography. Organic polymers are converted into volatile products
upon exposure to oxygen plasmas, whereas silicon-containing polymers form a thin, nonvolatile silicon oxide layer at the surface.12,13 The high etch rate ratio between organic and
organosilicon polymers has been frequently used to obtain high aspect ratio features in an
oxygen plasma.
Organometallic materials have been employed for direct writing methods in
lithographic applications as well. Direct writing of metallic features was possible by
irradiating thin films of organometallic materials, a metal-organic cluster coordination
compound, with highly focussed charged particle beams.14 Irradiation of the organometallic
species resulted in the physical removal of the organic stabilizers with concomitant formation
of insoluble metallic features.
Oxygen and oxygen containing plasmas are most commonly employed to modify
polymer surfaces. Reactive ion etching can be divided into two etching processes, namely
chemical and physical.15 Chemical etching refers to the chemical reactions that take place
between the active plasma species and the surface of interest. After absorption of the reactive
species, the reaction takes place and the product desorbs from the surface. Physical etching
occurs due to the bombardment of positive ions. The positive ions are accelerated towards the
surface, and break bonds upon impact, which results in physical etching. The balance
between the two etching mechanisms depends on many variables, such as gas pressure and
composition, reactor design, and temperature.16,17
Pattern transfer into the substrate is frequently accomplished using fluorocarbon
reactive ion etching. Fluorocarbon plasmas have been extensively used to etch SiO2 and
although the process of etching with such plasmas is very complex and diverse, some general
observations can be highlighted. The C/F atomic ratio of the feed gas is a crucial parameter
for the nature of the plasma.18 CF and CF2 radicals [CFx] correlate with fluorocarbon film
formation at the substrate, whereas fluorine atoms [F] present in the plasma account for the
etching of the substrate. When the C/F atomic ratio increases, relatively more CF and CF2
radicals will be present at the expense of atomic fluorine, and the plasma becomes
polymerizing rather than etching.19 Even a very thin fluorocarbon film deposited on the
substrate results in significant reduction of the SiO2 etch rate. To suppress this so-called etch
stop, the fluorocarbon gases have been diluted with other gases like oxygen.20,21 Oxygen
atoms act as scavengers for carbon and consequently a relative higher [F] (the etching
component) rather than [CFx] (the polymerizing component) is obtained.
This chapter describes the potential of poly(ferrocenyldimethylsilane) as an etch
barrier. As a proof of principle, a regular pattern of the polymer was generated by a soft
lithographic method,22 similar to microcontact printing (µCP),23 and etched into the
underlying substrate.
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4.2

Results and Discussion

4.2.1 OXYGEN REACTIVE ION ETCHING
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Figure 4.1 XPS spectral details of poly(ferrocenyldimethylsilane) (PFS) thin films for carbon (A, C1s) and
oxygen (B, O1s). Upon oxygen etching, the carbon concentration decreased while the oxygen concentration
increased.
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Poly(ferrocenylsilane) films were exposed to oxygen reactive ion etching (O2-RIE)
conditions. During such treatments, oxygen ions are formed and accelerated towards the
substrate by means of a voltage (bias voltage). Upon impact of the ionized species with the
organometallic film, surface reactions and etching processes take place. Since organometallic
species are known to act as an etching barrier in oxygen plasma, the influence of O2-RIE on
poly(ferrocenylsilane) surfaces was investigated.
The XPS spectra of poly(ferrocenyldimethylsilane) give information regarding the
atoms present at the surface. Furthermore, the shifts in binding energies also indicate changes
of the chemical environment. A survey scan of a thin poly(ferrocenyldimethylsilane) film
detects the elements that are present within approximately the top ten nm.24 More detailed
scans can then give additional information about the chemical environment of the different
elements.
During O2-RIE, a power of 75 W was applied which resulted in a bias voltage of
approximately 500 V. The pressure inside the etching chamber was kept constant at 10
mTorr, while an oxygen gas flow of 20 cm3/min was used. From Figure 4.1 it is clear that the
carbon concentration was reduced at the surface upon oxygen etching, while the oxygen
concentration increased. The aromaticity has been destroyed during the oxidation, as inferred
from the disappearance of the small shakeup peak for the C1s signal at about 291 eV. This is
consistent with the formation of a thin oxide layer, from which carbon atoms are largely
expelled.
The XPS spectra for iron are shown in Figure 4.2. The iron signals at 708.8 eV and
721.5 eV have not decreased in magnitude as significantly as the carbon signal has. The
relative atomic concentration of iron has even increased (see Table 4.1). Furthermore, upon
O2-RIE the iron signals have shifted to higher binding energies of 712.6 eV and 726.0 eV,
and the peaks have become broader compared to the iron signals of the untreated film.
Obviously, the chemical environment has been changed. The shift to higher binding energies
for the Fe-electrons is indicative for the formation of an oxide.
The XPS data for silicon show comparable trends as were discussed for iron. The
relative concentration of silicon increased upon oxygen plasma treatment (see Table 4.1).
However, the relative increase is not as pronounced as observed for iron. In the XPS spectra
for silicon (Figure 4.3), a shift to higher binding energy can be observed as a result of the
oxygen plasma treatment (from 101.1 eV to 102.7 eV), which is indicative of the formation
of an oxide. The peak position of silicon after the O2-RIE treatment at 102.7 eV is about
midway between the expected positions for siloxane (101.8 eV) and SiO2 (103.6 eV).

59

Chapter 4

3.0x10

5

2.5x10

5

2.0x10

5

1.5x10

5

1.0x10

5

5.0x10

4

Counts

Fe2p

735

PFS
PFS O2 Etched

730

725

720

715

710

705

700

Binding Energy (eV)

Counts

Figure 4.2 XPS spectra of Fe2p of the as cast film (solid line) and the O2 RIE treated film (dashed line).
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Figure 4.3 XPS spectra of Si2p of the as cast film (solid line) and the O2 RIE treated film (dashed line).

The atomic concentrations according to the XPS measurements, prior to and after the
O2-RIE treatment, are given in Table 4.1. For the PFS homopolymer, atomic concentrations
for C : Si : Fe of 12 : 0.86 : 0.97 are found, which is near the theoretical relative amount of 12
: 1 : 1 (C12H14FeSi for a repeat unit). Following O2-RIE the oxygen concentration is increased
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significantly, while the carbon concentration decreased. Interesting phenomena can be seen,
if one considers the relative amounts of the different elements. Both the Si/C and the Fe/C
ratio increase upon oxygen etching, indicating that Si and Fe are more stable towards removal
using an oxygen plasma. Furthermore, the Fe/Si ratio increases, suggesting that Fe is more
stable than Si towards RIE treatment using oxygen plasma. Although silicon-containing
polymers were mainly employed to enhance stability towards oxygen plasma treatments,
these results indicated that the incorporation of other inorganic elements, such as iron, can
significantly improve the etch resistance in oxygen plasmas.
From the XPS results it is clear that an oxide layer is formed at the surface of
poly(ferrocenyldimethylsilane) upon oxygen plasma treatment. The simultaneous formation
and removal due to ion sputtering of the oxide results in relatively low etching rates in O2
RIE compared to common organic polymers. The etching rates for organic polymers and
poly(ferrocenylsilane) depend strongly on the operational settings. As mentioned before, the
influence of etching can be divided into two parts, namely chemical and physical etching.
Physical etching will become more pronounced when the bombardment of ions take place at
higher velocity. Therefore, the physical etching will be stronger at higher power settings, and
correspondingly the chemical etching effect will be more pronounced at relative low power
settings.
Table 4.1 Atomic concentrations of PFS homopolymer films before and after O2-RIE.

element
C1s
O1s
Si2p
Fe2p

PFS homopolymer PFS homopolymer
O2 etched
atom %
atom %
85.1
33.3
1.9
41.8
6.1
8.0
6.9
16.9

The etching rates were determined for poly(styrene), poly(isoprene), and poly(ferrocenyldimethylsilane) at a fixed pressure of 10 mTorr and an oxygen gas flow of 20 cm3/min,
while varying the applied power which influences the acceleration voltage of the ions
towards the surface. At this point, it is important to notice that the etching rates for the
organic polymers were measured over a much shorter time period (typically 15 to 20
seconds) compared to poly(ferrocenyldimethylsilane) (up to 2 minutes). Steady-state etching
conditions are in general not achieved after very short times. However, a significant influence
of the applied power could be observed. The etching rate ratios increased from approximately
20 : 1 to almost 50 : 1 for organic polymers compared with poly(ferrocenyldimethylsilane) as
the power was decreased from 75 W to 20 W.
From Auger electron spectroscopy (AES), using argon ion-sputtering depth profiling,
the thickness of the surface oxide layer can be estimated. The Auger electrons of the elements
of interest can be measured as an argon ion-beam is slowly digging (~ 1 nm/cycle) through
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the film. A 106 nm thin poly(ferrocenyldimethylsilane) film was exposed to an O2-RIE
treatment for 15 seconds and the film composition was measured as a function of sputtering
cycles. If the sputtering rate by the argon ion gun is constant through the film, the sputtering
time can be correlated with the z-distance in the film if the thickness is known.

Figure 4.4 Auger electron spectroscopy of an oxygen etched film of poly(ferrocenylsilane) of 106 nm. Cycles
start at the surface and end at the substrate.

The AES depth profile confirms the observations made by XPS. The film thickness of
the etched polymer layer was approximately 106 nm. In the AES spectra, the first sputtering
cycle corresponds to the sample surface, and the increase of the silicon signal around cycle 90
indicates the underlying silicon substrate. A thin oxide-rich layer of approximately 10 nm is
present at the surface (assuming a constant sputtering rate). It is interesting to compare the
composition at the surface (sputtering cycle 0) with the internal composition of the film.
From this, it can be seen that relatively less carbon and a significant amount of oxygen is
present at the surface oxide layer compared to the film interior. Furthermore, the amount of
silicon at the surface seems to be approximately equal compared to the amount below the
oxide layer of the film. As it was also shown in Table 4.1, more silicon was removed from
the surface compared to iron after oxygen plasma treatment. This is also very clear from
Figure 4.4, where the surface layer shows a higher intensity of iron compared to the bulk of
the film.
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4.2.2 TETRAFLUOROCARBON REACTIVE ION ETCHING
Radio-frequency discharges in low-pressure fluorocarbon gases are often used for
etching silicon, silicon oxide, and silicon nitride. The gas mixtures are composed of CF4,
CHF3, C2F6, C4F8, etc. By adjusting the composition of the gas, the character of the plasma
can be dramatically changed.19
Tetrafluorocarbon (CF4) shows the highest relative etching characteristics for a
material reactive with fluorine atoms. Its decomposition in the plasma is characterized by the
highest concentration of fluorine atoms (F) and the lowest concentration of CF and CF2
radicals. If the F/C atomic ratio of the feed-in gas decreases, the concentration of CF and CF2
radicals will be higher at the expense of F, and the plasma becomes “polymerizing” and
hence protective rather than “etching”. The deposition of polymer film on silicon25 protects
the substrate from chemical etchants (F), thus stopping the etching. In order to reduce the
deposition of fluorocarbon polymer during the reactive ion etching treatment, the CF4 gas
was diluted with oxygen (20 vol% CF4 in the gas mixture).18 The addition of O2 to a
fluorocarbon etching plasma usually results in a significant increase in the etch rate of Si, as
well as reduced fluorocarbon polymer deposition.20
A pattern was generated by a microcontact printing technique known as
micromolding in capillaries (MIMIC).26 To briefly describe this process; in MIMIC a
polydimethylsiloxane (PDMS) stamp is placed on a clean silicon substrate. When a drop of
the polymer solution in THF is placed next to the PDMS stamp, the capillary force transports
the polymer solution into the pattern. After several minutes the solvent is evaporated or
diffused into the stamp, and the stamp can be removed, leaving the polymer on the substrate
(Figure 4.5).

Figure 4.5 Schematic of the procedure used in MIMIC. A PDMS stamp is placed onto a substrate (A and B). A
drop of the polymer solution is placed in contact with the stamp and substrate, and the channels are filled by
capillary action (C). After evaporation of the solvent, the stamp is removed and the polymer remains on the
substrate (D).

The MIMIC process can be used to transfer a polymer pattern on a solid substrate
consisting of parallel lines. The AFM image in Figure 4.6 shows this homopolymer film
pattern, both before and after CF4/O2 RIE treatment. The employed plasma gas consisted of
20 vol% CF4 and 80 vol% O2. The pressure inside the etching chamber was kept constant at 2
mTorr, with a gas flow of 5 cm3/min. Applying a power of 20 W resulted in a bias voltage of
approximately 160 V.

63

Chapter 4

Figure 4.6 AFM images (left) and single line scans (right) of a ferrocenyldimethylsilane homopolymer pattern,
before and after CF4/O2 RIE treatment. The top half of the AFM image corresponds to an unetched area and the
bottom half of the image displays the etched area. The sample was etched for 10 minutes, which led to an
increase of the domain height of approximately 200 nm.

The pattern transfer clearly demonstrates the potential of the ferrocenyldimethylsilane
polymer as an etch resist. The features that are present in the original line pattern can still be
observed after the CF4/O2 plasma treatment. The shapes of the polymer domains have not
changed during etching. Therefore, the section analysis from the AFM images can be
superimposed onto each other, which results in a clear illustration of the amount of silicon
that has been removed by the reactive ion etching treatment. Figure 4.7 displays the line
scans from the unetched and etched samples. The gray area in this figure corresponds to the
removed silicon. Approximately 200 nm of silicon was removed in 10 minutes, resulting in
an etch rate of 20 nm/min which is about equal to the etch rate of silicon nitride under similar
conditions.

Figure 4.7 AFM section analysis, illustrating the etched substrate as a result of a CF4/O2 RIE treatment. During
10 minutes of etching, approximately 200 nm of silicon has been removed, indicated by the gray area.
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The AFM images and line scans indicate that poly(ferrocenyldimethylsilane) exhibits
good dimensional stability during the plasma treatment. Although no effort was taken to
optimize and alter the etching conditions, it has been clearly shown that
poly(ferrocenylsilane) has promising properties to function as an etch barrier.

4.3

Conclusions and Outlook

The potential of poly(ferrocenyldimethylsilane) as etch resistant polymer has been
demonstrated under reactive ion etch conditions. Upon exposure to an oxygen plasma, an
approximately 10 nm thin oxide layer was formed at the surface. The oxide resulted in
relatively low etching rates in oxygen plasmas compared to organic polymers. Due to the
presence of iron in the polymer and its oxide layer, low etching rates were also obtained
when fluorocarbon plasmas were applied. It was possible to increase the aspect ratio of the
features by etching into the substrate while the masking layer was not affected (i.e. very high
selectivity towards silicon). Masking layers with such high etching barrier are potentially
useful for very thin resist layer applications or for high aspect ratio structures. Such
properties are preferable for high-density imaging, and can not be expected from silicon
containing etch barriers. The etching resistance has been demonstrated, so a challenge is left
to combine the etching properties with developable species. For example, the preparation of
block copolymers consisting of poly(ferrocenylsilane) combined with a radiation sensitive
block might result in a bilevel resist.11

4.4

Experimental

Thin films (approximately 60-100 nm) were prepared by spin-coating of a polymer
solution in toluene onto a silicon wafer, containing its native oxide, at 4000 rpm for 30 s. The
wafers were cleaned prior to spin-coating. The cleaning involved treatment for 10 minutes in
100% nitric acid, rinsing subsequently with deionized water, followed by additional treatment
for 15 minutes in 70% nitric acid at 95 °C, and finally rinsing with deionized water and dry
spinning. Another cleaning procedure involved cleaning the wafers with piranha solution (70
vol% sulfuric acid, 30 vol% hydrogen peroxide (60% solution)).
Film thicknesses were varied by spin-casting from different concentrations of polymer
solutions and were determined by ellipsometry. The thickness was determined on 25 spots on
a wafer, and the standard deviation was always less than 1%.
Microcontact printed patterns were prepared using PDMS stamps. After the stamp
was placed on the wafer, a drop of polymer solution in THF was placed next to the stamp.
Due to capillary action, the solution diffused into the voids between the stamp and the wafer
substrate. After a few minutes the stamp could be removed.
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Reactive ion etching (O2-RIE) experiments were carried out in an Elektrotech PF 340
apparatus. During oxygen RIE the pressure inside the etching chamber was 10 mTorr, the
substrate temperature was set at 10 °C, and an oxygen flow rate of 20 cm3/min was
maintained. The power was varied between 20 and 75 W. To determine the etch rate of the
organic polymers, films were etched under the condition mentioned above for 10-20 s, and
the decrease in film thickness was determined by ellipsometry. The etch rate of
poly(ferrocenyldimethylsilane) could be determined over longer etching times, typically 1-2
minutes. CF4/O2 RIE (20% CF4 and 80% O2) was performed at a pressure of 2 mTorr, with a
substrate temperature of 10 °C. The power used was set at 20 W, which resulted in a bias
voltage of approximately 170 V.
Silicon nitride substrates were prepared by plasma enhanced chemical vapor
deposition (PECVD) onto silicon substrates. Typically thicknesses of approximately 100 nm
were used.
Atomic Force Microscopy (AFM) experiments were performed on a Digital
Instruments NanoScope IIIa, operated in the contact mode.
Both etched and unetched 60 nm thin films of PFS homopolymer were studied by Xray Photoelectron Spectroscopy (XPS). Measurements were performed with a Kratos XSAM800 spectrometer using a Mg Kα X-ray source (1253.6 eV). The input power was set at 150
W (15 kV and 10 mA) and the hemispherical analyzer was placed perpendicular to the
sample surface. Survey scans (0-1100 eV) were recorded to qualitatively determine the
elements present. The atomic concentrations of carbon, oxygen, silicon and iron were
determined from the relative peak areas calculated by numerical integration of the detailed
scans (20-30 eV windows).
Auger electron spectroscopy (AES) was performed at an electron energy of 10 keV,
with an electron current of 1 A. Sample sputtering for depth profiling was accomplished with
a 3 keV argon ion beam over a 2x2 mm2 raster.
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Periodic Organic-Organometallic Microdomain
Structures in Poly(styrene-block-ferrocenyldimethylsilane) Copolymers and Blends with
Corresponding Homopolymers#
A series of poly(styrene-block-ferrocenyldimethylsilane) copolymers (SF)
with different relative molar masses of the corresponding blocks have been
prepared by sequential anionic polymerization. The bulk morphology of these
polymers, studied by TEM and SAXS, showed well ordered lamellar and
cylindrical domains, as well as disordered micellar structures. Temperature
dependent rheological measurements indicated an order-disorder transition for
SF 17/8 (the numbers refer to the relative molar masses in 103 g/mol) between
170 °C and 180 °C and an order-order transition for SF 9/19 between 190 °C
and 200 °C. The morphology of binary blends of these diblocks with
homopolymer was also investigated. In the blends the molar mass of the
homopolymer was always less than the molar mass of the matching block.
Ordered spheres on a bcc lattice and the double gyroid morphology were
observed for the blends. A double gyroid morphology was observed in F-rich
diblock-homopolymer blends.

5.1

Introduction

Poly(ferrocenylsilanes) are organometallic polymers, consisting of alternating
ferrocene and silane units in the main chain. The first synthesis of high molar mass
poly(ferrocenylsilanes) was performed by thermal ring-opening polymerization using siliconbridged ferrocenophanes, by Manners and coworkers.1 Since this successful synthesis a large
range of different, bridged ferrocenophanes were prepared with either symmetric or
asymmetric substitution on the bridging atom.2 Later it was found that the ferrocenophanes
can also undergo ring-opening polymerization in the solid state initiated by γ-irradiation3 and
#

The work in this Chapter has been published: R. G. H. Lammertink, M. A. Hempenius, E. L. Thomas, G. J.
Vancso, J. Polym. Sci. Part B, Polym. Phys. 1999, 37, 1009.
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in solution by anionic initiators4 or transition metal catalysts.5 The anionic ring-opening
polymerization allows one to synthesize well-defined poly(ferrocenylsilanes) as well as block
copolymers.6 Organometallic-organic block copolymers are attractive materials, since these
form metal-containing nanostructures upon phase separation.
The morphology of microdomains formed by pure and simple diblock copolymers has
been an intensively researched and by now well understood area.7 In neat diblocks three
“classic” ordered microphases are usually distinguished. These include alternating lamellae
(LAM), hexagonally packed cylinders (HEX) and body-centered-cubic packed spheres
(BCC). In addition, some other, more complex microstructures may appear especially near
the order-disorder transition.8
Blends of block copolymers with a corresponding homopolymer give access to a
variety of morphologies without having to synthesize a large series of block copolymers.
From theory9 and experiment,10 it became clear that the relative molar mass of the added
homopolymer compared with the molar mass of the corresponding block (α =
MA,homo/MA,diblock) is a crucial parameter for block copolymer-homopolymer blends that
controls the morphology. If α > 0.5, the homopolymers have a disordering effect on the
microstructure. However, if α < 0.5, the homopolymers are much shorter than their matching
block, and they will be more uniformly distributed throughout the domains. Consequently,
the homopolymer solubility for low α is much higher compared to high α. Extensive work on
binary blends of polystyrene homopolymers with styrene-isoprene diblocks, or styrenebutadiene diblocks, demonstrated the importance of the relative homopolymer molar mass
and overall blend composition.10f-i
An important aspect about diblock/homopolymer blends found both by theory and
experiment is that the addition of homopolymer can stabilize new morphologies especially
between the lamellar and cylindrical phases. This is attributed to the relief of packing
frustration by the homopolymer.9b In neat diblocks, the junctions are placed on the interface
and pull the monomers near these junctions thereby stretching them. The added
homopolymer will preferentially occupy regions in the domains, which would otherwise be
occupied by stretched chains of the corresponding block, so some packing frustration can be
relieved.
Most theories on microphase separated morphologies of diblock copolymers deal with
conformationally symmetric diblocks. Conformational asymmetry can arise from differences
either in density or Kuhn length, or both. The asymmetry ratio ε, which characterizes the
conformational asymmetry of a system, can be defined by:11

ε=

fA fB
R g ,A

2

R g ,B

2

=

ρ 0 B bB

2

ρ 0 A bA

2

In this equation f is the volume fraction, Rg the radius of gyration, ρ0 the density of the
pure component, and b is the Kuhn segment length. A few theoretical studies have
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investigated the influence of conformational asymmetry on the order-order and order-disorder
transitions in diblock copolymer melts.12 The order-disorder transitions were found to be
almost unchanged compared to conformational symmetric diblocks, but the order-order
transitions were shifted towards the higher content of the block with the larger ρ0b2.
This chapter describes the microphase-separated structures of styrene-blockferrocenylsilane copolymers having molar masses between 25 and 40 kg/mol. In addition,
blends of these block copolymers with corresponding homopolymer, either poly(styrene) or
poly(ferrocenylsilane), were studied. In order to prevent macrophase-separation within the
blends, the molar mass of the added homopolymer was always less than about half of the
molar mass of the corresponding block, and homopolymer was added that corresponded to
the majority phase of the diblock.

5.2

Sequential Anionic Polymerization of Styrene and 1,1’Dimethylsilylferrocenophane
n-Bu

CH2

CH

Li

n-BuLi

H
CH3
Fe

Si

CH3
CH3

n-Bu

CH2 CH

Fe

Si
CH3

1. THF
2. MeOH
Chart 5.1 Sequential anionic polymerization of styrene and 1,1’-dimethylsilylferrocenophane. After the
addition of 1,1’-dimethylsilylferrocenophane to the living polystyrene, THF is added, which allows the
polymerization of the organometallic block. Finally, the anionic polymerization is terminated by the addition of
a few drops of methanol.

Poly(styrene-block-ferrocenyldimethylsilane) copolymers (SF) were synthesized by
sequential anionic polymerization (Chart 5.1). Polymerization of styrene in ethylbenzene
(~10 wt%) was initiated by n-butyllithium and allowed to proceed for 5 hours. After the
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styrene block formation was completed, 1,1’-dimethylsilylferrocenophane was added to the
solution and stirred for 5 minutes. Since 1,1’-dimethylsilylferrocenophane does not
polymerize in ethylbenzene, THF was added to the mixture, allowing the polymerization of
the organometallic block to proceed. This method prevented reaction of the living polystyryl
chains with THF that is known to occur at ambient temperatures.13 After 2 hours, the living
chains were terminated by adding a few drops of degassed methanol. The polymers were
precipitated in methanol and dried under vacuum. The homopolymers and copolymers were
characterized by gel permeation chromatography (GPC) and 1H NMR.
The notation used to identify the diblock copolymers of SF included the
corresponding molar masses (in 103 g/mol) of the two blocks, e.g. SF 18/19 is a 18,000 g/mol
polystyrene -b- 19,000 g/mol polyferrocenylsilane diblock. Homopolymers are given as hPS
and hPF, and blends are assigned by the diblock used and the weight percentage of the
homopolymer added, e.g. SF 18/19 with 9% 7.6 hPS is the SF diblock with 9 weight percent
added homopolystyrene, which has a molar mass of 7,600 g/mol. The sequential anionic
polymerization of styrene and 1,1’-dimethylsilylferrocenophane resulted in nearly
monodisperse neat diblock copolymers, without any trace of terminated polystyrene. Table
5.1 shows the molecular characteristics, obtained by 1H NMR and GPC measurements.
Table 5.1 Molecular and morphological characteristics of poly(styrene-block-ferrocenyldimethylsilane)
copolymers.

φPS

φPF

microdomain

(vol%)

(vol%)

structurea

1.09

88

12

Dis

350

32.5

1.05

81

19

Dis

257

28.9

30.2

1.05

78

22

Dis

235

SF 27/12

38.9

40.6

1.04

73

27

Hex F

305

SF 17/8

25.6

27.3

1.07

71

29

Hex F

198

SF 18/19

36.8

38.8

1.05

53

47

Lam

247

SF 9/19

28.5

30.7

1.08

36

64

Lam

167

SF 12/25

36.8

39.3

1.07

36

64

Lam

216

SF 4/27

31.4

34.6

1.10

16

84

Dis

153

Mn

Mw

(kg/mol)

(kg/mol)

SF 34/6

39.9

43.5

SF 24/7

31.0

SF 21/8

Mw/Mn

NS+NFb

a

Morphology according to TEM. Dis = disordered, Hex = hexagonally packed cylinders, Lam = lamellae.

b

NS and NF were calculated from the molar mass of each block, divided by the molar mass of the corresponding

monomer.
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5.3

Bulk Morphology of Neat Diblocks

For the samples SF 34/6, SF 24/7, SF 21/8 and SF 4/27 disordered spherical
morphologies were observed. A cylindrical morphology was observed for samples SF 27/12
and SF 17/8, which contained 27 and 29 vol% PF, respectively. Figure 5.1 displays the TEM
micrograph of SF 27/12. As mentioned, due to the higher electron density of the
organometallic block, no staining was required and the organometallic domains appear dark.

Figure 5.1 Bright-field TEM micrograph of SF 27/12 (27 vol% PF) displaying hexagonally packed cylinders in
a PS matrix.
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Figure 5.2 SAXS patterns for SF 27/12 and SF 17/8. The arrows indicate the relative peak positions for
hexagonally packed cylinders.
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The SAXS data confirmed the cylindrical morphology for both SF 27/12 and SF 17/8
(Figure 5.2), with relative reflections at qn/q1 = 1, √3, √4, √7 and √9 (√4 is missing due to
form factor cancellation). SAXS also provided additional information on the dimensions of
the phase separated microdomains. The structural characteristics obtained from SAXS
spacings, block densities and composition and are shown in Table 5.2. In this table a is the
interdomain distance, L the lamellar thickness, R the radius of the PF cylinders, Σ the area per
junction, and H corresponds to the surface mean curvature.

Figure 5.3 Bright-field TEM micrograph of SF 18/19 (47 vol% PF) showing a lamellar morphology.
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Figure 5.4 SAXS patterns for SF 18/19, SF 12/25, and SF 9/19 (47, 64, and 64 vol5 PF, respectively). The
arrows indicate the relative peak positions for a lamellar morphology.

The samples SF 18/19, SF 9/19 and SF 12/25 (53, 36 and 36 vol% PS, respectively)
all show a lamellar morphology in TEM. The SAXS pattern for SF 18/19 confirms the
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lamellar morphology with relative peak positions at qn/q1 = 1, 2, 3, respectively. The domain
characteristics were calculated from the peak positions (Table 5.2). Comparing SF 18/19 with
SF 12/25, one can see that the lamellar spacing for SF 12/25 is slightly higher compared to
SF 18/19, although the diblocks have about the same molar mass. Interestingly, SF 12/25 has
a larger volume fraction of the denser PF block than SF 18/19.
Table 5.2 Domain characteristics of microphase separated SF diblocks. In this table a is the interdomain
distance, L is the lamellar thickness, R is the radius of the PF cylinders, Σ is the area per junction, and H
corresponds to the surface mean curvature.

SF 27/12
SF 17/8
SF 18/19
SF 9/19
SF 12/25

5.4

φPS
(vol%)
73
71
53
36
36

φPF
(vol%)
27
29
47
64
64

a
(Å)
261
205
244
214
262

LPS
(Å)

LPF
(Å)

129
77
94

115
137
168

R
(Å)
71
58

Σ
(Å2)
501
427
372
402
394

H
(1/µm)
70
86
0
0
0

Temperature Induced Transitions

It is known that microphase separation influences the flow behavior of diblock
copolymers to a great extent compared to a homogeneous melt. Rheology has been used
before to investigate order-order transitions,8 as well as order-disorder transitions7,14 in
diblock copolymers. On the one hand, the microdomains, which exist at temperatures below
the order-disorder temperature, act as physical crosslinks. On the other hand, in the
disordered state, the material exhibits flow behavior similar to conventional homopolymer
melts. Thus the elastic modulus, G’, decreases when the order-disorder transition is crossed.
Especially, the frequency dependence of elastic response at low reduced frequencies is highly
sensitive for the microdomain morphology. In the ordered state the material behaves towards
solidlike (G’ ~ ω0.4-0.5), whereas it changes to near-terminal, liquidlike behavior in the
disordered state (G’ ~ ω2).14e,15
The rheological behavior of four neat diblocks was investigated including the samples
SF 34/6, SF 17/8, SF 18/19 and SF 9/19. As discussed in the morphology section, these
samples display a disordered micellar, a cylindrical and two lamellar morphologies,
respectively when annealed at 165 °C and quenched to room temperature.
Figure 5.5 A shows the mastercurve for G’ at the reference temperature (170 °C) for
SF 34/6. The slope of the G’(ω) was found to be 1.5. As mentioned above, liquid like
behavior typical for homopolymer melts should result in a slope of 2. The difference between
the observed value and the theoretical value can be ascribed to compositional fluctuations.7
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The slope of G’(ω) in Figure 5.5 A therefore implies that SF 34/6 is disordered throughout
the temperature range (150 - 200 °C) employed.
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Figure 5.5 G’ moduli vs. frequency master curves for (A) SF 34/6, (B) SF 17/8, (C) SF 18/19, and (D) SF 9/19.
For all mastercurves, 170 °C was taken as the reference temperature.

In Figure 5.5 B the G’ mastercurve of SF 17/8 is displayed. For temperatures between 150 °C
and 170 °C, relatively high G’ values were found compared to SF 34/6. Furthermore, G’ as a
function of ω has a slope of 0.3. This limiting behavior of the elastic modulus confirms that
SF 17/8 is microphase separated up to 170 °C. Above 180 °C however, the G’ modulus
collapses and a slope of 1.4 is found with frequency, indicating a more terminal-zone, liquid
like behavior. These findings suggest that an order-disorder transition takes place between
170 °C and 180 °C for SF 17/8.
The G’ mastercurve for SF 18/19 is shown in Figure 5.5 C. The material displays a
lamellar morphology when annealed at 165 °C. Relatively high G’ moduli are observed with
a slope of 0.6 through the entire temperature range. The limiting flow behavior suggests that
SF 18/19 is ordered at least up to 200 °C.
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The rheological curve for SF 9/19 displays a slope of 0.5 up to 190 °C (Figure 5.5 D)
indicating that the sample was in the ordered state at these temperatures. At 200 °C however,
the G’ modulus becomes higher than that at 190 °C and the slope becomes 0.1. This drastic
change in flow behavior represents an order-order transition. Previously, several groups
found complex behavior of diblock copolymers near the order-disorder transition.8 Some
studies report similar rheological behavior for diblock copolymers as shown here.8c-f A
transition from the lamellar phase to a double gyroid or to a perforated layer structure upon
heating was found to result in a higher value for G’. In addition, the frequency dependence
became less pronounced.
To further study and identify the nature of the order-order transition, temperaturedependent SAXS measurements were performed. SF 9/19 was heated from 160 to 200 °C
using the same heating rate that was used in the rheological experiments. Figure 5.6 displays
the SAXS spectra for SF 9/19 at 30, 160, and 200 °C. No drastic changes can be observed
other than a slight peak shift to lower q-values and peak broadening at higher temperatures.
TEM images from the samples quenched from 165 and 200 °C, however, do display
differences between the two phases. Figure 5.7 shows the micrographs for SF 9/19 after
annealing at 165 °C (A) and followed by subsequent heating to 200 °C (B).
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Figure 5.6 SAXS patterns for SF 9/19 at 30, 160, and 200 °C, showing no significant difference in peak
positions with increasing temperature. From Figure 5.5 D it was concluded that SF 9/19 exhibits an order-order
transition between 190 and 200 °C.

The TEM images (Figure 5.7) indicate that the morphology at 200 °C consists of
alternating lamellae of PS and PF, in which the PS layers are perforated with PF. The
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perforations do not seem to possess long-range order, which might account for the absence of
any additional reflections in SAXS.
Previously, Hajduk et al.8f reported on a similar phase transition from lamellar (LAM)
to perforated lamellar (PL) for several diblock systems. In their work as well as in our work,
the similarity in SAXS pattern for the two phases (LAM and PL) in unoriented samples did
not allow the identification of these morphologies through scattering methods alone. The
authors concluded that the PL phase is a long-lived nonequilibrium phase that gets converted
into the bicontinuous gyroid morphology upon isothermal annealing, a transition that we did
not observe for our polymer, even after annealing for 24 h at 200 °C.

Figure 5.7 Bright-field TEM of SF 9/19 (64 vol% PF). (A) The regular lamellar morphology found for SF 9/19
is shown. (B) The perforated lamellar (PL) morphology, present in this sample at 200 °C is displayed.

In conclusion, rheology measurements on neat SF diblocks allowed us to determine
an order-disorder transition for SF 17/8 and an order-order transition for SF 9/19. These
experiments provide valuable additional information about the phase behavior of these
diblock copolymer materials.
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5.5

Diblock-Homopolymer Blends

The addition of a relatively large molar mass homopolymer in diblock/homopolymer
blends may cause macrophase separation. In order to circumvent this, we added
homopolymer with a relatively low molar mass compared to the corresponding block (α =
MA,homo / MA,diblock < 0.55 for nearly all blends). Homopolymer of the majority component
was added to the diblock, and by using diblocks of different composition, it was possible to
cover a broad overall blend composition, without having to add too much homopolymer
(mostly below 30 wt%). In all blends studied, macrophase separation was never observed.
Using two homopoly(styrenes) (hPS) and three homopoly(ferrocenyldimethylsilanes)
(hPF) of different molar mass, 30 blends were investigated in total by TEM and SAXS. Table
5.3 shows the molecular characteristics of the homopolymers employed.
We will consider the blends for each diblock separately. The neat SF 27/12 diblock
contains 27 vol% PF and displays a cylindrical morphology (see Figure 5.1). Upon adding
homopolystyrene (7.6 hPS) to the diblock, the matrix swells and the morphology remains
cylindrical. Adding 25% 7.6 hPS causes a phase transition to a spherical morphology (Figure
5.8). The total PF content of the blend is then 20 vol%, which is close to the volume fraction
in neat PI-PS diblocks at which the order-order transition from cylinders to spheres occurs
(18 vol% PS or 24 vol% PI).16
Table 5.3 Molecular characteristics of poly(styrene) (hPS) and poly(ferrocenyldimethylsilane) (hPF)
homopolymers.

Mw
(kg/mol)
4.2
8.1

Mw/Mn

4.0 hPS
7.6 hPS

Mn
(kg/mol)
4.0
7.6

6.5 hPF
11.4 hPF
24.2 hPF

6.5
11.4
24.2

7.1
12.5
26.2

1.09
1.09
1.09

1.06
1.06

For SF 27/12 25% 7.6 hPS up to 7 reflections are obtained in the corresponding
SAXS experiment (Figure 5.9). This large number of reflections allows one to distinguish
between the BCC and SC packing. The PF spheres are arranged in a BCC packing, with a cell
parameter of 329 Å and a radius of 95 Å.
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Figure 5.8 Bright-field TEM micrograph on SF 27/12 with 25% 7.6 hPS (20 vol% PF in blend) showing a
spherical morphology, in which the spheres are arranged on a BCC lattice.
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Figure 5.9 SAXS pattern for SF 27/12 with 25% 7.6 hPS (20 vol% PF in blend). The arrows indicate the
relative peak positions for a spherical morphology, in which the spheres are arranged on a BCC lattice.

SF 17/8 contains 29 vol% PF and displays a cylindrical morphology. The addition of
13% 4.0 hPS to SF 17/8 results in a transition to a disordered cylindrical morphology. From
the rheological measurements we already found that SF 17/8 is close to the order-disorder
transition at 165 °C (TODT: 170 °C - 180 °C). Therefore it can be expected that, despite their
equal PF content, SF 17/8 with 13% 4.0 hPS displays a disordered cylindrical morphology
whereas SF 27/12 with 8% 7.6 hPS displays an ordered cylindrical morphology. Thus the
shape of the order-disorder transition line curves towards the middle of the phase diagram.
This observation is in complete agreement with the findings from rheological measurements,
which suggested that an order-disorder transition takes place close to the annealing
temperature.
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Addition of 6.5 hPF to SF 27/12, causes the minority component (PF cylinders) to
swell. Figure 5.10 displays the TEM micrograph of SF 27/12 with 11% 6.5 hPF. This blend
shows a cylindrical morphology, with a total blend composition of 66 vol% PS. Previously it
was shown that a PS-PI diblock, blended with homopolymer and a volume fraction of 66%
PS, displayed a double gyroid structure.10h Also, when SF 18/19 was blended with 27% hPS,
giving a total PS content in the blend of 66% PS, a cylindrical morphology was observed. It
seems that the PS-rich double gyroid phase, if present, exists at a lower PS volume fraction in
PS-PF diblocks compared to PS-PI diblocks. Such a shift of the order-order transitions can be
explained by the different conformational asymmetry of the two diblock copolymers.

Figure 5.10 Bright-field TEM micrograph of SF 27/12 with 11% 6.5 hPF (34 vol% PF in blend) showing
hexagonally packed cylinders of PF in a PS matrix.

The neat diblock SF 18/19 (47 vol% PF) displays a lamellar morphology (Figure 5.3).
The addition of 26% hPF, which results in a total PF content of 60 vol% in the blend, does
not lead to any phase transition. However, the addition of only 9% hPS (43 vol% PF in blend)
to this diblock results in a biphasic morphology comprised of PF cylinders and lamellae
(Figure 5.11).

Figure 5.11 Bright-field TEM micrograph of SF 18/19 with 9% 7.6 hPS (43 vol% PF in blend) showing a
biphasic morphology, consisting of hexagonally packed cylinders of PF and alternating lamellae.
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The TEM micrograph in Figure 5.11 clearly displays the coexistence of cylinders and
lamellae. The upper part of the micrograph shows a hexagonal stacking of PF cylinders. The
lower part (left half) displays a near parallel cut to the lamellae. Biphasic morphologies are
usually present in blends in between two pure phases.
The SAXS pattern of SF 18/19 with 9% 7.6 hPS (43 vol% PF), shown in Figure 5.12,
confirms the existence of a biphasic morphology. Reflections of both the lamellar and
cylindrical structures are present. Although a cylindrical morphology would result in a SAXS
pattern with approximately the same peak positions, the relatively large intensity of the
reflections from the lamellar morphology (qn/q1 = 1, 2, and 3) indicate the presence of both
structures.
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Figure 5.12 SAXS pattern of SF 18/19 with 9% 7.6 hPS (43 vol% PF in blend). The blend displays a biphasic
morphology, as shown in Figure 5.11. The relatively large intensity of the peaks from lamellar scattering (qn/q1
= 1, 2, and 3) indicates the presence of both the lamellar and the cylindrical phases.

Biphasic morphologies may be present in blends in between two pure phases. A
striking feature in our case is that a PS-rich double-gyroid structure is not observed in our
diblock-homopolymer blends with PS in the matrix and PF in the two interpenetrating
networks. If a double-gyroid structure was present, it should exist between the cylindrical and
lamellar phases.
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Figure 5.13 Bright-field TEM micrograph of SF 9/19 with 6% 11.4 hPF (66 vol% PF in blend) displaying the
[111] projection (“wagonwheel”) of the double-gyroid structure.

Figure 5.13 shows the morphology observed for the blend SF 9/19 with 6% 11.4 hPF.
For this system as well as for SF 9/19 with 12 % 11.4 hPF and SF 12/25 with 6% 24.2 hPF a
PF-rich double gyroid structure was observed. The total volume fractions PF in these blends
are 66 and 68 %, respectively. SAXS data confirms the double gyroid structure (Figure 5.14).
The three observed reflections are consistent with the Ia 3 d space group, showing reflections
at relative positions of √3, √4, and √10.
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Figure 5.14 SAXS patterns for SF 9/19 with 6% 11.4 hPF and SF 12/25 with 6% 24.2 hPF (both blends have 66
vol% PF). The arrows indicate the relative peak positions for the Ia 3 d space group.

The absence of higher order peaks is difficult to explain as a result of structure factor
cancellation. The lattice parameters could be determined from the SAXS data and was found
to be 540 Å for the SF 9/19 6% 11.4 hPF blend, 541 Å for the SF 9/19 12% 11.4 hPF blend
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and 603 Å for the SF 12/25 6% 24.2 hPF blend. Although these are blends, we fitted their
lattice parameters, h, with the molar mass of the diblock in the blend. This resulted in h ~
M0.4. Furthermore it is interesting to see that the addition of 6% and 12% 11.4 hPF to SF 9/19
leads to double gyroid structures with almost equal dimensions.
Further addition of hPF to SF 9/19 resulted in a cylindrical morphology (Figure 5.15)
at 18% 11.4 hPF (70 vol% PF in blend) and a disordered spherical micelle morphology at
46% 6.5 hPF (80 vol% PF in blend). An ordered spherical morphology was not observed for
these blends. It must be noted that the ordered spherical structure is observed in a very
narrow composition range, so it may exist between 77 and 80 vol% PF in these blends.
Previously, experiments and theory both pointed out that the value of α determines
predominantly the topology of a diblock/homopolymer blend phase diagram. Recently, Janert
and Schick9e studied the phase behavior of diblock/homopolymer blends in the weak to
intermediate segregation limit within a mean-field approach. Their calculations were based
on a symmetric diblock (fA = fB = 0.5) and they varied the relative homopolymer molar mass,
α, between 0.2 and 3.0.17 Homopolymers were found to have a disordering effect on any
microstructure for α > 0.5. The increase of the entropy of mixing by this disordering effect
competes with the ordering effect of relaxation of less favorable conformations by the
homopolymers within the microstructure. The stress relieving effect dominates for small
homopolymers and low concentrations. Also, in our study the application of relatively low
molar mass homopolymers in blends with copolymers did not result in macrophase
separation. The addition of homopolymer was found to be a useful tool to give access to a
variety of morphologies.

Figure 5.15 Bright-field TEM micrograph of SF 9/19 with 38% 6.5 hPF (77 vol% PF in blend) showing
hexagonally packed PS cylinders in a PF matrix.

5.6

Conclusions

The results from TEM, SAXS and rheology experiments on the neat diblock
copolymers and diblock copolymer/hompolymer blends are combined in a phase diagram
(Figure 5.16) for relatively low values of α (<0.55). In this diagram (NS+NF)/T, which is
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proportional to χN (where χ is the Flory-Huggins interaction parameter), is plotted against
the overall volume fraction of PF. In a blend, NS+NF was calculated from the molar mass and
composition of the diblock used in the blend, and the monomer molar mass. Neat diblocks
are given as solid symbols and blends are displayed as open symbols.
From Figure 5.16 it is obvious that the phase diagram is asymmetric with respect to
vol% PF = 50 %. The order-order transitions seem to be placed along almost straight vertical
lines in the phase diagram for PF > 50 vol%. For volume fractions of PF below 50 %, the
order-disorder transition line curves towards the middle of the phase diagram. The orderorder transitions in the intermediate-strong segregation regime for BCC - HEX - LAM - DG HEX - BCC are located at PF volume fractions of approximately 0.22, 0.43, 0.65, 0.68 and
0.79, respectively.
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Figure 5.16 Phase diagram for SF diblock-homopolymer blends with α < 0.55. NS+NF indicate the total number
of monomers in the diblock. Order-order transitions are located at approximately 0.22, 0.43, 0.65, 0.68, and 0.79
for BCC, HEX, LAM, DG, HEX, and BCC, respectively.

We can compare the location of the order-order transitions with theoretical
predictions from Ohta and Kawasaki.18 Their transitions for BCC - HEX - LAM - HEX BCC were symmetrical with respect to the volume fractions and were located at 0.215, 0.355,
0.645, and 0.785, respectively. Our order-order transitions are shifted towards higher PF
volume fraction compared to their theoretical results. However, the order-order transitions
depend strongly on the segregation regime, i.e. strong, intermediate or weak. For instance, the
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transition from cylinders to double gyroid shifts from 0.32 to 0.42 as the segregation becomes
weaker (χN decreases from 40 to 12).19
The experimental transitions of Hasegawa et al.16 for SI diblocks were found to be
shifted to higher PI volume fractions (0.24, 0.34, 0.39, 0.69, and 0.82 for the BCC - HEX Tetrapod - LAM - HEX - BCC transitions, respectively). Although the shifts in their orderorder transitions to higher PI volume fractions are comparable with our shifts to higher PF
fractions, it is interesting to note that the Tetrapod structure was only observed in PI-poor
diblocks whereas the DG was only observed in PF-rich diblock/homopolymer blends. A shift
of the order-order transitions is often considered as a result of the conformational asymmetry,
present in the diblock. Therefore, it is questionable if the conformational asymmetry also
accounts for the absence of the double gyroid phase on one side of the phase diagram.

5.7

Experimental

N,N,N’,N’-Tetramethylethylenediamine (TMEDA), ferrocene, styrene, n-butyllithium
(1.6 M in hexanes), dibutylmagnesium (1.0 M in heptane) and dichlorodimethylsilane were
obtained from Aldrich. All solvents were obtained from Merck.
TMEDA was distilled from sodium, heptane was distilled from calciumhydride, and
ferrocene was Soxhlet extracted with cyclohexane prior to use. 1,1’-Dimethylsilylferrocenophane was prepared as described earlier20 and purified by sequential dissolution in
heptane followed by vacuum sublimation. Styrene/ethylbenzene (~10 wt% solution) was
dried on dibutylmagnesium and distilled under vacuum. n-Butyllithium was diluted to
approximately 0.2 M with heptane, which was dried over n-butyllithium and distilled under
vacuum. Tetrahydrofuran (THF) was dried over n-butyllithium and distilled under vacuum.
Poly(ferrocenyldimethylsilane) was prepared by anionic ring-opening polymerization
of 1,1’-dimethylsilylferrocenophane in THF, using n-butyllithium as an initiator. The living
chains were terminated after 2 hours by the addition of a few drops of degassed methanol.
The polymers were precipitated in methanol and dried under vacuum.
Poly(styrene-block-ferrocenyldimethylsilane) copolymers (SF) were synthesized by
sequential anionic polymerization carried out in an Mbraun glovebox purged with prepurified
nitrogen. Polymerization of styrene in ethylbenzene (~10 wt%) was initiated by nbutyllithium and allowed to proceed for 5 hours. After the styrene block formation was
completed, 1,1’- dimethylsilylferrocenophane was added to the solution and stirred for 5
minutes. Since 1,1’-dimethylsilylferrocenophane does not polymerize in ethylbenzene, THF
was added to the mixture, allowing the polymerization of the organometallic block to occur.
This method prevented reaction of the living polystyryl chains with THF that is known to
take place at ambient temperatures. After 2 hours, the living chains were terminated by
adding a few drops of degassed methanol. The polymers were precipitated in methanol and
dried under vacuum.
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The homopolymers and copolymers were characterized by gel permeation
chromatography (GPC) and 1H NMR. GPC measurements were carried out in THF using
microstyragel columns with pore sizes of 105, 104, 103 and 106 Å (Waters). The instrument
was equipped with a dual detection system consisting of a differential refractometer (Waters
model 410) and a differential viscometer (Viskotek model H502). Block ratios were
calculated from 1H NMR peak integrals. 1H NMR spectra were recorded in deuterated
chloroform at 250.1 MHz using a Bruker AC 250 spectrometer. The density of
poly(ferrocenyldimethylsilane), 1.26 g/cm3, was obtained using a pycnometer.
Transmission electron microscopy experiments were performed on a JEOL 2000 FX
electron microscope, operating at 120 kV. Films of copolymers and copolymer/homopolymer
blends (approx. 100 mg) were prepared by slowly casting a THF solution (5 % (wt/vol))
during approximately one week. The films were then subsequently dried under vacuum at 50
°C overnight, after which they were annealed at 165 °C for one week unless otherwise
reported. After annealing the samples were quenched in an icewater bath, to avoid
crystallization of the ferrocenylsilane block and preserve their amorphous morphology. DSC
experiments on annealed and quenched samples did not show any melting endotherm as
expected, since a study on the crystallization kinetics of poly(ferrocenyldimethylsilane)
showed that crystallization takes places within 10-20 minutes,21 whereas quenching in ice
water only takes several seconds. Thin slices were cut from these films at room temperature
with a Reichert-Jung Ultracut E microtome using a diamond knife. The slices were collected
on 600 mesh copper grids. Due to the large density difference between the two blocks (1.26
g/cm3 vs. 1.05 g/cm3) and due to the large number of electrons in the iron atoms of the
organometallic domains no staining was required for TEM experiments.
Small angle X-ray scattering (SAXS) patterns were obtained at the Time-Resolved
Diffraction Facility (station X12B) at the National Synchrotron Light Source at Brookhaven
National Laboratory (BNL) using a custom-built two-dimensional detector (10 cm x 10 cm,
512 x 512 pixels). The optical system provides a doubly focused (spot size, 0.5 mm x 0.5 mm
fwhm) monochromatic X-ray beam (bandpass, ~5 x 10-4 ∆λ/λ) with a wavelength of λ = 1.54
Å. The sample to detector distance was 245 cm.
Rheological measurements were performed on an Ares (Rheometric Scientific)
rheometer, using a plate-plate configuration. The gap between the plates was 0.5 - 0.7 mm
and a shear strain of 0.5 % was applied. Shear elastic moduli were measured at frequencies
from 0.1 - 100 Hz as a function of temperature between 150 °C to 200 °C with steps of 10 °C.
Before each frequency sweep the sample was allowed to equilibrate for 10 minutes. G’ data
below 103 dynes/cm2 were removed, based on the limitations of the stress transducer.
Mastercurves were constructed from the isothermal frequency sweeps using the principle of
time-temperature superposition. For all mastercurves, 170 °C was taken as the reference
temperature.
GPC measurements on samples that had been annealed or used in temperature
dependent rheological experiments did not show any sign of degradation.
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&KDSWHU
Morphology and Surface Relief Structures of
Asymmetric Poly(styrene-block-ferrocenylsilane)
Thin Films#
Thin films of an asymmetric styrene-block-ferrocenyldimethylsilane (SF
27/12, 27 vol% F) copolymer were studied both on solid silicon substrates as
well as free-standing. In the bulk, the diblock investigated here forms
poly(ferrocenylsilane) cylinders in a poly(styrene) matrix. The thin films were
analyzed by a variety of techniques including atomic force microscopy
(AFM), transmission electron microscopy (TEM), x-ray reflectivity,
secondary ion mass spectrometry (SIMS) and optical microscopy. From x-ray
reflectivity measurements it was concluded that both blocks were present at
the substrate, whereas poly(styrene) wetted the free surface. The formation of
islands and holes were observed by optical microscopy and AFM, as a result
of a mismatch between the film thickness and the equilibrium spacing
between layers of cylinders. Upon longer annealing of the films, the islands
disappeared due to a change of the internal morphology of the thin film. After
selective removal of the organic matrix by means of oxygen reactive ion
etching the phase-separated structure could be visualized by AFM. The
morphology of the films altered upon annealing from an in-plane cylindrical
to a hexagonal morphology. The structure in freestanding films could be
analyzed by TEM. After annealing, both types of orientations of cylinders
(parallel and perpendicular with respect to the substrate) were found to be
stable.

6.1

Introduction

In thick block copolymer films, the mismatch between the film thickness and the bulk
lattice period can be distributed over many layers. As the film thickness is decreased to a
value equal to a few domain periods, the frustration due to the mismatch becomes more
#

The work described in this Chapter has been submitted for publication in Macromolecules.
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significant. Such thin films of block copolymers have received much attention in the last
decade. In order to release the frustration in these films, several changes in morphology have
been reported for lamellar systems, i.e. symmetric block copolymers. The morphology
change with decreasing thickness has been observed to depend on the specific interactions
that the corresponding blocks have with their interfaces (either a free surface or a substrate).
Three different situations can be distinguished: confined (between two substrates),
unconfined (on a substrate), and freestanding thin films (no substrate).
External interfaces influence the nature of ordering in block copolymers. Generally, a
preferential affinity of one of the blocks for an interface causes the block to preferentially wet
one interface. This results in the ordering of the lamellae parallel to this interface. A block
copolymer between two confining interfaces becomes frustrated if the confined thickness is
incommensurate with the natural spacing of the lamellae. As a result, these films show
different periods in films compared to the bulk.1,2,3 However, there is a limit to the extent of
distortion within the lamellae. Sometimes, even perpendicularly oriented structures have been
observed.4 In such structures, both blocks are present at the interface. Theoretical
predictions5,6,7 and simulations8 have supported such observations.
In non-confined films, specific surface segregation results in parallel orientation of the
domains with respect to the substrate. The frustration due to the mismatch between initial
film thickness and bulk domain period can be released by the formation of islands, i.e.
surface relief structures.9 Block selective segregation at the substrate will occur when the
wetting component provides the lowest interfacial tension, or when it exhibits a specific
affinity for the substrate. This results in so-called substrate induced ordering,10 which may
even be present at temperatures above the bulk order-disorder temperature. The surface
segregation in symmetric block copolymers is believed to be governed by enthalpic factors
and can be tuned to obtain certain specificity for one block or make it neutral to both
blocks.11 However, if the enthalpic driving force is absent, the surface segregation can be
entropy-driven resulting in surface segregation of the more flexible chain.12,13 The growth of
surface relief structures has been studied in detail.14
Substrate-free block copolymer films allow one to study the thin film morphology
with a non-interacting interface. The surface tension of the corresponding blocks will then
induce preferential enrichment of the surface by the block with the lowest surface tension.15
Such effects of interfaces on the thin film morphology have been studied for symmetric block
copolymer films.16
Asymmetric block copolymer films are extremely interesting if one wants to obtain
laterally structured surfaces. Recently, such films were explored to serve as lithographic
templates.17,18
Theoretical studies on the morphology in thin asymmetric block copolymer films also
indicate interesting phenomena. In a very recent paper, a dynamic density functional theory
(DDFT) was used to simulate microphases in an asymmetric block copolymer confined in a
thin film.19 Both the film thickness and the polymer-substrate interactions influence the
morphologies in the corresponding thin films. Parallel morphologies were dominant if one of
the blocks had a preference for both substrates. At certain thicknesses, however,
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perpendicular orientation of cylinders was observed. Also some non-cylindrical
morphologies, like parallel lamellae and perforated lamellae, have been predicted. Another
study concluded that a lamellar region can be formed at the substrate if the affinity difference
for the substrate of the two blocks is larger than some critical value.20 Interacting walls do
posses a profound influence on domain formation in thin films.21 Suh et al.22 found
theoretically that cylinders in triblock and diblock copolymers could orient parallel or
perpendicular in confined geometries, depending on the film thickness and interfacial
energies.
Asymmetry in block copolymer composition results in interesting phenomena for thin
film morphology when compared to symmetric cases. This is easy to envisage, if one
considers the case where the minority component wants to preferentially enrich the interface.
The microdomain morphology of freestanding thin films of asymmetric diblocks has been
previously reported.23 Even if the surface enriching block is present in the minority phase, a
continuous wetting layer of that phase can still be present at the surface. Such a wetting layer
can alter the near surface morphology.24,25 Layers of microdomains, cylinders or spheres, that
oriented parallel to the substrate in asymmetric block copolymer films have been
reported.26,27 In the case of a cylindrical morphology, the domains would lie parallel, but
transversely shifted with respect to the domains of the adjacent layer.
H
CH3
n-Bu

Fe

Si

CH2 CH

CH3
n
m

PS-b-PFS : SF
Chart 6.1 Chemical structure of styrene-block-ferrocenyldimethylsilane copolymer SF.

This chapter describes the thin film morphology of an asymmetric diblock copolymer,
poly(styrene-block-ferrocenylsilane) as illustrated in Chart 6.1. The polymer studied was SF
27/12 which is a 27,000 g/mol polystyrene -b- 12,000 g/mol polyferrocenylsilane diblock.
The block copolymer contains 27 vol% of the organometallic block, and the bulk structure
consists of hexagonally packed cylinders of poly(ferrocenylsilane) in a poly(styrene)
matrix.28 Thin films were studied both on silicon substrates, as well as without any substrate
(freestanding).
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6.2

Results and Discussion

6.2.1 THIN FILMS ON SILICON SUBSTRATES
The block copolymer used for the thin film study, described in this chapter, possesses
a cylindrical morphology in the bulk.28 If thin films are considered, the preferred aggregation
of the blocks at the substrate and surface are crucial for the microdomain morphology. In thin
asymmetric block copolymer films the domains are, in general, oriented parallel to the
substrate and surface, if one block has a higher affinity for the particular substrate or surface.
Even if the block, that has a preference for the interface, is in the minority, it may still form a
continuous wetting layer at the corresponding interface.24,25

Figure 6.1 Optical micrograph of a dust particle in a thin SF 27/12 film, after annealing for 24 hours at 150 °C.

After annealing SF 27/12 for 24 hours at 150 °C on a silicon substrate, the film forms
islands and holes for film thicknesses that are incommensurate with the domain spacing. As it
is displayed in Figure 6.1, gradual film thickness variations become “quantized” at specific
thicknesses after annealing.29 The formation of plateaus is indicative of an oriented structure,
with the nanodomains lying parallel to the film substrate and surface.
The diblock considered in this chapter, SF 27/12, forms a cylindrical phase in the bulk
with a lattice spacing of approximately 26 nm.30 The film forms islands and holes at specific
thicknesses depending on which of the phases will be present at the surface and/or the
substrate. Contact angle measurements performed on the corresponding homopolymers could
not distinguish between poly(styrene) and poly(ferrocenyldimethylsilane).31 Thus, the
obviously low difference in surface energy results in a small driving force for one of the
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phases to wet the surface. From XPS measurements, however, it was determined that
poly(styrene) covers the surface of thin PS-b-PFS films after annealing.
At a film thickness of approximately 52 nm (as measured by ellipsometry before
annealing), which is about equal to two times the lattice spacing, the film forms an almost
bicontinuous islands and holes structure after annealing for four days at 160 °C (see Figure
6.2). The height of the terraces however, is similar to the lattice spacing of the diblock
copolymer. So, from the corresponding AFM image, we can already conclude that the
majority phase, poly(styrene), is not present at both the surface and the substrate. If
poly(styrene) was present at both the substrate and the surface, such a structure would exactly
fill a 52 nm thin film with two layers of cylinders (since each layer is about 26 nm thick).
XPS measurements indicated that poly(styrene) wets the free surface of the block copolymer
film. Therefore, the organometallic block is probably present at the substrate. From
theoretical studies it was already shown that a lamellar region might be present at the
substrate, if the difference between the affinity of the two phases for the substrate is large
enough. Otherwise, both phases might be present at the substrate.20
The area occupied by islands is approximately 50% of the total film surface as
displayed in Figure 6.2. Together with an island height of about 26 nm, this implies that the
thickness of the film in a valley is circa 39 nm. A film with an initial thickness of 39 nm does
not form any islands, but remains continuous after annealing.
To obtain information about the internal microstucture of the thin diblock film, we
have to “zoom in” in order to visualize the phase separated domains. Typically, transmission
electron microscopy (TEM) is used to study phase separation in block copolymer systems.
For these thin films, however, the silicon substrate does not allow the use of TEM since it is
not transparent for electrons. Another possibility for thin film studies is the use of atomic
force microscopy (AFM). The difference in mechanical response of the different domains
allows one to visualize these domains by AFM tapping mode phase imaging. The use of
AFM in imaging block copolymer thin films has proven to be a successful tool to study the
lateral morphology on a nanometer level.32
However, the applicability of AFM to study the phase separated morphology of thin
poly(styrene-block-ferrocenylsilane) copolymer films was found to be limited. Due to the
surface coverage of the poly(styrene) phase, the underlying structure could not be visualized
directly. If a soft phase would form the matrix of the film, the AFM tip could penetrate
through the covering layer and image the underlying structure. However, this is not possible
due to the glassy nature of poly(styrene).
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Figure 6.2 AFM height image of an annealed 52 nm thin film of SF 27/12 on a silicon substrate. The terraces
are approximately 25-27 nm higher compared to the valleys, as can be observed in the line scan on the right.

To overcome this problem, we selectively removed the organic poly(styrene) matrix
by means of oxygen reactive ion etching (O2-RIE). In oxygen plasma, organic substances are
quickly removed. As we already discussed in Chapter 4, the organometallic polymer forms a
thin protective oxide layer upon exposure to an oxygen plasma. The removal of this
organometallic polymer is then slowed down due to the competition between the oxide
formation by the plasma and the ion sputtering effect. As a result, a high etching rate
difference, up to 50 : 1, is obtained between the organic and organometallic phases, and the
organic phase can be selectively removed.33
Figure 6.3 displays the AFM images of annealed SF 27/12 thin films of different
thicknesses, after the selective removal of the organic phase by means of O2-RIE. A full layer
of in-plane cylinders can be observed for a 40 nm thick film (Figure 6.3 C). The film
thickness is then about equal to the thickness of the film in the valleys from Figure 6.2.
Probably the film consists of a single layer of cylinders on top of a thin wetting layer at the
substrate. If the initial thickness is lower than approximately 40 nm, the single layer of
cylinders can not be completely formed. As can be observed in Figure 6.3 B for a film
thickness of 35 nm, in such cases areas are formed where a hexagonal structure is present.
This becomes even more pronounced at a film thicknesses of 30 nm (Figure 6.3 A). Thus the
mismatch between the initial film thickness and the equilibrium lattice spacing can be
balanced by a change in morphology.
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Figure 6.3 AFM height images, taken in tapping mode, of thin SF 27/12 films of different thicknesses after
annealing for less than two days at 150 °C. The organic matrix phase has been selectively removed by means of
O2-RIE treatment for 10 s, leaving the organometallic structure behind. (A) 30 nm film tickness, (B) 35 nm film
thickness, (C) 40 nm film thickness.

From the Fourier transforms of the images in Figure 6.3, the lattice spacing could be
determined. The spacing was found to be 26 nm for image A, 27 nm for image B, and 29 nm
for image C. In the bulk, the cylinders have a lattice spacing of 26 nm, which results in a
cylinder to cylinder distance of about 30 nm. The spacing from the Fourier transform of
image A, can be directly related to the spacing from SAXS measurements performed on bulk
samples, since both posses a hexagonal structure. Furthermore, the spacing from image C is
in quite good agreement with the bulk distance between cylinders. Since image B consists of
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a mixed morphology, the average spacing from the Fourier transform has an intermediate
value.

Figure 6.4 AFM height images of a 47 nm thin SF 27/12 film after annealing at 150 °C for different times: (A)
24 hours, (B) 48 hours, (C) 96 hours.

Provided that the thickness of film is not commensurate with the domain period,
islands or holes are formed. This is illustrated in Figure 6.4, for a 47 nm thin film that has
been annealed at 150 °C for different times. After 24 hours, the film is still quite smooth, and
the morphology consists of cylinders oriented parallel to the surface. Near the slightly
elevated structures, some defects in the morphology (“dots”) are frequently observed. A welldeveloped island can be observed in Figure 6.4 B, after annealing for 48 hours. Within the
island and the valleys, the cylinders are oriented parallel to the surface, whereas a sort of
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corona is present around the island that displays a hexagonal, dot-like structures. Defect
structures near island edges have been previously observed. For example, the steps between
terraces in symmetric block copolymer films were found to consist of perpendicularly
oriented lamellae.10h In asymmetric diblock films, forming a cylindrical morphology, edge
defects were interpreted as a layer of spheres above a perforated lamella, with the spheres
positioned above the perforations.34 Such domain edge structures play an important role
during the growth and coarsening of islands. Surprisingly, after further annealing, the islands
slowly disappear and the complete film possesses a hexagonal structure (Figure 6.4 C). So,
after annealing for more than 3 to 4 days the surface of the film becomes smooth again, with
a uniform thickness that is incommensurate with the lattice period.
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Figure 6.5 Volume fraction of PFS plotted against distance from the substrate, obtained from the SIMS
spectrum for a 50 nm thin film of SF 27/12, annealed for 20 hours at 150 °C.

Fourier transforms of the AFM images were determined to estimate average repeat
periods. Image A and B have spacings according to Fourier analysis, of approximately 28
nm, which is close to the value of 30 nm corresponding to the bulk cylinder to cylinder
distance. Perhaps the cylinders are slightly compressed for image A and B, since the film
thickness is not commensurate with the domain spacing, i.e. the film is too thick. The Fourier
transform of image C indicated a spacing of about 35 nm, which results in a domain to
domain distance of approximately 40 nm for a hexagonal structure. The large discrepancy
between the domain to domain distance in the bulk (30 nm) compared to the thin film (40
nm) suggests that the structure in image C is not a result of perpendicularly oriented
cylinders. Spheres on a BCC lattice have approximately the same spacing for their (110)
planes than the spacing of (100) planes in a hexagonal cylindrical morphology.35 Thus, a
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transition from cylinders to spheres near the film surface can not account for the large
deviation in the period spacing.
To gain information about the in-depth morphology of the thin diblock films, x-ray
reflectivity and secondary ion mass spectroscopy (SIMS) measurements were performed. A
layered morphology, with its layers parallel to the substrate and surface, gives rise to changes
in the density perpendicular to the film. Such changes can be measured by x-ray reflectivity
experiments.
From secondary ion mass spectrometry (SIMS) a first guess about the internal film
structure in the perpendicular direction can be obtained. The depth profile displays an
oscillating signal for iron and silicon, which are present in the organometallic block. At the
substrate the silicon signal shows a sharp increase due to the silicon substrate. The SIMS
results were converted to volume fraction of PFS as a function of film depth and are
displayed in Figure 6.5. The volume fraction of PFS oscillates as a result of the alignment of
the domains parallel to the substrate. The poly(ferrocenylsilane) block is present at the silicon
substrate. The volume fraction of PFS at the silicon substrate is comparable to the bulk
volume fraction of the diblock (0.27) whereas the volume fraction in the layers, which are
oriented parallel to the substrate, exceeds the bulk volume fraction. The distance between the
two layers is approximately 20 nm, which is less than the period observed in the bulk sample
(26 nm).
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Figure 6.6 X-ray reflectivity data of a thin SF 27/12 film that has been annealed for 20 hours at 150 °C.

The information obtained from the SIMS experiments can be used as a first
approximation for the calculation of a density profile from x-ray reflectivity measurements.
These measurements were performed on the same films as used for the SIMS experiments. In
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general, the electron density contrast between different phases in block copolymer thin films
is quite low, and therefore neutron scattering is usually used to investigate such polymer
layers, of which one block is deuterated. However, deuteration may change the phase
behavior of the polymers. A novel analysis method has been recently developed to obtain
accurate information about the density depth profile of block copolymer thin films utilizing
x-rays (i.e. no deuteration is needed).36
If one would be using the well-known Parratt algorithm to obtain the density depth
37
profile, only substrate-film and film-air interfaces could be subtracted from the reflectivity
data in Figure 6.6. By using the new Fourier method,36 which takes into account different
limits of integration in q-space, the interfacial parameters can be determined with high
accuracy although the difference in the electron density (the contrast) of the two phases is
still extremely small.
Several small peaks are visible besides the large peak around d = 500 Å in Figure 6.7.
These small peaks contain the information about the low contrast interface. The simulated
reflectivity and Fourier transferred intensities have been calculated from a refractive index
depth profile. The initial guess for the iteration process that leads to the final profile was
taken from the SIMS data.
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Figure 6.7 Fourier transforms of the x-ray reflectivity curves as displayed in Figure 6.6.

The refractive index (related to the electron density) depth profile is shown in Figure
6.8. In this figure, the substrate is situated at z = 0, and the film has a total thickness of about
50 nm. From this profile, it can be concluded that the organometallic ferrocenylsilane phase
is present at the substrate, whereas the organic styrene phase enriches the surface (as was also
shown by XPS measurements). This is in full agreement with the observations from AFM,
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1 - Refractive Index

which indicated a so-called asymmetric wetting. However, a lamellar wetting layer of the
organometallic phase at the substrate would result in a relatively large volume fraction PFS
(close to 1). SIMS and x-ray reflectivity data clearly indicated that this is not the case.
Moreover, the results suggested that both phases are located near the substrate. Obviously,
the affinity for one of the two phases is not large enough to induce the lamellar ordering at
the substrate, but rather both blocks are in contact with the substrate.20
Interestingly, the thickness of the film is comparable to the thickness of the film
displayed in the AFM image in Figure 6.2. So, if a film of this thickness (approximately 50
nm) is annealed for only one day, the film remains flat and the internal structure evolves. The
spacing between the two layers in the density profile is approximately 20 nm. This implies
that the morphology of the film is frustrated, since the equilibrium lattice spacing in the bulk
is approximately 26 nm. After longer annealing, i.e. for several days, the film becomes more
and more unsatisfied with its initial thickness, and surface relief structures are formed.
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Figure 6.8 Simulated density depth profile (expressed in terms of refractive index variation, inset displays entire
profile), as obtained from x-ray reflectivity data, using the “new” Fourier method from ref. 36.

6.2.2 FREESTANDING DIBLOCK COPOLYMER FILMS
Diblock copolymer thin films can be annealed without the presence of a substrate. In
order to explore the morphology of such films, a thin film was spin-coated on a silicon wafer,
after which the film was removed by using a lift-off technique in a water bath. The floating
copolymer film was then picked up with a TEM copper grid. During subsequent annealing
the film did not experience contact with any substrate.
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In Figure 6.9, a TEM image of a freestanding film of SF 27/12 is displayed. The
sample was annealed for 24 hours at 150 °C. The majority of the film consists of cylinders
that are oriented parallel to the surface, since the majority component, poly(styrene), wets
both free surfaces (symmetric wetting). A few small areas were observed where the
organometallic cylinders have a perpendicular orientation.

Figure 6.9 TEM image of a freestanding film of SF 27/12, after annealing for 24 hours at 150 °C. The
morphology consists of cylinders of poly(ferrocenylsilane) (dark) in a poly(styrene) matrix (bright). A few small
areas contain perpendicular oriented cylinders.

The orientation of the cylinders within the film can be nicely illustrated by tilting the
specimen in the electron microscope. This is displayed in Figure 6.10. The film displayed in
this figure was annealed for 4 days, which resulted in an increase of the areas with a
perpendicular orientation.

Figure 6.10 TEM micrographs of a freestanding SF 27/12 film. Image A was taken without any tilt, showing a
grain boundary. Within this grain the domains are hexagonally arranged. Image B was taken at 30° tilt,
illustrating that the hexagonally packed domains are perpendicularly oriented cylinders. Furthermore, the
parallel oriented cylinders become visible when the sample is tilted.
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Upon longer annealing times, the areas with perpendicularly oriented cylinders were
observed to become larger. Perpendicularly oriented cylinders have been observed before, but
they were presumably a result of the film preparation, i.e. quick solvent evaporation.38 In
other words, perpendicularly oriented cylinders were found to be metastable thus far, since
the higher surface free energy block would also be present at the surface.39 The perpendicular
orientation in freestanding films of poly(styrene-block-ferrocenyldimethylsilane) seems to be
a stable morphology.
An explanation for the perpendicular orientation may be that the difference in surface
free energy between the two phases is small enough to allow both blocks to be present at the
surface. In doing so, the frustration within the film due to the mismatch between the film
thickness and the domain period can be released. From contact angle measurements the
surface energies of poly(styrene) and poly(ferrocenyldimethylsilane) were found to be
approximately equal within the accuracy of the measurements. In a theoretical study, it was
mentioned that if the difference between tendency for surface segregation is below a certain
value, perpendicular orientation can be favorable, since it releases the frustration by allowing
both blocks at the same interface.22 For a perpendicular orientation of cylinders, the
equilibrium period of the block copolymer system can be realized, whereas this is not
possible in the parallel morphology without the formation of islands or holes.

6.3

Conclusions

The thin film morphology of an asymmetric styrene-block-ferrocenyldimethylsilane
copolymer was studied. The microdomain structure could be visualized by AFM after
selective removal of the organic matrix by means of oxygen reactive ion etching. The thin
film morphology after annealing consists of cylinders that are oriented parallel to the surface.
Upon annealing, the films form surface relief structures if the film thickness is
incommensurate with the equilibrium spacing period. From SIMS and x-ray reflectivity
measurements, it was concluded that both poly(styrene) and poly(ferrocenylsilane) are
present at the silicon substrate whereas poly(styrene) preferentially wets the free surface.
After longer annealing periods, usually more than four days, the surface relief structures
disappeared due to a rearrangement of the microdomains.
For freestanding films both orientations of the cylinders were found to be present in
annealed samples. The perpendicular orientation of cylinders appears to be stable as well,
since the amount of perpendicularly oriented cylinders is increasing in time during annealing.
The perpendicular orientation allows the film thickness to be incommensurate with the
equilibrium spacing while maintaining the equilibrium period, so the stress can be relieved
without the formation of surface relief structures (islands or holes).
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6.4

Experimental

N,N,N’,N’-Tetramethylethylenediamine (TMEDA), ferrocene, styrene, n-butyllithium
(1.6 M in hexanes), dibutylmagnesium (1.0 M in heptane) and dichlorodimethylsilane were
obtained from Aldrich. All solvents were obtained from Merck.
TMEDA was distilled from sodium, heptane was distilled from calciumhydride, and
ferrocene was Soxhlet extracted with cyclohexane prior to use. 1,1’-Dimethylsilylferrocenophane was prepared as described earlier and purified by sequential dissolution in
heptane followed by vacuum sublimation. Styrene/ethylbenzene (~10 wt% solution) was
dried on dibutylmagnesium and distilled under vacuum. n-Butyllithium was diluted to
approximately 0.2 M with heptane that was dried over n-butyllithium and distilled under
vacuum. Tetrahydrofuran (THF) was dried over n-butyllithium and distilled under vacuum.
Poly(styrene-block-ferrocenyldimethylsilane) copolymers (SF) were synthesized by
sequential anionic polymerization carried out in an Mbraun glovebox purged with prepurified
nitrogen. Polymerization of styrene in ethylbenzene (~10 wt%) was initiated by nbutyllithium and allowed to proceed for 5 hours. After the styrene block formation was
completed, 1,1’- dimethylsilylferrocenophane was added to the solution and stirred for 5
minutes. Since 1,1’-dimethylsilylferrocenophane does not polymerize in ethylbenzene, THF
was added to the mixture, allowing the formation of the organometallic block. This method
prevented reaction of the living polystyryl chains with THF that is known to occur at ambient
temperatures. After 2 hours, the living chains were terminated by adding a few drops of
degassed methanol. The polymers were precipitated in methanol and dried under vacuum.
GPC measurements were carried out in THF using microstyragel columns with pore
sizes of 105, 104, 103 and 106 Å (Waters). The instrument was equipped with a dual detection
system consisting of a differential refractometer (Waters model 410) and a differential
viscometer (Viskotek model H502). Block ratios were calculated from 1H NMR peak
integrals. 1H NMR spectra were recorded in deuterated chloroform at 250.1 MHz using a
Bruker AC 250 spectrometer. The density of poly(ferrocenyldimethylsilane), 1.26 g/cm3, was
obtained by means of a pycnometer.
Thin films were prepared by spin-coating on silicon wafers from toluene solutions. By
varying the spinning speed and concentration of the copolymer solution the film thickness
could be controlled. The film thickness was measured by ellipsometry prior to annealing. The
films were annealed under vacuum at 150-160 °C.
The organic poly(styrene) matrix could be selectively removed by means of oxygen
reactive ion etching. Oxygen reactive ion etching (O2-RIE) experiments were carried out in
an Elektrotech PF 340 apparatus. The pressure inside the etching chamber was 10 mTorr, the
substrate temperature was set at 10 °C, and an oxygen flow rate of 20 cm3/min was
maintained. The power was set at 75 W. Etching times of only 10 seconds were found to be
enough to expose the organometallic domains, so they could be visualized by AFM.
The morphology of unetched and etched films was studied by atomic force
microscopy (AFM) operating in the tapping mode. AFM experiments were performed using a
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NanoScope III A instrument (Digital Instruments) utilizing NanoSensors tapping tips. Etched
films could be studied best at low amplitudes of oscillation at free vibration (A0 = 1.0 V) and
relatively high operating setpoint ratios (A/A0 ~ 0.9). Height and phase images were recorded
at a scanning rate of 1 Hz.
Freestanding films were prepared by spin-coating an approximately 70 nm thin film
onto a silicon wafer. The film was floated off in a water bath and picked up with a copper
TEM grid. The films were then annealed under vacuum at 150 °C.
Transmission electron microscopy (TEM) images of freestanding films were
performed on a JEOL 200 CX and Philips CM30 electron microscope. The sample holders
could be tilted. No staining was required, due to the larger electron density of the
organometallic phase.
X-ray reflectivity measurements were carried out at the beamline X10B of the
National Synchrotron Light Source at Brookhaven National Laboratory using a wavelength
of 1.127 Å. Analysis of the reflectivity data was performed using a new Fourier method,
which allows one to evaluate even low contrast layered systems.36
Depth profiling was performed on a SIMS Atomika instrument with an Ar beam at 3
keV rastered over a 1x1 mm2 spot. The samples were covered by a sacrificial thin film of
deuterated poly(styrene) by floating it onto the diblock film. This ensured that steady-state
sputtering conditions were achieved before the sputtering crater reached the original
copolymer surface. Positive Fe and Si and negative deuterium and carbon were monitored as
a function of sputtering time. The thickness of the film was measured with ellipsometry and
the depth scale was obtained by dividing the carbon trace by the total thickness.
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Morphology and Crystallization of Thin Films of
Asymmetric Organic-Organometallic Diblock Copolymers
of Isoprene and Ferrocenyldimethylsilane#
The morphology of thin films of asymmetric block copolymers of
poly(isoprene-block-ferrocenyldimethylsilane) was studied using atomic force
microscopy, transmission electron microscopy, and optical microscopy. Block
copolymers with the organometallic (ferrocenylsilane) phase between 20 and
28 vol% were investigated. At these compositions the copolymers formed
cylindrical structures in the bulk. Thin films, spin-cast on silicon wafers,
possessed different morphologies depending on the composition and the film
thickness. The block copolymers exhibited a surface structure consisting of a
worm-like pattern for film thicknesses exceeding the domain spacing. When
the film thickness matched the inter domain spacing, a surface morphology
consisting of hexagonally packed domains was obtained for the diblock
containing 20 vol% of the organometallic phase, and a complete worm-like
structure was observed for the diblock containing 28 vol% of the
ferrocenylsilane phase. The diblock containing 24 vol% of the organometallic
phase displayed a mixed morphology at this thickness consisting of a wormlike structure and hexagonally packed domains. Hole formation, due to
incompatibility between the film thickness and the domain spacing, was
observed for films thinner than a single domain layer. The formation of
islands, or holes, in thicker films was not observed because lattice distortions
can relieve the stress that is generated by excess material. Crystallization of
the PFS phase took place at room temperature and resulted in large hedritic
structures over the whole surface of the diblock copolymer films. The
microdomain morphology was completely destroyed in the films consisting of
crystallized organometallic domains. From DSC measurements on bulk
samples, the melting temperature and enthalpy of the diblock copolymers
indicated well-advanced crystallization compared to ferrocenyldimethylsilane
homopolymers.
#

The work described in this Chapter has been published: R. G. H. Lammertink, M. A. Hempenius, G. J. Vancso,
Langmuir 2000, in press.
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7.1

Introduction

The use of self-assembly of macromolecules into patterns with typical structure sizes
that are an order of magnitude smaller compared to patterns obtained by conventional optical
lithography seems a very promising approach.1,2 These and other applications require
adequate understanding of the morphology and stability of thin block copolymer films.
The presence of a substrate and free surface strongly influence the behavior of block
copolymers in thin films compared to their behavior in the bulk. In the bulk, the equilibrium
morphology is mainly determined by the volume fractions of the corresponding blocks, the
Flory-Huggins interaction parameter (χ) and the degree of polymerization.3 Generally,
symmetric block copolymers form lamellar structures. With increasing asymmetry, the
morphology exhibits cylinders and spheres of one phase embedded in the matrix of the other
phase, and co-continuous morphologies. In thin films, the presence of a substrate and surface
can induce orientation of the microphase structure,4 and can result in changes in domain
dimensions or phase transitions5,6 due to segregation of one of the blocks at the substrate or
surface.
The ordering in thin films of asymmetric block copolymers, with spherical or
cylindrical morphologies has been investigated to a much smaller extent compared to
symmetric block copolymers. In one theoretical study, the surface induced ordering of a
cylindrical phase was treated.7 The authors found that a lamellar region (covering layer) at
the surface existed if the surface tension difference between the two phases and the surface is
above a certain critical value. Suh et al.8 found theoretically that cylinders in triblock and
diblock copolymers could orient parallel or perpendicular in confined geometry, depending
on the film thickness and surface tensions. Recently, dynamic density functional theory was
used to study microdomain formation in confined thin films of asymmetric block
copolymers.9 It was concluded that the film thickness and the polymer-substrate interaction
are the main parameters that govern thin film morphologies of asymmetric block copolymers.
Parallel morphologies were found to be dominant when one of the blocks had a
preference for the substrates. However, at certain thicknesses perpendicularly oriented
cylinders were observed. In addition, non-cylindrical morphologies, such as parallel lamellae
and perforated lamellae were observed for films between selective substrates. Experiments
show that a strong preference of one of the blocks for the substrate leads to preferential
wetting of the substrate and therefore in an orientation of the domains parallel to the
substrate.10,11 When there was no clear affinity for one of the two blocks to wet the substrate,
a parallel orientation was observed for spherical and cylindrical domains in a single domain
layer.12 In films of asymmetric poly(styrene-block-butadiene) copolymers, annealed without
the presence of a substrate, a transition from the bulk cylindrical morphology was observed
as the film thickness decreased.13 This was induced by surface segregation of the lower
surface tension PB component. The morphology of spherical and cylindrical PS-b-PB and
PS-b-PI copolymer thin films on silicon wafers was investigated by Harrison et al.14 In a
single domain layer, the cylinders oriented parallel to the substrate, which was wetted by a
layer of PB. The wetting of the silicon by the PB was ascribed to the lower interfacial tension
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between unsaturated hydrocarbons and polar substrates, compared to aromatic hydrocarbons
and polar substrates.15 In a monolayer of spheres, the domains were arranged in a hexagonal
lattice, oriented parallel to the substrate. Islands and holes were observed for both spherical
and cylindrical morphologies, if the initial film thickness was not commensurable with the
domain spacing. Lattice distortions in the bulk of the films, however, could prevent the
creation of islands and holes.16
In this study, AFM observations of the morphology of thin films of asymmetric
poly(isoprene-block-ferrocenyldimethylsilane) copolymers on a silicon substrate are
described. Recently, thin films of these polymers that form lateral structures on solid
substrates were found to be interesting candidates to function as lithographic templates in a
one-step reactive ion etching process.2 The composition of the diblock copolymers studied
ranged between 20 vol% to 28 vol% for the organometallic phase.

7.2

Results and Discussion

7.2.1 ANIONIC SYNTHESIS OF POLY(ISOPRENE-BLOCK-FERROCENYLSILANES)
The poly(isoprene-block-ferrocenyldimethylsilane) copolymers used for this study
were synthesized by sequential anionic polymerization of isoprene and 1,1’-dimethylsilylferrocenophane. Isoprene was polymerized in toluene, which results in a relatively high
(~94%) amount of 1,4 addition, according to the 1H NMR spectra (not shown).17
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Chart 7.1 Sequential anionic polymerization of isoprene and 1,1’-dimethylsilylferrocenophane.
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The molecular characteristics of the polymers synthesized are given in Table 7.1. The
diblocks are denoted as IF referring to isoprene and ferrocenyldimethylsilane respectively,
followed by their molar masses in kg/mol.
Table 7.1 Molecular characteristics of poly(isoprene-block-ferrocenylsilane) copolymers (PI-b-PFS).

IF 29/15
IF 31/13
IF 36/12

Mn (kg/mol)
44.1
44.9
48.4

Mw (kg/mol)
46.3
47.2
49.5

Mw/Mn
1.05
1.05
1.02

PFS vol%
28
24
20

Mn number average molar mass, Mw weight average molar mass, Mw/Mn polydispersity index

7.2.2 THIN FILM MORPHOLOGY AND STABILITY

Figure 7.1 Optical micrograph of an isoprene-block-ferrocenylsilane copolymer thin film, after annealing at 150
°C.

Thin films of PI-b-PFS diblock copolymers, spin-cast from toluene, are smooth and
completely cover the silicon substrate. Figure 7.1 shows an optical micrograph of a film of
PI-b-PFS after annealing for 20 hours at 150 °C. The block copolymer dewetted the substrate
during heat treatment, and exhibited patterns very similar to the final stage of dewetting of
homopolymer thin films.18,19 The patterns were also similar to thin block copolymer films
that have been annealed above the orded-disorder transition temperature.20 The bulk order-
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disorder transition temperatures of the PI-b-PFS copolymers used in this study were between
120 and 130 °C, as determined by rheological experiments. Since annealing below 120 °C
might result in crystallization of the PFS phase,21 we studied the morphology of unannealed
diblock films at room temperature. Although unannealed films display morphologies that are
probably in non-equilibrium states, they give valuable information about the formation of
lateral nanodomains. Following spin-casting we observed that the order of the morphology
increased upon storage at room temperature. PI is a viscoelastic “liquid” polymer at room
temperature and the glass transition temperature of the PFS block was approximately 18 °C,
as determined from DSC experiments. The decrease of the glass transition temperature of the
PFS block, compared to the bulk value for PFS homopolymer (around 25 °C for a similar
molar mass),21 can be ascribed to the partial mixing of the two blocks at the microdomain
interface. Probably some mobility within the thin diblock film is still present to allow for
small-scale rearrangements resulting in increased order.
AFM phase images22 of relatively thick films (> 100 nm) of PI-b-PFS copolymers are
displayed in Figure 7.2. Due to the lower surface free energy of the PI blocks, PI segregates
at the surface, which was confirmed by contact angle and XPS measurements.23 IF 29/15 and
IF 31/13 display a disordered worm-like morphology (Figure 7.2 A and B). A thick IF 36/12
film, containing only 20 vol% of the organometallic block, also forms a worm-like
morphology, along with some areas containing dots (Figure 7.2 C). In a previous paper on
poly(styrene-block-ferrocenylsilane) copolymers and blends with corresponding
homopolymers, we obtained a transition from cylinders to spheres in the bulk at a
composition of 22 vol% of the organometallic block.24 Transmission electron microscopy
experiments on freestanding isoprene-block-ferrocenylsilane copolymer films, however,
indicated a cylindrical structure for all three diblocks investigated.
In the images captured in Figure 7.2 A-C the Fourier transform of the image intensity
indicated a repeat distance of the domains of approximately 33 nm for IF 29/15 and IF 31/13,
and 31 nm for IF 36/12. Thus it was of interest to study films with thicknesses close to this
value, as one would anticipate a frustrated behavior for these films. AFM phase images of
thin films, approximately 30 nm, are displayed in Figure 7.3. For IF 29/15 an in-plane wormlike structure can still be observed (Figure 7.3 A). Perpendicular orientation for films of IF
29/15 has not been observed. A 30 nm thin film of IF 31/13 displays a mixed morphology,
consisting of in-plane cylinders and circular domains that are hexagonally arranged (Figure
7.3 B) with an interdomain distance of approximately 33 nm, as determined from the Fourier
transform of the image shown in the inset. Films that are slightly thicker than the one shown
in Figure 7.3 B, display a pure in-plane cylindrical morphology.
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Figure 7.2 Tapping mode AFM phase images of relatively thick PI-b-PFS copolymer films (> 100 nm). A. IF
29/15 and B. IF 31/13 showing an in-plane worm-like structure. C. IF 36/12 contains areas with circular and
worm-like features. The Fourier transforms, with center and side corresponding to a reciprocal distance d-1
equals 0 and 62.5 µm-1 respectively, are displayed in the top right corner of each image.

Harrison et al.14 observed a transition from in-plane cylinders to spheres at edges of
islands in thin PS-b-PB films on silicon. The substrate and surface in their films were wetted
by PB, which was present in the cylinders. Due to the PB wetting layer the amount of PB
inside the film was reduced and a transition from cylinders to spheres resulted. In our case,
the surface is wetted by the PI phase, which is the majority phase. The observed change from
worm-like domains to hexagonally arranged domains in IF 31/13 films can be understood if
one considers that the microstructure is consisting of a single layer of cylinders in the organic
matrix. If the film thickness is reduced, the diameter of the cylinder must decrease which
results in an increase of the curvature of the cylinders. In order to relieve the resulting stress,
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the microstructure changes. One possibility is the formation of spheres with a lower mean
curvature, the other possibility is to orient the cylinders perpendicular to the substrate and
maintain the equilibrium cylinder diameter. Van Dijk and Van den Berg studied PS-b-PB-bPS triblock films of different thickness containing 24 vol% PS.25 They stated (based on AFM
observations) that for films that are thinner than two repeat distances, the cylinders orient
perpendicular to the surface whereas parallel orientation only existed at certain thicknesses
that were compatible with the repeat distance.

Figure 7.3 Tapping mode AFM phase images of thin (30 nm) PI-b-PFS copolymer films. A. IF 29/15 consisting
of a worm-like structure B. IF 31/13 contains areas with hexagonally packed domains as well, due to the relieve
of stress induced by the incommensurate film thickness C. AFM phase image of IF 36/12 displaying
hexagonally arranged domains. The Fourier transforms, with center and side corresponding to a reciprocal
spacing d-1 equals 0 and 62.5 µm-1 respectively, are displayed in the inset of each image.
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IF 36/12 (Figure 7.3 C) displays a morphology, completely consisting of hexagonally
packed domains. From the Fourier transform, shown in the inset, the domain spacing was
determined to be 30 nm (2/√3 times the 26 nm spacing for the Fourier transform), which is
approximately equal to the film thickness. A weaker ring can also be observed in the Fourier
transform of Figure 7.3 C at 15 nm, which confirms the hexagonal packing (hexagonal
arrangement displays intensities at relative distances of 1 and √3 in q-space). The existence of
this morphology strongly depends on the film thickness such as it was observed for IF 31/13.
The value of the film thickness must match the interdomain distance in order to form the
hexagonal structure. A slightly thicker film results in worm-like features, mixed with the
hexagonal structure.
Theoretical studies predict the transition from parallel to perpendicular cylinders for
very thin films under confinement.8 If differences between the surface tensions of the two
blocks is small and the thickness is incommensurate with the domain spacing, a morphology
with vertically oriented cylinders can be obtained according to this theory. The transition is
explained as a result of the stress generated by the mismatch between the film thickness and
the domain distance.

Figure 7.4 Tapping mode AFM height image (25 µm scan size) of a thin film (< 30 nm) of IF 29/15. The film
thickness is incommensurate with the domain spacing, which results in the formation of holes.

A further decrease of the film thickness to values below the repeat distance results in
the formation of holes in the copolymer film. In block copolymer films on a solid substrate,
the stress induced by the shortage of material is relieved by the formation of holes in such a
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way that the remaining film has a thickness that is commensurate with the domain
dimensions. Figure 7.4 displays an AFM height image of a large area of an IF 29/15 film. Inbetween the holes, the worm-like morphology, is still present (Figure 7.5 A) for IF 29/15.
Similar hole formation is found for films of IF 31/13 and IF 36/12 of thicknesses that are
incommensurate with their domain spacing. The AFM image of an IF 36/12 film in Figure
7.5 B shows a dot-like pattern near a hole, followed by a region of the worm-like structure,
and hexagonal packed domains further away from a hole. This structure is in agreement with
the previous observation for IF 36/12 films, and can be rationalized by considering the
gradual increase of the film thickness near a hole. The thickness was found to be larger than
the average thickness of the remaining film in areas showing the worm-like structure. Further
away from the hole, the hexagonal structure is observed. The hexagonal structure is therefore
stable enough to prevent the hole from further growing which would otherwise result in a
structure as observed in Figure 5A. Dewetting resulting in hole formation for film thicknesses
less than 30 nm and occurs quickly after spin-casting, usually within hours.

Figure 7.5 A. Tapping mode AFM phase image (2 µm scan size) at higher magnification of a thin (< 30 nm) IF
29/15 film. The holes are formed so the film can retain the thickness that is commensurate with a single domain
layer. B. Tapping mode AFM phase image (2 µm scan size) at higher magnification of a thin (< 30 nm) IF 36/12
film. An in-plane worm-like morphology can be observed in areas where the film thickness is higher than the
average thickness of the remaining film. Further away from the hole, the hexagonal structure is still present.

It is interesting to note that the formation of islands on top of the film, due to material
excess, has not been observed. Such absence of island formation was previously observed for
asymmetric diblock copolymers.10,16,26 The formation of islands and holes in thicker films can
be suppressed by lattice distortions in the film. Changes in surface topography generally
occur over long time scales for asymmetric copolymers. In films that are thinner than the
domain spacing, lattice distortions are not possible and the film forms holes in order to
relieve stress.
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Figure 7.6 displays an AFM image of a 29 nm thin film of IF 36/12, 50 hours after
spin-casting. The two holes in this film, which are visible in Figure 7.6, were formed within
hours after spin-casting due to incompatibility between the film thickness and the domain
spacing as was discussed before. On the other hand, the large “hedrite-like” feature in the top
of this image is slowly formed during storage at room temperature. Its shape suggests that the
structure evolves via a nucleation and growth mechanism. Similar features can be observed
for all three diblock copolymer films for all thicknesses studied, several days after spincasting. In the smooth film region of the image, the microstructure is still preserved.

Figure 7.6 Tapping mode AFM height image of a thin IF 36/12 film after storage at room temperature for two
days. Similar structures were observed for all three diblock copolymers and all thicknesses studied after several
days of storage at room temperature.

Figure 7.7 A and B show the edge of such a growing hedritic structure in an IF 31/13
film at a higher magnification. The scan shown in Figure 7.7 B was taken from the same area,
approximately 20 minutes after capturing the first scan. It is clearly visible that the cylinders
break up in front of the slowly growing structure. The square inside the image contains the
same reference area, visible in both images. Eventually the entire film consists of such
“hedrite-like” structure, as shown in Figure 7.8. However, the film does not dewet to an
extent as observed for annealed films (Figure 7.1), even after storage for several months.

118

Thin Films of PI-b-PFS

Figure 7.7 Subsequent tapping mode AFM images of a thin IF 31/13 film at the edge of a structure, similar to
that displayed in Figure 7.6. The time gap between the two images is approximately 20 minutes. The square
inside the images contains a reference area.

Figure 7.8 AFM height image of a thin PI-b-PFS film after storage for several months at room temperature. The
complete film surface is transformed into a hedrite like structure.

DSC experiments on bulk samples stored for long periods of time at room
temperature revealed crystallization of the PFS block. Figure 7.9 displays the DSC heating
traces of IF 29/15 after one week storage at room temperature, as well as the second heating
trace. All three diblock copolymers show similar results. The endotherm at 138 °C indicates
the melting of the crystallized PFS phase. In the second heating trace this melting is absent,
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which indicates that the crystallization did not take place during the heating scan. The
melting endotherm has a magnitude of approximately 7.4 J/g for IF 29/15. Since the block
copolymer consists of 35 wt% of the crystallizing PFS block, the melting enthalpy for the
PFS phase is approximately 21 J/g. This is a relatively large value compared to the melting
enthalpies for PFS homopolymers usually observed (<15 J/g), indicating high levels of
crystallinity.21 Also the melting temperature of 138 °C indicates that the crystallization is well
advanced, since the temperature is close to the equilibrium melting temperature obtained for
the PFS homopolymer (143 °C). Finally, it is worth noting that the size of the hedritic
structure as observed in Figure 7.8 is much larger compared to the typical size of spherulites
of crystallized homopolymer (typically 20 µm).21
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Figure 7.9 DSC heating traces of IF 29/15, after storage for 1 week at room temperature, showing the melting
of the PFS phase. The second heating trace does not show the melting transition, which indicates that
crystallization takes place upon storage at room temperature and is not a result of crystallization during the
heating scan.

Crystallization of asymmetric diblock copolymers from phase separated melts has
been described in the literature. The strength of the segregation was found to have a profound
effect on the structure after crystallization. The reports regarding weakly segregated block
copolymers in which the crystallizing component is present in the minority phase, are
especially relevant for a comparison.27,28 Ethylene block copolymers, that form a hexagonally
packed cylindrical structure in an amorphous matrix have been studied in the weak
segregation limit. After crystallization of the ethylene block, the materials form alternating
lamellae. The spacing between these lamellae in the corresponding morphology depends on
the thermal history. The original microphase separated morphology is often found to be
destroyed due to the chain folding of the crystallizing block. Avrami analysis on the
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crystallization kinetics of ε-caprolactone-butadiene block copolymers have indicated that the
primary stage of crystallization was hardly influenced by the phase separation.29 Spherulitic
morphologies were observed after crystallization of block copolymers, with crystallizing
block volume fractions as low as 12 %.30 Our observations of diblock copolymer thin films,
consisting of amorphous isoprene and crystalline ferrocenyldimethylsilane, are consistent
with these previous studies.
Figure 7.10 displays a TEM image of a freestanding IF 36/12 diblock copolymer film.
An amorphous region, exhibiting the phase separated microdomain structure, can be observed
near the left bottom quarter of this image. On the right-hand side extended crystals are clearly
visible that appear dark in the TEM image and have inter-crystal spacings that are
comparable to the microdomain spacing. The breakup of the block copolymer microdomain
morphology near the boundary of the hedritic morphology is observable. This TEM image
confirms our conclusions made on the basis of AFM experiments.

Figure 7.10 Transmission electron micrograph of a freestanding film of IF 36/12. The edge of the hedritic
feature is visible. In the amorphous region the microdomain structure can still be distinguished.

7.3

Conclusions

Thin films of asymmetric PI-b-PFS copolymers display a complex phase and
morphology behavior when cast on a silicon substrate. Because of the unfavorable interaction
between the block copolymer film and the substrate, the copolymer completely dewets the
substrate after annealing at 150 °C, which is above the order-disorder temperature of the
copolymers studied. At room temperature the films are stable for a longer time (days),
allowing the study of surface pattern formation using atomic force microscopy. Although all
three diblock copolymers studied exhibit a cylindrical structure, the influence of the film
thickness on the morphology was distinct for each copolymer composition. Block copolymers
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that contained relatively less ferrocenylsilane (IF 31/13 and IF 36/12, containing 24 and 20
vol% respectively) were able to form hexagonally arranged domains for “frustrating”
thicknesses, whereas IF 29/15 (28 vol% ferrocenylsilane) displayed a worm-like structure and
hole-formation. There is however a limit to the amount of stress that can be released by the
change in morphology. For all films that are thinner than a certain thickness (typically <30
nm) hole formation was observed. Upon storage over longer periods, the PFS phase of the
block copolymer crystallizes at room temperature. During crystallization large hedrite like
structures slowly evolve and destroy the microdomain morphology. This is in accordance
with previous observations on weakly segregated asymmetric block copolymers that have a
crystallizing block in the minority phase. Interestingly, the melting enthalpy, the melting
temperature, and the hedritic feature indicate that the crystals must be well-ordered and
relatively perfect compared to the crystals of PFS homopolymer.

7.4

Experimental

Isoprene/toluene (10/90 vol%) was dried over dibutylmagnesium and distilled under
vacuum. 1,1’-dimethylsilylferrocenophane was prepared as described earlier,31 and was
purified by subsequent vacuum sublimation and recrystallization in heptane at -60 °C. nButyllithium was diluted with heptane (dried from BuLi and distilled under vacuum) to
approximately 0.2 M. THF was dried over butyllithium and distilled under vacuum.
Poly(isoprene-block-ferrocenylsilanes) were prepared by subsequent anionic
polymerization of isoprene and ferrocenylsilane. The polymerization of isoprene (in toluene)
was initiated by n-butyllithium and allowed to proceed for 16 hours. After the polymerization
of isoprene was complete, 1,1’-dimethylsilylferrocenophane was added and the solution was
stirred for 10 minutes. THF was added since the polymerization of 1,1’dimethylsilylferrocenophane does not take place in toluene. After two more hours, the
reaction was terminated by the addition of a few drops of degassed methanol. The polymers
were precipitated in methanol, dried under vacuum and subsequently analyzed by GPC and
1
H NMR.
Thin film samples were prepared by spin-casting a polymer solution in toluene on 3inch silicon wafers, covered by the corresponding native oxide layers. Prior to spin-casting,
the wafers were cleaned in 100% nitric acid at room temperature for 10 minutes and 70%
nitric acid at 95 °C for 15 minutes. After cleaning, the silicon substrates were thoroughly
rinsed with water and dry-spinned. Film thicknesses were varied by changing the polymer
concentration and spinning speed and were measured by ellipsometry.
The development of the morphology was studied by atomic force microscopy (AFM)
operating in the tapping mode. AFM experiments were performed using a NanoScope III A
instrument (Digital Instruments) utilizing NanoSensor tapping tips. The amplitude of
oscillation at free vibration, A0, was set to 5.0 V. The operating setpoint ratio (A/A0) was set
to relatively low values (A/A0 ~ 0.6) to obtain best contrast. For visualization of the phase
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separation in thin copolymer films (typically 1 or 2 µm scan sizes), the phase image gave best
contrast.32 Height images were used for larger scan sizes (typically 5 to 50 µm) for capturing
the hole formation and dewetting behavior of the thin films.
Transmission electron microscopy (TEM) experiments were performed on a JEOL
200 CX microscope, operating at 160 kV. Freestanding diblock copolymer films were
prepared by placing a drop of polymer solution in toluene on a distilled water bath. After
evaporation of the solvent, the film was picked up on a copper TEM grid and placed in
vacuum for several hours. No staining was required, due to the larger electron scattering
power of the organometallic phase compared to the organic phase.
Rheological experiments, to determine the bulk order-disorder transition temperature
(TODT), were performed on a Paar Physica UDS 200 rheometer, using the plate-plate
configuration. While applying a strain of 1% at a frequency of 1 Hz, the temperature was
increased from 25 to 150 °C. The TODT was taken as the temperature at which the shear
elastic modulus collapsed.
A Perkin-Elmer DSC-7 was used for thermal analysis. In DSC experiments a scan rate
of 10 K/min was employed. Tg values quoted in this study correspond to the onset of the heat
capacity change as determined by the software of the equipment used.
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Nanostructured Surfaces
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Nanostructured Surfaces by a Combination of SelfAssembly of Block Copolymers and Reactive Ion
Etching#
Thin organic-organometallic diblock copolymer films have been employed for
nanolithographic applications. Combining self-assembly of the block
copolymer in thin films with the specific properties of the organometallic
phase, regularly arranged nanostructures were obtained. The diblock
copolymer films consisted of a styrene or isoprene organic block and a
ferrocenyldimethylsilane organometallic block. Due to the high resistance of
the organometallic phase towards oxygen reactive ion etching (RIE) the
organic phases could be selectively removed. Upon etching, the
organometallic domains were converted into an inorganic oxide that proved to
be very stable towards fluorocarbon plasma etching. This allowed to transfer
the pattern, generated by phase separation of the block copolymer, into
underlying silicon and silicon nitride substrates.

8.1

Introduction

Various approaches have been employed to enhance the etch selectivity in thin block
copolymer films. A common feature of these approaches is to selectively load one of the
phases with suitable inorganic components. If one block contains double bonds, transition
metal containing compounds, which possess reactivity for unsaturated double bonds, can be
used to load this block and thus will selectively aggregate in the corresponding phase. This
technique is widely used for contrast enhancement in transmission electron microscopy.1 Park
et al.2 used an OsO4-stained microphase-separated thin film of poly(styrene-block-butadiene),
PS-b-PB, which produced holes upon RIE in silicon nitride substrates, resulting in an etch
#

Parts of the work described in this Chapter have been published: (a) R. G. H. Lammertink, M. A. Hempenius,
G. J. Vancso, V. Z.-H. Chan, E. L. Thomas, ACS Fall Meeting, New Orleans, PMSE Preprint 1999, 81, 14. (b)
R. G. H. Lammertink, M. A. Hempenius, J. E. Van den Enk, V. Z.-H. Chan, E. L. Thomas, G. J. Vancso, Adv.
Mater. 2000, 12, 98.
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selectivity of only 2:1. Möller et al. in a series of papers discussed the use of poly(styreneblock-2-vinylpyridine), PS-b-P2VP, to prepare masks for nanolithography either by loading
the P2VP domains with gold particles,3 or by selective growth of Ti on top of PS domains.4
Aksay et al.5 used PS-b-PB-b-PS triblock copolymers and selectively loaded a barium
titanate precursor into hydroxylated thin films of this polymer into the trans-1,2 polybutadiol
matrix. These approaches achieve etching contrast by selective introduction of inorganic
components in one of the phases. The advantage of our approach is that the inorganic
components are inherent in our block copolymer system thereby eliminating a loading step by
a metal and allowing for simple one-step lithography.
One-step approaches have already been considered where “imageable” block
copolymers are used, of which one of the blocks intrinsically contains elements that provide
an etch barrier.6,7 Silicon containing polymers seem to be good candidates, especially when
etch resistance in an oxygen plasma is required. Such polymers form a thin SiOx layer on the
polymer surface when exposed to an oxygen plasma.8 After the formation of such a layer, the
etch rate is determined by the competition between the oxide growth and the oxide removal
by ion sputtering. This results in relatively low etch rates and therefore in a high etch
selectivity, as high as 50:1, compared to organic compounds.
It is known that in thin films of block copolymers with laterally separated
microdomains, surface free energy differences between the blocks and the affinity of one of
the blocks for the substrate can lead to in-plane orientation of cylinders or lamellae.9,10
Microdomain orientations in films make these unsuitable as templates for etching arrays of
regularly sized and spaced dots. If regularly packed cylinders are oriented upright with
respect to the substrate in the film, their top view in the film would exhibit circular regions.
Such perpendicular orientation of cylinders was observed for poly(styrene-block-butadiene)
when cast on a water surface,11 after quick solvent evaporation,12 and for very thin spincoated films of poly(styrene-block-butadiene-block-styrene).13 However, the former approach
yielded millimeter size films with variable thickness and is therefore less useful in potential
nanolithographic applications.
In this chapter the use of organometallic microdomain formation in block copolymer
films for lithographic applications is considered. Self-assembled thin block copolymer films
were used to serve as lithographic templates that can be used to generate laterally
nanostructured surfaces.
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8.2

Results and Discussion

8.2.1 PATTERNS BY SELF-ASSEMBLY OF DIBLOCK COPOLYMER THIN FILMS
A thin film (approximately 30 nm) of isoprene-block-ferrocenylsilane copolymer (IF
36/12, 36 kg/mol PI -block- 12 kg/mol PFS) forms lateral patterns when casted on silicon
substrates.14 For the approach reported here, it is of importance that at given volume fractions
and film thicknesses it is possible to obtain a regular morphology, which consists of
hexagonally packed organometallic domains (see Figure 8.1). After spin-casting the entire
silicon wafer is covered by this regular morphology, without the need for subsequent
annealing.

Figure 8.1 Tapping mode AFM phase image of 30 nm thin spin cast film of IF 36/12. The film consists of
laterally separated poly(ferrocenylsilane) domains in an organic matrix.

Table 8.1 shows the atomic concentrations of carbon (1s), oxygen (1s), silicon (2p),
and iron (2p) for a PI-b-PFS diblock and PFS homopolymer, before and after oxygen reactive
ion etching (O2-RIE) as determined by XPS experiments. For the unetched PFS
homopolymer we find atomic concentration ratios for C:Si:Fe of 12:0.86:0.97, which is close
to the theoretical relative amounts of 12:1:1 (C12H14SiFe for a repeat unit). After O2-RIE the
oxygen concentration increased significantly, which was accompanied by a decrease in the
carbon concentration. A large amount of carbon is removed by RIE compared to the relative
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amounts of silicon and iron. Upon etching the PFS homopolymer, the Si/C ratio increased
from 0.07 to 0.24. At the same time the Fe/C ratio increased from 0.08 to 0.51. It is
interesting to see that following O2-RIE the relative amount of Fe with respect to Si
increased. This suggests that Fe is more stable towards RIE treatment than Si by using
oxygen plasma. From the corresponding XPS spectra shown in Figure 8.2 and Figure 8.3, it
can be seen that both the Si2p and Fe2p binding energies increase following the oxygen
plasma treatment, indicating the conversion of Si and Fe into a complex oxide.15 These
results demonstrate that poly(ferrocenylsilane) forms an etch barrier when exposed to an
oxygen plasma due to the formation of an oxide layer at the surface of the polymer.16 This
leads to a very low etch rate of the organometallic part compared to organic polymers, like
poly(isoprene), since the oxide protects the underlying polymer from the plasma. Under the
conditions employed here, we observed an etch selectivity for PI:PFS of approximately 40:1,
as determined from the corresponding homopolymer etch rates (ca. 7.3 nm/s and 0.18 nm/s
for PI and PFS respectively). This very high etch selectivity allows one to remove the organic
phase, leaving domains behind that are converted into an iron-silicon-oxide.
Table 8.1 Atomic concentrations of PI-b-PFS diblock and PFS homopolymer films before and after O2-RIE.

Element
C1s
O1s
Si2p
Fe2p
a

PFS homopolymer PFS homopolymer PI-b-PFS diblock PI-b-PFS diblock
O2 etched
O2 etcheda
atom %
atom %
atom %
atom %
85.1
33.3
98.7
22.1
1.9
41.8
0.4
49.6
6.1
8.0
0.7
14.4
6.9
16.9
0.2
13.8

Due to the open structure of the etched PI-b-PFS diblock film, additional silicon from the substrate is observed

and thus the relative silicon concentration in the film is overestimated.

The XPS data (Table 8.1) of a PI-b-PFS diblock film reveals that a large amount of
carbon is present in the original film, as expected. As mentioned, after exposure to the O2plasma, the carbon concentration decreased and oxygen, silicon, and iron concentrations
increased. This is in agreement with the removal of the organic phase, and with the oxide
formation of the silicon and iron, which are present in the organometallic domains. Due to the
open, porous structure, which is formed when the organic phase is removed from the diblock
film, the plasma also reached the underlying silicon substrate in some areas. A film thickness
prior to etching of approximately 60 nm and an etch time of 15 s (during which it is possible
to etch away approximately 100 nm PI) confirms the observation that the substrate was
reached. Etching all the way through the film explains the relatively large amount of silicon
detected by XPS for the etched diblock film compared with the etched PFS homopolymer.
The additional peak at 99.8 eV, caused by silicon from the wafer, can be observed in the Si2p
XPS spectrum of the O2 etched PI-b-PFS diblock. This peak is not observed for very thick
(>200 nm) PI-b-PFS diblock films after O2-RIE.
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Figure 8.2 XPS spectra of Si2p for the IF diblock copolymer and the PFS homopolymer, before and after
oxygen reactive ion etching.
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Figure 8.3 XPS spectra of Fe2p for the IF diblock copolymer and the PFS homopolymer, before and after
oxygen reactive ion etching.
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Figure 8.4 shows a representative AFM height image of a thin film (~30 nm) of IF
36/12 (see Figure 8.1) after O2-RIE for 10 s. The organometallic domains that were converted
into an oxide by O2-RIE, are still arranged in their original hexagonal structure. The height
contrast in the AFM image increased significantly upon etching, due to the removal of the
organic matrix. The line scan in Figure 8.4 (top right) indicates a domain height of
approximately 7 nm. According to the Fourier transform of the AFM image (bottom right in
Figure 8.4), no change in domain spacing occurred upon etching. This simple one-step
etching process results in a nanostructured surface with an area density of approximately 1.2 ·
1011 dots/cm2. After etching the nanostructured surface is stable when stored at room
temperature or rinsed with common organic solvents, in contrast to the thin diblock
copolymer film.

Figure 8.4 Tapping mode AFM height image (left) of a 30 nm thin film of IF 36/12 after O2-RIE (as shown in
Figure 8.1 before etching). A single line scan (top right) and the 2D Fourier transform (bottom right)
demonstrate the regularity of the structure. The height difference between the two markers shown was 7.0 nm.

The aspect ratio of the domains, however, is limited. Due to the removal of material
from the organometallic phase, the features shrink, which leads to somewhat flatter domains.
To obtain a good visualization of the domains, a cross-sectional transmission electron
micrograph is shown in Figure 8.5. Since the cross-section contains more than one row of
domains, the sample had to be tilted so that the corresponding rows were aligned. The dots
are regularly spaced, which confirms the AFM observations. Furthermore, selected area
diffraction indicated that the inorganic nanodomains were essentially amorphous.
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Figure 8.5 Cross sectional TEM of a thin film of IF 36/12 after O2-RIE treatment. The Fe-Si-oxide domains
appear dark in the TEM, as does the silicon oxide layer at the surface of the silicon substrate.

Figure 8.6 AFM height images of a thin IF 36/12 film on a silicon nitride substrate. The left image was taken
after O2-RIE of the film, similar to the film displayed in Figure 8.1. The film displayed on the right, was
subsequently treated for 30 seconds with a CF4/O2 plasma. The line scans below each image clearly demonstrate
the increase in aspect ratio of the domains.

For potential applications, a higher aspect ratio of the nanodomains is highly
desirable.17 In order to obtain such an increase in domain height, a CF4/O2 reactive ion
treatment was applied to the substrate. Such a plasma is frequently used in semiconductor
industry for etching silicon, silicon oxide, and silicon nitride. Due to the presence of iron in
the nanodomains, the domains are more stable towards a fluorocarbon plasma compared to
the substrate. More precisely, the etch rate of silicon and silicon nitride under the conditions
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of the experiment was found to be approximately 20 nm/min, whereas no significant change
in film thickness was observed for poly(ferrocenylsilane) after 1 minute of etching.
Due to the presence of iron in the inorganic domains, the pattern can be transferred
into the underlying substrate by the action of CF4/O2 reactive ion etching. Figure 8.6 shows
the AFM images of a thin IF 36/12 film after O2-RIE treatment (left) followed by a CF4/O2RIE treatment (right) for 30 seconds. Longer etching times resulted in destruction of the
regular pattern. As can be concluded from the image scale and the line scans, the height of
the features has increased upon the etching treatment. This is a result of the removal of the
substrate in between the domains combined with the high etch resistance of the inorganic
domains.

8.2.2 PATTERNS BY SELF-ASSEMBLY ON DIFFERENT LENGTH SCALES
Self-assembly strategies can be used to obtain regular patterns on a variety of length
scales. Larger dimensions may be extremely interesting if one wants to obtain structures for
photonic applications, e.g. photonic band-gap materials.18 The use of block copolymers with
larger molar masses will result in larger domain spacings, however, the extent to which the
dimensions can be increased is quite limited. It is known that the domain spacings do not
scale linearly with molar mass, but rather as L ~ M2/3, where L is the lamellar spacing and M
is the molar mass.19 There is, however, also a limit to the maximum attainable molar mass of
diblock copolymers. Furthermore, if the copolymer chains become very long, it will be more
difficult to obtain very regular equilibrium structures, as the diffusion dynamics are slowed
down considerably.
A styrene-block-ferrocenyldimethylsilane copolymer (SF 101/24) with a relatively
large molar mass was used to obtain a regular pattern with larger domain spacings. After
casting and annealing the organic phase was selectively removed by means of an O2-RIE
treatment. Figure 8.7 displays AFM height images of diblock copolymer thin films after
selective removal of the organic phase.
An alternative technique uses block copolymers of which one block has a high
preference for the substrate. A pattern is formed by the strong adsorption of one block while
the other block dewets this adsorbed layer. This has been investigated extensively for styreneblock-vinylpyridine copolymers on hydrophilic substrates.20,21 Lateral structures from
hydrophilic-hydrophobic block copolymers can also be obtained at the air-water interface.
Aggregates, so-called surface micelles, have been observed for a number of hydrophilichydrophobic diblock copolymers and are therefore believed to be general phenomena.22 Thin
films that float on a water bath can be picked up on solid substrates by standard LangmuirBlodgett (LB) techniques so they can be studied by atomic force microscopy.
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Figure 8.7 AFM height images of diblock copolymer thin films. A. Low molar mass isoprene-blockferrocenylsilane copolymer IF 36/12. B. High molar mass styrene-block-ferrocenylsilane copolymer SF 101/24.
As can be seen from the images, a higher molar mass results in larger domain dimensions, but also in a less
regular morphology.
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Figure 8.8 Surface pressure – trough area isotherm of a PVP-b-PS / PS-b-PFS blend on water.

We employed this technique to obtain lateral structures with relatively large
dimensions. For such an approach, a vinylpyridine-block-ferrocenylsilane copolymer would
be suitable. We used a PVP-b-PS (105/104) and a PS-b-PFS diblock (SF 54/52) blend (mixed
in a ratio of 1:4 respectively). By using a blend of two diblock copolymers, the
organometallic phase could be “anchored” onto the hydrophobic PS block. In Figure 8.8 the
pressure-area isotherm of the blend on water is displayed. Upon reducing the area the surface
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aggregates become increasingly compressed. This leads to an increase in the surface pressure,
which becomes evident in Figure 8.8 at an area of approximately 400 cm2. Films were
prepared in a Langmuir-Blodgett trough by casting the blend from a chloroform solution onto
the water bath. During the transfer of the film onto the solid substrate, a constant surface
pressure was maintained.
Figure 8.9 displays the AFM images of an LB film that was picked up at a constant
surface pressure of 10 dyne/cm. The affinity of the PVP block for the water surface results in
spreading of this block, whereas the hydrophobic block forms aggregates. Rodlike structures
are formed which have typical domain distances of approximately 200 nm. Within the
aggregates, the PS-b-PFS copolymer phase separates, which results in the porous structure
within the rods after the O2-RIE treatment. By varying the surface pressure, which is applied
during film transfer, different morphologies, like circular aggregates and pancakes, can be
obtained.

Figure 8.9 AFM images of a LB film prepared at a constant surface pressure of 10 dyne/cm consisting of a
blend of PVP-b-PS and PS-b-PFS block copolymers. A. After deposition from water onto a silicon substrate. B.
Followed by an O2-RIE treatment, which removed the organic phase.

8.3

Conclusions and Outlook

The combination of self-assembly of thin films of organic-organometallic block
copolymers with reactive ion etching has been used to obtain regular nanostructured surfaces.
The presence of iron and silicon in the ferrocenylsilane block allows for the selective removal
of the other organic block by means of oxygen-reactive ion etching. We demonstrated that an
isoprene-block-ferrocenyldimethylsilane diblock copolymer on a silicon substrate resulted in
the generation of a nanoperiodic surface with approximately 1.2 · 1011 dots/cm2. A
subsequent reactive ion etch treatment using CF4/O2 feed gas allows the transfer of the
nanoperiodic structure into the underlying silicon or silicon nitride substrate. For many
applications the patterned surfaces have to be defect-free over large areas and the orientation
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of the domains should be controlled. Control over domain orientation has been achieved by
using for example electric fields23 and directional solidification.24
Surface aggregates can be obtained at the air-water interface using hydrophilichydrophobic block copolymers. It was demonstrated by blending PVP-b-PS and a PS-b-PFS
copolymers, lateral structures were obtained at the air-water interface which could be
transferred via standard Langmuir-Blodgett techniques onto various substrates. Rodlike
features were obtained that display an internal structure after oxygen reactive ion etching as a
result of the phase separation within the rods.

8.4

Experimental

Poly(isoprene-block-ferrocenylsilane) and poly(styrene-block-ferrocenylsilane) were
prepared by subsequent anionic polymerization of isoprene or styrene and ferrocenylsilane.
The polymerization of isoprene (in toluene) was initiated by n-butyllithium and allowed to
proceed for 16 hours. Polymerization of styrene (in ethylbenzene) was initiated with nbutyllithium and allowed to proceed for 6 hours. After the polymerization of the organic
block was complete, 1,1’-dimethylsilylferrocenophane was added and the solution was stirred
for 10 minutes. THF was added since the polymerization of 1,1’-dimethylsilylferrocenophane
does not take place in toluene. After two more hours, the reaction was terminated by the
addition of a few drops of degassed methanol. The polymers were precipitated in methanol,
dried under vacuum and subsequently analyzed by GPC and 1H NMR. The polymers are
denoted IF (Isoprene-Ferrocenylsilane) and SF (Styrene-Ferrocenylsilane), followed by their
respective molar mass in kg/mol.
Thin films (approximately 30 nm) were prepared by spin-coating of a polymer
solution in toluene (~1 % wt/vol) onto a silicon wafer, containing its native oxide, at 4000
rpm for 30 s. The wafers were cleaned prior to spin-coating. The cleaning involved treatment
for 10 minutes in 100% nitric acid, rinsing subsequently with deionized water, followed by
additional treatment for 15 minutes in 70% nitric acid at 95 °C and finally rinsing with
deionized water and dry spinning.
Langmuir-Blodgett (LB) films were prepared by spreading a blend of PVP-b-PS and
PS-b-PFS (SF) onto a clean water surface. The polymer film was transferred onto a silicon
substrate at constant surface pressure via standard LB techniques.
Film thicknesses were varied by spin-casting from different concentrations of polymer
solutions and were determined by ellipsometry. The thickness was determined on 25 spots on
a wafer, with a standard deviation less than 1%.
Oxygen reactive ion etching (O2-RIE) experiments were carried out in an Elektrotech
PF 340 apparatus. The pressure inside the etching chamber was 10 mTorr, the substrate
temperature was set at 10 °C, and an oxygen flow rate of 20 cm3/min was maintained. The
power was set at 75 W. The 30 nm PI-b-PFS diblock thin film, used for the morphological
study, was etched for 10 s. The 60 nm thin PI-b-PFS diblock and PFS homopolymer films
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(used for XPS study) were etched for 15 s. To determine the etch ratio of the two polymers,
PFS and PI homopolymer films were etched under the conditions mentioned above for 60 s
and 15 s respectively. The decrease in film thickness was determined by ellipsometry.
Both etched and unetched 60 nm thin films of PFS homopolymer and PI-b-PFS
diblock copolymer were studied by X-ray Photoelectron Spectroscopy (XPS). Measurements
were performed with a Kratos XSAM-800 spectrometer using a Mg Kα X-ray source (1253.6
eV). The input power was set at 150 W (15 kV and 10 mA) and the hemispherical analyzer
was placed perpendicular to the sample surface. Survey scans (0-1100 eV) were recorded to
qualitatively determine the elements present. The atomic concentrations of carbon, oxygen,
silicon and iron were determined from the relative peak areas calculated by numerical
integration of the detailed scans (20-30 eV windows). For a 30 nm thin film of PI-b-PFS the
same peaks were observed after O2-RIE compared to a 60 nm film of PI-b-PFS. Only the Si
signal, caused by silicon from the wafer is relatively more intense for the 30 nm etched PI-bPFS film.
The morphology of the spin-coated films (unannealed) and the etched films was
studied by atomic force microscopy (AFM) operating in the tapping mode. AFM experiments
were performed using a NanoScope III A instrument (Digital Instruments) utilizing
NanoSensors tapping tips. For unetched films, the amplitude of oscillation at free vibration,
A0, was set at 5.0 V. The operating setpoint ratio (A/A0), which is inversely proportional to
the damping of the cantilever, was set to relatively low values (A/A0 ~ 0.6) to obtain best
contrast. Etched films could be studied best at low amplitudes of oscillation at free vibration
(A0 = 1.0 V) and relatively high operating setpoint ratios (A/A0 ~ 0.9). Height and phase
images were recorded at a scanning rate of 1 Hz.
Cross sectional TEM was performed on a Philips CM30 electron microscope,
operating at 300 kV.
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Summary

6XPPDU\
The work described in this thesis concerns the synthesis, characterization, and
properties study of ferrocenyldimethylsilane homopolymers and block copolymers. Due to
the presence of iron and silicon in the polymer main chain, these macromolecules possess
characteristics that are very distinctive from common organic polymers. The objective of this
thesis was to investigate and combine the unprecedented features of these organometallic
polymers with block copolymer self-assembly, as discussed in Chapter 1.
A brief introduction was presented in Chapter 2 in topics that were relevant for this
thesis. Attention was given to crystallization and melting behavior of semi-crystalline
polymers. Furthermore, block copolymer self-assembly was described with special interest in
thin films of block copolymers, blends of block copolymers with corresponding
homopolymer, and conformational asymmetry in block copolymers. The foundation of the
techniques that were employed throughout the work was also presented.
The anionic ring-opening polymerization of strained dimethylsilylferrocenophane
allowed the synthesis of well-defined polymers with targeted molar masses. Chapter 3
describes the anionic synthesis, characterization, and thermal behavior of a range of
ferrocenylsilane homopolymers. These semi-crystalline macromolecules displayed a meltingrecrystallization process during heating from the crystallized state. The reorganization
process involved the melting of thin lamellae that rapidly crystallized into thicker ones, which
melted subsequently at somewhat higher temperatures. The occurrence of this reorganization
process was investigated by differential scanning calorimetry experiments that displayed
multiple melting transitions during a heating scan from the crystallized state. Results from
small-angle x-ray scattering measurements complemented these conclusions.
In Chapter 4, the action of reactive ion etching on poly(ferrocenylsilane) was
discussed. Treatment with an oxygen plasma resulted in the formation of a thin oxide layer,
rich in iron and silicon, at the surface of the polymer. Due to the formation of this nonvolatile oxide layer, the etch rate of this organometallic polymer was much lower compared
to the etch rate of organic polymers. In addition, the non-volatile oxide layer was also very
resistant towards fluorocarbon plasma treatment. It was demonstrated that substrates, like
silicon and silicon nitride, were selectively removed by the action of a fluorocarbon plasma
while the iron-silicon-oxide remained.
Chapter 5 described the synthesis and self-assembly of styrene-block-ferrocenylsilane
copolymers. Block copolymers were synthesized by the sequential anionic polymerization of
styrene and silylferrocenophane that resulted in near monodisperse materials with tailored
compositions and molar masses. Upon phase separation, these block copolymers as well as
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their blends with homopolymer formed morphologies such as spheres on a bcc lattice,
hexagonally packed cylinders, double gyroid, and alternating and perforated lamellae.
Rheological experiments were performed to give insight into the order-disorder transitions.
Thin films, on solid substrates or freestanding, of a block copolymer of styrene and
ferrocenylsilane were studied which was discussed in Chapter 6. This diblock formed a
cylindrical morphology in the bulk, consisting of hexagonally packed ferrocenylsilane
cylinders in an organic polystyrene matrix. In thin films on solid silicon substrates, the
surface free energies and the affinity for the substrate of the two blocks induced a parallel
orientation of the domains with respect to the substrate. The films became frustrated when the
film thickness was not commensurate with the equilibrium domain spacing. This resulted in a
change in the domain spacing. However, if the frustration was large enough, the film formed
islands or holes after longer annealing times. In addition, a change in morphology was
observed after extensive annealing times, which resulted in the disappearance of the surface
relief structures. The microdomain morphology in thin films was visualized by atomic force
microscopy, after the selective removal of the organic matrix phase by means of an oxygen
plasma etch. A transition was observed from parallel oriented cylinders to hexagonally
packed domains when the annealing time was exceeding several days.
Asymmetric isoprene-block-ferrocenylsilane copolymers were considered in Chapter
7. Three diblocks were synthesized, consisting of ferrocenylsilane volume fraction of 20, 24,
and 28, respectively. All three copolymers exhibited a cylindrical structure in the bulk. Thin
films of these copolymers displayed unique morphological changes for each composition as a
function of film thickness. The block copolymer consisting of 28 vol% cylinders displayed a
wormlike structure for all film thicknesses. When the film thickness was below the domain
period, holes were formed so that the remaining film still exhibited the wormlike
morphology. The diblock with 24 vol% of the organometallic block also displayed a
wormlike structure, unless the film thickness was approximately equal to the domain spacing.
In that case also areas containing hexagonally packed domains were observed. For the
diblock containing 20 vol% ferrocenylsilane, a film thickness approximately equal to the
domain spacing, resulted in a surface morphology completely composed of the hexagonal
structure. For thicker films of all three compositions, a wormlike morphology was observed
at the surface. The crystallization of the ferrocenylsilane block occurred even at room
temperature. This resulted in the slow development of large hedritic features.
The use of ferrocenylsilane polymers combined with self-assembly as a strategy
towards nanostructuring surfaces was described in Chapter 8. As thin organic-blockorganometallic copolymer films formed lateral patterns on solid substrates, they can be
employed to serve as lithographic masks with dimensions of sub-100 nm level. Oxygen
reactive ion etching selectively removed the organic material and converted the
organometallic material into a non-volatile oxide. A subsequent fluorocarbon plasma
treatment etched the unexposed substrate areas whereas the organometallic nanodomains
were insensitive towards removal. It was demonstrated that the thin block copolymer films
could be used as templates for nanolithography.
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Samenvatting

6DPHQYDWWLQJ
Het onderzoek dat dit proefschrift beschrijft, omvat de synthese en karakterisering van
de relatief nieuwe ferrocenyldimethylsilaan homopolymeren en blok copolymeren. Door de
aanwezigheid van ijzer en silicium in de polymere hoofdketen bezitten deze materialen
eigenschappen die duidelijk verschillen van organische polymeren. Hoofdstuk 1 beschrijft het
onderwerp van deze thesis, namelijk het onderzoeken en combineren van de nieuwe
eigenschappen van deze organometaal polymeren met blok copolymeer self-assembly.
Hoofdstuk 2 geeft een korte inleiding in de onderwerpen die relevant zijn voor dit
promotieonderzoek. Het kristallisatie- en smeltgedrag van semi-kristallijne polymeren
alsmede de fasenscheiding en self-assembly van blok copolymeren wordt beschreven.
Speciale aandacht wordt besteed aan dunne films van blok copolymeren, blends van blok
copolymeren met overeenkomstige homopolymeren en conformatie asymmetrie in blok
copolymeren. Eveneens wordt de achtergrond van de toegepaste technieken belicht.
Hoofdstuk 3 beschrijft de anionische ring-opening polymerisatie van dimethylsilylferrocenophaan. Deze polymerisatie leidde tot de synthese van een serie goed-gedefinieerde
ferrocenylsilaan homopolymeren met gecontroleerde molecuulmassa’s. De karakterisering en
het thermische gedrag van deze serie werd eveneens onderzocht. De semi-kristallijne
macromoleculen vertoonden een smelt-herkristallisatie proces gedurende het opwarmen
vanuit de gekristalliseerde toestand. Het optreden van dit proces werd aangetoond met behulp
van differential scanning calorimetry experimenten, welke meerdere smeltovergangen lieten
zien. Resultaten van kleine-hoek röntgen-verstrooiingsexperimenten bevestigden dat tijdens
het proces dunne lamellen herkristaliseren tot dikkere.
Hoofdstuk 4 beschrijft het effect van reactive ion etching op poly(ferrocenylsilaan).
Een zuurstof plasma behandeling resulteerde in de vorming van een dunne oxide laag, rijk
aan ijzer en silicium, aan het oppervlak van het polymeer. Door de vorming van deze oxide
laag was de etssnelheid van het organometaal polymeer veel lager dan de etssnelheid van
organische polymeren. De oxide laag bleek verder ook zeer resistent tegen fluorkoolstof
plasma behandelingen, welke vaak gebruikt worden om substraten als silicium te etsen. Door
de hoge etsselectiviteit is het mogelijk om het polymeer als masker te gebruiken om een
patroon in het substraat over te brengen.
Hoofdstuk 5 beschrijft de synthese en self-assembly van styreen-blok-ferrocenylsilaan
copolymeren. Blok copolymeren werden gesynthetiseerd door middel van anionische
polymerisatie van achtereenvolgens styreen en silylferrocenophaan. Deze synthese
resulteerde in bijna monodisperse materialen met gecontroleerde samenstelling en
molecuulmassa. Fasenscheiding van deze blok copolymeren en hun blends met
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homopolymeer leidde tot regelmatige morfologieën (bollen in een bcc structuur, hexagonaal
gepakte cylinders, double gyroid en alternerende lamellen). Om inzicht te krijgen in orderdisorder overgangen werden ten slotte rheologische experimenten uitgevoerd. De selfassembly van styreen-blok-ferrocenylsilaan copolymeren bleek een geschikte strategie te zijn
voor het verkrijgen van regelmatige organometale structuren op een nanometer schaal.
Hoofdstuk 6 beschrijft de bestudering van dunne films van een styreen-blokferrocenylsilaan copolymeer. De morfologie van het diblok bestaat uit hexagonaal gepakte
ferrocenylsilaan cylinders in een organische polystyreen matrix. De oppervlakte vrije energie
en de affiniteit van de twee blokken voor het substraat resulteerden in een parallelle orientatie
van de domeinen ten opzichte van het substraat. Indien de filmdikte niet overeenstemde met
de evenwichts domeinafstand ontstond er frustratie in de copolymeer film. Hierdoor werd de
domeinafstand veranderd. Echter bij een te grote frustratie vormde de film na langere
annealingstijden eilanden of gaten. Door de vorming van deze reliëfstructuren konden beide
blokken bij het gewenste grensvlak aggregeren en bleef tegelijkertijd de evenwichts
domeinafstand gehandhaafd. Na zeer lange annealingstijden werd een verandering in de
microstructuur waargenomen, welke gepaard ging met de verdwijning van de eilanden en
gaten. Nadat de organische fase selectief was verwijderd door middel van een zuurstof
plasma ets stap kon de microstructuur worden bestudeerd met behulp van atomic force
microscopy (AFM). Hieruit bleek dat de parallel liggende cylinders transformeerden in
hexagonaal geplaatste domeinen.
Hoofdstuk 7 beschrijft drie asymmetrische isopreen-blok-ferrocenylsilaan
copolymeren, bestaande uit ferrocenylsilaan volume fracties van respectievelijk 20, 24 en
28%. Alle drie copolymeren vertoonden een cylindrische structuur in de bulk, terwijl voor
elke compositie unieke morfologische veranderingen als functie van de filmdikte konden
worden waargenomen. Het diblok met 28% van het organometaal blok vertoonde een
wormachtige structuur voor alle filmdiktes. Bij een filmdikte kleiner dan de domein afstand
vormde de film gaten zodat de wormachtige structuur in de rest van de film kon worden
gehandhaafd. Het diblok met 24% van het organometaal blok liet eveneens een wormachtige
structuur zien, tenzij de filmdikte ongeveer gelijk was aan de domeinafstand. In dat geval
werden ook gebieden met hexagonaal gepakte domeinen waargenomen. Het diblok met 20%
van het organometaal blok vertoonde een oppervlakte morfologie volledig bestaand uit
hexagonaal gepakte domeinen bij een filmdikte die gelijk was aan de domein afstand. Voor
alle drie copolymeren werd een wormachtige morfologie waargenomen bij dikkere films.
Uiteindelijk verstoorde de kristallisatie van het ferrocenylsilaan blok de morfologie van de
films.
Hoofdstuk 8 beschrijft het gebruik van ferrocenylsilaan polymeren gecombineerd met
blok copolymeer self-assembly om nano-gestructureerde oppervlakken te verkrijgen. Doordat
de organisch-blok-organometaal copolymere films laterale patronen vormden op substraten,
konden ze als nanolithografische maskers dienen. Met behulp van zuurstof reactive ion
etching werd de organische fase selectief verwijderd en het organometaal materiaal tot een
oxide omgezet. Doordat de geoxideerde nanodomeinen ongevoelig zijn voor fluorkoolstof
plasma behandeling konden regelmatige patronen in substraten worden overgebracht.
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