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ABSTRACT

Nano- and microstructures are the core building blocks of modern-day devices
such as phones, cameras, solar cells and lasers. Development of nanofabrication
methods is essential if we want to continuously achieve smaller, faster and more
sophisticated devices. The self-assembly of molecules is a promising scalable and
low-cost nanopatterning method. Block copolymers are large molecules that can,
under the correct conditions, self-organize into well-defined 2D and 3D patterns.
The patterns can then be used to create functional nanoscale devices. In this thesis
the prospects of block copolymer lithography for the fabrication of nanophotonic

materials are explored.

The thesis focuses on the self-assembly and use of polystyrene—polyvinylpyridines
(PS-PVP). The work describes the development of a solvent vapour annealing device
that uses a novel type of feedback control to manipulate the swelling of the polymer
films for a more repeatable annealing process. The solvent annealing device is one of
the most precise systems demonstrated so far. It is also the only one with a control
mechanism fast enough to enable cyclic annealing. It is shown that high-molecular
weight PS-PVP can be made to self-assemble into nanopatterns in less than 10 min

as opposed to the usual timescale of hours.

The produced polymer nanopatterns are utilized in the fabrication of mesoporous
silicon that has tunable optical properties. It is possible to control the pore size, and
consequently the effective refractive index of the material, in a straightforward plasma
etching process during pattern transfer. The method could be used to create thin films
that have tunable or ultra-low refractive indices. Finally, block copolymer lithography
is combined with a template-stripping process to create patterned gold metasurfaces.
The fabricated sub-wavelength nanodome arrays exhibit omnidirectional, broadband,
perfect absorption of visible light. According to simulations, the light absorption and
the electric field enhancement arise from localized surface plasmon and gap plasmon
resonances in the material. The plasmonic coatings could be exploited in emerging

energy-harvesting applications or in high-sensitivity optical sensors.
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1 INTRODUCTION

The development of science and technology has been going onwards at a stunning
pace. The electron microscope was invented in the early 1930s. The first transistors
were demonstrated in the late ’40s while space flight was achieved in the ’50s.
Microprocessors and personal computers emerged in the *70s. Optical data storage
was invented in the ’90s and mobile phones became a commodity in the 21st century.
A breakthrough in quantum computing was achieved just last year. Actually, the
development of technology has been progressing so fast that it’s hard to keep up
with it. To quote Carl Sagan: "We live in a society exquisitely dependent on science and

technology, in which hardly anyone knows anything about science and technology.”

Many of those key inventions have to do with the development of micro- and
nanofabrication techniques. Nanofabrication refers to processes that make one-, two-
or three-dimensional nanostructures from various materials. Structurally complex
patterns and nanoscale features come together to form functional components,
devices and products. A major driving force for the development of nanofabrication
methods has been the desire to pursue smaller, lighter, faster, and smarter electronic
devices. According to Moore’s Law, which has become more of a self-fulfilling
prophecy than a prediction, the number of transistors in an integrated circuit doubles
every two years. This means that the nanostructures that make up the transistors
have had to become smaller and smaller as time goes on. Consider this: the chipset in
your mobile phone now has several billion transistors and the phone is several million
times faster than the roomful of computers that were used to guide the Apollo space
flights.

The current semiconductor device mass production relies heavily on photolitho-

graphy. In photolithography the nanopatterns are formed on a light-sensitive polymer



via masked exposure to ultraviolet light. The patterning resolution of traditional
photolithography is inherently limited by the diffraction of light. Feature downscaling
has therefore focused on using shorter wavelengths and multiple patterning steps to
improve the minimum feature size. However, feature downscaling in this multistep
process is getting increasingly more complex and extremely expensive. There are
other lithography methods that are not similarly wavelength-limited. Nanoimprint
lithography (NIL) is based on pattern replication from moulds, and electron-beam
lithography (EBL) uses a beam of electrons to directly write patterns onto polymer

resists.

Photolithography, NIL and EBL are so-called top-down methods, where you start
with a block of material and slowly remove bits and pieces from it to produce the
wanted device structure. Contrary to this, bottom-up processes start from the bottom
and build the desired structures by selectively adding atoms, molecules or other
building blocks together. In practice, this is best done using materials that can self-
organize. Nature is very good at self-assembly. Chains of polypeptides fold into three-
dimensional functional proteins and DNA helices get replicated almost perfectly
from base nucleotides. On a molecular scale, self-assembling materials come together
spontaneously to form organized structures due to thermodynamics and inter- and
intramolecular forces. Molecular self-assembly would be a straightforward and low-
cost way of fabricating extremely small patterns and structures. One of the main
challenges in this bottom-up approach is how to make sure that the structures

assemble in the correct way — and in a reproducible manner.

It was discovered already in the 1960s that if you coupled two thermodynamically
incompatible polymer chains together, they would separate into repeating nanopat-
terns [1]. These are block copolymers (BCP), synthetic molecules with the ability to
self-assemble into a wide variety of nanostructures including micelles, cylinders,
lamellae and gyroids. Block copolymers produce periodic patterns that are in the
size range of 10 to 100 nm. This is a size range that is currently difficult to obtain
with any other established 1-step lithography method. It can be of course done
with electron-beam lithography, but that requires expensive, state-of-the-art EBL
equipment and there are limitations on the spatial area that can be patterned. Recent
advances in polymer synthesis methods have made it possible to make even smaller,

sub-5 nm features using so called high-y BCPs [2], [3]. It has been thought that



self-assembled BCPs could be one of the next-generation lithography techniques for
making nanoscale sensors and devices. The ITRS and IRDS roadmaps, that represent
the interests of the five leading integrated chip manufacturers in the world, have
listed directed self-assembly of BCPs as a potential technology for integrated circuit
(IC) fabrication [4], [5]. Despite the promising potential and the copious amount of
research, sub-10 nm BCP self-assembly has yet to become a mainstream lithography
method.

A less explored avenue is the use of BCPs from the other end of the size range. BCP
patterns close to 100 nm or larger have not been so appealing for IC fabrication.
Perhaps that is why they have not been in the spotlight. However, nanomaterials
with large periodic patterns hold importance for applications such as water puri-
fication with ultrafiltration membranes [6], [7] or the manipulation of light with
photonic nanomaterials [8], [9]. Nanophotonic materials are artificial, nanostructured
materials that can change how light is confined, focused, transported or reflected
in the material. In order to manipulate photons of visible light (350-650 nm) the
scale of the nanostructures has to often be smaller than the wavelength of the light.
Recent examples of nanophotonic materials made by BCP self-assembly include
tunable colour photonic crystals [10], [11], stimulation responsive photonic gels [12],
antireflection coatings [13] and plasmonic metamaterials [9], [14]. The difficulty with
the >100 nm pattern size is that it requires the use of high- or ultrahigh-molecular
weight BCPs. There are considerable challenges in the synthesis and preparation of
these long chain polymers. Furthermore, the large size of the molecules significantly

hinders their self-assembly and the use of these BCPs is technically challenging.

I have been studying high-molecular weight linear BCPs at Tampere University in the
Nanophotonics research group for the past five years or so. I have been interested in
developing fast annealing techniques that would speed up the self-assembly process.
I've also wanted to explore how the assembled patterns could be utilized in the
fabrication of novel nanophotonic materials. These materials could be used in light-
based technologies such as optical communications, energy harvesting and spectral

sensing.



1.1 Research objectives and the scope of this work

The key questions in BCP lithography have been how to control the self-assembly
and then how to utilize the produced patterns. How to turn the organic polymer
nanopattern into inorganic nanostructures with the desired functionality? The aim
of this doctoral project was to use molecular self-assembly to create nanophotonic
materials that can change how light interacts with the matter in the nanoscale. The
idea was to design and build materials that have unconventional optical properties

such as total light absorption or modifiable refractive index.

This thesis focuses on one block copolymer family, the polystyrene—polyvinylpyri-
dines (PS-PVP). It was chosen due to the versatility of the vinylpyridine block. The
PVP part of the pattern can be either selectively removed or selectively doped with
metal precursors. The selective block removal enables traditional mask-based litho-
graphy while the selective metal doping offers an easy way of producing uniformly

distributed plasmonic nanoparticles.

The first objective of this thesis was to investigate PS-PVP self-assembly and find
ways to control the pattern formation so that the desired shapes and geometries
could be achieved. Publication III describes the working principle of an automated
solvent annealing device that the research group has been developing over the past
five years. The publication focuses on the assembly and annealing of high-molecular
weight polymers, which are of most use in nanophotonic applications. Due to the
large size of these molecules, their self-assembly is usually difficult and extremely
slow, taking hours or several days to form patterns. For this, the group developed
a way to quickly anneal polymers using controlled swelling. The aim was to create
a device that would minimize or mitigate the influence of external factors on the
pattern output and ensure that the process was reproducible. Reproducibility has
been a major issue in previous solvent annealing devices. The developed device is
currently one of the most precise solvent annealing systems to exist and the first one

to be able to demonstrate controlled cyclic swelling.

The second objective was to use BCP patterns as templates for fabricating surfaces

or coatings that have modifiable optical properties. These materials are similar to



metamaterials, where the properties of the material are defined, not simply by the
material, but also by the composition, placement, and geometry of the nanostructures
on the material surface. Publication I explores the use of the high-molecular weight
PS—-PVP patterns for conventional mask-based nanolithography. BCP patterning was
used to create dense arrays of nanocavities in silicon, which altered the refractive
index of the material. Effective medium approximations were used to identify that
the index change was correlated to the size of the surface nanopores. Publication
II is a direct continuation of the previous lithography research. The publication
reports the study of patterned plasmonic coatings made using BCP lithography and
templated metal stripping. The flexible metal coatings were structured with closely
spaced sub-wavelength nanodomes. By changing the placement of the plasmonic
gold structures, near-perfect, omnidirectional absorption of visible light could be

achieved in the thin coatings.






2 BLOCK COPOLYMERS FOR
NANOLITHOGRAPHY

The rise of block copolymers has been credited to the invention of living anionic
polymerization in the 1950s, which provided an easy way to produce block copoly-
mers by sequential addition of monomers [15]. Block copolymers are a good example
of technologies that most people have never even heard of and yet encounter often
in their daily lives. The first commercially used block copolymers were triblocks
from poly(ethylene oxide) and poly(propylene oxide), which are best known by
the commercial brand name Pluronic. These amphiphilic molecules are still widely
used as surfactants in cosmetics and pharmaceuticals and also as key ingredients in
encapsulated drug delivery systems and cell cultures [16]. Another major commercial
success are the triblock copolymer rubbers made from styrene, butadiene and isoprene
(SBS, SIS), which can be found in adhesives, elastic films, tire treads, shoe soles and

asphalt.

To understand how block copolymers can be used to fabricate nanoscale patterns,
we’ll first have to go through a few basic concepts. A polymer is a macromolecule
that consists of repeating structural units called monomers, which are covalently
bonded together to form long chains. A block copolymer is a polymer that consists
of two or more covalently linked polymer chains or “blocks” made from chemically
differing monomers. The size of a polymer is defined by an average molecular weight
M or the polymerization degree N, which is the number of monomeric segments in

the polymer.

Block copolymers can be categorized by the number of blocks (di, tri- or multiblock)
or by the molecular architecture (linear, branched). Figure 2.1 illustrates a few of

the many linear and branched architectures of block copolymers. The simplest form
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Figure 2.1 Schematic illustration of several types of block copolymer architectures. The blocks
are made from repeating monomer units.

Brush/comb

is an A-B diblock copolymer that consists of two linear chains of polymer A and
polymer B linked end-to-end. Triblock copolymers have three linearly linked blocks
(e.g. ABA or ABC) and star or miktoarm polymers have multiple blocks connected at
one central point. Advances in polymerization techniques and post-polymerization
functionalization have made it possible to fabricate also hyperbranched molecules
such as bottle-brush or comb block copolymers and dendrimers [17]-[19]. BCPs are
exceptionally versatile. The physical properties of these man-made molecules can be
defined by selecting the sequence and chemical nature of the blocks and tuned by

changing the molecular weights and the molecular architecture.

I have been interested in block copolymers that can be used for nanolithography
and the fabrication of patterned nanophotonic materials. Block copolymers have
the fascinating ability to spontaneously form nanoscale, periodic patterns under
the correct processing conditions. These self-assembling molecules are an excellent
candidate for bottom-up lithographic processes since they are able to form extremely
small patterns over large surface areas. In practice, a self-assembled BCP thin film
can act like a conventional photoresist and function as a lithographic mask or a
template. The nanoscopic features of the self-assembled structures can be transferred
onto the underlying substrate material using common lithographic processing steps
such as plasma etching or metal evaporation. The polymer is typically stripped off
or removed during the patterning process and none of the BCP is present in the
final product. Essentially, the BCP is a sacrificial template, which is used to build

inorganic nanostructures such as nanowires, fins, pillars, cones, grooves, pits or



nanoparticles. The lithographic process can be repeated multiple times for pattern
density multiplication [20] or for the fabrication of more complex patterns and even

three-dimensional structures [21]-[23].

2.1 Theory of block copolymer self-assembly

Theoretical and experimental efforts from the past 50 years have produced a solid
foundation for understanding the complex behaviour of block copolymer systems
and provided insights into how this self-assembling behaviour can be utilized in
various technological applications. Self-assembling block copolymers consist of two
or more blocks that are thermodynamically incompatible. Ideally, the polymer chains
will arrange themselves in a minimum free energy configuration and minimize the
contact area between the different blocks [24]. Since the blocks are still connected
together at one end, complete segregation is not possible. Instead, phase separation
occurs at microscopic length scales and results in a variety of so-called microdomain
structures or phase morphologies. These morphologies are repeating patterns with a

periodicity and size that are directly related to the length of the polymer chain.

One of the most useful and wide-spread theories of block copolymer self-assembly
is the self-consistent field theory (SCFT). The theoretical framework for the SCFT
was developed first by Helfand and Wasserman [25], [26] in the 1970s based on
preliminary concepts developed around the same time period [27], [28]. The field
theory could calculate the free energy of block copolymers using experimentally
obtainable molecular parameters such as chain length, polymer composition and
monomer interaction energy. Later developments made it possible to solve the field
equations numerically, find the local free energy minima, and map the corresponding

polymer phases [29].

Nowadays unified SCFT calculations can be used to predict phase transitions and the
stability of different phase morphologies in polymer melts with reasonable accuracy.
The phase behaviour of a block copolymer melt is described by three main factors:
(1) the volume fraction of the blocks f, (2) the degree of polymerization N, and (3)
the Flory-Huggins interaction parameter y [24]. The predicted morphology diagram

for a diblock copolymer is shown in Figure 2.2. It depicts the possible equilibrium



Figure 2.2 Theoretical morphology diagram of a linear diblock copolymer. Spherical, cylindrical,
lamellar or gyroidal patterns form depending on the volume fraction of the blocks, the interaction
parameter y and the size of the polymer N. The phase diagram is adapted with permission from:
Springer Nature, European Physical Journal E [30], Copyright (2009).

phases as a function of the block volume fraction and the product yN. An A-B
block copolymer can form either body-centered-cubic spheres, hexagonally packed
cylinders, a bicontinuous gyroid or symmetric lamellae depending on the relative
volume fraction of the A and B blocks. Newer studies suggest that also orthorhombic
and hexagonally close-packed spherical phases exist, though their stability regions
are significantly smaller than the others [30]. This thesis focuses on morphologies
that are useful for lithographic applications. For linear diblock copolymers, it means

the cylinder and lamella phases, which can be used to make dot and line patterns.

As mentioned earlier, there are three factors that define the self-assembly behaviour
of a BCP. In broad terms, the polymer volume fraction defines the morphology or

the shape of the patterns. The other two parameters define the phase separation.
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In the morphology diagram this is represented by the product yN, where y is
the Flory-Huggins interaction parameter and N the degree of polymerization. The
Flory-Huggins y parameter is temperature dependent and it will decrease as the
temperature is increased and vice versa. As a consequence, the yN value (or the
temperature) then determines whether the BCP melt exists in a phase-separated state
or a disordered state. At elevated temperatures, the BCP chains are disordered and no
patterns can form (see shaded area in Figure 2.2). When the temperature is decreased
and the yN exceeds a critical value, phase separation will spontaneously occur. For
a symmetric (f = 0.5) diblock copolymer the order—disorder transition (ODT) is
predicted to happen at yN = 10.495 [31]. Phase separation behaviour can also be
manipulated via the addition of solvent, since the y value of a BCP changes with
the solvent concentration. Thermal treatments and solvent treatments are the two
main methods that are used to promote phase separation and obtain self-assembled

patterns. These annealing methods are explored later in Chapter 3.

The size and periodicity of the polymer patterns is largely determined by the degree
of polymerization N. According to Semenov [32], the domain length or the periodicity
Ly of a block copolymer pattern in the strong segregation regime (yN >» 10.5) is

estimated as

Lo = aN?y1/6 (2.1)

where a is the statistical segment length of the polymer and y is the Flory-Huggins
interaction parameter. The degree of polymerization N is the number of monomeric
segments in the polymer, which is related to the molecular weight of the BCP. In
essence, a high-molecular weight BCP will form large patterns with a large periodicity
and vice versa. During the past decade or so, researchers have been mostly interested
in low molecular weight BCPs with the intention of making ever smaller and smaller
patterns that could be used to solve the feature minimization problem presented
by Moore’s law. High- and ultra high-molecular weight polymers have been less
studied, perhaps due to the technical difficulties related to their synthesis and slow
self-assembly kinetics. This thesis focuses on that particular region, since high- and
ultra high-molecular weight block copolymers would be well-suited for producing

periodic nanostructures for photonic applications.
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2.2 High-y polystyrene-polyvinylpyridine

The desire for feature minimization in nanolithography has been steadily driving
the block copolymer research towards so called high-y materials. High-y BCPs are
able to form smaller patterns than BCPs with low y values. A high y value can
compensate for a low N value so that the y N of the polymer will still stay above the
order-disorder limit (yN > 10.5) during annealing. In technical terms the y parameter
quantifies the non-ideal polymer—polymer or polymer-solvent mixing effects. The
parameter arises from the polymer lattice theory developed first by Paul Flory and
Maurice Huggins to describe the free energy of mixing in polymer systems [33]. A
positive Flory-Huggins y value indicates a repulsion between the blocks and the
larger the value, the more incompatible the monomers are. Sufficient incompatibility
between the blocks is essential for self-assembly. For a pair of monomers, y is often

empirically defined as

x=a+bT (2.2)

where a and b are constants of entropic and enthalpic origin and T is the temperature
in Kelvins. The constants can be extrapolated using experimentally measured ODT
temperature values. Order—disorder transitions can be determined by small-angle
X-ray scattering [34] or dynamic mechanical analyses [24]. According to equation
2.2, the y parameter is temperature dependent. In addition, it also has a concentration
dependence, which becomes more significant when the polymer is solvated during
solvent annealing [35]. The effects of solvents on the Flory-Huggins parameter and on
the self-assembly of BCPs are discussed in Chapter 3. Table 2.1 lists the Flory-Huggins

parameters for some selected BCPs.

Polystyrene-poly(methyl methacrylate) (PS-PMMA) is one of the most studied block
copolymers for lithographic applications and it could be said that it has become
almost an industry standard. The wide spread use of PS-PMMA could be credited
to its availability, well-known properties, easy synthesis and straightforward self-
assembly using thermal annealing. However, PS-PMMA has a relatively low Flory-

Huggins value (y ~ 0.04), which limits the smallest obtainable pattern size to about
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Table 2.1 Flory-Huggins interaction parameters for a variety of block copolymers

Polymer x (25°C) Flory-Huggins y (T) Reference
PS-PMMA 0.043 +0.028 +3.9/T (36]
PS-P2VP 0.178 -0.033 + 63/T [37]
PS-PLA 0.217 ~0.112 + 98/T [38]
PS-PDMS 0.265 +0.037 + 68/T (39]
PS-P4VP ~ 0.300 - [40]

18 nm [41]. Furthermore, the segregation of the PS and PMMA domains is quite
weak and subsequently the interface between the patterns is not clear-cut. Wide
interfacial areas and pattern undulation can lead to increased line edge roughness
(LER), which distorts the geometry of the nanopatterns and results in not-so-well
defined nanostructures after lithographic pattern transfer [41]. Another factor that
makes pattern transfer more difficult is that the PMMA domains have to be removed
using etching or chain scission to make the lithographic masks. Nevertheless, PS—
PMMA has been and still is in the spotlight for semiconductor industry applications
as seen in recent demonstrations of fin field-effect transistors (FInFET) and static

random-access memory circuit patterns [42]-[44].

This thesis focuses on the self-assembly and applications of a high-y block copolymer
called polystyrene-polyvinylpyridine (PS-PVP) (Figure 2.3). PS-PVPs are all-organic
block copolymers with some unique properties, which make them promising can-
didates for next-generation nanolithography and nanostructure synthesis. Pyridines
are known to be able to associate with metal ions using the nitrogen binding site
in the pyridine either via metal-ligand coordination or via electrostatic binding
[45]. Therefore, PS-PVP patterns can be selectively infused with metal-containing
precursors to form inorganic nanostructures. This has enabled the creation of ordered
nanoparticles and nanowires. Previously PS-PVPs have been utilized to synthesize
nanostructures made from metals (gold, silver, platinum, nickel) [45], [46], ceramic
hard mask materials (iron oxide, aluminium oxide) [47] and semiconductors (mo-
lybdenum disulfide, tungsten trioxide, zinc oxide) [48]-[50]. PVPs are also readily
soluble in common alcohols while PS isn’t. PVP regions can be selectively dissolved

from the patterned BCP thin film to create lithographic masks or porous membranes
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Figure 2.3 Examples of block copolymers: Polystyrene—poly(2-vinylpyridine), polystyrene—
poly(4-vinylpyridine) and polystyrene—poly(methyl methacrylate).

[51]. Lithographic mask formation and metal nanopattern fabrication are described

in more detail in Chapter 5.

Structurally the PVP monomer is very similar to PS, the only addition being a nitrogen
in the aromatic ring structure (see Figure 2.3). It’s been known for a while that the
positioning of the nitrogen in the pyridine ring is significant and that the properties
of the two isomers, P2VP (ortho position) and P4VP (para position), notably differ
from each other. The Flory-Huggins interaction parameter of PS-P2VP has been
calculated to be y = 0.178 at 25°C [37]. The interaction parameter of PS-P4VP is
estimated to be at least double of that. Alberda van Ekenstein et al. [40] calculated
from miscibility studies of random copolymer blends that the y value of PS-P4VP
would be in the range of 0.30 to 0.35. Later studies obtained similar values using
rheometry and small-angle X-ray scattering at temperatures between 160 and 195 °C
[34]. The temperature dependence of yps_pqyp is still somewhat unclear. Our group
has studied the self-assembly of both PS-P2VP and PS-P4VP but the publications
included in this thesis focus on the use of PS-P2VP.

2.3 Pattern orientation in thin films

In nanolithographic applications, BCPs are assembled onto substrates as thin films.
The film thickness can vary from a few tens of nanometers to several hundreds of
nanometers. It is often essential to control the orientation of the BCP patterns. For
cylinder and lamella morphologies, a perpendicular domain orientation with respect
to the substrate surface is typically preferable (see Figure 2.4a). Patterns also need to
be well-aligned or well-ordered with relatively few defects in order to be useful as

lithographic masks.
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In thin films, the substrate and the free interface (air) begin to significantly influence
the behaviour of the BCP. The blocks interact with surfaces in different manners due
to their chemical dissimilarity and there may be a preferential segregation of one
block at a particular interface. The preferential segregation or "wetting” is a result
of the system trying to minimize the surface and interfacial energies by putting the
most energetically compatible block near the surface. BCP wetting behaviour has a

significant effect on the orientation of the nanopatterns.

Ideally, surface wetting should be non-preferential (neutral) so that the block co-
polymer domains orient perpendicular to the surface (Figure 2.4a). Neutral wetting
conditions can be achieved when the energy differences between the blocks and
the surface are very similar: Ays_s,p  Ayp_sup- Large differences in the surface free
energies lead to preferential wetting and the patterns tend to orient parallel to the
surface as depicted in Figure 2.4b-d. Mixed pattern orientations can occur especially if
one of the interfaces is neutral while the other is preferential. BCPs behave differently
on different material surfaces due to their wetting behaviour. As a consequence, it
becomes quite difficult to make universally working lithographic processes. Generally,
studies have focussed on three approaches for controlling pattern formation in thin

films: interface engineering, film thickness optimization and annealing techniques.

Interface engineering focuses on substrate surface modification techniques that
balance the interfacial interactions between the blocks and the substrate making

the surfaces effectively neutral. A variety of molecules have been shown to provide
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Figure 2.4 Orientation of lamellar BCP patterns on different substrates. (a) Neutral or non-
preferential wetting promotes perpendicular pattern orientation. (b) One surface neutral, one
preferential results in mixed pattern orientations. Preferentially wetting surfaces with either (c)
asymmetric or (d) symmetric wetting behaviour produce horizontally stacked structures. The
number of layers depends on the film thickness ¢ and periodicity Lo.
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sufficient surface neutrality and induce perpendicular pattern orientation when
anchored onto the substrate surface. The most common approach has been to graft
short chains of random copolymers onto the substrate surface forming a brush layer
that contains a random mixture of both monomer units [52]-[54]. Neutral layers
have also been composed of homopolymer brushes and their mixtures [55], [56],
crosslinked polymers [57], [58], and other assembled molecules [59], [60]. Substrate
surface modification processes have then been extended to fabricate chemical nan-
opatterns for directed self-assembly (DSA). A typical approach is to make a sparse
pattern on the neutral brush layer using deep-UV immersion lithography or EBL
and remove or modify selected regions of the brush layer by plasma treatment [61].
Removed regions can be backfilled with another brush for improved selectivity [62].
BCP patterns will align and orient according to the underlying chemical pattern
since the two blocks prefer to wet different regions. Chemical patterning, coined
chemoepitaxy, has been used to obtain defect-free arrays of aligned, perpendicular
lamellae for line density multiplication with the end goal of incorporating DSA into
300 mm wafer process lines at semiconductor fabrication plants [63], [64]. Isolated
features such as bends, jogs and T-junctions for integrated circuits have also been

demonstrated [65].

While effective when done correctly, molecular surface functionalization is a delicate
balance between brush layer thickness, surface coverage and brush composition.
It involves a lengthy process of substrate cleaning, spin-coating, annealing and
washing. In the case of chemoepitaxy there are additional steps of lithography, etching
and brush deposition. Some functionalized random copolymer molecules are com-
mercially available, though expensive, such as hydroxyl-terminated PS-ran-PMMA.
Others have very limited availability and need to be synthesized by the research
groups themselves. Our group has chosen not to pursue brush functionalization and

this work has experimented with other techniques for domain orientation.

Film thickness is one of the other two methods that influences the pattern formation
in thin films. The film thickness should ideally match the domain periodicity Lo
of the block copolymer as multiples of n or n + 0.5 (where n = 1,2,3...) depending
on the wetting symmetry of the thin film (Figure 2.4c, d). If the film thickness is
incommensurate with the periodicity, the BCP may redistribute over the surface

during annealing so that locally the film thickness matches nL, or (n + 0.5)L, [66].
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The local variation of the film thickness results in an uneven surface topography. The
phenomenon is known as terracing or island/hole formation. Terracing is unwanted
as it can lead to a film that has local changes in the pattern morphology or orientation
especially near the terrace edges [67], [68]. The film thickness can also be used as a
way to control the orientation of the BCP patterns. Patterns may orient perpendicular
to the substrate especially if the film thickness is less than the pattern periodicity

(t < Ly), meaning monolayer or submonolayer films [67].

The last method for controlling self-assembly in thin films is annealing and a wealth
of techniques used during annealing. Annealing of thin films is discussed in more
detail in the following Chapter 3. Various other methods can be used at the same
time to guide BCP patterns into the desired geometry, order or direction. External
forces such as electric fields [69], [70], shearing [61], temperature gradients [71], [72]
or solvent evaporation [73] have been demonstrated to control pattern orientation or
alignment. Other essential tools for directing the self-assembly during annealing are
pre-patterned topographic substrates (graphoepitaxy) or the previously discussed

chemically patterned surfaces (chemoepitaxy).
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3 ANNEALING METHODS

BCP thin films that are spin-coated or cast onto substrates are typically initially
disordered. The solvent in the casting solution evaporates rapidly and the polymer
chains are kinetically trapped in a metastable, poorly ordered morphology. Annealing
is therefore required to promote chain mobility and initiate microphase separation.
Ideally the polymer would reach an equilibrium morphology after annealing. In
practice, the behaviour of BCPs is not so straightforward especially as thin films.
Substrate and interface effects, film thickness and film processing history can affect
the outcome of annealing. BCP systems often experience energy barriers for chain
re-organization, which prevent reaching the global thermodynamic equilibrium and
result in persisting defects in the pattern [74]. Without external guidance, BCP
systems will form a polygrain structure where the pattern is ordered inside multiple
small grains. To overcome this, pre-patterned substrates (DSA) can be used to guide
the BCP into the preferred pattern alignment during annealing. Annealing is typically
done either by heating the thin film or by partially solvating it using a suitable
solvent vapour. The process becomes more complicated and time-consuming as the
complexity of the chain architecture increases or as the molecular weight is increased.

It is important to note that not all annealing techniques suit all BCPs.

3.1 Thermal annealing

In thermal annealing the polymer thin film is heated above or near the glass-transition
temperature T, to allow chain movement. Typically thermal annealing has been done
by placing the sample on a hot plate or in a vacuum oven and heating the sample
for extended periods. At elevated temperatures the molecule chains begin diffusing

and then phase separate locally leading to small grains. During extended thermal
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annealing the grains coarsen and the defect density decreases as defects diffuse
through the film, encounter other defects and annihilate each other. As the defect
density decreases, it takes longer and longer for the defects to meet and annihilate.
The coarsening of the grain size & scales according to a power law as ¢ = kt*, where
t is time, k is a prefactor and the exponent « describes the ordering mechanism
[75]. For thin films with sphere or cylinder morphologies experimental studies have
calculated the exponent as o = 0.25 — 0.28 [76], [77]. This means that hexagonal

ordering in micron-sized grains will take hours or several days of oven annealing.

Conventional thermal annealing can realistically only offer small-scale ordering due
to the slow self-assembly kinetics. Motivated by the interest in incorporating BCPs
into IC manufacturing, many methods have been developed to improve ordering and
cut down on the required annealing time. Since kinetics scale with temperature,
a logical approach is to increase the annealing temperature. However, thermal
treatments are fundamentally limited by the ODT temperature, above which the
BCP becomes disordered and phase separation can not occur any more (yN < 10).
Another limiting factor is the thermal decomposition temperature of the polymers,
which is typically in the range of 300 to 500 °C. Rapid thermal processing (RTP)
allows the sample to be quickly heated with an infrared light source and cooled by
gas purging. A nitrogen atmosphere can be utilized to delay the onset of polymer
degradation. The results from high-temperature (250-290 °C) RTP annealing studies
have indicated faster coarsening kinetics during the first few minutes [78], [79]. Grain
sizes of ¢ = 500 nm have been obtained in RTP above 300 °C in under 100 s. Another
similar rapid thermal treatment relies on microwave heating, which can either be

done dry [59] or combined with solvent vapour exposure [80].

A third thermal treatment worth mentioning is zone annealing. In zone annealing
a heated filament or a laser-line is scanned across the sample to induce a moving
temperature gradient. It’s theorized that the in-plane thermal gradient promotes
rapid grain growth and that the movement of the thermal field can be used to align
BCP structures in a preferred direction [71]. Cold zone annealing (CZA), where the
temperature remains below Topr, has been shown to also control the orientation
(parallel vs. perpendicular) of the BCP patterns via the sharpness of the temperature
gradient [81]. CZA can yield a significant enhancement of the ordering kinetics

compared to conventional oven annealing (« ~ 0.46) [82]. Even faster assembly can
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be achieved with laser zone annealing (LZA), which creates extreme temperature
gradients (T > Topr) using laser sweeping. According to Majewski and Yager, LZA
can anneal small samples in minutes and achieve effectively infinite grain sizes due
to spontaneous alignment of the in-plane BCP cylinders along the sweep direction
[72].

Thermal annealing methods have been extensively used for assembling PS-PMMA
patterns. Unfortunately, some polymer systems are not so well-suited for thermal
methods. For many high-molecular weight and high-y BCPs thermal annealing
isn’t very effective or is too slow. High ODT temperatures, slow chain kinetics and
low diffusivities hinder the self-assembly and poorly ordered patterns are produced.
High-y materials can also face difficulties in obtaining the perpendicular domain
orientation due to the large surface energy difference between the blocks [83].
For these systems solvent vapour annealing is a promising alternative to thermal

annealing.

3.2 Solvent annealing

Solvent vapour annealing (SVA) is the other annealing technique that can be used to
self-assemble BCPs. In SVA the BCP thin films are exposed to a solvent vapour and the
thin films swell with the uptake of solvent. The added solvent plasticizes the polymer
by effectively decreasing the T, of the system from ~ 100 °C to room temperatures
or even below [84]. Polymer chain mobility and diffusivity is significantly increased
and this can lead to a dramatically improved self-assembly time compared to thermal
annealing. In addition to enhancing the self-assembly kinetics, the solvent can
influence the interactions between the blocks. The solvent can screen unfavourable
BCP-substrate interactions, change interface wetting preferences, influence the
orientation of the BCP structures and even change the morphology of the BCP
thin film. SVA is particularly useful for high-y polymers where the blocks have high
incompatibility and highly dissimilar surface energies. Solvent annealing can be done

at room temperature or at elevated temperatures in a solvothermal process.

Self-assembly via solvent annealing is somewhat more complex process than via

thermal annealing. Multiple factors affect the phase separation of a BCP during
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solvent annealing. Yoon et al. [85] highlight three molecular weight-dependent
factors that govern BCP self-assembly during SVA: 1) Solubility of both blocks in
the selected solvent, 2) chain mobility in the solution and 3) the order—disorder
transition concentration. The ODT concentration is a similar limit as the order-
disorder transition temperature. When the solvent concentration in the thin film
is too high the BCP will become disordered and the pattern morphology is lost.
Additional factors that influence the self-assembly can be temperature [86], [87],

processing history [88] and pattern confinement and commensurability [47], [89].

3.2.1 Solvent effects

The selection of the solvent is critical in SVA. To assess whether a solvent is suitable
for the polymers, solubility parameters can be examined. Solubility parameters § are
factors that can be used to predict whether a polymer will be soluble in a certain
solvent. Materials with similar solubility values are likely to interact with each other

and form a mixture. From a thermodynamic point of view, mixing is described as

AGmix = AHmix - TASmix <0 (31)

where AG,,x is the Gibbs free energy of mixing, AH,,;y is the mixing enthalpy and
AS,ix the mixing entropy [90]. For binary mixtures the Hildebrand equation states

that the change in mixing enthalpy is

AHmix

= (8- 8)" s (3:2)

where V,, is the molar volume of the mixture, § are the solubility parameters and
f»» fs are the volume fractions of the homopolymer and the solvent [90]. For mixing
to occur, the Gibbs free energy of the system must be negative (Equation 3.1). This
means that the mixing enthalpy must be small. It cannot be negative since that would
indicate that the mixing is an exothermic reaction, which is not the case with polymer
dissolution. So in general, (5p - 53)2 must be small for the components to mix well.
Therefore a simple estimate can be made that if a polymer and a solvent have very

similar solubility parameters, the polymer will be miscible in the solvent. If both BCP
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blocks are well-miscible, the solvent is deemed neutral or near-neutral and it will
swell both blocks in a similar manner. A selective solvent has a distinctive preference

for one of the blocks and during solvent annealing this block will swell more.

Itis possible to estimate the amount of swelling that the blocks will exhibit in a solvent
vapour atmosphere. The Flory-Huggins theory of polymer solutions states that the
swelling of a homopolymer depends on the vapour pressure P and the interactions

between the solvent and the polymer as

P _ d() 2 d() Vs dO
ln<P3>_X<d> +ln(1—d>+(1—vp)d (3.3)

in which P/P; is the ratio of the partial pressure of the solvent in the annealing
chamber to the equilibrium (saturation) vapour pressure [91], [92]. The equilibrium
vapour pressure is temperature dependent and can be calculated using the semi-
empirical Antoine expression. The film swelling is given as the ratio of the original
film thickness dj to the swollen thickness d. The V; and V), are molar volumes of
the solvent and the polymer. Lastly, y is the Flory-Huggins interaction parameter
between the polymer and the solvent. The polymer-solvent interaction parameter y

relates to the Hildebrand solubility parameters:

v,
X = (8-8,)° (3.4)

where 6, and ; are the solubility parameters of the polymer and solvent respectively
[33]. The temperature T is given in Kelvins and R is the molar gas constant. Tabulated

x values for common polymer-solvent pairs can be found in the literature [90].

In block copolymer systems the addition of solvent screens unfavourable interaction
between the blocks. Polymer—polymer interactions are basically “diluted” by the
solvent. The diluted interactions are described using an effective interaction para-

meter y.rs [35] instead of the normal Flory-Huggins parameter y as

Xeff = X9° (3.5)
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Figure 3.1 Schematic phase diagram depicting the effect of BCP swelling in neutral (line 1) and
selective (line 2) solvents. As the solvent concentration is increased, the selective solvent changes
the relative volume fraction of the blocks shifting the morphology from lamellar to cylindrical.
Excessive addition of solvent will result in the BCP becoming disordered.

where ¢ = dy/d is the polymer concentration in the swollen film, y is now the
polymer—polymer Flory-Huggins interaction parameter and « is a scaling exponent.

Past studies have shown the exponent « to be in the range of 1.2 to 1.6 [35], [93].

The phase behaviour of block copolymers solvated in neutral solvents has been
approximated to follow the melt phase behaviour depicted in the theoretical phase
diagram (Figure 3.1), although some of the phase transition boundaries may be shifted
[35], [94]. In the phase diagram the degree of segregation parameter yN is then
replaced by y.rsN (or y$*N). Self-assembly in the solvated state therefore depends
on y, N, f and also the solvent concentration and selectivity. Interestingly, the solvent
can be utilized to change the morphology of the BCP. A selective solvent will swell one
of the blocks more than the other and thus the relative volume fraction f of the blocks
will change. The effects of selective and non-selective swelling are illustrated in Figure
3.1 with two annealing pathways. It is possible to swell a lamella-forming BCP with
a neutral solvent and achieve lamellae (Figure 3.1 Line 1) or use a selective solvent
and obtain cylinder patterns (Line 2). Multiple morphologies and different pattern
orientation have been achieved in thin films annealed in various solvent vapours
[95]-[97]. It is even possible to reversibly switch between different morphologies by
annealing in alternating solvents [98]. Our group has achieved cylinders, lamellae
and inverted cylinders from a 27.2-11.7 kg/mol polystyrene—polydimethylsiloxane

(PS-PDMS) polymer using selective and non-selective solvents [99].
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3.2.2 Static solvent annealing

Figure 3.2 A schematic of two different types of solvent vapour annealing set-ups. (a) "Static”
annealing in a closed jar and (b) "Flow” annealing where the solvent vapour is delivered into the
chamber using a carrier gas flow.

The simplest realization of solvent vapour annealing is a sealed chamber that contains
both the sample and a solvent reservoir (Figure 3.2a). The solvent saturates the
atmosphere in the chamber and the BCP film swells with the solvent. There is no
direct control over the film swelling so the annealing process is managed indirectly
through the volume of the chamber, amount of solvent in reservoir, choice of solvent,
solvent leak rate, annealing time and temperature [83], [100]-[103]. These factors
affect the vapour pressure inside the chamber and hence the swelling of the thin film.
In practice, the sample is exposed to the solvent vapour for a certain amount of time
and then the film is deswelled either quickly by opening the chamber or slowly by

letting the vapour leak out. The removal of the solvent vitrifies the polymer film.

Despite the apparent simplicity of SVA, controlling the process has proven to be very
difficult. Even small changes in the laboratory environment may change the outcome
of the annealing. Sinturel et al. [104] utilized in situ grazing incidence small angle
X-ray scattering (GISAXS) to monitor morphology changes during static solvent
annealing. Film thickness was monitored via ellipsometry. The study showed that
BCP thin films began swelling immediately after solvent vapour exposure and while
90 % of maximum thickness was obtained already within the first 10 minutes, the film
reached a thickness plateau only after 30 minutes. During this small film thickness
change between 10 min and 30 min, in situ GISAXS revealed transitions in the pattern
morphology. The crux of static SVA apparatuses is that the swelling and deswelling
of the film cannot be precisely controlled. Also, it is not feasible to routinely use
GISAXS to identify when the BCP thin film reaches the desired pattern morphology

since GISAXS requires a synchrotron light source. Moreover, experiments are highly
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susceptible to changes in the environment such as humidity, room temperature
fluctuations and seasonal changes [105], [106]. Especially temperature-control is an
issue, since the saturation vapour pressure of the used solvents is often very sensitive
to temperature changes. Thus a small change in temperature can result in a large
change in vapour pressure leading to a change in the swollen film thickness. This
makes reproducibility an issue. One other disadvantage of static SVA is that the

annealing times are still long - ranging from a few hours to several days.

3.2.3 Vapour flow annealing

SVA systems have progressively evolved into more sophisticated devices when it
was recognized that the annealing process must be monitored and controlled more
precisely. Flow annealing devices use an inert carrier gas to deliver the solvent vapour
into and out of the sample chamber (Figure 3.2b). Nitrogen bubblers are commonly
used to generate the solvent vapour in an external solvent reservoir and flow meters
or mass flow controllers regulate the gas flows. A gas stream saturated with the
desired solvent is directed through the annealing chamber while the film thickness
is monitored using spectral reflectometers or interferometers. By mixing the solvent
rich gas with an inert gas the vapour pressure inside the chamber can be altered. In
practice this has often been done by varying the flow rates of the saturated vapour
stream and a second diluent gas stream [107]. The solvent removal is done by purging
the chamber with an inert gas such as nitrogen. The manipulation of the flow rates
provides some control over the swelling of the thin film but the maximum achievable

vapour pressure is decreased due to the diluting nitrogen gas.

Flow annealing devices have enabled controlled annealing in mixed solvent vapours.
An example of this are the works of Gotrik et al. [108] and Cushen et al. [109] where
multiple solvent reservoirs were added into the input gas line in order to mix solvent
vapours and experiment with selective and non-selective swelling and the resulting
morphologies. Similar methods have then flourished in studies concerning quenching
and deswelling conditions [106], [110], [111], directed self-assembly [93], and polymer
swelling dynamics [112]. Most of the devices have controlled the vapour pressure and
the subsequent film swelling through flow rates and gas mixing but there are a few
exceptions. Lundy et al. [113] and Stenbock-Fermor et al. [114] combined flow control

with a temperature differential between the heated solvent and the heated sample.
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Solvothermal annealing and temperature-control have been recognized in the field
as promising ways to enhance self-assembly kinetics and reduce variations in the
annealing results due to varying ambient temperatures. The downside of heating the
solvent is that also everything else, the chamber walls, gas feedthroughs, pipes and
the sample stage have to be heated above the temperature of the solvent to prevent

solvent condensation and a subsequent drop in the vapour pressure [113].

There has been an evident need for precision control of the SVA process and the
swelling of BCP thin films. During recent years, computer-controlled SVA devices
have been proposed by a few research groups. Jin et al. [105] presented a computer-
controlled SVA apparatus that had a temperature-regulated annealing chamber, mass
flow controllers for the solvent lines and laser reflectometry for the film thickness.
The film thickness monitoring was linked to a feedback control loop, which enabled
real-time computer control of the solvent vapour flow rate and therefore the swelling
of the film. Film swelling, deswelling, dwell time and purging could be regulated. The
previously mentioned thermoregulated SVA device also contained computer-control
over the device temperature but it lacked real-time film thickness monitoring [113].
One of the most elaborate SVA systems was presented a couple of years ago by
Nelson et al. and it featured computer-controlled pneumatic inlet and outlet valves
which control the film swelling [115]. The inlet/outlet flow rate variation appears
to be a somewhat faster and more precise control mechanism than the typical flow

control via nitrogen dilution.

3.3 Important factors in solvent annealing

The recent developments in SVA technology have significantly contributed to the
understanding of what occurs during solvent annealing and how different factors
may affect the outcome. It’s been long known that annealing in different solvents
causes differing pattern morphologies to appear and that the annealing time is
somehow critical. Controlled SVA combined with in situ GISAXS measurements
has shed some more light on why some factors are more important than others in
the annealing process. It has been identified that the swelling ratio and the solvent
removal rate are two very critical parameters that affect the periodicity of the pattern,

the long-range order and the preservation of the morphology. In a study by Gu et al.
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[116] the average grain size of PS-P2VP was seen to increase as the film swelling
ratio (SR) was increased. The largest grains were obtained when the SR was close
to the order-disorder transition. Baruth et al. came to similar conclusions using
another high-y BCP, polystyrene-polylactide [117]. Furthermore, order-order or
order-disorder transitions have been identified to occur at very precise swelling

ratios [98], [116].

Solvent removal and its effects on morphology has been one much debated factor
throughout the years and its role appears to be quite complex. It is assumed that
upon fast drying the ordered structures obtained in the swollen state contract in the
out-of-plane direction, but that the lateral morphology is essentially preserved [104].
This type of film quenching has been a commonly accepted method for “freezing-
in” the obtained morphology, although the compression of the film may also cause
restructuring of the domains [98], [118]. Slow solvent removal has sometimes been
credited for changing the orientation of BCP cylinder morphologies [111]. Some stud-
ies report no orientation changes but note a slight increase in the pattern periodicity
likely because the slow solvent removal gives more time for the BCP molecules to
respond to unfavourable molecular interactions and film commensurability issues
[119].

Solvent evaporation from a fully disordered state acts differently. Instead of pre-
serving the disordered state, ordered morphologies can form during solvent removal
and the removal rate affects the morphology and its orientation [73], [120]-[122]. It
has been theorized that pattern nucleation begins at the film surface when the local
solvent content falls below the order-disorder concentration [73]. Studies seem to
agree on that the nucleated morphology propagates from the surface into the film
as a front. It has been noted for thick films, that the ordering can progress partway
into the film but not necessarily all the way down to the film-substrate interface [73],
[117].
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4 DEVELOPMENT OF CONTROLLED
SOLVENT ANNEALING DEVICE

Solvent vapour annealing of block copolymer thin films is a complex process and it
can be influenced by many environmental factors. A wide variety of solvent annealing
devices have been developed but comparison between these SVA studies is difficult.
This is mainly due to the diversity of the SVA processes and varying practices in
reporting. Critical SVA parameters such as the swelling ratio or the swelling and
deswelling rates are not always mentioned or they are reported in various formats (e.g.
time, nitrogen flow rate, film thickness or partial vapour pressure). Environmental
factors such as humidity, temperature, or solvent purity are not or cannot always
be controlled. These factors make it difficult to draw universal conclusions from the
evidence or reproduce studies using another SVA setup. One of the main challenges
in using block copolymers for lithography is acquiring the desired, defect-free pattern
morphology in a repeatable way. The semiconductor industry has been focusing
on thermal annealing since it appears more reliable and reproducible. However,
application-wise there is a need for sub-10 nm as well as larger than 100 nm patterns,

both of which cannot easily be obtained using thermal annealing.

There is clearly still a need to develop more sophisticated solvent annealing devices
that can be used to self-assemble high-y and high-molecular weight block copolymers.
The key factor in these devices should be the precise control of both the annealing
process and the environmental conditions. Key features should include fast modula-
tion of the solvent content (SR) and the capacity for wafer-scale processing. Most
flow SVA devices have miniature processing chambers that fit only centimeter-sized
samples so that the film swelling would respond faster to changes in the gas flow.

Still, it can take up to 15-30 min for the thin film to reach a steady swollen state
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[108], [112], [119] and further changes implemented via gas-flow mixing take up to
3-5min to occur [123]. Importantly, the total duration of SVA should be preferably

minutes if not even seconds instead of hours.

The Nanophotonics research group at Tampere University has been developing a
computer-controlled solvent annealing device for the past five years. Our aim has
been to cut down the required annealing time and create an annealing process
that can be precisely replicated. If the swelling and deswelling of the BCP could be
repeated reliably, it could be possible to examine how isolated factors or parameters

affect the produced BCP pattern.

4.1 SVA apparatus

The controlled solvent vapour annealing system that was developed and used in this
work is illustrated in Figure 4.1. The annealing chamber was composed of three main
parts: the lid, the body and the base. The lid had an embedded window for optical
monitoring and feedthrough ports for other sensors such as temperature probes.
The lid was fully detachable and was fastened to the chamber using quick screws.
The custom-made aluminium body of the chamber had ports for electrical wiring
as well as gas feedthroughs (Figure 4.2 A-D). The aluminium base plate was flat

with a shallow groove around the circumference of the chamber. The input gas flow

Figure 4.1 Schematic of the computer-controlled solvent vapour annealing system.
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Figure 4.2 The solvent annealing chamber (A-D) with a silicon quarter wafer on the sample
stage. The film thickness monitoring system (E-F) and the camera (G). The underside of a
detached copper stage plate with the thermoelectric cooler module is shown in the inset (B).

could be fed in through the ring-structure in the base plate so that the solvent vapour
would be distributed evenly inside the chamber. A copper plate stage was bonded to
a thermoelectric cooler module (MultiComp, TEC 110 W, 12 A) and screwed onto the
centre of the baseplate (Figure 4.2 B). The stage could then be heated or cooled by
driving an electric current through the TEC element. The wiring of the TEC module
and a temperature transducer (AD590MF) went through one of the feedthrough ports
in the body and was fixed in place with epoxy. The base was screwed onto the body
and sealed with O-rings. The internal diameter of the chamber was 75mm (V ~

100 cm®) and it could accommodate semiconductor wafers up to 2 inches in size.

Solvent vapour was generated in a temperature-stabilized glass bubbler by bubbling
dry nitrogen through the solvent reservoir. Later, the bubbler was switched to a
larger, 100 ml bottle and a small-pore sparger head was added for more efficient
vapour production. In a bubbler the small bubbles travel upwards and become filled
with the solvent vapour as the liquid evaporates at the edge of the bubble. The vapour
is released into the bubbler headspace above the liquid and from there the solvent
rich gas can be extracted through another tube. The bubbler temperature was kept

slightly below the ambient temperature to avoid condensation of the vapour.

The flow rate of the carrier gas was set using a gas pressure regulator and a variable

area flow meter (Brooks Instrument Sho-rate). A constant nitrogen flow rate was
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chosen that would ensure fast filling of the chamber but not so fast that the saturation
level of the solvent rich stream would drop due to a too high feed rate. An adequate
level of flow was assessed based on the shape of the swelling profile during SVA.
The swelling of the thin films was not controlled via gas mixing so complex flow
control systems were not needed. Nor was there a need for an additional nitrogen
gas line for dilution. However, the solvent bubbler could be by-passed to quickly
purge the chamber with pure nitrogen. The chamber also had valves on both the inlet
and the outlet so that the vapour flow could be cut off to seal the chamber. The gas
lines used 6 mm PTFE (polytetrafluoroethylene) and metal piping and connections
were made using Swagelok tube fittings. Initially, there were some issues with the
system leaking likely from one of the joints. Then all junctions and joints in the SVA

apparatus were made leak-proof by either O-rings, epoxy or PTFE tape.

The SVA system was eventually moved into a semiconductor processing clean-
room with controlled humidity and room temperature. This was done to minimize
variations in the ambient conditions and mitigate process variation arising from
external factors such as temperature fluctuations. For safety reasons the whole
system was set-up in a fume hood to ensure that any leaked hazardous vapours
were removed appropriately. A blast shield would also be recommended if the system
does not have pressure relief valves or if any of the solvents are prone to forming
potentially explosive peroxides. The tetrahydrofuran (THF) was periodically tested
using peroxide indicator strips and was only acquired in bottles that had an inhibitor

mixed in.

4.2 Sample monitoring

The samples were monitored during annealing via spectral reflectometry and optical
imaging (Figure 4.2 E-G). The film thickness measurement setup consisted of a
broadband, ultraviolet to near infrared (UV-NIR) light source (Ocean Optics DT-
MINI-2-GS) that was used to illuminate the sample and a high-resolution UV-NIR
spectrometer (Ocean Optics HR4000) that measured the reflected intensity as a
function of wavelength. The light was collimated and focused using an optical
fiber with a lens so that the spot size on the sample was approximately 4 mm. The

reflected signal was collected at another optical fiber and fed into the spectrometer.
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Figure 4.3 (a) Dark-field video image of an over-swollen BCP film. The blue colour indicates
the unwanted formation of terraces in the swollen film. The comet-like features are defects from
spin-coating. (b) An SEM image of the terraced area with thin (SL) and thick (ML) regions.

A video camera was positioned above the chamber so that the center position of
the video image coincided with the reflectometry measurement spot. The samples
were illuminated using a dark-field ring light. Alignment of samples could be done
by checking their position in the video feed. The video feed also provided real-time
information of the thin film quality. Figure 4.3a displays a still image of an over-
swollen film that is experiencing terracing during SVA. The onset of terracing or
dewetting could be seen as a change in the colour of the thin film. Figure 4.3b shows
an SEM image of the terraced area. Due to terracing, the polymer in the thin film has
been redistributed so that there are regions where the film is thinner (white regions)
or thicker (dark regions). This could affect the morphology of the BCP film. The
live video feed helped choose annealing parameters that didn’t result in unwanted

terracing.

Measurements as well as live video imaging was done through the window in the
chamber lid, which caused some complications. Firstly, the viewport had to be made
from fused silica glass instead of normal window glass to minimize the absorption
of the optical signal. Furthermore, the reflectance measurement had to be done at a
slight angle from the normal so that the overhead lights and the camera ring light
would not interfere with the signal and oversaturate the spectrometer. The angle was
taken into account in the film thickness calculations. Finally, a reference spectrum
had to be taken before each annealing run to compensate for changing lighting
conditions. A clean, uncoated piece of silicon was used as a reference sample. Data

acquisition was initially done in the Ocean Optics SpectraSuite software but was
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later moved to MATLAB with the help of MATLAB’s Instrument control toolbox.

The thickness of a thin film can be calculated from the reflectance spectra if the
optical constants, n and k, of the coating material and the substrate are known.
The real part of the refractive index n and the extinction coefficient k are material-
specific characteristics that vary with the wavelength of light. Optical constants can
be derived form database values or from empirical relations such as the Sellmeier
equation. It was assumed that the optical constants of the thin film would change
with the addition of solvent. The change was calculated based on a Lorentz-Lorenz
mixing rule, which is a frequently used theory for predicting the refractive index of
a mixture from the indices and volume fractions of the components [124]. Refractive
index values for P2VP or P4VP polymers could not be found in the literature, so the
refractive index of polystyrene was used to represent the whole BCP. The indices of
styrene and vinyl pyridine monomers are very similar, so the assumption was thought
to be reasonable. A thin film model with a concentration dependent refractive index
was fitted to the measured reflectance data to determine the film thickness during
SVA. To confirm the validity and accuracy of the model, the dry thin films were

routinely measured using both ellipsometry and the SVA reflectometry setup.

4.3 Operation

The operation of the SVA device included steps needed for the preparation of the
setup followed by the actual annealing run. When first starting up the system, the
light source and the camera ring light were turned on and let warm up and stabilize
for about 15 min. The solvent reservoir was let stabilize to the desired operation
temperature and nitrogen purging was turned on to flush the SVA chamber and the
tubing clean. The gas flow rate was set to the desired fixed level (e.g. 100 ml/min)
and a leak test was preformed to check that no solvent vapour would leak into the
working environment later during the annealing. The reference Si piece was placed
in the closed chamber and a dark spectrum and a reference spectrum were recorded.
After this, the actual sample was positioned inside the chamber using the camera
view for correct placement. The TEC plate under the sample was set to the initial

temperature value and stabilized.
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Figure 4.4 Manually controlled SVA annealing process in the early stages of the device
development. (a) Reflectance spectra of a dry BCP thin film (grey) and a film swollen to a
target thickness (black). (b) Resulting swelling profile.

At the start of the actual annealing, the solvent bubbler was switched on and the
solvent rich vapour began to fill the sample chamber. The thickness change in the
BCP thin film was monitored using reflectometry as explained in Section 4.2. Our
approach was to control the swelling of the film via the temperature of the TEC plate.
In general, a decrease in temperature led to an increase in film swelling while an
increase in temperature acted oppositely. The temperature of the stage was gradually
decreased until a desired swelling ratio was obtained. A high swelling ratio (SR > 3)
could be achieved in minutes. The swelling of the thin film was kept at a constant level
for 1-30 min (dwell time), after which the film was deswelled either by by-passing the
bubbler and quenching with pure nitrogen or by temperature-controlled deswelling.
After annealing the solvent stream was switched off and nitrogen purging was turned
on (if not already) to ensure that the thin film would not re-swell. The sample was

removed from the chamber immediately after annealing.

In the first version of the SVA device, the TEC plate temperature was changed
manually. Sample monitoring was done by observing changes in the reflectance
spectra. The desired level of swelling was obtained by aiming for a specific value of
the first order minimum of the thin film reflectance (Figure 4.4a). After the annealing
run, the exact swelling profile and film thickness changes were calculated from
the recorded reflectance data. Understandably, the reproducibility of the manually
controlled process wasn’t exactly stellar, but an experienced operator could achieve

a decent swelling profile in a reasonable time as seen in Figure 4.4b.
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4.4 Implementation of feedback control

The next step was to automate the changing of the TEC plate temperature in order
to achieve better reproducibility and eliminate user-related errors. The thickness
calculation was made to operate in real-time. A wavelength range of 320-800 nm was
used, which was mainly chosen because of the spectral output of the light source and
the transmittance of the viewport window. A feedback loop was implemented that
monitored the measured film thickness, compared it to a pre-determined setpoint

and adjusted the TEC temperature accordingly.

This type of automatic steering is called Proportional-Integral-Derivative control
(PID). PID controllers aim to minimize the error between the signal value and the
setpoint. Here only the Proportional mode of control was needed meaning that
the error was multiplied by a proportional constant, which then determined the
magnitude of the temperature correction. The thickness of the thin film could
be measured approximately every 30 ms but there was no point in making the P-
controller change the temperature so often. Thus the control loop waited for a certain

amount of measurement points before applying any corrections.

A graphical user interface (GUI) was designed around the MATLAB script for ease of
use. Parameters such as the swelling ratio, dwell time and ramp up/down rates were
typed into the GUI and a swelling profile was created. After the user had initialized
the SVA system, inserted the sample in the chamber and defined the annealing profile,
the rest of the annealing was controlled by the software. The user could monitor the
progress in the GUI window. Figure 4.5a displays a typical annealing profile with a
swelling regime (), a steady state SR (I) and a quenching or deswelling regime (III).
The temperature of the stage TEC plate was initially decreased during regime I and

then maintained at a semi-steady state during regime II as depicted in Figure 4.5c.

Due to the precision and speed of the temperature control, fast swelling modulations
such as sinusoidal change depicted in Figure 4.5b could be easily implemented.
The TEC temperature set by the P-controller is shown in Figure 4.5d. A similar
sinusoidal shape is seen but the temperature minimums correspond to the swelling
maximums since decreased temperature increased the swelling. It is good to note that

the temperature effect was extremely localized and that the majority of the chamber
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Figure 4.5 Precisely controlled swelling of a high-molecular weight PS-P2VP polymer in the
SVA system. (a) Measured swelling profile with a solvent uptake regime (1), a dwell regime at
a constant swelling ratio (Il) and a quenching or controlled solvent removal regime (lll). (b)
Temperature-controlled cyclic swelling and deswelling during the dwell regime. The annotations
show the temperature of the stage at selected points. (c,d) Setpoint temperature of the sample
stage for (a) and (b). The temperature of the solvent vapour elsewhere in the chamber (approx.
1cm above the stage) was largely unaffected.

and the majority of the solvent vapour were unaffected by the control system. To
the best of our knowledge, the SVA system presented in Publication III is one of
the most precise SVA systems so far and the first one to actually realize controlled
cyclic swelling. Previously it has not been viable due to the slowness of the (flow)

control systems.
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4.5 Swelling control mechanism

The uptake of solvent in a polymer film is influenced by the vapor pressure. More
precisely it’s the vapour pressure ratio P/P;, where P is the partial pressure of the
solvent vapor present in the system and P is the saturation (or equilibrium) vapor
pressure of the solvent. Figure 4.6a depicts the saturation vapour pressures of three
different solvents and the effects of temperature. The depicted THF and acetone are
both high vapour pressure solvents and have a strong temperature dependence at
room temperatures. THF is a near-neutral solvent for PS-PVP and acetone is slightly

PVP selective. Toluene has a lower vapour pressure and is slightly PS selective.

Figure 4.6b illustrates what happens to the swelling of polystyrene in THF vapour
according to the polymer solution theory if the P/P; ratio is changed by altering the
temperature (Equation 3.3). The Flory-Huggins parameter for PS-THF was assumed
to be 0.41 and an arbitrary THF partial pressure P was used for calculation purposes.
As the temperature is decreased, the saturation vapour pressure of THF drops and
the relative vapour saturation P/P; subsequently increases. This in turn increases
the film swellibility. The polymer becomes very sensitive to the P/P; value close to
the dew point (the temperature where the relative saturation is 100 %). Even small

changes in the temperature in this range can result in large changes in the polymer

Figure 4.6 (a) The temperature dependent saturation vapour pressure curves of acetone, THF
and toluene [125]. (b) Theoretical equilibrium sorption of THF in polystyrene at differing vapour
pressure ratios P/PsT according to Equation 3.3. The thickness ratio d/dy is the swelling ratio
of the thin film. The annotations show the temperature at selected points.
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swelling behaviour. If the system temperature is decreased below the current dew

point, the vapour will begin to condense into liquid matter.

The theoretical behaviour matched quite well with what was observed in the experi-
mental swelling studies. The swelling of a thin film increased as the temperature of the
stage plate was decreased. Thin films became very sensitive to temperature changes
at large swelling ratios and a very responsive and accurate TEC plate system was
needed. If a very thick copper plate was used as the sample stage, the swelling control
became laggy and sluggish, presumably due to the slower heating and cooling of the
plate. Fast swelling control was achieved with a 1 mm thick copper plate. Solvent
could also be made to condense on the stage plate if the plate temperature was
decreased low enough. It is important to note that the TEC plate temperature did
not change the temperature of the whole chamber and that the vapour atmosphere
further away from the sample was unaffected by the temperature changes as seen in
Figure 4.5b, d. Overall the temperature changes during annealing were quite minute

and the TEC plate temperature was typically in the range of 20 + 4°C.

4.6 Fabrication of block copolymer patterns

During my time at Tampere University, I've studied the self-assembly of PS-PVPs
on various different substrates such as silicon, gallium arsenide, indium arsenide,
indium tin oxide, glass substrates and metals. The publications included in this thesis
deal with the patterning of (100) silicon wafers. The Si wafers were cleaned before
use, but no neutral brush layers or polymer grafting was utilized. The BCP thin
films were formed by spin-coating on cleaned quarters of 2-inch wafers. Usually
the weight/volume concentration of the BCP solutions was 0.4-1.0 w/v %, which
produced thin films with a thickness ranging from 15nm to 50 nm. An ideal film
thickness was d < Ly, which would help avoid the island/hole formation and promote
a perpendicularly oriented pattern. After spin-coating, the thin films were baked on

a hot plate to remove all residual solvent from the films.

Sample preparation turned out to be of great importance. If the spin-coating was
non-uniform, the thin films would have some variations in the film thickness. This

in turn could lead to thickness dependent morphology changes during annealing.
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Non-uniform coatings would be formed for example if the casting solvent evaporated
too quickly. The film would dry out before it had enough time to spread evenly over
the wafer surface. Rapid evaporation is an issue especially with solvents that have
a high vapor pressure, such as THF or acetone (see Figure 4.6a). A 7:3 mixture of
toluene and THF was used as the casting solvent, since the solubility parameter of
the mixture was close to that of PS-PVP and the evaporation rate of the solution
was slowed down due to the presence of the low vapor pressure toluene. A closed-lid
spin-coater was used, which further slowed down the evaporation of the solvent and
improved the uniformity of the formed thin films. Debris on the wafer surface or in
the casting solution could also cause non-uniform coatings. Therefore, the wafers
were cleaned with care right before spin-coating and the casting solutions were

mixed overnight and filtered through a 0.2 um PTFE syringe filter before use.

The block copolymer thin films were annealed in the SVA device using various
solvents such as THF, toluene, acetone and ethanol. THF was clearly the superior
annealing solvent for achieving large grain sizes in high-molecular weight PS-P2VP
thin films. Different swelling profiles were explored by varying the swell rate, the
dwell time, the maximum swelling ratio, and the rate of deswelling. The aim was to
find a good combination of factors that produced well-ordered, uniform patterns over

the whole sample surface so that the BCP could be used as a template for lithography.

4.7 Characterization of patterns

The self-assembled block copolymer thin films were characterized using scanning
electron microscopy (SEM). All SEM images of block copolymers were taken using a
Zeiss Ultra 55 (Carl Zeiss AG) field emission SEM at 1.5-5kV acceleration voltage.
SEM provides qualitative information about the surface characteristics of the BCP
thin films. An SEM image is formed by scanning a beam of electrons over the sample
surface and recording the response at each raster point. The beam electrons hit the
sample surface and interact with the sample atoms around the point of impact. There
are two main signal sources for creating SEM images: secondary electrons (SE) and
backscattered electrons (BSE). Topographic features, such as edges, tilted structures
and small particles, produce a large amount of secondary electrons. The image formed

from SEs is a pseudo-3D image of the surface topography of the sample. Backscattered
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electrons on the other hand form images that depict the elemental composition of the
sample since the generation of BSEs depends on the atomic number Z of the sample
atoms. Heavy elements (high atomic number Z) produce many BSEs and vice versa.
Scanning electron microscopy produces greyscale images where the dark and light
areas correspond to the amount of detected SEs or BSEs. Image formation therefore
requires the sample to have either topographic or elemental contrast. Untreated BCP
thin films have neither of these. The thin film is flat and the pattern domains are
elementally indistinguishable from each other since both polymers consist mostly of

the same light elements (carbon, hydrogen).

Selective metal ion loading of PS-PVP structures was utilized for image contrast
enhancement. The method can be used to selectively incorporate metallic species
into the PVP domains via the nitrogen in the pyridine ring. The thin film is immersed
in an aqueous, slightly acidic metal salt solution. In an acidic environment the PVP
blocks become protonated and acquire a net positive charge. Therefore, selective
metal loading can be done using anionic metal complexes, such as [MCl4]"~ (where
M = Au, Pd, Pt), which bind via electrostatic interactions to the cationic PVP domains
[126].

The wafers were dipped in aqueous solutions of HAuCl, (hydrogen tetrachloroaurate)
and Na, [PtCly] (sodium tetrachloroplatinate) at an optimized molar concentration
of 1-5mM with 0.05-0.1 % HCI. The HCI concentration was kept intentionally low
since higher concentrations resulted in ring-like patterns as the PVP chains exploded
out from the cylinders. The uniformity of the obtained metal structures has been seen
to depend on the immersion time and the metal salt concentration [46]. Using the
aforementioned aqueous solutions, well-formed metal structures could be achieved
in 10-15min. A subsequent oxygen plasma treatment could be used to remove the
polymer and reduce the metal salt into elemental metal. It was noticed that for SEM
imaging purposes the plasma reduction was not necessarily needed since the metal

salt doping already provided sufficient image contrast.
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4.8 Image analysis

Image analysis was used to study the BCP cylinder patterns and determine factors
such as periodicity, defects and the degree of ordering from SEM images. The pattern
morphology analysis was performed with scientific imaging software Image]J [127]
and MATLAB R2015 (MathWorks Inc.). SEM images were first converted into binary
black and white images by automatic thresholding. The binary images were then
smoothed if outlier pixels needed to be removed. Particle analysis tools were used
in Image]J to measure the shapes in the binary images. The tool calculated the size,
center coordinates and the number of objects in the image. Furthermore, the average

cylinder size, standard deviation and cylinder circularity could be calculated.

For a more in-depth defect analysis the point coordinates were exported into MAT-
LAB. A custom-made script performed a Voronoi partition and a nearest neighbour
analysis on the coordinate data to determine the lattice defectivity. A cylinder
with 6 neighbouring points represented a perfect hexagonal lattice while any other
number of neighbours was considered a lattice defect. Average lattice periodicity
and the standard deviation was also simultaneously calculated. Figure 4.7 outlines

the different stages of the image analysis process.

Figure 4.7 lllustration of the different steps in the image analysis of PS-P2VP 185-73 kg/mol
patterns. (a) SEM image of the Pt-doped cylinder morphology. (b) Conversion of the SEM image
into a black and white image for particle counting. (c) Division of the image into Voronoi cells
and identification of lattice defects. (d) Mapping of the orientation of the Voronoi cells as an
indicator of BCP grains.
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4.9 Effects of controlled solvent annealing

The self-assembly of a variety of PS-P2VP and PS-P4VP polymers was studied using
controlled solvent vapour annealing. The molecular weights of the tested polymers
ranged from 458 kg/mol to 15 kg/mol. Not all of them could be made to form patterns
with long-range order. Some of the high-molecular weight ones, like the 458 kg/mol
BCP, were problematic to dissolve using THF/toluene. Thin films made from those
solutions tended to have agglomerates of polymer in them and well-ordered patterns
would not form even after extended annealing. The lack of success was likely due
to a combination of extremely slow chain kinetics and poor solvent compatibility.
Better assembly could have possibly been achieved with solvents such as chloroform
but those were deemed too unsafe to use in the annealing system. Some of the low-
molecular weight BCPs, such as the 15 kg/mol one, formed only micelle-like patterns.
It is possible that the selected swelling parameters pushed the polymer always into

the disordered phase past the ODT concentration limit (see Figure 3.1).

Publication III reported the effects of some selected annealing parameters on the
self-assembly of high-molecular weight PS-P2VP polymers. The main parameters
examined were the thin film swelling ratio (SR) and the dwell time at a fixed SR value.
The ramp up rates and the ramp down rates were also examined for controlled film
swelling and deswelling. No changes in the orientation of the domains were observed
related to the ramp rates. Most polymers had a processing window for the optimal
swelling of the thin film as illustrated in Figure 4.8. If the SR value was too low,
patterns would be badly ordered likely due to low chain mobility. On the other hand,
if the SR value was too large, the thin film would begin to experience dewetting or
terracing. This would lead to thin films with mixed domain orientations. The largest
grain sizes were observed when the SR was large, but still slightly below the terracing
limit. On unmodified Si substrates the terracing often began when the swollen film
thickness became a multiplication of the pattern periodicity (dyqax < 2Lo). Similar
processing windows have been observed in previous BCP annealing studies but in

these the upper swelling limit has been the ODT concentration [117], [119].
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Figure 4.8 Controlled solvent vapour annealing of 188 kg/mol PS—P2VP in THF at increasing
swelling ratios. (a)-(f) SEM images of the annealed BCP thin films. (g) Swelling profiles of the
thin films A-F. The BCPs were immediately quenched when the desired SR was reached. (h)
Before annealing, the thin films displayed a disordered morphology. PVP domains were doped
with Pt for SEM imaging. Scale bars 500 nm. Adapted from P3 with permission from the Royal
Society of Chemistry.

At first glance the SR values look to be quite large compared to previous SVA studies
where the SR has been monitored [105], [116], [117], [119]. The optimal processing
window for the 188 kg/mol PS-P2VP presented in Figure 4.8 was approximately 3.2—
3.5 meaning that the solvent content in the film was over 70 %. One explanation arises
from the high yN value of these polymers. A high-yN BCP can withstand exceeding
amounts of solvent before reaching the order—disorder limit, yN < 10.5, and falling
into disorder (see Equation 3.5). There is not much data available on the swelling

of high-molecular weight BCPs in the literature. Many previous studies have used
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Figure 4.9 Colour maps of the grains in cylinder-forming 258 kg/mol PS-P2VP thin films after
annealing in THF with a dwell time of (a) 0 min, (b) 10 min, and (c) 25 min. The swelling ratio
was held constant at 3.53 during the dwell regime. The grain boundaries (defects) are depicted
in blue while a perfect hexagonal lattice is in grey. Adapted from P3 with permission from the
Royal Society of Chemistry.

unmonitored static SVA. However, a couple SVA studies of high-molecular weight
PS-PMMA do support the findings that large SR values are needed in the assembly of
> 200 kg/mol BCPs and that well-selected SR values can be used to induce accelerated
ordering in the early stages of annealing [6], [128]. It must be noted though that there
is a risk of dewetting occurring at large swelling ratios during extended annealing
[128].

One of the aims of this work was to reduce the required annealing time. The effect of
the annealing time at constant SR was studied in Publication III. Colour maps in
Figure 4.9 illustrate the improvement of the long-range order and the elimination of
lattice defects in cylinder-forming (258 kg/mol) PS-P2VP thin films after annealing
in THF for a predetermined dwell time. The pattern order could be improved by
extending the annealing time. However, a decent grain size could be obtained already
after a dwell time of 3 to 10 min, depending somewhat on the molecular weight of
the polymer. High-molecular weight polymers were slower to achieve long-range
order than short chain polymers, which is quite understandable. Most of the time
the whole annealing process lasted less than 15 minutes. This is significantly better
than usual. The annealing time in many static and flow SVA systems has been in
the timescale of hours. Unexpectedly, micron-sized grains could be obtained also
with a zero-minute dwell time if the SR value was large enough (see Figure 4.8d). In
other words, it was sufficient to merely swell the film up to the target level and then
immediately quench it. Potentially, this could be used for extremely quick solvent

vapour annealing that could be done in minutes or even seconds.
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Figure 4.10 SEM images of self-assembled high-molecular weight and low-molecular weight
PS—P2VP (a-c) and PS-P4VP (d-f) thin films on silicon. Patterns were obtained using controlled
SVA in THF with a dwell time of 10 min. The swelling ratios for the different BCPs during the
dwell regime were (a) 3.53, (b) 3.42, (c) 2.43, (d) 3.32, (e) 2.40 and (f) 2.75. For imaging, the PVP
domains were doped with Pt or Au and the BCP was removed with oxygen plasma.

As previously mentioned, a range of PS-P2VP and PS-P4VP polymers with varying
molecular weights were tested during the thesis project. Figure 4.10 shows a collection
of successful PS-PVP patterns achieved using controlled solvent vapour annealing
in THF with a 10 min dwell time. High-molecular weight cylinder-forming PS-P2VP
185-73 kg/mol (A) and 135-53 kg/mol (B) formed perpendicular cylinders with an
approximate periodicity of 79 nm and 74 nm, respectively. The perpendicular domain
orientation was obtained by using BCP films that were thinner than the periodicity of
the pattern. The aforementioned BCPs could also be made to form in-plane cylinders
by altering the original film thickness. PS-P2VP 44-18.5 kg/mol (C) assembled only
into in-plane cylinders that were parallel to the Si substrate resulting in line structures
with a periodicity of 38 nm. Perpendicular cylinders could not be achieved using THF
annealing. Further research would be needed to see whether the orientation could

be changed by using mixed solvents or substrate functionalization.

All other low-molecular weight polymers available during the thesis project were
PS-P4VPs. The PS-P4VP 40.5-16.5 kg/mol and 25-10 kg/mol polymers illustrated in
Figure 4.10 (D) and (E) produced perpendicularly oriented cylinders with periodicities
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of 43 nm and 34 nm when annealed in THF. The lowest molecular weight polymer
that was successfully self-assembled was lamella-forming PS-P4VP 11.8-10.8 kg/mol
(F). This BCP could be used to obtain sub-10 nm pattern features (L, = 15nm).
Perpendicularly oriented lamella were obtained when the original film thickness was
smaller than the periodicity of the pattern. Thick films of PS-P4VP 11.8-10.8 kg/mol

resulted in stacked in-plane lamella sheets.
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5 FABRICATION OF PHOTONIC
NANOSTRUCTURES

Micro- and nanofabrication technologies have been utilized for decades to mass
produce integrated circuits for various consumer electronics devices. The same
methods are being used in the manufacturing of optoelectronic devices such as
semiconductor lasers and light-emitting diodes or nanophotonic materials such as
anti-reflection coatings, metasurfaces and photonic crystals. Different lithography
techniques can be used to create patterns with a feature size ranging from a few
nanometers up to several millimeters. Photolithography or nanoimprint lithography
are examples of techniques that use photomasks or moulds to fabricate patterns
over large surface areas simultaneously. The fixed mask pattern is replicated in one
exposure step onto a film of polymer (i.e. resist) that is on the substrate. Other
techniques such as electron beam lithography and focused ion beam milling can
produce patterns by direct-writing. Any type of arbitrary pattern can be drawn onto
the resist/substrate and no pre-made photomask is needed. The price for the added

flexibility of such methods is lower throughput.

Self-assembly methods fall somewhere in between the aforementioned lithography
techniques in terms of pattern production. Self-assembly can produce patterns over
large surface areas simultaneously. However, the pattern shapes that it can produce
are somewhat restricted due to the nature of self-assembly. Self-assembly techniques
can be thought to include block copolymers but also colloidal lithography where
nano-objects such as spheres are assembled into tightly packed layers [129]. By
definition, self-assembled monolayers (SAMs) can also be included, although the
actual patterning does require the use of photolithography, dip pen lithography or

microcontact printing [130]. Block copolymer patterning is often used in conjunction
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with other lithography techniques in directed self-assembly (DSA). DSA uses either
chemical pre-patterns (chemo-epitaxy) or topographic pre-patterns (graphoepitaxy)
made by other lithography methods as templates that guide the self-assembly of the
polymer into the desired pattern geometry [131].

Lithography methods are usually combined with other material deposition and etch-
ing techniques to fabricate nano- and microstructures with the desired functionality.
In complex structures the process is actually a cycle of multiple patterning, material
addition and removal steps. Material can be added by depositing thin films using
vapour deposition or evaporative methods, solution growth, spin-on methods or
epitaxy. Subtractive methods remove material either selectively or uniformly. Typical
methods include wet chemical etching, plasma etching, sputtering and various milling

and polishing methods.

In the following chapter the fabrication of photonic nanostructures using BCP
lithography is discussed. The optical properties and the applications of the produced

nanomaterials are discussed later in Chapter 6.

5.1 Pattern preparation

In this work, block copolymers were used as templates for the fabrication of inorganic
nanostructures. The polymer patterns were formed by PS-PVP self-assembly using
solvent annealing as was described in Chapter 4. The patterns were then turned into
a thin film mask by removing the PVP domains, leaving behind a patterned PS thin
film. The process is analogous to resist development in traditional photolithography.
During immersion in a PVP selective solvent, the PVP domains are dissolved and
as a consequence, pores or open structures are created in the film. As the thin
film is dried, the PVP chains collapse on the surface leaving the pores open [132].
PS structures remain mostly unchanged during the process. The swelling-induced
surface reconstruction process is non-destructive and reversible and it has often been
used with PS-PVP polymers [47], [51], [133].

In the beginning of the study the reconstruction treatment was done in ethanol at
room temperature for 30 min. This approach produced well-defined holes (cylinders)

or lines (lamellae) in the tested thin films (Figure 5.1). In the interest of reducing
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Figure 5.1 SEM images of ethanol reconstructed BCP thin films where the PVP domains
have been displaced. (a) Perpendicular line structures formed from lamella-forming PS-P4VP
11.8-10.8 kg/mol. (b) Perpendicular hollow cylinders formed from cylinder-forming PS-P2VP
135-53 kg/mol.

the processing time, shorter treatment times were tested. It was discovered that the
immersion time could be safely reduced to 10 min at room temperature and well-
defined pattern masks could still be obtained. The shortest treatment that was tested
was spin-coating the thin film samples with ethanol for 60 s. For some polymers such
as the large molecular weight ones the spin-coating approach worked well. However,
occasionally some of the PVP structures would not open up properly during the brief

spin-coating and thus the use of this method was discontinued.

Later on, it became important to obtain closely spaced, large holes from cylinder-
forming BCPs. The size of the BCP domains is mainly defined by the molecular weight
of the polymer. If the molecular weight is increased, the cylinder size increases but so
does also the distance between the cylinders (periodicity increase). A technique was
adopted from Yin et al. [51] where heated ethanol was used to slightly increase the
pore size. The ethanol bath was heated to 30 °C, 50 °C, 60 °C or 65 °C and the samples
were immersed in the bath for 2-15 min. The 30°C and 50 °C treatments produced
acceptable results. Temperatures of 60 °C or higher caused the thin films to deform
or partially delaminate from the substrate. Yin et al. [51] noticed similar detachment
issues for ethanol treatments at 75 °C for 3 h. In accordance with the other study,
it was concluded that the immersion time did not significantly influence the pore
size. In this case, a 2min immersion produced just as good structures as a 15min

immersion.
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5.2 Dry etching

Pattern transfer of the BCP structures was done using reactive ion etching (RIE).
Plasma etching is a technology where reactive gaseous molecules are utilized to
remove material from a thin film or substrate. In a RIE chamber the plasma is produced
between parallel plates by applying radio frequency (RF) power (13.56 MHz) to the
top electrode. The formed electric field ionizes the gas molecules and a DC self-
bias pulls the gas species towards the bottom electrode and the substrate surface.
The molecules react with the substrate material sputtering off chunks of matter or
producing volatile compounds that desorb. The etch is thus typically a combination
of chemical reactions and physical ion bombardment. The majority of dry etching
processes for silicon and silicon dioxide are based on chlorofluorocarbon plasmas
and the fundamentals of these etch chemistries are well documented [134], [135].
To summarize briefly: the Cl~ or F~ ions react with Si on the substrate surface
forming volatile reaction products (SiCly or SiF,) that can be then vaporized and
transported away from the surface. Fluorine-based plasmas are generally used for

isotropic etching whereas chlorine-based are good for anisotropic etching.

5.2.1 Fabrication of nanohole arrays

The fabrication of monodisperse nanoholes in silicon was one of the key concepts
in this thesis and it was used in both Publications I and II. Hexagonally ordered
arrays of holes with varying diameters and depths were etched into silicon using
cylinder-forming PS-P2VPs. Dry etching of the Si samples was done using a SF¢ + O,
gas mixture with flow rates of 12 + 9 sccm in a PlasmaLab System 100 (Oxford Instru-
ments) reactive ion etcher. The recipe was selected based on the available process
gases and the capabilities of the system. It was known from previous experience that
the gas flow ratio was suitable from shallow etching of Si. The chamber pressure
was kept at 30 mTorr. The recipe was further optimized for BCP masks by tuning the
applied RF power. As the RF power is increased the amount of free fluorine atoms in
the plasma increases, which leads to increased Si etch rates [136]. This can however
also increase the etch rate of the polymer mask. It was discovered that while 80 W of

RF power was insufficient to etch Si, RF values 155-170 W were acceptable.
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Figure 5.2 SEM top-view (a,b) and cross section view (c,d) of nanoholes in silicon. The difference
in hole size was obtained by changing the dry etching time. Adapted with permission from P1.
Copyright 2017 American Chemical Society.

A more critical parameter turned out to be the etch time. Polymer-based, organic
etch masks are normally relatively thick since dry etching also etches away some
of the mask material. The resist thickness and the etch resistance therefore puts a
limit to the etch depth that can be achieved in the substrate material. Once the resist
layer becomes too degraded, the etch begins to eat away also the patterns that were
transferred onto the substrate. At 160 W RF power the etch rate of the BCP mask
was approximately 90 nm/min. For a 50-nm-thin BCP film the maximum etch time
would therefore be around 33 s, after which over-etching of the structures would

occur. Over-etching was in fact observed in some of the experimental samples.

In Publication I a simple method was used to control the size of the etched pores
in silicon. It was discovered that by simply extending the etching time, the pores
would grow both laterally and horizontally since the fluorine-based etching was
rather isotropic. The only limiting factors were the periodicity of the pattern and the
thickness of the BCP thin film. The BCP periodicity limited the size of the pores since
obviously neighbouring patterns would begin to merge together if the diameters
grew too large. The thin film thickness limited the etch time since once the polymer

was gone, the Si would begin to etch uniformly destroying the pore patterns. Using
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a 188 kg/mol PS-P2VP pattern with a periodicity of 74 nm, the average diameter of
the holes could be varied up to about 58 nm. A 57 kg/mol PS-P4VP pattern with a
periodicity of 43 nm could produce hole diameters up to 31 nm. Figure 5.2 illustrates
the nanohole structures achieved using a same 188 kg/mol BCP mask layer but with
either a short etch time (left) or a longer etch time (right). The applications of nanohole

arrays are described later in Chapter 6.

5.3 Template-stripping

Template-stripping is a thin film fabrication method that produces atomically flat and
smooth metal surfaces [137], [138]. The procedure takes advantage of naturally flat
surfaces such as polished silicon or mica, which are used as templates. A metal layer is
deposited onto the template and due to poor adhesion, the deposited material can be
peeled off revealing the bottom surface of the metal layer, which is then ultraflat. Gold
is a popular material due to its weak adhesion to Si, good stability, advantageous
plasmonic properties and its ability to bind a variety of biomolecules. Template-
stripped metals have originally been used as substrates for studying biomolecules and
self-assembled monolayers with scanning probe microscopy methods [139]-[141]. In
addition to gold, the method has also been applied to platinum and palladium [139],
and plasmonic metals such as silver, aluminium, and copper [142]. Noble metals work
well, but reactive metals tend to bond too well to the Si template for the stripping
method to work. One workaround is the deposition of a low surface energy release
layer in between the template and the metal. Successful template stripping of nickel

[143] and titanium [144] has been demonstrated in this manner.

More recently template-stripping has been utilized in the production of high quality
metallic micro- and nanopatterns. The working principle is the same as before,
but patterned Si templates are utilized instead of flat Si. The pattern will then be
replicated onto the stripped metal surface as an inverse structure. High quality
metallic nanostructures such as pyramidal arrays, plasmonic slits and bull’s eye
structures have been demonstrated using template stripping [145]. The patterned
metal films can even be transferred onto flexible, curved or stretchable substrates
[146].
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5.3.1 Fabrication of structured metal films

The fabrication of patterned metal thin films was a direct continuation of the Si
etching studies presented earlier in Section 5.2. We were interested in producing
nanostructured gold and silver thin films using the etched Si wafers as templates in

a template-stripping process. This research work was the topic of Publication II.

The main process of template-stripping is illustrated in Figure 5.3. The BCP pattern
was transferred into silicon via reactive ion etching as described in Section 5.2.
The remaining BCP mask residue was removed using resist remover solutions and
oxygen plasma cleaning. The patterned substrates were coated with gold or silver in
an electron-beam metal evaporator (Instrumentti Mattila Oy). The physical vapour
deposition works by bombarding the target material with an electron beam causing
the atoms to vaporize and accelerate away from the target. A coating is formed on
the substrate in a line-of-sight manner. In this case, an excess of metal was deposited
onto the patterned substrates so that the metal filled the etched patterns and formed
a uniform film on top. The thickness of the deposited metal was varied from 50 nm to
200 nm. Deposition was performed in a high vacuum (~ 1 - 107 mbar) in an attempt

to avoid the implantation of impurities into the forming metal coating.

The deposited metal thin films were peeled off from the patterned template in a
process similar to conventional template stripping. For mechanical support, the
backside of the patterned wafer was first bonded to a thick glass slide. The backside

glass provided added support and prevented the wafers from breaking after repeated

Figure 5.3 The template stripping process. BCP patterns are used as masks for dry etching
Si. Metal is uniformly deposited onto the Si template and peeled off onto another substrate.
The inset shows a photo of a patterned Au coating (red) on a flexible substrate. Adapted with
permission from P2. Copyright 2018 American Chemical Society.
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Figure 5.4 (a) Template-stripped gold nanostructures on a yellow polyimide film. Side view
and top down view SEM images of hexagonally packed large Au nanodomes (b,c) and small
nanodomes (d,e) made by template-stripping from BCP patterned Si moulds. White arrows point
to occasionally missing structures. Scale bars 200 nm.

thin film deposition and peel off. A thin glass substrate was bonded onto the topside
of the metal film. The UV-curing optical adhesive had excellent adhesion to both
metal and glass (NOA 61, Norland Products Inc.). Curing was done in one step in a
UV oven with a 400 W UV flood lamp for 5 min. The patterned wafer and the glass
were then separated from each other by inserting a scalpel under one edge and lifting
gently. Due to the poor adhesion between Si and Au (or Ag), the two substrates
tended to break apart at the Si—-metal interface. The adhesion was in fact so weak

that you could even use tape to peel off the metal layer.

The stripping of metal films onto flexible substrates was also successfully tested.
Figure 5.4a displays a patterned gold film that was peeled off onto a thick polyimide
film with a silicone adhesive (Kapton tape). The thin metal films could also be made
free-standing by depositing a thick metal layer on the backside via electroless plating
and peeling off the double metal film. Plating of nickel was done from a heated
aqueous solution of the metal salt. Other metals could be used too and technically
the free-standing film could be made from solid gold, however that would quickly

become rather expensive.
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Figure 5.5 Problematic template-stripping of high aspect ratio patterns. (a) Tilted SEM image
of teardrop-like Au nanostructures and missing structures (holes). (b) Si mould after template-
stripping. Some Au structures (white) have broken off and have not detached from the template.

The etched Si mould determined what type of pattern the metal films would have.
BCP patterned Si wafers with conically shaped holes were used to fabricate metal
films with conical, dome-like nanostructures. Figure 5.4b-e displays SEM images of
small and large gold domes achieved using template-stripping. The difference in size
was obtained using Si moulds that were etched during the pattern transfer either for
a short time or a slightly longer time. The long template etch time resulted in deeper,
wider divots in the Si mould and as a consequence larger and more tightly packed
domes in the gold thin film. The dome diameter could be varied from 35 nm to 58 nm
using a 188 kg/mol PS-P2VP mask pattern. The maximum dome height that could be

achieved was approximately 80 nm.

The fabrication of high aspect ratio nanodomes was attempted unsuccessfully. The
formation and detachment of thin and tall domes via template-stripping turned
out to be difficult. The filling of the templates during metal deposition tended to be
insufficient or non-uniform and template-stripping produced coatings with deformed,
teardrop shaped or missing domes (Figure 5.5a). This is likely because the opening
in the template shrank as metal was deposited on the edges. Eventually the metal
build-up closed the opening and blocked off the cavity resulting in teardrop-like,
incomplete filling [147]. When the metal coating was peeled off from the template, the
teardrop structures had problems detaching from the mould and they tended to break
from the narrow neck area (Figure 5.5b). Ripped off structures were occasionally

observed in otherwise well-formed coatings too (Figure 5.4, white arrows).
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Figure 5.6 Template-stripping from NIL moulds. (a) Silver and (b) gold stripping produced
slightly different looking nanostructures from the same template. (c) Free-standing Au films,
which appear green due to the nanopatterning.

Template-stripping could be done from any type of patterned silicon or glass wafer.
Figure 5.6 depicts gold and silver square-packed domes made from a commercial
nanoimprint master mould. The differences in surface quality and filling are likely
due to the metals having different thin film growth mechanisms during the
deposition. Gold apparently had a tendency to form an air gap around the edge of
these structures while silver deposited in a more uniform manner. The
template-stripped gold films appeared bright green due to how the structures
altered the absorption of light in gold. A further study suggested that the
accidentally formed narrow crack around the gold nanostructures could
significantly affect the absorption of light in the patterned coatings especially at
longer wavelengths [148]. The intentional modification of the absorption of light in

the BCP-based metal structures is discussed in Chapter 6.

5.4 Optical characterization

One of the aims of this thesis was to examine how ordered arrays of sub-wavelength
nanostructures alter the optical behaviour of the patterned materials. One way to
characterize surfaces is to measure the transmittance, absorbance or reflectance of
light. Optical measurements were done either using a Lambda 1050 UV-NIR spec-
trophotometer (PerkinElmer Inc.) or a custom-built integrating sphere spectrometer
setup. The total reflectance (specular and diffuse) was measured from the samples at

normal incidence or at varying oblique angles. The optical response of the materials
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could also be examined using polarized light. Most of the examined samples were
non-transparent so the transmittance of light was negligible and thus absorption

could be calculated from the reflectance data.

The collective optical properties of photonic nanostructures can often be measured
using spectroscopic techniques. However, the measurement results don’t really reveal
why the structures behaved as they did and how the individual structures contributed
to it. Simulation methods can be used to shed light on the interactions occurring in
the nanoscale. A finite-difference time-domain (FDTD) method was used to simulate
the behaviour of the periodic nanostructures. Without going too much into detail,
FDTD is a numerical analysis technique that aims to solve Maxwell’s equations in
discrete spatial and time steps [149]. The structure is essentially divided into small
box-shaped cells (mesh) and the electric fields and magnetic fields are computed for

the cells in alternating time steps.

In practice, the simulations were carried out in Lumerical FDTD Solutions software
(Lumerical Inc.). A unit cell of the periodic structure was built in the solver. The
nanostructure was assumed to continue infinitely in the x-y plane. For example, the
metal domes were simulated as truncated ellipsoids in a perfect hexagonal lattice
with a broadband plane wave as the light source. The downside of using FDTD on
small nanostructures was that the mesh had to be extremely fine for the solver to
be decently accurate. To lessen the computational load and reduce the required
simulation time, axial symmetry rules and boundary conditions could be utilized to
reduce the simulation volume. The optical properties as well as the simulation results

of the fabricated nanomaterials are further discussed in the following Chapter 6.

59






6 APPLICATIONS OF PERIODIC
SUB-WAVELENGTH NANOSTRUCTURES

Photonics and optoelectronics encompass a wide spectrum of applications including
energy conversion devices, telecommunication technologies, quantum information
devices, optical sensing, photonic circuits, and optical metamaterials. Many of these
applications are based on fundamental material properties such as the refractive
index or the plasmonic response of the material. Block copolymers by themselves
are not particularly well-suited as they have little to no refractive index contrast or
plasmonic properties. However, BCPs can be used as templates to form inorganic

hybrid materials that do function as photonic materials.

One avenue of research has been the fabrication of photonic bandgap materials such
as 1D, 2D and 3D photonic crystals using nanoparticle doping or selective domain
removal and backfilling [8], [150], [151]. Photonic crystals need to have a pattern
periodicity close to the length scale of visible wavelengths and thus often require
the use of ultra high-molecular weight BCPs (>1000 kg/mol). The other option is
photonic materials where the periodicity of the BCP-based structures is in the sub-
wavelength regime. The behaviour of these material assemblies is determined by
the geometry, size and the composition of the structures. BCPs have been used for
example in the making of moth-eye antireflection coatings [13], [152], chiral optical
metamaterials [153] and high refractive index surfaces [128], [154]. The following
chapter presents the two applications included in this thesis: low refractive index

surfaces and coatings that exhibit near perfect light absorption.
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6.1 Refractive index modification

The guidance and manipulation of optical waves is often rooted in the reflection and
refraction of light. In optical waveguides, light can propagate long distances inside the
core material by reflecting between material interfaces. This total internal reflection
occurs when the guiding medium has a higher refractive index than the cladding
surrounding it. In photonic crystals, certain optical wavelengths are reflected while
others are allowed to propagate in the structure. The structure consists of periodic
arrangements of high and low index materials. The aforementioned applications are
based on the refractive index n of a material, which defines how light gets refracted as
it enters the material. The index is material specific and depends on the wavelength
of light. When measured at a typical wavelength (~ 633 nm), gases such as air have
refractive indices close to 1.0 due to their low density. Polymers such as PS and
PMMA have index values around 1.5 while semiconductors are often in the range
of 3.0 to 5.0. Low index solid materials are a rarity and materials with a negative
refractive index do not naturally exist. Negative refraction can however be achieved
in engineered metal-dielectric metamaterials, which have been the subject of intense
research efforts [155].

In semiconductor devices, the refractive index is typically changed by either using
different materials or by doping a material with suitable impurities. The refractive
index can also be altered by introducing sub-wavelength pores into the material
layer [156]. Porous semiconductors are composite materials consisting of a matrix of
semiconductor and nanoscopic inclusions of air. The dielectric or optical properties of
these types of inhomogeneous materials vary in space. To help predict the behaviour
of the whole structure, the material can be treated as an effective medium with
effective properties such as an effective refractive index n.ss. The optical properties
of inhomogeneous materials can be estimated by effective medium theories. Several
different types of effective medium approximations (EMA) have been developed
in the past including the popular approaches by Bruggeman, Maxwell-Garnett and
Drude [157]. The Lorentz-Lorenz theory, which was used for the calculation of the
refractive index of the polymer-solvent mixture in Chapter 4, can also be considered

an effective medium approximation.
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6.1.1 Effective refractive index of porous silicon

Our approach was to examine the use of BCP lithography in the formation of
mesoporous low index silicon. Block copolymers have the distinct advantage of
producing porous coatings and membranes with a well-controlled, monodisperse
pore size and a uniform spatial distribution of pores. The fabrication and the optical
properties of porous Si were studied in Publication I. Silicon samples with different
surface porosities were fabricated via reactive ion etching as described in Chapter
5. The surface porosity or void fraction was measured by SEM image analysis and
according to that, the porosity could be modified from zero (planar Si) to approxi-
mately 58 %. This would mean that over half of the surface area would be voids (i.e.
air). Theoretically the void fraction could go even higher, but in practice the voids

begin to merge together at some point.

To quantify the change in the refractive index, the spectral reflectance curves of
the porous Si samples were measured. Figure 6.1a depicts the reflectance of four
samples that had an increasing void fraction going from A (f = 0.12) to D (f = 0.34).
The reference sample was unmodified planar silicon. Clearly, the addition of voids
decreased the overall reflectance of the material especially in the 400 to 600 nm
range. The effect of porosity on the effective refractive index of the material was

calculated from the obtained data using two effective medium approximations. The

Figure 6.1 (a)Specular and diffuse reflectance of four porous Si samples with increasing degrees
of porosity A-D. (b) The real part of the complex effective refractive index of the porous Si samples
as estimated by the 2D MGT. The porosity is given as the estimated volume fraction of air. The
reflectance and refractive index of the planar Si reference are indicated with the dotted curves.
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Figure 6.2 Photo of a silicon quarter wafer (bottom right) and three wafers with increasing
surface porosities towards the top left. The change in the refractive index is seen as a colour
change.

volume-averaging theory (VAT) and the 2D Maxwell-Garnett theory (2D MGT) are
explained in more detail in Publication I. Both EMAs produced similar estimates
of the effective refractive index curves, although the 2D MGT was more accurate in
predicting the void fraction. The effective refractive indices as determined by the 2D
MGT are reported in Figure 6.1b for the aforementioned cases A-D. So at maximum,
an approximately 30 % reduction in the refractive index of Si was obtained going
from 3.88 to 2.71 (at 633 nm). The change in the effective refractive index was also
visible to the eye. Figure 6.2 shows a photo of planar Si and three Si wafers that have

differing surface porosities. High porosity can be seen as a blue or brown colour.

The maximum reduction of the effective refractive index was achieved at a relatively
low void fraction of f = 0.34-0.38. As mentioned earlier, Si wafers were also fabricated
with higher void fractions. However, the porous Si materials with a void fraction
larger than 0.40 performed rather badly in the optical measurements. A cross-section
analysis revealed that due to (over)etching, the pore shape had changed and the voids
had become very shallow. After publishing Publication I, the lithography process
was further optimized and patterned Si with a high void fraction could be obtained
(f = 0.49). The refractive indices of these materials were not determined since the

patterned Si wafers were used for other applications.

The research into porous Si indicated that materials and devices that have a varying
refractive index could be fabricated simply by tuning the porosity of the material in
the desired location. The process presented in Publication I was rather straightfor-

ward, since the degree of porosity was tuned via the etch time. Etching could be done
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in selected areas leading to graded index materials or materials with an ultra-low
refractive index. It should be noted that the index tuning method is not limited only
to silicon, since the inclusions of voids can change the effective dielectric or optical
properties of any material. In fact, porous materials are currently one of the few
viable methods to achieve ultra-low dielectric constant (k < 2.0) materials for the
insulating dielectrics in integrated circuits [158]. In addition to block copolymers,

porosity could be introduced via colloidal particles, zeolites or surfactants.

6.2 Perfect optical absorbers

Many photonic components or devices are based on the absorption of light in
materials. Colour filters selectively transmit certain wavelengths while absorbing or
reflecting the unwanted portion of light. Solar cells try to absorb a broad wavelength
range and efficiently convert light into electricity. Photodetectors detect light by
absorbing selected wavelength ranges. Perfect optical absorbers are materials or
structures that efficiently absorb all or nearly all photons in either a narrow or a
broad range of wavelengths. These can be used in for example the aforementioned
applications. Often it is preferable that the absorber structures are thin, flat and can
be incorporated into other optical or optoelectronic devices. Both narrow band and
broadband perfect or near-perfect optical absorbers have been realized using various
fabrication schemes [159]-[163].

When illuminated with light, nanostructures made from certain metals exhibit loca-
lised surface plasmons (LSP). LSPs are coherent oscillations of the electron cloud of
a metal nanoparticle, which arise at the metal-dielectric interface when exited by
incident photons [164]. Photons with a frequency (i.e. wavelength) that matches the
oscillation frequency are absorbed by the metal particles. Silver and gold are two
commonly used plasmonic metals. Their plasmon resonance wavelength is located
in the ultra-violet or visible regions. For LSPs, the resonance can be fine-tuned by
altering the physical size, shape or arrangement of the metal nanostructures or by
changing the local environment [164]. Due to the LSP effect, regions near the metal
nanoparticle surface exhibit a greatly enhanced electric field. These regions are
colloquially called hot-spots. Field enhancement can be utilized to boost various

optical phenomena such as fluorescence, photo-catalysis or energy conversion.
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6.2.1 Light absorption in patterned gold coatings

Figure 6.3 Diagram of the broadband optical absorber consisting of arrays of metal nanodomes.
(a) Side view and (b) top view of the absorber unit structure. The absorber was illuminated by
TE-, TM- and non-polarized light at varying angles of incidence ¢.

Our approach was to explore the use of sub-wavelength patterned plasmonic metals
as optical absorbers. Visible light absorption in nanopatterned metal coatings made
via template-stripping was explored in Publication II. Figure 6.3 illustrates the
structure of the plasmonic absorber. The top metal layer was patterned with a periodic
hexagonal array of domes with a periodicity of Ly and a height and diameter of h and
d, respectively. The details of the nanodome fabrication process were discussed in the
previous Chapter 5. The metal layer under the patterns was made thick enough that
it could be considered non-transparent. For gold a layer thickness of 100-200 nm was
sufficient. The patterned metal coating was bonded to the desired substrate using
an adhesive layer. The layers under the optically thick metal layer did not affect the

absorption properties of the coating,.

Figure 6.4a illustrates the absorption of light in three experimentally realized Au
nanodome coatings I-1II with increasing dome size. Due to the way the domes were
fabricated, the increased size brought the domes closer together and decreased the
gap between them. It could be observed that the larger and taller the domes were, the
better the absorption of light was. The absorption behaviour of the domes was verified
via FDTD simulations. The FDTD models used geometric parameters such as height,
width and periodicity that were extracted from SEM images (+5 nm). It was possible
to relatively well replicate the observed absorption behaviour (Figure 6.4b). This

confirmed that the change in absorption originated from the change in the pattern
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Figure 6.4 (a) Absorption spectra measured at normal incidence from planar, unpatterned gold
and three patterned Au nanodome thin films with increasing dome sizes I—Ill. (b) Simulated
absorption spectra of the same three cases 111l assuming a perfect hexagonal lattice. Adapted
with permission from P2. Copyright 2018 American Chemical Society.

geometry, at least at short wavelengths. At longer wavelengths, the simulation could
not so accurately predict the absorption properties of the nanodomes. It was thought
that this might be because the FDTD simulations used a perfect, uniform lattice
structure and couldn’t account for spatial variations such as grains, defects or local
variations in the dome geometry. Figure 6.5a shows that multiple resonance peaks
appear at longer wavelengths in the spectral response if the gap distance is slightly
varied. This could contribute to the response of the experimental samples at longer
wavelengths. It’s known that the spectral range of plasmon-mediated absorption can
be broadened by including structures with varying geometry via collective effects

such as plasmon near-field coupling and multiple LSP resonances [165].

Further simulations were done to examine the effects of the dome height, width and
periodicity separately. Perfect absorption could be realized when the gap between
the domes was smaller than 25nm and the dome height was at least 70 nm. The
periodicity of the structure in itself did not matter as long as the two other conditions
(height+gap) were fulfilled. Experimentally, perfect absorption (~97 %, 300-650 nm)
was achieved in a dome patterned Au thin film with a gap width of 16 nm and a
height of 80 nm (Figure 6.4a case III). Furthermore, the broadband absorption in the
plasmonic coating persisted at over 90 % even when the coating was illuminated at
oblique angles (8—60°) or using polarized light. This is a significant achievement for a

nanostructured plasmonic absorber. Many ultrathin optical absorber designs are only
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Figure 6.5 (a) Effect of the interparticle distance on the light absorption. (b) The electric field
enhancement according to FDTD simulations at 570 nm and 702 nm wavelengths. The dome was
modelled as h = 80 nm and Ly = 75 nm with varying gap distances.

effective for certain angles of incidence or they absorb only the transverse electric

(TE) or transverse magnetic (TM) components of the plane wave [166]-[168].

FDTD simulations were used to examine the local electric field enhancement near the
nanodomes. The local electric fields close to the nanodomes could achieve strengths
that were much higher than that of the incident electric field. Figure 6.5b shows the
calculated electric field enhancement at two excitation wavelengths, 570, and 702 nm.
The electric field could be seen to be confined in the gap between adjacent domes.
If the gap was made narrower, the field localization was seen to move towards the
bottom of the gap and the field enhancement increased significantly. This is to be
expected as the electric field usually increases as the distance between two plasmonic

particles is reduced and the plasmon coupling between them increases [164].

Field enhancement hot-spots are usually formed by placing two plasmonic particles
close to each other with a small gap in between [164]. However, the general consensus
seems to be that the production of hot-spots is still difficult, especially in terms
of reproducibility and controlled gap width. Colloidal assemblies are lacking in
reproducibility and while methods such as FIB and EBL are excellent for controlled
placement of structures, their throughput is regrettably low. BCP-based methods have
only just began to gain interest as viable strategies for the production of plasmonic

hot-spot and sensing materials [169], [170]. Hot-spots enable a variety of applications
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including single molecule detection and surface enhanced Raman spectroscopy (SERS)
[171]. SERS is a surface sensitive measurement method where molecules are placed
on a patterned metal surface and probed with a laser beam. The hot-spots on the
metal surface enhance the Raman signal enabling the detection of minute amounts
of analyte. The rapid detection of trace amounts of molecules and biomarkers is
currently in high demand in healthcare as well as in environmental monitoring and
biosecurity. Other uses of patterned metals include plasmon mediated catalysis and

hot-electron generation for harnessing solar energy [172].
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7 CONCLUSIONS AND OUTLOOK

Nanolithography and nanostructures are the core technology and building blocks
of modern microelectronics and photonic technologies. Presently, manufacturers
are seeking to make smaller, faster and lighter components in the pursuit of more
advanced devices. Bottom-up methods, such as the self-assembly of block copolymer
molecules, are promising strategies for building photonic or microelectronic devices
but they have yet to become mainstream. The motivation behind the development of
block copolymer technology is that BCPs provide access to a nanoscale pattern size,
extreme pattern density and large-area spatial coverage that is currently difficult to
achieve using conventional lithography in a one-step process. Great progress has been
made in understanding, controlling and using block copolymers since their discovery
in the 1950s and the first lithography demonstrations in the 1990s [173], [174]. In
certain areas, such as IC contact size reduction, pitch multiplication and FinFET fin
patterning, BCP lithography is slowly becoming a mature patterning technology, the
potential of which has been recognized by the International Technology Roadmap
for Semiconductors and the International Roadmap for Devices and Systems [4], [5].
Nevertheless, there is still a lot of research to be done especially concerning high-y

and high-molecular weight polymers.

The driving force in this thesis has been the interest to study how high-molecular
weight polystyrene—polyvinylpyridine polymers can be used in the fabrication
of nanophotonic materials. A lot of work has been put into controlling the self-
assembly and obtaining useable patterns over large surface areas using solvent
vapour annealing. The self-assembly behaviour of block copolymers during solvent
vapour annealing is complex and can be influenced by many environmental factors.
Currently, one of the main challenges in SVA is acquiring the desired, defect-free

pattern morphology in a reproducible way. This thesis has presented the development
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of a computer-controlled solvent vapour annealing device that has precise control
of the film swelling process. The annealing process functions using a feedback loop,
which should minimize user-related variances and be able to correct for fluctuations
arising from external factors such as room temperature variations. These issues have
usually made manually controlled systems unreliable. A key result shown in this
thesis is that the outcome of solvent annealing is highly dependent on two factors:
the swelling ratio and the time that the thin film is held at a constant swelling ratio. It
is also shown that high-molecular weight BCPs can in fact self-assemble in minutes
when correct swelling parameters are used. The results indicate that it would be
highly beneficial to move onward from static solvent annealing, where the process
and the film swelling is poorly controlled, to fully automated, computer-controlled

and -monitored systems.

The second part of this thesis has focussed on the fabrication and characterization of
photonic nanostructures made using block copolymer lithography. BCP-templated
inorganic nanostructures can be used as building blocks for novel nanoscale sensors
and emitters, catalytic materials, or functional coatings. A method for producing
mesoporous silicon with easily tunable pore size and void fraction was introduced.
The void fraction could be altered by changing the dry etching time since the
pores grew in both lateral and horizontal directions due to the isotropic etching.
The introduction of nanoscale voids changed the effective optical properties of the
semiconductor as determined by reflectometry and effective medium approximation
calculations. The findings indicate that it is possible to tune the refractive index of

materials in a controlled manner using block copolymer lithography.

The lithography process was further developed to produce high-quality plasmonic
metasurfaces patterned with sub-wavelength nanodomes. The absorption of visible
light in the patterned coatings could be manipulated by changing the dimensions of
the domes. A key result is that with the correct dimensions, perfect broadband
absorption of visible light could be achieved in the material. Furthermore, the
absorption was shown to be omnidirectional meaning that light rays coming in
from oblique angles would also be absorbed. Since the fabricated metasurface is a
thin coating, it could theoretically be applied to any kind of substrate or surface.
Perfect absorber coatings would be advantageous in solar energy conversion devices

or plasmon-enhanced sensing applications.
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To conclude the work, it remains uncertain when the self-assembly of BCPs via
solvent annealing will spread beyond laboratory research into device manufacturing.
In that sense thermal annealing methods are already several steps ahead and have
raised the interest of IC companies like Tokyo Electron, IMEC and IBM [42], [64],
[175]. However, the interest in high-y BCPs has been driving the SVA research
forward. A critical perspective on SVA [176] has summarized three key aspects that
need to be addressed. We need better controlled annealing systems for improved
reproducibility. There should be better modeling of the dynamics and kinetics of BCP
phase separation. And finally, BCP lithography should be implemented in real-life
applications. Hopefully, this thesis has contributed to two of those three key areas
and shown that despite the challenges there is great potential in solvent annealing

and block copolymers.
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ABSTRACT: We investigated the use of block copolymer
(BCP) self-assembly for tuning the optical properties of silicon.
We fabricated porous silicon by etching a hexagonally ordered
pore pattern onto the surface of silicon wafers using poly(styrene-
2-vinylpyridine) to prepare the etch mask. Contrary to typical
BCP lithography, we did not need to use a range of different
polymers to vary the pore size. We used the dry etching time as a
way to increase the pore diameter and thus the porosity. The
optical properties of the fabricated porous thin films were
characterized by two effective medium approximations. Both the

volume-averaging theory and the 2D Maxwell—Garnett theory gave similar effective refractive index values, although the latter
was more accurate in predicting the film porosity. The refractive indices of the produced thin films could be varied by controlling
the porosity. A maximum decrease of 30% in the refractive index was observed at 34% porosity compared to bulk silicon. We also
demonstrated over a 60% decrease in the reflectance of silicon at 500 nm wavelength. The presented BCP method can be used to
tailor semiconductor and dielectric layers for photonic applications without the size limitations of conventional lithography or the

unpredictability of other pore-forming fabrication methods.

KEYWORDS: block copolymer, nanolithography, porous silicon, tunable refractive index, effective medium approximation

H INTRODUCTION

Block copolymers (BCPs) have been of interest in the
fabrication of porous media because of their ability to self-
assemble into highly ordered periodic structures. The
cylindrical morphology is of particular interest because it
allows the minor domain to be selectively removed to form an
organized array of evenly sized holes. The size of the holes is
usually controlled by selecting a BCP with the appropriate
molecular weight. Subtle changes to the polymer microdomain
size can be done by blending in homopolymers that segregate
to the cylindrical domains and enlarge their size." The domain
removal conditions can also affect the size of the fabricated
pores, as shown by Yin et al. in a study that used selective
swelling of one polymer domain at varying temperatures.” The
method used for domain removal depends on the BCP
chemistry and includes processes such as selective swelling,®
ozonolysis,® or degradation by UV irradiation, followed by
solvent treatment.” The versatility of BCPs has made them
desirable tools to produce precisely tailored nanoporous
materials that can be of use in multiple applications including
filtration,” catalysis,® and nanolithography.”

Lithographic patterning of semiconductors using BCPs was
demonstrated early on by Park et al.® Since then, BCPs have
proven to be very useful as templates for fabricating dense
arrays of dotted and line patterns and, more recently, also
gyroidal structures with unique optical properties.” The BCP
pattern is transferred onto the underlying substrate either by
etching or by using the BCP as a template for material

< ACS Publications  © 2017 American Chemical Society 31260

deposition. Typical BCPs are not very resistant to etching
methods so successful pattern transfer may be problematic. A
comprehensive review by Cummins et al. lists various strategies,
including sequential infiltration synthesis, atomic layer deposi-
tion, and metal evaporation, that can be used to incorporate
inorganic materials into BCP films and enhance the durability
of the BCP etch masks.” Etch-resistant BCP patterns can also
be made directly using polymers in which one block contains
inorganic moieties such as in poly(dimethylsiloxane), which
forms a durable silicon oxide hard mask after oxidation.
However, we are more interested in BCPs containing a
multipurpose poly(vinylpyridine) (PVP) block that can be
either bonded with etch contrast agents or selectively removed
without etching. For the mask to function correctly, the BCP
features have to be oriented perpendicular to the substrate
surface. The orientation and alignment of cylindrical domains
have been extensively studied using neutral brush layers,"’
topographic confinement,'' electrical fields,'”> and solvent
evaporation treatments. B

The incorporation of holes into a bulk semiconductor
significantly affects the optical and electrical properties of the
material. The porous thin film is considered a nanocomposite
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Figure 1. Experimental procedure for preparing porous thin-film masks from PS-P2VP and controlling the porosity of silicon by reactive-ion etching.

consisting of a solid matrix with nanoscale inclusions of air. The
size of the inclusions must be much smaller than the
wavelength of light so that the light only experiences the
collective response of the composite material and not that of
the individual structures. Gases, such as air, have very low
refractive indices because of their low density. The addition of
air effectively reduces the refractive index of the porous
material. The effective electromagnetic properties of nano-
porous materials can be described using numerous effective
medium approximations (EMAs). Some of the most common
EMAs are the Maxwell—Garnett theory, Bruggeman’s model,
the Lorentz—Lorenz equation, and the volume-averaging
theory (VAT).'* Most EMAs have been derived for certain
nanocomposite architectures and measuring arrangements.
Owing to the amount of models available and their validity
limitations, there is some uncertainty on what models to use
when describing nanoporous materials. A study by Braun and
Pilon concluded that for cylindrically shaped pores the effective
optical properties could be calculated based solely on the
porosity and that the film thickness, pore shape, and
distribution were insignificant.'”> We observed based on
experimental and theoretical works'*™"” that, depending on
the optical measurement setup and light polarization, the
effective refractive index predictions that best complied with
porous silicon were achieved using either the VAT or 2D
Maxwell-Garnett theory (2D MGT). The VAT assumes
arbitrarily shaped and distributed inclusions, while the 2D
MGT is derived for films with monodisperse, cylindrical
inclusions.'*!”

Porous silicon thin films have found use as refractive-index-
tailored waveguides, antireflection coatings, Bragg reflectors,
and biosensors because of their tunable properties and the ease
of integration into semiconductor device fabrication. The
effective properties can be controlled by altering the degree of
porosity, but the typical porous silicon fabrication methods
produce somewhat unpredictable pore structures. Porous
silicon has typically been fabricated by electrochemical
anodization of doped silicon in solutions containing hydro-
fluoric acid. The resultant pore structure and size distribution
depend on processing conditions such as the current density,
electrolyte concentration, substrate doping, etch time, and
temperature. 18

Here we demonstrate a straightforward way of fabricating
silicon thin films with controlled porosity and a highly
organized pore structure using poly(styrene-2-vinylpyridine)
BCP lithography. We characterize the fabricated porous thin
films using spectrophotometry with transverse electric (TE)
polarized light and estimate the optical properties of the porous
films using the VAT and 2D MGT.

B EXPERIMENTAL SECTION

Materials. The asymmetrical BCP poly(styrene-2-vinylpyridine)
(PS-P2VP; M, = 135 and 53 kg/mol for PS and P2VP, respectively,
and PDI = 1.18) was purchased from Polymer Source Inc. and used as
received without purification. Anhydrous toluene and tetrahydrofuran
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(THF) were purchased from Sigma-Aldrich. Commercial, laboratory-
grade 2-propanol and ethanol were also used.

Fabrication of a BCP Mask. Silicon wafers were cleaned with 2-
propanol and used with the native oxide layer intact. Due to the
relatively high molecular weight of the PS-P2VP, the polymer was
dissolved in a 70:30 mixture of toluene and THF and stirred for over
12 h to ensure complete dissolution. A 1—1.5 w/v-% solution was
spin-coated onto the substrates at 3000 rpm for 60s. We used a closed
chamber SSE OPTIcoat spinner for better film uniformity. Samples
were immediately baked on a hot plate at 125 °C for 2 min followed
by controlled solvent-vapor annealing in THF for § to 10 min. The PS-
P2VP created a hexagonally arranged dot pattern with an average
center-to-center distance of 74 nm.

Silicon Etching Using a BCP Mask. To fabricate the nanoporous
template, P2VP domains were selectively swelled and made to
collapse, creating cylindrical, perpendicularly oriented pores. Selective
swelling was done by immersing the samples in ethanol at room
temperature for 30 min, after which the samples were blow-dried with
nitrogen. The highly ordered porous templates were then used as dry
etch masks without further treatment. Dry etching of silicon was
carried out using reactive-ion etching in SF4/O, plasma with either 80
or 160 W radio-frequency (RF) power (12/9 sccm, 30 mTorr
pressure, Oxford Plasmalab System 100). We investigated the effect of
different etching times on the pattern transfer. After silicon etching,
polymer residues were removed during a brief O, plasma treatment
(30 sccm, 100 W RF power, 100 mTorr pressure). The workflow of
the BCP nanopatterning process is illustrated in Figure 1.

Film Characterization. The surface morphologies of the annealed
BCP thin films and the etched silicon wafers were examined using a
field-emission scanning electron microscope (Zeiss Ultra SS) with
0.8—3 kV acceleration voltage. For quality control, the thickness of the
BCP masks was determined using a laser ellipsometer (Rudolph
Research AutoEL IIT) with a helium—neon laser at a 70° incident
angle. Porosity and pore-size analysis was performed on 3.8 X 2.85 ym
SEM images using Fiji, an open-source scientific image processing
software based on Image]. Automatic image thresholding was used to
minimize user bias, and a particle analysis tool was used to calculate
the porosity, average pore size, and standard deviation from the
converted binary images.

Optical Measurements. Reflectance of the etched silicon wafers
was measured using a PerkinElmer Lambda 1050 spectrophotometer
with a universal reflectance accessory. We used an incident angle of 8°,
a rectangular beam shape with an area of § X $ mm? and TE
polarization, where the electric field vector is perpendicular to the
cylinders. The reflectance data were fitted to a model consisting of a
bulk silicon substrate and a layer with an effective refractive index
determined by the layer porosity. Fitting was done using a transfer-
matrix method that used the volume fraction of air f, and film
thickness /s as fitting parameters.”

The effective refractive index was determined by applying the VAT
and 2D MGT'* and utilizing refractive index values for bulk silicon
and air.”® These theories approximate the complex refractive index,
where the real part n is the refractive index and the imaginary part k is
the extinction coefficient of the nanocomposite thin film. The complex
effective refractive index (ng — jk.g) given by the VAT is defined by

neffz=%(A+\/m) )
k= %(—A+ W) ®
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where

A=f () + (1= f)ng = ks®)
and

B = 2ngkg(1 - f,)
and by the 2D MGT, it is

va (”cz - "iz)

ng —jkg)=n2l1- ———°< °
(cﬂ }cﬂ) c ﬂcl+ﬂil+fv(ﬂcz—fl,z) (3)

The complex notations n, = ng — jkg and n; = ny — jky = ny,
contain the refractive indices and extinction coefficients of silicon
(subscript “Si”) and air (subscript “air”). The volume fraction

(porosity) of air in the thin film is denoted as f,.

B RESULTS AND DISCUSSION

PS-P2VP was spin-coated onto solvent-cleaned silicon wafers,
resulting in polymer films with an initially disorganized
morphology and a film thickness of 43—55 nm. The BCP
films were subjected to controlled solvent-vapor flow annealing
using a metal chamber and a N,-bubbler system similar to the
one presented by Jin et al.>' A perpendicular orientation of the
P2VP cylinders was achieved by annealing in THF for 10 min,
followed by fast quenching.

The selective swelling of P2VP in room temperature ethanol
for 30 min produced an open-pore polymer mask with an
estimated hole diameter of 27 nm. The prevailing theory
explaining the pore formation in PS-P2VP is that, because of
the constriction of the PS matrix, the selective solvent swells
the P2VP chains up and out from the cylinders, and after
drying, the chains collapse onto the film surface and pore
walls.” The holes in our BCP films were spatially arranged in a
highly ordered hexagonal pattern in similarly oriented grains
(grain diameter of 1 ym or larger) that covered the whole
substrate surface. No dewetting was observed on the 1 and 4
cm? wafer pieces. The mask fabrication could easily be scaled
up to larger wafers, and the main limiting factor is the solvent
annealing chamber that currently fits a maximum wafer size of 2
in.

We were able to fabricate silicon thin films with increasing
pore sizes without having to use a wide range of BCPs with
different molecular weights. The silicon thin films with pore
diameters ranging from 26 to 58 nm were all created using a
single polymer and an etch mask that always had the same
initial hole diameter (approximately 27 nm). The change in the
pore size arose from the tuning of the dry etching time, which
was varied from 15 s to a maximum of 50 s. The gradual lateral
etching of the BCP mask widened the hole openings, which
resulted in larger pores etched into silicon until neighboring
pores began to limit the growth. The lateral widening was more
apparent after longer etching times, as seen in Table 1. In
addition to variations in the pore width, also the pore depth
varied with the etching time from 42 nm to a maximum of 60
nm for lightly etched samples (Figure 2A,B). A loss of pore
depth and a change in the pore profile were observed after
longer etching times, which was likely a result of etching away
first the BCP mask and then the cylinder structures (Figure
2C). We also tried using a lower RF power of 80 W instead of
160 W, but the etch was too isotropic and did not produce clear
pore structures.

Optical Characterization. The progressive increase in the
pore diameter resulted in an increase in the film porosity, as

Table 1. Characteristics of the Porous Thin Films Based on
SEM Image Analysis and Model Fitting”

image analysis modeling

etching time  pore diameter  porosity 2D MGT f, VAT f, h
y R R

[s nm] [nm]
15 262 £ 19 11.7 11.9 20.7 21
20 30.5 + 2.1 17.1 19.2 313 30
15 316 + 1.6 18.0 22.0 35.0 34
20 409 + 2.8 29.4 29.2 44.1 36
20 44.8 + 2.6 34.0 384 54.5 38
40 492 £ 3.5 429 293 44.0 26
30 57.6 + 64 57.8 31.8 474 28

“f, = volume fraction of air; h = modeled layer thickness.

calculated by image analysis. All porous thin films displayed a
decrease in the measured reflectance compared to bare silicon
(Figure 3). Furthermore, the decrease in the overall reflectance
at 500—900 nm was observed to follow the increase in the film
porosity up to a point (Figure 3A—D). A visible color change
was observed in the samples starting from a light-blue tint and
reaching a dark-blue color at approximately 34% porosity (pore
diameter 45 nm). The dark-blue films also had the lowest
reflectance, with a maximum 62% decrease in reflectance at 500
nm wavelength.

However, thin films with over 40% estimated porosity did
not follow the trend in decreasing reflectance, and a relapse of
the reflectance toward that of pure silicon was seen (Figure
3E,F). This behavior can be explained by examining the cross
sections of the porous thin films. The thin films that appear to
have a high porosity in top-down SEM images have actually lost
the cylindrical pore shape and only have very shallow (25—35
nm) spherical indentations due to mask erosion and over-
etching (Figure 2C). Therefore, surface image analysis did not
give a realistic approximation of the porosity for these thin
films. Because the actual film porosity was lower than
estimated, the overall decrease in the reflectance was not as
large as was expected.

To further study the optical properties of the thin films, they
were modeled as homogeneous layers with a thickness / and an
air volume fraction f, according to the VAT and 2D MGT. The
fitted reflectance models agreed very well with the measure-
ment data, as seen in Figure 3 (the 2D MGT fit displayed).
Both the VAT and 2D MGT models produced similar fits with
a maximum difference of 0.8%. There is a discrepancy between
the measured and modeled reflectance in the ultraviolet region,
and the effect is more pronounced as the pore size grows. At
shorter wavelengths, the pores are likely becoming too large to
be considered subwavelength nanostructures for modeling
using the effective medium approach. Similarly, Pap et al
observed a difference between the experimental and theoretical
reflectance and attributed it to enhanced Rayleigh scattering
from the pores at short wavelengths.16 The EMAs do not
account for the intensity loss caused by scattering.

The 2D MGT was accurate in calculating the volume fraction
f, of the cylindrically porous thin films under 40% porosity
(Figure 4A). The volume fraction f, ranging from 11.9 to 38.4
was observed to correspond to porosity values of 11.7—34.0%
estimated via SEM image analysis. The small variations between
the measured and modeled porosities can be attributed to
uncertainties in the image analysis method. The VAT was not
as effective in calculating the porosity, and it overestimated the
film porosity in increasing amounts (Figure 4A). The
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Figure 2. Etch profile of porous silicon thin films with (A) 15, (B) 20, and (C) 40 s of etching in SF4/O,. A lateral widening of the pores is seen, and
overetching is apparent after longer etching times. The scale bars are 200 nm.

Figure 3. SEM images and measured reflectance spectra from porous silicon thin films with porosities of (A) 11.7%, (B) 18.0%, (C) 29.4%, (D)
34.0%, (E) 42.9%, and (F) 57.8%. The reflectance of all porous films (blue) differed from the bare silicon reference (A, black). The reflectance was
also modeled (red) using the porosity f, and thickness h as fitting parameters. The scale bars are 200 nm.

Figure 4. (A) Comparison of the porosity values acquired via data fitting of the VAT and 2D MGT. The line labeled “SEM” is a guide to the eye. (B)
Effective refractive indices of porous silicon calculated by fitting the 2D MGT of the thin films to the optical reflectance.

differences between the two models arise from the differing the reflectance and predicted properties of cylindrically porous
assumptions concerning the pore structure. Another concern is films because of the anisotropy of the thin films.'* Here we
that the measurement configuration and light polarization affect note that when using light polarization where the electric field
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vector is perpendicular to the cylinders, the 2D MGT has better
predictive power. The estimated pore size, the porosity of the
thin films, and the 2D MGT and VAT fitting parameters are
summarized in Table 1.

For overetched films (diameter >49 nm, porosity >40%),
both models computed a decreased optical thickness and a
reduced volume fraction. Because the profile of the pores
changed during overetching, the reliability of the EMAs is
questionable. For example, the 2D MGT model is derived for
cylindrical inclusions, and it will likely not give reliable
predictions concerning the physical and optical properties of
films with spherical indentations. We think that the simple
EMAs for a single thin-film layer are not appropriate for
comparing samples with different 3D architectures.

Despite their differences in interpreting the volume fraction,
both EMAs gave acceptable predictions concerning the
complex refractive indices. The relative differences between
the indices given by the two models were under 0.5%. The
extinction coefficient k showed little change as a result of
increased porosity (Figures S1 and S2). However, at short
wavelengths, scattering and pore-size-related losses likely
caused aberrations to the models. In principle, most EMAs
have been developed for estimating the real part of the effective
refractive index. Nevertheless, the imaginary part can also be
estlifnated with some restrictions, as proposed by Hutchinson et
al.

A gradual decrease in the effective refractive index was
observed in cylindrically porous silicon thin films, as shown in
Figure 4B. The lowest refractive index was achieved with a
surface porosity of 34%, and the thin film displayed a 30%
change compared to bulk silicon. Low-index materials are
particularly desirable in broad-band antireflection coatings and
optical devices that require a high-index contrast such as
waveguides and microresonators.”> Solid, naturally occurring
semiconductor materials with indices smaller than 1.4 do not
really exist. Extremely low-index semiconductors could be
realized by selecting substrate materials that already have a low
refractive index and incorporating air-filled pores onto the
substrate surface using BCP lithography. The fact that the
substrate and porous surface layer are both from the same
material reduces the processing steps needed and is an
advantage in semiconductor device fabrication.

B CONCLUSIONS

In conclusion, we have demonstrated that the optical properties
of silicon can be tuned using a simple process of BCP
lithography. First, arrays of perpendicularly oriented cylinders
were obtained with a brief solvent-vapor treatment, where no
substrate surface modifications or neutral layers were needed.
Second, etch masks were formed by the selective removal of
one BCP component, and the resulting hole structure was
transferred to silicon using SF4/O, etching. The etched pore
structure was spatially highly ordered and uniform over the
whole wafer surface. The diameter of the pores, and hence the
porosity of silicon, could be increased with the etching time up
to a point where the neighboring pores began to limit the
growth. The method presented here allows a broad porosity
range to be reached with a single BCP. The molecular weight of
the selected BCP determines the periodicity of the pores and
sets the minimum accessible pore size. The effective refractive
indices of porous silicon thin films could be determined by
fitting either the 2D MGT or VAT model parameters to the
measured reflectance spectra. Both EMAs agreed on the

refractive index values, but the 2D MGT was more realistic in
estimating the film porosity.

By increasing the porosity, we were able to decrease the
reflectance and lower the refractive index of silicon. We
demonstrated at maximum a 62% decrease in the reflectance
and a 30% decrease in the refractive index of silicon at 500 nm
wavelength using porous films. The optical properties can be
further tuned by selecting BCPs with higher or lower molecular
weights or by further optimizing the dry etching process. The
proposed method can also easily be extended to suit other
substrate materials and wafer sizes, thus offering a universal way
to manipulate the optical properties of semiconductor and
dielectric materials.
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ABSTRACT: The growing interest in solar energy during
recent years has spurred on the development of high-efficiency
optical absorbers using emerging concepts in plasmonics and
metamaterials. Most absorber designs require patterning on a
subwavelength scale, making large-scale fabrication expensive
or impractical. This study presents an all-metal metasurface
with tightly packed, sub-80 nm nanodomes fabricated by
template-stripping thin gold films from reusable silicon
templates. Subwavelength patterning was achieved via molec-
ular self-assembly of block copolymers, which enables large-
area, periodic patterning with nanometer precision. The

proposed nanodome surface acts as an optical absorber capable of absorbing 97% of incident light in the visible range 320—
650 nm, and still more than 90% at high incidence angles. We demonstrate both experimentally and theoretically that the
absorption behavior of the thin film can be controlled by changing the size of the nanodomes, namely, the gap between the
structures. The enhanced absorption of light is attributed to localized particle plasmon and gap plasmon resonances. This
research provides a straightforward and cost-effective strategy to design and fabricate thin, large-area, light-absorbing coatings
that can be transferred onto nearly any rigid or flexible substrate. The all-metal metasurfaces are a promising candidate for
plasmon-induced hot electron generation for efficient solar energy conversion in photovoltaic and photocatalytic devices.

KEYWORDS: ultrathin plasmonic absorbers, broadband optical absorption, localized surface plasmon resonance,
subwavelength structures, template-stripping, block copolymer lithography

B INTRODUCTION

Photon absorption is a fundamental part of the operation of
photodetectors, solar cells, photothermal devices, and optical
filters. Considerable effort has been put into creating perfect
absorbers—materials that efficiently absorb light either in a
narrow or broad wavelength range. Various schemes for
realizing absorption using metal structures have been
introduced. Perfect optical absorbers have been achieved
using thick porous foams,"” lossy thin films on metal substrates
to improve impedance rnatching,3 and metallic nanopi]lars4 or
needles® with a gradual refractive index change. Advances in
nanofabrication methods have led to the rise of metamaterial
and metasurface absorbers with tunable properties. These
types of absorbers are based on subwavelength elements and
are often characterized as effective materials. Previous absorber
designs are variations of a triple-layer stack consisting of a
periodic metal pattern, a dielectric spacer, and a bottom
reflector. These metal—insulator—metal structures (MIMs)
have been used to demonstrate perfect absorption first at
infrared®” and later also at visible frequencies.*” However, in a
MIM structure, near-unity absorption typically occurs only
within a very narrow wavelength range defined by the thickness
of the spacer. Broader absorption bands have been achieved
using asymmetric or mixed-size nanostructures in the top metal
layer to excite multiple resonances.'"™"*

< ACS Publications  © 2018 American Chemical Society

A less explored method for achieving broadband visible light
absorption is to pattern plasmonic metals. The benefit of these
single-layer, all-metal metasurfaces is their simplicity, and their
optical performance can be tuned by changing the dimensions
of the structures. Sondergaard et al.'® proposed an all-metal
broadband absorber based on adiabatic focusing of gap surface
plasmons in ultra-sharp, V-shaped grooves. The groove depth,
width, and inclination angle were observed to influence the
absorption behavior. Crossed groove structures milled into
thick gold achieved an average absorption of 96% in the visible
range. A few years later, the study was repeated for nickel
(about 95% absorption) and palladium (about 97%).'°
Similarly tall and tapered circular grooves were explored by
Mo et al.'” to realize more than 93% polarization-independent
optical absorption. However, the experimentally fabricated
coaxial hole arrays fell slightly short of the predicted values.
Both groups noted that although a very accurate fabrication
method, focused ion beam milling was notably time-
consuming. This limits the feasible size of the absorbers.
Recently, Ng et al.'® have presented a scalable fabrication
process in which gap plasmon-based absorbers were made
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using a sacrificial porous alumina template (AAO). Absorption
of more than 92% of incident light in the 300—600 nm spectral
range was obtained. Recent theoretical studies have proposed
all-metal Au absorbers consisting of ordered nanotriangle
arrays'® and concentric nanoring arrays,”’ which could be
realized using standard lithography techniques.

Successful use of new absorbers in commercial products
requires the fabrication to be simple, fast, low-cost, and easily
integratable into existing processes. However, as the
subwavelength patterns become smaller and more complex,
fabrication also becomes more complicated and expensive.
Another prominent issue with many nanostructured absorbers
today is their sensitivity to the polarization and/or angle of
incidence of the incoming light. Thus, for practical
applications, the optical absorber should be easy to fabricate
over large areas, and absorption should be omnidirectional,
broadband, and polarization-independent. Combining these
four criteria seems to still pose a challenge.

We present a strategy for designing and creating an all-metal
broadband, wide-angle, polarization-independent optical ab-
sorber using the self-assembly of block copolymers (BCPs).
Block copolymers (BCPs) are long chain molecules that
organize into highly uniform, periodic patterns due to
microphase separation. The pattern morphology is determined
by the volume fraction of the block segments, whereas the size
and periodicity of the patterns are dictated by the molecular
weight.”! BCP lithography enables the fabrication of extremely
dense patterns and small features ranging from several tens of
nanometers to even sub-5 nm dimensions.”” The BCP patterns
can be used either as masks for etching”™* or as scaffolds for
nanostructure formation.”*™> This bottom-up patterning
strategy combined with template-stripping of Au enabled us
to fabricate large-area Au nanodome arrays, where the optical
properties could be controlled via the size of the domes. We
achieved broadband wide-angle absorption of visible light with
subwavelength structures that are only a fraction of the size
typically needed in single-material absorbers. In addition, the
metasurface can be transferred onto any rigid or flexible
substrate.

B RESULTS AND DISCUSSION

Fabrication of Monolithic Metasurfaces. Figure 1a
illustrates the main fabrication steps of the metasurface
absorber, which consists of periodic gold nanodomes on top
of a gold thin film. First, a high-molecular-weight block
copolymer was used to form a hexagonal dot pattern, which
was then transferred onto Si using SF¢/O, reactive-ion etching.
The isotropic etch caused the BCP mask holes to widen
progressively, resulting in conically shaped cavities etched into
silicon, as seen in Figure 1b. A longer etch produced deeper
and wider cavities, making the gap between neighboring
structures smaller, as shown previously.”” When a BCP mask
with a pattern periodicity L, of 74 nm was used, the base
diameter D could be varied from approximately 30 nm up to
60 nm. If larger than that, the etched cavities began to merge
with one another.

In the next step, the cavities and the surface were covered
with a uniform layer of Au, and a glass support was attached on
top with UV-curing epoxy. Due to the poor adhesion of Au on
Si, the metal film could be peeled off from the Si template,
revealing a patterned Au surface (Figure 1c). Template-
stripping has typically been used to produce ultra-smooth
metal films but, more recently, has also been used to fabricate

Figure 1. (a) Schematic showing the main fabrication steps of the
plasmonic metasurfaces. (b) Side-view scanning electron microscopy
(SEM) image of the BCP pattern etched into silicon. (c) SEM image
of the final template-stripped Au thin film with nanodome-like
structures. Scale bars 100 nm. (d) The patterned Au thin films
displayed different colors depending on the nanostructure size. Au
thin films could also be transferred onto flexible substrates.

high-quality, low-loss plasmonic nanostructures.>** Should
the epoxy adhesive cause issues, template-stripped films can be
adhered onto substrates using temperature-assisted bond-
ing”** or be made into free-standing films via electro-
deposition.”’ We also demonstrated the peeling off of the
patterned metal films using flexible substrates, as shown in
Figure 1d.

The side-view scanning electron microscopy (SEM) images
in Figure 2a reveal the morphology of the template-stripped
metals. The smallest nanostructures resemble half-spheres (D
= 35 + 2.2 nm, height about 44 nm), whereas the largest
structures begin to form a miniature moth-eye-like surface (D
=53 + 3.3 nm, h about 67 nm and D = 58 + 4.2 nm, h about
81 nm). The Si templates can be reused multiple times to
produce identical patternings. Nagpal et al. reported making
more than 30 replicas from the same template without any
damage.®" Another advantage of template-stripping is that the
whole patterned metal film is monolithic, and there are no
interfacial boundaries between the nanostructures and the
underlying gold film. Noble metal structures fabricated with
top-down lithography often require a thin interfacial layer of
titanium or chromium to improve the adhesion of the
structures to the substrate. For plasmonic structures, the
adhesion layer can cause significant interface plasmon
damping.*®

Optical Characterization. The specular reflectance and
diffuse reflectance (R) from the Au metasurfaces were
measured with UV—vis spectroscopy. The comparison of the
reflectance data confirmed that there was negligible diffuse
reflectance from the metallic nanodomes. Therefore, light is
absorbed and not scattered. This result was expected due to
the small size of the nanostructures (h < 80 nm). Light
transmittance (T') was also negligible due to the optically thick
Au underlayer. The absorption (A) of the surfaces was
determined as A = 100% — Ry — T (with T = 0). The
measured absorption at normal incidence of three metasurfaces
with increasing nanodome size (diameter D = 35, 53, and S8
nm) is plotted in Figure 2c. A planar template-stripped film
with no nanodomes produced a spectrum comparable to bulk
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Figure 2. (a) Tilted-view SEM images of Au nanodome films produced via gold-stripping from patterned templates. The increase in the dome
diameter from 35 to 58 nm is visible in the top-view insets. The far-right image illustrates the large-area assembly and grain structure of the patterns.
(b) Schematic of the absorber structure and ultraviolet—visible (UV—vis) reflectance measurement. (c) Measured and (d) calculated absorption

spectra of the nanodome films at normal incidence.

Au. Bulk Au is highly reflective above the 500 nm wavelength,
whereas below 500 nm, the absorption is increased due to the
Au interband transitions.>® This causes the yellow color of
gold. The introduction of nanodomes onto the Au surface
modified the optical behavior. A progressive increase in visible
light absorption was observed as the nanodome size increased.
Broadband absorption close to unity was particularly evident
with the large nanodomes. To demonstrate the versatility of
the fabrication method, the same template-stripping technique
was applied to fabricate nanodome thin films from silver. Bulk
silver is an almost perfect reflector. The Ag nanodome thin
films exhibited significantly improved absorption behavior with
a peak absorption of 87% close to the plasmon resonance
wavelength (see Supporting Information Figure S1).

The promisingly high absorption of the largest moth-eye-like
nanodomes prompted us to investigate their sensitivity to light
polarization and oblique illumination. The optical performance
of the Au absorber was studied at different oblique incident
angles under transverse magnetic (TM) and transverse electric
(TE) polarized light. For TE polarized light, the electric field
aligns perpendicular to the plane of incidence, whereas for TM
light, the electric field aligns parallel, as depicted in Figure 2b.
The symmetric configuration of the nanostructures was
assumed to result in the same optical response for both
polarizations. The measured reflectance spectra are plotted in
Figure 3a. As expected, near the normal incidence (6 = 8°), the
nanostructured surface was insensitive to the polarization. As
the incidence angle became larger than 25°, the reflectance for
the TE polarization began to increase. A similar effect was
observed with planar Au films.

For devices that harvest solar energy, omnidirectional or
wide-angle absorption is a desired feature that ensures light is
efficiently collected. Figure 3b displays the effects of the light
incidence angle on the optical absorption characteristics of
large nanodomes. Near-perfect absorption persists for a large
range of incidence angles. At 55° incidence, the average
absorption is still more than 90% in the 320—650 nm
wavelength range. For normal incidence, the average
absorption in this range is 97% with a peak absorption of

Figure 3. (a) Reflectance of Au metasurfaces with large nanodomes
(D = 58 nm, h about 81 nm) measured using TE and TM polarized
light to investigate polarization dependence for direct (red) and
oblique incidence (45°, black). (b) Au thin film light reflectance at 25,
45, and 65° angles of incidence. The inset displays the average
absorption of the film in the 320—650 nm range.

99%, which is a remarkable result considering the simplicity
and small size of these Au absorber structures. To the best of
our knowledge, this is one of the highest visible light
absorption values achieved in plasmonic single-material
absorbers thus far. Sendergaard et al.'® achieved a similar
average absorption of 96% in the 450—850 nm range using Au
arrays of crossing convex grooves. The surface of the groove
arrays resembled square-packed nanodomes. However, the size
of the domes was approximately 5 times larger than in the
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Figure 4. (a) Simulated absorption spectra of different nanodome geometries (F1) D = 60 nm, h = 30 nm, (F2) D = 60 nm, h = 80 nm and (F3) D
=73 nm, h = 80 nm. Periodicity in all structures is set to 75 nm. (b) Maximum enhancement of the near-field for nanodome geometries (F2) at
570 nm (i, i) and (F3) at 700 nm (iii, iv). The horizontal crosscut (z = 10 nm) of the field distribution shows the emergence of a gap resonance as
the gap width is decreased (iv). Notice the difference in scale between the top and bottom rows. (c) The cross-section colormaps describe the
absorption in the structures (F1)—(F3) at short and long wavelengths. Brighter areas correspond to regions with higher absorption.

present absorber, and surface coverage was limited by the
fabrication method.

Origin of Broadband Absorption. To understand the
absorption behavior and to optimize the design of the
absorber, numerical finite-difference time-domain (FDTD)
simulations were performed. The patterned thin film was
modeled as an infinite surface of perfectly arranged hemi-
spheroids. The absorption spectra simulated using geometric
parameters obtained from the SEM images were in excellent
agreement with the experimental measurements at short
wavelengths (Figure 2c,d). At longer wavelengths (4 > 600
nm), the experimentally measured absorption was greater than
what was predicted. As seen in Figure 2a, the patterned films
consist of large grains in which the nanodomes are aligned in
the same direction. The FDTD model cannot account for
grains, grain boundaries, or possible plasmonic coupling over
long chains of structures. Discrepancies may also arise from
imperfections in the pattern, such as size variations, point
defects, and surface roughness. The size variation is one likely
explanation for the broadened absorption spectra, and it will be
discussed in more detail later.

The FDTD simulations support the experimental findings
that the optical response can be tuned by altering the geometry
of the nanostructures. The simulated structures with
decreasing periodicity or an increasing dome diameter
produced almost identical absorption spectra, as seen in
Supporting Information Figure S2. Therefore, the optical
behavior of the nanodome absorbers was deduced not to
depend on the structure periodicity or dome diameter but
mainly on the sharp gap region between the particles. It was
discovered that an increase in dome height or a decrease in the
width of the gap resulted in enhanced absorption. Simulations

verified the experimentally observed phenomenon that
absorption in the visible range was maximized when the gap
width was 15—25 nm and the dome height was 70—80 nm
(Supporting Information Figure S3a). Further increase in the
dome height resulted in deteriorating absorption at short
wavelengths but a slight improvement at longer wavelengths (1
> 600 nm). For extremely narrow gap widths (<S5 nm),
multiple absorption peaks appear at longer wavelengths, and
absorption is enhanced as the dome height is increased
(Supporting Information Figure S3b). Optical absorption in
these types of ultranarrow, high aspect ratio gaps has been
previously analyzed and demonstrated by Sendergaard et al."

We suspected that tightly packed nanodomes could support
gap plasmon modes inside the small gap cavities between the
particles. Narrow gaps and sharp tips in subwavelength metal
nanostructures are known to enhance the electric fields
because the energy is confined in a small volume.’” The gap
effect was investigated via electric field simulations and
absorption cross-section maps. The maximum field enhance-
ments for two dome geometries at 570 and 700 nm are
displayed in Figure 4b. A dipole-like field is induced between
the particles following the polarization of the source. As the
gap is made narrower, the field enhancement can also be
observed symmetrically in the six gaps, although the enhance-
ment is still strongest in the direction of the source
polarization. Quantitatively, the enhancement factor of about
10—40 is modest compared to recent results obtained with
optical nanoantennas.***’

The two-dimensional absorption maps presented in Figure
4c display power damping in the nanostructures where 0 dB
represents the absorption of all input power, —10 dB a 10X
reduction in absorbed power, and so forth. The cross-section
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maps show that at short wavelengths (450 nm), power is
absorbed throughout the particle but especially in the gap
region between two particles. As the particle height increases
or the gap decreases, the absorption becomes more localized
on the particle surface and in the gap region. In the case of
small particles or large gap widths, incoming light excites the
dipole particle plasmon resonance that causes absorption.
Larger particles cause stronger absorption of light. For gap
widths of less than S nm, coupling between neighboring
particles becomes evident, and multiple absorption peaks
appear in the absorption spectra (Figure 4a and Supporting
Information Figure S3b). The location of the peaks is highly
sensitive to the gap size and the particle height. At the peak
wavelength, the absorption of light is significantly enhanced in
the gap region, supporting the theory of gap plasmons (Figure
4b, sample (F3)). These sub-80 nm nanodomes do not satisfy
the criteria for adiabatic nanofocusing of propagating gap
plasmon modes," and thus, we interpret the absorption
mechanism as related to localized resonances of nanoparticles
and gaps.

H CONCLUSIONS

We have demonstrated a simple, high-throughput method for
fabricating large-area, ultrathin plasmonic absorbers using gold-
stripping from BCP patterned silicon templates. The all-metal
absorbers consisted of hexagonally packed, elongated nano-
domes that gradually widened toward the bottom. Absorbers of
about 1 and 4 cm’ were demonstrated, but due to the
scalability of BCP thin-film processing, nanodome absorbers
could be realized on a wafer scale. Furthermore, the thin film
could be transferred onto any rigid or flexible substrate making
the thin film an excellent coating for devices that collect solar
energy. As the dimensions, and especially the distance from the
absorption point to the ambient, remain small, we expect
structures like these to enable the extraction of hot carriers for
energy, catalysis, or sensing-related applications. We have
shown that an 80 nm tall Au nanodome pattern is capable of
absorbing more than 97% of visible light at direct incidence
and still more than 90% when illuminated at a high angle of
incidence. Due to the structure symmetry, the all-metal
absorber was also shown to be insensitive to the polarization
of light. FDTD simulations support the findings that the
absorption behavior could be tuned by changing the width of
the gap between neighboring nanodomes. Experimentally, this
could be done by varying the time the pattern template was
plasma-etched. The simulations suggest that the enhanced
absorption is related to localized surface plasmons on the
nanodome surfaces and the formation and absorption of gap
plasmons in the gaps between the nanostructures. Contrary to
typical plasmonic black gold absorbers, the nanodome thin
films appeared dark red due to the higher reflectivity around
700 nm wavelengths. It should be possible to extend the
absorption band into the red and near infrared wavelengths by
exciting multiple resonance modes via nanostructures with
10—20 nm variations in structure size and spacing.

H MATERIALS AND METHODS

Sample Fabrication. Patterned templates were fabricated from
native-oxide-covered Si(100) wafers using block copolymer lithog-
raphy and dry etching. Asymmetric poly(styrene-vinyl-2-pyridine)
(PS—P2VP) with a styrene fraction of 0.72 (M, = 188000 g/mol,
PDI = 1.18) was purchased from Polymer Source Inc. and used as
received. Toluene and anhydrous tetrahydrofuran (THEF) were

obtained from Sigma-Aldrich. PS—P2VP was dissolved in a 7:3
mixture of toluene and THEF, stirred overnight, and filtered through a
0.2 pm syringe filter before use. The wafers were spin-coated with the
BCP solution at 2000—3000 rpm to form thin films that were about
45 nm thick. A 2 min soft bake was performed at 125 °C to remove all
residual solvent. To promote self-assembly and obtain vertically
aligned cylinders, the BCP films were annealed in THF vapor in a
custom-made controlled annealing system similar to the setup
described by Lundy et al.*’

The P2VP domains were selectively swelled by ethanol to open up
cylindrical pores in the film.*' Samples were immersed in ethanol for
5—15 min and carefully washed with deionized water. The porous
BCP mask was then used to transfer the pattern into silicon with
isotropic SF4/O, reactive-ion etching at 160 W for 15—30 s, as
described previously.*® The isotropic etching process was utilized to
progressively widen the patterns in the BCP mask and create tapered
cone structures in Si. Finally, the BCP mask was removed with a brief
60 s oxygen plasma treatment.

Gold and silver films that were 50—200 nm thick were deposited on
the cleaned Si templates in an Instrumentti Mattila Oy electron-beam
evaporator. To minimize contamination by residual oxygen and water
vapor, the chamber vacuum was pumped below 1.0 X 1077 mbar. The
depositions were performed at a rate of 1-2 A/s for Au and 3 A/s for
Ag. After the deposition, a transparent top plate was attached to the
metal surface with a UV-curing adhesive (Norland Optical Adhesive
61), and the plate and the patterned metal film were manually peeled
off from the Si template. The Si templates can be reused multiple
times.

Characterization. The surfaces of the Si templates and the
template-stripped Au films were examined with scanning electron
microscopy (Carl Zeiss ULTRA SS), and the resulting images were
analyzed using ImageJ2** software. The SEM images were converted
into binary black-and-white images with automatic thresholding, and a
particle analysis tool was used to calculate the average diameter of the
structures. The periodicity of the patterns was determined using fast
Fourier transform analysis.

The optical properties were measured using a PerkinElmer Lambda
1050 UV-—vis spectrophotometer with a universal reflectance
accessory, a tungsten-halogen light source, and polarizing filters.
Absolute specular reflectance (R) at normal and oblique incidence
was recorded in a wavelength range of 320—880 nm using a beam
spot size of 4 X 4 mm’ The measurement configuration is self-
referencing (the V=N method), and thus, no calibration standards
were needed. Reflectance measurements were also performed with a
150 mm integrating sphere module at an incidence angle of 8° to
determine the amount of light scattering. Absorption A was calculated
as A = 100% — R — T, where R is the total reflectance and T is the
transmittance of the thin film.

Optical Modeling. The effect of the structure size on the optical
properties was studied using three-dimensional FDTD modeling
(FDTD Solutions, Lumerical). The structures were estimated to be
elongated (prolate) hemispheroids in a hexagonal lattice on top of a
planar metal film. The radius (short axis length), hemispheroid height
(long axis), and periodicity were varied. To simulate an infinitely
periodic array and to reduce the simulation space, symmetric and anti-
symmetric boundary conditions were used on the unit cell sides. The
material properties were defined by Johnson and Christy optical
constants for Au.*’ The simulated unit cell was excited by a plane
wave as a short pulse covering a wavelength range of 250—900 nm
and propagating along the z-axis. Two power monitors were set to
detect the total reflectance and the transmittance. Electric field
distributions were also recorded at various horizontal and vertical
cross-sectional planes. Absorption in the material per unit volume was
calculated from the divergence of the Poynting vector and was
automatically performed in the simulation program. The acquired
value was normalized with the incident power density over the unit
cell. The mesh grid was 0.5 nm around the gold nanostructures.
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Molecular self-assembly of block copolymers has been pursued as a next generation high-resolution,
low-cost lithography technique. Solvent vapor annealing is a promising way of achieving self-assembled
patterns from polymers with high interaction parameters, y, or high molecular weights. Compared to
thermal annealing, the assembly in a solvated state can be much faster, but the film swelling process is
typically challenging to control and reproduce. We report the design and implementation of an
automated solvent annealing system that addresses these issues. In this system the film swelling is
controlled via local heating or cooling, which enables exceptionally fast and precise modulation of the
swelling. The swelling of the polymer films follows preprogrammed annealing profiles with the help of a
feedback loop that compares and tunes the film thickness with respect to the set point. The system
therefore enables complex annealing profiles such as rapid cyclic swelling and deswelling. We show that
the orientation of the pattern morphology and the amount of lattice defects are influenced by the used
annealing profile. We demonstrate that optimized profiles significantly shorten the annealing time
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Introduction

Fabrication of nanostructures is becoming steadily more important
as nanotechnology is being adopted into all types of manufacturing
processes. Many devices and systems used in the modern society
are becoming progressively smaller and taking advantage of
components with nanoscale dimensions in order to be more
efficient. For quite some time, top-down photolithography has
been the cornerstone of nanofabrication but in some fields, it is
now reaching its limitations. The emergence of sophisticated
bottom-up methods is offering new possibilities to let the 2D
and 3D nanomaterials and nanodevices build themselves using
self-assembling processes. One promising strategy is block
copolymer (BCP) self-assembly where chemically dissimilar
polymer molecules are driven to phase-separate into periodic,
three-dimensional nanostructures." ™ The size of the structures
can be scaled up or down by tuning the molecular weight and the
chemical dissimilarity, known as the Flory-Huggins parameter y,
of the BCPs. Currently BCP patterns in the 5 to 200 nm size range
can be produced.>® However, the pattern dimensions are only
truly limited by the present-day polymer synthesis methods and

@ ph ics, Faculty of Ei ing and Natural Sciences, Tampere University,
33101 Tampere, Finland. E-mail: hanna.hulkkonen@tuni.fi, tapio.niemi i.fi
® Tampere Microscopy Center, Tampere University, 33101 Tampere, Finland

 Electronic supplementary information (ESI) available. See DOI: 10.1039/c9sm01322a

This journal is © The Royal Society of Chemistry 2019

(<15 min) of high-y and high-molecular weight poly(styrene-b-2-vinylpyridine).

self-assembly kinetics. Theoretically, patterns with domains as
small as 1 nm or larger than 300 nm could be made using ultra-
low or ultra-high molecular weight BCPs.” Considerable effort
has been put into directing the self-assembly (DSA) of low
molecular weight BCPs into sub-10 nm sized structures for
semiconductor industry applications including high-density memory
devices,"™"" integrated circuit layouts,'** and most recently, Fin
field-effect transistors (FInFETS)."* High molecular weight BCPs have
found their uses in applications where dense patterning and
large-area coverage is needed such as in filtration membranes,
antireflective coatings,"®'” and optical metamaterials."®*®

For application purposes, the main challenges of BCP-based
nanofabrication have been related to self-assembly; control of
the pattern features and minimization of defects.** Chemically
or topographically pre-patterned substrates are often used to
control the orientation and the long-range lateral alignment of
the BCP patterns.*** The self-assembly of BCPs also requires
annealing to enhance polymer mobility and facilitate the phase
separation. In thermal annealing the BCP films are heated
above the glass transition temperature (Ty) for increased
mobility.>>*® Another alternative is solvent vapor annealing
(SVA) where the solvent vapor swells and plasticizes the BCP,
reducing the T, below the room temperature, screening unfavorable
interactions and reducing the time needed for self-assembly.””
Inherently SVA is very simple and can be done in a sealed
chamber that contains a solvent reservoir and the sample.”®>°

Soft Matter, 2019, 15, 7909-7917 | 7909



Paper

Non-equilibrium BCP morphologies can be obtained using
selective or mixed solvents.****! Solvothermal annealing processes
have also been explored, and in this method both the solvent and
the sample are heated to shorten the required annealing time.***
SVA is particularly interesting for assembling BCPs that display
slow self-assembly dynamics due to high molecular weight® (high-
MW) or high Flory-Huggins interaction parameters (high-y).*®

Despite the huge potential of SVA, it has previously not been
attractive for the semiconductor technology industry due to the
lack of reproducibility compared to thermal annealing. Even
minor changes in the environment, such as fluctuations in
the ambient humidity or temperature, can drastically change
the outcome of SVA. It has then been identified via grazing-
incidence small angle scattering (GISAXS) that the degree of
swelling of the film is a critical factor that affects the BCP
morphology. Order-order and order-disorder transitions (ODT)
have been shown to occur at precise, polymer-specific swelling
ratios.**® The degree of swelling also affects the lateral ordering
of the BCP patterns, with the best order obtained when the
film solvent content is close to the order-disorder transition
concentration.?”*® Better control of the film swelling has been
achieved using flow SVA systems where the solvent vapor is fed
continuously into the chamber using a carrier gas flow. The
film swelling is controlled by changing the partial vapor pres-
sure inside the chamber by mixing multiple gas streams.**™*
Typically, sample chambers have had to be minuscule to
compensate for the tardiness of the control via gas-flow mixing.
Initially, it can take up to 15 to 30 min for the chamber to reach
a saturated atmosphere and for the film to reach a steady
swollen state.’”*"*> Further changes implemented via gas
mixing can take up to 3 to 5 min to occur.*? The total annealing
time has been in the range of hours.

Several actively-controlled annealing systems with some degree
of automation have been introduced during the past couple of
years. Jin et al.** demonstrated control of film swelling via argon
flow that was adjusted using a feedback loop. Lundy et al*
suggested feedback-controlled annealing to maintain a constant
temperature differential between the solvent and the substrate to
obtain supersaturation conditions. Since film swelling was not
monitored, it is unclear how stable or accurate the method is.
Nelson et al."®" presented an alternative way of computer con-
trolling the chamber pressure by adjusting the flow rates at both
the inlet and outlet valves. Solvent could be quickly pushed into
the film using increased chamber pressure, which was done by
setting the inlet flow higher than the flow at the outlet. Feedback
control was not yet implemented, but extremely constant swollen
film thickness could be maintained via manual corrections.

It seemed necessary to develop a SVA system that is fast and
precise and has the potential for wafer-scale processing.
Furthermore, repeatability and applicability of solvent annealing
could be improved by minimizing user- and environment-related
variations. In this article, we report the design and implementation
of an automated SVA device that can achieve high swelling ratios
and fast swelling modulation by regulating the solvent vapor
atmosphere near the wafer either by heating or cooling the local
environment. The swelling of the polymer thin films is monitored
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and computer-controlled making it possible to use predetermined
swelling profiles. The applicability of the SVA device is demon-
strated using high-MW, high-; poly(styrene-b-2-vinylpyridine)
(PS-P2VP) thin films. The diffusivity of these high segregation
strength polymers is typically low and the order-disorder transition
limit high, leading to slow self-assembly kinetics and poor ordering.

Results and discussion
SVA system setup

We built an automated SVA system (Fig. 1) that allows for
precision control of the annealing process with the fastest
modulation of the film swelling that has been demonstrated
so far. The setup consists of a custom-made annealing chamber
with a cylindrical body (& = 75 mm, V ~ 100 ml) that can fit
semiconductor wafers up to 2 inch in diameter. The copper
stage inside the chamber can be heated or cooled using a
thermoelectric cooler (TEC). Thermoelectric heating/cooling
enables extremely fast and accurate temperature modulations.
In our setup, the stage temperature range is from —10 °C to
+70 °C and the mean absolute deviation from the temperature
set point was measured to be £0.005 °C. The temperature of the
sample stage is monitored with a temperature transducer. The
solvent vapor is generated in a bubbler system, where dry nitrogen
carrier gas is bubbled through a temperature-stabilized solvent
reservoir and fed into the chamber. Contrary to conventional flow
annealing devices, the gas stream is not diluted using a secondary
N, gas line. However, a pure N, stream can be directed into the
chamber for purging.

The chamber lid is fully detachable and has a quartz window
for optical monitoring. Spectroscopic reflectometry was used to
monitor the swelling of the film via the change in film thickness.
Spectral reflectance is measured every 30 ms over a 320-800 nm
wavelength range. The thickness of the film is determined by
continuously fitting the measured spectrum to a model of a single
thin film on a substrate. The optical constants of a dry BCP thin film

Fig. 1 Schematic of the automated solvent vapor flow annealing system.

This journal is © The Royal Society of Chemistry 2019
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were assumed to follow the dispersion relation of the majority-
component polymer. The thickness prior to SVA was also measured
using an ellipsometer. In the case of dry PS-P2VP thin films
(~45 nm), the reflectometry and ellipsometry results differed from
each other on average only by 1.1 nm proving that the chosen thin
film model is valid. For swollen films, the spectral reflectance fitting
worked best when the thin film was assumed to have a refractive
index that changed with the addition of solvent. A video of the
real-time thickness fitting during SVA can be found in the ESI
(Video SV1).

A CMOS camera with a long working distance objective
operating in dark-field illumination provides live video of the
thin film during annealing. The video feed can be used to
monitor the quality of the films and quantify film dewetting.
The largest area that can be viewed is ~1 cm x 1 ecm. Thus, in
case of small wafer pieces, the whole sample surface could be
monitored. Similar video monitoring of film dewetting has
been implemented by Jin et al.** with a more limited field of
view. Other possible in situ characterization methods include
epifluorescence microscopy, quartz crystal microbalances*?
and GISAXS.>***%7

Control of film swelling

According to our understanding, the swelling of the thin films
in our system is controlled by changing the relative saturation
of the solvent vapor using temperature. It has been shown that
higher relative saturation increases the swelling of polymer
films.*"***° The extent of the swelling depends on the solubility
of the polymer in the solvent.”® In our SVA system, the relative
saturation can be increased in the vicinity of the sample by
decreasing the stage temperature, which pushes more solvent
into the BCP film. An increase in the temperature has the
opposite effect. This type of swelling control mechanism is very
fast and remarkably precise if the feedback loop and temperature
response of the sample stage are fast enough.

The relative saturation P/P.q is the ratio of the partial
pressure of the solvent in the chamber to the equilibrium vapor
pressure. As displayed in Fig. 2a, both pressures can be altered
by changing the temperature. The equilibrium vapor pressure
of a solvent is given by the semi-empirical Antoine equation:

Peq [mmHg] = 104~ #(€*D 1)

where T is the temperature in degrees Celsius. For the chosen
annealing solvent tetrahydrofuran (THF) the Antoine para-
meters are A = 6.995, B = 1202.29 and C = 226.25.°* In our
qualitative model, which excludes the spatial variation of the
atmosphere in the annealing chamber, the partial pressure
of the annealing solvent is estimated using the ideal gas law
P = nRT/V. Fig. 2a shows four different cases of THF partial
pressures P(t1)-P(t4) that correspond to different amounts of
THF in the chamber. The pressure P(t4) represents the partial
pressure of THF, which is at saturation at room temperature
(22 °C), and P(t1)-P(t3) are lower vapor concentrations. The
temperature dependent relative saturation P(t2)/P.q is also
displayed. The dew point is the temperature where the relative

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Temperature dependence of the saturation vapor pressure and
the partial pressure of THF in the chamber. The four different P(t1)-P(t4)
scenarios represent increasing filling of the chamber with THF vapor. The
relative saturation P(t2)/P.q changes with the temperature. (b) The max-
imum calculated sorption of THF into a PS thin film increases with
increasing relative saturation. Vapor begins to condense close to the
dew point temperature (P(t2)/Peq = 100%) and the polymer dewets.

saturation reaches 100% and it is obviously sensitive to the
vapor concentration of THF in the chamber.

The swelling behavior of polymer thin films can be modelled
as a dissolution process according to regular solution theory. At
a relative saturation P/P.q, the maximum equilibrium sorption
of solvent into a homopolymer thin film can be described as:*

P\ do Vi\ do . [ do\’
() =m(1-2) (R )as ) @

where dy/dmax is the polymer volume fraction or alternatively
the reciprocal of the maximum swelling ratio. The parameters
Vs and V,, are the molar volumes of the solvent and polymer
respectively. For simplicity’s sake, the model calculations are
done using values for polystyrene instead of those of PS-majority
PS-P2VP. The Flory-Huggins parameter y describes the interaction
between the polymer and the solvent. In the evaluated tem-
perature and concentration range it can be assumed constant,
7(PS-THF) = 0.414.%>

The maximum equilibrium sorption of THF into a PS thin
film is modelled in Fig. 2b. It can be observed that the swelling
ratio becomes highly sensitive to the relative vapor saturation
as the dew point temperature is approached. Close to the dew
point, minute changes in the temperature (7 < +0.5 °C) are
enough to drastically modulate the swelling ratio. Our SVA
device with its temperature-controlled stage can operate in this
region, a few tenths of a degree from the dew point, without issues

Soft Matter, 2019, 15, 7909-7917 | 7911
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with solvent condensation. The tuning of the P/P., is effective
primarily in the vicinity of the sample and stage surface (ESL}
Fig. S1 shows a measurement for water vapor). Since the solvent
vapor is not close to the dew point elsewhere in the chamber, the
chamber walls, lid and gas pipes do not need to be heated to
prevent unwanted condensation. However, should the stage tem-
perature decrease below the dew point, solvent vapor will condense
on the stage and thin film swelling will become uncontrollable.

Automated annealing

One of our aims was to improve the reliability of SVA, which is
essential for an industrially viable lithography technique. There-
fore, a MATLAB based script was written to handle the annealing
process from data collection to signal processing, computation and
instrument control. The Instrument Controller Toolbox of MATLAB
was set to communicate with the spectrometer, TEC module and
the CMOS camera. A user-friendly graphical interface was built on
top where the user could design the annealing run and set the
relevant parameters. During the annealing run the thickness of the
BCP thin film follows a predetermined swelling profile. The swelling
of the thin film is actively controlled via the temperature of the
sample stage. The thickness of the swollen film is compared to the
target set point and the temperature is adjusted accordingly via a
PID (proportional-integral-derivative) control feedback mechanism.
The feedback loop is capable of controlling the film swelling every
30 ms. Mean deviation from the thickness target set point is
typically smaller than £0.2 nm. The swelling ratio SR is calculated
as the thickness of the swollen film d divided by the original film
thickness d,.

Fig. 3 displays the optically measured swelling of a high-
molecular weight PS-P2VP thin film during feedback-controlled and
uncontrolled SVA in THF, toluene and acetone. The uncontrolled
SVA was performed by keeping the stage at a constant temperature
(T = 20 °C) and using a constant vapor flow. The shape of the
swelling curve is greatly affected by the set flow rate and the
solubility of the BCP in the solvent. According to Hildebrand™
solubility parameters, toluene (3ror = 18.2 MPa"?) is considered a
good solvent for the PS-majority PS-P2VP (Jps = 18.7 MPa"?) and
thus the BCP swells more in toluene than in a less-suitable solvent
such as acetone (Sxcp = 20.3 MPa"’?). Overall, the solvent uptake in
uncontrolled SVA is quite slow and the maximum swelling ratio is
relatively low. Room temperature fluctuations and seasonal changes
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are also known to influence the swelling curve when no feedback
loop is implemented.* The feedback-controlled thin film swelling
presented in Fig. 3 and Fig. S2, S3 (ESI}) follows a predetermined
swelling profile. The profile consists of an unrestricted solvent
uptake period (10-40 s), a linear up-ramping regime at a predeter-
mined rate, a steady dwell regime and a deswelling or quenching
regime. The deswelling of the thin film can be done at a controlled
rate (nm min~"). Solvent can also be removed instantly (quenching)
to preserve the morphology obtained in the swollen state by purging
the chamber with N,. The removal of the residual solvent content
can be enhanced by simultaneously heating up the sample stage to
40-50 °C. In this type of feedback-controlled SVA device, BCP thin
films can be made to swell quickly and to the desired swelling ratio,
irrespective of the type of solvent used. The swelling control method
based on relative saturation is applicable to not only different
solvents but also different polymers. The controlled swelling of
PDMS-majority PS-PDMS is demonstrated in ESL{ Fig. S3. Similar
to the PS-P2VP, the uncontrolled film swelling of PS-PDMS in
toluene is moderate but with the feedback-control, high SR can be
reached. The temperature-controlled feedback system also elimi-
nates the unwanted swelling variations that would arise from
seasonal changes or changes in the ambient temperature.

The fast, controlled modulation of the film swelling enables
the use of complex annealing profiles. In our SVA device, the
steady dwell regime can be replaced with controlled ramping or
cycling regimes. Fig. 3(b) demonstrates two annealing profiles,
where the film swelling ratio was modulated rapidly in 30 s and
60 s cycles. The cycle period can be as fast as 5 s in feedback-
controlled operation and less than 1 s in an open-loop system
that does not use the measured SR as a corrective input.
Dynamical simulations have suggested that repeating swelling
and deswelling cycles could improve the perpendicular orientation
of BCP domains in thick BCP films.>* To the best of our knowledge,
this is the first time that fast cyclic solvent annealing has been
experimentally realized.

Performance evaluation with high-molecular weight BCPs

The SVA process has notably been susceptible to even minor
changes in the annealing conditions or the surrounding environ-
ment making reproducibility an issue. Predetermined swelling
profiles make it possible to precisely repeat experiments and explore
how different process parameters influence the self-organization

Fig. 3 Solvent annealing profiles of high-molecular weight PS—P2VP thin films annealed in (a) and (b) THF, (c) toluene and (d) acetone. The uncontrolled
swelling of the BCP film in each solvent is displayed in blue while feedback-controlled swelling according to a predetermined high-SR swelling profile is
in red or black. Inset in (a) displays the deviation of the measured SR from the set point. The possibility of cyclic annealing is shown in (b) with cyclic
modulation of the SR in 30 s and 60 s periods. The cyclic profiles are vertically offset for clarity.
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behavior of BCPs. The degree of swelling, SR, has been recognized
via GISAXS studies to dictate order-order and order-disorder
transitions in the BCP films, and influence the domain spacing
and the degree of lateral ordering.**” To verify the functionality
of our annealing device we scrutinized the effect of the SR on
the morphology of high-MW PS-P2VP thin films.

In the first experiment 45 nm thick PS-P2VP (M,, = 188 kg mol ")
films were spin-coated on unmodified Si wafers from toluene-THF
solutions. Fig. 4 displays scanning electron microscope (SEM)
images of the platinum-stained BCP thin films after annealing with
increasing swelling ratios using THF as a near-neutral annealing
solvent. A ramp up rate of 0.6 SR per min was used and quenching
was done immediately when target was reached with no dwell
period. The micellar-like as-spun morphology was observed to
improve with increasing swelling ratio until SR ~ 3.5. A well-
ordered hexagonally packed cylinder morphology with a domain
spacing L, ~ 75 nm could be achieved in 4 minutes - or in little
over 2 minutes if the ramp rate was increased to 1.0 SR per min.

With SR > 3.6 the 188 kg mol " thin films exhibited a mixed
morphology consisting of regions with perpendicular and parallel
cylinders. The regions appeared to be single- and multi-layer areas
that followed spinodal decomposition patterns. The appearance of
these areas as well as possible dewetting could be observed during
annealing from the camera images. Multilayering or terracing is
known to occur due to commensurability issues between the film
thickness and the equilibrium domain spacing L, of the BCP
morphology.>>*® Here terracing occurred when SR x dy > 2Lg.
With higher SR, the film morphology consisted mainly of parallel
cylinders that grew in length but with no significant lateral order.
This morphology behavior is consistent with previous research on
the effects of SR on low-molecular weight polystyrene-polylactide
BCPs (18-75 kg mol *).*’

The self-assembly of high-MW BCPs is typically hindered by
the low mobility of long-chained polymers. As a result, it is
challenging to achieve good lateral ordering of the BCP
features, and solvent annealing of high-MW BCPs can take

View Article Online
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hours®'® or even days.”” We tried annealing 258 kg mol ™"
PS-P2VP thin films at a maximum feasible SR and then
examined the growth of ordered cylinder grains in time.
Fig. 5 and Fig. S4a (ESIf) illustrate the defect density of
258 kg mol~" PS-P2VP thin films after 0 min, 10 min and
25 min of annealing dwell time. The blue regions depict locations
where the lattice is not perfectly hexagonal, ie. the PVP cylinders
have fewer or more than six neighboring cylinders. The lattice defect
density after up-ramping was 31.2 defects per um?, which deceased
to 17.4 um 2 after 10 min and finally to 15.6 um ™ after 25 min of
dwell time. This shows that grain coarsening and point defect
annihilation is fastest during the first 10 minutes, after which the
grain growth slows down. This is consistent with the grain size
coarsening following a power-law ¢ ~ ¢ where o = 0.2-0.3 for thin
films.***® After 25 min of dwell time there are very few point defects
left and most of the lattice imperfections arise from the grain
boundaries. Elimination of these grain boundary defects would
require significant reorientation of neighboring grains.

Previous research has shown that the highest degree of
order and the largest grain sizes are achieved when solvent
annealing is done close to the ODT limit.***® Our swelling
studies using high segregation strength BCPs were restricted
more by the film commensurability than the ODT. SVA was
done at an SR value that was just below the multilayering limit.
A cautious estimate of the ODT concentration of 258 kg mol "
PS-P2VP (N ~ 2480) would be ¢ps_poyp = 0.136, corresponding
to a SR of 7.33 (see ESIT for calculation). Thus, higher SR values
could likely be used and larger grains achieved if the cylinder
reorientation process was suppressed. This could be done
using neutral brush layers or top coats that govern the preferred
orientation of the BCP domains.?*** On unmodified substrates,
the largest grain sizes that we achieved with the high-MW BCPs
were in the range of several microns. Long-distance order and
alignment can be achieved using substrates with topographic or
chemical patterns that direct the self-assembly of the BCPs
(DSA). We also tested the feedback-controlled SVA with these

Fig. 4 Cylinder-forming PS—P2VP 188 kg mol~! thin films annealed in THF at increasing swelling ratios. Films were quenched when target SR was
reached to preserve the obtained BCP morphology. SEM images (A)-(F) of the platinum stained thin films display the change in BCP morphology with
increasing SR values. Perpendicularly oriented and well-ordered cylinders were achieved around SR = 3.5 (D). Terracing occurred with SR > 3.6 (E and F).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Cylinder-forming PS—P2VP 258 kg mol ™! thin films annealed in THF at same swelling ratio but with increasing dwell times. (A)—(C) Defects in the
BCP morphology after 0, 10 and 25 min of annealing dwell time. Perfectly ordered regions are mapped in gray. Defect locations where the hexagonal
lattice is not six-fold coordinated are mapped in blue. Insets (A)—(C) show FFT of SEM images.

Fig. 6 (a) High-MW BCP self-assembly done on quarter-wafer scale using
the automated SVA system. The BCP cylinder pattern is etched into Si
causing the wafer color to change due to an effective refractive index
change. (b) Top-down SEM image of the dry etched Si surface. The inset
depicts the shallow pore structure that is obtained.

types of prepatterned substrates. The DSA of high-MW PS-P2VP
on a Si trench pattern is demonstrated in Fig. S4b (ESIT), where
highly aligned rows of perpendicular cylinders were achieved
along the trench length.

The possibility of large area self-assembly was also explored
since BCP lithography would be ideal for engineering materials
with new surface properties. Subwavelength BCP patterns have
been already used to produce nanostructured antireflective
coatings'” and anisotropic refractive index metamaterials.'® So far,
we have managed to optimize the whole BCP self-assembly and SVA
process for quarter pieces of 2-inch Si wafers. Perpendicularly
oriented BCP cylinders with a large grain size could be achieved
over the quarter wafer by combining a high SR value (3.0 <
SR< 3.5) with a 10-15 min annealing dwell time. Fig. 6a shows
an unpatterned Si quarter wafer and a wafer where the 188 kg mol ™"
PS-P2VP cylinder pattern has been etched into the Si surface. The
shallow pores depicted in Fig. 6b modify the refractive index of the
Si surface,®® which can be seen as a uniform color change over
the patterned area. A full analysis of the BCP morphology over a
quarter wafer can be found in ESI,} Fig. S5.

Conclusions

Improvements in scalability and reliability are a key step in
making BCP lithography commercially viable. Also better control,
understanding and reproducibility of the solvent annealing
process are needed. Since the solvent content in the thin films
is an essential factor governing the final morphology and lateral
order, more precise control of the swelling is required. In this paper,

7914 | Soft Matter, 2019, 15, 7909-7917

we describe the design and operation of an automated SVA system
that is capable of modulating the film swelling with nanometer
precision. The film swelling behavior is manipulated by changing
the relative vapor saturation locally, near the surface of the sample.
This control implementation uses local heating or cooling, which is
a much faster method than the typical one using gas flow mixing.
The advantage of feedback-controlled swelling is that the annealing
process becomes insensitive to minor variations in the ambient
conditions, gas flow rate and solvent vapor concentration.

With feedback-controlled SVA, different aspects of the film
swelling profile can be isolated and their influence on the BCP
self-assembly evaluated. For practical applications, the influence of
SVA parameters on defect reduction, lateral ordering and self-
assembly kinetics are of great interest. We demonstrated the utility
of the SVA device by annealing high segregation strength polymers
that typically display slow self-assembly kinetics due to low chain
mobility. We have shown that 258 kg mol~* PS-P2VP thin films can
be made to self-organize into well-ordered cylinder patterns in
under 15 minutes by optimizing the swelling profile. Complex
swelling profiles are also possible, and we demonstrated controlled
cyclic solvent annealing for the first time.

Experimental section
Thin film preparation

PS-P2VP cylinder-forming diblock copolymers were purchased
from Polymer Source Inc. and used as received. The number
average molecular weights of the BCPs were 258 kg mol '
(Mps = 185 kg mol ', Mpyp = 73 kg mol ™, PDI = 1.17) and
188 kg mol " (Mps = 135 kg mol ", Mpyp = 53 kg mol*, PDI =
1.18) with a PS volume fraction fps = 0.72. Analytical grade
solvents acetone, toluene and anhydrous tetrahydrofuran (THF,
contains 250 ppm BHT as inhibitor) were obtained from Sigma-
Aldrich. The BCPs were dissolved in a 7:3 mixture of toluene:
THF to obtain 0.5-1.0% (w/v) solutions. The solutions were left
to stir overnight and filtered using a 0.22 pm pore size syringe
filter to remove any undissolved particulates. Test grade (100)
silicon wafers with the native oxide intact were washed using
acetone and isopropanol followed by oxygen plasma cleaning
for 1 min (Oxford Plasmalab System100). The BCP thin films
were fabricated on 1/4 pieces of 2-inch Si wafers by spin coating
at 2500-3000 rpm for ~60 s in a closed chamber SSE OPTIcoat
spinner. The thin films were immediately soft-baked at 125 °C
for 2 min to remove any residual solvent. Samples were diced

This journal is © The Royal Society of Chemistry 2019



Soft Matter

into 1 ecm x 1 cm pieces and the initial thickness of the films
was measured from the center of the pieces using a HeNe
laser ellipsometer (Rudolph Research AutoEL III) at a 70°
incident angle.

Solvent annealing device setup

The SVA chamber consisted of a custom-made stainless steel
body and a detachable lid. The chamber had a maximum
internal volume of V =103 ml and could fit substrate wafers
up to 2 inch in diameter. The copper stage plate was bonded to
a thermoelectric cooler module (MultiComp, TEC 110 W, 12 A).
The TEC element could either heat or cool the stage depending
on the direction and magnitude of an electrical current driven
through it (Thorlabs ITC4005 TEC controller). Temperature of
the sample stage was monitored with a temperature transducer
(AD590MF) for the feedback loop.

Dry nitrogen gas was bubbled through a temperature-stabilized
solvent reservoir to generate the solvent vapor. The flow rate of the
carrier gas was set constant using a gas regulator and a Brooks
Instrument Sho-rate gas flow meter. The solvent vapor was fed into
the chamber from a ring-structure at the bottom to ensure more
uniform vapor distribution. The chamber inlet and outlet were
equipped with ball valves making it possible to cut off all flows and
make the chamber airtight. The solvent reservoir could also be
bypassed so that pure nitrogen gas was fed through the chamber
(purging). A Thorlabs TSP01 USB Data Logger was installed inside
the SVA chamber to monitor the temperature of the gas vapor. The
whole SVA setup was constructed in a temperature and humidity
controlled clean room to minimize external influences.

The chamber allowed optical monitoring through a quartz
viewport. A USB-connected CMOS camera (Thorlabs DCC1645C)
was installed above the viewport to provide live video of the thin
film surface during annealing. An LED ring light (Thorlabs OSL2
Fiber Illuminator) was used for sample illumination and the
system was set up to record in dark-field mode. The thickness
and swelling of the polymer film was determined in situ using
spectroscopic reflectometry with an Ocean Optics spectrometer
(HR4000) and a UV-Vis light source with a spot size of approx.
4 mm. To account for changes in the signal intensity and
ambient lighting, the system was calibrated and referenced
using a clean Si wafer before each run. The dry and swollen
film thicknesses were determined by fitting a thin film model to
the measured spectral data in real-time.®* The model used optical
constants that change with the addition of solvent according to the
Lorentz-Lorenz rule of mixing.** For PS-P2VP, it was assumed the
refractive index would comply with that of the majority block PS.
Either a constant refractive index (nps = 1.59) or a wavelength
dependent dispersion formula® was applicable. A refractive index
of 1.407 was used for THF. Dispersion equations were used for
toluene® and acetone.®”

Automated annealing process

The BCP thin films were annealed in the solvent annealing
device described above. The system was operated via a graphical
user interface that was connected to the TEC controller, spectro-
meter and CMOS camera. Samples were placed on the TEC plate
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in the chamber and the chamber was flushed with dry N,.
Solvent vapor was introduced into the chamber via the
temperature-stabilized bubbler at a constant N, carrier flow rate
of 100 ml min~*. BCP films were annealed in the solvent + N,
vapor flow so that the film SR (or thickness) followed a pre-
determined profile. The extent of swelling was measured in
real-time using reflectometry and controlled using a feedback
loop that automatically adjusted the temperature of the sample
stage by TEC. Currently, only the proportional gain in the
PID controller was used. The up ramping rates were varied
from 0.6 to 1.0 SR per min and annealing (dwell) times from
0 to 25 min. At the end, the swollen thin films were vitrified by
purging the chamber with dry N,. Additional heating (40 °C) was
used to remove the residual solvent from the films.

Sample characterization

A metal salt infiltration process®® was used to enhance imaging
contrast between the two blocks of the BCP. The thin films were
immersed in a 1 mM Na,PtCl, + 0.1% HCl(aq) solution for
10-15 min, washed with deionized water and blow dried with
nitrogen. The anionic platinum complexes bind specifically to
the protonated PVP domains. The morphologies of the platinum-
stained BCP films were examined with a field-emission scanning
electron microscope (Carl Zeiss ULTRA 55) operated at 3 kV. For
BCP lithography, the PVP cylinders were selectively removed by
dipping in warm ethanol and the pattern was etched into Si by
SF,/O, dry etching.®®

Morphology analysis and defect counting were done using
Image]2®® and MATLAB R2015b. The SEM images were converted
into binary black-and-white images with automatic thresholding
and noise was reduced by removing outlier pixels. The center
positions were used to generate a Voronoi diagram, and the number
of vertex edges was counted to determine the amount of lattice
defects. The periodic hexagonal morphology was analyzed using
Fast Fourier Transform (FFT) from 1024 x 1024 pixel binary images.
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