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Abstract

As we face emerging global challenges, such as rising energy consumption and
drinking water scarcity it is necessary that we invest in the research and
development of new technologies. Nanopatterning using block copolymer (BCP) self-
assembly 1s a promising way to advancements in applications ranging from water
treatment technologies to energy-efficient devices. 2D materials have also shown

great potential for many future technologies, including the aforementioned.

Nano-structuring of 2D materials is key to tuning their properties, for example
introducing a bandgap in graphene via a nanomesh or nanoribbons. This requires
high-quality periodic patterns with nanoscale resolution over large areas. Most
conventional nanostructuring techniques for 2D materials are difficult to scale. BCP
nanopatterning can offer a scalable solution, but few studies show this technique
applied to 2D materials beyond graphene. Different surface interactions on various
2D materials can have a determining role in BCP microphase segregation. In this
PhD thesis, the anionic polymerization of cylindrical forming polystyrene-block-
polydimethylsiloxane, (PS-b-PDMS) 1is reported and for the first time, the
characterization and direct confirmation of its formation are done through a fast
multidimensional 1H-29Si HMBC NMR experiment. Furthermore, the self-assembly
of cylindrical forming PS-b-PDMS on mechanically exfoliated hexagonal boron nitride
(hBN) 1is investigated and used for the nanopatterning of hBN and an hBN

encapsulated graphene van der Waals (vdW) heterostructure.

The use of soft topographic guiding patterns for the directed self-assembly (DSA) of
cylindrical forming PS-6-PDMS is also being studied on top of 2D materials. The main
goal with this is to achieve ordered PDMS nanochannels that can be encapsulated

between 2D materials for the fabrication of a nanofluidic device.

The discoveries presented in this thesis aim to uncover the immense potential of BCP
nanopatterning in conjunction with 2D materials and to inspire further exploration

of this exciting research area.



Dansk resume

Med globale udfordringer, sdsom stigende energiforbrug og drikkevandsmangel, er
det nedvendigt at vi investerer 1 forskning og udvikling af nye teknologier.
Nanostrukturering vha. blok copolymer (BCP) selvorganisering er en lovende metode
til at forbedre bade vandbehandlings- og energieffektive teknologier. 2D materialer

har ogsa vist stort potentiale for mange teknologier inklusiv de for omtalte.

Nanostrukturering af 2D materialer er vigtigt for at kunne justere deres egenskaber,
for eksempel ved at abne et band gap 1 grafen via et nanonet eller nanoband. Dette
kreever periodiske menstre af hej kvalitet med nanoskala oplesning over store
omrader. De fleste konventionelle nanostruktureringsteknikker brugt til 2D
materialer er svaere at skalere. BCP nanostrukturering er en skalerbar lesning, men
der er fa studier der anvender denne teknik pa andre 2D materialer ud over grafen.
2D materialer har forskellige overfladeinteraktioner hvilket kan have en afgerende

betydning for BCP-mikrofaseadskillelsen.

I denne PhD afhandling rapporteres den anioniske polymerisering af cylindrisk
formede polystyren-block-polydimethylsiloxane, (PS-b-PDMS) og for forste gang
bliver denne karakteriseret og direkte bekraeftet dannet ud fra et hurtigt
multidimensionalt 'H-29S1i HMBC NMR eksperiment. Endvidere er selvorganisering
af cylindrisk formede PS-b-PDMS oven pa mekanisk eksfolieret hexagonal bornitrid
(hBN) undersogt og brugt til nanostrukturering af hBN og en hBN-indkapslet
graphene van der Waals (vdW) heterostruktur.

Brugen af blede topografiske guide menstre til direkte selvorganisering (DSA) af
cylindrisk formede PS-6-PDMS er ogsa studeret pa 2D materialer. Hovedformalet
med dette, er at opna ordnet PDMS nanokanaler der kan indkapsles mellem 2D

materialer til at fremstille en nanofluidic enhed.

Opdagelserne preesenteret 1 denne afhandling har til formal at afdeekke det enorme
potentiale der er for BCP nanostrukturering i sammenhaeng med 2D materialer og at

inspirere til ydereligere eksploration af dette speendende forskningsomrade.
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Chapter 1. Introduction

1 Introduction

The global challenges such as the scarcity of drinking water and rising energy
consumption are the results of an increase in population growth and
industrialization. To solve these problems, new technologies e.g. desalination,
wastewater treatment and power consumption reduction are required. This has led
researchers to look into new materials and manufacturing processes that can lay the

foundation for future separation technologies [11-13] and electronics [9, 14, 15].

In the search for new materials for such technological solutions, 2D materials have
come into play due to their atomically flat structures, unique physical properties and
the big playground of material composites they open up [16]. Here especially,
graphene, hexagonal boron nitride (hBN) and transition metal dichalcogenides
(TMDs) are of interest for future membrane- [17-19] and semiconductor materials [9,

20-22].

However, for such technologies, structuring of the composed materials is required. A
good example is membranes that separate salts, heavy metals or other contaminants.
This requires pore patterns, often of different sizes and/or chemical affinities to
remove contaminants of different sizes and chemistry [23]. Also, electronics require
structuring for circuit- and electrode patterns and for electronics fabricated from 2D
materials, structuring can offer a way to alter the fundamental material properties

[9, 15, 24, 25].

Nanopatterning has emerged as a solution for increasing selectivity and processing
power by enabling the shrinkage of device feature sizes. Nanopatterning, also known
as nanolithography, is a process that involves creating nanoscale patterns on the
surface of the material. It can be performed through many techniques including
optical lithography, scanning probe lithography (SPL) and electron beam lithography

(EBL). Most of these techniques are time-consuming and they do not offer a low-cost
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and large-scale process for industrial purposes. On the other hand, block copolymer

(BCP) nanopatterning is very promising in terms of scalability and cost [13].

The BCP nanopatterning process is based on BCPs and their ability to self-assemble
into various nanostructures. BCPs have been around since the 1950s and are
commercially used in shoe soles, as the pressure-sensitive adhesive on the back of
your post-it note and to modify asphalt so it can resist large temperature fluctuations
[26]. However, in recent years the self-assembly of BCPs has gathered massive
interest from the semiconductor industry due to its high potential as template
materials for large-scale nanopatterns down to sub-10 nm dimensions [13, 27].
Additionally, not only has the BCP nanopatterning process shown useful to
nanopattern 2D materials for e.g. sensor- and electronic applications [12, 15, 20, 28,
29], but it has also been useful in combining 2D materials and BCPs into applications

such as memristors [30].

The scope of this thesis is to investigate the synthesis and characterization of a
silicon-containing BCP together with its BCP nanopatterning process and
applications in conjunction with 2D materials. The first part of the thesis will explore
the synthesis of polystyrene-block-polydimethylsiloxane (PS-b-PDMS), together with
a new characterization method for silicon-containing BCPs. With PS-b-PDMS being
the main material connecting this thesis, a second part will investigate its BCP
nanopatterning process performed on exfoliated 2D materials and how a combination
of BCPs and 2D materials can create new fluidic devices. Before getting to any of this,
a brief background on BCPs, their self-assembly and usage for 2D materials

nanopatterning will be presented.

1.1 Block copolymers

BCPs has been around for more than 50 years and is commercially utilized in many
of today’s thermoplastic elastomer applications e.g. footwear and adhesives. Their

history took off with the discovery of living anionic polymerization (1956), which also

2
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opened up for the possibility to combine thermodynamically incompatible polymer
blocks such as polystyrene (PS) and polydimethylsiloxane (PDMS). With this other
promising applications based on the self-assembly of these BCPs into various
structures were presented first through theory and later in practice [26, 31]. In this
section, the background on BCPs and their self-assembly in bulk melts and thin films
will be described together with annealing methods used to drive the self-assembly

into equilibrium structures.

1.1.1 Block copolymer self-assembly

A polymer structure composed of two or more chemically different molecular units
e.g. A and B is called a copolymer. If arranged in specific segments/blocks e.g. [A-A-
A]-[B-B-B] and covalently bonded to each other it is called a block copolymer (BCP).
The molecular design of BCPs spans a wide range of structures from linear-, cyclic-,
branched- and star architectures combining different block sequences using two or
more monomer units [26, 32]. Due to the difference in chemistry between the blocks,
BCPs can self-assemble into different microphase separated morphologies with
controllable dimensions. The self-assembly process is driven by thermodynamics and
the most studied BCP system is the linear diblock copolymers which consist of two
blocks in a highly flexible polymer chain [33]. The microphase separation
morphologies found in diblock copolymer melts are well known and described with
the phase diagram found in Figure 1A. The presented phase diagram is theoretically
predicted by self-consistent mean-field (SCMF) theory based on diblock copolymer
melts [2, 34]. It shows the Flory-Huggins interaction parameter, y times the degree
of polymerization, N as a function of the volume fraction, f, of one of the blocks (A or

B). These are the BCP characteristics where, N and f are values one can tune in a



Chapter 1. Introduction

polymer synthesis laboratory resulting in different equilibrium morphologies such
as lamellas (L), hexagonally packed cylinders (H), and body-centred spheres (Q229),
illustrated in Figure 1B [2]. The BCP domain sizes are controlled by the molecular
weight and therefore N and y, which describe the interaction between the two blocks

and are inversely proportional to the temperature [32, 33].

As seen in Figure 1A, below yN « 10.5, a disordered BCPs state is found (DIS) and
two limits are introduced, the strong segregation limit (SSL, yN > 10.5) and the weak
segregation limit (WSL, yN = 10.5). In the SSL the domain periodicity (L), scales as
N?/3x1/6 while in the WSL it scales as NY2. From this, it is clear that a high-y

parameter is important to achieve small domain periodicities [35].

This thesis only concerns diblock copolymers, which from now on, throughout this

thesis will be referred to as block copolymers (BCPs) for simplicity.

A) 100 LT ' T Y ™ U P B) cylinders
80 : spheres
lamellae
6" o)
x\ ’y;\?j increasing f,
40
i . .
spheres
0

cylinders

Figure 1: A) Theoretical phase diagram for a diblock copolymer melt adapted from
ref. [2]. DIS=disordered, H=hexagonal/cylinders, L=lamellae, CPS=cubic packed
spheres, Q229= body-centered spherical phase (Im3m) and Q23/=double-gyroid phase.
B) Illustration of the different phase morphologies found in diblock copolymer melt
when changing the volume fraction, fa, adapted from [8]. The reader is referred to the

main text for further details.
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1.1.2 Self-assembly in thin films

In general, the BCP self-assembly in thin films deviates from the one found in bulk
melts since additional parameters concerning the film thickness and interactions at
the BCP/substrate and BCP/air surface interface have to be considered. A film
thickness corresponding to an integer unit of L, would in the ideal case e.g. for
cylindrical forming BCPs tend to form cylindrical structures parallel to the substrate
surface [36]. However, various phases have been predicted to appear dependent on
the film thickness, creating both parallel and perpendicular structure alignments
[37]. To drive the system towards the ideal equilibrium case, an annealing step is
often applied. The initial non-integer film thicknesses cause an increase in the free
energy of the BCP system by stretching and compressing the microdomains. Through
the annealing process, this is circumvented by the formation of terraces (sometimes
referred to as dewetting) in the final structure. These terraces will have terrace
thicknesses either smaller or larger than L, [38]. Details concerning the annealing

process are presented in the following section, 1.1.1.

Moreover, the surface energies of the substrate and the BCP can influence the
wettability and cause so-called wetting layers at the different interfaces, which is not
desirable for application purposes [35, 39, 40]. Usually, the block in the BCP with the
lowest surface energy will wet the smooth substrate surface to lower the system’s free
energy. In studies concerning BCP thin film applications, much attention has been
put on the BCP/substrate interface where the wetting is often controlled by the
functionalization of the substrate by polymer brushes [6, 38, 39, 41, 42]. In addition,
this functionalization has also been shown to extend the long rang ordering, reduce
BCP pattern defects and be able to control the orientation of the domain features [39,
42]. The wetting at the BCP/air interface and the orientation of the domains can also
be controlled by the use of a top-coat. This has shown to be useful, especially for
lamellae and cylindrical morphologies, where features normal to the substrate

surface are often of interest [43, 44].
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1.1.1 Annealing methods

For many applications such as BCP nanopatterning, BCP thin films are required.
When spin casting a BCP thin film on a substrate, the system becomes kinetically
trapped and the obtained film will be in a disordered non-equilibrium state. By
playing with the mobility of the polymer chains, the predicted equilibrium structures
found from bulk melts can be adopted onto the surface with ordered domains [45].
Two of the most common ways to enhance chain mobility and improve the ordering is
by doing thermal- and/or solvent annealing. During thermal annealing, the BCP is
heated close to or above the glass transition temperature (Ty) to induce microphase
separation. However, thermal annealing often requires long annealing times and
high-temperature annealing can lead to degradation or chain scission. In solvent
vapor annealing (SVA) solvent molecules are introduced into a chamber and absorbed
by the BCP which reduces the diffusive energy barrier and thereby promotes the
ordering [45, 46]. SVA is a complex method and a comprehensive understanding of
how the final structure is formed has still not been established. Many parameters,
such as vapor pressure [47], solvent uptake [45, 48] and solvent desorption [48] will

affect the ordering of the final state. Additionally, different solvents and solvent

A)

Solvent

n- Heptane Spectral
Reflectometer

_' Toluene |

Sample 3
8‘P
Holder

Container ] L

Annealmq ‘Chamber

Figure 2: Two different SVA setups. A) SVA chamber is petri dishes put together to
obtain a closed chamber wherein solvent is placed. Adapted from [4]. B) SVA chamber
wherein saturated vapor streams of toluene and heptane is introduced while the

process is tracked in situ through a spectral reflectometer. Adapted from [10].
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mixtures will show different selectivity towards the blocks in the BCP and influence
the morphology by slightly shifting the block volume fraction [10, 49, 50]. The types
of SVA chambers span from simply closed chambers, like the one seen in Figure 2A,
to more complex systems, wherein the aforementioned parameter, can be controlled
and the evolution of the system during the process can be monitored simultaneously,

see Figure 2B [4, 10, 45].

Thermal annealing and SVA are often combined under names such as thermo-solvent
[46] or solvothermal annealing [45]. This combination opens a wider parameter space
wherein the BCP morphology can be tuned. Other ways to promote the self-assembly
of BCPs include electric fields [51] and laser writing [52].

1.2 2D materials

2D materials are atomically thin materials whose existence was first discovered
experimentally, by mechanically ripping the layered crystal material, graphite. This
resulted in flakes consisting of multi- and monolayers of graphite commonly known
as graphene [53, 54]. Since then, the field of 2D materials has expanded tremendously
and many other materials including, hBN, MoSs2 and other transition metal
dichalcogenides (TMDs) have been added to the 2D material library [16]. The
popularity of 2D materials is owing to their unique properties, which opens huge
potential in e.g. electronic devices [15, 30, 55, 56], separation technologies [18, 57]
and for studying exotic physical phenomena [58, 59]. Graphene and hBN are two very
promising 2D materials for such technologies and will be described in the following
section together with the combination of the two into van der Waals (vdW)

heterostructures.



1.2.1 Graphene

Figure 3: A) Crystal structure of
graphene. The unit cell contains
two carbon atoms (A) and (B)
which each has 3 neighboring
carbon atoms. Adapted from [3].
B) The electronic band structure
found in graphene. The zoom in
show an energy band close to a

Dirac point. Adapted from [7].
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As 1illustrated in Figure 3A, carbon atoms
forming a hexagonal lattice in a 2D plane build
up the crystal structure of graphene. Each
carbon atom shares three o-bonds formed by
sp2-hybridised orbitals with neighboring
carbon atoms. These bonds are responsible for
a fracture strength of 130 GPa found in
graphene [60]. The last p-electrons become
hybridized m-bands, which are delocalized over
the whole structure. These bands, give rise to
graphene’s remarkable band structure seen in
Figure 3B and are responsible for its high
carrier mobility found at RT [61]. Besides

showing peculiar mechanical and

electronic properties, graphene also shows very
high thermal conductivity [62] and is

completely impermeable to any gases [63].

Graphene can be obtained in many ways and is

often synthesized by chemical vapor deposition

(CVD) or molecular beam epitaxy (MBE). These methods are advantageous since they

provide higher control over the layer thicknesses and lateral size in comparison to

the exfoliation method. For applications such as electronic devices, high-quality

graphene is needed to achieve the best performance. Despite improvements in the

before-mentioned synthesis approaches, mechanical exfoliation of layered graphite

crystals remains the best way to obtain high-quality graphene [64].

A big challenge in the field of graphene is the fact that it is a semimetal and therefore

not useful in electronics unless it is modified so that a band gap is introduced. A band
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gap opening can be achieved through e.g. moiré superlattices [65, 66] or nano-
structuring [15, 67, 68]. Quantum confinement effects introduce a band gap opening
In graphene nano-structures such as a graphene nanoribbon (GNR) [55, 69] and a

graphene nanomesh (GNM)/antidot lattice [9, 15, 68].

Standard graphene devices have for long been using SiO2 as their primary dielectric
substrate. However, graphene does not exhibit its expected carrier charges, when
placed on SiOg, due to scattering from charged surface states, impurities and surface
roughness [21, 70]. This problem was solved by placing graphene on another 2D

material, known as hexagonal boron nitride (hBN) [22].

1.2.2 Hexagonal boron nitride

Hexagonal boron nitride is an isomorph to graphene with a sublattice containing
alternating boron and nitrogen atoms, see Figure 4A. Just like graphene, it shows
covalent bonds in the in-plan sheet structure while weak van der Waals (vdW)
Interactions dominate in-between layers of two or more sheets. Because of the
difference in the on-site energies of the boron and nitrogen atoms, it is an insulator
with a wide band gap (5.5-6 €V) [71]. Additionally, it presents high heat resistance,
high thermal conductivity and a fracture strength of approximately 70 GPa which

does not decrease as layer thickness increases, in contrast to graphene [72, 73].

High-quality and significant lateral-sized hBN sheets are challenging to obtain.
Large area hBN sheets have been prepared on different substrates using CVD, high-
pressure or high-temperature techniques [1]. However, due to high synthesis
temperatures and different gas exposures, problems with thickness uniformity and
defect creation often arises [74]. Just like graphene, mechanical exfoliation from bulk
hBN crystals provides high-quality flakes but with a higher concentration of small

flake sizes compared to that of graphene.
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hBN is a promising candidate for robust both liquid and gas separation membranes
since it presents a chemically inert surface, high corrosion resistance and high
thermal stability [57, 75, 76]. Additionally, its atomically flat surface can suppress
the ripping of graphene and its popularity rose when it was realized that it would be
the 1deal dielectric substrate for graphene- and later MoSs-based devices [16, 22]. The
development of suitable transfer methods, such as wet- [77] and dry transfer [78],
described in detail later in section 5.2.3, lead to the encapsulation of graphene
between two hBN flakes, gave birth to the field of van der Waals (vdW)

heterostructures.

1.2.3 Van der Waals Heterostructures

The stacking of different 2D materials on top of each other results in the production
of artificial materials with atomic layer precision called van der Waals
heterostructures [16]. In these materials, the layer arrangement can be designed such
that new or improved properties can arise and even pre-patterned layers can be

stacked together [65, 79-81]. VAW heterostructures are usually made manually from

Figure 4: A) Illustration of the monolayer and bilayer crystal structure of hBN. Adapted
from [1]. B) hBN/graphene/hBN hall bar device where half of is nanopatterned.
Adapted from [9].
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stacks of mechanically exfoliated 2D materials flake, since the transfer and
integration of largely grown 2D materials into vdW heterostructures is tricky [16,

74].

Flakes of hBN are often employed in vdW heterostructures as a substrate, a
protection cover from the environment or for full encapsulation of other 2D materials
[9, 81]. Using hBN as a substrate for graphene gives rise to so-called moiré
superlattices due to a lattice mismatch between the two crystal structures. With the
formation of the moiré superlattice, the graphene band structure presents moiré

minibands and a band gap opening at charge neutrality [65, 66].

Full encapsulation of graphene in hBN flakes has proven to consistently enable high-
quality devices, which over time, are not influenced by ambient conditions.
Additionally, as seen in Figure 4B, band engineering of graphene through
nanopatterning of hBN/graphene/hBN heterostructures has shown great promise for

future hBN encapsulated graphene devices [9].

2 Block copolymer nanopatterning

The semiconductor industry has shown significant interest in the self-assembly of
BCP thin films because of its immense potential as a template material for creating
large-scale nanopatterns with sub-10 nm dimensions. [13, 27]. However, BCP self-
assembly and nanopatterning go beyond the semiconductor industry and can also be
used e.g. in separation technologies [23, 82, 83] and energy devices [84-86]. This
chapter will go through a typical BCP nanopatterning process for the production of
BCP templates that can be used for manufacturing nanodevices. We further show
how directed self-assembly can improve pattern quality and reduce defects by
increasing pattern control. This will be followed by a section on a specific high-y BCP,
PS-b6-PDMS which is often used in nanopatterning processes and lastly some details

on how BCP nanopatterning has been used on 2D materials are presented.
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2.1 The block copolymer nanopatterning process

BCP nanopatterning is a very versatile nanofabrication technique because of the
large variety of well-defined periodic nanostructures that can be obtained with
characteristic feature sizes ranging from 5-100 nm. For many years, nanopatterning
using BCP self-assembly has been driven by the intense interest in downscaling
feature sizes in the semiconductor industry. In such applications, highly ordered
spheres, cylinders and lamellas are of prime interest and good control of the BCP
nanopatterning process is required to obtain highly ordered patterns with a limited
defect amount [86]. One way to achieve this is by doing directed self-assembly which

will be discussed in the next section.

With the new developments in nanotechnology, the demand for nanopatterning has
spread to other applications such as sensors [83], membranes [23, 82], catalysts [84,
85] and optical devices [56]. Many of these applications do not require the same high

amount of control of the nanostructures and defectivity [86].

There are four different strategies for designing nanodevices using BCP self-
assembly. These include sequential infiltration synthesis (SIS), BCP co-assembly,
microphase-separated BCPs and BCP templating [87]. The latter is the most
commonly used strategy where the BCP nanopatterning process includes the

following steps shown in Figure 5.

First, the BCP thin film is deposited from a solution onto the target substrate, which
may have been functionalized with e.g. a polymer brush layer prior to this step. This
1s usually done by spin coating, however, other techniques such as dip and spray
coating can also be employed [45]. In the second step, the microphase separation is
triggered by an annealing procedure as described in section 1.1.1. For applications
where a long-range ordering is, required different strategies such as DSA or top-coats
can be applied. The third step includes the selective etching of one of the blocks and
the subsequent transfer of the obtained BCP template pattern into the target

12
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Microphase
separation Selective etch
— —

Subsfrate | I Subsfrate
® ©) ®

Figure 5: Schematic of a typical BCP nanopatterning process. (1) The BCP thin film

deposition. (2) The microphase separation. (3) The selective etching of one of the blocks.

substrate. The etching and pattern transfer are commonly done through a dry

reactive ion etching (RIE) process [35, 45, 86].

For many years, polystyrene-block-poly(methyl methacrylate) (PS-PMMA) has been
the current standard for BCP nanopatterning processes since the understanding of
thin film physics, materials design and processing was already well-established.
However, PS-PMMA lacks two of the most essential properties for BCP templating,
a high etch selectivity and a high-y parameter which limits its use, especially for
applications where small feature sizes are required [35]. This initiated a search for
new BCPs that could generate feature sizes on the sub-10 nm scale. These dimensions
can be achieved together with reduced pattern defects through high-y BCPs such as
polystyrene-block-polylactide, polystyrene-block-poly(x-vinylpyridine) and
polystyrene-block-polydimethylsiloxane (PS-b-PLA, PS-b-P<VP (x = 2 or 4) and PS-b-
PDMS) [39, 88].

2.1.1 Directed self-assembly

Directed self-assembly (DSA) secures a higher control of the BCP self-assembly
process which is required for some technologies. Two of the main ways to do DSA, are
either by graphoepitaxy or epitaxial self-assembly (sometimes referred to as

chemoepitaxy) [5, 89], both illustrated in Figure 6. The epitaxial self-assembly of
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BCPs utilizes that the substrate is chemically patterned in particular areas to define
an affinity towards one of the blocks in that exact area and hereby guide the self-
assembly and orientation. However, obtaining a pattern that is commensurate with
the BCP morphology often requires high-cost lithography techniques e.g. e-beam
lithography or scanning probe lithography (SPL) which limits large-area

nanofabrication [5].

The second approach, graphoepitaxy, guides the self-assembly through pre-defined
topographic patterns in/on the substrate. Because of the topographic confinement
caused by the trench sidewalls, the patterning area is limited to the width of the
trench. The topographic guiding patterns can be prepared by various techniques, here

among conventional photolithography, making this approach more feasible for up-

(a) Graphoepitaxy (b) Epitaxial Self-Assembly

Topographic substrate patterning Ultrafine surface chemical pattern
by etching or deposition consistentto
block copolymer pattern

! 3 ¥

Block copolymer assembly Epitaxial assembly
within trench upon chemical pattern

Figure 6: Schematic of the two different DSA methods. A) Graphoepitaxy use
topographic guiding patterns to guide the self-assembly of the BCP. B) Epitaxial self-
assembly also sometimes referred to as chemoepitaxy. Here a pre-defined chemical

pattern is used the self-assembly of the BCP. Adapted from [5].
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scaling [5]. Many studies have focused on the making of topographic patterns directly
in the silicon substrate [39, 90, 91] or in other silicon-containing layers [4, 49].
However, this means that the pre-defined topographic pattern remains even after
pattern transfer [5] Others have used a removable template [55] or what is known as
soft graphoepitaxy using a disposable negative tone photoresist confinement [5, 92],

to overcome this problem.

Similarly, to epitaxial self-assembly, commensurability plays a key role in the
resulting topographic guided structures. Defect-free and highly aligned structures
are formed when the trench width is commensurate with the characteristic period
length, L,. Especially, for sphere- and cylindrical morphologies, the domain period
will adjust itself to match a potential slight incommensurate trench width. This
means that aligned defect-free structures with n domain rows can be formed in trench

widths, Lg in the range (n — 0.5)Ly < Ly < (n + 0.5)L, [93].

2.2 Block copolymer nanopatterning using PS-b6-PDMS

PS-6-PDMS is a BCP containing two well-known and very different polymers.
Polystyrene (PS) is used as foam and in a lot of packaging while polydimethylsiloxane
(PDMS) is used in contact lenses, medical devices, and lubricant oils. In terms of
characteristics, PS is stiff with a glass transition temperature, Ty of 110°C which is
in big contrast to PDMS which has high chain flexibility with a Ty -125°C [94, 95].
This special nature of the organic and inorganic parts gives rise to the distinct
properties found for PS-6-PDMS in solution and thin films leading to applications

spanning from thermoplastic elastomers to nanopatterning [40, 96, 97].

PS-6-PDMS is widely studied for BCP nanopatterning applications because of its
high-y value, providing feature sizes as small as 7.5 nm [20] and its high etch contrast
due to the big dissimilarity between the blocks. It is composed of two blocks, the stiff
PS and the rubbery silicon-containing PDMS, which show a big difference in surface

energies, yrpyus= 19.9 mN/m and yps= 40.7 mN/m. Because of this, PDMS
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preferentially segregate at BCP/air interface

creating the structure shown in Figure 7 [40].

The PS block can be selectively removed by an PDMS

oxygen plasma etch which subsequently will /|
oxidize the PDMS block into a silicon
oxycarbide (ox-PDMS) hard template which is

Substrate

Fi 7: Illustrati th -
thermally stable (up to 700°C) and can act as sure ustration of the cross

section of a cylindrical forming PS-

b-PDMS film on a substrate. Due

a patterning template. However, because of

the wetting layer at the BCP/air interface, an

to the big di J
additional plasma exposure step (CF4, CHFS3, 0 the big difference in surface

es, PDMS t tti
SFs), to remove the top PDMS 1is, always energies creates wetting
layers at the substrate/BCP and

BCP/air interface. Adapted from
[6].

reported as a default step in the BCP
nanopatterning procedure for PS-b6-PDMS
since an oxygen etch alone, will fail to produce

sharp domain patterns [39, 41].

The PDMS surface segregation is also seen at the substrate/BCP interface for most
substrates, except for substrates, which are selective towards PS e.g. a PS-brush
functionalized substrate. For native silicon, an undulating wetting layer at the
substrate/BCP interface has been reported and is believed to be caused by a near-

neutral surface i.e. the surface does not favor either PS or PDMS [6].

The versatility and robustness of the ox-PDMS template have been demonstrated for
BCP nanopatterning of chromium (Cr), silicon nitride (SiN) and aluminium indium
phosphide (AlInP) which makes it a promising candidate for patterning of
industrially valuable substrates [91, 98].
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2.3 Block copolymer nanopatterning of 2D materials

Tuning the optical and electrical performances of 2D materials is well-known to be
accessible through nanopatterning. Devices made of 2D materials and their
heterostructures are mostly nanopatterned by electron beam lithography on a lab
scale [9, 81, 99]. However, as 2D materials research is becoming more interesting for
different commercial industries, research on the implementation of a scalable low-
cost method, such as BCP templating, for nanopatterning of 2D materials has been

thriving [15, 20, 25, 55, 56, 58, 67, 90, 100, 101].

There are several studies on the nanopatterning of graphene into graphene-
nanoribbons [55, 90, 101-103], quantum dots [56, 58] and nanomeshes [15, 67] and
only a few on nanopatterning of MoSs [20, 25]. Common for these studies is that they
do the BCP nanopatterning process on smooth surfaces such as substrates with CVD
grown 2D material sheets or mechanically exfoliated flakes with a top protection
layer e.g. evaporated SiO2 or a polymer brush. Because of this, either the final device

quality or the BCP process (by adding additional processing step(s)) is compromised.

The first studies using BCP nanopatterning to structure graphene used PS-b-PMMA
but more recently other BCPs such as PPC-b-PS [104], P2VP-b-PS-b-P2VP [101] and
PS-6-PDMS [58, 90, 103] has been applied. BCP nanopatterning on graphene and
MoS2 using PS-6-PDMS has shown great potential, but often the final device
performance is limited by the remaining challenges concerning, the stripping of the
PDMS hard template, removal of polymer residues and uniform pattern transfer into
few atomic layered materials [103]. Similar challenges have been found for BCP
nanopatterning of 2D materials utilizing DSA methods which often adds undesired

additional steps to the nanofabrication process [20, 55, 89].

BCP self-assembly on 2D materials has most been concerned with BCP templating
for nanopatterning of 2D materials for various device applications. However,
researchers are using other BCP self-assembly strategies, such as SIS and BCP co-

assembly, in combination with 2D materials. In SIS, the BCP nanopatterned
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template is turned into metal sulfides such as MoSs2 through e-beam physical vapor
deposition [28] while in BCP co-assembly, inorganic nanoparticles such as TMDs and
graphene are incorporated into the bulk BCP solution to yield ordered nanostructures
of inorganic nanoparticles with BCP microphase separation [87, 105, 106]. Since this
thesis will only concern BCP nanopatterning using the BCP templating strategy, the

aforementioned strategies are not further covered here.
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3 Anionic polymerization of PS-b-PDMS

The following chapter covers the synthesis and molecular characterization of the
BCP, PS-6-PDMS performed at DTU Chemistry. For simplification, the PDMS chain
is sometimes described as M-D;-Dj-[D]m-Dj-Di-M where D represents [-Si(CHz)20-]
labelled D for the ones in the PDMS backbone, M denotes the terminal -Si(CHs)s
groups and D; and Dj is the siloxanes which are 1 and 2 spaces, respectively, from the
terminal M. The terminal M group will sometimes be denoted MOH which represents
a —S1(CH3)20H terminal group. The junction between PS and PDMS, -CH-Si(CHs)s-
O- 1s denoted J and the nearest neighbor to the PDMS side is denoted J;. An

1llustration of the notation is found in Figure 8.

CH, CH; CHs CH, CHs CHj
. " S| S| __cH |/CH3 S|i _CH S|i _CHy S|i _CHy
1 I L.c i LLSi Si
sec-Butyl C\E/ \%/ | \0’ \0/ \o \0/ \O/ \CH3
| 'I CH;
T
C c m
X, X
H H
L n

Figure 8: Illustration of the notation used for PS-b-PDMS.

3.1 Introduction

Polystyrene-block-polydimethylsiloxane (PS-b-PDMS) is a promising block copolymer
(BCP) for BCP nanopatterning, due to its high-y value and excellent etch contrast.
For BCP nanopatterning, the use of homogenous and narrow molecular weight
distribution BCPs is often necessary to obtain the best possible pattern control and -
quality. The best way to achieve such BCPs is through living polymerization. Living
polymerization includes, among others, anionic- and cationic polymerization which
only differ from each other based on the character of their reactive intermediates [97].

The ideal living polymerization is carried out with no side reactions of the
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propagation “living” polymer and with an initiation rate greater than the propagation
rate. To ensure no spontaneous termination, the polymerization is done in the

absence of possible terminating impurities (H20, O2 etc.) [107, 108].

Anionic polymerization using organolithium (RLi1) reagents has long been known to
synthesize homopolymers of PS [107-110] and PDMS [97, 111-114] from the
monomers styrene and hexamethylcyclotrisiloxane (Ds) respectively. Especially, the
polymerization of D3 into PDMS has been discussed due to the challenges in the
initial ring-opening polymerization where the cyclic siloxane monomer is cleaved into
linear siloxane segments [112-115]. Previous studies have reported the reaction
between RLi reagents and Ds in a hydrocarbon solution. They found that the rate of
the ring opening of D3 was much slower than the following alkylation reactions and
after termination with chlorotrimethylsilane (CTMS), the major product was
Bu(D1)Si1(CHs)s (D1 representing a single [-Si(CH3)20-]) with a substantial amount of
unreacted Ds. They further claimed that the D3 does not polymerize before the
addition of a donor solvent (promoter) such as diethyl ether, dimethyl sulfoxide
(DMSO), or tetrahydrofuran (THF) [112, 114, 116]. Furthermore, at D3 conversion
higher than 85%, the PDMS chains start to get attacked by their living ends due to
the reduced amount of monomer. These backbiting reactions create cyclic silicone
oligomers (D4 or higher) [117]. The role of the promotor is to increase the propagation
rate and reduce the possibilities of such side reactions [115]. Other ways to avoid
backbiting reactions include early termination (at D3 conversions <85%) [94, 114,

116].

The BCP, PS-b-PDMS was first synthesize by sequential anionic polymerization with
Ds [96]. Here a sequential addition of monomers, styrene, and D3 in cyclohexane with
n-Buli as the initiator was reported. Since then, minor adjustments to the synthesis
parameters have been made concerning the reaction temperature and reaction time
of the crucial step when adding D3 to the living polystyryllithium (PSLi*). The
following polymerization propagation is kept at low temperatures for 3-7 days [31,

95, 118, 119].
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The most common characterization methods for synthesized PS-6-PDMS include size-
exclusion chromatography (SEC) and liquid nuclear magnetic resonance (NMR).
From SEC, the molecular weight averages of the BCP can be determined together
with the polydispersity index (PDI) and the presence of residue monomer. This is
done in relation to a calibration curve usually made from measuring commercially
available monodisperse homopolymer standards, which is not ideal for BCP analysis
[120]. Additionally, when doing SEC on PS-6-PDMS, the presence of homopolymers
can slur the actual picture of the sample and it can be difficult to determine how much
is a homopolymer and how much is BCP [94, 96]. Furthermore, SEC is an
environment-sensitive and time-consuming process since a calibration curve is

needed, 1ideally, every time samples are measured [121].

For NMR experiments, the most common ones are the 1D 1H- or 13C-NMR where
proton- or carbon nuclei present in the sample, are recorded and represented in a 1D
spectrum with the (frequency) chemical shift as the x-axes and the intensity as the y-
axes. lH-NMR is convenient and fast with measurement times being less than 10
min, even for polymers. From a TH-NMR spectrum, the presence and mole fractions
of PS, PDMS, and monomer residues are rather easy to observe [122, 123].
Additionally, depending on the end-group, the number average molecular weight
(M), can be calculated by end-group analysis. For BCPs, it has not been customary
to find the M,,. this way and the method is believed to be restricted to M,, <20 kg/mol
due to decreasing sensitivity with increasing chain length reducing the end-group
signal [121]. Another drawback, especially for PS-b-PDMS is that it is nearly
impossible to distinguish between a PS/PDMS homopolymer blend and a PS-b6-PDMS
BCP only by TH-NMR due to the overlap of the signals from nuclei in PDMS in slightly

different chemical environments [124].

Special for PDMS is that it contains silicon and hence 29Si-NMR experiments can help
determine the microstructure of silicon-containing polymers as reported before [125].

For 29Si- and 13C-NMR a wider chemical shift range is found compared to tH-NMR,

providing less overlap and therefore a better chemical environment determination.
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However, the signal sensitivity herein signal-to-noise-ratio depends on the
gyromagnetic ratio (y), which describes the rotation of a charged particle and is
different from each nucleus. For 13C and 2981 this value is low compared to H
resulting in recording times being hours or sometimes even days, especially for

polymers due to the longer relaxation times [126].

Another way to gain knowledge about the microstructure is by looking at the
connectivity of chemical bonds through the observation of spin-spin coupling, which
1s the interaction between nuclear spins. This can be done through 2D NMR
experiments where the resulting spectrum is represented in a 2D contour map with
(frequency) chemical shifts, of each nucleus measured, as the horizontal and vertical
axes. With these experiments, the coupling between nuclei, one, two, or three bonds
away from each other can be seen and can help to describe the structure conformation
[126]. Heteronuclear multiple bond correlation (HMBC) is a 2D NMR experiment
where the correlation between nuclei of different types separated by two or three
bonds is investigated. In such an experiment, nucleus, X (often 1H) transfers its
magnetization to nucleus Y, which then returns it to nucleus X before another pulse

hits and by that the correlation between X and Y can be investigated [127].

The literature concerning the structural determination of PS-6-PDMS with 2D NMR
1s sparse although its huge potential especially after fast multidimensional
experiments can be implemented on most instruments [122, 128]. This chapter will
investigate the anionic polymerization of PS-6-PDMS mainly through 'H-NMR and a
1H-29S1 HMBC NMR experiment based on the acceleration by sharing adjacent
polarization (ASAP) method [128] to highlight its potential for silicon-containing
BCPs. The findings are compared to SEC results to validate the potentials and
possible limits of this 1H- and 'H-29S1 HMBC NMR method.
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3.2 Experimental

3.2.1 Materials, setup and purification
The synthesis of PS-6-PDMS was done

through sequential anionic polymerization in a _ ( A
setup similar to the one used in [129]. All /
glassware was flame cleaned under a vacuum X
prior to their usage. HPLC grade solvents,
cyclohexane (CHX) and tetrahydrofuran (THF) / X
were purified, first by passing it through an "
Al2O3 column into a cleaned round bottom Ly
flask under argon flow. Sodium in paraffin was

added to THF and it was put up for reflux. Figure 9: Illustration of the reactor

Afterwards a small amount of benzophenone with 6 necks. I and 2 represents the

two monomer ampoules, 3 is the

THF' flask and 4 is the rubber

was added and the characteristic dark
blue/purple color of anhydrous THF was seen.

CHX was put up for reflux and later a small septum where syringes can be let

amount of styrene and n-Buli (1.6M in through. 5 is the thermometer and

hexane) was added to verify the purity. 6 is the argon/vacuum inlet.

Styrene was poured through an Al2O3 column to remove the stabilizer and hereafter
further purified. Both monomers, styrene, and hexamethylcyclotrisiloxane (Ds), were
stirred over CaHsz overnight and degassed with at least three freeze-pump-thaw
cycles. This was followed by a distillation over BusMg (1M in heptane) and finally a
distillation into precalibrated monomer ampoules. CHX was distilled into the
monomer ampoules while THF were distilled into a precalibrated one-neck round
bottom flask. All flasks and ampoules were connected to a reactor with the setup as
illustrated in Figure 9. Reactor necks with additional connections to; the
argon/vacuum inlet (6), a thermometer (5), and a neck closed by a rubber septum used

to pass syringes through (4). The reaction was initiated with a newly opened sec-BulLi
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(1.4 M in CHX) and nitrogen bobbled CTMS (>99%) or MeOH (>99.9%) was used as
terminating agents. The initiator volume, V;, was calculated using

V= C,_M (1)
where c; i1s the concentration of the initiator, m is the monomer mass and M the
desired molar mass of the polymer [129]. Initiation, termination, and taken-up
sample aliquots were performed with gas-tight syringes. The temperature was varied

along the synthesis as described later in section 3.3.

3.2.2 Nuclear magnetic Resonance

1H- and !H-2951 HMBC NMR experiments were recorded for structural
characterization of the synthesized PS-b-PDMS. For the H-29S1 HMBC NMR
experiments it is assumed that the different compounds containing Si nuclei in the
samples had similar T2 relaxation because then the measurement of the 1H-29Si
coupling could be obtained in less than 10 min using the ASAP method described
elsewhere [128]. 29S1-NMR was measured for a few samples for comparison to the

obtained signals from the 1H-29S1 HMBC NMR experiments.

The NMR spectra were recorded on deuterated chloroform (CDCls, 7.26 ppm)
solutions with approximately 100 mg of BCP sample or on solutions directly taken
out of the reaction without the addition of a reference solvent. The spectra were
recorded on either a Bruker AVANCE 400MHz or 600MHz at RT or slightly above.
TH-NMR spectra were used to quantify M,, values and therefore the relaxation delay
was set to 10-20s for all 'H-NMR to ensure full relaxation of all the BCP nuclei. For
29S1-NMR and 'H-29Si the delay time was 1.5s. Additionally, the 29S51-NMR was 'H
decoupled to only see the average state of the protons and hence obtain a single signal.
The 1H-2951 HMBC spectra only show two and three-bond spin-spin couplings

between 29Si and 'H. They are 'H coupled resulting in a splitting of the signal into a
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doublet with the long-range coupling, 2Jcus.si = 7 Hz, from the methyl protons and

their coupling to silicon.

The program MestReNova was used for data analysis and a baseline was applied to
all spectra before integration. A line fitting was used to obtain integral values of
signals overlapping significantly with solvent signals e.g. PS signal (-CH2 and -CH).
The ratios of PS and PDMS in the samples were determined from the integrated
values of the aromatic PS- and the methyl PDMS signals found by proton NMR. End-
group analysis was done using 'H-NMR and 'H-29S51 HMBC NMR to obtain the
number average molecular weight, M,, as described later in section 3.3 based on [120].

Some useful 29S1 chemical shift values can be found in [124].

3.2.3 Size Exclusion Chromatography

Chromatography is the most widely used technique for the molecular weight
characterization of polymers. Here, size exclusion chromatography (SEC) in which
macromolecules in an eluent are separated by their hydrodynamic volume was
performed mainly for the comparison with obtained NMR results. The refractive
index (RI) intensity from the samples was collected with SEC and the molecular
weight averages were found through a conventional calibration based on
monodisperse PS standards. The SEC data was obtained on a VISCOTEK differential
refractometer/viscometer (only the RI detector was used) with a Nucleosil-300-7-OH
column with toluene as the eluent. The flow rate was kept at 0.5 ml/min and the
injection volume at 10 or 100 pL. The TriSEC software was used to record the RI
signal as function of the retention volume, V:et. Sample solutions of 5-2.5 mg/ml in
toluene were prepared. PS standards were used to make a calibration curve (log(M)
vs. Viet) and small amounts of Irganox 1330, mixed in the first and last standard
ensured a steady flow. No instrument calibration was done prior to the
measurements, meaning the peak broadening, sigma (band broadening) and tau

(tailing), were not taken into account. The average molecular weights were
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determined from the calibration curve (see example in appendix B1) using the TriSEC
software. Below is a description of the different molecular characteristics given from

the SEC analysis.

Synthetic polymers are never composed of just one exact chain length and are
therefore called polydisperse. This means that the molecular weight characteristics

need to be expressed in different ways using e.g. a number average molecular weight
(M,,), weight average molecular weight (M,,) and a higher average molecular weight
(M,). M,, give the number of molecules of each weight while M,, gives the molecular

weight based on the weight of the constituting molecules [120]. M, emphasizes large
molecules, but is commonly not quoted and will not be reported here. The molecular

weight averages and the PDI were found based on the general expressions given here,

Where N;= # of polymer molecules, M; = molecular weight and a is either 1, 2, or 3

— N;M;*
L (2)
2 NM;
generating the above-mentioned molecular weight averages expressed below,
— Y N;M; _ N:M.> _ N:M.3
M, = M (3) MW=L (4) MZ=Z i 12 (5)
LN Y N:M; Y N;M,

The ratio M,,/M, is the PDI which indicates the broadness of a molecular weight

distribution [130]. For simplification, M, will in the following be denoted M,.

3.3 Results and discussion

A basic reaction scheme for the anionic polymerization of PS-6-PDMS is presented in
Figure 10. The synthesis took place under argon and was started with the initiation
of PS with sec-Buli in CHX and proceeded for 12-22 h in order to ensure full
conversion to the living PSLi*, shown as 1. step in Figure 10. This was followed by
step 2, which was the addition of Ds in CHX, left until the orange color from PSLi*
was gone, indicated by a solution color change into a milky white color. In this step,

a ring opening of D3 takes place together with a set of alkylation reactions as
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described by others [112]. At RT, this took at least 6 h hence the reaction was typically
left overnight. For two samples, this took place at 50°C and the reaction time was
shortened to 1.5 h. In step 3, THF was added in order to promote the polymerization
of the ring-opened D3 The ratio between CHX and THF was approximately 1:1. The
reaction was left for 2 h at RT before being placed in an ethylene glycol bath, and
chilled to 0°C or -16°C for 3-4 days. Lastly, in step 4, the reaction was terminated with
CTMS. In Table 1 some specific synthesis parameters for the different syntheses can
be found. The concentration of D3 in the 1:1 CHX and THF mixture was for all
synthesis kept at around 5% (w/w). A PDMS volume fraction between 0.25-0.35 was
strived for while the desired molar mass was determined by the amount of initiator

through eq. (1).

Table 1: PS-b-PDMS synthesis details

PS Temperature Lifetime of PSLi+ Temperature .
. . . . Total reaction
Sample polymerization D3 ring-opening color after D3 D3 in CHX time [h]
time [h] [°C] addition [h] and THF ['C]
SD42 17 21 24 0 113
SD108 12 21 6 0 110
SD64 20 50 1.5 -16 96
SD19 22 50 15 .16 120

SD38 18 21 24 0 114
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Figure 10: Reaction scheme for the anionic polymerization of PS-b-PDMS. For further

details, the reader is referred to the main text.
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3.3.1 tH-NMR analysis

For all syntheses, no excess styrene was found in the 1H-NMR analysis, meaning the
PS polymerization time had been sufficient to achieve full conversion of styrene to
PS. However for SD64 and SD19 a shoulder at low retention volume in the RI signals
from an aliquot of the PS polymerization was observed, see Appendix B2 or later in
Figure 17. This phenomenon has been observed before in the polymerization of PS
but has never been given much attention [118]. It could be caused by a dimeric
coupling which can be formed in the presence of oxygen. The oxidation of PSLi* can
give rise to a diverse array of products e.g. with alcohol and ketone chain-end
functionalization [131]. This claim could be supported by the broad singlet resonances
found in TH-NMR around 61H =4.7 ppm which indicates a —OH group. In appendix B3,
a 1H NMR spectrum of a PS aliquot showing this is found.

T
& ]
™~
‘r‘ﬂﬁll E 5
| \ N 5 f\ _
ll‘ kM |‘ IUJ' |‘ ;’:\ / \\,\ § . ‘
J \/ W NS e G_J \\‘_
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8.0 7.5 7.0 6.5 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
IH (ppm)

Figure 11: 1H-NMR spectrum showing the characteristic resonance signals from PS
(Ar-H, Ar-H, -CH-, -CH3z-) and PDMS (D) together with signals from the end-group
s-Butyl and excess Ds. A small signal from CHX is seen overlapping with PS (-CHz-).
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In Figure 11, a typical tH-NMR spectrum of a synthesized PS-b-PDMS taken at
600MHz is shown. The signals labelled Ar-H, -CH-, -CHz2- belong to protons from PS
while the signal labelled Dy, is from the protons of the methyl groups in the siloxane
backbone of PDMS. The signals labelled Ar-H and Ar-H belong to the protons of the
aromatic rings, containing 3 and 2 protons respectively. The next signal (-CH-) and
the following bumps (612 = 1.7-2.3 ppm) come from the proton of the tertiary carbon
while signal -CHzs- is from the protons of the secondary carbon. These signals often
contain signal overlaps from THF and CHX. Signal s-Butyl is two broad bumps from
the protons of the end-group containing two methyl groups from sec-BuLi. The small
signal around 6H = 0.26 ppm indicates the presence of D3 while the broadness of a
small peak/shoulder found on the right side of the D signal indicates it comes from
protons in a PDMS chain. However, it is well-known that siloxane sites close to the
terminal sites in PDMS (D;, D;) give rise to individual signals and therefore create an
overlap in this area [125]. Due to this large overlap of resonances around §1H = 0-0.32
ppm, it is almost impossible to assign these only from !H-NMR and it further
complicates the conclusion on rather PS-b-PDMS is present or just a PS/PDMS blend.
When zooming in on this area, additional satellite signals can be found on each side
of the main D3 and PDMS signal which arise from the coupling to different silicon

1sotopes (2851, 2951 and 30S1).

The line widths found in the 'H-NMR spectrum are much broader for the PS signals
than the PDMS. This indicates that PS is more rigid than PDMS and has a longer T2

relaxation (T,"*¢"") since the full width at half maximum (FWHM) of a signal is found

by FWHM = ;, where %

Uay) 2

1 1

j t . .
= —meet T e Here T,707Y s the instrument
2 2

(inhomogeneity and instability of the field) contribution to the line width. By looking
at the linewidths of the different nuclei in the samples (e.g. in CTMS, D3 and PDMS),
a similar FWHM 1is found for CTMS, Ds and PDMS, all are around 1.5-1.9 Hz. This
justifies the assumption that the T2 relaxation is similar for the silicon-containing
compounds and hence the 'H-29S1 HMBC NMR experiment can be used for this

system, which will be shown in sections 3.3.2 and 3.3.3.
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In Table 2 is the results from the 1H-NMR analysis presented. The PDMS volume

fractions (froms) were calculated through the following equation

f PDMS = M Prous M, ( 6 )

XppMS

PS
PppMms Pps

where Mppys = 74 g/mol, pppys = 0.97 g/cm?® and Mpg = 104 g/mol, ppg = 1.032 g/cm3
[40]. The mole fractions, xppys and xps were calculated from the ratio between the
proton normalized intensities obtained from the IH-NMR analysis. An example of

how to calculate xppys 1s shown below in eq. (7)

Appms
Nppms
x =_PDMS 7
PDMS AppMs i+ Qpg ( )
Nppms  Mps
appMms aps . .
Here —= and — denote the proton normalized integral values for PDMS and PS.
PDMS PS

n, is the number of protons belonging to the integrated value, a,. For PDMS, the D
signal was used while for PS, the Ar-H signal containing 2 protons was used since

this signal contained no overlap signals with other species.

The number average molecular weight was calculated from the degree of
polymerization (DP) with eq. (8) and (9) for each of the blocks, PS and PDMS (PDMS

1s shown as an example)

Appms * Nend
DPppys = —_ (8)
Nppms * Aend

My.ppms = DPppms * Mppus + Mena,y (9)
Here a, denotes the integral value obtained from 'H-NMR belonging to the group of
interest, x = PDMS, PS (Ar-H) or end-group, and n, is the number of protons in that
given group. The DP, is then used to calculate M, , here the M,,,, is the molecular
weight of the end-group used in the calculation of DP,. The end group used depends
on the NMR spectrum of interest. S-Butyl is usually easy to observe and without any

peak overlap while -Si(CHs)s often is impossible to observe and integrate in tH-NMR.
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Therefore Mgpq, = 30.02 g/mol, when using s-Butyl in 'H-NMR and M., =
73.118 g/mol when using Si(CHz)s in 1H-2951 HMBC,

When calculating the total M,, the DP calculated from PS and PDMS is used as follows

My, = Meng,1 + (DPppys - Mppus) + (DPps - Mps) + Mepa (10)
The M, for each block can also be calculated from the total M,,, by multiplying with

the volume fraction of the block e.g. frpms.

Table 2: Molecular characteristics of the synthesized PS-b-PDMS

PS-b-PDMS PS-b-PDMS PS-b-PDMS

Sample frpus, XNMER M, 1H-NMR M., sec My, sec PDI
NME %] [g/mol] [g/mol] [g/mol]

SD42 0.36 97 32215 46600 56200 1.206

SD108 0.26 95 85940 119600 188700 1.578

SD64 0.2 83 44821 64300 80400 1.25

SD19 0.26 90 24980 18700 21000 1.123

SD38 0.28 98 36058 37900 41200 1.089

The obtained D3 %conversion, found in Table 2, described by the mole fraction of
PDMS relative to Ds, xyur 1s >80% for all samples. However, for SD64 and SD19 the
PDMS yield is a bit lower than for the others which is also reflected in the volume
fractions, froms which are a bit lower than expected (should have been around 0.30).
This suggests that the D3 ring opening at 50°C for 1.5 h might not have been long
enough to ensure the full opening of all D3 before the polymerization into PDMS.

The molecular weight obtained from the 'H-NMR end-group analysis is also
presented in Table 2 with a comparison to SEC results. It is seen that the values
obtained from SEC are way higher for most of the samples except for SD19 and SD38,
which fits nicely. However, these three samples also show a high PDI and hence a
broad distribution of different molecular weights which is challenging when doing
end-group analysis. Additionally, the reported M,, of SD42, SD108 and SD64 are all

approximately twice as high as the desired M,, calculated from the monomer masses
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and initiator volume. This can be explained by the presence of impurities, such as
water which must have consumed approximately half of the initiator. Additionally,

this would also explain the high PDI values seen from these samples.

In general, all the PDI values are overestimated since no calibration of the peak
broadening from the instrument was performed. However, SD19 and SD38 both show

acceptable PDIs e.g. for BCP nanopatterning applications.

In Figure 12 is the raw refractive index increments shown for each sample. The
negative signal at 2.8 mL i1s from the eluent while the signal in SD42, SD108 and
SD64 at 2.2-2.4 mL is from a PDMS homopolymer, which, in toluene, has RI
increments of the opposite sign as PS. The presence of the homopolymer creates
further uncertainty on the molecular characteristics obtained from SEC since the
signals from the homopolymer and BCP slightly overlaps. However, the formation of

a PDMS homopolymer further confirms the presence of trace water, which is believed

—— SD42 ——SD108 —— SD64

-

1?6 1?8 2"0 2?2 2?4 2?6 2?8 3?0 32 1fs 1?8 210 2?2 2?4 216 218 3j0 32 16 18 270 22 24 2?6 28 30 32
Ret Vol (mL) Ret Vol (mL) Ret Vol (mL)

——SD19 SD38

-

16 18 20 22 24 26 28 30 32 16 18 20 22 24 26 28 30 32
Ret Vol (mL) Ret Vol (mL)

Figure 12: SEC traces of all samples. The negative RI signal at 2.8 mL comes from

the solvent, toluene.
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to originate from water in the D3 monomer and result in the formation of siloxane
diols that can propagate in both ends [94, 113]. The shoulder at higher retention
volume found from PS aliquots of SD64 and SD19 seems to still be present for sample
SD19, at approximately 2.1 mL. This indicates the presence of a PS homopolymer,
however, due to overlap with the BCP signal this is hard to determine. The removal

of impurities and homopolymers will be further discussed in section 3.3.1.

3.3.129S1-NMR analysis

Since 29Si-NMR is very time-consuming because of the signal sensitivity, this
measurement was only performed on a few samples, with one shown here. A 29Si-
NMR spectrum, which took more than one day to measure, is shown in Figure 13.
From this, the different signals from the PDMS block can be assigned and M,,of the
PDMS block can be calculated. This can be

Dm

compared with the results from 'H-29S1 and
SEC and give a good idea of how well these

experiments align with each other.

_______________________________

In Figure 13, the signal from the PDMS 7
backbone, Dn, (62951 = -22.15 ppm) together with ,”WL\f-w"hwPp~w'«VWR,‘&,{M\},N'M,JN Mg
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Figure 13: 29Si-NMR spectrum of
PS-b-PDMS measured on a
600MHz NMR instrument.

and D; are placed on each side of the D signal
and in the shoulder on the right side of the Dm
signal is the signal from D; (62951 = -22.28 ppm)
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found. Additionally, a very small signal from the coupling between PS and PDMS is
seen at 62951 =45 ppm and its presence was confirmed with the 'H-2951 HMBC

spectrum found in Figure 14.

A M, for the PDMS block in relation to the end-group M was calculated from the
integrated signals. From this calculation, a M,, = 5096 g/mol was found which is in
the same order as the M, found with 'H-NMR, see Table 3. The M, for PDMS
calculated from 'H-NMR based on the volume fractions seems to fit the best with the
M,, found from 29Si. On the other hand, the M, found from 'H-NMR based on the
calculated DP for the PDMS block fits better with the SEC results. Furthermore, the
obtained M,, value for PS-6-PDMS found with 'H-NMR is around 10 kg/mol higher
than the one found from SEC. However, again it is noted that SEC results are
calculated without an instrument calibration and against PS standards, which is not
ideal for BCPs. Lastly, the M,, for PDMS found from 'H-29S1 HMBC is almost the same
as the one from H- and 29Si-NMR, verifying its potential for the characterization of
silicon-containing compounds. With these results, it is argued that 'H-2951 HMBC

NMR experiments can be used for molecular weight characterization just like 29Si.

Table 3: Number molecular weight averages of a PS-b-PDMS sample calculated
from different NMR spectra and SEC analysis for comparison

PDMS PDMS PDMS PDMS PDMS PS-b-PDMS PS-b-PDMS
M, 29si-NMR My, 1H-NMR My, 1H-NMR M, 1H-29Si-NMR My, sEc My, 1H-NMR M, sEc
[g/mol] [g/mol]® [g/mol]» [g/mol] [g/mol]® [g/mol] [g/mol]
5096 3955 5226 5521 4068 41531 32300

a) Calculated from the DP found from end-group analysis with s-Butyl. b) Calculated from the
volume fraction (fppys = 0.13) and PS-6-PDMS M,, found with 1H- NMR. ¢) Calculated from the
volume fraction (fppys = 0.13) found with 1TH-NMR and PS-6-PDMS M,, found with SEC
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3.3.2 1H-2951 HMBC NMR analysis

A 1H-2951 HMBC spectrum is presented in Figure 14. All signals are split into

doublets, separated by approximately 7 Hz, coming from the 2Jcns.si coupling between

the methyl protons and the silicon nuclei. The most intense signal is the one found at

(61H, §2981) = (0.18, -22.13) ppm from the coupling between protons of the methyl

groups to the silicon found in the
PDMS siloxane backbone, labelled Dp.
Additionally, signals from its
satellites are also observed and
marked with * in the top tH-NMR. The
signal from excess monomer D3 is
found at (0.27, -8.45) ppm. Signal M
corresponds to the TMS end-group,
while J, label the signal confirming
the presence of a covalent bond
between PS and PDMS in PS-b-
PDMS. In the same 'H chemical shift
range as signal J, a broad signal at
02981 = .21.6 ppm 1is seen. This is
believed to originate from J; based on
the signal location and the 1:1 ratio
between the normalized integrated
values of J and Ji. The small broad
peak/shoulder seen most clearly in the
IH-NMR trace is assigned to the Dj
group. Its 1H-29S1 HMBC signal
intensity largely overlaps with the D

signal which limits its uses.
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Figure 14: 1H-29Si HMBC spectrum with 1H
chemical shift horizontally and 29Si
chemical shifts vertically. Signals from Dm
with satellites marked *, Dj, M end-group, J
block coupling and D3. At the top is the
corresponding 1H-NMR trace is found. The
spectra was measured on a 600MHz NMR

instrument.

36



Chapter 3. Anionic polymerization of PS-b-PDMS

Additionally, two minor signals corresponding to resonances in the H-NMR
spectrum are seen at (0.24, -10.60) ppm and (0.20, -19.25) ppm. The first signal
probably arises from methyl groups in a MOH which fits well with the presence of a
minor signal around 4.75 ppm in 'H-NMR. This indicates the presence of water and
1t was again observed for sample SD42, SD108 and SD64 which also could explain
why the molecular weights found in Table 2 are almost twice the desired (M,, from
Initiator volume). The latter signal at (0.20, -19.25) ppm is believed to be from protons
in a cyclic silicone oligomer, D4 originating from backbiting reactions as has been
reported before [117, 124]. This signal was only observed in samples with conversion

rates xvur >90%.

M, for the PDMS block was calculated from the integrated signal values and
compared with tH-NMR and SEC results, as seen in Table 4. From these results, it
is seen that the M,, values obtained from 1H-29Si HMBC are way off the results from
1H-NMR and SEC except for samples SD19 and SD38. Because of this, it is believed
that the M,, obtained from 'H-2951 HMBC NMR is very sensitive to the PDI of the
BCP and cannot be used for BCPs with PDIs > 1.13.

Table 4: Number molecular weight averages of the PDMS blocks calculated from
different 1H- and 1H-29Si HMBC NMR spectra and SEC analysis for comparison.

PDMS PDMS PDMS PDMS
Sample Mny, 1HNMR  Mn, 1HNMR M, 1H-295i-NMR M, SEC-NMR
[g/mol]® [g/mol] P [g/mol] [g/mol]®
SD42 11231 11695 5403 16916
SD108 21498 22507 4710 31322
SD64 8451 8910 4273 12782
SD19 6621 6575 6264 4922
SD38 9581 10021 8209 10533

a) Calculated from the DP found from end-group analysis with s-Butyl. b) Calculated from the
volume fractions and PS-6-PDMS M,, found with 1H- NMR, Table 2. ¢) Calculated from the volume
fraction found with 1H-NMR and PS-6-PDMS M,, found with SEC in Table 2
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3.3.3 Investigating kinetics with 1H and 1H-29S1
HMBC NMR

The synthesis of sample SD19 was followed by taking small aliquots at different times
during the reaction to investigate the reaction kinetics through H-NMR and 'H-29Si
HMBC NMR. Each aliquot, except for the one taken from the PS solution which was
terminated by MeOH, was terminated by triple excess of CTMS.

When comparing the ratio between the signal intensities of CTMS and D3 from 1H-
NMR and 'H-29S1 HMBC, it is seen that they are almost identical. This again means
that the assumption of a similar T2 relaxation for the different nuclei is acceptable
and that a difference in T2 will have a very small influence on the volume integrals
obtained from 1H-29S1 HMBC. However, for the measured sample aliquots a clear
underestimation of the signal intensities from 1H-2951 HMBC NMR compared to 1H-
NMR is observed, suggesting that 1H-2951 HMBC, in this case, is not useful for
quantitative analysis. This is among other things, believed to be caused by the
relatively high amounts of CTMS and Ds present in the samples, which makes the
intensity integrations even more challenging. Because of this, the integrated values
from the 'H-2951 HMBC NMR spectra of the aliquots were only used qualitatively to

compare the different aliquots.

This is seen in Figure 15, where the graph shows the ratio between PDMS and D3
signal intensities found from 'H and 'H-2951 HMBC NMR plotted against the reaction
time after PSLi* polymerization. Note that the x-axis is not linear. The black lines
indicate the addition of a) D3 monomer to the PSLi* polymerization, b) THF solvent
and d) CTMS terminating agent to the reaction while c) indicate the cooling to -16°C.
The conversion of D3 to PDMS is also seen in the corresponding 'H-NMR spectra to
the right in Figure 15.

No polymerization of D3 is observed before the promoter, THF, is added whereas after
a rapid polymerization into PDMS is seen. The 'H-NMR data shows that it takes less

than 15 min to obtain around 70% conversion into PDMS which after 4 days at
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-16°C increases to around 90%. A second thing to note is that the conversion
percentage does not seem to change much from termination (d) to 15 min after
termination suggesting that full termination happens in less than 15min and is

rather stable for up to 2h after termination.

Figure 16 shows the 'H-2951 HMBC NMR spectrum from the sample aliquot taken
out right after THF addition. We observe the main signals from Dy, (incl. satellites *),

M and J which confirms the presence of PDMS covalently bonded to PS with end-

1,0

—e— 1H-NMR

| —e— 1H-29Si HMBC
0,8 -
0,6 -
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0,2 -
0,0 -
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Figure 15: Graph showing the D3 conversion found with both 'H and 1H-29Si HMBC
NMR as function of reaction time after PSLi* polymerization. The corresponding 1H-
NMR specra is found to the right, showing the signals from D3 and Dmn: PDMS. The
black lines in the graph indicate a) when D3 was added to PSLi* at 50°C, b) THF added
at T=25°C and left for 2 h before c) the reaction was cooled down to -16°C and left until

d) CTMS was added to terminate the polymerization.
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group M. The signal in 1TH-NMR at 61H = 0.009 ppm, seen in Figure 16, is a silicon-

containing contaminant (62951 = 10.9 ppm) that is constant during the whole reaction

and is believed to originate from the D3 monomer.

Additionally, a signal from J; is also seen together with the signal from the D; groups.

However, for the latter, it is tricky to see the splitting of the peak in the 1H-2951 HMBC

and it overlaps with the D signals so its integration is better done in the tH-NMR

spectrum. Furthermore, a signal
at (61H, §2981) = (0.028,-21.89) ppm
1s seen which couples to a signal
in the TH-NMR on the right of the
M end-group signal. This signal is
believed to originate from D;
groups in PDMS homopolymer
and  PS-b-PDMS  since a
comparison of its integral with
the integration of signal J from
the 1H-2951-HMBC NMR, results
in a ratio beyond 1:1
(approximately 4.5:1). With this,
the presence of PDMS
homopolymer can be identified
quickly without the need of SEC
measurement. The same
comparison were done with 'H-
NMR integrals but these were

inconclusive due to peak overlap.

SEC measurements was
performed on all aliquots and the

results are shown in Figure 17
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Figure 16: 1H-29Si HMBC of the sample aliquot
taken out right after THF was added. Signal
from D3, Dm with satellites marked *, Dj, end-
group M, and the PS-b-PDMS block coupling,
J and Ji. At the top is the corresponding 1H-
NMR trace is found. This spectrum was
measured on a 600MHz NMR instrument.
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and in a table in appendix B4. As previously mentioned, a shoulder at high retention
volumes was observed already in the PS aliquot and is still visible in the aliquots
taken out before adding THF (0.5h and 1.5h). When THF is added (1.75h) and the
polymerization of PDMS starts, the shoulder is swallowed by the PS-6-PDMS signal
that moves to a slightly higher molecular weight, as also seen in the table in appendix
B4. The RI signal stays more or less stable during the polymerization propagation at
-16°C until the whole reaction is terminated after 97.5h. Here a negative RI signal
from a low molecular weight PDMS homopolymer appears and does not seem to
change in the following hours after termination. The molecular weight averages listed
in appendix B4 are around the same values for all aliquots with a final M,, of 18700
g/mol which is very close to the value (15000 g/mol) anticipated from the initiator
volume. The PDIs indicate a narrow PS-6-PDMS distribution that seems to decrease
during the reaction, especially after termination (97.5h). However, this is probably
due to the appearance of the PDMS homopolymer RI signal which overlaps with the
PS-6-PDMS RI signal. Furthermore, the final PDI of 1.12 is again expected to be

overestimated due to the lack of calibration parameters in the SEC analysis.

——0.5h ——19.5h ——97.75h

——1.5h ——45.75h ——98.5h

——1.75h ——68.5h ——99.5h
——97.5h |

C Q[ N[

T T ] T T T
20 25 30 20 25 30 20 25 30
Ret Vol (mL) Ret Vol (mL) Ret Vol (mL)

Figure 17: SEC RI data from SD19 aliquots.
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3.3.1 Homopolymer removal

The presence of PS and e
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Figure 18: 1H-29Sit HMBC of SD19 before A) and after

favored solvent, was used
B) washing in n-pentane. With B) showing signals
from CTMS, Ds, Dn with satellites marked *, Dj, M
end-group, and the PS-b-PDMS block coupling, J and

Ji. At the top is the corresponding 1H-NMR traces

to wash the samples. The
washing resulted in a
cloudy mixture with a
white solid at the bottom,

presumably PS-5-PDMS found. Theses spectra was measured on a 400MHz

which was filtered from NMR instrument.

the rest of the solution. In appendix B5 the SEC traces of SD108 from before and after
the n-pentane washing is shown. From this, a clear removal of the negative RI
increment around 2.2 mL is seen, indicating the removal of the PDMS homopolymer.
Investigation with 1H- and 1H-29S1 HMBC NMR of both the solid and the liquid phase
after washing confirmed the removal of the excess D3 monomer and other impurities
as shown in Figure 18. The PDMS mole fraction relative to the signal from the PS-b-
PDMS junction, J in tH-29S1 HMBC does not change after washing in n-pentane which
indicates that none of the BCP was lost. This is further confirmed from the 'H-NMR
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of the liquid phase where PS, PDMS and D3 were present but from 1H-29S1 HMBC no
signal from the J block coupling at (61H, §295) = (-0.11, 4.67) ppm was found which
means the PS and PDMS signals originate from homopolymers, see appendix B6.
Table 5 shows the molecular characteristics obtained after some of the samples were
washed in n-pentane. The first thing to note is that the volume fractions now are way
lower than the initial found values from Table 2 and actually in or close to the

spherical morphology regime.

The obtained M,, values from the 'H-NMR analysis fit nicely with the SEC analysis.
This agrees well with the reduced solvent and impurity peak overlap observed from
1H-NMR in the washed samples compared to the as-synthesized and highlights the
importance of purification and complete drying. The PDIs are similar to the ones
found prior to the washing and still indicate the presence of impurities during the

synthesis.

Table 5: Molecular characteristics of the synthesized PS-b-PDMS washed in pentane

Sample 7o Mo Mac Mo poy
SD42P 0.14 46645 41600 52900 1.272
SD108P 0.17 111899 107900 170500 1.58
SD19P 0.19 22757 19200 22400 1.167

3.4 Summary

In this chapter, we have synthesized the silicon-containing BCP, PS-6-PDMS through
sequential anionic polymerization of styrene and D3. We obtained BCPs with number
molecular weight averages (M,) ranging from approximately 100 kg/mol down to 20
kg/mol and PDIs in the 1.6-1.08 range. We observed that the reaction time of the D3
ring opening can be speeded up by applying heat for a couple of hours. Our results
suggest that to ensure full D3 ring opening reaction times longer than 1.5 h at 50°C

1s required. We have further shown what a powerful technique 'H-NMR is for
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molecular characterization and end-group analysis of BCPs, especially BCPs with
PDI < 1.13. Additionally, we have shown the first demonstration of how 'H-29S1
HMBC NMR can be used as a complementary technique to tH-NMR and that it is a
fast characterization method to e.g. reveal the direct coupling between two blocks in
a silicon-containing BCP, such as PS-6-PDMS. From this, we also argue that 1H-295i
HMBC NMR seem to be a valid way to obtain M, values of the PDMS block when
looking at samples with narrow PDIs (<1.13). Lastly, we showed how homopolymers
of PS and PDMS can be removed by washing the products with n-pentane. With these
results, we have demonstrated the potential of NMR for molecular weight
determination and characterization of polymers, such as block copolymer systems
containing silicon. We hope that these findings will encourage polymer researchers

to explore the many possibilities of NMR for polymer characterization.
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4 Self-assembly of PS-b-PDMS on 2D materials

In the following chapter, the self-assembly of a PS-6-PDMS thin film on hBN together
with the nanopatterning of hBN and a vdW heterostructure of hBN encapsulated
graphene is presented. The main part of this chapter is based on the manuscript
“Nanopatterning of hBN via Block Copolymer Self-Assembly of PS-b-PDMS”,
Christina. Breth Nielsen, Anton Lyksborg-Andersen, Xiang Cheng, Tim Booth and
Kristoffer Almdal, which is to be submitted (can be found in appendix E).

4.1 Introduction

For many of today’s technologies, such as data storage [30, 132], integrated circuits
[20, 25, 55, 67, 100] and membranes [11-13], lithographic structuring is an essential
step in device fabrication process. As devices have become smaller, specialized
nanopatterning methods, such as electron beam-, ion beam- and deep UV lithography
have risen. Most of these methods are limited by cost and lack of efficient upscaling
[24, 27, 133]. However, block copolymer (BCP) nanopatterning has shown very
promising results in terms of low cost, scalability, and efficiency in obtaining feature

sizes from 100 nm to below 10 nm [55, 90, 134].

BCP nanopatterning typically uses thin films of BCP solutions to open a range of
patterning morphologies driven by the thermodynamics of the BCP self-assembly
mechanism. The key factors regarding BCP self-assembly in thin films are the block
characteristics, substrate chemistry, interface interaction, and film thickness [13].
The interaction between the blocks is described by the Flory-Huggins interaction
parameter (y) which together with the degree of polymerization (N) governs the
pattern feature size. Recent BCP nanopatterning studies have been focused on e.g.
polystyrene-block-polydimethylsiloxane (PS-b6-PDMS) which not only has a high x-
parameter but also shows good etch contrast between its constituent blocks [4, 6, 20,

417, 49, 90, 100].
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Patterning lattices of antidots (holes) in 2D materials has been shown to be a viable
route towards controllably introducing a tailored bandgap [9, 135]. BCP
nanopatterning has previously been applied to perform such structuring on graphene
and MoS2 [15, 20, 25, 30, 55, 90, 100, 103]. However, despite the huge potential of
BCP nanopatterning for the structuring of 2D materials, it has not expanded to other

2D compounds.

A common problem when doing BCP nanopatterning on 2D materials is the existence
of polymer residues on the 2D material after the nanopatterning process. The
presence of these has been shown to impact the electronic properties e.g. by
introducing p-doping of graphene resulting in decreased device performance [15, 90,
103, 136]. These residues often come from the use of polymer brushes or random BCPs
used on graphene or MoS2, to functionalize their surfaces before the BCP
nanopatterning process [15, 20, 30]. The brush layers help to obtain long-range order
and to control the morphology orientation. However, it also adds additional steps to

the BCP process which is not desirable when considering manufacturing [15, 100].

Besides the ordering, the brushes also decrease the possibility of dewetting and hence
wetting layers at the top/bottom interfaces, which are often seen for BCPs with large
surface energy differences such as PS-b-PDMS. The formation of wetting layers in
the PS-b-PDMS system has been investigated towards different surfaces, including
chemical vapor deposition (CVD) graphene, usually based on its water contact angle.
The studies report the formation of wetting layers at the substrate/BCP and BCP/air
interfaces [6, 41, 100]. We note that studies on the wetting of PS-6-PDMS towards
mechanically exfoliated graphene are limited, although this remains the best way to

obtain high-quality graphene [15, 136].

Problems regarding the conservation of the intrinsic properties arise when nano-
structuring 2D materials, due to bad pattern quality, in the form of dangling bonds,
edge- and line roughness, polymer residues, etc. [21, 137]. Previous studies have

shown that encapsulation of 2D materials can limit these problems and thereby
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maintain the wanted properties of pristine graphene. A good example is the van der
Waals (vdW) heterostructure of hBN-encapsulated graphene [15, 20, 67, 102, 138].
hBN is an insulator that is structurally isomorphic to graphene and is a good
candidate material for future separation technologies [139, 140]. It has been shown
that graphene, sandwiched between two hBN flakes, can be nanopatterned with e-
beam lithography and afterwards show the opening of a tunable band gap and
persistent physical properties compared to pristine graphene [9]. However, to mimic
this with a BCP nanopatterning process, we first need to know how the use of hBN
affects the BCP nanopatterning process. This will include the effects arising from the
difference in surface energy and the use of exfoliated flakes. To the best of our

knowledge, BCP nanopatterning has never been studied on heterostructures or hBN.

In this chapter, we aim to investigate the BCP nanopatterning process on
mechanically exfoliated hBN flakes using cylindrical forming PS-b6-PDMS. Through
cross-sectional scanning transmission electron microscopy (STEM) and atomic force
microscopy (AFM), we study the cylindrical morphology and orientation together with
the interactions at the different interfaces obtained through solvent vapor annealing
(SVA). We demonstrate a 15 W oxygen plasma method to remove the PS block and
simultaneously oxidize the PDMS into hard silicon oxycarbide cylinders (ox-PDMS)
[20]. Finally, the pattern transfer into mechanically exfoliated hBN flakes is verified.

4.2 Experimental

4.2.1 Materials and sample fabrication

PS-6-PDMS (M,,: 37,9 kg/mol, PDI: 1.1 (SEC results measured against PS standards),
feoms: 0.28 (from H-NMR), Lgcac:24 nm from self-consistent mean-field (SCMF)
theory, assuming y = 0.265 [88] and other values from [141]) was synthesized by
living anionic polymerization. Polymerization of styrene in cyclohexane was initiated
with sec-butyllithium and hexamethylcyclotrisiloxane was added after 18h. The

reaction was left overnight at RT. The next morning THF was added and the reaction
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was left to stir for 2h at RT before getting cooled to 0°C and left there for 3 days.
Hereafter, the reaction was terminated with chlorotrimethylsilane. All solvents were
purchased from research chemical suppliers and monomer and solvent purification

was done as described elsewhere [129].

S1/S102 (90nm) substrates were marked with an index mark system using optical
lithography and deposition of Cr/Au in a conventional lift-off process. Crystals of h BN
and graphene were purchased from HQ Graphene and exfoliated onto these Si/Si0O2
substrates with semiconductor die sawing tape (Nitto Denko) after pre-treatment of
the wafers with an Oz plasma (PlasmaEtch PE-50, 120W, <200 Torr, 5 sccm, 8-10
min) to improve adhesion. hBN/graphene/hBN stacks were made with CAB transfer
[78]. The PS-b-PDMS was dissolved in cyclohexane with a 1 wt. % concentration and
spin-coated at 3000 rpm, acceleration 500 rpm/s for 60s with a static dispense method
onto the S1/S102/hBN, leaving a thin film of approx. 35 nm. The film was solvent
vapor annealed on a petri dish within a petri dish (approx. S/V = 0.68 [47]) with
toluene (2.5 mL) and a lid on top for 20 min at RT.

Hereafter, the sample was subjected to an Oz plasma etch (Moorfield Minilab 026,
15W, running pressure: 1.8x10-2 mbar, 10 sccm, DC bias: 160 V, 20 min), removing
the PS block and leaving the robust oxidized PDMS template on top of hBN. An
annealing step at 500°C for 3h in 3% Ha/Ar was introduced to remove residual PS. An
SFe plasma etch (Moorfield Minilab 026, 10W, running pressure: 1.8x10-2 mbar, 10
sccm, DC bias: 128 V, 30-60s) removed the exposed parts of the hBN flakes and the
ox-PDMS, leaving only the patterned hBN flakes.

4.2.2 Atomic force microscopy

Atomic force microscopy (AFM) is used to obtain surface topography at the atomic
scale in three dimensions. It can be operated in different modes, however, for BCP
film studies, AFM in tapping mode is desired since it is non-destructive and also

provide phase contrast imaging that can give additional information about the
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sample [142]. The AFM measurements were conducted on a Bruker Dimension Icon-
PT instrument, in either soft-tapping air mode (height and phase) or with ScanAsyst
mode (height). A standard tapping mode tip was used. and the typical acquisition
parameters were 256 lines with a scan rate of 0.99 Hz. Scan sizes were typically

between 500 nm and 4 pm.

4.2.3 Electron microscopy and focus ion beam

processing

Electron microscopy techniques are powerful and often crucial when working on the
nanoscale. They can produce high-resolution images on the atomic scale using highly
focused electron beams. For this project, cross-sectional, micron-sized sample lift outs
have been essential for the understanding of the sample. These cross-sectional lift
outs were prepared using a Focus Ion Beam (FIB) processing method performed in a
scanning electron microscope (SEM). The sample edges were painted with silver paint
to reduce charges from building up and mounted on an SEM holder. The SEM/FIB
processing was done on an FEI-Helios dual beam system with 5 kV and the sample
preparation was done as described elsewhere [143]. All samples were coated with an
electron beam deposited gas, Trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPtMes) before FIB milling. The nanopatterned hBN sample was coated with
evaporated carbon and 1-2 nm gold before the e-beam coating to protect the surface
from the harsh MeCpPtMe3 e-beam deposition. The cross-sectional lift-outs were
thinned with the FIB before during STEM measurement. Bright-field and high-angle
annular dark-field (HAADF) STEM imaging and STEM-EELS measurements were
conducted on a Titan Analytical 80-300ST TEM operated at 300 kV or 120 kV.
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4.1 Results and discussion

The fabrication process is illustrated in Figure 19. No surface treatment was used
before the spin casting of the PS-6-PDMS (27K/11K) BCP thin film onto a wafer with
exfoliated flakes of 2D materials. The resulting film thickness, tfim, as determined by
atomic force microscopy (AFM), was 30-40 nm, close to an integer multiple of the
natural period (L,). However, the presence of exfoliated 2D material flakes with
different heights ranging from monolayers (4.1A) to multilayers of hundreds of nm,

produced inhomogeneities in the film thickness in different areas on the substrate.
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Figure 19: Illustration of the BCP nanopatterning process. A) hBN flakes were
exfoliated onto an argon plasma etched Si/SiOz2(90nm) substrate. B) A PS-b-PDMS
(38K) solution was spin-cast with a static method onto the Si/SiO2/hBN, leaving a
thin film of approx. 30-40 nm. C) SVA in toluene for 20 min at RT. D) A Oz plasma
etch, removes the PS block and leaves a robust ox-PDMS hard template on top of
hBN. E) A furnace annealing and a SFs plasma etch, removes the exposed parts of
the hBN flakes and the ox-PDMS, leaving nanopatterned hBN flakes. Order
depended heavily on the film thickness and it was expected to influence the ordering

of the ox-PDMS cylinders over a large area.
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As reported for other cylindrical forming BCP systems, the equilibrium order
depended heavily on the film thickness [37] and it was expected to influence the

ordering of the oxidized PDMS cylinders over a large area.

The samples were annealed for 20 min in toluene vapor at RT [9, 81]. The ratio, S/'V
(S = surface area of the solvent, V = volume of air mixing with the solvent vapor) was
kept at around 0.65 cm-1. After SVA, terraces with thicknesses approximately 10 nm
taller/deeper than the original thickness were formed on all samples. These were
observed by both SEM- and AFM images, seen in Figure 20 and appendix C1

respectively.

4.1.1 PS-b6-PDMS self-assembly on hBN

To investigate this further, SEM/FIB cross-sectional lift-outs were made which also
allowed the investigation of the PS-b-PDMS wetting on hBN. Two lift-out regions
were chosen from optical microscope images, one showing a varying film thickness on
an hBN flake and one showing a smooth film on an hBN flake, see Figure 20A and
appendix C2. Figure 20A shows an SEM image from the varying film thickness
region. The dark terraces were, through AFM and the cross-sectional STEM images,
found to contain ordered PDMS cylinders in a PS while the brighter parts showed a
different morphology.

Figure 20B is a zoom-in from an area with a film thickness of 29 nm. Here the desired
morphology with PDMS cylinders in a PS matrix is found with a periodicity, Ly~35 nm
and a PDMS cylinder diameter of 15 nm. In previous cross-sectional studies of PS-b-
PDMS films under SVA they observed an elliptic distortion of the PDMS cylinders
which 1s discussed to originate from in-plane film strain formed by the solvent
evaporation [4, 6]. This distortion is, however, not observed in this study. Going
towards an area with a lower film thickness, the morphology changes. Figure 20C
shows a zoom-in of an area with a PS-b-PDMS monolayer film thickness of 21.5 nm.

Here, a lamellar morphology parallel to the hBN surface is observed. This pattern
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could also be from a PDMS cylinder cut in half, with a diameter of 10 nm.

However, this would mean that the equilibrium morphology would accept film
thicknesses ranging from around 35 to 21.5 nm which seems unreasonable when
considering the systems morphology sensitivity towards thickness changes [6]. The
presence of silicon in the dark grey areas of the PS-b6-PDMS film was confirmed by
energy electron loss spectroscopy (EELS), see appendix C3. STEM images from the

smooth film region are found in appendix C2. Here a non-ordered multilayer PS-b-
PDMS film on hBN was found.

Figure 20: A) SEM image from before taken lift-out of hBN flake with a SVA PS-b-
PDMS on top. The dark areas corrospond to areas with horizontal PDMS cylinders
in a PS matrix as seen in the cross-sectional STEM images of a sample lift-out with
Pt/C protection on top of PS-b-PDMS on a hBN flake (12 nm thick)/SiO2 (90
nm)/Si. B) zoom on an area with PDMS cylinders parallel to the hBN surface in a
PS matrix and a film thickness of 29 nm. C) zoom on an area with PS-b-PDMS
lamellae ordering parallel to the hBN surface and a PS-b-PDMS film thickness of
21.5 nm. The thickness difference between the two areas is illustrated with the

arrows. The raw STEM images can be found in appendix C5.
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In all cases, selective wetting towards PS at the hBN/BCP interface is observed.
Additionally, no top- or bottom PDMS wetting layer(s) at either the BCP/air interface
or the hBN/BCP interface is observed. This is a surprise, especially the fact that no
PDMS wetting layer is observed at the BCP/air interface. The PDMS wetting layers
are created because of the large difference in surface tension between PS (40.7 mN/m)
and PDMS (19.9 mN/m) which leads to PDMS segregation at the interfaces [40]. Our
findings are in contrast to previous observations with PS-6-PDMS on CVD graphene
surfaces that have not been functionalized either thermally or by applying a polymer
brush [58, 100]. The water contact angle for CVD graphene has been experimentally
found to be around 68° but can be increased to 94.8° with a thermal treatment which
results in the absence of a PDMS wetting layer at the graphene/BCP interface [100].
Similar increases in contact angles from 60° to 80° have been reported for exfoliated
graphene when exposed to air over 4 days, whereas, for exfoliated hBN, a smaller
increase is observed from approximately 82° to 88°[144]. Compared to CVD graphene,
hBN has a slightly lower surface energy, which could explain the lack of a PDMS
wetting layer at the hBN/BCP interface. The reason for the lack of a similar interface

at the BCP/air interface is not clear.

The presence of PDMS wetting layers depends not only on the preferential interaction
between the BCP and the substrate [6] but also on the film thickness [145] and the
annealing procedure [90]. The lack of a PDMS wetting layer at the CVD
graphene/BCP interface has been observed in one study using a combination of
toluene solvent vapor- and thermal annealing (>45°C) [90]. They argue that the lack
of the PDMS wetting layer is due to the toluene vapor pressure being high enough
and slightly selective towards PS, to compensate for the PDMS segregation. However,
these findings suggest that this compensation might already be realized by SVA in
toluene at RT.

A lack of a PDMS wetting layer at the BCP/air interface is useful in this work since
this means that plasma etching used to form the hard template can be performed in

a single step with Oz plasma. We used plasma powers of 10-15 W which are ideal for

53



Chapter 4. Self-assembly of PS-b-PDMS on 2D materials

2D material processes, but are an order of magnitude smaller than typical plasma
powers for BCP templating [103, 134]. The Oz process parameters were 10 sccm, 15
W, 20 min.

Figure 21A shows an AFM height image of an hBN flake edge with ox- PDMS on top
after O2 plasma etching. The presence of vertical and horizontal cylinders is seen on
hBN whereas only horizontal cylinders are observed on SiOs. The top part of the hBN
flake, which contains the largest number of vertical cylinders is thinner than the rest
of the hBN flake, suggesting that the difference in BCP morphology is due to film
thickness variations caused by the difference in flake thickness. Though, in general,
a larger number of vertical cylinders was found on hBN flakes compared to SiO2

which either means that hBN is somewhat non-selective towards the two blocks
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Figure 21: AFM height images at the edge of an hBN flake doing the BCP lithography
process. Height profiles from the white lines are shown beneath. A) After Oz plasma
etching, the height profile shows the contour of the ox-PDMS cylinders on top of an
hBN flake. B) After furnace annealing and an SFs plasma etch, the height profile
shows the inverted pattern into the hBN flake. C) Raman spectra of A) where PS is
still present together with ox-PDMS after O: etching (red line) and B) after furnace
annealing SFs plasma etching showing no presence of PS and PDMS seen (black line).
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creating a perpendicular orientation or that a larger film thickness variation is seen
on hBN compared to SiOs. However, this was not investigated further. The height
profile reveals 6-12 nm high cylinders and an L, = 38.9 nm, which is in accordance
with the STEM cross-section results. Raman spectroscopic measurements after Oz
etching showed the presence of PS residues (Figure 21C). These residues have been
shown to affect the electronic properties of 2D materials [15, 136]. To remove these
residues, furnace annealing at 500°C under Ar/H2 flow was performed. Finally, an
SFe etching step (10 sccm, 10 W, for approximately 30 s) transferred the pattern into
the hBN flakes, with the ox-PDMS acting as a template. Figure 21B shows an AFM
height image of the same hBN flake edge after furnace annealing and SFs plasma
etching. The height profile shows up to 15 nm deep holes. Additionally, from Raman
spectroscopy measurements, the complete removal of both PS and PDMS after

annealing and SF¢ etching is confirmed as presented in Figure 21C.

In Figure 22A a 1.5 pm overview image of the nanopatterned hBN flake, is shown.
The platinum-containing protection layer reveals the non-ordered patterns, which is
in good agreement with the aforementioned AFM and STEM images. The STEM
images show the projection of the front of the cross-section which can be changed by
changing the focus of the electron microscope and with this, it is possible to verify the
origin of the patterns. Figure 22B shows a hole that continues when changing the
focus, see Figure 22C. This indicates that an ox-PDMS mask with horizontal lying
cylinders has been present prior to the SFs etching. Another thing to note is that
there are no significant changes in the evaporated carbon layer which is a strong
indication that all PS- PDMS residues have been removed, leaving a clean

nanopatterned hBN surface.

Figure 22D and Figure 22E show STEM cross-sectional images from the same area
of the lift out but with a different focus. These show a nanopatterned hole originating
from a horizontal template pattern. The same is seen in Figure 22E together with an
hBN etch angle of 55.5°. presence of hBN layers marked in Figure 22D is an

indication that the pattern does not continue throughout the 100 nm cross-section
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a.nm H0m

Figure 22: Cross-sectional (S)TEM images of a sample lift out after
annealing and SFs etching. A) and B) are images of the same area taken
with different microscope focuses revealing a patterned hole that continues
throughout the 100 nm cross-section. C) Shows an overview of the
nanopatterned hBN flake. The amorphous carbon-Pt (C-Pt) protection layer
helps to identify where the flake has been patterned. D) and E) are images
of the same area taken with different microscope focuses showing a pattern
that does not continue throughout the 100 nm cross-section. The blue lines
in D) mark the hBN layers seen through the protection layer. Layers,
Yellow: MeCpPtMes, Green: Evap. C. = evaporated carbon, Blue: hBN,
Red/Purple: SiOz2/Si. Raw STEM images can be found in appendix C6.
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and that it originates from an ox-PDMS template with vertical standing cylinders.
Additional cross-sectional images can be found in appendix C4. Furthermore, in this
study, angles of etched hBN sidewalls from 49-56° were observed; approximately 10°
lower than the range of sidewall angles found in the literature [146, 147]. Our results
suggest that a low-power plasma, results in a smaller sidewall angle than in the case
of higher powers for similar chamber pressures. This lower sidewall angle is an
advantage when considering using this process to nanopattern graphene in
hBN/graphene/hBN stacks since it can provide an additional reduction in the feature

size [147].

4.1.1 PS-b-PDMS self-assembly on
hBN/Graphene/hBN

Initial tests on hBN/graphene/hBN stacks were done with the same process and
resulted in pattern transfer. Figure 23A shows a STEM cross-sectional image of a
stack with trilayer graphene encapsulated between a top layer hBN (16 nm) and a
bottom layer hBN (85 nm). An indication of etch damage to the top layer hBN is seen

Figure 23: Cross-sectional STEM images of a sample lift out after annealing and SF
etching of an hBN/graphene/hBN stack. A) Shows the atomic layers from hBN and
graphene (Gr) in the stack. There is an indication of etch damage in the top hBN flake
(16 nm). B) Shows that the top hBN flake has been shifted during the process due to

burstine of trapned bubbles in the stack.
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and further analysis determined that the etch processes had been too long resulting
in the complete removal of the stack in some areas. Figure 23B shows a STEM cross-
sectional image where the top hBN layer has shifted several nanometers during the
process. The bursting of the bubbles, trapped between the layers when producing the
stack, causes this shift. In appendix, C7 optical images of the stacking process are
found and here the presence of bubbles is seen. From these initial results, it is
concluded that similar angles of etched hBN sidewalls around 53-56° are found.
Additionally, polymer residues were found beneath the bottom hBN layer which can
be seen in appendix C8. These originate from the sample preparation and can be

avoided.

4.2 Summary

In this chapter, we have demonstrated a BCP nanopatterning process that can be
used to nanopattern mechanically exfoliated hBN flakes without requiring special
pre-treatment, e.g. a polymer brush layer. Through cross-sectional lift-outs, the
interactions between PS-6-PDMS and hBN were shown to allow the self-assembly of
a monolayer of PDMS cylinders in a PS matrix parallel to the hBN flake. Notably,
this occurs without the formation of PDMS wetting layers either at the substrate or
air interfaces. After a single step of Oz plasma etching, AFM images revealed the
presence of both vertical and horizontal hard silicon oxycarbide cylinders lying on top
of hBN. These patterns could be transferred into hBN flakes through an SFs etch step
followed by furnace annealing, leaving a clean hBN surface that is ideal for device
applications. Initial tests were performed on hBN/graphene/hBN stacks; however,
some challenges were discovered e.g. concerning trapped bubbles in the stack
resulting in a shift of the top hBN layer. With this study, we hope to pave the way for
the application of BCP nanopatterning to structure mechanically exfoliated 2D
materials and heterostructures other than graphene. This enables the patterning of
a wider range of materials not only beyond the resolution limit of conventional

nanolithography but also in a scalable manner.
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5 PDMS nanofluidic channel fabrication on 2D materials

This chapter covers the latest part of the project, which was initiated at the National
Graphene Institute (NGI), University of Manchester (UoM) in collaboration with
colleagues from UoM and is still ongoing. The chapter is based on an idea for a
nanofluidic device, fabricated through DSA of PS-6-PDMS combined with 2D
materials. The chapter only covers the fabrication steps while initial fluidic test
measurements are still to be performed. The specialized lithography pre-patterning
and electron microscopy analysis was done in collaboration with trained colleagues

from DTU and UoM.

5.1 Introduction

The field of fluidics studies the motion of fluids (gases or liquids) and their ability to
control functions such as sensing, amplification and switching through the fluid
stream much like electricity [148]. Fluidic device research gained momentum in the
field of microfluidics, and with the emergence of nanotechnology, nanofluidics came
into existence. Nanofluidics studies the flow of a fluid in and around objects where at
least one dimension is limited to being below 100 nm. When operating at this scale,
the objects show a high surface-to-volume ratio and different forces e.g. vdWs-, and
electrostatic forces, start to play a key role and give rise to new physical phenomena

[149].

Due to their ability to offer infinite possibilities in construction, atomic thinness, and
precise control of interlayer distances down to the nano- and angstrom scale, 2D
materials hold significant promise as materials for the development of nanofluidics.
With graphene being impermeable to any liquids and gases, nanopores and
nanochannels have allowed great prospects for graphene-based nanofluidic
technologies such as gas separation membranes [12, 150] and water transport [19,

151, 152]. For instance, A-sized capillaries made from graphene and its multilayers
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have demonstrated an unexpectedly fast water flow rate [152]. Additionally, other 2D
materials such as hBN and MoS:2 also showed promising gas flows [153] and water

transport applications [17, 76].

The fabrication of 2D material-based nanofluidic devices usually requires high-cost
lithography technologies. An alternative to this is to use block copolymer (BCP) self-
assembly. BCP self-assembly has gathered massive interest due to its high potential
as a template material for large-scale nanopatterning in the semiconductor industry
[13, 27]. However, BCP self-assembly goes beyond the semiconductor industry and
1ts ability to create nanopores and nanochannels can be utilized to create nanofluidic

devices [23, 82, 83].

The BCP, polystyrene-block-polydimethylsiloxane (PS-b-PDMS) has been widely
studied as a template material for the nanopatterning of various materials [39, 56,
90, 91] but it has never been studied as a fabrication route for PDMS nanochannels
for nanofluidic devices. In PS-b-PDMS, the flexible block, PDMS is one of the most
popular materials used in microfluidics due to its low cost, biocompatibility,
elastomeric properties and optical transparency. Nevertheless, the intrinsic surface

properties limit its use to applications requiring hydrophobic surfaces [154, 155].

It is known that the surface properties of PDMS can be modified from hydrophobic to
hydrophilic through different processes, thermal treatment, use of coatings and
plasma oxidation. An oxygen plasma treatment using a constant power of around 70
W for several minutes has been shown to produce hydrophilic, SIOH groups that do
not recover back to their hydrophobic properties even after hours of air exposure

[154].

Through the BCP nanopatterning process of cylindrical forming PS-6-PDMS, an
oxygen plasma etching step is required to remove the PS block and simultaneously
oxidize the PDMS cylinders into hydrophilic silicon oxycarbid (ox-PDMS) cylinder
channels [39, 56].
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In this chapter, we suggest a way to combine 2D materials with directed self-
assembly (DSA) of PS-b6-PDMS to produce a nanofluidic device with aligned ox-PDMS
channels sandwiched between a top and bottom 2D material. The sagging and
conformation of 2D materials to topographic substrates are believed to allow the
introduction of nanofluidic channels in such a device [156]. We introduce soft

graphoepitaxy using disposable positive-tone photoresist confinements to perform the

DSA of PS-b-PDMS.

5.2 Experimental

The characterization techniques used in this chapter are the same as the ones
referred to in the experimental section of chapter 4 (section 4.2). For this reason,

these will not be elaborated further in the following section.

5.2.1 Materials and sample fabrication

PS-6-PDMS (M,,: 37,9 kg/mol, PDI: 1.1 (SEC results measured against PS standards),
feoms: 0.28 (from 'H-NMR), was synthesized by living anionic polymerization. The
polymerization of styrene was initiated with sec-butyllithium in cyclohexane. After
18h hexamethylcyclotrisiloxane (D3) was added and the reaction was left overnight
at RT. THF was then added to promote the polymerization of D3 and the reaction was
left to stir for 2h at RT. Hereafter it was cooled to 0°C and left under stirring for 3
days. The reaction was terminated with chlorotrimethylsilane. All solvents for the
synthesis were purchased from research chemical suppliers and monomer and

solvent purification was done as described elsewhere [129].

S1/S102 (90nm) wafers were either used as received or marked with an index mark
system using optical lithography and deposition of Cr/Au in a conventional lift-off
process. The wafers were cut into 1.5x1.5 cm dies and sonicated in acetone for 2 min,

followed by isopropanol and DI water rinse. Graphite and hBN crystals were
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purchased from Manchester Nanomaterials or HQ Graphene. They were exfoliated
onto Si/Si02 substrates with semiconductor die sawing tape (Nitto Denko) after a
plasma pre-treatment (NanoETCH, Oz/Ar, 8W, running pressure 1.5x10-2 mbar, 8/16
sccm, 600s or PlasmaEtch PE-50, 120W, 200 Torr, 5 sccm, 8-10 min) to improve
adhesion. After exfoliation, the substrates were taken for inspection under an optical
microscope, to find suitable flakes for the topographic trench patterns made in

polymer resists described below in section 5.2.2.

Formation of ox-PDMS cylinders through soft graphoepitaxy (DSA)

After the formation of the trench patterns, 0.75-1 wt. % PS-6-PDMS dissolved in
cyclohexane was spin-coated on top of the patterns at 3000 rpm, acceleration 500
rpm/s for 60 s with a static dispense method. The samples were then solvent vapor
annealed (SVA) in toluene (approx. S/V = 0.6-0.7 [47]) for 20 min to 20 h at RT with a
setup similar to the one described elsewhere [4]. The samples were then subjected to
an Oz plasma etch (Moorfield Minilab 026 (3” cathode), 15W, running pressure:
1.8x10-2 mbar, 10 sccm, DC bias: 160 V, 20 min or Moorfield NanoETCH (6” cathode),
30 W, running pressure: 1.2x10-2 mbar, 13.5 sccm, DC bias: 216 V, 15-20 min). This
will remove the PS block and oxidize the PDMS into hard silicon oxycarbide cylinders
(0x-PDMS) on top of the 2D material. Hereafter, the polymeric resist was removed
and the samples were rinsed as described below in section 5.2.2. Lastly, some samples
were furnace annealed at 450-500°C for 1.5-3h in 3% Hg/Ar to remove residual PS

and resist.

5.2.2 Topographic guiding patterns

Topographic trench patterns were produced after flake exfoliation by either direct
laser writing, electron beam lithography (EBL) or thermal scanning probe

lithography. The procedures for the different techniques are described below
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Direct laser writing

Direct laser writing was done using, Suss Microtech Laser writer a photolithography
technique using a 405 nm laser source to expose the desired trench pattern onto the
substrate. After exfoliation, the substrates were spin coated at 3000 rpm, 1000 rpm/s
for 60 s with Microposit S1805 positive resist resulting in a film thickness around
150-200 nm. The resist was baked on a hot plate at 110°C for 3 minutes. The main
component in the S1805 resist is propylene glycol monomethyl ether acetate
(PGMEA).

For the laser writing, lenses 4 or 5 where used with the 3% filter to produce trench
patterns with width sizes ranging from 1.5-20 pm and spacing between each trench
of (the mesas) <2 pm wide. The pattern creation was done with the pad/edge feature
from the PhotonSteer software. After laser exposure, the patterned samples were
developed in Microposit MF-319 developer for 50-60 s and afterwards thoroughly

rinsed in deionized (DI) water.

Samples made with the laser writer were all prepared at the NGI in an ISO5/class

100 clean room at 20°C.

Electron beam lithography

EBL was done using a Raith eLINE Plus EBL system. The eLine is a dual-use SEM
and EBL variable voltage exposure tool. The pattern fabrication was performed by
EBL-trained colleagues with the following exposure parameters, aperture: 10 pum,

acceleration voltage: 30 kV, current: 45.5 pA and dose: 160 pC/cm?2.

After exfoliation, the substrates were spin coated with a PMMA(950K), 4 wt. % in
anisole solution, at 2000 rpm, 500 rpm/s for 60 s resulting in a film thickness around
150 nm. The sample was then baked on a hot plate at 180°C for 2 minutes before EBL

exposure. After exposure, the samples were developed in IPA and rinsed in DI water.
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Thermal scanning probe lithography

Thermal scanning probe lithography (t-SPL) was done using a NanoFrazor from
Heidelberg instruments. This method uses a sharp tip, similar to an AFM tip, which
1s heated to 800-1200°C via resistively heated elements in the cantilever. The tip is
then put in contact with a temperature-sensitive resist, which will be decomposed in

nanometer-sized areas and a wide range of patterns can be obtained [157].

After exfoliation, the substrates were spin coated at 2000 or 6000 rpm, 500 rpm/s for
60s with the AR-P 617.03, Poly(methylmethacrylate-co-methacrylic acid), in short,
PMMA/MA (67%/33%) 3 wt. % in Propylene glycol methyl ether (PGME) resulting in
a film thickness around 140 or 90 nm. The film was baked on a hot plate at 180°C for
5 minutes. Trench patterns, 10-20 pm in length and 1-2 pm in width were produced

with a

Trench transfer into 2D materials

In some cases (for route 1, described in section 5.3), the produced trench patterns
were transferred into the 2D materials via a plasma etching step (described as route
1 1n section 5.3). For graphite flakes, this was done in a Moorfield NanoETCH system
in an O2/Ar gas mixture (8W, running pressure: 1.2x10-2 mbar, 8/16 sccm, 30s +10s
for each graphene layer, returned to base pressure after each cycle). For hBN
samples, this was done in a Moorfield Minilab 026 with SF¢ gas (20W, running
pressure: 7.7x10-3 mbar, 5 sccm, DC bias: 30 V, 10-100s). For these SF¢ gas
parameters, the etch rate of hBN, PMMA and PMMA/MA was found to be 2.25, 0.64

and 0.75 nm/s, respectively.

The resists were usually removed after the BCP nanopatterning process by putting

the samples in 1) acetone, 2) isopropanol (IPA) and 3) DI water.
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5.2.3 Transfer methods

S1/S102 substrates containing exfoliated graphene or hBN flakes were searched for
smooth thin flakes that could be transferred on top of the flakes containing ox-PDMS
cylinders (target flake). Graphene flakes were transferred by a wet transfer similar
to the one described in [77]. A PMMA (950K, A4) is spin coated on the Si/SiO2
substrate containing the flakes that need to be transferred. The PMMA-covered
sample is then subjected to a potassium hydroxide (KOH) solution overnight in order

to etch the Si0O2 layer slightly and free the PMMA/2D flake layer which can be caught

by a membrane.

hBN flakes were transferred by a dry transfer using cellulose acetate butyrate (CAB)
as described in [78]. Here a CAB solution is spin coated on the substrate containing
the flakes for transfer and baking. The flake for transfer is cut out with a scalpel.
Adding a drop of water will wedge the substrate and slowly lift the CAB with the
flake from the SiO2 substrate. The CAB with the flake for transfer is picked up by a
glass slide with PDMS and ready to be dropped down on the target flake.

After having the flakes for transfer on either PMMA membranes or CAB, the actual
transfers to the target flakes are done under an optical microscope and with a micro-
manipulator. The two flakes are aligned and afterwards, the transferred flake is
dropped down on the substrate with the target flake while a bake, below but close to
the Ty of PMMA or CAB, ensures good adhesion between the two flakes. After the

transfer, the substrate is rinsed in ethyl acetate (only for CAB), acetone and IPA.

5.3 Results and discussion

The proposed nanofluidic device composed of hard silicon oxycarbide cylinders (ox-
PDMS) encapsulated in 2D materials is illustrated in Figure 24A and B. Closed
nanochannels wherein e.g. water- and ion flow can be measured, will be created with

the ox-PDMS cylinders and the 2D materials as walls. Since the oxygen, plasma step
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BCP
nanopatterning procedure in chapter

4 is plus 15 minutes, the ox-PDMS

suggested by the

channels are expected to withhold a
hydrophilic surface [154]. The black
arrows and dotted lines indicate how
a flow e.g. of ions can pass through the
0ox-PDMS/2D material channels and
out through a small hole in the SiN

membrane and then be measured.

The first step in the fabrication of this
device is to produce a bottom 2D
material with highly ordered ox-
PDMS cylinders over a large area,
around 1.5 pm times 10 pm or bigger.
By pre-patterning, the bottom 2D
material with topographical guiding
patterns made from disposable
resists, a DSA of PS-6-PDMS can be
performed on top of the 2D material.
This will provide a high degree of

ordering over areas limited by the

trench dimensions.

Figure 24: Sketch of a nanofluidic device.
A) Shows the ox-PDMS
in  between 2D flakes

cylinders
encapsulated
creating narrow channels. The device is
placed on a SiN membrane with a 1 um
in diameter hole used for various flow
measurements. B) Shows the optimal
design of the bottom 2D material with ox-
PDMS cylinders on top. The transparent
walls represent the topographic pre-

patterns.

The topographical guiding patterns, in the form of multiple trenches aligned next to
each other, were produced using three different lithography techniques described in
section 5.2.2. Hereafter, two routes were tested for the DSA of PS-6-PDMS to obtain
highly ordered ox-PDMS cylinders over large areas, on exfoliated 2D materials as
1llustrated in Figure 25. Route 1 (1A-1C) included a pattern transfer into the 2D

material done by either an Oz or SFs plasma etch dependent on the 2D material (1A).
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Figure 25: Schematic showing the two routes, 1. (1A-1C) and 2. (2A-2C) to obtain
highly ordered ox-PDMS cylinders over large areas, on exfoliated 2D materials. The
lithography step is described in the experimental section, 5.2.2. Route 1.Step 1A) Ozor
SFs plasma etch to transfer the trench pattern into the 2D material flake. 1B)
Formation of ordered ox-PDMS cylinders via DSA of PS-b-PDMS using the trench
patterns. 1C) Resist and excess BCP removal. 24) Formation of ordered ox-PDMS
cylinders though the DSA of the PS-b-PDMS directly done with resist trench

patterns.2B) Resist and excess BCP removal.

The next step was the formation of ordered ox-PDMS cylinders via DSA of PS-b-
PDMS using the trench patterns (1B). Lastly, the resist from the lithography process
was removed together with excess BCP on the mesas (1C). In route 2 (2A-2B) the
formation of ordered ox-PDMS cylinders through the DSA of the PS-6-PDMS was
done directly with the trench patterns made in the resist (2A).

Hereafter the resist and excess BCP were removed (2B). Route 1 resulted in ox-PDMS
cylinders inside trenches of the flake while route 2 resulted in periodic areas (width

around 1-2 pm) on the flake containing ordered ox-PDMS cylinders.

Optical microscope images of flakes pre-patterned by the different techniques and
taken through routes 1 or 2 are found in appendix C1-3 and an example is seen in
Figure 26A-D. It is noted that even from optical microscope images, the BCP seem to

stay after the resist removal, see Figure 26D.
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To achieve a monolayer of highly ordered cylinders, the trench depth should be
approximately 1-1.5 times the natural period (L,), of the BCP [158]. For graphite
flakes, this meant etching approximately 100 layers (34 nm) and around 120 layers
(40 nm) for hBN.

In principle, during the SVA process, the PS-b-PDMS should migrate into the
trenches leaving no PS-6-PDMS on the mesas [39, 158]. However, from initial
experiments, where the resist was removed right after step 1A, the presence of ox-
PDMS cylinders was found both in the trenches and on the mesas as seen in appendix

D4. Waiting with the resist removal until after the formation of ordered ox-PDMS

Figure 26: Optical microscope images of an hBN flake with trenches made through
thermal scanning probe lithography. A) After a SFs etch have transferred the trench
pattern into the flake, step 1A. B) After SVA of the BCP thin film, step 1B. C) After Oz
etch to remove PS, step 1B. D) After resist removal, step 1C.
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cylinders, left no ox-PDMS cylinders on the mesas as seen later in Figure 29A.
Additionally, from optical microscope images taken during all the steps in the DSA

process, no terrace formation inside the trenches was observed.

In the following sections, samples made using the three different lithography

techniques, E-beam, direct laser writing and t-SPL are presented.

5.3.1 Trench patterns made with E-beam lithography

A graphite flake pre-patterned with e-beam lithography and subsequently taken
through route 1A was produced with trench width sizes ranging from 200-500 nm
and mesa widths of approximately 500 nm. Figure 27 shows SEM and cross-sectional
STEM images of the flake. It should be noted that most of the resist was removed
doing step 1A and as seen in Figure 27A the mesas have not been free from BCP
residues. Figure 27B and Figure 27C show the ordering of cylinders parallel to a 200
nm and 500 nm trench respectively. This orientation of the ordering suggests that
the graphite walls favor either PS or PDMS. It is clear, that there is a big variation
in the patterns even over small areas (<1 pum) as seen in Figure 27A. However, the
cylindrical ordering seems to only be present in the trenches while a disordered- or
spherical forming state is found on the mesas. Figure 27D is a cross-sectional STEM
image showing the presence of nanopatterned graphite. The patterning is most
pronounced in the trenches and a magnified image of this area is seen in Figure 27E.
For the graphite patterns, a period of 34 nm and a height of 54 nm was found and no
indication of a silicon-containing polymer was observed. This indicates that the
oxygen plasma procedure when removing the PS block was too harsh, etching through
the graphite while the ox-PDMS cylinders acted as a hard template until also etched
away leaving no polymer residues. Although this was not intentional, it demonstrates

a way to obtain residue-free nanopatterning of multilayer graphene.
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Figure 27: Graphite flake after e-beam lithography and route 1. SEM images A)
showing the different trench widths (200-500 nm) and the ox-PDMS ordering. Ox-
PDMS ordering in B) a 200 nm trench and C) a 500 nm trench. Cross sectional STEM
images showing D) nanopatterned graphite in the 400 and 500 nm trenches and E)
graphite patterns with a period of 34 nm and a height of approximately 54 nm. The

dotted line in D) indicate the mesa.

On another sample, hBN flakes were pre-patterned with e-beam lithography and
subsequently taken through route 1. For this sample, the PMMA resist survived the
SFe etching of the hBN (step 1a) and the mesa heights were found to be around 100-
150 nm after step la with so-called batwings at the mesa/trench edges [159]. These
heights were expected to produce PS-b-PDMS bi- or trilayers. Figure 28, shows an
AFM height and phase image of one of the hBN flakes with a trench width of around
1.75 pm. In contrast to the graphite sample, this shows non-selective sidewalls which
resulted in highly ordered cylinders with a period of 38.2 nm, oriented perpendicular

to the trench walls as seen most clearly in the AFM phase image in Figure 28A. The
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non-selective sidewalls are suggested to be due to the presence of PMMA, which has
been reported to be non-selective towards PS-b-PDMS before [42]. Notably, from the
height image, the surface in the trenches is uneven with areas of varying heights,
some around 50 nm higher than others, see Figure 28B. This height difference was
already seen from an optical microscope inspection of the trenches, see appendix D1.
The height difference could originate from the SVA process which might affect the
residue resist, leaving resist residues beneath or on top of the trenches. Another more
plausible explanation is that the trenches were too deep (100-150 nm) resulting in
the formation of a multilayer PS-b-PDMS film, which is responsible for the
unevenness. A schematic of this is found in appendix D5. From the optical microscope
1mages, found in appendix D1, interesting micropatterns are observed including what

look like bridges between

the trenches. This

phenomenon was only

observed on samples with

PMMA(950K) resist and

seem to appear after the
% SVA procedure,
Figure 28: AFM A) phase and B) height images of ox-  suggesting an interaction
PDMS cylinders formed in an hBN trench made from  between the PMMA resist
EBL. The perpendicular alignment of the cylindersis  layer and the PS-b-PDMS

believed to originate from the presence of PMMA at during  this  process.
the sidewalls. However, this was not

further investigated.
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5.3.2 Trench patterns made with photolithography

Trench patterns made with direct laser writing were in general bigger than 1.5 pm
and the width precision was limited due to the instrument resolution. To find the
optimal trench width, different width sizes from 1.5 pm to 20 pm, were investigated.
It was found that for trench widths larger than 2-2.5 pm, the BCP film started to
become inhomogeneous and form terraces resulting in low-ordering or disordered

structures. Therefore, trench widths were kept around 1.5-2 pm.

With the laser writer, only samples with graphene flakes were prepared through
route 1. Figure 29 shows SEM images of a trench made on a graphene flake through
laser writing and route 1. Figure 29A shows that the mesas are free of any BCP
microstructure residues after resists removal. This was the case for all samples with
trenches made from laser writing. Figure 29B shows an SEM image of the trench
wherein, non-ordered horizontal ox-PDMS cylinders are found. The orientation of the
features indicates non-selective sidewalls. Again, this was believed to be caused by
the resist whose main component is PGMEA. A narrow area containing a higher

concentration of defects is observed at the edges of the trench patterns. This is caused

Figure 29: Trench with ox-PDMS made through route 1 in graphene with laser
writing. A) The mesas are free of BCP residues. B) non-ordered ox-PDMS cylinders

are found inside the trenches.
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by the roughness of the trench edges originating from the lithography procedure. The
trenches, with the ox-PDMS cylinders, were observed to be approximately 30 nm
higher than the mesa centers and further AFM measurements showed the presence
of 50 nm high batwings at the mesa/trench edges. The height difference between the
trenches and mesas indicates the presence of a multilayer PS-6-PDMS film inside the
trenches. This will be further

investigated below.

Samples with hBN flakes were prepared
with laser writing through route 2.
Figure 30A shows an SEM image of
nicely ordered ox-PDMS cylinders, again
normal to the trench Ilength. The
ordering extended beyond 2.5 pm of the
length with minimal defects. However,
from AFM images, the trenches were
again found to be higher than the mesas
(around 100 nm). In Figure 30B a TEM
image of a cross-sectional lift-out reveals
the presence of a multilayer film of PS-

b-PDMS. The Ilift-out was made

perpendicular to the trench lengths and Figure 30: Images from trenches

made with laser writing through
route 2. A) SEM image of highly
ordered ox-PDMS cylinders on top of
an hBN flake. B) Cross-sectional
TEM image of same flake as is A)

hence parallel to the ox-PDMS ordering.
The dark lines in the multilayer on top
of the hBN flake represent the PDMS
cylinders with a 13nm layer spacing

~Ly/2. The 76.4 nm thick film,
showing the presence of multilayer

PS-b-PDMS on top of hBN.

corresponding to 6 layers of PDMS
cylinders, survived a total of 30 W O

etching for 20 min with a resist removal
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step after the first 10 min. The hBN flake beneath also survived in the areas where
the trenches were. However, after resist removal, the part of the hBN flake that was
the mesas did not survive the subsequent etching. Additionally, from Figure 30B it is
noted that hBN favors PS wetting at the hBN/BCP interface which is in agreement

with the results found in section 4.1.1.

For many of the samples with trenches made from laser writing, a difference in the
orientation of the ox-PDMS cylinders (vertical or horizontal) was observed. This was
seen from flake to flake, and even sometimes from trench to trench. The shift in the
orientation of the ox-PDMS cylinders could be caused by the presence of an
underlying non-selective layer, possibly the resist, or a change in film thickness from
the optimal ~L, as described previously [36]. Considering that all resist residues
should have been removed during the development and/or the etching step 1a, the

latter seems to be the most plausible.

In some trenches, the coexistence of horizontal and vertical ox-PDMS cylinders was
observed. Often the horizontal alignment was seen at the trench edges and when
going towards the center of the trench, this alignment turned into a vertical
orientation, see appendix D6. This again indicates that the shift in orientation is
caused by changes in the film thickness. The domain periods found for the vertical
cylinders were in general a bit lower (33.2 nm) than the period in the horizontally
aligned cylinders (36.5 nm), but still close to L, found from STEM analysis in section
4.1.1.

However, it is noted that a previous study using PGMEA as a solvent during the SVA
process has reported a shift in the morphology of PS-b-PDMS from cylindrical to
spherical [4]. It might be that a similar thing occurs in this case during SVA since
PGMEA is present through the resist. However, the majority of the trenches made
from laser writing showed horizontal cylinders, indicating the presence of PGMEA

had no influence during SVA.
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5.3.1 Trench patterns made with t-SPL

Samples with trenches made from t-SPL only concerned hBN flakes. Trench widths

of 1, 1.75 and 2 pm were made with lengths ranging from 10-20 pm. No big difference

was observed in the order when changing the trench widths. The use of t-SPL made

1t easier to control the actual depths of the trenches, especially for route 2 samples.
Etch rates of PMMA/MA and hBN in SFs gas (20W, 5 sccm, DC bias: 30 V) were found
to be 0.75 nm/s and 2.25 nm/s, respectively. An initial SVA test in PMMA/MA resist

trenches on hBN showed a very bad ordering of the ox-PDMS cylinders compared to

previous results in trenches of PMMA resist seen in section 5.3.1. This suggests that

the presence of MA reduces the mobility of the BCP during SVA which would mean

longer SVA times are required.
Samples with SVA times of 20 min,
30 min, 1h, 3h and 20h were made.
Figure 31A shows an AFM height
image from an hBN flake patterned
with t-SPL through route 1 with an
SVA step of 1h. Highly ordered ox-
PDMS cylinders, parallel to the
trench length, are observed inside
the trenches. This suggests that the
hBN sidewalls favor one of the
blocks, probably PS as previously
observed through cross-sectional
lift outs. However, in general, for
most of the trenches made with t-
SPL, the alignment of the cylinders
was found to vary from trench to
trench and within the trenches

showing mixtures of parallel and

61.1 nm

50.0

40.0

30.0

20.0

10.0
0.0

97.5 nm

200 0.0
Figure 31: AFM height images taken

before resist removal A) showing the
ordering of ox-PDMS cylinders in an hBN
trench made from route 1 after 1h SVA. B)
showing how the ox-PDMS ordering
extents more than 3 um of the length of the

trench
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perpendicular alignment. This is believed to be caused by the presence of residue
PMMA/MA resist. Furthermore, no difference in the ox-PDMS cylinder orientation

was found for any of these samples.

It was found that 20 and 30 min SVA was too short for these samples to obtain the
desired ordering. However, for SVA times of 1h or longer, improved ordering over
long ranges (>1 pnm) was observed as seen in Figure 31B. Here the parallel alignment
extends along the length of the trench for more than 3 pm. The bumps seen inside
the trench originate from the feedback mechanism in the t-SPL patterning. When the
patterning is initialized, the t-SPL system learns from a feedback mechanism to
improve its patterning while running. The outcome of this is a slightly uneven
patterning at the beginning of the patterning process. With that said, the ordering
and defect concentration of the ox-PDMS cylinders does not seem to be influenced by

this.

The possibility of removing the PMMA/MA resist after the Oz plasma etching was
observed to be dependent on the etching time. Samples etched for less than 15 min
were found to lose both the resist and the BCP when dipped in acetone. However,
when etched for 15 min or more, the BCP patterns stayed. Figure 32A shows an AFM
height image and a vertical profile of an hBN flake before resist removal. The
presence of 30-50 nm resists on the mesas is observed together with batwings from
the t-SPL process. Figure 32B shows an AFM height image and vertical profile of the
same flake after resist removal. Most of the residues from the mesas are removed and
the batwings are cut down a bit. The cylindrical patterns inside the trenches do not
seem to change with the removal of the resist. Nevertheless, some residues still
remain, but were found to be reduced significantly after a furnace annealing step at
450-500°C in a flow of 3% Ha/Ar. For the flake shown in Figure 32, the trenches are
believed to contain 2 or more layers of cylinders due to the 20 nm height difference
between the mesa and trenches seen after resists removal. This could also explain
the lower ox-PDMS pattern quality which previously has been observed to be a

consequence of the presence of cylindrical bilayers [4].
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Figure 32: AFM height images of a sample A) before resist removal and B) after resist

removal. The bottom graphs show the vertical profiles from each of the two images.

5.3.2 Transfer

To fabricate the desired nanofluidic device explained in section 5.3, it is necessary to
investigate the transfer of 2D materials on top of these ox-PDMS patterns as well as

the transfer of the ox-PDMS patterns to other substrates.

First, it was investigated how graphene of different thicknesses would conform to the
trench samples and enclose the ox-PDMS channels. Figure 33A shows an optical
microscope image of two graphene flakes with various layers thicknesses which were
used for the transfer to hBN trench samples fabricated through route 2 with laser
writing, see Figure 33B. The graphene flakes were transferred on top of the trench
samples through wet transfer as described in section 5.2.3. Figure 33C shows the

result of the transfer after annealing at 150°C and cleaning in acetone.
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Figure 33: A) Optical microscope image of large graphene flakes with diffe:ent layer
thicknesses used for transfer to trench samples seen in B). B) Optical microscope image
of hBN flake with trenches made from laser writing containing ordered ox-PDMS
cylinders. C) Optical microscope image of same area as seen in A) just after wet

transfer of the graphene flake.

The first thing to notice is that the graphene flakes were ripped apart doing the
annealing step which is very surprising when considering the mechanical strength of
graphene. Even more surprising is that, the cracking does not seem to be caused by
the few nm tall trenches since the direction of the cracks is perpendicular to the
trench length. However, the presence of other polymer residues (as seen in Figure
33B) which swells doing the thermal annealing might be the explanation for the

cracks.

Fortunately, some areas with trenches were covered by graphene and the
conformation to the surface was investigated by AFM imaging. Figure 34A shows an
AFM height image of a trench containing ox-PDMS cylinders, aligned normal to the
trench walls which is clear from the AFM phase image seen in Figure 34B. From the
top right corner and down the diagonal a graphene flake covers the trench. The flake
1s nicely conformed to the trench surface and the ox-PDMS cylinder patterns are
observed through the graphene flake cover. Height profiles from an area not covered
by the graphene flake and an area covered by the graphene flakes are shown in Figure

34C and D. From these, the periodicity of the ox-PDMS cylinders are observed in both
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areas concluding that graphene sags in-between the ox-PDMS cylinders creating

small nm channels for future fluidic devices.

Another transfer of an hBN flake to an hBN flake containing trenches made with t-
SPL through route 1 was performed. An optical microscope image of the result is
found in appendix D7. The transferred flakes only covered parts of the trenches and
the conformation of the hBN flake to the trench surface was investigated by AFM.
Figure 35A shows an AFM height image of a bottom hBN flake containing trenches
with ox- PDMS cylinders with a transferred hBN flake on top. From this image, the
conformation of the hBN flake to the trench/mesa surface is clear and further
confirmed by the two vertical height profiles from different areas (non-covered and
covered by top hBN). Figure 35B is an AFM phase image showing the edge of the top
hBN covering ox-PDMS cylinders. From this, no conformation of the top hBN to the
ox-PDMS cylinders is observed. However, this is likely due to the thickness of the
transferred hBN (80 nm) which ideally should have been a few times smaller than

the distance between the cylinders.

L voml

Ox-PDMS
2
T IRERE
0.00

 [um]

y [nm]

23
Ox-PDMS/Gr

04
0.00 00

0.0

Figure 34: AFM A) height and B) phase images of a trench with ox-PDMS cylinders

S
x [um]

normal to the trench walls. A graphene flake covers almost half of the trench, from the
top right corner and down to the middle. C) Height profile from an ox-PDMS area not
covered by graphene. D) Height profile from an ox-PDMS area covered by graphene.
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Figure 35: AFM A) height image of an hBN flake containing trenches with ox-PDMS

cylinders with a transferred hBN flake on top (from the left). The graph show two
vertical height profiles, one from the area where the trenches and mesa is not covered
by the top hBN flake (black) and one from the area where the trenches and mesa is
covered by the top hBN flake (red). B) Phase image from the edge of the top hBN flake
covering the ox-PDMS cylinders.

Lastly, the transfer of the 2D materials containing the ox-PDMS cylinders was
investigated to see if the patterns could survive a transfer procedure. For this, a wet
transfer of a flake containing ox-PDMS cylinders was performed as described in
section 5.2.3. The initial trial suggest that the patterns can survive; however further
experiments need to be conducted to make sure the pattern quality is not damaged.

Alternatively a dry etch process might be considered.

5.4 Summary

In this chapter, we have demonstrated the initial steps in the fabrication of a
nanofluidic device where silicon oxycarbide nanochannels are sandwiched in-between
2D materials. As the first step, we have investigated possible routes for the DSA of
PS-b-PDMS, for the first time utilizing disposable positive-tone photoresist and
different lithography techniques for soft graphoepitaxy. With these, we obtained

ordered silicon oxycarbide (ox-PDMS) cylinders on exfoliated 2D materials and
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showed that the patterns persist even after resist disposal. Further, we have reported
some challenges, arising from non-optimal trench depths such as the creation of PS-
b-PDMS multilayers. We further showed how trenches in graphite are selective
towards one of the blocks and additionally demonstrated a way to nanopattern
multilayer graphene leaving no polymer residues. From our experiments using
different lithography techniques, we found that the topographical guiding patterns
created using thermal scanning probe lithography (t-SPL), were the most
manageable in terms of dimensions. After optimizing the SVA and Oz etching
procedures, this process provided highly ordered ox-PDMS cylinders extending 1 pm
times 3 pm on exfoliated 2D materials which can be used in the fabrication of a
nanofluidic device combining BCPs and 2D materials. We further showed that these
ox-PDMS patterns on 2D materials can be encapsulated by the transfer of another
top 2D material. Especially, with the transfer of a top graphene flake, we
demonstrated how graphene conforms to the ox-PDMS patterns, which is promising
for the creation of a device with nanofluidic channels. With these results, we are one

step closer to the fabrication of our suggested nanofluidic device.
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6 Conclusion

In conclusion, this thesis has explored the possibilities for BCP nanopatterning of 2D
materials as a scalable alternative to high-cost lithography techniques. The thesis
has been focused on the synthesis and characterization of a silicon-containing BCP
along with its BCP nanopatterning process and applications in combination with 2D
materials. The sequential anionic polymerization of PS-6-PDMS using monomeric
styrene and D3 has been presented. The molecular weight averages of the
synthesized products were determined using standard size-exclusion
chromatography (SEC) and compared to a novel method utilizing nuclear magnetic
resonance (NMR) for the characterization of silicon-containing BCPs. For the first
time, the characterization of PS-b6-PDMS using a combination of tH-NMR and 1H-29S1
HMBC NMR has been presented and has shown promising results for narrow-

distributed PS-6-PDMS products with molecular weights ranging from 19-38 kg/mol.

With the polymerization of narrow distributed PS-b6-PDMS, the BCP nanopatterning
process on 2D materials could be investigated. The BCP nanopatterning process
revealed a monolayer of PDMS cylinders in a PS matrix on the surface of
mechanically exfoliated hBN flakes with no PDMS wetting layers at any of the
interfaces. After the formation of the hard silicon oxycarbide cylindrical template, the
pattern was transferred into the hBN flake resulting in a clean, polymer-free
nanopatterned hBN surface. Additionally, initial trials on hBN-encapsulated
graphene heterostructures showed promising results for the use of the BCP

nanopatterning process on such structures.

Lastly, the conjunction of BCPs and 2D materials for the fabrication of a nanofluidic
device was investigated. The initial steps in the fabrication of silicon oxycarbide (ox-
PDMS) nanochannels sandwiched between 2D materials were demonstrated with
soft graphoepitaxy utilizing a disposable positive-tone photoresist for the first time.
Through the exploration of the different lithographic techniques, the topographical
guiding patterns created using thermal scanning probe lithography (t-SPL) were
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found to give the most reliable fabrication results. With these topographical guiding
patterns and the aforementioned BCP nanopatterning process, highly ordered ox-
PDMS cylinders extending 1 pm times 3 pm on exfoliated 2D materials were
produced. Furthermore, the encapsulation and transfer of the ox-PDMS cylinders
showed promising results for the fabrication of a nanofluidic device combining ox-

PDMS nanochannels and 2D materials.

Our goal has been to establish a path for utilizing BCP nanopatterning to
nanopattern or integrate BCPs not only in relation to graphene but also to other
mechanically exfoliated 2D materials and heterostructures. With this approach for
BCP nanopatterning, a broader range of applications can be envisioned and
implemented in a scalable manner which holds great promise for future

nanotechnology.

6.1 Outlook

Some of the explored research in this thesis has opened up new project ideas and

possible follow-up experiments which are described in the following.

Concerning the synthesis of PS-6-PDMS, in situ NMR experiments using 'H- and 'H-
2981 HMBC NMR could be performed to further understand the reaction kinetics of
this polymerization. This would require a more complex setup since the reaction

should be performed in an NMR tube.

Regarding the BCP self-assembly on 2D materials, many other experiments could be
performed to investigate other applications. As an example, experimenting with
BCPs of various volume fractions, different annealing solvents, and annealing
methods can yield new morphologies and orientations, such as spheres and vertical
cylinders. Additionally, this could be combined with the findings from the directed
self-assembly (DSA) method used for the fabrication of highly ordered silicon
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oxycarbide channels and give rise to applications more suited for the semiconductor

industry.

The initial work presented on the nanofluidic device fabrication is still ongoing and
cross-sectional lift outs of the silicon oxycarbide channels sandwiched between hBN
are expected to reveal the presence of nanofluidic channels. Furthermore, to
investigate the possibilities and performance of such a device, transport

measurements are needed.

The DSA process using t-SPL was performed on an hBN-encapsulated graphene
heterostructure without any trapped bubbles, with the goal of nanopatterning
graphene through BCP templating. After pattern transfer into graphene, initial AFM
results showed promising highly ordered structures. However, this sample was
destroyed doing FIB processing and unfortunately, the cross-sectional lift-out did not
reveal anything of interest due to a non-ideal FIB procedure. A redoing of this sample
would be ideal to further demonstrate the strength of BCP nanopatterning on van

der Waals heterostructures.
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Appendix

A. Conference contributions

Nanopatterning of 2D materials By Block Copolymer Self-Assembly
Christina Breth Nielsen, Anton Lyksborg-Andersen, Tim booth and Kristoffer
Almdal

Oral presentation, EUPOC (2022)

Nanopatterning of 2D materials By Block Copolymer Self-Assembly

Christina Breth Nielsen, Anton Lyksborg-Andersen, Max Rimmer, Radha Boya,
Tim booth and Kristoffer Almdal

Poster presentation, MNE (2022)
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B. Anionic polymerization of PS-b-PDMS

B1: Example of a calibration curve made from SEC measurements of narrow PS
standards. It shows log(M) as function of the retention volume found for each PS
standard. A 3rd polynomial function has been fitted and the 4 coefficients are

shown in the top right corner.
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B2: RI signal from the PS produced in SD19. A shoulder at higher molecular
weights is found and believed to originate from a dimeric coupling formation.
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B3: 1TH-NMR spectrum of the PS aliquot produced in SD64. The broad resonance

signals around 6= 4.7 ppm indicate the presence of —OH groups.
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B4: Molecular weight averages of SD19 aliquots measured with SEC RI data.

Reaction
¢ime [h] XNMR¥ M. [g]/[mol] Mw [g]/[mol] PDI
PS - 17100 20200 1.18
0.5 0 16900 19700 1.17
1.5 0 17000 20000 1.17
1.75 0.733 20000 23100 1.16
19.5 0.771 19900 23000 1.16
45.75 0.834 20200 23400 1.16
68.5 0.833 20400 23600 1.16
97.5 0.887 20900 23700 1.13
97.75 0.868 20600 23300 1.13
98.5 0.892 20600 23300 1.13
99.5 0.895 20500 23300 1.13
SD19 0.898 18700 21000 1.12

* D3 conversion to PDMS from 'H-NMR
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B5: RI increments before (SD108) and after (SD108P) the sample was washed in n-

pentane.
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B6: 1H-29S1 HMBC of liquid phase from the washing of sample SD19 in n-pentane.
Signals from PDMS homopolymer, Dm(homo), and its end-group, M is seen together

with a signal from Ds.
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C. Self-assembly of PS-b-PDMS on 2D materials

C1: AFM height (left) and phase (right) images revealing ~10 nm tall terraces

(islands) appearing after SVA.
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C2: Cross-sectional STEM image of a sample lift-out from smooth region with
MeCpPtMes protection on top of PS-6-PDMS on a hBN crystal (20 nm thick)/S102
(90 nm)/Si. Figure show a large area with a PS-6-PDMS film of 60 nm thickness.
The inset shows a optical microscope picture of the crystal where the lift-out was
taking from. In the zoomed area it is clear to see that the PDMS cylinders are not
ordered and more resembles boiled spagetti in a PS matrix. However, again no
PDMS wettings layers are observed.

MeCpPiMe,
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C3: Energy Electron Loss spectrum (EELS) with least square fitting from varying
region showing the different elements present from the visible edges (boron and
silicon). Turkis= B, Red=Si.
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C4: STEM images after SFs in hBN of the same area with different microscope
focus. Each image show a different projection of the 100 nm thin lift-out and hence
confirm the presence of a hole pattern.
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C5: Raw cross-sectional STEM images from figure 20
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C7: Optical microscope images of the hBN/Gr/hBN stacking process. The two
bottom images show the hBN/Gr/hBN stack in dark field mode (left) and bright
field mode (right) and here the presence of bubbles is clearly seen as bright spots
in both images.

Graphene

hBN/Graphene/hBi
Dark field

C8: BF (left) and HAADF (right) STEM images from a hBN/Gr/hBN stack showing
etch angle around 55-56° and the presense of a polymer layer (black layer in
HAADF) beneath the bottom hBN flake. Additionally, the shift of the top hBN flake

1s also observed here.
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D.PDMS nanofluidic channel fabrication on 2D materials

D1: DSA process, route 1, in trenches made by EBL.
w
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o

D3: DSA process, route 2, in trenches made by t-SPL

D4: SEM (left) and AFM phase image of graphene flake patterned with laser writer
through route 1 with the resist removed right after step 1a. BCP microstructure is

found 1n the trenches and on the mesas.
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D5: A schematic showing the formation of a PS-6-PDMS multilayer in trenches

deeper than the natural length of the BCP.
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D6: hBN flake with trench pattern made from laser writing in S1805 resist. Inside

the trench, the ordering of the ox-PDMS cylinders can be observed going from a

horizontal alignment at the trench edges to a vertical alignment when moving

towards the trench center. This could indicate a difference in the film thickness.

The inset is the Fourier transform of each area showing the periods of 36.45 nm (

horizontal) and 33.2 nm (vertical)
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D7: Showing a bottom hBN flake patterned with t-SPL through route 1, with an
hBN flake transferred on top of the trenches.
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Abstract

Nano-structuring of 2D materials is key to tuning their properties, for example introducing a bandgap in
graphene via a nanomesh or antidot lattice. This requires high-quality periodic patterns with nanoscale
resolution over large areas. Most conventional nano-structuring techniques for 2D materials are difficult
to scale. Block copolymer (BCP) lithography can offer a scalable solution, but few studies show this
lithography applied to 2D materials beyond graphene. Different surface interactions on various 2D
materials can have a determining role in BCP microphase segregation. Here we report the nano-patterning
of mechanically exfoliated hBN flakes through the BCP lithography process using polystyrene-
polydimethylsiloxane, PS-PDMS. A monolayer of PDMS cylinders in a PS matrix is produced on the surface
of multilayer hBN with no PDMS wetting layer. After an O; plasma etch, the PDMS is formed into hard
silicon oxycarbide cylinders and subsequently can be used as a hard mask to transfer the patterns into
hBN flakes using an SFs plasma. A clean nano-patterned hBN surface results from the plasma etching and
additional furnace annealing during the BCP lithography process.

Introduction

For many of today’s technologies, such as data storage [2, 3], integrated circuits [4-8] and membranes [9-
11], lithographic structuring is an essential step in the device fabrication process. As devices have become
smaller, specialized nanopatterning methods, such as electron beam-, ion beam- and deep UV lithography
have risen. Most of these methods are limited by cost and lack of efficient upscaling [12-14]. However,
block copolymer (BCP) lithography has shown very promising results in terms of low cost, scalability, and
efficiency in obtaining feature sizes from 100 nm to below 10 nm [5, 15, 16].

BCP lithography typically uses thin films of BCP solutions to open a range of patterning morphologies
driven by the thermodynamics of the BCP self-assembly mechanism. The key factors regarding BCP self-
assembly in thin films are the block characteristics, substrate chemistry, interface interaction, and film
thickness [11]. The interaction between the blocks is described by the Flory-Huggins parameter (x) which
together with the degree of polymerization (N) governs the pattern feature size. Recent BCP lithography
studies have been focused on e.g. polystyrene-b-polydimethylsiloxane (PS-PDMS) which not only has a
high x-parameter but also shows good etch contrast between its constituent blocks [4, 7, 15, 17-20].

Patterning lattices of antidots (holes) in 2D materials has been shown to be a viable route towards
controllably introducing a tailored bandgap [21, 22]. BCP lithography has previously been applied to



perform such nanopatterning on graphene and MoS; [3-5, 7, 8, 15, 23, 24]. However, despite the huge
potential of BCP lithography for nano-patterning of 2D materials, it has not expanded to other 2D
compounds.

A common problem when doing BCP lithography on 2D materials is the existence of polymer residues on
the 2D material after the nano-patterning process. The presence of these has shown to impact the
electronic properties e.g. by introducing p-doping of graphene resulting in decreased device performance
[15, 23-25]. These residues often come from the use of polymer brushes or random BCPs used on
graphene or MoS;, to functionalize their surfaces before the BCP lithography process [3, 4, 24]. The brush
layers help to obtain long-range order and to control the morphology orientation. However it also adds
additional steps to the BCP process which is not desirable when considering manufacturing [7, 24].

Besides the ordering, the brushes also decreases the possibility of dewetting and hence wetting layers at
the top/bottom interfaces, which are often seen for BCPs with large surface energy differences such as
PS-PDMS. The formation of wetting layers in the PS-PDMS system has been investigated towards different
surfaces, including chemical vapor deposition (CVD) graphene, usually based on its water contact angle.
The studies report the formation of wetting layers at the substrate/BCP and BCP/air interfaces [7, 18, 26].
We note that studies on the wetting of PS-PDMS towards mechanically exfoliated graphene are limited,
although this remains the best way to obtain high-quality graphene [24, 25].

Problems regarding the conservation of the intrinsic properties arise when nano-structuring 2D materials,
due to bad pattern quality, in the form of dangling bonds, edge- and line roughness, polymer residues,
etc. [27, 28]. Previous studies have shown that encapsulation of 2D materials can limit these problems
and thereby maintain the wanted properties of pristine graphene. A good example is the van der Waals
(vdW) heterostructure of hBN-encapsulated graphene [4, 6, 24, 29, 30]. hBN is an insulator that is
structurally isomorphic to graphene and is a good candidate material for future separation technologies
[31, 32]. It has been shown that graphene, sandwiched between two hBN flakes, can be nano-patterned
with e-beam lithography and afterward show the opening of a tunable band gap and persistent physical
properties compared to pristine graphene [22]. However, to mimic this with a BCP lithography process,
we first need to know how the use of hBN affects the BCP lithography process. This will include the effects
arising from the difference in surface energy and the use of exfoliated flakes. To the best of our
knowledge, BCP lithography has never been studied on heterostructures or hBN.

In this paper, we aim to investigate the BCP lithography process on mechanically exfoliated hBN flakes
using cylindrical forming PS-PDMS. Through cross-sectional scanning transmission electron microscopy
(STEM) and atomic force microscopy (AFM), we study the cylindrical morphology and orientation together
with the interactions at the different interfaces obtained through solvent vapor annealing (SVA). We
demonstrate a 15 W oxygen plasma method to remove the PS block and simultaneously oxidize the PDMS
into hard silicon oxycarbide cylinders (ox-PDMS) [4]. Finally, the pattern transfer into mechanically
exfoliated hBN flakes is verified.



Results and discussion

The fabrication process is illustrated in Figure 1. No surface treatment was used before the spin casting of
the PS-PDMS (27K/11K) block copolymer thin film onto a wafer with exfoliated flakes of 2D materials. The
resulting film thickness, tfim, as determined by atomic force microscopy (AFM), was 30-40 nm, close to an
integer multiple of the natural period (Lo). However, the presence of exfoliated 2D material flakes with
different heights ranging from monolayers (4.1A) to multilayers of hundreds of nm, produced
inhomogeneites in the film thickness in different areas on the substrate. As reported for other cylindrical
forming BCP systems, the equilibrium order depended heavily on the film thickness [1] and it was
expected to influence the ordering of the oxidized PDMS cylinders over a large area.

The samples were annealed for 20 min in toluene vapor at RT [22, 33]. The ratio, S/V (S = surface area of
the solvent, V = volume of air mixing with the solvent vapor) was kept at around 0.65 cm™. After SVA,
terraces with thicknesses approximately 10 nm taller/deeper than the original thickness were formed on
all samples. These was observed by both SEM- and AFM images, seen in Figure 2 and Figure S1
respectively.

To investigate this further, SEM/FIB cross-sectional lift-outs were made which also allowed us to
investigate the wetting of PS-PDMS on hBN. Two lift-out regions were chosen from optical microscope
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Figure 1: llustration of the BCP lithography process. A) hBN flakes were exfoliated onto an
argon plasma etched Si/Si02(90nm) substrate. B) A PS-PDMS (38K) solution was spin-cast
with a static method onto the Si/SiO2/hBN, leaving a thin film of approx. 30-40 nm. C) SVA
in toluene for 20 min at RT. D) A O, plasma etch, removes the PS block and leaves a robust
0x-PDMS hard mask on top of hBN. E) A furnace annealing and a SFs plasma etch, removes
the exposed parts of the hBN flakes and the ox-PDMS, leaving nano-patterned hBN flakes.
order depended heavily on the film thickness [1] and it was expected to influence the
ordering of the ox-PDMS cylinders over a large area



images, one showing a varying film thickness on a hBN flake and one showing a smooth film on an hBN
flake, see Figure 2A and Figure S2. Figure 2A shows a SEM image from the varying film thickness region.
The dark terraces was, through the cross-sectional STEM images, found to contain ordered PDMS
cylinders in a PS while the brighter parts showed a different morphology.

Figure 2B is a zoom-in from an area with a film thickness of 29 nm. Here the desired morphology with
PDMS cylinders in a PS matrix is found with a periodicity, Lo~35 nm and a PDMS cylinder diameter of 15
nm. In previous cross-sectional studies of PS-PDMS films under SVA they observed an elliptic distortion
of the PDMS cylinders which is discussed to originate from in-plane film strain formed by the solvent
evaporation [17, 18]. This distortion is however, not observed in this study. Going towards an area with a
lower film thickness, the morphology changes. Figure 2C shows a zoom-in of an area with a PS-PDMS
monolayer film thickness of 21.5 nm. Here, a lamellar morphology parallel to the hBN surface is observed.
This pattern could also be from a PDMS cylinder cut in half, with a diameter of 10 nm. However, this would
mean that the equilibrium morphology would accept film thicknesses ranging from around 35 to 21.5 nm
which seems unreasonable when considering the systems morphology sensitivity towards thickness
changes [18]. The presence of silicon in the dark grey areas of the PS-PDMS film was confirmed by energy
electron loss spectroscopy (EELS), see Figure S3. STEM images from the smooth film region are found in
Figure S2. Here a non-ordered multilayer PS-PDMS film on hBN was found.

In all cases, we observe a selective wetting towards PS at the hBN/BCP interface and no top- or bottom
PDMS wetting layer(s) at either the BCP/air interface or the hBN/BCP interface. This is a surprise,
especially the fact that no PDMS wetting layer is observed at the BCP/air interface. The PDMS wetting
layers are created because of the large difference in surface tension between PS (40.7 mN/m) and PDMS
(19.9 mN/m) which leads to PDMS segregation at the interfaces [34]. Our findings are in contrast to

Figure 2: A) SEM image from before taken lift-out of hBN flake with a SVA PS-PDMS on
top. The dark areas corrospond to areas with horizontal PDMS cylinders in a PS matrix as
seen in the cross-sectional STEM images of a sample lift-out with Pt/C protection on top
of PS-PDMS on a hBN flake (12 nm thick)/SiO2 (90 nm)/Si. B) zoom on an area with
PDMS cylinders parallel to the hBN surface in a PS matrix and a film thickness of 29 nm.
C) zoom on an area with PS-PDMS lamellae ordering parallel to the hBN surface and a
PS-PDMS film thickness of 21.5 nm. The thickness difference between the two areas is
illustrated with the arrows.
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Figure 3: AFM height images at the edge of an
hBN flake doing the BCP lithography process.
Height profiles from the white lines are shown
beneath. A) After O, plasma etching, the height
profile shows the contour of the ox-PDMS
cylinders on top of an hBN flake. B) After
furnace annealing and an SFs plasma etch, the
height profile shows the inverted pattern into
the hBN flake. C) Raman spectra of A) where PS
is still present together with ox-PDMS after Oz
etching (red line) and B) after furnace annealing
SFs plasma etching showing no presence of PS
and PDMS seen (black line).

previous observations with PS-PDMS on CVD graphene
surfaces that have not been functionalized either
thermally or by applying a polymer brush [7, 35]. The
water contact angle for CVD graphene has been
experimentally found to be around 68° but can be
increased to 94.8° with a thermal treatment which
results in the absence of a PDMS wetting layer at
graphene/BCP interface [7]. Similar increases in contact
angles from 60° to 80° have been reported for exfoliated
graphene when exposed to air over 4 days, whereas for
exfoliated hBN, a smaller increase is observed from
approximately 82° to 88° [36]. Compared to CVD
graphene, hBN has a slightly lower surface energy, which
could explain the lack of a PDMS wetting layer at the
hBN/BCP interface. The reason for the lack of a similar
interface at the BCP/air interface is not clear.

The presence of PDMS wetting layers depends not only
on the preferential interaction between the BCP and the
substrate [18] but also the film thickness [37] and the
annealing procedure [15]. The lack of a PDMS wetting
layer at the CVD graphene/BCP interface has been
observed in one study using a combination of toluene
solvent vapor- and thermal annealing (>45°C) [15]. They
argue that the lack of the PDMS wetting layer is due to
the toluene vapor pressure being high enough and
slightly selective towards PS, to compensate for the
PDMS segregation. However, our findings suggest that
this compensation might already be realized by SVA in
toluene at RT.

A lack of a PDMS wetting layer at the BCP/air interface is
useful in this work, since this means that plasma etching
used to form the hard mask can be performed in a single
step with O, plasma. We used plasma powers of 10-15 W
which are ideal for 2D material processes, but are an
order of magnitude smaller than typical plasma powers
for BCP lithography [16, 23]. The O, process parameters
was 10 sccm, 15 W, 20 min. Figure 3A shows an AFM
height image of an hBN flake edge with ox-PDMS on top
after O, plasma etching. The presence of vertical and
horizontal cylinders is seen on hBN whereas only
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horizontal cylinders are observed on SiO,. The top part of the hBN flake, which contains the largest
number of vertical cylinders is thinner than the rest of the hBN flake, suggesting that the difference in BCP
morphology is due to film thickness variations caused by the difference in flake thickness. Though, in
general a larger number of vertical cylinders was found on hBN flakes compared to SiO, which either
means that hBN is somewhat non-selective towards the two blocks creating a perpendicular orientation
or that a larger film thickness variation is seen on hBN compared to SiO,. However, this was not
investigated further. The height profile reveals 6-12 nm high cylinders and an Lo, = 38.9 nm which is in
accordance with the STEM cross section results. Raman spectroscopic measurements after O, etching
showed the presence of PS residues (Figure 3C). These residues have been shown to affect the electronic
properties of 2D materials [24, 25]. To remove these residues, furnace annealing at 500°C under Ar/H2
flow was performed. Finally, an SFs etching step (10 sccm, 10 W, for approximately 30 s) transferred the
pattern into the hBN flakes, with the ox-PDMS acting as a mask. Figure 3B shows an AFM height image of
the same hBN flake edge after furnace annealing and SFs plasma etching. The height profile shows up to15
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Figure 4: Cross-sectional (S)JTEM images of a sample lift out after annealing and SFs etching. A) and B) are
images of the same area taken with different microscope focuses revealing a pattered hole that continues
throughout the 100 nm cross-section. C) Shows an overview of the nano-patterned hBN flake. The amorphous
carbon-Pt (C-Pt) protection layer helps to identify where the flake has been patterned. D) and E) are images
of the same area taken with different microscope focuses showing a pattern that does not continue
throughout the 100 nm cross-section. The blue lines in D) mark the hBN layers seen through the protection
layer. Layers, Yellow: MeCpPtMes, Green: Evap. C. = evaporated carbon, Blue: hBN, Red/Purple: SiO,/Si.



nm deep holes. Additionally, we observed the complete removal of both PS and PDMS after annealing
and SF; etching, further confirmed by the Raman spectroscopy measurements presented in Figure 3C.

To fully confirm the pattern transfer to the hBN flake we did a SEM/FIB cross-sectional lift-out and
investigated it with (S)TEM imaging. In Figure 4A a 1.5 um overview image of the nano-patterned hBN
flake, shown in the inset of Figure 4B, is shown. The platinum containing protection layer reveals the non-
ordered patterns, which is in good agreement with the aforementioned AFM and

STEM images. The STEM images show the projection of the front of the cross section which can be
changed by changing the focus of the electron microscope and with this it is possible to verify the origin
of the patterns. Figure 4B shows a hole that continues when changing the focus, see Figure 4C. This
indicates that an ox-PDMS mask with horizontal lying cylinders has been present prior to the SFe etching.
Another thing to note is that there is no significant changes in the evaporated carbon layer which is a
strong indication that all PS- PDMS residues have been removed, leaving a clean nano-patterned hBN
surface.

Figure 4D and Figure 4E again show STEM cross sectional images from the same area but with a different
focus. In Figure 4E a clear sign of a hole is seen together with a etch angle of 55.5°. presence of hBN layers
marked in Figure 4D is an indication that the pattern does not continue throughout the 100 nm cross-
section and that it originates from an ox-PDMS mask with vertical standing cylinders. Additional cross
sectional images can be found in the supplementary materials, Figure S4. Furthermore, in this study,
angles of etched hBN sidewalls from 49-56° were observed; approximately 10° lower than the range of
sidewall angles found in the literature [38, 39]. Our results suggest that a lower power plasma results in
a smaller sidewall angle than in the case of higher powers for similar chamber pressures. This lower
sidewall angle is an advantage when considering using this process to nano-pattern graphene in
hBN/graphene/hBN stacks, since it can provide an additional reduction in the feature size [39].

Conclusion

We have shown a BCP lithography pr°‘ess that can be used to nano-pattern mechanically exfoliated hBN
flakes without requiring special pre-treatment, e.g. a polymer brush layer. Through cross-sectional lift-
outs, the interactions between PS-PDMS and hBN were shown to allow the self-assembly of a monolayer
of PDMS cylinders in a PS matrix parallel to the hBN flake. Notably, this occurs without the formation of
PDMS wetting layers either at the substrate or air interfaces. After a single step of O, plasma etching, AFM
images revealed the presence of both vertical and horizontal hard silicon oxycarbide cylinders lying on top
of hBN. These patterns could be transferred into hBN flakes through an SFs etch step followed by furnace
annealing, leaving a clean hBN surface that is ideal for device applications. With this study, we hope to
pave the way for the application of BCP lithography to nano-pattern mechanically exfoliated 2D materials
and heterostructures other than graphene. This enables patterning of a wider range of materials not only
beyond the resolution limit of conventional nanolithography, but also in a scalable manner.



Experimental

Materials and methods

Materials and block copolymer (BCP) synthesis:

PS-PDMS (Mn: 37.9 kg/mol, PDI: 1.1 (GPC results measured against PS standards), froms: 0.28 (from H-
NMR), Lo, caic.:24 nm from self-consistent mean-field (SCMF) theory, assuming x= 0.265 [40] and other
values from [41]) was synthesized by living anionic polymerization. Polymerization of styrene in

cyclohexane was initiated with sec-butyllithium and hexamethylcyclotrisiloxane was added after 18h. The
reaction was left overnight at RT. The next morning THF was added and the reaction was left to stir for 2h
at RT before getting cooled to 0°C and left there for 3 days. Hereafter, the reaction was terminated with
chlorotrimethylsilane. All solvents were purchased from research chemical suppliers and monomer and
solvent purification was done as described elsewhere [42].

Fabrication of Si/SiO,/hBN/PS-PDMS samples:
Si/SiO2 (90nm) substrates were marked with an index mark system using optical lithography and

deposition of Cr/Au in a conventional lift-off process. Crystals of hBN were purchased from HQ Graphene
and exfoliated onto these Si/SiO, substrates with semiconductor die sawing tape (Nitto Denko) after pre-
treatment of the wafers with a O, plasma (PlasmaEtch PE-50, 120W, ~200 Torr, 5 sccm, 8-10 min) to
improve adhesion. The PS-PDMS was dissolved in cyclohexane with a 1 wt% concentration and spin-
coated at 3000 rpm, acceleration 500 rpm/s for 60s with a static dispense method onto the Si/SiO2/hBN,
leaving a thin film of approx. 35 nm. The film was solvent vapor annealed on a petri dish within a petri
dish (approx. S/V =0.68 [19]) with toluene (2.5 mL) and a lid on top for 20 min at RT. Hereafter, the sample
was subjected to a O, plasma etch (Moorfield Minilab 026, 15W, running pressure: 1.8x102 mbar, 10 sccm,
DC bias: 160 V,~20 min), removing the PS block and leaving a robust oxidized PDMS template on top of
hBN. An annealing step at 500°C for 3h in 3% H,/Ar was introduced to remove residual PS. A SFs plasma
etch (Moorfield Minilab 026, 10W, running pressure: 1.8x102 mbar, 10 sccm, DC bias: 128 V, ~30-60s)
removed the exposed parts of the hBN flakes and the ox-PDMS, leaving only the patterned hBN flakes.

Atomic force microscopy (AFM)

AFM measurements were conducted in a Bruker Dimension Icon-PT, in either soft-tapping air mode
(height and phase) or with ScanAsyst mode (height). A standard tapping mode tip was used, and the
typical acquisition parameters were 256 lines with a scan rate of 0.99 Hz. Scan sizes were typically 500nm-
4um.

Focus ion beam (FIB) processing and scanning electron microscopy (STEM)

The sample edges were painted with silver paint to reduce charges from building up and mounted on an
SEM holder. The FIB processing was done on an FEl-Helios dual beam system with 5kV and the sample
preparation was done as described elsewhere [43]. All samples were coated with an electron beam
deposited gas, Trimethyl(methylcyclopentadienyl)platinum(lV) (MeCpPtMes) before FIB milling. The
nano-patterned hBN sample was coated with evaporated carbon and 1-2 nm gold before the e-beam
coating to protect the surface from the harsh MeCpPtMe3 e-beam deposition. The cross-sectional lift-



outs were thinned with the FIB before during STEM measurement. STEM bright- and dark field and STEM-
EELS measurements were conducted on a Titan Analytical 80-300ST TEM operated at 300 kV or 120 kV.
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