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Abstract

In this Master’s thesis project, a block copolymer (BCP) film was
used in combination with sequential infiltration synthesis and etching
to manufacture a nanoimprint lithography stamp consisting of silicon.
The BCP film was designed to contain perpendicularly aligned hexag-
onally placed cylinders, a pattern that will later be investigated for
antibacterial properties after being transferred via nanoimprint lithog-
raphy to a polymer film. To facilitate satisfactory pattern transfer
from the BCP film into the silicon, optimisation of the infiltration
conditions were made. During this process, thermal annealing was
observed to induce self-assembly of the BCP PS-b-P4VP into perpen-
dicularly aligned cylinders that were locally hexagonally placed. The
nanoimprint lithography stamp was found to achieve the transfer of
the cylindrical pattern into a polymer film that will later be evaluated
for its antibacterial properties.
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1 Introduction

In the field of nanoprocessing, optical lithography has been widely utilised
to manufacture nanostructures. In recent years though, block copolymers
(BCP) have gained interest for nanostructure fabrication. These special-
ity polymers can self-assemble at the nanoscale forming certain structures,
among others, hexagonally placed cylinders and lamellar shapes [1]. In this
Master’s thesis, BCP films containing locally hexagonally placed cylinders
were utilised as etch masks in a reactive ion etching (RIE) process. The
aim was to manufacture silicon wafers onto which the pattern from a BCP
film was transferred via etching, i.e. the cylinders should consist of silicon
after all processing steps. These silicon wafers were manufactured to be used
as nanoimprint lithography (NIL) stamps. Using these stamps, in collabo-
ration with Malmo University and the company Obducat, the pattern was
transferred via nanoimprint lithography to plastic films that were then ex-
amined to find out whether the pattern had antibacterial properties or not.
Although this was not part of the Master thesis project since it was carried
out by the collaborators, it served as motivation for the whole thesis project.
It was therefore of great importance to understand both the nanoimprint
lithography process, as well as the effect patterns can have on antibacte-
rial properties. Furthermore, it is important to understand what alternative
manufacturing techniques exist and the benefits and drawbacks they come
with.

2 Background

To achieve the cylindrical structure of silicon mentioned in the introduc-
tion, various techniques were utilised. These techniques are explained in the
following sections. To understand how the nanopattern was created, the sec-
tion about block copolymers is key, additionally, the sections about sequen-
tial infiltration synthesis and reactive ion etching are of great importance to
understand the processing steps. Furthermore, the section on NIL and an-
tibacterial properties serves as great background information to understand
the constraints and properties of the finished silicon wafer.



2.1 Block Copolymers

A block copolymer (BCP) consist of different polymer chains covalently
linked to each other, where one chain is usually polar and the other non-
polar [1]. The way they are linked can be varied extensively, but one widely
used arrangement is the coil-coil diblock copolymer [1]. The coil-coil distinc-
tion means the BCP does not contain any rigid-rod block [1]. These BCPs
are typically forming self-assembled structures where one of the polymer
chains, i.e. on of the blocks, forms a shape, for example spheres or cylinders,
while the other polymer chain in the same BCP forms a matrix around the
shape. Examples of BCPs are polystyrene-block-poly(methyl methacrylate)
(PS-b-PMMA), which a great deal of the block copolymer research has been
focused on, and polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP), which
will be used in this thesis project. In the case of PS-b-P4VP, polystyrene
(PS) and poly(4-vinylpyridine) (P4VP) chains are joined together covalently.
The structure of this block copolymer can be seen in Figure 1.

CH2 CH CH2 CH

S

Figure 1: Schematic image of the molecular structure of PS-b-P4VP
where the PS and P4AVP parts are joined together covalently [2]. No-
tice that the curved chain to the left and right indicates the presence
of end groups.

2.1.1 Self-assembly of Block Copolymers

Block copolymers can self-assemble because of thermodynamical incompati-
bility of the polymer chains that are covalently joined in a block copolymer
[1]. This incompatibility gives rise to phase separation in the nanometer
range [3]. The term microphase separation accurately describes the self-
assembly process [3]. This means that the BCP system maximises attractive
interactions between the polymer blocks while minimising the repulsive in-
teractions [3]. Hence, the BCP segregates into domains of the individual
blocks [3]. Furthermore, since the polymer blocks are joined together with a



covalent bond, the scale at which the microphase separation occurs is compa-
rable to the size of the block copolymer chains [3]. Therefore, by changing the
molecular weight of the copolymer, the size and separation distances of the
self-assembled structure can be tuned and depending on the compositions of
the blocks in the BCP, different shapes can be achieved during self-assembly
4].

For diblock copolymers, sphere, cylindrical, gyroid and lamellar shapes
are attainable [1], this can be seen in Figure 2.

The microphase separation of block copolymers is a true self-assembly
process which means that at a critical temperature, denoted the order-to-
disorder transition temperature Topr, the entropy effect of the polymer chain
movements will dominate the enthalpic effects of the intermolecular forces
[1, 3]. This implies that the ordered arrangement of a BCP is limited to a
certain temperature range [3]. Moreover, above a specific temperature for
each polymer, called the glass transition temperature, mobility is increased
due to decreased viscosity and increased diffusion of said polymer, meaning
rearrangements are more easily achieved [5]. Since a BCP most likely will
be subjected to room temperature at some point in its lifetime, at least one
of the polymer blocks in the BCP should have its glassy state above room
temperature to inhibit rearrangements [3]. The polymers in the blocks used
in this thesis project have a glass transition temperature, T,, of 102°C and
147°C respectively. Furthermore, the order-to-disorder temperature of the
BCP used is well beyond 300°C [6].

There have been many theories trying to predict the order-to-disorder
transition temperature Topr for various block copolymers, one such theory
is the self-consistent mean-field theory (SCFT) [7]. Using this theory, the
following diblock copolymer phase diagram, see Figure 2, has been produced
[7]. Notice that with increasing volume fraction of one block, f, the system
passes through the structures mentioned above as long as the system is over
Topr. From left to right, with increasing f, the system passes through closely
packed spheres (CPS) onto body-centred cubic spheres (Q*?), hexagonally
packed cylinders (H) through the bicontinuous gyroid shape (Q%*°) and fi-
nally to the lamellar shape (L)[1]. The same structures appear in reverse as
f is increased over 0.5, but then the specific polymer in the majority and
the minority blocks are swapped in the microdomains, for example from the
matrix to the hexagonally packed cylinders. In the phase diagram, it is also
possible to find the predicted order-to-disorder transition temperature Topr
by looking at the line that separates the structures mentioned above with
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the last field, which denotes the disordered state found at the bottom and to
the left and right of the phase diagram. Apart from the microdomain struc-
tures mentioned above, if the block copolymer is manufactured to be joined
in another way, for example, a ring, star or by using triblock copolymers,
additional shapes can be obtained [1, §].

cylinders

spheres

lamellae

increasing f,

spheres

cylinders

(b)

Figure 2: In a), phase diagram for coil-coil diblock copolymers is
presented. In b), it is seen that changing the composition of block A
and B results in the different structures mentioned before [9].

Using the phase diagram above, it is straightforward to choose reason-
able volume fractions of the individual polymer parts to obtain the desired
structure. However, even if hexagonally arranged cylinders are formed in
the sample, the orientation they align can be undesired if care is not taken
[3]. This alignment of the resulting self-assembled structure can be affected
by the interface between the air and the BCP, as well as the substrate to
BCP interface [3]. Both the lamellar structure and the hexagonal cylindrical
structure can align parallel to the substrate surface instead of perpendicular
to said direction [3]. This typically happens when one of the blocks selec-
tively wets an interface, leading to segregation of that polymer block there
[3]. To combat this, it is often needed to control the surface hydrophobicity,
which affects the surface and adlayer interactions, to obtain the orientation
and alignment of the BCP structures [10]. One approach often utilised is
to control the substrate to BCP interface with a polymer brush layer [3].
This layer can be made of a copolymer whose composition is controlled, to
obtain the wanted surface energy and chemistry [3]. It is worth noting that
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there exist other ways to solve this problem, one such way being to use a
self-assembled monolayer [3]. Albeit, adding an additional layer under the
BCP film might pose problems if the BCP film is later used as an etch mask,
meaning it is preferable if there is no need for any brush layer at all.

When a BCP is spin-coated, it does not typically contain the self-assembled
pattern sought but rather defect-rich morphologies that are kinetically trapped
[11]. The reason for this is at least partially due to rapid evaporation of the
solvents used for spinning which leaves the spin-coated BCP in a thermal
non-equilibrium [11]. To get the BCP to self-assemble into the desired struc-
ture, a method to induce self-assembly in the BCP is typically used [4].
With self-assembly, small regular structures suitable for lithography can be
formed, with a size dimension of less than 100 nm [12]. Among the meth-
ods to induce this self-assembly are for example electric fields, shear forces,
thermal annealing and Solvent Vapour Annealing (SVA) [13, 14]. Although
these techniques can achieve great ordering, it is worth mentioning that it is
a considerable challenge to produce nanoscopic patterns that are maintained
perfectly on macroscopic length scales [15].

2.1.2 Solvent Vapour Annealing

In solvent vapour annealing (SVA), evaporation of solvents is used to form
a highly directional solvent concentration field that directs the self-assembly
of the BCP film, with ordering initiated at the surface of the BCP film then
propagating downwards into the film [4]. The way solvent vapour annealing
causes the BCP to restructure is through increased mobility of the polymer
chains during solvent swelling of the BCP film due to a decrease of the Ty,
which is caused by the solvents used [13]. When the mobility is increased,
the BCP system can start to restructure in an energetically favourable way
[13].

There is a multitude of parameters affecting the results of SVA. Among
these are the composition of the polymer blocks, f4 and fg, the degree of
polymerisation N, the Flory-Huggins interaction parameter x4 which de-
scribes the segment-segment interactions between the two polymer blocks,
the thickness h of the BCP film and the surface tensions of the two mi-
crodomains, 74 and g [11]. Additionally, the chemical and topological prop-
erties of the substrate can allow for interactions between the substrate and
any of the polymer blocks which too can affect the result of the SVA [11].
Moreover, the solvents that are used to induce the self-assembly affects the



result of SVA. It is mainly the quality and selectivity of the solvents to the
two blocks that are of importance. These solvents affect the kinetics and the
pathways of the structural changes in the BCP film, hence it can also affect
the final structure of the BCP film [11]. Under some SVA conditions, a non-
equilibrium structure is created, believed to be caused by large solvent flows
through the polymer during drying [11]. However, these non-equilibrium
structures that can be created with SVA are not well understood yet [11]. In
general, when performing SVA,| a BCP film is usually taken from a thermal
non-equilibrium to a thermal equilibrium [11].

For BCP films that are prepared on solid substrates with a free polymer
to air interface, islands or holes are often present in the film resulting in an
uneven thickness of said BCP film [11]. The reason for this is the contrast
between the characteristic dimensions of the self-assembled structure and the
film thickness causing relaxation of the film via the islands and holes [11].

2.1.3 Thermal Annealing

When a sample containing a non-equilibrium BCP film is exposed to heat of
a suitable temperature for a long enough time, it increases the mobility of the
film causing it to self-assemble in a way that is energetically favourable, i.e.
to its equilibrium form [5]. This implies that the temperature has to exceed
that of the glass transition temperature of the polymers in the BCP [5]. The
increased mobility originates from decreased viscosity and increased diffusion
as the temperature increases, but also through changes in the miscibility
between the polymers in the BCP [5]. Published papers indicate that very
little research into thermal annealing on PS-b-P4VP has been carried out. In
the only article that was found, thermal annealing at 180°C was used jointly
with SVA to self-align the BCP which resulted in a cylindrical microstructure
[16]. Although this article does not show that thermal annealing alone can be
used to obtain perpendicular cylindrical structures in PS-b-P4VP, it serves as
an indication that PS-b-P4VP might be thermally annealed. Furthermore,
since the temperature where the degradation of the blocks in PS-b-P4VP
starts are quite high, ~ 300°C for both PS and P4VP, degradation of the
blocks should not pose problems during thermal annealing [17, 18]. However,
since very little information exists on thermal annealing of PS-b-P4VP, the
information in this section relies on research on PS-b-PMMA, which has been
studied extensively [19].

For PS-b-PMMA, the needed processing time for thermal annealing to



result in a film that is in equilibrium follows an exponential law where a
higher temperature requires significantly shorter annealing time [5]. However,
at the decomposition temperature of any of the polymers in the BCP, the
BCP film starts to degrade [13] meaning there is an upper limit to where
thermal annealing can be carried out with a satisfactory result [13]. As
mentioned before, since thermal annealing has to be carried out above the T,
of the polymers in the BCP, there is also a lower limit for thermal annealing
5].

One problem that arises when using thermal annealing is that it is hard
to achieve structures that align perpendicular to the surface, especially for
high x-BCPs [19, 20]. Therefore, a few methods have been designed to
circumvent this obstacle, one such method being to use a brush layer, which
can be a random copolymer containing the blocks of the BCP in question,
placed on the surface of the substrate underneath the BCP [19]. This reduces
preferential wetting to the substrate, therefore, reducing the drive towards
forming parallel structures [19]. Another similar approach is to use a top
coat, which can reduce preferential wetting to the free air surface for one of
the blocks which also reduces the drive towards parallel structures forming
[20]. Yet another way is to use inorganic impurities to induce the formation
of parallel structures during thermal annealing, this has been done with the
block copolymer PS-b-P2VP [19, 21]. In this case, nanoparticles were mixed
with the BCP, which induced a perpendicular structure of the PS-b-P2VP
21].

When comparing thermal annealing to SVA, there are benefits and draw-
backs to each method. Generally, thermal annealing is simpler to carry out
and is also cost-effective, indeed making it the more used method [13]. How-
ever, there are also clear drawbacks to using thermal annealing. One draw-
back of using thermal annealing instead of solvent vapour annealing is that
it is distinctly harder to achieve perpendicular structures in a BCP film with
thermal annealing and only a handful of block copolymers can achieve this
without the use of brush layers, top coats, impurities or other similar ideas
[19]. Another drawback is that for some block copolymers, the degradation
temperature might be very close to, or under, the glass transition tempera-
ture T, which makes thermal annealing very slow and therefore inefficient, or
even impossible, thereby making SVA the preferred method of self-assembly
in these cases [13].
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2.2 Sequential Infiltration Synthesis (SIS)

Sequential infiltration synthesis (SIS) and Vapour phase infiltration (VPI) are
collective names for techniques where precursors are infiltrated into a host
material, for example a polymer, in which they interact with its functional
groups [22]. With subsequent exposure to a co-reactant, a hybrid organic-
inorganic material forms [23]. This cycle is typically repeated several times
to facilitate a larger amount of infiltrated material [23].

SIS is typically performed in an atomic layer deposition (ALD) chamber,
but with a modified pulse sequence [24]. The reason for this change is that in
regular ALD film growth, the aim is to saturate all the reactive sites on the
surface of the substrate to get a self-limiting reaction whereas, in SIS, the aim
is to dissolve, diffuse and entrap the precursors inside of the BCP where the
organic-inorganic material should form [24]. This essentially means that ALD
is a surface process while SIS is a bulk process in which three-dimensional
structures are obtained.

ALD is typically run at low precursor partial pressures while the partial
pressures of the precursors in SIS needs to be significantly higher, to drive
the precursor into the BCP film [24]. Apart from this, exposure times also
needs to be increased in SIS because of the diffusion step where the precur-
sors migrate into the BCP film [24]. In this thesis project, the precursors’
trimethyl aluminium (TMA) and water vapour are used to form aluminium
oxide, AlO, [23].

There are a few different infiltration techniques that all belong to the SIS
family since they are very similar in mechanism and only differ slightly in
dosing sequence [22]. There is some confusion regarding the naming of these
similar methods, but this report will use the nomenclature proposed by Leng
and Losego for these [22].

The dosing sequence for the first method, named semi-static SIS consists
of a static hold of the first precursor and after a set hold time, the chamber
is evacuated to a vacuum [25]. After this, an inert carrier gas is added to the
chamber to purge it [25]. Following this, the chamber is yet again brought to
a vacuum after which the process is repeated, but with the other precursor
[25]. When both precursors have been present in the chamber, one cycle is
said to have taken place, after which, additional cycles are often performed
25].

The second method is referred to as either multiple pulsed infiltration
(MPI) or flow mode SIS [22]. In this method, after a precursor has been
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introduced into the chamber, the chamber is not purged to a vacuum to
remove it, instead, a constant flow of an inert carrier gas is used to remove the
precursors from the chamber [22]. The steps of MPI are summarised in the
following paragraphs. Firstly, a precursor gas is introduced into the chamber
for a set time, after which a hold step where no new precursor molecules are
added to the chamber takes place [26]. During this step, an inert gas fills
the chamber, eventually purging the chamber from the precursor[26]. After
this is achieved, the co-reactant is added to the chamber following the same
steps as the first precursor [26]. After these steps have been performed, one
cycle is completed, after which consecutive cycles can follow [26].

The third method highlighted by Leng and Losego is referred to as sequen-
tial vapour infiltration (SVI) [22]. This differentiates from the semi-static
SIS and MPI since it delivers multiple doses of the same precursor before
the reactant is introduced into the chamber, often referred to as a soak step
22, 27]. Following this soaking step, a carrier gas is typically used to purge
the chamber of the precursor, after which the co-reactant is introduced to
the chamber in multiple doses [27].

2.2.1 SIS Mechanism

The mechanism that describes how the precursors form their bond to the
polymer is known as a Lewis acid-base interaction [23, 24]. The metal-organic
precursor behaves as a Lewis acid and the functional groups in the polar block
of the BCP act as a Lewis base [23, 24]. Initially, most of the research on the
SIS mechanism was done on PS-b-PMMA [24]. However, research into the
interactions taking place on the BCP PS-b-P2VP, which is very similar to the
BCP PS-b-P4VP used in this thesis project, has since been conducted [23].
Therefore, this background will delve deeper into the interactions relevant
for this specific polymer mostly.

In general, the SIS mechanism can be described using a three-step process,
sorption of the precursor gases into the BCP, diffusion of the precursors in
the BCP and entrapment of the precursors within the BCP [22]. For the
BCP PS-b-P2VP, and therefore likely also PS-b-P4VP, the most important
steps are precursor diffusion and precursor entrapment [23].

During the diffusion step, precursors diffuse into the polymer film, where
they can form a coordinative bond with the polymer moieties [23]. The
depth of the diffusion of the precursors into the polymer is time-dependent
and infiltration times should be carefully considered as an insufficient dif-
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fusion time can result in only a shallow layer of infiltrated material close
to the surface forming [24, 28]. The coordinative bond formed between the
precursors and the pyridine moieties is reversible meaning both forward and
reverse reactions take place which affects the concentration of bound and
unbound precursors in the system [23]. The rate of these reactions is tem-
perature dependant forming three temperature regions; the low-temperature
region, the balance point (BP) and the high-temperature region [23]. At the
low-temperature region, the forward reaction is favoured meaning the con-
centration of bound precursors is higher than that of unbound, whereas in
the high-temperature region the reverse reaction is favoured and the concen-
tration of unbound precursors is greater [23]. At the balance point, these
reactions are equal, meaning the concentration of bound and unbound pre-
cursors at equilibrium will also be equal [23]. It was shown by Weisbord
et al. that the precursor molecules ability to attach and detach from poly-
mer moieties is equally important and that at the balance point, the mass
gained from infiltration is the largest [23]. The reason for this is that when
the forward reaction is favoured, the diffused precursors bind strongly at
the top of the film, thereby hindering additional precursors to diffuse deeper
into the film resulting in lower mass gain [23]. Moreover, when the reverse
reaction is favoured, limited amounts of coordinatively bonded precursors
result in a lower mass uptake even though deeper diffusion is achieved here
[23]. Meanwhile, at the balance point, the constant rate of the forward and
reverse reaction allows precursors to detach from a pyridine moiety and dif-
fuse further down into the polymer film, while the amount of coordinatively
bound precursor is sufficient to allow for a high amount of mass gain [23].
The balance point for PS-b-P2VP is rather high compared to other BCPs,
210°C [23]. The reason for this is the pyridine group in P2VP, which is a
strong Lewis base [23, 29]. Since PS-b-P4VP also contains a pyridine group,
it can be assumed to be close to that of PS-b-P2VP [29]. In a slower reac-
tion, the coordinatively bound precursors are transformed into covalent and
non-reversible bonds, in the case of TMA infiltration Al-O bonds, as long as
there is enough activation energy for the bond to form [24, 23]. Subsequent
exposure to the co-reactant, water vapour, causes oxidation of the covalently
bonded precursors forming O-Al-OH species when TMA is the precursor used
[23]. Furthermore, these oxidised species serve as reaction sites for the sub-
sequent infiltration cycles [24, 12]. Notably, when the non-reversible bonds
have formed, the BCP structure is effectively locked in place, meaning it can
withstand higher temperatures while still retaining the microphase separated
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pattern [23].

2.2.2 SIS and Block Copolymers

The combination of block copolymers and SIS is interesting because of the
possibility to infiltrate an inorganic material into only one of the blocks [24].
This can be achieved when one of the blocks lack polar groups, for example,
polystyrene, which prevents interactions between the polymer block and the
diffusing precursors [24]. Instead, the non-polar polymer block can act as a
diffusive channel for the precursors to the reactive sites in the polar polymer
block [24]. By utilising this, an etch mask made of a metal oxide containing
the pattern of the BCP:s can be created [12]. Since these etch masks contain
heavier elements than polymers typically do, it typically yields a higher etch
resistance than when only using the BCP:s by themselves [30]. This means
SIS on BCPs combined with etching is an effective way to transfer a BCP
pattern into a silicon wafer [30].

2.3 Reactive Ion Etching

In reactive ion etching (RIE), a combination of physical and chemical pro-
cesses are utilised to etch away atoms from the surface of a substrate in a
low pressure chamber [14]. Although both physical and chemical processes
are active, the dominant etching phenomenon in RIE is chemical, through
reactive and corrosive gases [14]. In a RIE process, the selected gasses are
introduced into the vacuum chamber after which free electrons present in the
chamber are accelerated by a radio frequency (RF) field, causing these elec-
trons to acquire enough kinetic energy to ionise the injected gas molecules
upon collision [14]. Through this process, more free electrons become avail-
able causing ionisation of even more gas molecules quickly leading to a large
amount of available ions and free electrons [14]. In a RIE with a configuration
of planar electrodes, the RF power source is connected to one electrode, the
cathode, while the other electrode is grounded, the anode [14]. The free elec-
trons that resonate in the chamber due to the RF field causes the electrodes
to charge up negatively due to the fact that the free electrons move faster
than the ions [14]. Since the cathode is not connected to ground, it will be-
come more negatively charged than the anode, which, in turn, will cause ions
to be accelerated towards the cathode [14]. This ion bombardment affects
the sample by physical ion sputtering. The chemical processes, that are the
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dominant etching processes, affect the sample in a few ways [14]. If the ions
are reactive species, the can react with the surface atoms directly by forming
volatile compounds, thus leaving the substrate [14]. The ions can also cause
absorbed gas molecules on the substrate surface to dissociate, producing rad-
icals which reacts with the surface atoms forming volatile compounds that
escape the surface [14].

As mentioned before, increased RF power leads to increased ion bom-
bardment of the sample, due to the higher self-biasing voltage of the sample,
which is not always desired [14]. In inductively coupled plasma reactive
ion etching (ICP-RIE), which was used in the Master’s thesis project, the
plasma generation is separated from the etching chamber which allows the
RF power and self-biasing voltage to be independently controlled [14]. This
is important as it can affect the etching selectivity which is the ratio of the
etching rate for the substrate versus the etching rate of the mask [14]. During
etching, it is often desired that the exact dimension of the mask pattern is
transferred to the substrate, however, in practice there are always distortions
and lateral etching taking place [14]. Etch anisotropy is a measure of how
much lateral etching has occurred, where isotropic etching means identical
etching rate in all directions whereas anisotropic etching includes no lateral
etching [14]. One way highly anisotropic etching conditions can be achieved
for silicon etching is by introducing the gas SFg combined with C4Fg into
the chamber [31, 32]. The reason this achieves highly anisotropic etching is
because the C4Fg forms a passivation layer, inhibiting the SFg from etching
except at the bottom where the ion bombardment removes the passivation
film [31, 32].

2.4 Nanoimprint Lithography

In nanoimprint lithography, a template containing a specific pattern, referred
to as a stamp, is used to mechanically transfer a pattern to a polymer film
33, 34]. The NIL process is performed at a temperature above the T} of the
polymer film, allowing it to shape itself after the pattern on the stamp when
pressure is applied to the polymer film. After the polymer film has been
displaced by the stamp, it is hardened through a curing process. There are
multiple ways this is can done. One method used is to cool the polymer film
down below the T} before removing the pressure and demoulding the poly-
mer film from the stamp, which is referred to as thermal NIL [33]. Another
method is to utilise UV-light to cure the polymer film, which is referred to as
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UV-NIL [33, 35]. Using these processes, sub-10 nm resolution is attainable
in a high-throughput fashion at a relatively low-cost [33]. Since the stamp
is used as a template, its defects will be carried forward into the polymer
film, meaning the choice of patterning technique used for stamp manufac-
turing is of great importance. One method utilised to manufacture a NIL
stamp is to use electron beam lithography (EBL) where an electron resist,
for example PMMA, is exposed to an electron beam that is scanned across
the surface [36, 37]. After resist development a metal layer can be evapo-
rated onto the developed resist and following lift-off of the resist, a pattern is
present on the sample [36, 37]. After subsequent etching, a silicon NIL stamp
has been manufactured [36, 37]. To facilitate removal of the polymer film
after imprint, a NIL stamp is often treated for anti-sticking by depositing
a monolayer of fluor-containing molecules using chemical vapour deposition
[36]. In this Master’s thesis project, self-assembly of a BCP film combined
with infiltration of aluminium into the film and subsequent etching is used to
create the NIL stamp. A schematic of how this NIL stamp then was used to
manufacture the polymer film where the anti-bacterial measurements took
place, which was the motivation for this Master’s thesis project, is presented
in Figure 3.
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Figure 3: Schematic of the NIL processing steps to obtain the polymer
film where the anti-bacterial measurements were performed, starting
from the the silicon stamp.

17



In the first processing step, see Figure 3a, the silicon NIL stamp with an
anti-adhesion layer and a two-layered polymer film of UV-resist ’solution &8’
and polycarbonate are loaded into the NIL tool. In the second step, 3b, the
NIL stamp and the polymer film are brought into contact and UV-light is
used to cure the UV-resist layer. The third step, 3c, shows the patterned
polymer film removed from the silicon stamp. This film is subsequently
given an anti-adhesion layer before proceeding to the next step. In 3d, the
patterned film is then seen being utilised as a stamp for pattern transfer into
another polymer film with one layer of "TU7" on PET. The last step, 3e,
shows the finished TU7/PET film after it has been coated with titanium and
gold. A more in-depth description of these processing steps can be found in
Appendix C.

2.5 Antibacterial Properties

To be able to manufacture a silicon stamp for nanoimprint lithography that
contains a pattern that makes a polymer film antibacterial, it is important
to understand what features are responsible for this effect. An important
scientific article in this field is by Ivanova et al. who found that the surface
of cicada wings acts as a natural bactericidal surface [38]. The reason for
this bactericidal effect was found to be a nanopattern located on the cicada
wings’ surface, a structured array of nanopillars. These pillars caused cell
penetration, resulting in the death of the bacterial cells. In a subsequent
review article, multiple micro- and nanostructures causing bacterial cell death
are reviewed [39]. The antibacterial structure this thesis project aims to
pattern is an array of rigid pillars on the nanoscale. The way this can kill
bacterial cells is through suspension of the membranes of these cells on the
pillar array, which leads to stretching of the membrane beyond the elastic
limit, thus killing the cells [39]. This bactericidal effect has been found for
nanopillar structures in a height range of 100-900 nm, a width range of 20-207
nm and a spacing distance of 9-380 nm [40]. Hence, these were the interesting
parameter ranges to optimise for during processing.
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3 Experimental

The block-copolymer used in this project was PS-b-P4VP from Polymer
Source, Inc., Canada [41]. The molecular weights of the blocks used were
M,, = 50000 g - mol~* for PS and M, = 17000 g-mol~' for PAVP. The glass
transition temperature is T, = 103°C for the PS block and T, = 145°C for
the PAVP block [41].

The tool used for infiltration of the BCP was a Veeco Savannah 100,
formerly of Cambridge NanoTech. The recipe utilised can be seen in full in
Table 3 of Appendix A, but the most important parts are described in the
following paragraphs. TMA and water vapour were utilised as precursors
with infiltration temperatures of 90, 100, 145 and 200°C. The pulse duration
of the TMA was 15 ms, repeated after 0.8 s a total of 100 times, followed by
a purging time of 90 s to remove the TMA from the chamber. Subsequently,
water vapour was introduced into the chamber with a pulse duration of 10
ms repeated after 0.8 s a total of 50 times, followed by a purging time of 600
s to remove the water vapour from the chamber. This completed one cycle,
and during the project, infiltration was tested for one, four and eight cycles.

An ellipsometer was employed to measure film thicknesses. This system
was a Woollam RC2 variable angle spectroscopic ellipsometer [42]. The col-
lecting angle was varied from 55 to 70 degrees and the wavelength range used
was between 400 to 1000 nm.

An inductively coupled plasma reactive ion etcher (ICP-RIE) was used
for polymer ashing as well as for the etching with the alumina etch mask.
This machine is called the APEX SLR ICP manufactured by Plasma-Therm.
The recipes used during ashing and etching can be found in their entirety in
Table 4 and 5 of Appendix B, but the most important part are described in
the following paragraphs. For the polymer ashing, the gas in the chamber
was O,, the radio frequency field was set at 25 W and the inductively coupled
plasma was set at 10 W. For the etching, SFys, CyFg and Ar were present
in the chamber with the radio frequency set at 25 W and the inductively
coupled plasma set at 300 W.

The Hitachi UHR SU8010 FE-SEM was used for all cross-sectional SEM
micrographs as well as some of the top-view SEM images. Apart from this,
the Zeiss Gemini 500 FE-SEM was used for much of the top view imag-
ing. Both of these instruments utilise a field emission gun for emitting the
electrons in the beam.
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4 Results and Discussion

The first part of this Master’s thesis project consisted of finding optimal
parameters for the SIS processing. After studying the literature on SIS, the
temperature was chosen as the parameter to optimise due to its considerable
effect on mass gain during infiltration as mentioned in Section 2.2.1.

4.1 Sequential Infiltration Synthesis

From an earlier try on PS-b-P4VP by Anette Lofstrand, reasonable param-
eters where infiltration occurs were already known [43]. The temperature
used by her was 90°C. However, it was mentioned in the paragraph about
the balance point in the background, Section 2.2.1, that the infiltration is the
largest at 210°C for the very similar PS-b-P2VP. It is therefore reasonable
to investigate how higher temperatures affect infiltration in PS-b-P4VP.

Since the glass transition temperature, Ty, is 103°C for the PS block and
147°C for the P4VP block, it is interesting to examine the highest possible
temperatures under these T,-temperatures in case polymer flow of one or
both polymers affect the results. The four temperatures used for infiltration
are therefore chosen as 90, 100, 145 and 200°C.

In the following sections, the results after each stage of processing are
presented.

4.1.1 Solvent Vapour Annealing

After the samples had been exposed to the solvent vapour annealing treat-
ment, they were analysed with an ellipsometer. This was done to obtain the
thickness of the BCP film, which was measured to 28 nm +2 nm. Apart
from this, inspection of the film using an SEM was conducted, the result of
which can be seen in Figure 4.
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Figure 4: SEM image of the microphase separated BCP after solvent
vapour annealing. The P4VP blocks show up as dark circles while
the PS matrix is seen as the whiter parts in the surrounding. The
scale bar is 250 nm.

It is visible that a microphase separated structure has formed with cylin-
ders discernibly due to their somewhat darker shade as compared to the
matrix. These darker cylinders consist of P4AVP and the matrix of PS.

4.1.2 Infiltration

After the samples were exposed to the precursors in the ALD tool, to form
infiltrated AlO,, they were analysed in an SEM. The following images were
captured immediately after infiltration, before any other processing.
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Figure 5: SEM images of the samples from above. The samples were
processed at 90, 100, 145 and 200°C in increasing order from a to d.
Notice the decrease of the apparent diameter of the cylinders as the
temperature increases. Data on this can be seen in Table 1.

Based on these images alone, it is possible to speculate on both the pat-
tern transfer quality and the amount of infiltrated AlO, infiltrated into the
cylinders. Regarding the pattern, it appears that the pattern from the BCP
film has been transferred to the hybrid organic-inorganic material for all
samples. However, for the higher temperature sample, the cylinders seem
to have a smaller diameter and the border between the two blocks appears
more blurry. Since the quality of pattern transfer is of utmost importance,
the lower temperatures seem favourable for the application, even though the
samples infiltrated at 145 and 200°C could potentially contain more alumina.
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Although, this remains to be seen as removal of the polymer film might paint
a different picture. If the diameter of the cylinders of infiltrated alumina is
smaller, this will be contrary to the findings of Weisbord et al. which state
that the infiltrated mass should increase with higher temperature in this
temperature range mentioned in Section 2.2.1. Apart from this, it is also
evident that the infiltrated alumina is not homogeneously distributed in the
P4VP, most notable in Figure 5b but likely present in all four samples. See
Figure 5b where islands of higher contrast are visible inside the P4VP cylin-
ders. This might indicate that four cycles of infiltration are not sufficient
or it might be some other parameter that needs fine-tuning later on. If this
heterogeneity will pose a problem when the alumina is used as an etch mask
remains to be seen though. It is also unclear how these islands of alumina
in the P4VP cylinders are affected by the ashing of the BCP. Therefore, it
is relevant to image the samples infiltrated at 145 and 200°C again after the
ashing step is conducted.

An interesting observation is that for the sample processed at 200°C,
significant flow occurred on the micro-scale while the cylindrical pattern was
still retained on the nanoscale. This is presented in Figure 6.
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Figure 6: SEM image of the sample processed at 200°C where sig-
nificant flow is visible, notice the micrometer sized circles that have
formed, in a) while the nano scale cylindrical pattern is retained,
shown in b).

This finding is interesting as it suggests that it might be possible to
carry out thermal annealing while the sample is in the ALD chamber during
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SIS infiltration. Although, of importance is that the microphase separated
structure of perpendicular cylinders was present before the annealing since
SVA was carried out beforehand, but importantly, this structure was not
destroyed by the thermal treatment. If thermal annealing inside of the ALD
tool could be performed in a way that creates good self-assembly of the BCP
film, multiple hours of processing time could be saved by minimising the
number of processing steps.

However, in this sample there were large areas that formed with no cylin-
ders present, resulting in large areas of the sample that contained no struc-
tures. This means that the thermal annealing in the ALD chamber has to
be improved, likely by increasing the thickness of the BCP film, to obtain
samples usable for the application of this Master’s thesis project. Further-
more, as samples the size of a square centimetre or more was be needed, this
approach might be unsuccessful. More research was carried out to determine
whether this is a viable approach or not.

To obtain information about how the thickness of the BCP film was af-
fected, ellipsometry was used. The thicknesses presented for the different
samples are a mean of three data points and can be seen in Table 1.

Table 1: The measured thickness of the BCP film and the average
diameter (of 10 cylinders) after infiltration of AlO, for the different
samples infiltrated at the temperatures 90, 100, 145 and 200°C. The
thickness of the BCP film for the samples before infiltration was 28
nm.

BCP film thickness

Processing

temperature (°C) 90 100 145 200
Thickness
(nm) 25 24 29 32
Average

diameter (nm) 2420 1916

In the data presented in Table 1, a trend where film thickness rises as
the processing temperature increases is noticeable. This fits in well with the
assumption that the balance point for PS-b-P4VP is close to that of PS-
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b-P2VP at 210°C [23] since a thicker BCP film after infiltration suggests a
higher amount of infiltration. However, the diameter of the cylinders ap-
peared to be smaller for the samples infiltrated at 145 and 200°C in Figure 5
which might indicate that at higher temperatures the infiltration occurs but
that the mass gain affects the height instead of the width of the cylinders.
More information is needed to draw any conclusions.

4.1.3 Polymer Ashing

After the samples were exposed to the oxygen plasma in the APEX SLR F-
based RIE, where the uninfiltrated part of the BCP film was removed, they
were analysed in an SEM microscope. The following images, see Figure 7
were captured immediately after 150 seconds of polymer ashing, before any
other processing.
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Figure 7: SEM images of the samples from above after SIS and poly-
mer ashing. The samples were processed at 90, 100, 145 and 200°C
in increasing order from a to d. Notice that the observed blurriness
at the borders of the cylinders for the samples processed at higher
temperatures has vanished.

From these images, one can conclude that the quality of the pattern trans-
fer does not seem to be affected by the different temperatures. Furthermore,
the trend where the diameter decreased with increasing temperature is no
longer evident, which can be seen when the average diameter of these sam-
ples were calculated, see Table 2. This might have been the result of the
different heights of the polymer film after infiltration, essentially covering
the top of the cylinders containing alumina with PS more at higher tem-
peratures, but this is simply speculation. After these images, cross-sectional
SEM micrographs were also captured to observe the shape of the structure.
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Figure 8: SEM images of the samples in cross section after SIS and
polymer ashing. The samples were processed at 90, 100, 145 and
200°C in increasing order from a to d.

From the cross-sectional images captured, the height, width and aspect
ratio of the cylinders for the different samples were measured and calculated.
Notice that in Figure 8, some of the cylinders have a shape similar to a
mushroom, most notable in Figure 8d. This means the width is dependent
on at what height on the sample it is measured. However, as the largest width
is easiest to measure, this width is presented. The information gathered is
shown in Table 2. It is worth mentioning that during the entirety of the
Master’s thesis project, multiple samples were infiltrated at the temperatures
90, 100, 145 and 200°C with very similar results, pointing to a reproducibility
of the results obtained in this report.
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Table 2: The measured height and the largest width was averaged
for 10 cylinders in the different samples. Apart from this, the aspect
ratios of said cylinders were also calculated.

Cylinder measurements

Infiltration
temperature (°C) 90 100 145 200
Height (nm) 25 27 24 392
Width (nm) 50 20 . .
(largest)
Aspect ratio _ ' ‘ |

There are a few notable things to mention regarding these measurements.
Drift in the vertical direction during SEM imaging impacts the reliability of
the height measurement, which in turn gives the aspect ratio a value that
is somewhat unreliable. Although there seems to be a trend where higher
infiltration temperature relates to greater height, the measurement error due
to the vertical drift, as well as the inherent measurement error of the SEM,
means it is not possible to directly say if this trend is accurate. Notably,
the sample processed at 145°C does not conform to this trend. One other
possibility is that the sample infiltrated at 200°C differs from the other three
samples as the average height of its cylinders were 5 nm more than the second
tallest sample’s cylinders. Since flow of the BCP film only occurred for this
sample, this is interpretation is not far fetched, but to be certain, further
investigation is needed. The reason these measurements are of interest is
because a thicker etch mask could potentially transfer to a higher aspect
ratio of the etched structures. Therefore, etching was used to investigate
how well the cylinders in the different samples held up, giving information
about which infiltration temperature is optimal to use. The etching time used
was four minutes and thirty seconds as etching results from an initial sample
indicated that the etch rate in silicon is around 17 nm per minute. Hence, an
etching time of 4.5 minutes should result in a pillar height of approximately
75 nm plus the remaining etch mask, rendering an aspect ratio of the pillars
of around 1:3.

One other notable thing is the apparent mushroom shape of the cylinders.
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This shape may likely form because AlO,, acts as places where additional pre-
cursors can bind onto, similarly to the PAVP functional groups, as mentioned
in the background. Furthermore, as the P4VP is transformed into a hybrid
organic-inorganic material, diffusion of precursors through it might be af-
fected, which could result in a majority of the added AlO, being close to the
top of the cylinders.

4.1.4 Etching

As mentioned earlier, an etching time of 4.5 minutes was used at this stage.
When the etching of the samples infiltrated at the different temperatures
was done, cross-sectional SEM images were captured to see if there was any
difference in terms of etch selectivity between the alumina masks and the
silicon substrate. These images are presented in Figure 9 below.

s 100 NM

(d)

Figure 9: SEM images in cross section of the samples after etching
for 270 s. The samples were processed at 90, 100, 145 and 200°C in
increasing order from a to d.

Judging by the images, the etching is highly anisotropic since the side-
walls have nearly no positive incline. Notably, the uppermost part of most of
the cylinders appears rough. This is likely due to over-etching of the samples
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since there is no visible interface between the silicon and the AlO, mask in
any of the samples. This was the case at even higher secondary electron
suppression detection where most of the image was formed by backscattered
electrons, which is more sensitive to the atomic number of the sample. Fur-
thermore, since the aspect ratio is far from 1:3 in any of the samples, it is
reasonable to assume the etch mask has been removed in all of the samples.
However, of great interest is the finding that the sample infiltrated at 200°C
held up to the etching significantly better than the other samples. This
supports the interpretation of the cross-sectional SEM images mentioned in
Section 4.1.3 that the sample infiltrated at 200°C differentiates from the other
ones. Due to the balance point, it was expected that the aspect ratio of the
samples would increase with increasing infiltration temperature. This trend
is not clear in the figure above, except for said sample infiltrated at 200°C
which showed a substantially larger aspect ratio. The reason this trend is
not seen for the other samples might be due to the over-etching, which makes
the top of the cylinder uneven and thus makes the height hard to measure.
Therefore, it is not possible to say anything about the difference in aspect
ratio for the samples processed at 90, 100 and 145°C as the differences are
well within the error margin. A graph of this can be seen in Figure 10
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Figure 10: The aspect ratio for the different infiltration tempera-
tures measured from the images in Figure 8. Note that the samples
infiltrated at 90, 100 and 145°C did not affect the SVA-induced self-
assembly, while the sample infiltrated at 200°C did.

From the conclusions drawn by the information in Figure 9 and 10, two
questions arise. What is the highest aspect ratio achievable using this method
without affecting the SVA-induced self-assembly? How long is it possible
to etch before the etch mask is exhausted if more cycles are used during
infiltration, which similarly to the sample infiltrated at 200°C should result
in more alumina infiltrated. Additional experiments were performed that
answers these questions, presented below and in Section 4.3.

A new sample was infiltrated at 90°C, the infiltration temperature that re-
sulted in the best etch mask (although within the error margins) for the three
infiltration temperatures that did not affect the SVA-induced self-assembly,
see Figure 10. This sample was split into four parts which were etched for
50, 100, 150 and 200 seconds respectively. The results can be seen in the
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figure below.

(d)

Figure 11: SEM images in cross section of the etch rate sample in-
filtrated at 90°C. The samples were etched for 50, 100, 150 and 200
seconds in increasing order from a) to d). Notice the interface of
silicon and the etch mask which is visible as a contrast difference in
image a) and b).

In Figure 11, the progression of the etching process can be seen. An
interface between the etch mask and the silicon is visible in 11a and 11b but
not in the other two images. This provides information about the optimal
etching time at 90°C, which should between 100 and 150 seconds if the etch
mask is to be etched away completely.

4.2 Thermal Annealing

After the initial results of the infiltration at 200°C were obtained, shown
in Figure 6, additional experiments were carried out to check the validity
of using thermal annealing in place of solvent vapour annealing to direct
the self-assembly of the BCP film. The reason this was examined was the
possibility to reduce the processing time if self-assembly could be induced
while the sample was in the ALD chamber. A sample with a 26 nm thick
BCP film that had not been subject to SVA was placed in an ALD chamber
heated to 150°C. When the sample was loaded, the temperature was elevated
to 200°C, an increase that took approximately 15 minutes, after which the
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SIS infiltration took place. The infiltration procedure was carried out for 71.7
minutes, meaning the sample was exposed to temperatures above T} of both
polymer blocks close to 87 minutes. Notice however that the shape of the
BCP film begins to lock into place after the hybrid organic-inorganic network
starts to form, as mentioned in section 2.2.2. This effectively minimises
the time thermal annealing can take place. After the thermal annealing
and infiltration, the uninfiltrated parts of the BCP film was removed by
Oy polymer ashing to make the infiltrated spots easy to distinguish. The
ashing was carried out for 150 seconds. The images captured afterwards are
presented in the figure below.
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Figure 12: SEM images of the sample used for the thermal annealing
experiment. Notice the increased disorder from image a) to c). This
increased disorder was seen when moving from the edges, a), into the
middle of the sample, c).
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Figure 13: Cross section SEM image with 5° tilt captured after poly-
mer ashing of the cylindrical AlO, of structures formed during ther-
mal annealing and infiltration. This image was captured closer to the
edge of the sample where the coverage of cylinders was better.

From Figure 12 and 13 it is visible that vertically aligned cylinders have
been created. Remember that this sample did not have any solvent vapour
annealing performed beforehand. Therefore, it is certain that thermal an-
nealing can be used to induce the PS-b-P4VP BCP film to rearrange into
a self-assembled shape. Furthermore, it is observed that the best cylinder
coverage was seen at the edges of the sample. As the electron microscope
was used to image closer and closer to the centre of the sample, the order of
the cylinders gradually diminished. This is evident when comparing Figure
12a, 12b and 12c with each other. This adverse effect is likely due to the low
initial thickness of the film, as the initial film thickness can be expected to
be somewhat heterogeneous after spin coating with a greater thickness closer
to the edges. Furthermore, this is also validated by the samples that were
solvent vapour annealed that also had areas with significantly lower coverage
of cylinders due to the low initial thickness of the BCP film. The difference
in these cases though is that the SVA processed samples had nearly no cylin-
ders where the coverage was low and high order everywhere else, while the
cylinders subjected to thermal annealing just gradually decreased in coverage
closer to the centre. Apart from this effect, the homogeneity in cylinder size
is also of interest. To control this, a high magnification image was captured
and then analysed using the ImageJ software. This image is presented in
Figure 14a.
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Figure 14: SEM image captured after polymer ashing of a sample
used for the thermal annealing investigation. a) Notice that the size
of the cylinders vary markedly with the largest having a diameter of
29.5 nm and the smallest a diameter of only 11.8 nm. b) Observe the
local hexagonal ordering of the cylinders in the top left corner as well
as the cloudiness of the background between the cylinders located in
the bottom left corner.

In Figure 14b, what appears as white shadows in proximity to some of the
cylinders are visible. This could possibly be the result of infiltration starting
before the thermal annealing had finished the microphase separation recon-
struction and thus infiltrating some alumina into places that contained P4VP
before the microphase separation was finished. It would be interesting to give
the thermal annealing more time before infiltration starts to see if this ef-
fect will disappear. Furthermore, locally hexagonally placed cylinders are
highlighted. Although this is limited to an area of around 200 nm?, it pro-
vides information about the possibility of achieving ordering of the cylinders
formed during microphase separation with thermal annealing and deserves
further study. From Figure 14a, it is also definite that the thermal annealing
processing has resulted in the large size distribution of the formed cylinders
in regards to diameter. The largest measured cylinder had a diameter of 29.5
nm while the smallest had a diameter of only 11.8 nm. As it is imperative
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that the cylinders are similar in shape for etching to work properly, since they
make up the AlO, etch mask, thermal annealing might not be suitable to use
in this project. Furthermore, long-range order and film coverage is impor-
tant for the application of the samples created during this project, meaning
additional experiments would have to be carried out before this technique
is advisable to use for the processing. However, the thermal annealing pro-
cess could likely be optimised considerably, resulting in better structures in
regards to size distribution and coverage. Two possible parameters to exper-
iment with is trying thicker BCP films which would allow for a better film
coverage and longer thermal annealing before infiltration occurs which would
allow the BCP film to rearrange for a longer time before it is locked in place
by the alumina. This may result in cylinders without the white shadows
apparent in Figure 14a.

4.3 Reactive Ion Etching

By knowing the height of the etch mask cylinders in a sample, the etch rate
of the etch mask and the silicon can be obtained. By first etching for a
short time, for example, 90 seconds, and then measuring the height of the
remaining AlO, part of the cylinders as well as the depth from the interface
of etch mask and silicon to the bottom of the cylinders. This was done on a
sample infiltrated with eight cycles of TMA and H,O at 90°C. The images
captured are presented below.
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Figure 15: SEM images of the cylindrical AlO, structures before sili-
con etching. Notice that the shape of the cylinders share similarities
to mushrooms.

In Figure 15 it is visible that the cylinders do not have the same width at
all heights. Furthermore, this effect, which was seen in the samples infiltrated
with four cycles, is more severe here and may affect the etching since the
diameter of the etch mask will be different at different times in the etch.
This may result in cylinders in the silicon with slightly positive sidewalls.
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Figure 16: SEM images of the cylindrical AlO, structures after etch-
ing of silicon. Notice the difference in contrast at approximately half
the height of the pillars, indicating an interface between the etch
mask and the silicon substrate.

In the figure above, notice that the sidewalls of the cylinders are not com-
pletely straight but instead has a positive slope. This might partially be due
to the variable width of the etch mask at different heights in the cylinders.
Of course, the obtainable anisotropy of the etching also affects the sidewall
incline. From the measurements taken in Figure 15 and 16, an etch rate can
be calculated for the etch mask consisting of AlO, cylinders. This is shown
below.

Etch rate in silicon: 25.3 nm in 90 s — 16.9 nm/min
Etch rate in AlO, mask: 26.8 —25.6 = 1.2 nm in 90 s — 0.8 nm/min

From this data, the etch selectivity can be expressed, i.e. how much faster
one material etches compared to another. For Si:AlO,, the ratio is:

Etch selectivity (Si:AlO,): 16.9/0.8 ~ 21 : 1
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With an etch selectivity of 21:1, it is possible to create structures with sub-
stantially larger aspect ratios than the BCP film cylinders had initially. How-
ever, because of the shape of the top of the etch mask cylinders, perhaps only
around two-thirds of the etch mask might be usable as the silicon part of the
cylinders will be exposed after etching that much. Furthermore, the etch
selectivity might be lower at the bottom of the cylinders which may obtain
less AlO, during infiltration. Moreover, to archive a good NIL stamp, the
remaining AlO, might need to be removed. This can be achieved by either
using a wet etch or by slightly over etching the sample.

Notice that the parameters used during infiltration might affect the amount
of alumina infiltrated, as well as the quality in terms of density, homogeneity
and shape. Hence, the obtained etch rate is only applicable with certainty
to samples with the same infiltration parameters. Therefore, it is advisable
to perform etch rate measurements during the etching for all the samples.
Furthermore, the difference in etch rates will provide useful information as
to which infiltration parameters are preferable to use.

Since all infiltrated samples have cylinders of roughly the same height as
the BCP film, 27 nm, we can calculate an approximate value of the maximum
etching time before the etch mask is completely removed, assuming the etch
rate, 0.8 nm/min, will be roughly equal for the different samples.

27 nm - 0.8 nm~! - min = 33 min 45 s.

With this in mind it is possible to approximate the highest achievable
aspect ratio for the cylinders. Since the etch mask will be completely removed
after 33 min and 45 s, the height of the cylinders can be calculated using the
silicon etch rate, 16.9 nm/min.

33.75 min - 16.9 nm - min~!' = 570 nm.

Assuming the width of the cylinders remains the same, around 21 nm,
this would result in an aspect ratio (height:width) of around 27:1. To obtain
this number, lots of assumptions were made. For example, etching half a
micron without a visible positive slope is acutely difficult. Furthermore, as
mentioned before, since the etch mask takes on a triangular shape at the
top, one-third of the mask might not be usable as an etch mask, significantly
reducing the height and aspect ratio feasible. Therefore, the maximum prac-
tical etch dept using infiltrated AlO, would be interesting to explore.
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4.4 Manufacturing the NIL Stamp

In the last stage of the Master’s thesis project, two four-inch silicon wafers
were manufactured into NIL stamps by using reasonable processing condi-
tions, found during the thesis project. 200°C was the temperature where the
best etch selectivity between the mask and silicon was obtained. However,
at this high temperature, thermal annealing affected the pattern created by
SVA. Since the self-assembly using thermal annealing was never sufficiently
optimised, resulting in poor coverage of the cylindrical pattern, this infiltra-
tion temperature is not suitable for the NIL stamp fabrication. The reason
for this is that bacteria might survive on the unpatterned parts of the sample
where no cylinders were present after SIS. Moreover, since there was no clear
difference in the etch results between the remaining infiltration temperatures
investigated, 90°C was chosen as the infiltration temperature for the NIL
stamp fabrication since most knowledge of the etch rate was at this infiltra-
tion temperature. Due to the large size of the sample, ashing and etching
times were increased from the optimal times found slightly to account for
higher usage of the reactive ion species during etching. Both polymer ashing
and etching was carried out for 3.5 minutes. After the etching, fluor deposi-
tion removal was carried out for three minutes, using the same recipe as the
polymer ashing.

There was not enough time to capture micrographs of polymer films cre-
ated using these samples as NIL stamps. However, an earlier sample, before
SIS optimisation was completed, was brought through the whole process from
BCP film to usage as a NIL stamp, to show that the process, as presented
in Figure 3, was possible. Images from an imprinted polymer film where this
sample was used as a NIL stamp is presented in Figure 17.
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(b)

Figure 17: SEM images of the polymer film after nanoimprint lithog-
raphy has been performed. Notice that the edges of the cylinders
have become rounded as a result of the NIL processing as compared
to the shape of etched structures shown earlier.

Looking at these images, it is evident that pattern transfer has taken
place. This means the whole process, starting from a BCP film and ending
with an imprinted polymer film works. It is also clear that the NIL pro-
cess results in cylinders with rounded edges, as the etched structures had
substantially sharper edges. Islands containing no cylinders are seen in the
images above, meaning this stamp is likely not antibacterial but remember,
this NIL stamp was made before optimisation of the process was completed.
In the four-inch stamps manufactured, no islands were observed.
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5 Conclusions and Outlook

In this Master’s thesis project, optimisation of sequential infiltration synthe-
sis has been conducted. There was no substantial difference in dimensions
of the cylinders after infiltration at 90, 100 and 145°C. For the sample
infiltrated at 200°C, the height of the cylinders was affected. After subse-
quent etching, it was found that the sample infiltrated at 200°C resulted
in a greater height and aspect ratio as compared to the three other sam-
ples where no significant difference was found. During this Master’s thesis
project, thermal annealing was observed to induce self-assembly of the BCP
PS-b-P4VP into perpendicularly aligned cylinders that were locally hexago-
nally placed. As mentioned in Section 2.1.3, this has not been reported in
the published literature according to the Master students best knowledge,
however, a combination of SVA and thermal annealing has been shown to
induce self-assembly earlier.

The etch rate and selectivity were obtained for infiltration at 90°C for
eight cycles. The selectivity between the etch mask and silicon (Si:AlO,)
was 21:1.

In this Master’s thesis project, usage of a BCP film combined with se-
quential infiltration synthesis and etching has been shown as a possible route
to manufacturing a nanoimprint lithography stamp with which transfer of
the cylindrical pattern into a polymer film is possible.

This Master’s thesis project could have easily been carried out for multiple
more months to further study the optimal self-assembly, infiltration, and
etching conditions. One of the more interesting parts to study further is the
use of thermal annealing to induce the self-assembly of the BCP film directly
in the ALD chamber. For example, it would be interesting to find whether
sufficient coverage of the microphase separated pattern could be achieved by
using a thicker BCP film. Furthermore, examination of the best annealing
temperature and how long the thermal annealing should be carried out before
infiltration starts are interesting and the effects it has on pattern quality and
coverage. Another interesting aspect to study is if one cycle of infiltration at
90°C could be combined with subsequent cycles at 200°C to lock the SVA-
induced pattern into place during the first cycle while the following cycles
allow for maximum AlQO,, infiltration.
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A Sequential Infiltration Synthesis Recipes

The recipe used for infiltration can be seen in the table below. It is general
for all the infiltrations performed as the only parameter that was changed was
the temperature, which is denoted with an z in the table. When this recipe
was used in the ALD, the x was simply replaced with the actual temperature
used for the respective sample.

Table 3: The recipe used during infiltration. Notice that the = on
row 3 and 4 denotes the respective temperatures used during the
infiltration optimisation.

Instruction # Value Units
0 flow 5 sccm
1 heater 6 150 °C
2 heater 7 150 °C
3 heater 8 T °C
4 heater 9 x °C
5 heater 10 115 °C
6 stabilise 8
7 stabilise 9
8 wait 1200 S
9 pulse 1 0,015 s
10 wait 0,8 S
11 goto 9 100
12 wait 90 S
13 pulse 0 0,010 S
14 wait 0,8 S
15 goto 13 50
16 wait 600 S
17 goto 9 4
18 flow 5 sccm
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B Reactive Ion Etching Recipes

The recipe used for polymer ashing can be seen in Table 4. Notice that the
time parameter under the etch step was changed for some of the samples.

Table 4: Recipe used for the polymer ashing.

Initial Chuck Etch step Dechuck End
Time 0:10.0 2:30.0 0:10.0
Pressure | 0.1 3.0 3.0 0.0 0.1

Ny 0 0 0
Hy 0 0 0
SFEg 0 0 0
CHF; 0 0 0
CF, 0 0 0
C4Fyg 0 0 0
Ar 0 0 0
Oy 30 30 0
RF 0 25 0
ICP 0 10 0

The recipe used for etching can be seen in the table below. It is general
for all the etches performed, meaning the time parameter under the etch step
was chosen after the amount etching wanted for each specific sample.
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Table 5: Recipe used for etching. Notice that the etch step was
changed depending on the amount of etching required.

Initial Chuck Gas Ignition Etch Evac Dechuck End
stab step  step
Time 0:10.0 0:10.0 0:05.0 1:00.0 0:10.0 0:10.0
Pressure 0.1 1.0 5.0 5.0 5.0 0.1 1.0 0.1

N, 0 0 0 0 0
H, 0 0 0 0 0
SFg 0 26 26 26 0
CHF3 0 0 0 0 0
CF, 0 0 0 0 0
C4Fyg 0 54 54 54 0
Ar 0 20 20 20 0
O, 0 0 0 0 0
RF 0 0 25 25 0
ICP 0 0 0 300 0

C Nanoimprint Lithography Processing

The processing steps to create the film that was examined for antibacterial
properties are presented below.

1. Starting material: Anti-stick treated silicon stamp containing pillars.
2. Spin-coat Obducat NIL-IPS-resist 'solution 8" on a PC-film.

(a) Solution 8: 500 rpm, 5 s, 500 rpm/s + 3000 rpm, 30 s, 1000 rpm/s,
no soft bake.

3. UV-imprint the PC+solution 8-IPS with the Si-stamp.
(a) If the stamp is smaller than the IPS, protect the NIL chuck with

a piece of the thermal IPS material.

(b) Imprint with the IPS on top of the stamp, deposit the IPS on the
stamp by using a roller.

(c) UV-NIL parameters: room temperature, 20 bar, 60 s flow + 180
s exposure.
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. PECVD-antisticking of the PC+solution 8-IPS in Obducat’s PECVD-
antisticking equipment.

(a) Anti-sticking thickness control by including a silicon test piece
that is measured with an ellipsometer.

(b) Parameters: py =~ 1-3-107° mbar, flow = 30 sccm of fluoro-carbon
anti-sticking molecule gas, p = 100 mTorr, 60 s stabilisation time,
P=30W,t=120s.

. Cut a suitably sized PET-film to be used as a substrate, consider the
available sizes of the chucks for spin-coating.

(a) A substrate size of at least a few mm larger than the spin-chuck is
typically a good choice to minimise sticky resist on the backside
of the substrate.

. UV-ozone treatment on the PET-substrate for improved resist adhe-
sion.

(a) 70°C, 5 min.
(b) Perform this step just before the spin-coating in the next step.

. Spin-coating Obducat NIL-STU-resist "TUT” on the PET-substrate,
soft bake on a hotplate.

(a) The residual layer thickness is not critical here. A thickness of a

few hundred nm can be suitable which can cover small defects on
the PET-film with resist.

(b) 500 rpm, 5 s, 500 rpm/s + 3000 rpm, 30 s, 1000 rpm/s + 95°C, 2
min on hotplate.

. STU-imprint with the PECVD-antisticked PC+solution 8-IPS in TU7
on the PET-substrate.
(a) Result: Pillars in TU7 on the substrate.

(b) Use a large blank Si-wafer as a backplate and place the PET-
substrate with TU7 and the IPS on top. Use the roller when
depositing the IPS on the substrate.
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(c) STU: 65°C, 20 bar, 60 s flow + 180 s exposure, -1, -1: (the Obd-
ucat Eitre 6 nanolab process).

9. Inspection of the imprint results.
(a) Look for significant defects, like larger particles, air inclusions and
TU7-film rip-off from the PET carrier substrate.

(b) Visual check with an inspection lamp and an optical microscope.

(c) Optional: AFM and/or SEM (for SEM, first sputter a thin layer
of PtPd or Ir).

(d) For detailed pattern inspection, it can be better to also process
a Si-wafer with TU7 in the same way in parallel with the PET-
substrate. This can then be used for characterisation, in particular
for SEM cross-section inspection.
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