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Abstract:

Selective Deposition: Fabrication of Coherent Nano-Dimensioned Metal Oxide Films
by Monolayer Polymer Brush Template Assisted Inclusion

Pravind Yadav

Shrinking feature sizes in electronic devices and demands of more processing power have
generated new integration challenges. Advances in top-down lithography techniques
successfully reduced the size of nano-electronic devices to sub 10 nm. Further size
reduction poses major challenges, such as line edge roughness, material placement error,
size irregularity, and most importantly high production cost. The photolithography
technique most commonly employed requires multiple steps to achieve the desired
patterns. These steps are; the selective removal of the resist material, the patterning of the
active material, and the removal of excess resist material. Currently the fidelity needed is
only achieved with very expensive fabrication tools. Multiple patterning processes (where
larger features are trimmed by further photolithographic steps) increases production cost
further. In contrast, a bottom-up area selective deposition (ASD) technique allows direct
inclusion of the functional material on a targeted area to achieve the desired patterns while
reducing the number of steps.

Several groups have reported ASD techniques coupled with atomic layer deposition (ALD)
for the selective inclusion of active materials on the substrate. Substrate surface patterning
using the self-assembled monolayer (SAM) techniques have also been investigated
extensively for this purpose. The selective surface coating developed through the SAM
approach provide the ability to selectively deposit or block the material of choice.
However, the pinhole effect, generated by SAMs technique and the long processing times
makes it industrially less favourable.

In this work, we have investigated the possibilities of using polymer brush monolayer
coatings to realize homogeneous inorganic material infiltration and their subsequent
processing to ultrathin metal oxide films. The applicability of the reactive polymer brushes
such as poly (2-vinyl pyridine) (P2VP), poly (4-vinyl pyridine) (P4VP), and poly (methyl
methacrylate) (PMMA) were examined. Uses of unreactive polystyrene (PS) brush to block
materials growth was also investigated. First, the polymer brush grafting parameters on
SiO2 substrate were optimised. Solution concentration, molecular weight, end group
density, grafting time and temperature were investigated in order to obtained homogeneous
monolayer coverage. This is a critical step in avoiding non-uniform thickness and pinhole
formation.

After defining the monolayer coverage of polymer brushes, we infiltrated a range of
inorganic ions from a solvated liquid phase on to the developed polymer brush films.
Formation of the films, from ethanolic solutions of aluminium nitrate, ruthenium chloride,
and zirconium oxynitrate were investigated in detail. Subsequent oxidation using oxygen
plasma or UV ozone treatment produced thin oxide films while eliminating organic
polymer. Additionally, we developed an innovative vapour phase technique for the
deposition of TiO: thin films with precise thickness control. Further, we demonstrated the
thin film coating of high-k dielectric materials (HfO2 and ZrO2) on topographically
patterned substrates using P4VP-OH as the templating layer. We established that the
fabrication of a high coverage molecular system is essential in developing thin metal oxide
films across the trenches. Finally, we established the selective deposition of dielectric
(ZrO2) material on a copper substrate by activating the metal surface using PMMA-SH
brush.
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Chapter 1. Introduction and background:

1.1 Background and motivation:

Over the past several decades the size of electronic and optoelectronic devices has
consistently decreased. Integrated circuits (ICs) are composed of transistors structured on a
single segment of semiconducting material. Expanding the number of transistors on a circuit
1s a promising way to increase both the processing power and reducing production costs. In
1965, Gordon Moore envisioned that the number of transistors per computer microchip
would double every two years.! This prediction became the roadmap for the semiconductor
industry and efforts have been successful in consistently achieving these biyearly milestones.
Progress in downscaling of devices has led to the transition from planar 2D transistors to
ingenious 3D transistors with fin field effect (FinFETs) features.>* However, this continuous

downscaling of device feature size has led to several integration challenges.

The most common techniques for material patterning are top-down lithography methods,
which include photolithography, electron beam lithography, and nanoimprint lithography.
In the photolithography technique, a photoresist consisting of a polymer and photoactive
compound mixed in a solvent is spin cast onto the substrate and annealed at a temperature
higher than the boiling point of the chosen solvent to dry the resist. After drying, the resist
layer is exposed to UV light through a photomask with the desired geometric pattern. The
exposed regions undergo photochemical changes that affect the resist solubility. Depending
on the nature of the resist, (positive or negative) exposed or unexposed regions are
selectively removed with a solvent. For positive tone resist, exposed areas are more soluble
in developing solution compared to negative tone resist where unexposed areas are easily
eliminated by a developer solution (see Figure 1.1).>® After developing the resist in
solution, a post bake is carried out to harden the resist pattern to make it stable under the

conditions needed for implantation, deposition etc. and subsequent etching for resist

1



removal. Following the formation of the resist pattern, pattern transfer is performed. Pattern
transfer processes involve subtractive transfer (etching), additive transfer (selective
deposition), and ion implantation (impurity doping). Most common of these is etching in
which exposed substrate is removed using various etch processes.”* After this, a striping
process is carried out using an organic or inorganic solution or by dry plasma chemistry in

order to remove the remaining photoresist.’

Exposing radiation
UV, electron beam or ions

4+ Mask

Photoresist
— SiO,
—Si

/ Development\

l Stripping or etching l

R —

Positive tone resist Negative tone resist

Figure 1.1: The overview of photolithography process.

The semiconductor industry's most common patterning technique for wafer scale production
is photolithography. The following equations approximate the minimum feature size or

critical dimension (CD) that can be defined:

CD =k A
" U NA

Where k is a process related coefficient, A is the wavelength of light and NA is the numerical

aperture of the lens.



The resolution of photolithography has been improved by replacing gas discharge lamps
with excimer lasers (from 465 nm MUYV in 1980 to the currently used ArF 193 nm DUV
laser).!® Some issues with existing photolithography technique include edge placement error.
The high cost associated with the transition from deep UV to extreme EUV (13.5 nm) and
development of new photosensitive resists.!! Progress towards implementation of extreme

ultraviolet (EUV) lithography are expected to overcome some processing challenges.!?

In the late 90’s, aggressive research was directed towards the development of mask-less
lithographic techniques to produce nanostructure pattern of required feature size. Some
common mask-less lithography techniques include electron beam lithography (EBL),"* and
nanoimprint lithography (NIL).!* The working principle of EBL is similar to that of
photolithography except EBL technique uses electron beam instead of light. This electron
beam produces chemical changes (i.e. monomerization or cross-linking) in the resist film

upon exposure. 517

EBL was frequently adapted with polymethyl-methacrylate (PMMA) resists for the
fabrication of dot and line arrays at pitches and periods down to sub 30 and 40 nm.'® Kar! et
al. have produced 2 nm feature size patterns on hydrogen silsesquioxane with electron beam
condensed from scanning tunnelling electron microscopy.'® However, the EBL application
is limited by the high cost of instrumentation, poor large area resolution, mechanical
toughness of the resist, electron scattering and slow manufacturing speeds since patterns are

written by moving the beam.!’

Nanoimprint lithography (NIL),* or hot embossing, involves a hard mould with a predefined
topological pattern brought into direct contact with a substrate covered with a layer of
organic polymeric material. After the removal of the mould, an inverse reproduction of the

feature is imprinted on the substrate.>!2* In the last decade, sub 10 nm patterns have been



developed successfully using NIL approach.!” Some of the prevalent problems in NIL

technique are low throughput and defects generated due to alignment issues.?

These limitations are pushing the electronic industry to establish new cost-effective bottom-
up techniques.?®?’ Directed self-assembly of block copolymer (BCP) and area selective
deposition are promising techniques to complement traditional top down patterning
methods.?® Block copolymer lithography is the self-assembly (SA) of block copolymers
consisting of two (or more) chemically dissimilar polymeric blocks connected by a covalent
bond. SA is the process of forming highly ordered periodic structures (~5 nm to over 100
nm) such as dots, space, and lines.?®*! The self-assembly of BCPs occurs to minimise the
interaction of similar blocks (repulsive forces) and maximise interaction of dissimilar blocks
(attractive forces) and so produces distinct structural arrangements. The self-assembly and
morphology of block copolymers depend on the block volume fraction, rigidity of each
segment in the block, molecular weight, polymer-polymer interaction parameter (chi
denoted as y) value the interaction of the block with underlying substrate.*>3® Analysing and
understanding the thermodynamic mechanism of microphase separation has been the key
component in BCP research and in the recent year number of development have been made
using the variety of self-assembly technology.3?** Microphase separated BCP can be formed
using thermal annealing, solvent vapour annealing (SVA), or laser annealing process.
Advances in BCP process have enabled the accurate synthesis of number of a thin films and
bulk morphologies employing numerous BCP system. Morphology developed using BCP
system can be used for the various application such as integrated circuits, nano porous
membranes, electrocatalytic system, photonic devices and anti-reflective coating to name a

few.

Research in the area of BCPs has overcome some limitations of conventional lithography
processes; for example, line edge/width roughness, minimizing defect level and aspect ratio

of the pattern transfer.>” Despite the obvious benefits of BCP-based techniques, a number of
4



significant difficulties persist, and have been the focus of extensive research. The primary
issues are establishing substrate-normal patterns and ii) developing very large scale

integration (VLSI) 323%3%3 while reducing defects in the patterns.
1.2 Area selective deposition:

Area selective deposition (ASD) is an emerging method and a potential bottom-up approach
for nanoscale material patterning.***! ASD is referred as any chemical or physical process
that allows the controlled deposition of desired material on particular portions of a specified
substrate. ASD uses chemical functionalities available on the substrate surface and the
reactant to deposit materials. This technique can decrease the number of processing steps by
allowing the growth of materials on predefined structures on the substrate. ASD has been
achieved through different methods, many of which have been based on a combination of
surface modification followed by vapour phase deposition techniques such as chemical
)2

vapour deposition (CVD ).

or atomic layer deposition (ALD
Surface modifications are combined with ALD to reduce the precursor molecule adsorption
on adjacent undesired area of the substrate.***> Schematic representation of deactivation of
non-growth area are shown in Figure 1.2. In the ASD technique, selective deposition of
material can be performed either by, 1) activation of target substrate region (growth area),
(see Figure 1.2) or 2) deactivation of the non-target region of substrate (non-growth)
area.**’ The substrate can be activated by depositing self-assembled monolayers (SAMs)
with reactive head group (reaction centre) or by using a polymer with availability of
heteroatoms in the backbone for uptake of metal ions.*® A region can be deactivated with
organic or polymeric material (saturated) with no available reaction centre for material
binding.*#4

Selectivity is defined in the ASD approach as the ability to selectively allow or refuse

material infiltrations on the growth area. Material nucleation in non-growth regions may

occur as a result of poor selectivity during material deposition (e.g. ALD). Previous studies
5



shows that, exposing a substrate to an organic inhibitor lowers precursor adsorption on the

%0 Most commonly used inhibitor in the literature is

untargeted non-growth area.
acetylacetone abbreviated as Hacac. The optimal inhibitor is one that absorbs on the majority
of the surface except where deposition is required. Selectivity is described as the deposition

of material onto the targeted growth area relative to the undesired non-growth area and it is

given by:

SelectiVityz(HGA - HNGA)/(QGA + QNGA)

Where 6;,4 and Oy, are the surface coverage of material on the growth and non-growth

areas respectively.

Reactive headgru:uui:l'

Figure 1.2: Schematic representation of area selective deposition of organic material (blocking layer)
on the non-growth area (NGA) in order to carry out metal ion infiltration on the growth area (GA).

Area selective ALD has been developed to deposit different combinations of material sets
for semiconductor manufacturing such as metal on dielectric, dielectric on metal and
dielectric on dielectric.?®!°? Previous studies have demonstrated the use of organic
materials as blocking layers for preventing material growth on adjacent surface.**473
Polymers have been extensively studied for the purpose of material blocking or growth. ASD

5335 octafluorocyclobutane (C4Fs)

of unreactive polymer layers such as PMMA >* polyimide,
and polyvinylpyrrolidone (PVP)*® were studied earlier, with PMMA, polyimide, and PVP

being deposited by spin casting methods and CsFs was coated using inductively coupled

plasma polymerization.®’ The blocking capability of these materials are governed by the type
6



of polymeric material used for the deactivation and different ALD growth recipes such as
precursors used, dosage, no. of cycles, process time, reactor pressure and substrate
temperature.’® In addition to this, some physical methods of modifying the substrate have

been discussed in the literature.’® Surface activation/deactivation using physical methods can

t’60,6l 2

be achieved by high power laser treatmen ionic plasma technique,®? or ion beam

bombardment.®?

The majority of ASD research, however, combines SAM deposition with ALD.*!:* SAMs
are monolayer organic films containing long chain of hydrocarbons (typically 10 — 20 units
long) as the backbone and a reactive head group at one or both ends. Typically, these head
groups covalently bind with the substrate surface and the hydrocarbon backbone is exposed
normal to the surface. Altering the functional group at the tail end can influence the
adsorption or blocking of the inorganic materials. Frequently studied SAMs contains
alkanoic acid, organosilicon, and phosphonic acid as head groups. These reactive head group
have higher affinity towards surfaces of metals, metal oxides and semiconductors. One such
example of SAM molecule is the octadecyl trichlorosilane (ODTS) having structural formula
[CH3(CH2)17SiCl3]. ODTS can form covalent bond with the hydroxy functionalized silicon
substrate and once deposition process is completed terminal unreactive -CHs group is
exposed at the interface. The function of ODTS is to block the ALD precursor deposition on
the region where the ODTS molecule is placed. A limited number of ALD deposition can be
blocked by the SAM molecule. Bent et al. investigated octadecylphosphonic acid (ODPA)
SAMs for selectively blocking Cu line in a patterned Cu/SiO:z substrate in order to deposit
materials on SiO: utilizing an ALD technique.®® They also employed vapour and liquid phase
deposition methods to assess the potential of alkane thiol groups to passivate metal surfaces,
and found that both approaches were successful. However, when compared to liquid phase
deposition, SAM vapour phase methods require a longer deposition time.®® Furthermore,

They used octadecyltrichlorosilane (ODTS) SAMs to preferentially block SiO2 over Si-H

7



for polyuria molecular layer deposition (MLD).*!' Retala and Leskela have also developed a
semiconductor-compatible SAM patterning approach that selectively activates/deactivates a

specific region of the wafer to generate features on copper or silicon.®”6%

Although there has been progress in using SAMs for ASD applications, a fundamental
difficulty with SAM-based ASD systems is poor broad area coverage (pinholes) and long

deposition periods (2448 h), which has prohibited their use in large-scale integration.®"!

1.3 Polymer brush

The term polymer brush is not well defined. However, we can use it in the following manner:
a polymer brush is a thin film of polymer that is covalently end bonded to the surface with a
high coverage area (see Figure 1.3). As the polymer chain grafts to the surface, the chains
interact with one another through van der Walls and electrostatic interactions. Therefore, at
sufficiently high density (chain/nm?), polymer chains stretch perpendicular to the surface to
minimize their free energy.’>”® This is only possible in relatively short chain systems and
longer brushes probably adopt a strained/distorted random coil structure.” Polymer brushes
have higher affinity (through end-group or chain chemistry) to bind strongly with
silicon,”gold,”® indium,”” and the walls of various nanotubes.”® These brushes were attached
to silicon, indium, and gold surfaces using dispersive, van der Waals, and electrostatic

forces, as well as hydrogen and covalent bonds.

— Tail group
%% %% Head group

Polymer brush

Figure 1.3: Schematic showing the anchoring of the reactive head group of the polymer brush to the
substrate.



The polymer brush term was coined by Brittain and Minko.” They proposed that these can

be described by the following equation:
>=onRg,

where, 6= hpNa/Mh,

o is the brush grafting density

h is the dry brush thickness

p is the bulk density of the polymer

Na is the Avogadro's number

M is the number average molecular weight.

> 1s defined as area occupied by single polymer chain to the total no of chains per unit area

of the substrate, Rg is radius of gyration of the polymer brush on the substrate.®
Depending on the value of ), formation of brush is categorised in three different regimes:
(1) the mushroom or weekly interacting regime (2<1),

(2) the crossover regime (X~1)

(3) highly stretched regime (Z>1).”

Conformation of the polymer also depends on the solvent “quality” i.e. in an ideal solvent,
monomer-monomer interactions are less, and in such a solvent H>>Rg, (H-dry brush
thickness) thus the polymer stretch vertically and brush conformation is formed. For
stretching to occur, the distance between two adjacent grafted polymer brushes should be
less than the radius of gyration of the polymer chains.® mushroom regime begins to form

when the Rg value approaches H. in a poor solvent where H << Rg the monomer-monomer



interactions become sufficiently strong causing the polymer coil to collapse. Figure 1.4

shows various confirmation of the polymer.

Alexander, was the first to carry out research on the behaviour of polymer brushes using
theoretical analysis.®! To date, several studies have been conducted to analyse the internal
structure of the polymer using numerical and analytical self-consistent field (SCF) theory

and by simulation.’>%3

Brush

Mushroom

Collapsed coil

Figure 1.4 : Shows the brush (left) and mushroom (middle) conformation in good solvent as well as
the formation of collapsed coil in poor solvent (right).*’

Polymer brushes can be adhered to the substrate surface using either "grafting from" or
"grafting to" techniques. Grafting from technique, also known as surface-initiated
polymerization, is a polymerization technique in which the surface is modified with an
initiator prior to the polymerization, which takes place solely on the surface. Most
polymerization methods including nitroxide mediated polymerisation,’* atom transfer
radical polymerization (ATRP),% ring opening metathesis polymerization (ROMP),*® and
reversible addition fragmentation chain transfer (RAFT)®” are categorised in grafting from
technique. By contrast, “grafting to” technique is experimentally simple and uses a
previously synthesized polymer with a reactive end groups (hydroxyl, thiol, silanes, amino,
carboxylic acid and phosphoric acid) to react with the complementary group present on the

surface. The “grafting to” technique is advantageous over “grafting from” method as this

10



technique allows the molecule to be readily synthesized, purified and characterized before
the grafting process, e.g. polymer characterizations such as the chain length and
polydispersity index (PDI).*® The “grafting from” technique can also be susceptible to poor
surface immobilization of the initiator and the rate of diffusion of reactant to the active site

of the initiator for polymerization.

In the current scenario, 1D, 2D, and 3D polymer brushes have sparked considerable interest,
with the polymer chains being attached to linear polymer, planar substrate, and spherical or
trench substrate. The structural construction of 1D polymer brushes consists of a highly
concentrated terminal chain that is covalently or non-covalently bonded to the backbone.
Grafting from or grafting to procedures are used to create a variety of 1D polymer brushes.
In contrast to 1D, 2D and 3D polymer brushes are class of material that can uniformly
deposited in a very high coverage to various substrate. Substrate surface coating using
polymer brush have numerous applications ranging from household material to complicated
ICs. Polymer brushes are effectively used in food storage, water purification technology, and
medical equipment.®® Polymer brush technique have already been emerged as crucial
platform for the advancement of the applied nanotechnology. Modification of nanoparticle
using water soluble polymer brush offer them the solubility in water and colloidal stability.”
The grafted polymer brush repels each other, preventing the particle from aggregation.
Polymer brushes are a preferred choice to alter the physical properties of surfaces as these
molecules exhibit exquisite long-term mechanical toughness and chemical durability
coupled with the synthetic flexibility to introduce different functionality. In the beginning,
polymer brushes were used for limited applications, namely, control of wetting properties,’!
corrosion,” and colloidal stabilization.” In the last couple of decades, research has emerged

3 catalysis,”* and

for the practical use of polymer brushes in energy storage devices,’
nanotechnology applications.”” Further advancements in this field are expected as polymer

brushes exhibit highly tailored films, where the thickness and monolayer coverage of brushes

11



can be tuned with nanoscale precision by controlling the molecular weight and

polydispersity index (PDI) of the dissolved polymers in the solution.

Polymer brush and SAMs molecule have nearly the same bonding strength and operates in
the similar application. Polymer brushes can be chemically bound to the substrate and
provide selective material deposition via the tail group. In comparison to SAM, polymer
brushes are quick to graft to the substrate and have complete coverage. Fabrication process

of the polymer brush are discussed in details in chapter 2 and 3.

Polymer brush-based area selective deposition process represent possibly low-priced option
to accomplish semiconductor fabrication. There are various polymer brush deposition and
material infiltration process, each with the specific parameter that needs to be precisely

optimized for different substrate and inorganic materials.

1.3.1 P2VP, P4VP, and PMMA as surface activating polymer brushes

Polymers are excellent candidates for surface modification of dielectrics and metals. They
are considered as the simplest and most effective materials to form films of
varying/controllable thickness, possessing fast deposition times, and yield high coverage
compared to SAMs.”!%S Polymers were initially attached to surface via non-covalent
interactions (physical adsorption)’” and were thus unstable under different material
deposition conditions. To increase the robustness of the polymer films it is critical to
generate covalently grafted polymer films. In this study we have used chemically grafted

poly (2-vinyl pyridine) (P2VP), poly (4-vinyl pyridine) and poly methyl methacrylate

(PMMA) for activating the surface and to allow the infiltration of inorganic materials.

P2VP is a weak polybasic molecule consisting of six membered heterocyclic compounds
with a nitrogen atom in the aromatic domain and an aliphatic chain attached to adjacent
carbon. The lone pair of electrons on the pyridinyl nitrogen does not take part in the

resonance stabilization of the aromatic ring. The presence of electronegative nitrogen atom

12



in the benzene ring prevents the equal distribution of electron density in the ring. This loan
pair of electron on nitrogen atom directed outward and influence the chemical environment
of the ring. This accessible lone pair on pyridine nitrogen could be utilized as a Lewis base
to make coordination bonds with lewis acids. It is a weak basic that interacts with acids to
form pyridinium salt, with a pKa of 5.25 for conjugate acid (pyridinium cation). Because of
its Lewis basic nature based in its nitrogen lone pair, pyridine qualifies as a transition metal
ligand capable of forming metal complexes with most of the metals in the periodic table. For
example, Aizawa et.al. examined the P2VP bonding with gold and silver.”® They have
produced a sub-100 nm gold feature surrounded by silver using the P2VP self-assembly
approach. Similarly, Orhan et.al. studied the infiltration of Co, Cr, and Au, in to the P2VP
Matrix.” P2VP end functionalised with hydroxyl group have the ability to graft covalently
on hydroxyl functionalised silicon substrates whereas amino and thiol terminated polymer
can deposit uniformly onto metal surfaces. Figure 1.5 shows P2VP brush grafting on silicon

substrate.

P2VP

Fig 1.5: structure of P2VP (left), schematic representation of chemically grafted P2VP brush on
silicon substrate (right).

P2VP has been used for various applications such as the promotion of the adhesion of micro

100 sensors, ! and electronic

and nanoscopic particles or molecules for the use as catalysts,
devices.!” Manfred Stamm et al. have demonstrated the process for immobilising Ag
nanoparticles on chemically grafted P2VP brush to understand its optical behaviours with

respect to the pH of the surrounding medium by UV-Vis spectroscopy.!® In another work,

his group extended the applicability of P2VP by modifying sp? hybridised carbon atoms of
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carbon nanotubes with P2VP to disperse it in water and organic solvents.'®* P2VP was
chosen as it has the ability to form complexes with metals and its solution behaviour can be
altered significantly.' P2VP has also been used as the active block in a BCP template for
selective infiltration of the metal oxide film.!% Previous research in the Morris group has
demonstrated P2VP-b-PS to create metal nano structure via liquid phase (salt)

infiltrations.!06-6°

P4VP is structurally similar to P2VP, except for the position of the nitrogen atom in the
aromatic ring. Metal-pyridine chemistry employs pyridine and its derivatives such as
bipyridine as bidentate or tridentate ligands in the formation of metal complexes. Bipyridine
metal chemistry can be seen in the unusual photochemistry and luminous ruthenium
bipyridine complexes.!”” Since a long time ago, the transition metal chemistry has been
focused on phenanthroline, terpyridine, and other multidentate ligands. The discussion here
will be limited to pyridine and its coordination to transition metals. Titanium pyridine
complexes are typically found in the Ti (IV) state. However, they can also exhibit (Il — IV)
valence states. Pyridine produces complex with Zr in III & IV states. Both Ti and Zr
complexes are stable in +4 state. Ru, Cr, and Cu also exhibit rich chemistry with the
pyrindene. Ru exhibits eight distinct oxidation states, the most stable of which is the +3-

oxidation state.

Positioning of pyridinyl nitrogen atom in P2VP and P4VP exhibits different bonding
strength with metal or positive organic ions. Large nanoparticles will encounter additional
challenges due to the limited geometry of P2VP when compared to smaller inorganic ions
or hydrogen halide. P2VP can react with smaller metal atoms like Al, and Zr, but it hinders
binding with bulkier metal cations due to steric repulsion of the side chain.'”® Large
molecular guests and nanoparticles can bind to P4VP considerably more accessibility, which
significantly improves binding stability.!” P2VP is soluble in THF whereas P4VP require

addition of polar solvent such as isopropyl alcohol (IPA) to THF.
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P4VP

Due to strong electron donating ability of P4VP, it displays great potential to form complexes
with transition metal ions. P4VP has been studied as the strong metal coordinating agent for
the uptake of bulkier metal ions such as gold (Au) and silver (Ag) to exhibit optical,
antimicrobial, surface enhanced Raman and catalytic properties.!!'®!!! P4VP has
demonstrated as the template of block copolymer to produce nanometer range structure for
the microelectronic industry.!'?> P4VP was studied widely as a complexing material for

metals in catalysis,''> humidity sensors,'!* and for antimicrobial materials.!!3

PMMA is an aliphatic lightweight polymer. It is less harmful as compared to P2VP and
P4VP and has excellent mechanical properties which are making it potential material for
bone tissue regeneration.''® PMMA blended with polycarbonate produces a material that is
used in biomaterial application.!!” The inert properties of PMMA with its long term stability
permits them to be used in hip joint transplantation.!'” PMMA has also been blended with
graphite for electrical conductivity and dielectric properties.''® For gas sensing application
PMMA composites containing carbon nanotubes and surface altered carbon nanotubes were
studied.'”” Due to the electron sensitivity of the PMMA ester bond, it is also used as high-

resolution resist
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for electron beam lithography and UV microlithography. PMMA  has also been
demonstrated as an important active block in the self-assembly of BCPs for developing

highly ordered nano structures.'®

PMMA is soluble in toluene and has negligible swelling in water.'?° The establishment of
high adhesion strength is one of the goals of surface engineering, and PMMA has the
capacity to bind to oxides and metals.'® At the interfaces, intermolecular interaction between
substrate and polymer decides the durability of the polymer film. In general, covalently
grafted PMMA are stable when exposed to toluene whereas physically adsorbed PMMA is
washed away in toluene. PMMA is immobilised easily on silica by UV irradiation in
presence of photo initiator.!?! XPS analysis and infrared spectroscopic technique reveal that
carbonyl oxygen of PMMA binds with the metal.'?? In particular, the characteristic band of
PMMA v(C=0) at 1730cm™ in the IR region disappear after it forms the bond with the
metal.!? PMMA can be degraded thermally at high temperature or it can be monomerised
by oxidative degradation in presence of oxygen. In our study we have employed hydroxyl
and thiol terminated PMMA to selectively graft on silicon and copper substrate respectively

for the metal ion infiltration.
1.3.2 Polystyrene as polymer brush for deactivation of substrate

Ultrathin polystyrene (PS) layers selectively coated on a substrate can significantly affect
the surface properties of the substrate without altering its bulk properties.'?* End terminated
hydroxyl, amino and carboxylic acid of different molecular weight have been extensively
studied to increase adhesion of the polystyrene to the polar surfaces.’®!?> A polystyrene
brush can be uniformly deposited on the surface by grafting to or grafting from technique.
Hydroxyl end terminated polystyrene (PS-OH) has strong affinity to form covalent bonds
with complementary silanol groups on the substrate through a condensation (water

elimination) reaction. Example of PS-OH grafting on silicon substrate is shown in figure
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1.6. End terminated polystyrene is soluble in toluene and used for various applications

including food packaging and laboratory ware. 26127

" 2990 99ee

—
2 min, -H,0
OH OH OH OH

PS

Figure 1.6: structure of PS (left), process for the chemical grafting of hydroxy terminated
polystyrene (right).

Cummins et al. has demonstrated the use of amino terminated PS for selective blocking of
the Cu line of patterned Cu/SiO2 in order to perform gold deposition onto the Si0O2.!2® By
simply altering the PS end amino functional group to hydroxyl, the SiO2 region can be
deactivated instead. Multiple patterning directed self-assembly of PS-b-PMMA was
employed to manufacture diverse morphologies using pre deposited hydroxyl terminated PS
brush.'?’ Depending on the surface energy and polarity of the block, this method enable to
adjust the surface chemical characteristics and induce higher affinity for one block over

another.

1.4 Inorganic oxide nano film fabrications:

Metal is the most commonly used material in the production of highly conductive and stable
electronic devices.!*® Metallisation is the process which connects semiconductor
components by fine conducting lines.!*! In this thesis, we have studied aluminium oxide
(Al203), copper oxide (CuO), titanium oxide (T102), ruthenium oxide (RuOz2), hafnium oxide
(HfO2), and zirconium oxide (ZrOz) precursor infiltration onto the optimized homogeneous

polymer brush films.
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The metal deposition process is broadly classified into two types i.e. chemical vapour
deposition (CVD) and physical vapour deposition (PVD) which can be further divided into
subclasses.!* In CVD techniques, a chemical reaction occurs between precursors in the gas
phase in a heterogeneous manner and products are deposited onto the substrate surface.'*?
CVD processes can also be performed using plasma deposition chemistry.!** Here, a gas
plasma generated by nitrogen or argon is formed into which reactant gases are introduced.'*®
Reaction between plasma and reactant gases results in radical formation and recombination
of radicals occurs at the substrate. CVD is mostly used for the fabrications of organic and
inorganic film. CVD has a number of advantages, including conformal film deposition. This
means that the thickness of the top-deposited film is comparable to the thickness of the side
walls-deposited film. '3 CVD has a number of disadvantages. The primary disadvantage of
the CVD process is due to the properties of the precursors. In the CVD process the precursors
needs to be volatile. This is not suitable for the number of elements in the periodic table.
However, the use of organometallic precursors has helped to alleviate this situation. CVD
precursor can also be extremely toxic for example Ni(Co4) or explosive B2He or corrosive
Si(Cl)4. Some of the organometallic precursors are extremely expensive. Furthermore, some
of the processes are carried out at higher temperatures, which limits the type of substrate that
can be coated. More importantly, It creates tensions in films formed on materials with
different thermal expansion coefficients (TEC), which can cause mechanical instabilities in

the produced films.

In comparison to CVD, physical vapor deposition (PVD) involve the various vacuum
deposition methods that can be utilize to create thin films of materials.!** PVD technique
consists of process of material transitions from condensed phase to vapor phase and then
back to thin films. PVD process is used to deposit materials of thickness ranging from
nanometre to thousands of nanometres. Evaporative deposition, ion plating, pulsed laser

deposition, and sputter deposition are a few examples of commonly used PVD methods.
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PVD depositions are environmentally friendly. Negative side of PVD include slow process,

high cost and sophisticated instrument that require skilled labour to operate it.

ALD is a technique similar to CVD; however, unlike continuous film growth, which occurs
in the same chamber at the same time, ALD is a step-by-step process. ALD is popular
technique for depositing uniform thin films with the ability to fabricate materials with atomic
layer control.!*” ALD is mainly used in CMOS and other electronic components fabrications.
It allows a conformal growth of materials through sequential chemical interactions.!*8

ALD is a technique that consists of four distinct steps, each of which is self-limiting,
allowing for precise control over the resulting films. The first step involves the reaction of
the substrate surface with the vapour phase precursor (monolayer), such as the interaction of
trimethyl aluminum (TMA) with hydroxy terminated silicon substrate shown in the equation

below.

Si-OH + Al (CH,), Si-O-Al (CH,), + CH,

In the second step, excess precursor molecules (unreacted) and by-products are removed by
purging gas. The third step involves the addition of a second precursor molecule, which
reacts with the first.
Si-O-Al (CH;),+ H,0 Si-O-Al (CH;)OH + CH,
Excess co-reactant and formed by-product are then eliminated by another purge, completing
the cycle process and resulting in the homogeneous formation of single atomic layer
aluminium oxide in the fourth step. The net thus can be written as,
Al(CH,),+3/2 H,0 1/2 AL,O, + 3CH,

Liquid phase deposition is useful methods to create organic oxide from aqueous or organic
solutions at ambient condition.”! Effectiveness of liquid phase infiltration is governed by
two primary factors: first, the diffusivity of inorganic precursors into the reactive polymer

brushes, and second, the binding interaction between the precursor and the active functional
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group within the polymer. Chemical properties of both polymer brushes and the inorganic
precursor have strong influence on the percentage of metal inclusion.'*® Commonly used
reactive polymer brushes are P2VP, P4VP, and PMMA. In P2VP and P4VP polymer
brushes, the metal precursor interacts with the nitrogen atom via a loan pair of electrons,
forming a very strong coordinate bond, whereas in PMMA brush, the metal precursor
interacts with the carbonyl oxygen atom. In addition to this, solvent plays an important role
in inorganic infiltration. To successfully infiltrate material, reactive polymer brushes must
swell in the solvent in which inorganic precursor are dissolved. Metal salt infiltrated polymer
brushes can be removed using variety of methods including oxidative process such as Oz
plasma, or UV-ozone, or reductive process such as Ar/H> plasma. Following
oxidative/reductive processes a uniform layer of metal oxide/metal is produced on the

substrate.!40
1.5 Main goal and outline

The main goal of this study is to research novel methods for carrying out selective deposition
of materials. As discussed earlier, ASD is a potential method that can improve edge
placement errors and effectively reduce the number of processing steps for IC fabrications.
Semiconductor industries such as INTEL, LAM, and Microsoft corporation, etc. are
devoting more attention to the development of this technique, however, key understandings
are still at the R&D stage. One of the main steps in developing an ASD methodology is to
develop a facile process for fabricating highly coherent sub 5 nm metal oxide films and
understand the mechanism of the infiltration. To fabricate nanostructured materials, it is
critical to generate chemistry that can enable the inclusion of the metal ions. Polymer brush
methods may provide this chemistry and is emerging as a powerful tool to selectively coat
materials on metal or dielectric surfaces. The advantage of using polymer brushes is that it
deposits uniformly on the substrate and can be used to prepare the nanoscale metal oxide

film of varied thickness by adjusting the molecular weight of the polymer.
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Chapter 1 includes background knowledge of area selective deposition, polymer brush and
the motivation for using it. In chapter 2, we prepared uniform robust P2VP films in seconds
by optimizing annealing temperature, and time. The developed polymer film was then
infiltrated with aluminium nitrate solution to obtained sub 5 nm metal oxide films. Pravind
Yadav performed the experiments, and study the thin films using contact angle, AFM and
SEM. Ross Lundy and Nadezda Prochukhan performed the XPS, calculated surface energy

and coverage.

In chapter 3, we investigated the effect of the polymer concentration, molecular weight, and
end group density, to develop monolayer coverage for sterically hindered (P2VP) and
unhindered polymers (PS and PMMA). Here, we utilized simple apparatus to perform
vapour phase infiltration of volatile organometallic titanium precursor onto the prepared
monolayer films to develop highly coherent TiO2 nano oxide film. Pravind Yadav conceived
the experiments and prepared the samples. The characterization of thin films such as AFM,
SEM and contact angle was carried out by Pravind Yadav and Ross Lundy. Nadezda
Prochukhan and Ross Lundy calculated the surface energy and coverage. While XPS

analysis was performed by Matthew Snelgrove and Jim Conway.

In chapter 4, we demonstrated the fabrication of conformal high-x dielectric metal oxide
films through liquid phase infiltrations onto non-planar surface (topographically patterned
substrate) using P4VP as a template. The ion uptake in reactive polymer systems such as
P2VP, PMMA, and P4VP is also compared in this chapter. The use of an unreactive
polystyrene brush to block material on a topographically patterned substrate has also been
developed. Pravind Yadav Performed the sample preparation and characterization via AFM.
Nadezda Prochukhan and Ramshankar analysed the sample using SEM. Matthew Snelgrove
and Caitlin performed monochromatic XPS analysis, while Oz plasma etching was done by

Jim.
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In chapter 5, we developed the uniform coating of PMMA-SH brush on copper surface, and
further we examined the infiltration of zirconium oxy-nitrate on the formed polymer layer.
We developed a hydrogen plasma reduction process for the simultaneous reductions of the
metal precursor and reductive elimination of the polymer. Pravind Yadav performed the
sample fabrication and analysis. Matthew Snelgrove and Caitlin conducted XPS

measurement. While Hz plasma etching was done by Jim Conway.
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Chapter 2. Optimizing polymer brush coverage to develop highly
coherent sub 5 nm oxide film by ion inclusion.

2.1 Abstract:

Area selective deposition is promising technique for positional self-alignment of materials
at pre-patterned surfaces. Critical to this is the development of molecular systems that have
selective surface binding and can act as a template to material growth. This chapter reports
how end functionalized polymers can be used to create oxide films through a grafting
method. Here, we detail a facile approach for rapid grafting (in seconds) of polymer brush
films with complete coverage over large areas with high uniformity (pinhole free).
Subsequent conversion to an oxide (~3-4 nm thickness) is performed via liquid phase metal
ion infiltration. Exposing the covalently grafted polymer brush (P2VP-OH) to a metal salt-
solvent solution (using the AI** ion as a model species) swells the polymer, facilitating ion
inclusion. Early results suggest a solvent mediated approach to polymer film infiltration can
be used to develop inorganic films in a facile process. Whilst data shows inclusion into both
large area and patterned films, the mechanism and understanding of these has been
limited. In particular, the solution-mediated process described here shows the preparation of
nano-metal oxide films of tuneable thickness. Here, a simple process is demonstrated for the
fabrication of highly ordered materials enabling them to be transferred from the template
polymer brush with precision. A surface deactivation strategy is also realized using a
hydroxyl-terminated polystyrene (PS-OH) brush that prevents the deposition of ions. We
consider this strategy as means to prevent electro migration of ions as well as the possibility

of coating ALD layers.
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2.2 Introduction:

The continual aggressive miniaturization of semiconductor devices with critical dimensions
approaching 5 nm has led to cost and integration challenges.' Novel methods to compliment
optical lithography (namely 1193 and EUV) include block copolymer 2 (BCP) lithography,

%10 and, more recently, area selective deposition !! (ASD). These

nanoimprint lithography
methods are potential candidates for integration into future fabrication and the possibility of
selective inclusion of materials e.g. metal, metal oxides, dielectrics may afford a direct
means of generating material patterns. Thus, these techniques can reduce the number of
processing steps by permitting growth of materials in desired wafer regions only. Further,
BCP lithography and ASD can be implemented to assist shrinking metal and metal oxide
line widths to help alleviate registration and edge placement errors. Methods for producing
high quality metal and oxide films are particularly useful as they can deliver potential
materials to augment silicon device technologies particularly in monolithic integration. The
techniques we discuss here may have significant relevance in this area since they are below
the low temperature ceiling (<500 °C) required for CMOS fabrication.!? Oxide materials can
support development of future functional devices with high and low dielectric constant (k),
ferroelectric, magnetic and optical properties.”> For logic and memory integration,
applications can range from the low-k films that sustain electrical isolation between
interconnects through to the high-k gate oxide. Usage has even been extended to high

contrast oxide etch masks during device fabrication.!*!®

Diverse methods have been studied hitherto in the ASD field encompassing the use of self-
assembled monolayers and unreactive polymer layers. These have been combined with
atomic layer deposition (ALD) in order to deposit precise metal or dielectric layers. For

example, Bent and co-workers have introduced the feasibility of self-assembled monolayers

16,17

to activate and deactivate patterned copper-silicon line/space and other substrate

18-22

materials in conjunction with ALD. Likewise Ritala and Leskeld have implemented
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well-defined strategies to pattern self-assembled monolayers to produce features on silicon
and copper substrates.”>>> Further, they have demonstrated the use of patterned polymer

2627 and deactivation®®? layers for a range of selective ALD processes.

films as activation
Additionally, ALD has been shown by Parsons and co-workers to selectively deposit material
on silicon and silicon nitride via surface deactivation with SAMSs,*® using patterned
amorphous carbon 3! or by utilizing inherent substrate selectivity.*>>* The Parsons group has
recently demonstrated a viable ASD approach without using organic inhibitors by combining

ALD with Atomic layer etching cycles.*® Kessels and coworkers have established several

area selective ALD approaches that exploit: unreactive polymers as inhibitors for ALD

6 7

precursors,*® surface activation via reactive plasma micro patterning,’ catalytic oxygen
activation of noble metal surfaces,*® and by using a three-step ALD cycle comprising a
selective organic inhibitor, precursor and reactive plasma process.*” Kessels and coworkers
have even extended the work to resist-free area-selective ALD on graphene surfaces.*’ Work
by Cummins and Morris demonstrated how polymer brush layers can be used to selectively
activate or deactivate patterned Cu/SiO2 substrates for ASD of metal and metal oxide

films. 4142

In this chapter, we focus on developing a rapid technique for grafting polymer brushes via

condensation reactions***

with very high coverage and uniformity followed by a subsequent
conversion process to aluminum oxide. We describe a robust, facile process to infiltrate
hydroxyl-terminated poly-2-vinyl pyridine (P2VP-OH) (Figure 2.1 (a)) films via metal ion
diffusion to produce ~3.5 nm thick oxide films across large areas. Moreover, we elucidate a
deactivation strategy using a hydroxyl-terminated polystyrene (PS-OH) (Figure 2.1 (b))
brush that prevents the infiltration of ions and subsequent film formation. The latter strategy
suggests a means to prevent electromigration of ions as well as the possibility to coat ALD
layers. Polymer selective casting/salt solutions were used to ensure uniform, high quality

grafted brush films and to facilitate swelling during the ion inclusion process. We chose the
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monoatomic Al*" trication as a model species for liquid phase ion inclusion. The Al**ion has

potent Lewis acidity,* forms stable acid-base interactions to pyridine’s nitrogen atoms*®4’
and is capable of forming a metal coordination center with multiple pyridine ligands.*® The
infiltration process is also implemented on these two systems combined as poly (styrene)-
block-poly (4-vinyl-pyridine) (PS-b-P4VP) (Figure 2.1 (c)) to highlight the selectivity of

the inclusion process. Finally, the infiltrated polymers were converted to oxide films and

nanowires.

Our results highlight the critical parameters required for optimizing polymer brush
deposition and coverage, while demonstrating the selective capacity for ion inclusion
(P2VP/P4VP) and suitability for surface deactivation (PS). This work provides insight into
the ion inclusion/blocking capability of these polymers and may elucidate ways to exploit

their ASD potential in future device-processing strategies.

Figure 2.1. (a) Poly-2-(vinyl pyridine) hydroxyl terminated (b) Poly-(styrene) hydroxyl terminated
(¢) poly (styrene)-block-poly (4-vinyl pyridine).
2.3 Experimental section:

2.3.1 Materials:

Hydroxy-terminated (PS-OH) (P11116-SOH) (PDI: 1.05), hydroxy-terminated (P2VP-OH)
(P7544-2VPOH) (PDI: 1.05), polystyrene (PS) (P9405-S) (PDI: 1.03), poly-2-vinyl pyridine
(P2VP) (P41306-2VP) (PDI: 1.04), poly(styrene)-block-poly(4-vinyl-pyridine) (PS-b-

P4VP) (P9009-S4VP) (PDI: 1.10) were purchased from Polymer Source (Canada) and used
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without further purification. The polymers have glass transition temperatures of Tg = 95°C
and 91°C for PS-OH and P2VP-OH respectively. The molecular weight of the functionalized
homopolymers is 6 kg mol.” ' The block molecular weights of the PS-b-P4VP were 24 kg mol
"'and 9.5 kg mol.”! The degree of polymerization for PS-b-P4VP was calculated as N=320.
Tetrahydrofuran (THF) (inhibitor free), toluene, chloroform, anhydrous ethanol, hydrogen
peroxide and sulphuric acid (MERCK, Ireland) were high-performance liquid
chromatography (HPLC) grade and used as received. Deionized water (p = 18.2 MQ.cm)
was used were necessary. Aluminum nitrate nonahydrate (Al(NO3)3.9H20, 99.997%) was

purchased from Merck, Ireland.

2.3.2 Fabrications:

Silicon substrates with native oxide were cleaved into 2 cm? pieces and degreased by
ultrasonication in THF for 20 min. Substrate surfaces were cleaned and hydroxyl
functionalised using an oxygen plasma treatment for 5 min (Figure 2.2 (a)) (40 kHz, 50 W,
Barrel Asher) (see Figure S2.7.1 for functionalization data). The P2VP-OH and PS-OH
brushes were dissolved in THF and toluene respectively by stirring overnight at room
temperature to yield 0.2 wt.% polymer solutions and spin coated at 3000 rpm for 30 seconds
(Figure 2.2 (b)). Samples were placed on a hotplate and annealed for 1 min between 20-
260°C. Following this samples were sonicated in respective solvents for 20 min (2 x 10 min
washes). This was carried out to remove physisorbed ungrafted polymer material and
produce monolayer coverage (Figure 2.2 (c¢)). It should be noted that the selection of
polymer concentration in the casting solution is important for generation of regular polymer
films particularly for reactive brushes such as P2VP. This will be discussed in detail in
chapter 3. Aluminum nitrate solution (0.5 wt.% in ethanol) was spin coated (3000 rpm/30s)
onto the grafted films (Figure 2.2 (d)). Conversion to oxide and polymer ashing was

performed by exposing to UV/ozone for 3 h. (Figure 2.2 (e)) (Novascan PDSP-UV4). A
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similar process was carried out for preparation of nanolines and nanodots using PS-b-P4VP

with the self-assembly process described in literature.*>!

The unfunctionalized P2VP and PS homopolymers were used to fabricate pure PS and P2VP
substrates. The powders were dry-pressed into disc-shaped pellets =2 mm thick at a pressure
of 350 MPa in a 13 mm diameter steel pellet die (Specac, 13 mm evacuable pellet die). The
as pressed pellets were exposed to selective solvent vapor (THF for P2VP and Toluene for

PS) until a smooth mirror like surface was produced (~5 min.) (See Figure S2.7.2).
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Figure 2.2: Process flow for the preparation of (a)-(c) polymer brush and block copolymer films (d)
ion infiltration and (e) polymer ashing and conversion to oxide.

2.3.3 Characterization:

Field emission scanning electron microscopy (FESEM, Carl Zeiss Ultra) was performed
using a secondary electron detector (InLens), 1 kV accelerating voltage). Focused ion beam
etching (FIB, Helios Nanolab 460) was used for preparing lamella using standard high kV
milling and a final low kV final polish, this rendered the lamella electron transparent

indicating it is an appropriate thickness for TEM. A platinum capping layer was used.
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Transmission electron microscopy (TEM, FEI Osiris) was performed using brightfield and
STEM imaging. During STEM detector lengths were 220, 550 and 770 mm. The accelerating
voltage was 200 kV. The EDX beam current was 1 nA, acquisition time: 30 min. Atomic
force microscopy (AFM, Park Systems XE7) was used with a non-contact cantilever

(AC160TS, force constant ~26Nm™!, resonant frequency = ~300 kHz).

X-ray photoelectron spectroscopy (XPS, VG Scientific ESCAlab Mk II) was performed
under ultra-high vacuum conditions (<5 x 107! mbar) using a hemispherical analyzer and Al
Ko X-rays (1486.6 V). The emitted photoelectrons were collected at a take-off angle of 90
° from the samples surface. The analyzer pass energy was set to 100 eV for survey scans and
40 eV for high-resolution core scans, yielding an overall resolution of 1.5 eV. Photoemission

peak positions were corrected to C 1s at a binding energy of 248.8 eV.

Dynamic contact angle (CA) measurments (custom built system) were recorded on five
different regions of each sample using a high-speed camera (60 Hz sampling rate) to capture
the advancing and receding CAs of three probe liquids (water, diilodomethane and glycerol).
Liquids were dispensed with flow rates of 5 nls™! using a 35-gauge needle (@135 pm OD)
with droplet volumes between 40-100 nl. Surface energy analysis was determined from the
advancing CAs of the three probe liquids using the Lifshitz-van der Waals/acid-base

approach.”

Thermogravimetric analysis (TGA, Pyris 1) was performed on the homopolymers at a

temperature range of 25°C - 700°C for 90 min.

2.4 Result:

2.4.1 Polymer brush optimization.

Selective casting solutions were identified based on the polymer-solvent Flory-Huggins

interaction parameter y 4. Systems with a low interaction parameter attain a high miscibility.
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Hansen solubility approach was employed to estimate y,5.%° With the Hansen approach the

Flory-Huggins parameter is given by equation 1 (also see Table 1 below):

%
Xag = ﬁ [4(5d,A - 5d,B)2 + (8pa — (SP.B)Z + (8na — 5h13)2] [

where Vs is the molecular volume, R is the gas constant and T is the temperature (K).
Material specific solubility parameters for non-specific dispersive (84), specific polar (6,)
and specific hydrogen bonding (Jj,) interactions for solvents and PS were found from ref
3334 Solubility parameters for P2VP were obtained from ref *° (see section S2.7.2). For
P2VP-OH we chose the aprotic, moderately polar solvent THF (y2ve-tur = 0.13) and the

relatively non-polar solvent toluene for PS-OH (yps-to1 = 0.06) as highly selective solvents.

Table 1. Polymer-Solvent Flory-Huggins Interaction Parameters Estimated Using Eq. 1 at T

=298 K.

Combination P2VP/ PS/ P2VP/ PS/

THF Tol EtOH EtOH

XAB 0.13 0.06 0.38 1.93

Figure 2.3 shows optimization data used for grafting P2VP-OH and PS-OH (Mw = 6 kg
mol™!) polymer brush films to silicon substrates. Figure 2.3 (a) displays TGA data for PS-
OH and P2VP-OH. The polymers undergo thermal degradation (PS-OH ~ 260 °C, P2VP-
OH ~ 320 °C) indicating the maximum upper threshold for the grafting process in order to
avoid degradation of the polymer brushes. P2VP-OH films were cast and annealed over a
temperature range of 20—260 °C and PS-OH between 20—-190 °C for 1 min. Advancing water
contact angle (WCA) measurements were immediately recorded on the grafted brushes and
the pressed polymer pellets (Figure 2.3 (b)). The control SiO2 sample has an average

advancing WCA of &sio2 = 12.1° + 0.9° with no apparent increase in WCA value observed
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for the polymer cast samples at temp <100°C. Above a value of 100°, the advancing WCAs
for the PS-OH samples rapidly asymptote and saturate with an average advancing WCA of
6. =90.3° £ 1.5° at 150 °C, similar to the value obtained for the pressed PS pellet (Gps(max) =
90.2° £ 0.5°). The WCAs for the P2VP-OH samples increase at a slower rate, reaching a

76.7° £ 1.1° above 230 °C (b2vemax) = 76.7° £ 1.7°).
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Figure 2.3: (a) Thermogravimetric analysis of the P2VP-OH and PS-OH brushes. (b)Advancing
water contact angles of brush samples annealed over the range of the temperatures with

C

orresponding coverages (c). (d) XPS N 1s atomic percentages of P2VP-OH grafted polymer brush

as a function of the temperature. (¢) apolar (LW) and polar surface energy. (f) Lewis acid (A") and
Lewis base (B") interactions for annealed brush samples. The dashed lines are the guide for the eye.

To correlate the observed #a behavior with the surface coverage of the PS-OH and P2VP-

OH brushes we used the Cassie-Baxter equation®®>’ under the assumption of surface

energy heterogeneity at the molecular scale,

& = C0S Otemy 1 / COS Onax _q 2]
cos g0, cos bs;o,
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Where @ is the apparent surface coverage of the grafted polymer brush, 6;ppy, is 6,
measured at a given temperature and 6,4 18 6, of the PS and P2VP pellets (0pg(max) and
Op2vp(max))- Figure 2.3(c) shows the evolution of surface coverage with annealing

temperature for the brush samples, calculated using equation 2. For both PS-OH and P2VP-
OH, grafting only occurs above the glass transition temperature (Tg). Even though Ty is
similar for both polymers, we attribute the slower rate of grafting for P2VP-OH with strong
pyridine-pyridine stacking interactions > which would retard chain reptation kinetics. Using
XPS, the N 1s signal was tracked for the P2VP-OH samples over the temperature range in
Figure 2.3 (d), with a similar evolution profile to Figure 2.3 (b) and (c¢). Figure 2.3 (e)
shows the Liftshitz-van der Walls (apolar) interactions (LW) and Lewis acid-base
interactions (polar) for the PS-OH and P2VP-OH samples. At temperature < 100 °C the
surface energy components of the PS-OH and P2VP-OH samples are similar to the values
obtained for the SiO2 control (LWsio2 = 34 mJ/m?, Polarsio2 = 28 mJ/m?). At increased
temperatures, the surface energy components of the samples transition to the values obtained
for the PS and P2VP pellets (LWps = 42 mJ/m?, Polarps = 0 mJ/m* and LWp2ve = 47 mJ/m?,
Polarpave = 1 mJ/m?). The large decrease in polar surface energy for samples annealed at
optimum grafting temperatures is consistent with very high coverage of the grafted polymer
brushes which screen polar interactions from the underlying oxide surface. Figure 2.3 (f)
displays the Lewis acid (A") and Lewis base (B") interactions. For samples annealed at
temperature < 100 °C, A" and B~ resemble the values of the SiO2 control (A'sio2 = 4 mJ/m?,
Bsio2 = 47 mJ/m?). At higher temperatures these components evolve to the values obtained
for the PS and P2VP pellets (A*ps = 0 mJ/m?, Bps~ 0 mJ/m? and A"povp=~ 0 mJ/m?, Bpovp =

5 mJ/m?).

We note that casting spin speed had no observable impact on coverage (Figure S2.7.3). To

capture the grafting process over longer timescales we cast and annealed the polymers at
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fixed temperatures (PS-OH = 120 °C, P2VP-OH = 150). At these temperatures, complete

grafting took as long as 40 min (Figure S2.7.4).
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Figure 2.4: (a) and (b) AFM images with roughness profile at L1 (inset), (c) Bright field TEM
images of P2VP grafted polymer brush. (d)-(f) are of PS grafted polymer brush.

To covalently grafts a polymer brush, the polymer chains, must reptate until the hydroxyl
end groups locate the substrate and overcome the thermodynamic reaction barrier to
condensation.** The more rapid bonding process is effectively limited by the slower
diffusional processes .° The Rouse model predicts faster diffusion kinetics with temperature
(D « T), where D is the chain diffusion coefficient.! Our results demonstrate complete
grafting for both PS-OH (~ 150 °C) and P2VP-OH (~ 230 °C) in 1 min without
compromising thermal limitations. Conceivably this is a compelling advantage over self-
assembled monolayer (SAM) ASD approaches where deposition times are typically hours to
days.

Figure 2.4 (a) — (f) shows AFM and TEM data of optimized grafted polymer brushes. The
grafted polymer films are very smooth with the RMS roughness for P2VP-OH = 0.7 nm
(Figure 2.4 (a)) and PS-OH = 0.2 nm (Figure 2.4 (d)) as determined by AFM scans (3
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scans). The roughness factor r, defined as the ratio of actual surface area to projected area,
was calculated from the height images in Figure 2.4 (a) and (d) to be =~ 1.04 for P2VP-OH
and = 1.003 for PS-OH, low values representing minimal contribution to surface wettability
as per the Wenzel equation, coS 0ypparent = T COS 6.9 The grafted brush films are high
quality with no pinholes present in the high-res height images in Figure 2.4 (b) and (e) for
P2VP-OH and PS-OH brushes respectively with linescans taken at L1 and L2 (inset). TEM
cross-sections of the grafted P2VP-OH Figure 2.4 (¢) and PS-OH Figure 2.4 (f) show the
brush films with thickness = 3.5 nm. See Figure S.2.7.5 and S2.7.6 for elemental EDX
mapping of the films. We note that from AFM scans that P2VP-OH films require more
thorough washing compared to the PS-OH films to completely remove physisorbed polymer.
This is consistent with the strong pyridine-pyridine stacking due to substantial m-orbital
interactions.” To ensure all unbound overlayers are more efficiently removed a more
selective solvent such as ethyl lactate (y2ve-eL = 0.02) or heating during washing will reduce
the y 45 value (see Eq. 1). See Figure S2.7.7 (a) for optical microscopy of the grafted P2VP-

OH film.
2.4.2 P2VP-OH ion inclusion:

Figure 2.5 shows data from the ion inclusion and ashing process for a P2VP-OH grafted
brush. The TEM cross section in Figure 2.5 (a) is of the P2VP-OH brush exposed to an
aluminum nitrate solution. To assist metal ion insertion, the salt was dissolved in ethanol, a
P2VP selective solvent (yzve-ion = 0.38) (Table 1). The grafted P2VP-OH film (= 3.5 nm,
Figure 2.4 (¢)) swells following exposure to the salt solution, indicating ion uptake (= 4-6
nm, Figure 2.5 (a)). Subsequently the UV/ozone exposure reduces thickness (= 2-3 nm
Figure 2.5 (b)), consistent with polymer ashing and film densification. No obvious defects
are present in the SEM image (inset). The EDX elemental maps in Figure 2.5 (c¢) show the
incorporation of aluminum, see Figure S2.7.8 for additional EDX data. Figure 2.5 (d-f)

displays the XPS survey and high-res spectra of the process. The spectra of the N 1s region
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for the grafted P2VP-OH film has a peak at = 399 eV associated with C=N-C pyridine
bonds.%® Following salt infiltration this peak attenuates and a nitrate peak appears at = 407
eV % along with an Al 2p peak (survey), indicating that both the aluminum and nitrate
counter ion infiltrate the P2VP-OH brush layer. Post UV/ozone, the pyridine and nitrate N
Is signals disappear (within the XPS limit of detection) with the high-res Al 2p oxide peak

shown at = 74.4 eV .%
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Figure 2.5 Bright-field (a) TEM images of aluminium nitrate infiltrated P2VP grafted polymer, (b)
after exposure to UV/Ozone with top down FESEM inset and (c) EDX maps (Al, O, Si) and STEM
images (high angle annular dark field images) (HAADF) of the infiltrated film. XPS survey (d) and
high-resolution (e) — (f) spectra of the grafted P2VP, infiltrated P2VP and fallowing UV/Ozone
exposure.

The scope of metal ion inclusion in to P2VP-OH film is evident and studies in the periodic
trends of strong pyridine-metal binding illustrate the potential for incorporation of a
multitude of metal ions.®® However, a note of caution in using a P2VP-OH brush is the
increased steric hindrance of the nitrogen lone pair due to the proximity of the pyridinyl

nitrogen with the backbone. A recent (2019) and meticulous review by Kennemur ¢’
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highlights the issue of using larger, more sterically demanding species (e.g. silver and gold

cations) for coordinating to the strained geometry of the P2VP repeating unit.

Furthermore, while we have demonstrated an effective UV/ozone process for ashing
organics and forming an oxide, the slow nature of the process (3 hr.) is somewhat prohibitive
from an integration standpoint. Therefore, efforts must be made to develop more efficient

plasma or other reactive oxygen based processes.
2.4.3 PS-OH Surface Deactivation.

Figure 2.6 shows STEM and EDX data for the PS brush exposed to the salt solution. The
STEM (HAADF) image in Figure 2.6 (a) is a cross-section of the PS brush after casting the
aluminum nitrate solution. There is no obvious swelling observed in the salt exposed PS film
with a thickness (= 3 nm) similar to the as grafted PS brush (Figure 2.4 (d)), indicating a
lack of solvent and ion uptake. The EDX maps in Figure 2.6 (b) confirm that ion infiltration
is inhibited by the PS film. After spin casting, the salt solution liquid film quickly recedes
(xps-Eton = 1.93, Table 1) leaving a dispersion pattern (Figure S2.7.11). Discrete salt deposits

form on the PS surface as the ethanol evaporates which can be readily removed with a solvent

Psi %

wash (Figure S2.7.12).
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Figure 2.6: STEM images (HAADF) and (b) EDX maps (Al O, N, C) of the PS grafted polymer
after exposure to aluminium nitrate (spin on).
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2.5 Conclusions:

The data presented here shows that polymer brushes can be used to develop large scale high
quality inorganic films at substrates using brushes that contain metal binding sites. We have
demonstrated the selective capacity that a pyridine containing brush has for ion inclusion
(P2VP/P4VP) and the potential for developing the process for patterning Al2O3, a material
of significant importance for patterning. Comparison of PVP with PS proves that the
mechanism is via solvent mediated inclusions and takes place through the entire film by a
solvent inclusion process. High resolution cross-section TEM shows the swollen polymer
film for the first time. The results show that the initial polymer films need very careful
control and optimization, if uniform and coherent inorganic films are to be produced. The
results presented highlight the parameters required for optimizing polymer brush coverage.
The data shows that very high coverage, and films with uniform thickness can be prepared
in seconds for even reactive films such as PVP where strong intermolecular forces exists

1**, it would

between the molecules. Whilst P2VP is an ideal system for small ions such as A
be less favorable for larger ions such as gold because of steric hindrance as discussed herein.
The lack of reactivity of PS, where only surface deposition of the salt occurs (due to non-
swelling in the salt solution), suggests it could be used to block salt inclusion. Thus,
patterning of P2VP and PS by lithography or surface selective end groups on the brush, to
deposit only on selected regions of a substrate, could be used to develop various ASD
applications. This work provides clear mechanistic insight into the ion inclusion/blocking
capability of these polymers and suggests they may rival SAM systems for the development
and implementation of ASD related fabrication methods particularly for BEOL technologies.
Whilst the methodology is promising, it should be pointed out that, integration into a
manufacturing process has several challenges. Further work on a range of metal and
dielectric materials is required, particularly, around the development of a reductive process

to yield metal materials as the polymer is removed. In summary, we precisely controlled
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polymer brushes for activating and deactivating semiconductor surfaces, which is a critical

milestone for fulfilling future device scaling and 3D architectures.
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2.7 Appendix

Optimizing polymer brush coverage to develop highly coherent
sub-5nm oxide films by ion inclusion

Section S2.7.1 — Surface cleaning/functionalization and polymer pellet fabrication.
Good coverage achieved in very short plasma cleaning times (Figure S2.7.1). Oxygen
plasma produced a clean, functionalized hydrophilic surface. A very smooth PS
monolayer was obtained following the grafting process. The plasma functionalization
step is necessary for removal of adventitious carbon/organics. Silica surfaces can
natively contain -OH groups.
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Figure S2.7.1 (a): Contact angle data for the cleaned silicon substrate and grafted PS-OH. A few
minutes plasma cleaning is sufficient to clean the substrates. (b) PS-OH brush coverage as the
function of plasma cleaning time.
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Figure 2.7.2 (a): A pressed polymer pellet using a hydraulic press and (b) a pressed pellet exposed
to selective solvent vapour (THF for P2VP and toluene for PS) until smooth mirror like surface was
obtained. The smooth surface is required to minimize roughness contribution for surface wettability.

Section S2.7.2 — Hansen Solubility Parameters

Table S1 tabulates the solubility parameters used to estimate (using Eq. 1) the y values.

Table S1 System molecular volumes and Hansen solubility parameters

Species Vi 0d op On

(um3/mol) (MPa%% (MPa’S) (MPa’d)

2-vinylpyridine  108.0 16.3 7.1 11.6
Styrene 115.0 18.6 1.0 4.1
Tetrahydrofuran 81.7 16.8 5.7 8.0
Toluene 106.8 18.0 1.4 2.0
Ethyl lactate 115.0 16.0 7.6 12.5
PGMEA 137.1 15.6 5.6 9.8

We note that the biodegradable “green solvent” ethyl lactate (y2veeL = 0.02) and the
commonly used solvent in the semiconductor industry, propylene glycol methyl ether acetate
(x2ve-pGMEA = 0.10) are also ideal and have been used here yielding good results.

Section S2.7.3 — Brush Optimization: Spin Speed and Grafting Kinetics
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Figure 2.7.3: XPS atomic percentage (Si, O, C, N) of P2VP-OH grafted brush annealed using a range
of spin speeds. Spin speed has negligible impact on the coverage of grafted P2VP.
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Figure S 2.7.4: Grafting process over a 40 minute period for fix temperature (PS-OH= 120 °C,
P2VP-OH= 150 °C).

Figure S2.7.5: Energy dispersive x-ray (EDX maps) (Si, N, O, C) of P2VP-OH grafted brush.

Figure 2.7.6: EDX maps (O, C, Si,) of the PS-OH grafted brush.
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Section S2.7.4 — Ion Infiltration with a P2VP grafted Polymer Brush Monolayer.

Salt infiltrated

(a) (b)

200 pm 200 pm

Figure 2.7.7: Optical microscopy of grafted P2VP-OH monolayer before (a) and after (b) salt
infiltration. Pre infiltration the P2VP coverage appears free of agglomerations (see Figure 2.5 (b) for
high-res SEM and TEM). Post infiltration, newton ring structures become present (yellow arrows)
resulting from excess salt deposits from solution. Removal of deposit can achieved by washing in a
suitable solvent.

Figure S2.7.8: High-angle annular dark field image (HAADF) with EDX maps (C, Si, N, AL, O
and over layered HAADF / O / Al).
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Figure S2.7.9: XPS high-res O 1s spectra of the aluminium nitrate infiltrated brush after UV/Ozone
treatment see Figure 2.5 (d)-(f) of chapter for complete XPS spectra of the pre to post infiltrated
P2VP polymer brush.
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Section S2.6.5 — Ion Blocking with a PS grafted Polymer Brush Monolayer.

Film is carbon based

No infiltration of Al into e PS

PS-OH brush
ol 0

Figure S2.7.10: TEM and HAADF images with EDX maps (Al, C, O, N, overlayered HAADF/O/Al
and overlayered C/O). There is no Al detected in the PS film see Figure 2.4 for high-res STEM and
EDX maps.

(a) R (b). .

400um” . . 71 200um )

Figure S 2.7.11: Optical microscopy images (a) and (b) and secondary electron SEM micrographs
(c) of aluminium nitrate in ethanol solution spun cast onto a PS grafted monolayer. Upon spin casting,
the salt solution liquid film immediately recedes with the resulting dispersion pattern seen in (a) and
(b). These discrete salt deposits from on the PS surface as the ethanol evaporates.
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Figure S2.7.12 (a): secondary electron SEM images, (b)-(e) EDX maps and (f) EDX spectra of the
aluminium nitrate on the PS brush. The data indicates that the deposits that form is aggregations of
the salt. The deposits are readily removed by dipping in water or other suitable solvents.

Figure S2.7.13: AFM images of the PS-b-P4VP (a) nanowire template and its conversion to
aluminium oxide nanowires (inset) and (b) nanodot template with FFT (inset).
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The salt infiltration and ashing process was performed on the PS and a PVP system combined
(phase segregated PS-b-P4VP) to highlight the contrasting selectivity each system has with
the inclusion process and to demonstrate direct writing of oxide device nanopatterns. Figure
S2.7.13 (a) shows an AFM topographic image of a PS-b-P4VP nanowire template. The
template is infiltrated with aluminum nitrate and subsequently converted to oxide nanowires
(inset) with = 25 nm wire diameters. Figure S2.7.13 (b) shows a well-ordered nanodot

template of the same system with FFT (inset).
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Chapter 3. Precise definition of monolayer point in polymer
brush films for fabricating highly coherent TiO: thin films by
vapour phase infiltration.

3.1 Abstract:

We describe a versatile bottom-up approach to covalently and rapidly graft hydroxyl
terminated poly-2-(vinyl pyridine) (P2VP-OH) polymers in 60 seconds that can
subsequently be used to fabricate high quality titania (TiO2) films on silicon substrates. A
facile strategy based upon room temperature titanium vapor phase infiltration of the grafted
P2VP-OH polymer brushes to produces TiO2 nanofilms of 2-4 nm thickness. To fabricate
coherent inorganic films with precise thickness control, it is critical to generate a complete
polymer brush monolayer. Grafting monolayers is straightforward for polymers that are
weakly interacting with one another but more challenging for reactive systems. Crucial
parameters are explored including molecular weight and solution concentration for grafting
dense P2VP-OH monolayers from the liquid phase with high coverage and uniformity across
wafer scale areas (> 2 cm?). Additionally, we compare the P2VP-OH polymer systems with
another reactive polymer, poly (methyl methacrylate)-OH (PMMA-OH) and a relatively
non-reactive polymer, poly (styrene)-OH (PS-OH). Furthermore, we prove the latter to be
effective for surface blocking and deactivation. Our methodology provides new insight into
the rapid grafting of polymer brushes and their ability to form TiO2 films. We believe the
results described herein are important for further expanding the use of reactive and
unreactive polymers for fields including area selective deposition, solar cells absorber layers,

and antimicrobial surface coating layers.
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3.2 Introduction:

Continued miniaturization of semiconductor devices has led to cost and integration issues'
which challenge the manufacture of a 3 nm node as envisaged by Samsung and TSMC
foundries for 2023.%* Gate voltage scaling at these dimensions necessitates state-of-the-art
architectures beyond FinFETs such as gate-all-around FET technology, leading to further
integration complexity.* Approaches complimenting photolithography include nanoimprint

lithography,>® block copolymer lithography’ '

and, recently, area selective deposition
(ASD).">"'7 Such methods are favorable in enabling future device integration and help

alleviate fabrication demands, e.g., litho-etch-litho-etch.

In particular, the ability of ASD to selectively include many materials sets such as oxides,
dielectrics and metals provides a route to produce material patterns and reduce the number
of processing steps. The capacity of ASD to produce uniform metal and oxide layers can
assist development of silicon device technologies!® and ASD is promising for
implementation and cost reduction in fields beyond CMOS processing, where stacked or

patterned layers are required e.g. energy harvesting surfaces'® and advances in catalysis.?

Various innovative ASD approaches have been reported, and are typically based on self-
assembled monolayers (SAMs) and atomic layer deposition (ALD) or molecular layer
deposition. Others have examined unreactive polymeric resist layers combined with ALD of

metal and dielectric films. For example, Leskeli ef al. designed an approach using patterned

21-23

SAMs to generate features on copper and silicon substrates as well as patterned organic

2425

films for activation’*?* and deactivation?®?’ layers with various ALD depositions (Ru, Ir, Pt,

AL203 and TiOz). Bent et al. have championed SAM use to mask and pattern copper lines on

28.29 and several other substrate materials®*>* together with ALD metallization.

silicon
Furthermore, the Bent group has demonstrated a process for topographic selective

anisotropic deposition of platinum via ALD by deactivating horizontal regions (ion

implanted) with fluorocarbons.*> More recent ASD research has used ASD solely to fabricate
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defined materials at site specific areas. For instance, Kessels and co-workers have
incorporated area selective ALD approaches that use organic inhibitors with ALD

® surface activation via reactive plasma micro patterning,*’ and tuning the

precursors,’
oxygen ALD cycle exposure to selectively nucleate platinum on wafer regions.*® The
research has been extended to area-selective ALD on graphene surfaces (resist free),*” and
ASD of ZnO by area activation using electron beam-induced deposition.*’ Kessels and co-
workers have used ALD with catalytic oxygen activation of noble metal surfaces,*! using a
triple step ALD cycle with a selective organic inhibitor, precursor and reactive plasma.** The
group have also demonstrated selective deposition of ruthenium on Pt/SiO2 line space using
ALD and atomic layer etching (ALE) cycles.*® Parsons et al. have demonstrated selective
deposition of diverse material sets (e.g. Ru, TiN, TiO2 and HfO2) via ALD on silicon nitride
and silicon substrates by deactivating wafer areas with SAMs,* using patterned amorphous
carbon,*” and by exploiting inherent substrate selectivity.***® The group also developed a
TiO2 ASD approach using ALD/ALE cycles.** More recently, Bates et al. introduced precise
design rules for a new ASD technique known as ‘spin dewetting’ that exploits modification
of surface energies of line-space patterns.’®! Selectivity is induced by tuning polymer

design to promote preferential dewetting from one substrate material and uniform wetting

on the other.

Our previous work demonstrated the feasibility of using polymer brush (note that a brush in
this sense is a film of polymer which is covalently attached to the film surface through a
reactive terminal group) films to selectively deactivate patterned Cu/SiOz line space for ASD
of metal layers.”? The brush was selectively grafted using end groups that bind to site-
specific wafer regions. Further, we demonstrated a simple approach for rapid grafting (in
seconds) of end functionalized reactive polymer brush films with complete coverage and

subsequent conversion to various oxides (Al203,% C0304,>* Cu0,>+°) via liquid phase metal
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ion insertion. Surface deactivation was also achieved using a PS-OH brush that prevents the

deposition of ions.

Liquid phase deposition of metal ions on grafted brushes has many benefits due to the
multitude of readily available, low cost and easily prepared (water soluble) salt precursors.
However, developing a vapor phase brush infiltration approach can be beneficial for a wide
array of applications, both ASD and blanket layers in the semiconductor industry. Moreover,
achieving dense inorganic films in a simple one-step inclusion method at low temperatures
is very appealing for industrial demands. Significantly, a vapor phase inclusion technique
can deposit uniform ultra-thin films of high quality. Evaporation and CVD-based techniques
has been recognized as reliable root for the fabrications of high quality 2D metal oxide films
with precise thickness control over large areas (300 mm).>’ Titanium is an attractive model
species for vapor phase brush infiltration given its use in a variety of far reaching

1,>® pulsed laser deposition,>’

applications e.g. TiO: films are routinely fabricated by sol-ge
chemical vapor deposition,*® and ALD.*"*? TiO; coatings are widely used in self-cleaning
technologies,® as an electrode support,** as a dielectric medium,® and in photocatalysis.*®
ALD grown TiO2 nanofilms have been used in many applications: corrosion protection

layers on copper,®’ in high-x dielectrics, solar cells (perovskite),®® carbon nanotubes,* and

composite nanostructures for water splitting to name a few.”°

In this chapter, a proof-of-concept technique for vapor phase infiltration of covalently grafted
polymer brushes to produce wafer-scale (> 2 cm?) TiOz films with high uniformity is
demonstrated on Si substrates. To fabricate coherent inorganic films with precise thickness
control, it is critical to generate high-quality polymer brush films i.e. a complete monolayer.
Definition of a polymer monolayer with complete coverage can be achieved and is
straightforward for polymers which are weakly interacting with one another and the substrate
(apart from the reactive terminal group used for grafting). Creating a complete monolayer is

considerably more challenging for reactive systems with metal binding sites like poly-2-
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vinyl pyridine, hydroxy-terminated (P2VP-OH). The crucial parameters necessary for
grafting P2VP monolayers from the liquid phase with very high coverage and uniformity are
explored. Factors such as polymer molecular weight (4 - 16 kg mol™), concentration of
casting solution (0.01 — 6 wt. %) and quantity of end groups (mono/di hydroxy terminated)
are examined (see Table 1). Finally, the potential of a Polystyrene, hydroxy-terminated (PS-

OH) brush for substrate deactivation by limiting TTIP infiltration is highlighted. Precisely

Controlling polymer brushes for activating (P2VP-OH) and deactivating (PS-OH)
semiconductor surfaces is a critical milestone for fulfilling future device scaling and 3D
architectures. The techniques discussed herein can have considerable importance due to the
low process temperature (<500 °C) needed for CMOS fabrication.”! The fundamental
insights obtained can illuminate ways to utilize polymer brush films for vapor phase film
and ASD device-fabrication strategies.

Table 1 Polymer properties and annealing condition.

Polymer Mn (kg mol')  End group Anneal
(-OH)
Conditions
P2VP-OH 4.0 mono/di 60 s (230 °C)
6.2 mono 60 s (230 °C)
10.0 mono 60 s (230 °C)
16.0 mono 60 s (230 °C)
PS-OH 6.0 mono 60 s (150 °C)
10.0 mono 60 s (150 °C)
16.0 mono 60 s (150 °C)
PMMA- 6.3 mono 90 s (190 °C)
OH

3.3 Experiment section:

3.3.1 Materials.

Functionalized polymers: Poly-2-vinyl pyridine, hydroxy-terminated (P2VP-OH): 4 kg mol
! (P18796-2VPOH) (PDI: 1.06), 6.2 kg mol! (P7544-2VPOH) (PDI: 1.05), 9.6 kg mol™!
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(P19125-2VPOH) (PDI: 1.07), 16 kg mol! (P19128-2VPOH) (PDI: 1.11), di-hydroxy-
terminated P2VP: 4 kg mol! (P18798-2VPOH) (PDI: 1.06). Poly(methyl methacrylate),
hydroxy-terminated (PMMA-OH): 6.3 kg mol™! (P1763-MMAOH) (PDI: 1.06). Polystyrene,
hydroxy-terminated (PS-OH): 6 kg mol™! (P11116-SOH) (PDI: 1.05), 10 kg mol™! (P18787-
SOH) (PDI: 1.09), 16 kg mol! (P13135-SOH) (PDI: 1.09). The polymers have glass
transition temperatures of Tg = 95 °C, 91 °C and 85 °C for PS-OH, P2VP-OH and PMMA-

OH respectively.

Homopolymers: Poly-2-vinyl pyridine (P41306-2VP) (PDI: 1.04), Polystyrene (P9405-S)
(PDI: 1.03). All polymers were purchased from Polymer Source (Canada) and used without

further purification.

Solvents: Tetrahydrofuran (THF) (inhibitor free), toluene, (MERCK, Ireland) were high-
performance liquid chromatography (HPLC) grade and deionized water (p = 18.2 MQ.cm)

used as received.

Precursor: Titanium tetraisopropoxide (TTIP) (99.999%) (MERCK, Ireland) was used as

received.

Pure P2VP, PS ,PMMA and SiO: Reference Substrates. Unfunctionalized P2VP, PS and
PMMA homopolymers were used to fabricate reference substrates. The powders were each
dry-pressed into disc-shaped pellets (= 2 mm thick) at 350 MPa in a 13 mm diameter steel
pellet die (Specac, 13 mm evacuable pellet die). The pellets were exposed to solvent vapors
(THF for P2VP and toluene for PS and PMMA) until a smooth mirror like surface was
produced, similar to our previous work.>® These fabricated substrates were used to determine
the baseline contact angles for pure polymer surfaces to infer brush coverage on Si

substrates. Plasma cleaned SiO2 was used as a reference (60 s, 40 kHz, 50 W, Barrel Asher).
3.3.2 Polymer brush grafting

Silicon substrates (with native oxide) were cleaned and hydroxyl functionalized using an

oxygen plasma treatment for 60 s (40 kHz, 50 W, Barrel Asher). P2VP-OH was dissolved in
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THF, PMMA-OH and PS-OH were dissolved in toluene by stirring at room temperature (12
hr.). Polymer-solvent casting solutions were prepared at concentrations ranging from 0.01 —
6 wt. % and spin coated at 3000 rpm for 30 s. Samples were placed on a hotplate and annealed
at: 150 °C for 60 s (PS-OH), 190 °C for 90 s (PMMA-OH) and 230 °C for 60 s (P2VP-OH)
for covalent grafting on SiO:2 via condensation reactions.”””®> See Figure S3.7.1 for
thermogravimetric analysis (TGA) showing max process temperatures for each polymer.
Following baking periods, samples were sonicated in respective solvents for 20 min (2 x 10

min washes) to remove physisorbed, ungrafted polymer material.
3.3.3 Titanium Dioxide Fabrication

For the TTIP infiltration process, grafted monolayer films of 0.2 wt. % P2VP (4 and 6 kg
mol ) and 0.2 wt. % PS were used (6 kg mol!). Samples were place upside-down in a sealed
glass chamber (height: 50 mm, diameter: 24 mm) containing =~ 1 ml TTIP for 2 hr. at 20 °C
(partial pressure = 53 Pa).”* Polymer ashing and conversion to titanium dioxide was achieved

by UV/ozone exposure (3 hr.) (Novascan PDSP-UV4).
3.3.4 Characterization

Field emission scanning electron microscopy (FESEM, Carl Zeiss Ultra) was performed
using a secondary electron detector (InLens) with an accelerating voltage 1 - 2 kV. Focused
ion beam etching (FIB, Helios Nanolab 460) was used for preparing lamella specimen using
standard high kV milling and a low kV final polish, this rendered the lamella electron
transparent indicating an appropriate thickness for TEM. A capping layer of e-beam platinum
(~ 100 nm) and ion-beam Pt (~2 micron) was used for FIB lamella. Transmission electron
microscopy (TEM, FEI Osiris) was performed using brightfield and STEM imaging. During
STEM detector lengths were 220, 550 and 770 mm. The accelerating voltage was 200 kV.
The EDX beam current was 1 nA, acquisition time: 30 min. Atomic force microscopy (AFM,
Park Systems XE7) was used with a non-contact cantilever (AC160TS, force constant =26

Nm!, resonant frequency ~ 300 kHz).
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X-ray photoelectron spectroscopy (XPS, VG Scientific ESCAlab Mk II) was performed
under ultra-high vacuum conditions (<5 x 107! mbar) using a hemispherical analyzer and Al
Ko X-rays (1486.7 eV). The emitted photoelectrons were collected at a take-off angle of 90
° from the samples surface. The analyzer pass energy was set to 100 eV for survey scans and
20 — 40 eV for high-resolution core scans, yielding an overall resolution of 1.5 eV.

Photoemission peak positions were corrected to C 1s at a binding energy of 284.8 eV.”

Dynamic contact angle (CA) measurments (custom built system) were recorded on five
different regions of each sample using a high-speed camera (60 Hz sampling rate) to capture
the advancing and receding CAs of three probe liquids (water, dilodomethane and glycerol).
Liquids were dispensed with flow rates of 5 nls! using a 35-gauge needle (@135 um OD)
with droplet volumes between 40-100 nl. Surface energy analysis was determined from the
advancing CAs of the three probe liquids using the Lifshitz-van der Waals/acid-base

approach.”®

Dynamic Light Scattering (DLS, Malvern Zetasizer Nano ZSP) was performed on the

polymer casting solutions.

(TGA, Pyris 1) was performed on the functionalized polymers at a temperature range of

25°C - 700°C for 90 min.

3.4 Results and discussions:
3.4.1 Monolayer point of a grafted polymer brush:

We chose (P2VP-OH) (Figure 3.1 (a)) due to the strong metal-pyridine binding interactions
observed for a myriad of metal ions including Ti.””’® We compare grafting parameters to
another reactive polymer PMMA-OH (Figure 3.1 (b)) and a relatively non-reactive polymer
PS-OH (Figure 3.1 (c)). The high-quality grafted P2VP brushes were exposed to vapor phase
titanium tetraisopropoxide (TTIP) (Figure 3.1 (d)). Conversion to TiOz is performed using
UV/ozone processing. Control over the final oxide thickness (= 2-4 nm) is demonstrated by

adjusting the polymer molecular weight. This organometallic precursor (and component of
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the Sharpless epoxidation) was chosen for its ability to selectively deposit Ti** cations within

the hydrophilic domains of self-assembled block copolymers in our previous work.”’

) (b)
. OH ﬁ/\v\/OH
N d © é
=/ ? A
(c) @ | 7

Figure 3.1: Hydroxy terminated (a) Poly-(2-vinyl pyridine), (b) Poly-(methyl methacrylate), (c)
Poly-(styrene) (d) titanium tetraisoprpoxide.

The Hansen approach was used to identify selective polymer-solvent casting solutions
(P2VP/THF and PS/toluene respectively) and is described in detail elsewhere.>® Figure 3.2
shows examples of the 6 kg mol”! P2VP-OH grafted from solutions of solvents above and
below the critical agglomerate concentration (CAC) to silicon substrates. The SEM image
in Figure 3.2 (a) is characteristic of a well grafted brush monolayer, cast from a 0.2 wt. %
solution. (see Figure S3.7.2) for higher magnification SEM images. The TEM image in
Figure 3.2 (a) (inset) shows the brush film has high uniformity and a thickness =~ 4 nm (see
(Figure S3.7.3) for TEM of the 4 kg mol ' grafted monolayer =~ 3.4 nm). By contrast, the
SEM image in Figure 3.2 (b) cast from a 2.0 wt. % solution is an example of a poorly grafted
P2VP-OH film with a molecular weight of 6.2 kg mol™. Polymer coverage is uneven and
shown in more detail in (Figure S3.7.4). The nature of P2VP-OH material displayed in
Figure 3.2 (b) suggests that ideal conditions are not satisfied to define the observed structure

as a brush film.
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Figure 3.2: SEM images of a grafted P2VP-OH (M,= 6 kg mol™) cast (a) below the CAC (with TEM
images inset) showing a uniform monolayer and (b) above the CAC with uneven coverage.

Di-hydroxy terminated P2VP (Mn = 4 kg mol™') was end-grafted but uniform monolayer
coverage was not achieved (see Figure S3.7.5 (a)). Large agglomerates are present
throughout the film, consistent with hydroxy end groups grafting to adjacent polymer end
groups during annealing. We also note that P2VP-OH polymer with molecular weights of 10
and 16 kg mol™! did not form uniform monolayers (Figure S3.7.5 (b) and (c)). DLS studies
were performed on the casting solutions to elucidate the impact of concentration and
molecular weight on the grafting mechanism. DLS of P2VP-OH (Mn = 6 kg mol!) casting
solutions show an increase in agglomerate size with concentration (Figure S3.7.6 (a) and
(b)). Figure S3.7.6 (c) shows an increase in agglomerate size with molecular weight at fixed
concentration (0.2 wt. %). The increase in agglomerate size in the casting solutions with
concentration or molecular weight is consistent with the particularly strong pyridine-
pyridine stacking interactions of the P2VP molecular system.’® Figure 3.3 displays a
schematic of the proposed grafting mechanism above and below the CAC. As the casting
solution concentration or polymer molecular weight increases, larger sized agglomerates
deposit on the substrate following spin-coating. Above the CAC the agglomerates are
sufficiently large that steric repulsion effects begin to prevent formation of a uniform coating
i.e. gaps develop between agglomerates. Upon annealing, the chains near the substrate
reptate and successfully locate the surface to overcome the thermodynamic reaction barrier

to condensation. The physisorbed overlayers are removed during the solvent wash to reveal
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an uneven coating. Below the CAC, a uniform brush monolayer can be prepared for TTIP

vapor infiltration.

V"™ P2VP-OH pavp

o3 TP @pysh

Figure 3.3: Schematic representation of the grafting process above and below the CAC for P2VP-
OH (molecular weight=6 kg mol ™). Poor coverage occurs above CAC due to strong pyridine-pyridine
stacking interactions. The P2VP monolayer brush can be infiltrated with TTIP converted to TiO»
using UV/Ozone.

Figure 3.4 shows optimization data used to determine the monolayer point for grafting 4
and 6 kg mol! P2VP-OH to silicon substrates. Solutions (0.01 — 6 wt. %) were cast, grafted
via baking and advancing water contact angle (WCA) measurements were immediately
recorded, shown in Figure 3.4 (a). The control reference SiO: sample has an average
advancing WCA of io2 =4.0°+0.4°. At0.01 wt. %, the average advancing WCA increases
to Ghaveak) = 47.4° + 0.8° and Gpaveek) = 57.1° + 2.6° respectively. Above 0.05 wt. %, the
advancing WCAs rapidly asymptote and saturate with an average advancing WCA of 6, =
77°, similar to the value obtained for the pressed P2VP pellet (b2vp(max) = 76.7° + 1.6°). This
trend holds for the 4 kg mol™! polymer, however above a concentration of = 1 wt. % the 6 kg
mol! P2VP-OH rapidly transitions to a highly wetting surface (&2vpex) < 10°) consistent
with very low grafting density.

The observed . behavior of the P2VP-OH brush surfaces is correlated to surface coverage

81,82

using the Cassie-Baxter equation®*” with the assumption of surface energy heterogeneity at

the molecular scale,®’

cos @ cos 6
0= (e )t 1)
cos Bsio2 cos Bsio2
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Where @ is the apparent surface coverage of the grafted polymer brush, 6., is . measured
at a given grafting concentration and Gb2ve(max) is a of the pure P2VP pellet. Figure 3.4 (b)
shows the change of surface coverage with solution concentration for the brush samples,
calculated from equation 1. The increased @ at the low dilution limit (0.01 wt. %) for the 6
kg mol” vs 4 kg mol! P2VP-OH brush is consistent with a longer chain length i.e. more
surface coverage for equivalent condensation reactions. Additionally, we used X-ray
photoelectron spectroscopy in order to provide further confirmation of the grafting behavior
of the 4 kg mol™! and 6 kg mol! P2VP-OH systems. The N /s signal (~ 401 eV) from grafted
brushes was tracked over the concentration range in Figure 3.4 (¢). A strikingly similar
evolution profile to Figure 3.4 (a) and (b) is observed from the N /s data, consistent with
the coverage level determined by WCA and Cassie-Baxter equation. Figure 3.4 (d) — (f) are
AFM images of the 4 kg mol' P2VP-OH grafted brush (0.2 wt. %, 2.0 wt. %, 6.0 wt. %).
The films are very smooth with high coverage, RMS roughness ~ 0.6 nm (average of 3 AFM
scans). The roughness factor r, defined as the ratio of actual surface area to projected area,
was calculated from the height images < 1.04, representing minimal contribution to surface
wettability as per the Wenzel equation, cos 64pparent = T COS 6.8 For the 6 kg mol™! brush
(Figure 3.4 (g) — (i)) only the 0.2 wt. % shows good uniformity and coverage. See (Figure
S3.7.7) for detailed surface energy analysis of the grafted brushes. At high coverage the
dispersive and polar components match that of the pure polymer pellet, and the silicon
control at low coverage (Figure S3.7.7 (a)). The same trend is observed for the Lewis acid

and Lewis base interactions (Figure S3.7.7 (b)).
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Figure 3.4 (a): Advancing WCAs of the 4 and 6 kg mol”' P2VP brush samples grafted on silicon
substrates over the range of concentrations with corresponding coverage (b). (¢) XPS nitrogen (N 1s)
atomic percentage of the grafted polymers as the function of concentrations. AFM topography
images of the P2VP brushes grafted from 0.2 to 6 wt. % solutions for (d)-(f) 4 kg mol™ and (g)-(h) 6
kg mol!' P2VP-OH.

The grafting process was tested with PS-OH (Mn = 6.0 — 16.0 kg mol '), as shown in Section
S3.7.2. Grafting high quality uniform monolayers was achievable at all molecular weights
and concentrations (> 0.01 wt. %). PMMA-OH (Mn = 6.3 kg mol!) was tested (Section
S3.7.3) with high-quality monolayers observed even for 6.0 wt. % grafting solutions. These
less reactive brushes can graft monolayers at higher molecular weight and concentration
compared with PVP where stronger intermolecular forces exist between the molecules due
to substantial m-orbital interactions.®® Casting at elevated temperature, or using a more

selective solvent, is also a possible route to high molecular weight PVP based monolayer

films.
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3.4.2 Polymer Brush Exposure/Infiltration to Titanium Isopropoxide.

The optimized 4 and 6 kg mol™! P2VP-OH brush monolayers were exposed to TTIP vapors
and converted to TiOz films (see experimental for TTIP infiltration conditions). The Ti 2p
XPS spectra in Figure 3.5 (a) shows the TTIP infiltrated brushes and its conversion to TiOx.
Both brushes were treated under the same TTIP processing conditions, however = 50 % more
precursor uptake is measured in the 6 kg mol"! brush. See Figure S3.7.15 for the
corresponding survey spectra showing an increase in the Ti signal from 6.2 % to 9.0%. TiO2
is formed after UV/Ozone exposure with the Ti 2p32 and Ti 2pi1/2 peaks at = 458 and 464 eV
respectively.® A slight reduction in the Ti signal occurs following ashing due to partial
removal of TTIP precursor. The O 1s spectra in Figure 3.5 (b) displays the TTIP infiltrated
P2VP-OH brush (Mn = 6.2) before and after UV/ozone exposure. Before UV/ozone, the
Ti**, SiO2 and isopropoxide peaks are observed at = 529.7 eV (Ti-O bonds), = 531.7 eV (Si-
O bonds) and = 532.5 eV (C-O bonds) respectively.””*> Post UV/ozone, we observe the
absence of the isopropoxide peak and partial loss of the Ti*" peak is observed. There is an
increase in the SiO2 peak due to reduced attenuation of the substrate signal. Before
UV/ozone, the N 1s region (Figure 3.5 (c) has a peak at =~ 399 eV associated with C=N-C

86,87

pyridine bonds®>®" while after UV/ozone, the pyridine signal is absent (within XPS detection

limits) indicating total removal/conversion of brush material.
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Figure 3.5 XPS: high-res spectra (raw counts) of grafted 4 and 6 kg mol”' P2VP-OH brushes exposed
to TTIP and fallowing uv/ozone for (a) Titanium 2p (b) oxygen 1s and (c) nitrogen 1s.

EDX elemental maps in Figure 3.6 (b) show the film with titanium and oxygen signals
present. Figure S3.7.16 shows the film before UV/ozone and Figure S3.7.17 — S3.7.18 are
of the process applied to the 4 kg mol"! P2VP-OH brush. Moreover, a thinner TiO2 film (= 2
nm) is fabricated using the 4 kg mol™! brush showing that our process can be used to tune
TiO2 films with nanometer control. For comparison, the TTIP infiltration process was
applied to the 6 kg mol! PS-OH grafted brush (Figure $3.7.19). PS-OH grafted brushes
exhibit excellent potential for blocking TTIP infiltration with EDX maps confirming that the

precursor is inhibited by the PS brush with no Ti present at the substrate interface.

Figure 3.6 (a): Bright-field TEM images of the TiO- film (after uv/ozone) and (b) the corresponding
EDX maps (Ti, C, O) fallowing TTIP treatment of a uniform P2VP-OH film ( M, = 6 kg mol™).
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3.5 Conclusions

High quality TiO: films were fabricated using simple apparatus that allowed definition of
precise polymer films for hosting titanium precursors using a facile vapor phase infiltration
technique. It was shown that high coverage, pin hole free, homogeneous TiO: films with
tunable thickness could be produced as confirmed by extensive SEM and TEM analysis.
This article discussed the precise parameters required for end-grafting monolayer P2VP-OH
polymer brushes (polymer molecular weight, casting solution concentration and terminal
group density). The brush layer deposition/attachment requires careful optimization to allow
monolayer formation. This subsequently facilitates the regularity of the inorganic film. As
the P2VP brushes contain active groups that bind to metal, there is a propensity for
coordination of the polymer to form aggregates in solution and 3D films that mitigate against
precise monolayer formation. This work shows that process conditions and treatments can
be created to mitigate these difficulties. Brushes such as PMMA may be more suitable for
fabricating thick inorganic films and studies are currently underway. In parallel, we have
shown that PS brushes demonstrate excellent potential for surface deactivation where TTIP
deposition was completely prevented from reaching the substrate. In summary, we precisely
controlled polymer brushes for activating (P2VP-OH) and deactivating (PS-OH)
semiconductor surfaces, which is a first achievement of this critical milestone for fulfilling
future device scaling and 3D architectures. We envisage that our deposition and brush
process could also find use in other sectors that rely on uniform nanometer inorganic films
e.g. glass coating technologies (self-cleaning, anti-condensation, low emissivity etc.), digital

display (electrode, conductive and emissive LCD/LED/OLED layers).
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3.7 Appendix

Precise definition of a ‘monolayer point’ in polymer brush films
for fabricating highly coherent tiO2 thin films by vapor phase
infiltration.

Section S3.7.2 — P2VP brush monolayer formation
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Figure S 3.7.1: Thermogravimetric analysis was performed on the 6 kg mol'funtionalised polymers
at the temperature range of the 25 “C- 700 °C for 90 min. The polymers undergo thermal degradation
(PMMA-OH ~ 195 °C, PS-OH 260 °C and P2VP ~ 320 °C) indicating maximum upper threshold for
the grafting process. Note that water loss occurs up to 120/130 °C.
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200 nm Mag= 2500KX 4.8 mm EHT= 200kV InLens Date :29 Nov 2019
carboh tab 43534

200 nm Mag= 2500KX 4.8mm EHT= 2.00kVY  inLens Date 29 Nov 2019
— carbon tab 43835

Figure S3.7.2: SEM images (a) and (b) of 6 kg mol'of P2VP-OH (0.2 wt.%) deposited polymer-

brush.
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Figure S 3.7.3: Bright-field TEM images of the 4 kg mol"' P2VP-OH grafted from a 0.2 wt.% casting
solution.
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SCM Status = Off ~ EHT= 1.00kV Signal A=InLens  Date :30 Aug 2018
WD = 3.4mm Photo No. = g719  Time :11:53:12 Mag= 1000KX

SCM Status = OFF EHT = 1.00kV Signal A=inLens  Date:30 Aug 2018
WD= 34mm Photo No. = 9717  Time:11:51:25 Mag = S000KX

Figure 3.7.4: SEM images (a) and (b) of a 6 kg mol”' P2VP-OH cast from 2.0 wt.% solution. At this
concentration uneven coverage is formed.
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di-hydroxy 4k
(a) 0.05 wt.%

100 pm

1 pm* WD= 4.1 mm Mag= 10.00KX Signal A= inLens  Date :19 Sep 2018
SCM Status = Off File Name = 4k_0.051.6f EHT= 500KV Time :13:31:34

mono-hydroxy 10k
(b) 0.2 wt.%

SCM Stalus = Valid EHT = 5.00 v Signal A=InLens  Date :16 Nov 2018

Mag = {
WD= 4dmm  PhotoNo,= 11228 Time:17:26:23 Meg = S000KX

mono-hydroxy 16k
0.2 wt.%

SCM Stalus =OF  EHT= 1.00kV Signal A=InLens Date :6 Sep 2018
WD= 34mm  PhotoNe =g716 Time:11:14:29
- =

Mag= 4000KX

Figure S 3.7.5: SEM images with dark-field microscopy (inset) for P2VP-OH cast and grafted from
(a) dihydroxy terminated 4 kg mol™' (b) mono hydroxyl terminated 10 kg mol™and (c) monohydroxy
terminated 16 kg mol™!
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Figure S 3.7.6: Dynamic light scattering data of P2VP casting solution for (a) 0.2 wt.% 6 kg mol™
(b) 2.0 wt.% (6 kg mol" showing the effect of concentration on agglomeration size.(c) average
agglomeration size as a function of molecular weight (4-16 kg mol™ at fixed concentrations (0.2
wt.%).
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Figure 3.7.7 (a) Apolar (dispersive) and polar surface energy and (b) Lewis acid (A") and Lewis
base (b)) interactions for annealed brush samples over a range of the concentrations (0.01-6 wt.%).

The dashed line are the guide for the eye.

Section S3.7.2 — PS Brush Monolayer Formation

PS-6k

0.01 wt.% 0.05 wt.% .2 wt.%

10 um x 10 um
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Figure S 3.7.8: AFM images with roughness profile at L1-L6 for 6 kg mol” PS-OH grafted at various
concentration (0.01-6 wt.%). high coverage monolayer formation is evident at very high casting

concentration.
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Figure 3.7.9: AFM images with roughness profile at L1-L6 for the 10 kg mol™' PS-OH grafted at
various concentration (0.01- 6.0 wt.%.) High coverage monolayer formation is evident at higher
concentration.
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Figure 3.7.10: AFM images with roughness profile at L1-L6 for 16 kg mol' PS-OH grafted at
various concentration (0.01-6 wt.%). High coverage monolayer formation is evident at higher
concentration.
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Figure S 3.7.12: Water contact angle of the PS-OH brush annealed over the range of the
concentrations (0.01 wt. %- 6 wt.%) with corresponding coverage (b). (c) Apolar (dispersive) and
polar surface energy Lewis acid (A") and Lewis base (B) for interactions the 6 kg mole” annealed
brush. The dashed lines are the guide for the eye.
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Section S3.7.3 — PMMA Brush Monolayer Formation
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Figure S3.7.13: AFM images with the roughness profile at L1-L6 for the 6 kg mol'PMMA-OH
brush grafted at various concentration (0.01 wt.%-6 wt.%). High coverage of the brush is evident
even at higher concentrations.
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Figure S3.7.14: (a) Water contact angle of the PS-OH brush samples (6-16 kg mol") annealed over
the range of the concentrations (0.01-6.0 wt.%) with corresponding coverage(b).
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Section S3.7.4 — Brush Exposure to Titanium Isopropoxide
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Figure S 3.7.15: XPS survey spectrum of grated 4 and 6 kg mol”' P2VP exposed to TTIP and
fallowing UV/ozone. The total Ti signal (atomic %) in the infiltrated 4 kg mol™ is 6.2% and 9.0% in
the infiltrated 6 kg mol™ P2VP.

Figure $3.7.16: EDX map (C, Ti, O) of the 6 kg mol™ exposted to TTIP before UV/Ozone.
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Figure 3.7.17 (a): Bright-field TEM images of the 4 kg mol™ P2VP brush exposed to TTIP (before
uv/ozone) and (b) corresponding EDX maps (C, O, and Ti)

Figure S3.7.18: Bright-field TEM images of the titanium dioxide film formed from the 4 kg mol-'
P2VP brush (after uv/ozone).
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No continuous film
at Si surface i.e. PS
blocking Ti

Figure S 3.7.19: STEM images (HAADF) and EDX maps (O, C, Si, and Ti) of 6 kg mol' PS grafted
polymer after exposure to TTIP.
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Chapter 4. Fabrication of high-k dielectric metal oxide films on
patterned substrates: polymer brush assisted depositions for
modern device architectures.

4.1 Abstract:

Fabrication of ultrathin films of high-k dielectric materials has significant importance in
many advanced technological applications including hard protective coatings, sensors, and
next-generation logic devices. Current state of the art in fabricating these thin films is
photolithography. Device miniaturization and packing density has resulted in cost and
integration challenges using established fabrication techniques. Here, we show a polymer
brush template assisted deposition of ultrathin (sub-5 nm) high-« dielectric metal oxide films
(hafnium oxide and zirconium oxide) on topographically patterned silicon nitride substrates.
This technique, using hydroxyl terminated poly-4-vinyl pyridine (P4VP-OH) as the polymer
brush, allows for conformal deposition with uniform thickness along the trenches and
sidewalls. A metal salt ethanolic solution is deposited and infiltrates into the grafted
monolayer polymer brush films. Tailoring specific polymer interfacial chemistries as a
template for ion infiltration combined with subsequent oxygen plasma treatment enabled the

fabrication of high quality sub 5 nm conformal metal oxide films.
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4.2 Introduction:

Miniaturisation of the on-chip electronic components has driven the development of the
semiconductor industry for the past half century. These advances have been enabled through
top-down approaches by the clever use of the deep UV (DUV) (193 nm) immersion
technology combined with multiple patterning techniques like litho-etch-litho-etch
(LELE).!? Continued miniaturization below the 7 nm node has however resulted in cost and
integration difficulties.*> Novel processing methods to replace conventional top-down

6-13

optical lithography encompass block copolymer (BCP) lithography, nanoimprint

14,15

lithography, and lately area selective deposition (ASD).!%!® They allow fabrication of

nanoscale material patterns at significantly lower cost and most importantly shorter

processing times, compared to top-down lithography techniques.!**

ASD is a bottom-up patterning technique with excellent potential to complement existing
optical lithography (DUV and EUV).!'®2! ASD facilitates material deposition in a very
controlled manner across specific regions of a substrate. The ability of the ASD approach to
deposit highly ordered metal and oxide films is advantageous because it can provide routes
to produce material patterns to complement silicon device technology, especially in
monolithic integration.?? Several cutting edge ASD technologies have been developed using
chemical modification of substrate surface with self-assembled monolayers (SAMs)!'%?* and
unreactive polymers to include material on the region of interest using atomic layer
deposition (ALD)?!**? or molecular layer depositions (MLD).?3-%3! A big advantage of the
polymer brush technique over SAM’s depositions is the fast processing speed (a few minutes
for polymer brush grafting vs hours to day for SAM’s monolayer coating). Furthermore,
polymer brush assisted deposition process overcomes the issues that ALD technique poses

such as high cost of instrumentations.>
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In earlier research work, we described the use of a polymer brush film to selectively pattern
material onto Cu/SiO2 line area for ASD of copper (Cu) metal layers.**-* We developed
simple methods for rapid grafting of end terminated polymer brush films with complete
coverage and subsequent conversion to numerous oxides (Al203, C0304) via liquid phase
metal salt infiltration,***> Further, we studied the precise parameters that control the
monolayer formation of the polymer brush film. Polymer brush layer deposition requires
accurate optimization of polymer molecular weight, casting solution concentration, and
reactive terminal group density in the formation of pinhole free high coverage monolayers.
A vapour phase volatile organometallic titanium (IV) isopropoxide precursor infiltraion of
monolayer brush film was studied using a simple apparatus.*® In addition to this, a surface
deactivation strategy using unreactive hydroxyl terminated polystyrene (PS-OH) brush to

prevent metal ion inclusion was demonstrated.’’

So far, the polymer brush technique has been shown to facilitate the deposition of metal
oxide films uniformly across relatively smooth substrate surfaces. The application of this
technique throughout the trenches and pitches of a topographically patterned substrate would
dramatically widen the use case scenarios and allow additional device integration. High-«
dielectric materials such as HfO2 and ZrO: offers low gate leakage current and their
usefulness in preventing power dissipation are making them promising material to integrate
in advanced CMOS technology.*® Furthermore, HfO2 and ZrO: are the potential ferroelectric

materials that could be effective in the fabrication of sub 7 nm FeFET device architecture.

In this work, we demonstrate a straightforward robust approach for liquid phase infiltration
of zirconium oxynitrate and hafnium chloride onto the silicon nitride trenches using P4VP-
OH grafted brushes. In order to deposit thin metal oxide films, it is critical to form a high
coverage polymer brush template such as hydroxyl terminated P4VP to facilitate inorganic
precursor uptake. Furthermore, other reactive polymers such as P2VP and PMMA were

infiltrated with the metal precursors to compare the results. Applicability of the reactive
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polymer system and favourable interactions with the metal cations on native oxide silicon
substrates have been discussed in the literature.”*” This study demonstrates the polymer
deposition across the trenches for realising conformal coating of ZrO2 and HfO:. In addition
to this, a surface deactivation strategy using unreactive PS-OH brush to prevent metal ion

inclusion is shown.*%%°

This research work exhibits the deposition of HfO2 and ZrO: thin films at moderate
temperatures (200-250 °C) which is significant due to low process temperature required
(<400 °C) for front end of line (FEOL) fabrication.’® The obtained fundamental insights
showcase the ways to implement polymer brush lithography for the fabrication of high-k
metal oxides such as HfO2 and ZrO». This method could be further used in the fabrication of
next generation logic gate devices or ferroelectric devices such as ferroelectric random

access memory and field effect transistors.
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4.3 Experimental section:

4.3.1 Materials:

Silicon nitride coated substrates were prepared using a low pressure chemical vapour
deposition (LPCVD) on p-type silicon substrate with ~7nm thick SiO2 layer. The
topographically patterned SisN4 coated substrate was fabricated using 193 nm
photolithography and processed with photoresist and dry etch technique with pitches ranging

from 75 nm to 1 and a trench depth of 40 nm.

Functionalised Polymers: hydroxyl terminated poly-4-vinyl pyridine (P4VP-OH) 5 kmol!,
(PDI: 1.28), poly-2-vinyl pyridine (P2VP-OH) 6.2 kmol' (PDI:1.05), poly(methyl
methacrylate) (PMMA-OH) 6.3 kmol! (PDI:1.03), and polystyrene (PS-OH) 6 kmol,
(PDI:1.05), were purchased from Polymer Source (Canada) and used without further

purification.

Solvents: High performance liquid chromatography (HPLC) grade acetone, tetrahydrofuran
(THF), ethanol, isopropyl alcohol (IPA) and toluene were purchased from Merck Ireland and

used without further purification.

Metal Precursor: Hafnium (IV) chloride and zirconium (IV) oxynitrate hydrate were

purchased from Sigma-Aldrich and used as received.
4.3.2 Fabrication:

Topographically patterned silicon nitride substrates were cleaved into 2 by 2 cm? coupons
and ultrasonically washed in IPA and acetone for 10 minutes each. Figure 4.1 (a) indicates
the degreasing and hydroxyl functionalisation of the substrate surface using oxygen plasma
treatments for 2 min (40 kHz, 50 W, Diener PICO Barrel Asher). Polymers were dissolved

)52,53

in their respective solvent (based on Hansen solubility parameters and stirred overnight

at 500 rpm to obtain a homogeneous 0.2 wt.% solution, which was then spin deposited to
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the substrate at 3200 rpm for 30 sec. Thereafter samples were placed on a hotplate at 230 °C
for 2 min to form strong covalent bonding between the end hydroxyl group of the polymer
and the complementary functional group present on the substrate through a condensation
reaction (see Figure 4.1 (b)).>>3¢ The samples were then ultra-sonicated in the corresponding
solvent in order to eliminate any physiosorbed polymer and yield chemically grafted
monolayer polymer films (see Figure 4.1 (c¢)). A monolayer polymer film was then
infiltrated with 0.5 wt.% ethanolic solution of either hafnium(IV) chloride or zirconium(IV)
oxynitrate and subsequently underwent oxygen plasma treatment for 20 min at 30 W to
oxidize the metal precursor and eliminate the polymer brush layer (see Figure 4.1 (d)), thus
forming high-quality metal oxide films.

(d)

Zr0,
(a) (®)

O, Plasma
—y
Brush Grafting
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[1]-w :©: }
\ ] O, Plasma |
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Figure 4.1: Schematic process flow of the sub-5 nm metal oxide film fabrication process. (a - b)
monolayer polymer brush film grafting on topographically patterned substrate (c) inorganic ion
infiltration, and (d) oxidation of inorganic precursor and elimination of polymer.

4.3.3 Characterization:

Angled (90°) SEM images were obtained by field emission scanning electron microscopy
(Zeiss Ultra) using secondary electron detector (in lens) with 1-5 kV accelerating voltage.
Focused ion beam etching (FIB Helios nano lab 460) utilising a capping layer of e-beam Pt
(100 nm) and ion beam Pt (2 um) was used to prepare lamellae using standard high kV

miling and low kV polish which rendered the lamellae electron transparent indicating an
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appropiate thickness for TEM. TEM (FEI Orisis) was performed using bright field and
STEM imaging. During STEMs the detector lengths were 220, 550 and 770 mm. The
accelerating voltage was 200 kV. The EDX beam current was 1 nA with an acquisition time
of 30 min. Atomic force microscopy (AFM Park System XE7) was used with non contact

cantilever (AC160TS, force constant ~26 N.m™") resonant frequency ~300 kHz.

XPS data was obtained using a thermofischer-VG instrument equipped with an Al Ka
(hv=1486.7 eV ) X ray source and a 3 channeltron hemispherical electron analyser under
ultrahigh vacuum condition (base pressure; 1 X 10 mbar). XPS data analysis was performed
using Casa XPS software. The binding energy scale was referenced to the C 1s peak of
adventitious carbon at 284.8eV.>* For survey scans, an analyser pass energy of 200 eV was
used while a pass energy of 20 eV was used to obtain high resolution spectra of characteristic
core levels. The oxygen plasma process was performed in a purpose built chamber with a
custom made plasma source coupled with the XPS analysis chamber, to assure sample did
not break vacuum after the polymer ashing process. The plasma process took place in
pressure of 1 x 10 mbar of oxygen at 30W for 20 min with an oxgen flow of 100 sccm.
Dynamic contact angle (CA) measurements were taken at three representative regions of
each sample using high speed camera (60 Hz) sampling rate to capture advancing and
receding water contact angle. Flow rates of 5 nls™! were used to dispense liquids through a
35 guage needle (135 um OD) with droplet volume ranging from 40 nl to 80 nl. Polymer

brush coverage was determined using Cassie Baxter equation from the water contact angle.

Thermogravimetric analysis (TGA) was performed using perkin elmer TGA on the
homopolymer powder (P4VP-OH) in the temprature range of 30 -600 °C for 60 min (see

Figure S4.7.1).
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4.4 Results and discussion:

In order to prepare a uniform thin film of metal oxides (HfO2 and ZrO2), a polymer template
approach was developed that facilitates a controlled inclusion of the metal ions. We chose a
P4VP-OH brush as the template for the metal oxide deposition, because this polymer in its
neutral form, co-ordinates with the metal ions by donating the loan pair electrons of its
nitrogen atom. The Hansen approach is used to find the optimum solvent combination to
solubilize the P4AVP-OH polymer. The PAVP-OH (0.2 wt. %) dissolved in a 60:40 THF: IPA
mixture is then spin casted onto topographically patterned and plane substrates. A polymer
grafting temperature of 230 °C is selected based on our previously published results.*>*¢ The
Supplementary Figure S4.7.1 represents the TGA graph, showing the thermal degradation
temperature of P4VP-OH (250°C). Figure 4.2 shows the molecular structure of P4VP-OH

and the metal precursors.

(a) (b) ()
Oy O~

\

Figure 4.2: Hydroxyl end terminated (a) poly-4-vinyl pyridine, (b) zirconium oxynitrate (c) hatnium
tetrachloride.

The heat treatment enabled the uncoiling of the polymer chain, diffusion of the polymer OH
moieties to the substrate surface and subsequent condensation with the substrate OH groups
to form covalently bonded polymer films. A complete surface coverage of the polymer brush
template is critical in delivering conformal deposition of the high-k dielectric thin films of
controlled thickness. Therefore, a broad area of investigation is performed using contact
angle measurements to examine the thin film deposition of the polymer brush over the entire
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area of the substrate surface. The water contact angle images recorded from three
representative positions of each film is used to calculate the polymer brush coverage on
substrates (see Figure S4.7.2). The Cassie Baxter equation (1) with the hypothesis of surface

energy homogeneity is used to calculate the surface coverage.

D = (COS Opavp _ 1)/(C05 Opeltet _ 1>' 1)

cos s;02 cos s;02
Where @ is the polymer brush surface coverage, Op4vr is water contact angle of the deposited
P4VP, Bsio2 is the advancing water contact angle (0a) observed for the plasma treated SiO:
sample, and Opeltet is the 0a of a pure P4VP homopolymer pellet. The control, oxygen plasma
treated silicon and the silicon surface from the trench-patterned samples, have given 0a
values of 5°+ 0.5°. The grafted P4VP polymer on flat region of the patterned substrate and
thick spin coated P4VP films show a similar 8. of 65°. Pelletized P4VP homopolymer 6a
value varies from 65° to 73°owing to the pressure dependent transition of the P4VP motifs.>
The contact angle images and the data derived by solving the Cassie Baxter equation using
the 6a values confirmed a complete P4AVP-OH polymer grafting on the substrates (see Figure

$4.7.2).

Metal deposition was achieved by spin coating ethanolic solutions of metal salts on the
P4VP-OH monolayer films. Subsequently, the continuous metal oxide films were produced
by treating the samples under oxygen plasma for 20 min. The plasma treatment enabled the
rapid oxidative removal of the polymer brush and conversion of metal precursor to respective

metal oxide.
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Figure 4.2: AFM images (a-d) with line profile plotted (L1-L4) and angled SEM images (e-h) for
blank substrate (a, L1, e), P4VP grafted brush (b, L2, f), ZrO, (c, L3, g) and HfO, (d, L4, h) films.

AFM was used to examine and compare the roughness and homogeneity of the uncoated
patterned substrates, the grafted PAVP-OH films and the final ZrO2 and HfO> films. All four
stages provided similar RMS values (L1 to L4 in Figure 4.3). The uncoated patterned silicon
substrate provided RMS value of 16.45 nm. The P4VP grafting showed a slightly increased
RMS value of 18.51 nm. The metal oxide films showed a reduced RMS (16.93 for ZrO2 nm
and 16.28 nm for HfO2) roughness, similar to that of the uncoated substrate. We have
compared the roughness values of plane silicon substrate to that of the metal oxide films
prepared on plane silicon substrates using the P4VP-OH template assisted depositions. We
observed ultra-smooth, uniform films with roughness values in the range of 0.4 to 0.8 nm

(see Figure S4.7.3).

The high resolution angled SEM images presented in Figure 4.3 (e,f) represents the as
received topographically patterned substrate and conformally grafted P4VP films.
Zirconium oxide and hafnium oxide films were developed by infiltrating ethanolic solution

of the precursors (0.4 wt.%). The interaction between ionic ethanol and P4VP segments is
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favourable for the optimum reaction.’® Figure 4.3 (g,h) exhibits SEM image of the P4VP
assisted continuous zirconium oxide and hafnium oxide films across the trenches. No
obvious defects or roughness was observed for the deposited films. The SEM images
recorded from plane substrates, presented in Supplementary Figure S4.7.3, also shows the

formation of highly uniform films with no significant roughness.
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Figure 4.3: XPS survey spectra for (a) HfO; and (b) ZrO..

XPS survey spectra of the ZrO:2 Figure 4.4 (a) and HfO: Figure 4.4 (b) films clearly show
that the respective metal is present on the surface. The HfO2 sample has peaks that can be
assigned to Si, O, C, N and Hf. A small amount of Ca is present, which is most likely due to
contamination. The ZrO2 sample has peaks from Si, O, C, N and Zr. In both cases, the C
contribution was <5%, which shows the benefit of being able to measure the XPS directly

after plasma processing, without exposing the samples to atmospheric conditions.
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Figure 4.4: High-resolution XPS spectra of the Zr3d region pre (bottom) and post (top) O, plasma
treatment for P4VP (a) and P2VP (b).

The effect of polymer was investigated by inspecting the high-resolution scans of the Zr 3d
region before and after Oz plasma processing. Using either P4VP (Figure 4.5 (a)) or P2VP
(Figure 4.5 (b)) shows that the position of the nitrogen does not affect the chemical
environment of the Zr. The only measurable difference is the amount of metal uptake (higher

in P4VP), which suggests that steric hindrance may be a limiting factor.
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Figure 4.5: High-resolution XPS spectra of the Hf 4f region pre (bottom) and post (top) O, plasma
treatment for P4VP (a) and P2VP (b).

The Hf 5f high-resolution scans are well fitted with a doublet showing HfO2 before being

exposed to Oz plasma (Figure 4.6, lower plots). After plasma treatment, two distinct

chemical environments are revealed. As seen in the top plots in Figure 4.6, the HFO2 peak

is the majority component at 17.5 eV.>”® A second peak is evident at 0.5 eV lower binding

energy. This is most likely a sub-oxide species.
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Figure 4.6: XPS plot of atomic percentage of metal for various polymer systems

The atomic percentage of Zr and Hf were extracted from XPS survey spectra of the thin
films formed when using different brush polymers. If polystyrene or no polymer was used,
there was no corresponding metal oxide film present, as expected since polystyrene is a
saturated molecule, and there is no chemical interaction between the polymer and the metal
salt. PMMA results in 1.3% Zr and 2.4% Hf, this is likely due to the weak interaction
between the metal cation and C=0 site on the PMMA matrix. P2VP shows around 3.5%,
limited by steric hindrance. P4VP is the polymer which displays the greatest amount of metal

uptake, with around 8%.
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Figure 4.7:. HAADF-STEM images of ZrO, and HfO, coated patterned substrates (a and c¢) and
elemental EDX mapping images of the respective films (b and d).

Scanning tunnelling electron microscope (STEM) high-angle annular dark-field imaging
(HAADF) was carried out to examine the metal oxide deposition on the trenches and pitches
of the substrate following polymer plasma ashing and oxide conversion. The representative
HAADF-STEM cross section images (Figure 4.7 (a) and (c)) show a uniformly deposited
Zr0O2 and HfO: films on a patterned trenches. Deposited ZrO2 and HfO: films are found to
be highly regular across the top, bottom and sidewall of the trenches. TEM cross-section of
the coated ZrO: and HfO: (Figure 4.7(a) and (c¢)) showed that the nano metal oxide films
of thickness ~ 5 nm were developed. Interestingly, HfO2 and ZrO: deposition across the
trenches establish the capability of the P4VP to grow ordered nano metal oxide films. The
EDX mapping images (Fig. 4.7 (b) and (d)) confirm the presence of Zr and Hf. The presence

of the nitrogen signal in the EDX mapping is due to native silicon nitride.
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Scope for the fabrications of thin metal oxide film by adjusting the molecular weight of the
P4VP polymer could be envisaged. A myriad of metal interactions including sterically
demanding species (e.g. silver and gold) with P4VP is highlighted in the literature® and

using our approach, these metal oxide films can also be fabricated.
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4.5 Conclusion:

A polymer brush template approach that facilitates a controlled inclusion of the metal ions
to fabricate uniform sub-5 nm films of metal oxides (HfO2 and ZrO2) is reported on
topographically patterned silicon nitride substrates. The SEM, TEM-HAADF, AFM and
contact angle data show that high-quality pinhole-free films are uniformly and conformally
deposited across the trenches and pitches of patterned substrates. The P4VP-OH brush
coating is demonstrated to be optimal for a controlled conformal deposition of ultrathin films
on to the trenches and pitches of the substrates, as the polymer in its neutral form coordinates
with the metal ions by donating the loan pair electrons of its nitrogen atom with less steric
hindrance. Further work is required to understand the feature size limitation of conformal
topographic coating. Passivation of the substrate surface against metal inclusion has also
been demonstrated using unreactive polystyrene brush showing the potential for selective
masking. It is anticipated that this simple templating technique could allow infiltration of a
wide range of materials using liquid and vapour phase techniques on to a wide range of

complex topographically patterned substrates.
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4.7 Appendix:

Fabrication of high-k dielectric metal oxide films on patterned substrates: polymer
brush assisted depositions for modern device architectures.
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Figure S4.7.1: Thermogravimetric analysis was performed on the 5.5 kmol' P4VP-OH at
temperature range of 25-600°C for 60 minute. Polymer undergo thermal degradation at 250°C
indicating optimum temperature for the grafting process.
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Figure S4.7.2: (a) water contact angle of grafted PAVP polymer brush measured at plane region of
topographically patterned substrate (b) water contact angle of thick-coated P4VP film on plane
silicon substrate (¢) water contact angle of P4VP homopolymer pressed pellet.
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Figure S4.7.3: AFM image of (a;-d:) with line profile plotted at (L1-L4) and SEM images (a»-d»)

for blank substrate (ai, L1, ay), PAVP grafted brush (bi, La, b2), ZrO; (Cy, L3, C;) and HfO2 (di, L2,
d») films.
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Chapter 5. Polymethyl methacrylate template assisted deposition
of uniform zirconium oxide films on copper substrate through
liquid phase for area selective deposition application.

5.1 Abstract:

In this chapter, we demonstrate a polymer brush assisted approach for the fabrication of
continuous zirconium oxide (ZrOz2) films over the large areas with high uniformity (pin-hole
free) on Copper (Cu) substrates. This approach involves the use of a thiol-terminated poly-
(methyl methacrylate) (PMMA-SH) as the template layer for the selective infiltration of
zirconium oxynitrate (ZrN207) dissolved in ethanol. The preparation of a uniform covalently
grafted polymer monolayer on the Cu substrate is critical for the eventual even metal oxide
distribution across the surface, determined by the chemical interactions within the polymer
functional group and the metal precursor. The subsequent reductive H> plasma annealing
process results in a homogeneous formation of ZrO> film on Cu, while the formed Cu20
oxide layer reduced at the Cu/Cu20O interface. Fundamental analysis of the infiltration
process and the resulting ZrO> film was determined by X-ray photoelectron spectroscopy
(XPS), and Grazing Angle Fourier transformed infrared spectroscopy (GA-FTIR). Results
derived from these techniques confirms the inclusion of the ZrN20O7 into the polymer films.
On the other hand, cross-sectional transmission electron microscopy (TEM) and energy
dispersive X-ray (EDX) mapping analysis corroborate the formation of ZrO: layer on the Cu
substrate. We believed that this quick and facile methodology to prepare ZrO: films,
potentially scalable to other high-kx dielectric materials of high interest in microelectronic

applications.
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5.2 Introduction:

The progressively reduction in electronic devices size and the challenges associated with the
top-down photolithography approach has created the demand for controlled deposition of
nanoscale materials via bottom-up processes.! In this scenario, the substrate coating of
selected regions with active materials offers an attractive strategy that eliminates multiple
patterning and etching steps used in the photolithography technique.? There are several

approaches complimenting photolithography include block copolymer (BCP) lithography,*

12 13-16

nanoimprint lithography, and, lately, area selective deposition (ASD) techniques.
These bottom up approaches are considered as promising processing methods for the
selective infiltration of active materials such as metals and dielectrics for the fabrication of
future nanoelectronics.'” Specifically, the potential of ASD to produce highly coherent metal
and oxide films is pivotal for their successful integration into silicon device architecture.'*
Several inspired approaches in the ASD technology arena have been explored in the past,
including self-assembled monolayers (SAMs) in conjunction with atomic layer deposition
(ALD) to demonstrate substrate specific selectivity. Selectivity in area selective deposition,
is accomplished by carefully altering the substrate surface chemistry for the controlled
infiltration of the inorganic materials.'®!>?° Furthermore, the combination of SAMs based
ALD have been broadly studied to facilitate deposition of materials onto the desired region
of the substrate.?! In this technique, the efficient fabrication of the material patterns relies on
the chemical reaction of vapour phase precursors with pre deposited SAMs molecule.
Several leading material research groups have investigated the practicality of SAM
molecules. For example, Bent and co-workers demonstrated the well-defined techniques to
achieve coating on Cu/SiO: line space.'®2%22-2* Chen et al. have demonstrated promising
efficacies of SAMs in the selective deposition of high-k dielectric materials such as HfO2

and Zr0O2.** However, defects (pin hole) generated by SAMs and long processing times

required for grafting, makes it industrially less favorable.?> Similarly, unreactive polymer
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layers, such as poly(methyl methacrylate),?® poly(imide poly(vinyl pyrrolidone),?’
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chemically amplified resists, and some physical approaches such as plasma treatmen

have also been investigated to perform material patterning.

Chemical grafting of brushes, in particular, is regarded as the preferable way of substrate
modification due to its compatibility with a variety of deposition processes. Polymers with
different end terminating functional groups have different surface binding strengths. The
surface reactivity of a polymer brush can be altered by adjusting the polymer brush's end-
terminated group. In our previous works, we thoroughly investigated the key parameters
governing the grafting process of high quality polymer brushes on silicon substrates.?*3
High coverage interfacial polymer brush layer is critical in fabrication of nanometal oxide
films. Various metal oxides (Al203, TiO2, CuO and Co304) have been successfully infiltrated
on grafted polymer brushes using liquid and vapour phase deposition techniques.***° The

utilization of readily available precursors, the simplicity of the processes, and the low cost

of liquid aided depositions of inorganic salts are all advantages.

In this chapter, we develop a liquid phase insertion of zirconium oxynitrate (ZrN20O7) on
chemically grafted PMMA brushes in order to obtain ZrO: thin films on a copper substrate.
The fabrication of uniform polymer brush layer was crucial in the infiltration method leading
to ZrO: films. With the aim to the develop future nanoelectronic devices, the avail of
methods to synthesize advanced materials directly on various targeted surfaces without
complicated processing steps is a critical challenge. Here, we address the effect of hydrogen
plasma annealing in the oxidation of the ZrN207 to ZrO2 and removal of the polymer brush
layer. The past studies have reported the decomposition of the templating organic layer and
oxidation of inorganic precursor through high temperature route such as the calcination
followed by acetic acid treatment to reduce the formed copper oxide at the interface.*
Herein, we successfully achieved both processes in a single step using reductive H2 plasma

annealing.
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5.3 Experimental section:

5.3.1 Materials

Blank Cu substrate was received from Intel Corporation Ireland. Thiol end terminated poly
(methyl methacrylate) (PMMA-SH) (number-average molecular weight-6.5 X 103 g/mol and
polydispersity-1.3) was purchased from Polymer Source Inc. (Canada) and used without
further purification. PMMA-SH was dissolved in toluene and stirred overnight to obtain
0.6% wt. solution. Zirconium (IV) oxynitrate hydrate (99% purity) and citric acid (ACS
reagent>99.5 %) were purchased from Merck & Co. (Ireland). High performance liquid
chromatography grade ethanol, deionised water (p=18.2 MQ.cm), and toluene (99.99%

purity) were purchased from Merck & Co. (Ireland), too, and used as received.

5.3.2 Substrate surface functionalisation, polymer coating, metal salt infiltration, and
hydrogen plasma etching:

Figure 5.1 schematically shows the experimental approach for the fabrication of ZrO2 on
the Cu Substrate. Copper substrates were first degreased ultrasonically in toluene for 10 min
and dried using a nitrogen gas flow. Organic adsorbents on Cu surface were removed using
an oxygen plasma treatment for 2 min (40 kHz, SOW barrel asher). The Cu substrate was
immersed in 1% wt. citric acid solution for 5 minute in order to reduce interfacial oxide layer
and to activate the copper surface as confirmed by X-ray photon spectroscopy (XPS)
previously.*’” The citric acid treated substrate was then rinsed with water and dried using soft
N2 gas blow. PMMA-SH solutions were spin coated at 3000 rpm for 25 sec with the ramp of
5 sec. Thereafter, spin coated samples were immediately annealed at 170 °C for 10 minutes
and subsequently were ultra-sonicated in toluene for 30 min (2 x 15 min) to remove
physically adsorbed polymer molecules and yield a monolayer coverage. This monolayer
coverage of polymer brush was further infiltrated with the ethanolic solution of zirconium

oxynitrate (0.4% wt.) at 3000 rpm for 25 sec with the ramp of 5 sec. To achieve a uniform
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ZrO2 deposit on Cu surface and eliminate grafted polymers, the samples were annealed at
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Figure 5.1: Schematic representation of the process for the (a) functionalization of Cu substrate, (b)
fabrication of polymer brush film, (c) metal salt inclusion into polymer film (d) reductive polymer
ashing.

5.3.3 Characterisation:

A high-resolution field emission scanning electron microscopy (Carl Ziess ultra) with a
secondary electron detector operating at an accelerating voltage of 5 kV was used to scan
top-down images of the samples. Atomic force microscopy (AFM, park system XE7) was

used with the non-contact cantilever (AC 160TS, force constant ~ 26 nm’

, resonant
frequency ~ 300 kHz). The lamella was prepared using focused ion beam etching (FIB,
Helios Nanolab 460) with typical high kV milling and a final low kV polish, which made
the lamella electron transparent, showing that it is an adequate thickness for TEM. Platinum
was employed as a capping layer. Brightfield and STEM imaging were used in transmission
electron microscopy (FEI Osiris). The detector lengths during STEM were 220, 550, and

770 mm. 200 kV was used as the accelerating voltage. The EDX beam current was 1 nA,

with a 30 minute acquisition period.

For eliminating the polymer and reducing the oxidised copper, a H> plasma treatment was
used. Plasma processing was performed in an Oxford Instruments FlexAL system (base

pressure 1 X 107 mbar). The sample was heated to 200 °C, and 50 sccm of H2 gas was
132



supplied at a pressure of 40 mTorr along with 300W of RF power to produce a hydrogen
plasma. The heated sample which was located downstream from the plasma source was
processed for 30 minutes. XPS analysis was performed on a Scienta Omicron
monochromatic Al Ko X-ray source (base pressure 1 X 10 mbar), equipped with a 128
channel Argus CU detector. The XPS was coupled in-situ to the FlexAl system via a transfer
chamber (base pressure 5 X 107 mbar) to allow for the analysis of the plasma processed
samples without breaking vacuum. The transfer time between the FlexAL and XPS chambers
was approximately 1 minute. XPS data analysis was performed using Casa XPS software.
The binding energy scale was referenced to the C 1s peak of adventitious carbon at
284.8eV.* For survey scans, an analyser pass energy was set to 100 eV while a pass energy

of 50 eV was used to obtain high-resolution spectra of characteristic core levels.

Dyanamic contact angle (CA) measurements (custom built system) equipped with a high
speed camera (60 Hz sampling rate) was used to capture advancing and receding water
contact angle on five different regions of each substrate. Water was placed with the flow rate
of the 5 nl.s™! using 35 gauze needle with droplet volume between 40 to 100 nano litre. TGA
pyris (1) was performed on the PMMA-SH brush at the temprature range of the 30-600 °C

with the rate of 10°/min.

GA-FTIR was performed using a Nicolet iS50 FTIR Spectrometer equipped with a Harrick
VariGATR attachment. Prior to sample analysis the germanium crystal was cleaned using
butanone before acquiring a background of the atmosphere. Each sample was placed face
down on the crystal and a force of approximately 600 N was applied to the sample to ensure
sufficient sample-crystal contact. The sample was scanned at an unpolarised angle of

incidence of 65° for a total of 128 scans at 8 cm™! resolutions.
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5.4 Results and discussion:

5.4.1 PMMA-SH brush grafting on Cu surface.

Cu substrate was cleaned by dipping it in 1 wt.% citric acid solution for 5 min in order to
etch interfacial oxide layer as described in detail elsewhere.’”*> XPS data shows that the
citric acid treatment removes the interfacial oxide layer and activated the surface for further
modification (see Figure S5.7.1). PMMA-SH dissolved in toluene (0.6% wt.) was coated on
the copper substrate immediately after the citric acid treatment and annealed at 170 °C for 5
min. Heat treatment enabled the uncoiling of polymer chain and the rapid reaction between
reactive end thiol group and copper metal results in the formation of uniform polymer brush
on the surface. Contact angle measurements were performed immediately after the citric acid
treatment and polymer brush grafting. The reference citric acid treated copper substrate
showed an average advancing water contact angle (WCA) of Ocu=17.45 + 2.6°. After the
PMMA-SH brush grafting, the average WCA was recorded to be pmma=75.95 £ 1.6°, in
close agreement to the value acquired for the pressed homopolymer methyl methacrylate
pellet 77.64 + 1.4° (see Figure S5.7.2). Surface coverage of the polymer brush deposited on

the copper substrate was calculated using the Cassie Baxter equation. 64

cos B¢y, cos B¢y,

® = (cos Bprma B 1>/<COS OpMma(max) _ 1> (1)

Where @ is the apparent surface coverage of the coated PMMA brush, @pmma is the
advancing water contact angle (6.) of the deposited PMMA-SH brush, fcu is the 8. of the
citric acid treated copper substrate and Gpmma(max) is the . of the pressed homopolymer
pellet. By solving the above equation, surface coverage of the polymer brush is estimated to

be 96%.
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Figure 5.2: AFM images of (a) citric acid treated copper substrate (5 min) with roughness profile at
L1, (b) grafted PMMA brush with line profile at L2. (c) and (d) are the respective SEM images of
the functionalised Cu substrate and PMMA-SH grafted brush.

Morphology of the grafted polymer brush film was analysed using atomic force microscopy
(AFM) and scanning electron microscopy (SEM). It is observed from Figure S5.7.3 that
solvent washing is not effective in removing contamination from the copper substrate and
long-time aggressive ultrasonic cleaning is not suggested as it can potentially damage the
copper layer. For high quality pinhole free polymer brush grafting, it is critical to reduce
interfacial oxide layer and eliminate possible organic fragments adsorbed on the copper
surface. Citric acid treatment is proven to be a successful step to reduce the Cu2O/CuO
interface to metallic copper and remove impurity particles from the substrate surface. This
is confirmed by Figures 5.2 (a) and (c¢), which show that post citric acid treatment samples
became plane and smoother. Namely, the root mean square (RMS) roughness value for as
received copper substrate was calculated to be of 5.69 nm (Figure S5.7.3), while citric acid
treated substrate of 4.82 nm (see Figure 5.2a), and grafted PMMA-SH brush of 4.71 nm
(Figure 5.2b). The RMS value was used to estimate the grafting of polymer brush on the

copper surface. Low RMS values observed for the deposited polymer brush shows highly
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regular and uniform film coating. Figures 5.2 (¢) and (d) are correspond to SEM images
obtained for the citric acid treated Cu substrate and polymer coated Cu substrate,
respectively. The representative SEM images show the absence of any micro roughness or

irregularities in the formed polymer brush films.
5.4.2 PMMA-SH ion infiltration and fabrication of ZrO2:

The grafted PMMA-SH monolayer 6 kg, mol™! brush was infiltrated to ethanolic solution of
zirconium (IV) oxynitrate and subsequently converted to ZrO:2 nanofilm by H> reductive
plasma annealing. XPS survey scans for the grafted brush presented in Figure S5.7.4 (a)
shows that the respective elements (C, O, Cu) are present on the surface. Survey spectrum in
Figure S5.7.4 (b) depicts that the infiltration on copper substrate without a deposited
polymer layer leads to significantly less retention (~0.6%) of Zr. On the contrary, the
deposition of zirconium oxynitrate solution onto the grafted brush reveals the inclusion of
zirconium metals into the polymer film (see Figure S5.7.4 (¢)). Finally, after the H> plasma
treatment the carbon C Is signal was remarkably reduced, attributed to the reductive

elimination of the PMMA brush (see Figure 5.7.4 (d))

The core-level XPS spectra of C 1s, O 1s, Zr 3d, and Cu 2p of the grafted PMMA brush,
metal precursor infiltrated brush and post H2 plasma treated samples are shown in Figure
5.3. Cls data from the samples containing PMMA brush are fitted into three different
components as described by Piere et al.*® For the bare PMMA brush, the C 1s peaks
positioned at 284.9, 286.6 and 288.8 are associated with C-C, C-O-CH3, and O-C=0 of
grafted PMMA brush.*>° This peak retains its position at the same binding energy after
metal salt infiltration. Fallowing, the hydrogen plasma treatment, the C=0O peak of PMMA
no longer visible, illustrating the complete breakdown of the PMMA into volatile fragments.
Additionally, the lower signal-to-noise ratio also indicates the C surface concentration

decrease by the polymer removal, as displayed in Table S5.7.2.
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Figure 5.3: High resolution C 1s and O 1s (a and b) XPS spectra of the grafted polymer brush, metal
infiltrated sample and H» plasma annealed substrate, (¢) Zr 3d, pre and post plasma treated (d) Cu 2p
substrate after the polymer brush grafting and H, plasma treatment.

The O 1s XPS spectra shown in Figure 5.3b reveal that for the grafted PMMA brush, three
different O species can be discerned at 530, 531.8 and 533.5 eV. These peaks are associated
with copper(I) oxide, methoxy oxygen and carbonyl oxygen of PMMA .3%5%53 Interestingly,
after the zirconium salt infiltration a negative shift in carbonyl oxygen peak is observed (by
—0.5 eV), indicating the coordination of the Zr salt into the active site of the polymer.
Additionally, one extra peak at 532.6 eV is detected, corresponding to the nitrate oxygen of
zirconium oxynitrate.>* In the post Ha plasma sample, the polymeric oxygen peak and
copper(I) oxide oxygen signal are eliminated, while new peaks appear at 530.6 eV attributed
to the presence of zirconium oxide.> The second component at 531.8 eV can be ascribed to

the formation of Zr-OH or C-O fragments of polymer.>® After the reductive plasma annealing
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no measurable nitrate oxide peak observed, suggesting the complete conversion of metal

precursor to the metal oxide.

Zr 3d peak for the infiltrated sample display single spin-orbit doublet as shown in Figure
5.3 (c). The peaks at 182.1 and 184.6 eV are associated to the Zr 3ds2 and Zr 3dse
contributions, respectively.>’ After the hydrogen plasma exposure, a positive shift of +0.7
eV is observed , which could be due to the formation of ZrO2.® These results are highly in
agreement with the peaks observed in the O 1s region at 530.6 eV, associated to the O-Zr**.>
Thus, the data suggest that the oxidation of the zirconium film occurs. On the other hand,
the Zr loading present on surface after the reduction process increased by 14% (see Figure

S5.7.4 and Table S5.7.2), consistent with the polymer ashing.

Figure 5.3d displays Cu 2p XPS spectra for the PMMA brush grafted sample and the
hydrogen plasma treated metal infiltrated brush substrate. This region exhibits two peaks at
932.5 and 952.5 eV for the grafted brush, associated with the spin-orbit coupling compounds
Cu 2p32and Cu 2p1.2, respectively.®® A weak satellite peak at ~946.2 eV and two minor peaks
at 935.2 and 955.2 eV are additionally observed which correspond with the presence of
residual CuO.%! Oxidized copper oxide species could be formed during the annealing of the
polymer brush at 170 °C. The oxidation of underlying copper substrate for the grafted brush
further was confirmed by the shift in the Cu LMM peak kinetic energy to 916.6 eV, as this
peak is very sensitive to the copper oxidation state.®> After the H> plasma treatment, the Cu
LMM peak shifts back to 919.0 eV and the weak satellite peak and minor peaks are reduced

indicating the complete reduction of CuO/Cu20 to metallic Cu (see Figure S5.7.5).
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Figure 5.4: The FTIR spectra of PMMA and zirconium oxynitrate infiltrated PMMA brush.

The FTIR spectra of grafted PMMA brush and infiltrated zirconium oxynitrate brush are
shown in Figure 5.4. In the grafted PMMA brush IR spectrum, the strong peak appears at
1734 cm! is the characteristic stretching band of the acrylate carbonyl group.®® The peaks
observed at 2967, and 2936, cm! correspond to the C-H band stretching vibrations of methyl
and methylene groups of PMMA. The peaks present at 1421 and 1336 cm™ are ascribes to
the bending —C-H vibrations of the methyl group.®* The peak at 1048 cm™ is associated with
the C-O stretching vibration.%® The FTIR spectra of the grafted PMMA brush were compared
with the zirconium oxynitrate deposited sample, revealing the decrease in the acrylate
carbonyl band and the increase in intensity for C-O vibration mode in the infiltrated sample.
The observed changes can be explained by the coordination of Zr metal ions with the

carbonyl unit of the PMMA brush.®
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Figure 5.5 (a) STEM high-angle annular dark field (HAADF) images of hydrogen plasma annealed
infiltrated sample and (b) EDX maps of (Zr, O, C, and Cu).

Figure 5.5 illustrates scanning tunnelling electron microscopy (STEM) images and electron
dispersive X-ray spectroscopy (EDX) maps of hydrogen plasma annealed infiltrated PMMA
brush sample. STEM cross-section was performed to analyse the zirconium oxide deposition
on the copper substrate. The STEM cross-section (HAADF) image in Figure 5.5 (a)
confirms the fabrication of a ~ 4 nm thick ZrO: layer on the copper substrate, whose

elemental distribution is depicted by EDX mappings in Figure 5.5 (b).
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5.5 Conclusion:

In conclusion, we propose a reliable method for the infiltration of a high-k material using a
polymer brush activation strategy, which has a considerable importance in selective area
deposition technology. Here, we demonstrate the solvent phase uniform deposition of thiol
end-terminated PMMA brush coating onto a copper substrate. The described liquid phase
infiltration technique can be used to fabricate thin films of zirconium oxide and potentially
extended to other elements. This study describes a detailed analysis of the material
infiltrations into the polymer brush film. XPS and FTIR analysis of the grafted brush, and
infiltrated samples indicate the inclusion of the zirconium ions into the polymer film. A
reductive hydrogen plasma treatment was carried out to eliminate polymer brush and reduce
the formed CuOx layer. TEM and EDX mapping of the hydrogen plasma treated sample
shows that the Zirconium oxide is uniformly formed across the substrate, demonstrating that
the technique has a great potential for integration into semiconductor processing and

corrosion technology.
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5.7 Appendix

Polymethyl methacrylate template assisted deposition of uniform
zirconium oxide films on copper substrate through liquid phase
for area selective deposition application.

5.7.1 Substrate cleaning and sample activation:

Interfacial Cu20, and CuO oxide layer is reduced to metallic copper by citric acid treatment.
Few minutes of citric acid cleaning is sufficient for ashing oxide layer and removing the
impurity from surface. After the citric acid treatment, thee samples were thoroughly washed

in water to get rid of residual acid. Subsequent polymer brush deposition and annealing
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Figure S5.7.1: high resolution XPS spectra of Cu 2p of (a) blanket copper substrate and (b) post-
citric acid treated sample (5 min).
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Figure S5.7.2: Advancing water contact angle of the a) citric acid treated substrate, b) PMMA
brush coated substrate, and c) pressed homopolymer pellet.
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Figure S5.7.3: AFM images of the copper substrate (a) as received Cu sample and corresponding
line images at L1 (b) toluene washed substrate and respective line image at L2.
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Figure S5.7.4: Wide energy XPS survey spectrum of (a) grafted PMMA-SH brush on the copper
substrate (b) infiltrated zirconium oxynitrated with no brush (c) spin deposited zirconium oxynitrate

on PMMA brush and (c) post reductive H, plasma annealed substrate.
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Table S5.7.1: Elements and their respective binding energy

Binding element

Energy (eV)

29.7 Zr 4p

74.1 Cu3p

121.6 Cu 3s

183 Zr 3d

284.8 Cls

333 Zr 3p3n

346 Zr 3p12

407 N Is

431 Zr 3s

531.8 O 1s

566.8 Cu (LMM)

931.6 Cu 2p3n

951 Cu 2pin

Table S5.7.2 Elements and atomic wt.%

At% Cls O ls N 1Is Zr3d Cu?2p
PMMA 69.13 28.85 -- -- 2.02
ZrN207 (No Brush)) | 46.84 33.95 0.4 0.6 18.21
ZrN207 (PMMA) 22.23 60.31 2.10 5.63 9.73
Post Hz plasma 12.00 51.69 -- 19.04 17.27
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Chapter 6. Conclusions and future work

6.1 Conclusions:

Shrinking device dimensions and on chip complexity demand precise control of nanoscale
patterning and development of new methods for material deposition. Several methods have
been demonstrated to increase the device packing density and thereby enhance the
performance and scalability of electronic devices while providing a route to reduced
processing time.' Conventional patterning techniques (photolithography) have reduced the
size of electronic devices from micrometers to nanometers (~ 10 nm). A further reduction
in devise feature size has however introduced new fabrication challenges in terms of
misalignment of features, line edge roughness etc.? Bottom up approaches such as block
copolymer lithography and ASD has shown promise in addressing these challenges.> ASD
techniques, in particular, have proven successful in developing consistent selective

deposition of materials on substrates.*>

This research concentrated on exploring the potential of a new methodology for fabricating
uniform sub-5 nm metal oxide (Al203, TiO2, RuO2, HfO2 and ZrOz2) coatings on substrates
such as Si0O2, Cu and topographically patterned SizN4. We developed a polymer brush
grafting technique with potential for industrial integration. The polymer brush template
allowed the infiltration of ethanolic solutions of metal salts. Subsequent oxygen plasma or
UV ozone treatment enabled a simultaneous oxidation of the metal salt and the removal of
the polymer brush template to produce robust homogeneous metal oxide films.® The
potential of the polymer brush technique to develop similar uniform coatings on

topographically patterned substrates as well as Cu substrates has been investigated.

Hydroxy terminated poly-(2-vinyl pyridine), poly-(4-vinyl pyridine) and poly-(methyl
methacrylate) have been used as polymer brush materials on silicon substrates. The

hydroxy end group of the polymer brushes reacts with the hydroxy group of the plasma
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treated silicon substrate. Upon thermal annealing the as deposited polymer chains uncoil
and successfully locate the surface to overcome the thermodynamic reaction barrier to
condensation.” For Cu substrates, the high affinity of the thiol and amino groups for metal
ions has been exploited to form defect-free coatings. The thiol and amino terminated
polymer brush molecules formed co-ordinate bonds with the metal surface by donating
loan pair of the electron. Different molecular weights of polymer brushes were then used
to develop coatings/templates of varied thickness. The study showed that by selecting the
molecular weight of the polymer brush molecule, the thickness of the metal oxide coating
can be tuned. We have shown that a careful selection of the polymer brush can produce
uniform metal oxide films of thickness as low as 2 nm. A synergistic effect of solvent
assisted swelling and functional chemical group assisted metal ion linkage facilitated the

efficient material infiltration yielding uniform deposits.

In chapter 2 and 3, we investigated the usefulness of P2VP-OH molecules for forming
monolayer coverage on silicon substrates. A detailed investigation on the effects of
polymer end group density, solution concentration, speed of spin coating, annealing
temperature and the time of grafting on the final film formation has been carried out. We
observed that low molecular weight of P2VP-OH (up to 6 kgmol') at concentrations
between 0.2 wt. % to 0.8 wt. % yield highly ordered monolayer coverage.® This high
coverage P2VP brush were then used as a template to produce large-scale high quality
inorganic films. Specifically, AlOs films have been -effectively deposited using
P2VP/P4VP templates. The selective metal inclusion facilitated by the pyridine moiety of
the poly (vinyl pyridine) brush (P2VP/P4VP) enabled the formation of a highly uniform
Al20s layer. The significant role played by solvent swelling in including the metal ions into

the polymer brush is demonstrated using high-resolution TEM cross section images.

The examination of data/results showed the defining role played by the polymer brush

templates in forming uniform metal oxide films. The data highlights that very high
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coverage reactive polymer brush films with uniform thickness can be prepared in seconds
when P2VP molecules are used. While P2VP is an ideal system for small ions, it would
hinder the infiltration of large ions such as gold due to steric hindrance resulting from the
proximity of pyridinic nitrogen with the polymer chain. A detailed investigation showed
that, in contrast to P2VP, PAVP with a highly accessible geometry is a more ideal polymer

brush template for binding large radii ions via the nitrogen atom.

The polymer brush film assisted metal oxide deposition can be used to produce large area
films is a promising technique that may be adapted to dip or spray coating for a variety of
technologies such as glass coating technology, digital displays, energy harvesting screens,
and stimuli responsive surface. While the methodology is promising for deposition of metal
oxide films, integrating this technique with reductive processes such as hydrogen plasma

to reduce the metal films will enable extension to other applications such as catalysis.

In chapter 3, the P2VP film template was used to deposit high quality ultrathin titania films.
For this, a simple apparatus enabling the vapour phase infiltration of the titanium (IV)
isopropoxide into the monolayer P2VP film was designed and demonstrated. P2VP-OH
brush was exposed to TTIP vapour phase precursor in the apparatus and the conversion to
TiO2 s carried out via UV/Ozone surface treatment. High coverage, pin hole-free, uniform
TiO2 films with varied thickness could be prepared by adjusting the molecular weight of
P2VP. The morphology of the films were observed by SEM and TEM cross section images

and the formation of TiO2 was evidenced by XPS analyses.

Although P2VP brushes allowed the incorporation of a sufficient quantity of TTIP
precursor for thin film formation, developing thicker films (> 5 nm) with P2VP was found
to be challenging. Above its critical agglomeration concentration (CAC), i.e. 2 wt. % of
P2VP, the strong intermolecular forces brings the molecules together and instead of

homogeneous films, islands of agglomerates were formed.® Therefore, less sterically
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hindered brush molecules such as PMMA, P4VP may be more useful for fabricating thicker
inorganic films or by developing a solvent swelling technique to expand the polymer
template during TTIP exposure. Further, we have shown that PS brushes have the potential
to inactivate/passivate the substrate surface for material infiltration. Chapter 3 also
discusses the implications of using material blockers (PS) and brushes (P2VP, PAVP and

PMMA) together to selectively block/deposit materials of choice.

In chapter 4, we described ultrathin conformal coating of high-k dielectric materials (HfO2
and ZrOz2) on topographically patterned substrates with silicon nitride capping layer. The
results presented in this chapter indicate that polymer brushes with reactive groups can be
used to develop thin inorganic films on substrates with trenches and pitches. Comparison
between P4VP and PS brushes shows that the inclusion of the material into the polymer
system is facilitated via solvent-assisted swelling and diffusion of the metal ions. Ethanol
has high swelling affinity for pyridine based molecular systems. The deposited ethanol/salt
solutions readily swell the P4VP brush to facilitate metal ion inclusion. The ion uptake
(Zr** and Hf™) capability of P4VP with the other reactive brush systems such as P2VP and
PMMA was compared. P4VP had ~ 60% more uptake compared with the next reactive
brush, P2VP, while PMMA had the lowest ion uptake. The results show that using the
reactive P4AVP molecule, a highly conformal ultrathin inorganic oxide film with uniform
thickness across the trenches can be prepared in minutes. An ethonolic solution of hafnium
(IV) chloride and zirconium (IV) oxynitrate was infiltrated into a high quality grafted
P4VP-OH brush. Cross-section TEM analysis confirmed that the subsequent oxygen
plasma treatment produced a ~5 nm thick oxide layer. In conclusion, precisely deposited
polymer films on topographically patterned substrates to create thin high-k dielectric oxide

films.

In Chapter 5, we demonstrated selective deposition of dielectric materials (ZrO2) on a metal

surface (Cu). We developed a liquid phase infiltration technique by selectively grafting
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PMMA-SH on the metal surface to perform uniform dielectric film deposition on copper.
The metal surface can be activated with a polymer brush with the reaction centre to produce

a dielectric film of equal quality to that produced by ALD or CVD-derived processes.

6.2 Future work:
Several key areas of additional research are required based on the results and experimental
section discussed from chapter 2 to 5. These include infiltration studies of inorganic ions
of different groups using liquid and vapour phase approach. Between these, the liquid phase
approach is strictly an area selective path in ASD process for developing uniform pin-hole
free metal oxide films. The high-resolution N 1s XPS spectra presented in Chapter 2 show
metal ion interactions with the reaction centers present within the polymer brush. In
comparison to the liquid phase approach, the vapour phase infiltration process shows less
interaction between the grafted polymer brush and the inorganic ions. A possible solution
to enhance metal ion incorporation is to construct a specialized chamber that allows for
increased precursor partial pressure along with provision to expose the polymer film with
suitable solvent(s). This technique would allow the polymer brush film to be stretched

vertically, maximizing metal cation infiltration.

Surface modification using the polymer brush technique has various applications in surface
chemistry including biomedical implants and nanofabrication.’!° Polymer brush chemistry
is an emerging technique that could potentially replace conventional methods of
nanofabrication. This work has optimized monolayer coverage of covalently grafted
polymer brushes to deposit thin films of inorganic oxide materials with precise selectivity.

A follow up detailed electrical characterisation of the developed sub 5 nm films is required.

In this thesis, although we have focussed mostly on sub 5 nm metal oxides fabrication, we
have shown that thicker films can also be developed by using polymers of higher molecular

weight. We have demonstrated that the steric hindrance in P2VP brushes could prevent the
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fabrication of thicker brush at higher concentrations or higher molecular weight. This could
be due to the week intermolecular interaction or pi-pi stacking interaction in the solution.
On the other hand, sterically unhindered polymers such as poly methyl methacrylate
(PMMA), poly-4-vinyl pyridine (P4VP), and poly ethylene oxide (PEO) are appealing for

the fabrication of thick metal oxide films.

Monolayer polymer brush films developed using these methods has the potential to prepare
bimetallic layer films.!! Metal infiltration can be used to deposit the first layer of metal
onto the formed polymer brush. The oxidation step involves removing the polymer brush
and oxidizing the metal oxide film, after which a layer of polymer brush can be deposited
and used to prepare the second layer of metal oxide films. Finally, the reduction plasma
treatment can be used to reductively remove the polymer and reduce the metal oxide. Such
bimetallic films are increasingly important to enhance the catalytic activity and have
various applications in the field of surface plasmon resonance and electro catalysis. Grafted
polymer brush should also be tested for the infiltration of metal matrix composites. This

would extend its application in the field of general engineering, automotive and aerospace.

Tailoring the polymer brush film thickness is another crucial area of research. A thicker
polymer brush film could provide the precise information of metal infiltration process and
their chemistries. It has been noted that a thicker metal oxide film can be created using the
higher molecular weight of the polymer. Thick nano-inorganic coating has significant
application in the field of food packaging and glass coating. The barrier properties of nano
inorganic coatings developed on polyethylene terephthalate (PET) using various
techniques are very useful in preventing the diffusion of microbes, gas etc. This barrier
coating can also prevent the leaching of any flavours. The majority of barrier coatings on
food packaging materials are currently made with sol-gel chemistry!'? or the CVD
technique.'> When compared to these technique, polymer brush assisted coating can

provide the ability to deposit inorganic oxide uniformly and offers a chip alternative. Some
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biopolymers such as poly lactic acid (PLA)'* and polyethylene furanoate (PEF)!> show
enhanced barrier properties as compare to PET thus can be used as thin film coating on

PET.

In addition to this, polymer brush could be effectively utilized to increase the strength of
glass, in particular thin-long glass. The strength of very thin, ultra-tough glass has been
demonstrated dramatically in the videos with the gorilla glass being one of the top brands.
When chemically strengthened glass is hit by force it absorbs the force and rebounds, this
is particularly more obvious for the thin long glass sheets. To some extent, the production
of the ultra-tough glass is made using glass screen protection technology to hold the covid-
19 vaccine. These covid-19 vials are made from chemically strengthened alumina-silicate
glass. In alumina-silicate glass, a large percentage of silica is replaced by alumina, making
the glass inherently strong. Mustafa et.al produced modified soda lime glass which when
chemically strengthened showed four times flexural strength increase over the base glass.!®
Similarly, Carturan et.al. applied sol-gel coating on 2 mm thick soda-lime glass to increase
its strength.!” Wasylak et.al developed hot end coating by nano-particles of alumina. A
coating of aluminium nano-particle approx. 10 nm thick was applied onto the external
container of 300 ml beer bottles using AI(OH)3 as the base materials. Some of the other
research shows chemical vapour deposition of inorganic material on glass to increase its
strength. Polymer can afford the coating of inorganic material onto glass using simple
methods. Polymer-assisted nano-metal oxide coatings are expected to strengthen glass

materials and are thus proposed for use in the future.
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