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Introduction

Motivation

Transparent conducting oxides (TCOs) have been the dominant material for trans-
parent electrodes for decades. Over the last decade, there have been dramatic tech-
nological advances in portable electronics, solar cells, flexible electronics, transistors,
multifunctional windows, and numerous other devices that feature transparent elec-
trodes. The heavy use of transparent conducting oxides (T'CO) in these increasingly
important applications, coupled with the increasing cost of common TCO precur-
sors and potential opportunities in other applications, has stimulated wide research
interest on the science of a variety of transparent conductors.

The majority of TCO materials research over the past few decades has been fo-
cused on minor variants of three main n-type TCOs: In,O3, SnO,, and ZnO thin
films. These, mainly empirical, studies have been executed with an aim to improve
the performance of these semiconducting metal oxides and meet ever-increasing in-
dustrial requirements. It is a fair statement that currently this field of research has
reached maturity.

In recent years, however, efforts have begun to develop completely new TCO mate-
rials including p-type TCOs such as CulnOs, CuGaOs, SrCusO, and CuAlO,. In
addition, contrary to the conventional perception that crystalline materials exhibit
superior properties, a new class of amorphous TCOs has emerged, ones that demon-
strate equal or even better properties compared to their crystalline counterparts.

Furthermore, studies on transparent conductors which are not TCO-based have
emerged in the recent years. These materials include conductive polymers, graphene,
carbon nanotubes, and metal grids; each of the material system has its own chal-
lenges and the research efforts to overcome such challenges are ongoing.

Another emerging areas of transparent conductors research is to create a new class
of TCO materials with additional engineered (or non-engineered) properties. This
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can extend the possibilities for improved or completely new device architectures
and applications. Therefore, it behooves the scientific community to develop TCO
materials that also possess other specific, useful properties such as bandgap, work
function, surface roughness, nanostructure, and thermal/chemical resistivity and
diffusivity.

For example, TCO materials which are also transparent in ultraviolet region can
be utilised in applications such as UV-sensors, anti-biostatic activity and optical
detection of DNA and nucleotides. For this, instead of conventional TCOs which
have band gaps ~3eV, a large band gap TCO such as 8-GagO3 (~4.8eV) is found
to be more suitable.

Nano-structuring of TCOs is another example. Conventionally, TCOs have been
used as a planar transparent electrode, which only required a 2D film form of
TCO. However, the advances in lithography techniques as well as solution process-
ing and chemical vapour deposition methods are now enabling fabrication of 3D,
nano-structured TCOs. Nanostructuring of TCO implies engineering in a nano-scale
feature size as well as high internal surface area of the material. These materials can
be integrated into complex hybrid devices (e.g. organic-inorganic hybrid solar cells)
or used as a functional material on its own (e.g. thermochromic or electrochromic
window, gas sensor).

Despite the vast number of publications and industrial interest in TCO materi-
als, the efforts to develop these new types of materials have only started recently.
Although premature, such efforts have a high potential to significantly change the
paradigm for a technology or be a catalyst for another. This dissertation aims to
make a contribution to this growing field of research by describing the fabrication,
processing, and application of 3D, nano-structured transparent conducting oxide
materials.

Bibliography:

[1] Hosono, H. and Paine, D.C. and Ginley, D.S.; (2010), Handbook of Transparent Conduc-
tors, Springer

[2] Ellmer, K., (2012) Past achievements and future challenges in the development of optically
transparent electrodes, Nature Photonics, 6 (12), 809-817



Thesis Overview

The aim of this thesis was to develop a new class of TCO material in thin film form,
one featuring a mesoporous structure with a 20-40 nm length scale. The microphase-
separation of block copolymer was exploited for patterning the TCO materials into
this nanostructure.

As portable electronics become more widespread and integrated into daily life, and
impending energy shortages drive progress towards more efficient and economical
photovoltaic technologies, the development of fabrication routes to nanostructured
TCO has become a subject of study for many. This thesis concentrates on the de-
velopment of zinc oxide (ZnO) based materials.

One of the more common TCOs, ZnO has many potential applications in piezo-
electric devices, organic (and dye-sensitised) photovoltaics, gas sensors, and so on.
Unfortunately, nanostructured ZnO has been particularly difficult to realise, due to
its rapid crystallisation into wurtzite crystals. Therefore, much of this works focus
lies in bypassing the widely recognised problems of creating such a nanostructured
material, and its processing into a thin film form useful for many applications.

The first chapter of this work reviews the main principles of transparent conducting
oxides, trends in past research, and current directions of inquiry. Chapter 2 presents
the basic underlying principles of block copolymer self-assembly, and discusses its
application to the creation of mesoporous metal oxides. Broadly speaking, there are
two different ways to do so either as a sacrificial template, or as a structure guiding
agent. Both uses of BCP are demonstrated throughout this work.

Chapter 3 describes the experimental methods used in this study, including ap-
proaches to film processing as well as characterization techniques. In Chapter 4, a
reliable and controllable route to preparing 3D bicontinuous polymeric template is
presented, which employs phase separation of block copolymer. Using the templates
developed in Chapter 4, two fabrication routes to ZnO based materials are presented
in Chapter 5 and 6.

In Chapter 5, atomic layer deposition was utilised to realise 3D structures of ZnO
with 20-40 nm length scale, exploiting its ability to conformally deposit one layer at
a time. These structures include an extremely periodic gyroid structure, as well as a
bicontinuous wormlike morphology. This mesoporous ZnO was processed into thin
film form, and its use was demonstrated in an inverted P3HT-ZnO hybrid solar cell.

In Chapter 6, a solution impregnation approach was explored, using sol gel of a
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recently developed amorphous TCO material, In-Ga-ZnO. Various thin film pro-
cessing techniques were explored to arrive at the optimum fabrication route to 3D
mesoporous In-Ga-ZnO. Upon electrical and optical characterisation, this material
revealed excellent transparency and electrical conductivity even in mesoporous form,
exhibiting great potential for use as a transparent electrode.

Chapter 7 presents a different approach to the previous chapters, where block copoly-
mer was used not as a template, but as a structure guiding agent to fabricate 3D
nanostructured ZnO. Due to its simplicity and elegance, this bottom-up coassembly
method has been utilised and well-established for other metal oxide systems, but
hardly applied to zinc oxide successfully. The issues of rapid crystallisation were
bypassed by first synthesising ZnO nano crystals, and incorporating them into the
BCP nano-architecture.

Finally, Chapter 8, concludes this work by summarising the re- sults and insights
gained, and by presenting some preliminary results for possible future work.
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Chapter 1

Transparent Conducting Oxides

1.1 Introduction

Transparent conducting oxides (TCO) are semiconductors with two conjugate prop-
erties electrical conductivity and optical transparency. Because such a combination
of properties are extremely useful for electrode materials in electronic applications
such as displays, solar cells, and transistors, TCOs have been subject of intense
research ever since they were discovered a century ago.!"! Normally, conducting ma-
terials such as metals have low optical transparency, while transparent oxides exhibit
poor conductivity due to the coupled behaviour of the two properties. TCOs are
oxide semiconductors that have a band gap ( 3eV) large enough for optical trans-
parency yet small enough for sufficiently good conductivity. !

Commercially, thin films of indium-tin-oxide (ITO) have been the standard ma-
terial used for transparent electrodes in optoelectronic devices. However, the high
cost and scarcity of indium as well as difficulties of processing ITO has motivated a
search for other materials that can potentially replace ITO as demand grows. Com-
monly investigated replacement materials include doped zinc oxide (ZnO), indium

oxide (InpO3) and tin oxide (SnOy).



1.2 Electrical Conductivity of TCO

Recent TCO research focuses on developing thin films of these materials with
particular desirable properties, such as conductivity and carrier concentration of
the thin films depending on their crystallinity and deposition methods. A thin film
transparent electrode generally requires a carrier concentration on the order of 10%°
cm ™3, at minimum, and a band-gap energy above 3 eV.['”] The materials which
satisfy these requirements include both n-type and p-type semiconductors but most
attention has been given to n-type semiconductor oxide materials for preparation of
transparent electrodes; however, p-type semiconductors are starting to be studied
more recently. !

The main focus in transparent electrode research has been on achieving a thin
film of resistivity comparable to that of ITO by empirical routes. However, tech-
nological addvances in electronics shifted the attention to developing new classes of
TCOs with controllable additional properties such as tunable work function, con-
ductivity, surface area, and length scale.

In this chapter, we review the basic principles of TCO and the recent develop-
ments of TCO research, leading to the discussion of nanostructured TCOs and some

of their emerging applications such as surface coating and organic photovoltaics.

1.2 Electrical Conductivity of TCO

The electrical conductivity ¢ in bulk transparent conducting oxides (TCOs) can be
derived starting form Drudes free-electron theory.!* As most TCO materials are n-
type semiconductors, the charge carriers in question are conduction band electrons.
Since the natural frequency of electrons are negligible compared to the frequencies

of interest- visible (VIS) and near infrared (NIR) with respect to the ion core, the



1.2 Electrical Conductivity of TCO

(de) conductivity can be given in a simplified term:

(1.1)

depends on the density of charge carriers n and their mobility p given by

= (1.2)

Here, the relaxation time, 7 is the mean time between scattering events and m
is the effective mass of the conduction electron in the crystal lattice. The mobility
(and therefore, conductivity) is fundamentally limited by the relationship betweent
and n. As the carrier density increases, electron-electron collisions become more
frequent, decreasing 7. Other effects place more practical limits on the mobility,
depending upon the nature of the material.

Typical TCOs feature a large band gap (E, >3 eV), such that thermal excitation
of valence band electrons at room temperature (kT & 0.03 eV) is negligible. There-
fore, perfectly crystalline stoichiometric TCOs behave as insulators. The conducting
nature of these materials is due to the presence of defects in the metal oxide lattice,
and a number of models exist to describe both the population of the conduction
electrons and their mobility. !

In the case of intrinsic materials, these defects are generally attributed to the
presence of interstitial metal atoms or oxygen vacancies. These behave as electron
donor centers, producing populated defect states shallow enough that thermal effects
can excite these electrons into the conduction band.

For example in tin oxide, the multivalent nature of tin leads to local non-
stoichiometry, such as interstitial Sn and O vacancies. These donor centers dominate
the defect structure of SnO,, turning an otherwise insulating material into an in-

trinsic n-type semiconductor. The role of these defects in the generation of charge



1.2 Electrical Conductivity of TCO

carriers has been conclusively supported by first-principle calculations . [

Extrinsic dopants also play an important role in the population of the conduction
band and their intentional introduction provides a useful handle for controlling the
density of charge carriers. However, unintentional dopants also play a role. It has
been conjectured for example that in the case of ZnO, the presence of interstitial
hydrogen might be responsible for the population of conduction-band electrons. [”

High conductivity is typically desirable in TCO applications, and it may seem a
simple way to increase the conductivity might be to increase the density of conduc-
tion electrons by introducing more dopant atoms. However, there is a limit to how
long this can be continued. !

At high carrier densities (above 102° cm™3), charge transport is dominated by
ionised impurity scattering - that is, scattering via Coulomb interactions between
the conduction electrons and the dopant sites. As more and more dopant is intro-
duced, increased scattering reduces the carrier mobility (and has a detrimental effect
on the optical properties), resulting in diminishing returns. Further doping can ulti-
mately lead to non-homogeneous clustering of the dopant atoms, which significantly
increases scattering) and eventually a limit is reached.

For example, in ITO films, the limiting carrier density was found[®! to be approx-
imately 1.5 x10*'em 3. ZnO films also exhibit similar behaviour. Here the measured
resistivity and carrier mobility are limited to 2 x 10-4 Q-cm and 50 cm?/Vs, respec-

919 independent of deposition technique.

tively

Other scattering mechanisms have similar effects on the charge mobility, and to
varying extents this phenomenon is a universal limitation of all semiconductors. All
TCO materials, doped and undoped, suffer the same limits, and only the absolute

best samples have a resistivity below 1x 10~* Q-cm.



1.3 Optical properties of TCO

1.3 Optical properties of TCO

Light being an electromagnetic phenomenon, the optical properties of TCO mate-

(141 The interaction

rials are intimately coupled to the electrical properties as well.
of light and materials can be described by the oscillatory motion of electrons bound
to the atomic lattice. These electrons undergo harmonic motion in response to the

time-varying electric field of the radiation:

md’x  —n.e*x

= 1.3
dt? € (1.3)

Here € is the dielectric constant of the material, ne the electron density, and e the
electric charge. The solution to this oscillatory equation of motion has a resonance
at the so-called the plasma frequency, w:

nee?

Vi (1.4)

Free electrons also follow this behavior, with the addition of a damping term that
represents collisions with the atomic lattice. The rate of these collisions depends on
7, and on the carrier density, so the plasma frequency can be written in terms of
the conductivity:

_ MeChle

— Ze — 1.5
“ ET ET (1.5)

Light at the plasma frequency impinging upon the material undergoes strong
resonant absorption, but above w,, the inertial mass of the electrons cannot be
overcome, so the material becomes transparent. The refractive index is then a
complex, frequency-dependent quantity:

Er 10

2 . \2
= + = - —
() = (n+ in)? = £ = 22




1.3 Optical properties of TCO

The imaginary component « is called the extinction coefficient, which describes

the resonant optical absorption and is related to the absorption coefficient

o=—— (1.7)

At still higher frequencies, the photon energy is sufficient to excite valence elec-
trons into the conduction band, yet a different absorption mechanism. This narrow
window, above the resonant absorption frequency but below the band gap, spans
the visible region of the spectrum for TCO materials.

When deposited as a thin film, other considerations must also be included to un-
derstand the materials optical properties.!”! Specular reflections at the film-air and
substrate-film interfaces reduce the transmission, such that the minimum transmis-

sion achievable (neglecting absorption) is

AN gy
(T )0t + )

sub

Tmin =

(1.8)

For a typical TCO film (n = 1.8 2.8), deposited on a glass or silica substrate (n,, =
1.4-1.6), the minimum transmission coefficient is then only 0.5 to 0.8. Interference
effects for films with thickness greater than 100 nm, surface roughness and so on
also play a role in diminishing the transparency.

As the relationship described above indicates, the electrical and optical properties
of the film are linked, as increased conductivity shifts the resonant absorption edge
and tends to shrink the transmission window. So, a useful metric to quantify the
performance of a TCO film is in terms of the ratio of conductivity to absorption
coefficient:

o 1

o R,In(T+R) (1.9)

This wavelength-dependent quantity provides a useful handle to characterise



1.4 Conventional TCO Materials

and assess the relative strengths of different TCO materials and their deposition
techniques.

Based on the previous discussions, it can be suggested that the figure of merit
can be improved via two routes. First way is improving the electrical properties, i.e.
the mobility of TCO materials without compromising the transparency. Second way
is to improve the optical properties, i.e. higher transmittance, without decreasing
the conductivity. This has been the main effort in this field of research as well as

the industry, although much more efforts were given by using the first approach.

1.4 Conventional TCO Materials

The literature reveals an enormous number of TCO systems fabricated from a va-
riety of oxides, ranging from simple binary compounds to complex multicomponent
mixtures. However, nearly all transparent electrodes developed to date contain at
least one of indium, tin, zinc and cadmium!?. However, Cd-based systems are of
limited practical use due to cadmiums high toxicity. Based on this factor alone, the
field of TCO has been considered to narrow down to mainly In,O3, SnO,, and ZnO
based systems ( Figl.1).

The indium-tin axis has been extensively documented as mentioned earlier in
this chapter, and provides a valuable benchmark system by which performance can
be measured.

TCO films made of multi-component oxides have been closely examined in the
recent years.

Minami et al have investigated multicomponent oxides based on three main ox-
ides, InyO3, SnO,, and ZnO, using MSP technique.l'' ' It was found that the
multicomponent materials contained the properties of both oxide materials. Fur-

thermore, it was possible to estimate the properties of multicomponent oxides based
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1.5 Amorphous TCO

on the properties of the constituent oxide materials. The chemical properties such

as etching rate depended on the type and the composition of the metal elements in

the film. %

1.5 Amorphous TCO

In the recent years, transparent amorphous oxides (TAO) have been introduced and
presented as a promising alternative material to the aforementioned conventional
transparent (semi)conducting oxides (TCO).['%1% Tn 2004, thin films of IGZO has
been demonstrated as a superior replacement material for a-Si:H in the reports by
Hosono et al.'"”! It was suggested that in amorphous post transition metal oxides
such as IGZO, conduction can happen via metal s orbital instead of covalent bonds
because the spatial spread of metal s-orbital is large enough to directly overlap with
the neighbouring metal cation. In Figl.3, the conduction mechanism is visualised
through orbital drawings of Si and a post transition metal (PTM), and the PTM
elements which can utilise this conduction mechanism are also indicated. From the
illustration, it can be clearly understood that the electron mobility is drastically
decreased in the a-Si compared to that of c¢-Si, whereas in the a-PTM still retains
moderate level of mobility.

The conduction in PTM oxides resemble that of amorphous metal alloys in that

[16]' As shown

the overlap of metal orbitals contributes to the main electron pathway.
in Figl.4, the conductivity is lower for the amorphous alloys, as is the case for
PTM oxides. However, a-TCOs over the conventional ¢-TCOs are favourable in
terms of uniformity of thin film characteristics, absence of grain boundaries, which
could cause unwanted brittleness and scattering, as well as processing temperature.

Such characteristics not only improve the current electronic applications but also

can serve as a platform for new device technologies such as flexible electronics.
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Figure 1.3: Visualisation of conduction mechanism in covalently bonded crystalline
Si (top) and amorphous TCO (bottom), and the elements indicated form the periodic
table which are able to form amorphous TCO
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Figure 1.4: Similarity between ionic oxides and metals. (Left) Expected change
in wavefunctions at conduction band minimum (CBM) of ionic amorphous oxide
semiconductors with annealing. ") (Right) Comparison of resistivity among liquid,
amorphous, and crystalline metals. The electron mobility is expected to be enhanced
by annealing as in the case of a-metals.!'"]

Vast interests in this materials were indicated by the recent studies an effec-
tive thin film deposition method, compositional studies, and improving the prop-
erties of amorphous ternary oxides such as InZnO (IZO), InGaZnO(IGZO), and
ZnSnO(ZTO).'"¥ 21 These films were deposited mainly via physical vapour deposi-
tion methods such as magnetron sputtering or pulse laser deposition (PLD), as they
are currently the methods conventionally used for thin film TCO deposition.

The solution processing method for a-TCO thin films is more economical com-
pared to the conventional physical vapour deposition methods. More importantly,
unlike the isotropic nature of the PVDs, this method opens up the possibility of
fabrication of 3D structured aT'CO materials. Only recently, Banger et al.?? suc-
cessfully fabricated thin films of I(G)ZO by solution processing methods using metal
alkoxides as sol gel precursors which for the first time lead to stable, high-performing

TFT devices.
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1.6 Nanostructured TCOs

The current trends in TCO research seeks to introduce additional properties to the
TCO materials on top of the conventional optical and electrical properties exhibited
in their thin film form. The main important properties include controllable work
function, reflectivity, lengthscale of the TCO structure. Being able to process TCOs
into nanostructure is particularly important because it means that we can design
novel heterostructures catered to the nano-scale diffusion lengths of the excitons,
carriers, and chemical diffusion within the device. This can lead to new device
designs of organic light emitting diodes (OLEDS), fuel cells, displays and solar cells.
Moreover, the ability to incorporate other various functional materials to form a
hybrid with the nanostructured TCO allows possibilities to sensors and other active
devices in biological fields. *’!

Efforts to realise 3D nanostructures of TCO have recently started. Mesoporous
ITOP*2% and Sb:SnO, ™ have been fabricated using block-copolymer as a struc-
tural guiding agent resulting in 10-50nm pore sized nanostructures. Such advances
can be complemented by increased number of studies on effective and tunable dop-
ing and conductivity of TCO materials, further development of amorphous TCO

materials.

Nanostructured TCO for building applications

Nano-structured TCOs can be utilised in applications in functional coating of buildings-
both on the outside and inside, which can be efficient use of their surface area.
Numerous patents!?* % and limited publications already exist on coating of multi-
functional films on buildings and windows surface**3° The functionalities of coating
can include photocatalytic, superhydrophobic, electrochromic, tunable optical and

electrical properties, which can contribute to energy harvesting, air purifying (in-
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doors), reducing of cleaning loads, and so on. Therefore, nanostructured TCOs has
potentials for high impact applications for multifunctional buildings and windows.

As a good example of the concept, such potential has already been demonstrated
through superhydrophylic windows using sputtered TiOy (anatase) films, which are
both superhydrophillic (contact angle of zero) and photocatalytic. *) These coatings
have been enthusiastically endorsed in Japan and Europe, and numerous patents
and a few review articles on this topics are available. This technology was also
employed for applications such as self-cleaning windows, anti-soiling coatings, anti-
static coatings, etc. for both fabric and windows. 261

However, ZnO and SnO, based films not only possess many of aforementioned
properties, but also are more conducting compared to TiO5. This can add another
important variable for the functional coating applications. In the recent years, the
efforts to dope TiO5 with Nb or Ta, in order to increase its conductivity, have indeed

been started, indicating the interest in this avenue of research.***’]

Nanostructured TCO for Organic Solar Cells applications

Organic photovoltaics carries tremendous potentials in the field of photovoltaics
technology due to their comparable theoretical efficiency to conventional semicon-

1] yet a much more economical cost structure[*” viable for large-scale

ductor devices
production. In addition, the processing techniques (solution processing) involved in
this technology easily allows a large scaled production. [*]

In a standard bulk heterojunction device, a donor and acceptor materials (both
polymers) are blended, which results in a large interfacial area between them. As
long as the blends are intimately mixed in 10nm lengthscale, which is shorter than
the diffusion lengths for excitons in the acceptor material, efficient exciton dissocia-

tion can take place leading to charge generation. An example of heterojunction de-

vice can be poly[3-hexylthiophene|(P3HT)/C61-butyric acid methyl ester (PCBM)
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(@) (b)

Figure 1.5: Schematic illustrations of organic solar cells (a)Bulk Heterojunction
architecture (e.g. P3HT/PCBM)(b) Polymer/Metal Oxide hybrid device (e.g.
P3HT/ZnO) (c) Polymer/Metal Oxide hybrid device (e.g. P3HT/ZnO) with SAM
modification. The black dots indicate the SAM. e.g. PCBA) (d) A type of SAM
called Phenyl-C61-butyric acid(PCBA) Modified from reference!*”)

based device where P3HT is the donor and PCBM is the acceptor. The schematics
of the bulk heterojunction is illustrated in Figl.5a.

Due to their high optical absorption coefficients, only a few hundreds of nanome-
ters of polymer film is required for these devices. Excitons generated by photoexci-
tation must be dissociated into charge carriers and then collected at the cathode and
anode. Here, it is crucial to provide a continuous percolation pathway of both accep-
tor and donor for the charges to reach the electrodes. Otherwise, the charges can be
trapped or need to hop through the unconnected network of donors/acceptors. This
also effectively limits the thickness of the device to ~300nm, consequently limiting
the efficiency due to limited amount of light absorbed. [*5:‘]

Therefore, the morphology and the interface of the polymer blend is crucial for
solar cell performance. However, controlling the morphology of the blend can be
limited because it relies on phase separation and change of temperature of the sur-
roundings can lead to unwanted morphological transitions. A device architecture
that provides direct and ordered paths for photogenerated carriers to the collecting
electrodes can resolve many of the transport issues of bulk heterojunction photo-
voltaic devices.

Metal oxides such as SnO,, TiOs and ZnO are able to act as a replacing ac-
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1.6 Nanostructured TCOs

ceptor material to the polymer acceptor.””*!] Building a device by incorporation of
conjugated polymer into a rigid nanoporous metal oxide active layer®>4 offers a
key advantage of improved structural control of the inorganic material. For exam-
ple P3HT/ZnO nanowires devices have attracted a great interest due to its ease of
fabrication and low temperature processing conditions.”>°% The schematics of this
type of device architecture, called inverted hybrid architecture is shown in Figl.5b.

Due to their much improved thermal stability, the mesoporous metal oxides
provide structural stability. In addition, the metal oxide active layer can be first
prepared before incorporating the polymeric donor material. This allows chemi-
cal/physical treatments which can be damaging to polymers, to realise a well defined
nanostructure with continuous transport pathways.

Having good control over the donoracceptor morphology is a promising way to
optimise charge transport through connected pathways while maintaining efficient
exciton dissociation in the composite.Using the inverted hybrid architecture also
can exploit the superior electron mobility of metal oxides to those of organic semi-
conductors (by several orders of magnitude), which creates more efficient electron
pathways for charge collection.

Two crucial factors for further improving device performance include optimising
exciton dissociation into free carriers at the polymer/oxide interface and minimis-
ing recombination losses. To address these issues, molecular surface modification
using a self-assembled monolayer(SAM) can be employed for the energy level align-
ment °"°%1 which has demonstrated to improve charge collection efficiency. **%/For
example, recently a ZnO/P3HT device with PCBA( a type of SAM) surface modi-

fication demonstrated enhanced solar cell performance.
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Chapter 2

Blockcopolymer Self Assembly
and Its Use in Nanotechnology

2.1 Phase separation in block copolymers

2.1.1 Macrophase separation of Polymer Blends

Polymers are a class of organic compounds which are long chains composed of co-
valently linked repeated units called monomers. Homopolymer refers to a polymer
which consists of one type of monomer whereas copolymers refer to those which
have more than one monomer. Chemically different polymer chains in a melt are of-
ten immiscible and have a tendency to macrophase separate. The thermodynamics
of polymer blends is described by Flory Huggins using mean free approach start-
ing from Gibbs free energy equation which comprises two competing terms, each

accounting for enthalpy and entropy.

The equation can be further described by using specific terms related to poly-

21



2.1 Phase separation in block copolymers

mers. The enthalpy of mixing is based on the enthalpy contributions from the inter-
actions between neighbouring monomers, and thus is proportional to the number of
monomers present. The entropy of mixing, on the other hand, favours homogeneous
mixing and therefore is inversely proportional to the degree of polymerisation (N).
Finally, the free energy of mixing per monomer (Gmix) for a blend of polymers A

and B with degree of polymerization N at temperature T is given by:

Aszx o fA fB
knT —XfAfB+N—A1HfA+N—BlﬂfB (2.2)

where f, and f, correspond to the volume fraction of each polymer. The dimen-
sionless parameter y can be described as

Z

1
X = XAB = kB—T(wAB - §(UJAA + wgpp)) (2.3)

based on the classical theory of polymer-polymer interfaces where Z is the num-
ber of nearest-neighbour contacts, and the w are the mutual interaction energies
per monomer. Therefore, unlike monomer blends where the mixing behaviour is
governed by y, polymer phase behaviour is governed by y. A cirtical value of y=2
divides the case into homogeneous mixing (y <2) or phase separation (x >2). As
the value of is usually a large number, only a small value of y would lead to phase
separation, and using the equation for the free energy (Fq.2.2), the phase diagram

of the polymer blend can be derived.!"

2.1.2 Microphase Separation of BCP

Block copolymer, a subclass of copolymer, is made of nominally immiscible polymers
that have been covalently bonded together in moderately-sized chains called blocks.
Block copolymers constitute a class of polymer blends distinguished by the covalent

linkage of heterogeneous monomer chains. A variety of distinct architectures are
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possible, determined by the arrangement of the constituent homopolymers. These
include diblock (A-b-B), triblock (A-b-B-b-A) and starblock copolymers. While
homopolymer mixtures are known to phase separate into macroscopic domains, the
covalent bonding of the heterogeneous blocks limits the BCP domain size. These
domains typically have dimensions of 5 to 100 nanometers, constrained by the length
of the distinct polymer chains.

In the Flory-Huggins formulation of polymer phase separation, minimisation
of the Gibbs free energy is achieved by equilibrium between competing enthalpic
(interfacial) and entropic (conformational) terms. The balance is between weak
monomer-monomer repulsion, which tends to drive phase separation by minimising
the interfacial area, and the elasticity of the polymer chains, which tends to resist
conformational changes. Similar to that of homopolymer blends, there exists a
critical value of y where a homogeneous melt of copolymer chains transitions into the
chemically heterogeneous ordered microdomains occurs. This is known as the order-
disorder transition (ODT). The term x indicates how immiscible the two blocks are,
which plays an important role in the phase separation kinetics.

The resulting morphology from microphase separation and the ODT temper-
ature are governed by the volume fractions of the blocks, fa and fg (=1- fa).
Based on the extent to which the blocks like to segregate due to incompatibility,
the block segregation can be divided to three regimes: weak (x ~10), intermediate
(x ~107100) and strong (x >100). In the weak segregation regime, the entropic
terms dominate leading to a disordered state, whereas as xy becomes > 10, enthalpic
terms start to dominate resulting in an order-to-disorder transition (ODT), where
the unlike segments segregate into a variety of ordered periodic microstructures.
Application of the unified mean-field theory!? allows calculation of full phase dia-
grams in terms of volume fraction and molecular weight of BCP(Fig.2.1 a) which

are in good agreement with experimental measurements of BCP model systems such
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as poly(isoprene-b-styrene) by Khandpur et al.¥(Fig.2.1 b,) It is worth mention-
ing that the strong dependence of y on temperature (inversely proportional) allows
inducing morphology transitions by varying the temperature of the system, in prac-

tice. A phase diagram of a diblock copolymer, plotted with respect to x and 4, is

uﬂo
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Figure 2.1: (a) A phase diagram of diblock copolymer plotted with respect to x and
fa. (b) Experimentally measured phase diagram of PS-b-PIF! (¢) Visualisation of
the phases labeled in the phase diagrams in (a) and (b).

shown in Fig. 2.2. The planar interface of the lamellar structure is enforced by the
enthalpic energy cost associated with a curved surface. Shifting the BCP volume
fraction away from the f4 = fp symmetry imposes an energy cost associated with
retaining the flat lamellar structure. Eventually, curvature of the interface towards

the smaller block leads to a net decrease in free energy, and the system undergoes a
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phase change, shifting from lamellae to a bicontinuous gyroid morphology. As the
ratio of volume fractions is driven even further away from 1, other phase transi-
tions appear. The gyroid morphology is followed by a shift to cylindrical domains
arranged in a hexagonal lattice, spherical domains in a body-centred cubic lattice,
close-packed spheres, and finally at the extremes of relative composition, a fully dis-
ordered structure. Other long-lived phases have also been experimentally observed,
such as perforated lamellae and double diamond structures. These morphologies are
metastable, but represent non-equilibrium polymer systems. [} Extending this notion
to include triblock copolymer systems leads to an even wider variety of structures,
with more than a dozen equilibrium morphologies exhibited on a ternary phase

diagram.[7

2.1.3 The Gyroid (G) Phase

The gyroid phase was first correctly identified in block copolymer in 1994 by Haj-
duk et al and Schulz et al independently.* *! Precisely speaking, the morphology
of gyroid phase is a double gyroid, which comprises a minority block segregated
into a network of two intertwined yet separately running channels, referred as a
bicontinuous network, surrounded by a matrix of majority phase occupying ~65%
of space. A unit cell of double gyroid morphology, as shown in Fig2.2, has a cubic
symmetry (Ia3d). Gyroid phase only corresponds to a narrow area in the phase di-
agram and thus is difficult to experimentally realise. Synthesising a gyroid-forming
block copolymer, thereby fixing volume fractions of the blocks, limits the chances
of reaching gyroid phase. Therefore, although possible, this route is too delicate
and costly to realise. Alternate experimental approach to gyroid phase is to use
homopolymer(hA)/BCP(cAB) blends where the homopolymer A becomes incorpo-
rated into block A of the copolymer (cA), forming a newly formed, two-phase-system

(A’B) with altered volume fractions. However, this method also entails complex and
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2.1 Phase separation in block copolymers

Figure 2.2: A unit cell of gyroid morphology. This diagram only shows the bicon-
tinuous network which is formed by the minority phase with the matrix( majority
phase) removed. (Modified from referencel”)

delicate kinetics, which is an interplay between the microphase separation of the di-

block copolymer and the macrophase separation of the homopolymer. Studies on the

phase behaviour of various hP/BCP binary blends are available in literature %%
The chain length of hA in comparison to that of cA was found to be a deciding

[1415] The phase separation

factor for solubilisation of hA into the cA micro domain.
behaviours with respect to Nj, 4 relative to N.4 can be visualised as shown in Fig2.3.
When Np4 < N.a, the chains of hA can be uniformly incorporated into cA, leading
to increase of the domain size as well as the interfacial area between hA /cA and ¢B.
(Fig2.3 a). Such increase in interfacial area leads to morphology transition. How-
ever, when the chain length of hA and cA are comparable (N4 ~ N.4), the chemical

compatibility allows them to assemble into the same region, but incorporation of hA

into cA resulting in separate localisation of hA. In this case, selective swelling of cA
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2.1 Phase separation in block copolymers

fails to occur, thus neither does morphology transition. (Fig2.3 b) Finally, when

Npa > N4, the repulsive forces between cA and hA becomes significant, which leads

to macrophage separation of hA from the BCP. (Fig2.3 c)['’!
a a
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Figure 2.3: Visualisation of possible resulting structures of hA/BCP (AB) blend
according to Nja relative to Nea. (a) Npa > N.4 Macrophase separation between
hA and BCP (AB). The BCP micro phase separates on its own. (b) Nya < Nea: A
homopolymer is locally solubilized in the middle of A microdomains; (¢) Npa < Nea:

Uniform solubilisation of hA into cAthe uniform microdomain structure composed
of A-B and A"

The phase behaviour studies on blends using polystyrene have been reported by

[13.16] where resulting morphologies of the blended-BCP like structure

Winey et al.
were studied with respect to N4 and overall concentration of homopolymer. Such
results were summarised in constant copolymer composition diagrams, one of which
is shown in Fig2.4 . In addition, it was discovered that use of lamellar forming
BCP in a blend is more favourable compared to using a cylinder forming BCP. The
former system exhibited a larger window of gyroid phase in the constant copoly-

mer composition diagram, and was found to incorporate the homopolymer without

macrophage separation.
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Figure 2.4: Constant copolymer composition morphology diagram of ho-
mopolystyrene blended with lamelar diblock copolymers of fps = 44-51 vol %
polystyrene. (Modified from Winey et al.['%])

2.2 Application of Blockcopolymer Patterning in
Nanotechnology

The major challenge in the application of BCP materials is that most of the polymer
systems in wide use polystyrene (PS), polyisoprene (PI), polyethylene oxide (PEG),
polymethyl methacrylate (PMMA) or polylactic acid (PLA) lack the useful chemical
or electrical properties needed in functional devices. Active conjugated polymers are
typically brittle, and their low molecular weight poses a significant obstacle to their
use as microphase-separated block copolymer.

Alternatively, self-assembled BCP materials can also be used in creating a meso-

porous functional material, which hold great promise in application to a variety
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Figure 2.5: Fabrication of functional material using sacrificial polymeric template
obtained by BCP self-assembly

of technologies from photonics to biotechnology. For example, many electronic de-
vices such as super capacitors, fuel cells, photovoltaics and so on, are limited by
surface charge- or reactant-transport phenomena. The nanometer-scale structures
formed by typical BCP systems have large relative surface areas, and their use
in controlling the structure of these devices can lead to significant improvements
in efficiency. Block copolymer-derived patterning of inorganic materials has been
a popular method for creating mesoporous metal oxides such as aluminosilicates,

1718 super capacitor!'), elec-

WOs, TiO,, V5,05 for applications in photocatalysis!
trochromism['9? |, and photovoltaics?”l. Fabrication of such mesoporous functional
materials using BCP phase separation can be realised via two routes- 1) by utilising
them as a sacrificial template and 2) by co-assembling the functional material with

a BCP, which plays a role of structure guiding agent. The first approach can be
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2.2 Application of Blockcopolymer Patterning in Nanotechnology

visualised as shown in Fig.2.5. The functional inorganic material of choice can fill
the voids created by removing the minority phase of the self assembled BCP via var-
ious infiltration methods such as solution impregnation!'®!, electrodeposition 9% 20
atomic layer deposition.*!) Upon selective removal of the polymer template, the re-
maining inorganic material retains the morphology realised by BCP self-assembly.

The second approach is the BCP-directed co-assembly method, which provides a

T
L i
@ iy ég PEO
' ik h 7 2 @ inorganic
Ten At Pl
Pl o 0% 7% PEO

Figure 2.6: (a) Phase diagram obtained by aluminosilicate/PI-b-PEO co-assembly.
The aluminosilicate is labels as INORG in the diagram[??(b) Illustration of mi-

cro phase separation upon successful incorporation of aluminosilicate into the PEO
block [*?]

more direct route to fabrication of mesoporous inorganic materials. Essentially,
BCP acts as a structure directing material, just like other organic surfactants such
as PEG.*?"! The inorganic precursors have higher affinity to the hydrophilic ends
of the surfactant, and, following the polymer self-assembly process, are incorporated
as part of the hydrophilic block of the self assembled BCP. Once the surfactant is re-

moved by plasma etching or high temperature calcination, voids within the inorganic
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2.2 Application of Blockcopolymer Patterning in Nanotechnology

structure remain, resulting in a porous inorganic structure.

The inorganic-BCP system is analogous to the selective incorporation of ho-
mopolymer into a BCP block discussed in the previous section.In principle, the hy-
drophilicity of metal oxide sol particles can fully mix with the hydrophilic block !
(Fig.2.6 a) resulting in a BCP-like system with an increased volume fraction of
the hydrophilic component. Similarly to the effect of relative molecular weight
homopolymer on the phase behaviour of the polymer blend, the size of inorganic
particles in comparison to the chain length of the polymer block plays an important
role. Therefore, in order to fully incorporate the inorganic particles into the BCP
microdomain, their size in comparison to the polymer chain length of the incorporat-
ing block has to be significantly small.?®! In the case of metal oxides, the inorganic
particles can be prepared via sol-gel method or synthesis of nano crystals. [?7>"

However, incorporation of inorganic material into BCP also means combining of
two different systems- chemical synthesis of metal oxides and phase separation of
block copolymer. Therefore, this system entails additional complexity and require-
ments compared to the binary polymer blend system. Here, it is important for the
inorganic particle to have selective affinity, via intermolecular forces, to only one of
the block of the BCP.[*! Additionally, the kinetics of micro phase separation must
be faster than gelation (or aggregation) kinetics of inorganic particles.*") Therefore,
using a BCP with a sufficiently large x is preferable, and the inorganic particles
must be relatively stable. Finally, a solvent dissolving all of the components (the
polymer blocks and the inorganic) equally well is required in order to ensure that
the solvent is uniformly evaporated throughout the components.

Successful co-assembly can lead to various morphologies by tuning of the in-
organic component as well as the volume ratio of the BCP. For example, in the
study of De Paul et al.*’l, employing aluminosilicate/PI-b-PEO, a phase diagram
of quasi-binary, BCP-like system was prepared as shown in Fig.2.6 b.
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2.2 Application of Blockcopolymer Patterning in Nanotechnology

However, the controlled and well-understood phase separation mechanisms de-
scribed above for both sacrificial template and coassembly approach are only valid
under conditions of thermodynamic equilibrium. Many of the potential application
areas rely on thin-film processing techniques. These processing conditions bring
additional complications, such as increased evaporation kinetics and unbalanced in-
teractions with the atmosphere or substrate. While these issues may be mitigated
somewhat by surface treatment of the substrate, atmospheric control and external
guidance via electromagnetic fields, efficient and reproducible processing remains a

challenge.
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Chapter 3

Techniques and Instrumentation

3.1 Fabrication Techniques

3.1.1 Thin Film Deposition

Blade Coating

Blade coating allows the deposition of single films with thicknesses ranging from
several hundred nm to microns. In this approach, a drop of the solution is placed on
the substrate to be coated, and a sharp blade is drawn across the surface, spreading
the solution into a thin layer that is subsequently dried, forming a thin solid film.
As illustrated in Fig 3.1, varying the blade height (¢) controls the film thickness, as
does the solution concentration, drying atmosphere, surface preparation and blade
draw speed. Upon evaporation of solvent, film thickness of t; is formed, which
depends largely on the solution concentration and the initial blade height (¢). In
this work, because the fabrication process required oxygen/water free environment,
blade coating was carried out manually, inside Bell glovebox under Ny environment,
using a commercially available blade from RK Print Coat Instruments of blade

heights variable between 30pum and 120pm.
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Figure 3.1: Schematic illustration of blade coating
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Figure 3.2: Schematic illustration of thin film preparation using spin coating. [']

Spin Coating

In this technique, the substrate is mounted by vacuum chuck to a motorised stage, a
droplet of solution is placed on the substrate, and the stage is spun up to a speed as
high as several thousand revolutions per minute. Initially, most solution is thrown
off of the substrate due to centrifugal force, which then spreads the droplet across
the surface to form an intermediate film of ¢y of concentration cy. The subsequent
outward flow carries most of the solution off the edge of the substrate unto the point

of critical film thickness, t., which is determined by factors such as solution con-
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centration and viscosity, as well as spin acceleration, rate, and time.!? Evaporation
of the remaining solvent quickly follows, leaving behind a dry film of well-defined

thickness.

3.1.2 Atomic Layer Deposition

Unlike conventional CVD which allows the reactants to mix before adsorption of the
substrate, [26]Atomic layer deposition (ALD) is a CVD-like epitaxial process based
on self-limiting reactions at the deposition surface where each reactant is introduced
sequentially. This allows for conformal coverage on features at the nanoscale. How-
ever, the additional control afforded by ALD comes at a price in terms of deposition
speed and area. They are both reported to produce films with high crystallinity and
low defect density. !

A typical ALD growth cycle (Figure 6.) consists of four essential steps sum-
marised as follows:
1) precursor exposure of the first reactant for a self-terminating reaction (pulse)
2) evacuation or purging of the non-reacted precursors and any byproducts from the
chamber (purge)
3) exposure of the second reactant for a self-terminating reaction or additional sur-
face treatment reaction to deposit the first reactant (pulse)
4) evacuation or purging of the non-reacted reactants and byproduct molecules from

the chamber. (purge)

The result is a monolayer-thickness film of the reaction product on the substrate.
This process is repeated multiple times to gradually build up a thicker film. The
main advantage of ALD is that the self-limiting reaction between the reactants and
the surface of the substrate inherently allows uniform and conformal surface cov-

erage. This allows deposition onto substrates of complex shapes and small feature
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flow a

Figure 3.3: One full cycle of ALD onto a porous substratel’ ]| including a) intro-
duction of first precursor species(A) into the chamber leading to deposition of the
precursor via surface-limited reaction b) purging of chamber to remove the non-
reacted precursors and reaction byproducts. The next two steps- ¢), d) -repeat the
steps a) and b) with the second precursor (B) . The purging step for porous sub-
strates requires a longer duration compared to the flat substrates, due to limited
accessibility of the area through which the molecules can travel.
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sizes, though successful deposition onto such substrates would require considerable
control over the parameters such as molecular flux, adsorption probability and sur-
face diffusion for different types of surfaces (e.g. wall, hole, or a flat top surface).
Beneq was used for ALD deposition, and the precursors for ZnO deposition were
diethyl zinc (CoHs)2Zn, purchased from ABCR GmbH Co. KG, and deionized water
(H20). Deposition cycles ranged from 65 to 250 cycles. Though numerous variations
of recipes were tried, a typical Pulse/Purge times for continuous flow method were
30s for the first 30 cycles, 1 minute for the second 40 cycle, and 2 minutes for the
third 30 cycles. A typical half cycle of stop-flow recipe included 10s pulse, 1 minute
hold time with the vacuum and nitrogen flow off, purge for 1 minute. Deposition
was normally carried out at 80 °C, but for depositions at 100 °C and 120 °C were

made for comparison.

3.1.3 Sol-Gel

Sol-gel chemistry allows formation of inorganic matrix by first forming nanoparticles
(sol) and then through gelation of such particles, a liquid phase (gel). For transi-
tional metal oxides, non-hydrolitic route using metal alkoxidesand alcoholic solvents
to undergo a slow reaction, forming oxide networks. The initial pH of the reaction
often needs to be controlled and sometimes addition of acid or base is required.
Geletion is a transition process between the sol state to the gel state and at gelation
point, there is a sharp increase in viscosity of the mixture. From this point on, the
solution undergoes aging, which entails stiffening and condensation of the network.
The prepared solutions are deposited onto substrates using appropriate deposition
methods such as spin coating, drop casting, and blade coating. When all the sol-
vents in the solution is dried, the prepared sample undergo heat treatment at high
temperatures where the network transforms into a metal oxide. ¥

The reason that metal alkoxides present themselves as ideal candidates for a solu-
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tion sol-gel process is due to the ease of M-O-M bond formation via the energetically
favorable extrusion of organics via a condensation mechanism. This is attributed
to the large difference in the Pauling electro-negativity between the electropositive
cation and electronegative oxygen forming the ionic bonding RO-M. Additionally
the ability of the organic ligand moiety to undergo a beta hydride elimination mech-
anism can stimulate the decomposition of the parent alkoxides to their respective
metal oxide component upon pyrolysis.

The general step involved in the sol-gel polymerisation reactions proceed through
a set of hydrolysis and condensation reaction between the metal alkoxides M(OR),,
where M is a metal (e.g. Zn, In, Ga) and OR is an alkoxy group, (R) is CH(Me), and
CH,CH;0OMe). This can begin with hydroxylation upon the hydrolysis of alkoxy
groups;

M —-OR+ H,O — M —OH + ROH

This is followed by polycondensation step leading to the formation of oligomers
and/or polymers with ametal oxo based skeleton framework with and reactive resid-
ual hydroxo and alkoxy groups. There are two competitive mechanisms, oxolation :

which is the formation of oxygen bridges :

M-OH+HO-M —M-0-M+XOH

Which generally occur when the hydrolysis ratio h = HoO/M > 2, or X = R, when
h = HyO/M < 2. The second competing condensation mechanism is called olation,
which occurs through the formation of hydroxo bridges when the coordination of

the metallic center is not fully satisfied,

M—OH+HO—-M— M —(OH)y — M
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The kinetics of olation are usually faster than those of oxolation, which is the de-
sired mechanistic route towards mixed metal oxide with high electrical performing
properties such as conductivity for TCOs and mobility for Semiconducting oxides.
Another added benefit of the alkoxides is their ability to form mixed metal alkoxide

molecular chemical precursors.

3.2 Characterisation Techniques

3.2.1 Electron Microscopy
Scanning Electron Microscopy

In scanning electron microscopy (SEM), a beam of electrons is accelerated in vacuum
to tens of keV, focused onto a sample, and then raster scanned across the surface. An
image is formed by mapping the signal from one of several detectors to the location of
the primary electron beam. For resolving surface details, the most common approach
is to detect low-energy (< 50 eV) secondary electrons that are produced by inelastic
scattering from the surface atoms of the sample material (<10 nm). In the in-
lens detection technique, these secondary electrons are accelerated and focused to
a detector made of a scintillator material placed in front of a photomultiplier tube.
The scintillator generates visible light, which is converted to a voltage signal by the
photomultiplier. In this mode, commercial instruments are capable of approximately
5 nm image resolution.

In this work, SEM characterisation was undertaken with a commercial electron
microscope (LEO Ultra 55) working with in-lens detection of secondary electrons.
For non-conducting materials, in order to prevent contrast artefacts from electro-
static charging, samples were coated with a thin (< 2 nm) film of Au/Pd deposited

from a sputter coating system (Emitech K575X, 10 s, 70 mA).
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Figure 3.4: Schematic illustration of scanning electron microscope (SEM)!

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is distinguished from SEM by the detector
placement behind the sample, and so detecting electrons that pass through the
material. In this approach, electron beam energy is considerably higher (hundreds
of kV) and the image resolution can be better than 1 nm in commercial instruments.

Electrons that pass directly through the sample without scattering (or only
weakly so) are detected in the bright-field imaging mode. Image contrast then
represents scattering contrast, which reveals information about morphology, com-
position, and crystallinity. Those electrons scattered at large angles may be detected
in so-called diffraction mode, which picks up electrons scattered coherently via Bragg
diffraction. This diffracted electron beam provides information on crystalline struc-
ture such as unit cell size, crystal orientation, and polycrystallinity.

The TEM characterisation was carried out through Dr. Caterina DuCati at the
Department of Materials Science, University of Cambridge using FEI TEcnai F20-
G2 FEG TEM and Dr. Doohyun Ko with JEOL 100CX II TEM at the University
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incident beam I, sample detector

Figure 3.5: Principles of XRD a) Scattering of incident waves from crystal lattice.
b) Schematic of a scattering experiment !’

of North Carolina, USA.

3.2.2 X-ray Diffraction

X-ray diffraction (XRD) is a well-known elastic x-ray scattering technique for study-
ing the crystalline structure of many classes of materials. The constructive inter-
ference of x-rays diffracted from a periodic lattice is used to determine the lattice
structure by imaging in reciprocal space.l®’ This may be an atomic lattice, crys-
tallised organic molecules, or even larger structures such as phase-separated block
copolymers.

The constructive interference of diffracted waves is described by the Bragg diffrac-

tion condition for lattices with inter-plane spacing d:

nA = 2dsin6 (3.1)

Here n is the integer diffraction order, A is the x-ray wavelength, and 6 is the
angle between the incident x-ray beam and the lattice plane. The intensity of
the diffracted radiation is often measured as a function of scattering angle, on a

diffractometer instrument typically comprised of x-ray source and monochromator,
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goniometer for sample rotation, and x-ray detector. The characteristic K, x-rays
of copper (A = 1.54 A) are often used for probing the atomic lattices of solid-
state materials. The comparable lattice dimension diffracts the x-rays through a
wide angle (20 = 10-80°), giving name to this technique known as wide-angle x-ray
scattering (WAXS). By contrast, small-angle x-ray scattering (SAXS), which implies
d > A, may be used to study larger-scale structures and features. Only the lattice
spacing between scattering centers is determined by the Bragg analysis. Further
information about their size, and the finite size of the crystal or crystallite may be

learned by describing the scattered intensity I(q) as given in Eq.3.2.[

I(a) o< |F(q) - 1Z(a) * ) _(a)f? (3.2)

Here ¢ = kou — kin is the scattering vector in reciprocal space, F/(q) is a form
factor that describes the dimensions of the scattering object, and the final term is
a convolution of the reciprocal lattice Z(q) and a Fourier-transformed step function
> (q) representing the finite crystal size. In this work, WAXS studies of ZnO and
[(G)ZO crystal structures were carried out with a commercially available Bruker D8

Advance diffractometer.

3.2.3 Dynamic Light Scattering

Dynamic light scattering (DLS) is a form of photon correlation spectroscopy which
can be used to determine various properties of particles suspended in solution, such
as particle size distribution, zeta potential, or polymer molecular weight. In this
technique, intensity fluctuations of the characteristic speckle pattern arising from
quasi-elastic laser light scattering are used to determine the diffusion rate of the
suspended particles. % These particles may be colloidal suspensions, hydrolysed

sols, or synthesised nanocrystals. The experimental set-up of DLS is depicted in
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> Lens
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Figure 3.6: Schematics of DLS measurement set-up. Depending on the opacity of
the sample, the position of focusing lens can be altered. ")

Fig. 3.6.
The time-varying intensity I(¢) of the speckle pattern can be measured and,
with some assumptions, the properties of the suspension can be found from the

autocorrelation function G(7), defined as

G(r) = S 1)) (3.3)

For a large number of monodisperse particles such as in a colloidal suspension,

the autocorrelation can be modelled as a single exponential decay:

g1(7) = A[l + Bexp(—21'7)] (3.4)

Here A and B are constants for amplitude and intercept, while the exponential
decay rate I' is given by
I = D¢ (3.5)

In this equation, D = kT /6mnr is the translational diffusion coefficient given
by the Stokes-Einstein equation, and is determined by the effective hydrodynamic

radius r of the particle. The optical properties of the laser, solution and detector
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system are encapsulated in q:
qg=— sin(ﬁ) (3.6)

Here n is the refractive index of the dispersant, A\g0 is the laser wavelength and @ is
the detector scattering angle. Thus, the particle size r can be determined by fitting
the exponential decay in the autocorrelation measurement. Polydisperse samples
may be modelled similarly, but by treating the autocorrelation data as a sum of many
exponentials, resulting in a particle size distribution. Typically, a samples particle
size distribution is derived by fitting the sum of multiple exponential curves using
non-negative least squares fitting or specialised algorithms such as CONTIN. [0
Further application of e.g Rayleigh scattering theory allows determination of other
properties of the suspension such as volume fraction, though for particles much
smaller than the laser wavelength these calculations become highly error-prone. In

this study, DLS measurements were carried out using a Malvern Zetasizer ZS.

3.2.4 X-ray Photoelectron Spectroscopy

Photoelectron Spectroscopy is based on collection of photoelectrons emitted upon
illumination of either ultraviolet or X-rays onto the samples. 1980quantitative The
kinetic energy of emitted photoelectrons, measured in terms of the number of de-
tected electrons in the analyser, are plotted with respect to the binding energy
of electrons. Ultraviolet Photoelectron Spectroscopy (UPS) and X-ray Photoelec-
tron Spectroscopy (XPS). The energy of ultraviolet rays (<41 eV) is sufficient to
only eject electrons from valence orbitals, whereas the high energy of X-rays (1000-
1500ev) can probe the core levels. The binding energies of electron indicates the
core energy levels of specific chemical elements. Therefore, XPS allows elemental

analysis of a given material. In addition, deviation of binding energy from those of
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isolated elements can provide information on the chemical environment in which the
element is found. The collected plots provide information on the electronic structure
as well as the chemical bonding and composition of the molecules.

The XPS in this work was carried out by Dr. Yana Vaynzof at the department of
physics, University of Cambridge X-ray photoemission spectroscopy measurements:
The Gyroid ZnO samples were fabricated on SiOx.Si and transferred to the ul-
trahigh vacuum (UHV) chamber (ESCALAB 250Xi) for XPS measurements. The
measurements were carried out using a XR6 monochromated Alk? X-ray source (hv
= 1486.6 eV) with a 650 m spot size. For the XPS depth profling, the Ar+ ion gun

etching was performed using ion energy of 3000 eV.

3.2.5 Ellipsometry

Ellipsometry is an optical characterisation technique used to measure a variety of
thin film optical properties, including dielectric constant /refractive index, thickness,
and film uniformity. The name belies the basic approach, where visible light is
elliptically polarised by means of a compensator or birefringent wave plate, reflected
at an angle off the sample, and analysed with another linear polariser. Rotating the
analyser allows a measurement of the ratio and phase relationship between parallel

1121 The amplitude ratio and phase shift

(P) and perpendicular (S) components.
between these components, introduced by the sample, are described by the so-called

ellipsometric angles Wand A, where the complex reflectivity is

p = tan (¢)e'® (3.7)
tan U = }:p: (3.8)
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Figure 3.7: Illustration of thin film characterisation of ellipsometry using a polariser
- compensator - sample - analyser (p-c-s-a) configuration!!

A =35, 0, (3.9)

The reflection of the incident light wave is described in terms of the Fresnel reflec-
tion coefficients r, and 7, which transform the incident parallel and perpendicular

electric field components £, and Ej:

E Top T E,;
p,out pp  'sp D,in

_ . (3.10)
Es,out T'ps Tss Es,in

This matrix may be expanded by use of the Jones matrices for each compo-
nent of the ellipsometer configuration. The system described above is a so-called
polarizer-compensator-sample-analyzer configuration, where each component has a
simple Jones matrix along with simple rotation matrices with respect to the plane

of incidence:
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Figure 3.8: Procedure for analysis using the datas obtained by ellipsometry['’!
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The ellipsometric angles are only an indirect measurement of the dielectric properties
of the film once known, they must be converted into useful quantities by regres-
sion analysis with a model that includes a reasonable description of the physical
characteristics of the material.'* (Fig 3.8

Spectroscopic ellipsometry is an extension of the basic principle, where instead of
a fixed wavelength light source, a broad spectrum source is used and monochromated
and scanned across a range of wavelengths. In this work, ellipsometry was used to
determine the thickness as well as the refractive index of the film. J.A. Wollan
alpha-SE spectroscopic ellipsometer was used (A = 380-900 nm), and fitting of the

data was carried out using the models, which were available in the software.
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Figure 3.9: A typical J — V curve measured from a solar cell[¥

3.2.6 Solar Cells Characterisation

The characterisation of solar cell device performance follows a well-established reg-
imen. Most of the electrical characteristics may be understood by examination of
the J-V curve of the cell, as illustrated in Figure Fig 3.9 .

The short-circuit current J,. is the solar cell current density measured under
short-circuit conditions; in other words, this is the maximum sustained current
output possible from the cell. As a voltage bias is applied, the current flow eventually
drops. The open-circuit voltage V,. is defined as the applied bias at which the
current drops to zero. V. is then the maximum voltage possible under infinite load
resistance. "]

The solar cell may be operated at any point along this curve (including forward

bias, in which the current flow is reversed and the cell operates as a light-emitting

diode, or reverse bias, in which it acts as a photodiode). The power density of the
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cell is simply the current-voltage product, and peaks at P,,,., the point of maximum
power. Jp,.. and V., are simply the current and voltage values corresponding to the
location of P,,,, on the measured curve. V., J,. describe a rectangular region on the
current-voltage plane; a similar, smaller rectangle is described by J4e and Va4, the
fill factor FF is defined as the ratio of the areas of these two rectangles.(Eq. 3.12)
Fill factor is a quantitative measure of the actual device behaviours deviation from

an ideal square curve.
Pmaa:

FF=—77—716H
Joc"/;)c

(3.11)

The primary figure of merit for a solar cell is the power conversion efficiency 7, which
is defined as the ratio of electrical power per unit area to the irradiance (power per

unit area) of the incident illumination:

p= oo et (3.12)

Increasing V., J,., and F'F all contribute to improvements in the power conversion
efficiency.

A more fundamental measure is the EQE or external quantum efficiency, which
is simply the number of charge carriers generated and delivered to the external load
per incident photon. The EQE is typically characterised as a function of photon
wavelength, as actual device performance is strongly dependent the light sources
spectral distribution.

In light of this dependence, the efficiency performance of real devices is typically
measured under standardised conditions, called Air Mass 1.5 (AM1.5) illumination.
This spectral distribution matches measured solar radiation at the earths surface,
modelling the sun as a blackbody radiator at 5760K, and attenuating the spectrum
with scattering and absorption features due to atmospheric components. Air Mass

1.0 describes terrestrial illumination with the sun directly overhead, while higher
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Figure 3.10: Basic configuration of an inverted hybrid solar celll’!

air mass numbers correspond to longer atmospheric path lengths at lower angles.
Air Mass 1.5 then describes a realistic illumination scenario, with the sun at arc-
cos(1/1.5) = 48 degrees from vertical.

In this work, solar cell fabrication and measurements were carried out in order
to demonstrate the functionality of the mesoporous ZnO films fabricated in Chapter
5 and Chapter 7. Inverted P3HT-ZnO hybrid solar cell with an architecture shown
in Fig 3.10 was used. WO3; was used as a high work function oxide, and Ag was
used as the metal anode material. A compact layer of ZnO was deposited by ALD
(~ 30-50nm) conductive prepatterned I'TO substrate. On top of the compact layer,
mesoporous ZnO layer was deposited, and infiltrated with a poly(3-hexylthiophene)
(P3HT) polymer. Upon preparation of the active mesoporous ZnO layer, the rest
of solar cell fabrication as well as the performance measurements were undertaken
by Dr. Yana Vaynzof at the Department of Physics, University of Cambridge.

For External Quantum Efficiency (EQE) measurements (in air) a 250 W tungsten
halogen lamp and an Oriel Cornerstone 130 monochromater were used. The mea-
surements were performed as a function of wavelength at intensities ~1 mW /cm? .
To measure the J-V curve of the device under AM1.5 conditions, an ABET Solar
2000 solar simulator was used. In order to obtain reliable data, a spectral mismatch

correction is carried out using a calibrated and certified inorganic solar cell.
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Chapter 4

Fabrication of Porous Polymer

Templates

4.1 Introduction

As discussed in Chapter 2, the microphase separation of block copolymers (BCP)
under equilibrium conditions leads to self-assembly into ordered arrays of nanoscopic
domains with cylindrical, lamellar, micellar, and double gyroid arrangements. This
process is governed mainly by the molecular architecture of the block copolymer,
with feature sizes determined by the molecular weight of the BCP on a length scale
between 10 nm-100 nm.

The double gyroid morphology, in particular, is an appealing candidate for 3D
nanostructured templates. The gyroid structure consists of two interwoven, periodic,
continuous networks of the minority block surrounded by a matrix of the majority
block. Upon selectively etching the minority phase, a free-standing, porous and
highly periodic polymeric templates can be obtained. Realising such a structure with
a length scale of < 50 nm is not yet possible using any conventional 3D lithography

methods.
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4.1 Introduction

Therefore, polymeric templates of gyroid morphology have been exploited to cre-
ate functional materials for applications in photocatalysis, solar cells, electrochromic
devices and super capacitor.[" ¥, where the high surface area to volume ratio of the
replicated gyroid structure is beneficial.

However, the gyroid morphology corresponds to a very narrow region of the
phase diagram and can only be achieved under conditions of thermodynamic equi-
librium. Therefore, fabrication of thin film gyroid polymeric template, let alone the
replication of the functional material, is not a straight forward process. So far, the
only gyroid system successfully used in aforementioned functional materials has a
pore size of < 10 nm, which can be often too small for certain technological appli-
cations. Finnemore et all’! used a bicontinuous gyroid (in bulk form) for guiding
single-crystal calcite growth structured with extreme periodicity on the sub-50 nm
length scale.

In addition, processing of gyroid structure can be time-consuming and extremely
delicate, which from an industrial point of view is not very versatile. For example,
most recently, Yu et al. reported sol-gel fabrication of gyroid TiO, using PS-PLLA
as a sacrificial template.!"! However, the gyroid templates, which took over 17 days
to fabricate, were again in bulk (<10 m) form.

For many applications, useful templates must be processed into thin films. How-
ever, the conditions required to reach equilibrium often conflict with the nature of
thin film processing, which entails fast evaporation kinetics and surface interactions
between the substrate, film, and air. Still to this date, thin film deposition of self-
assembled BCP remains a challenge, as most of the gyroid templates used have been
fabricated in bulk, with thicknesses of tens of microns.

Another way to achieve three-dimensional bicontinuous architectures from BCP
phase separation is to take advantage of an off-equilibrium system. BCPs of a

composition normally corresponding to lamellar or cylindrical phases can result in a
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bicontinuous and porous wormlike morphology when spin coated, which freezes the
system at a state far from equilibrium. ®! Although this structure is less periodic than
the gyroid structure, processing is easy and quick by comparison, and the resulting
film retains many of the desirable properties as a sacrificial porous template. Reports
on the film quality or thin film fabrication of both gyroid and wormlike morphologies
are limited.

In this chapter, the 3D bicontinuous and self standing polymer template with
pore size on the 20-40nm length scale was fabricated in thin films of controllable
thickness between 200 nm and 4m. The aim was to produce a robust, reliable route
to porous film fabrication, in order to act as a sacrificial template for a range of
functional materials.

The PS-PI BCP system introduced by Finnemore et al.””! was chosen. Two main
reasons lead to the choice of system for this study. It leads to phase-separated struc-
tures on a length scale (20-40-nm) desirable for solar cell application. In addition,
the polymers used are commercially available, which makes this route versatile and
easily applicable to other technological systems.

The intended purpose of the porous templates fabricated in this chapter is for
use in ALD replication, as well as solution impregnation of metal oxides (Chapters
5 and 6). For the polymer template to be used for creating metal oxide thin films

by either of the two routes, it must satisfy four basic criteria:

e The pores must be open and accessible from the top surface of the film.

e The pores must be interconnected so that the resulting film is free-standing.
e The thickness of replicated metal oxide depends on the thickness of the
porous template. Therefore, the film thickness of the porous template must
be controllable.

e The film quality must be smooth and consistent across a wide area.
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4.2 Experimental

Fabrication of gyroid films were carried out by closely following the previous
protocols developed by Scherer!”, using a modified form of drop casting referred
as “sandwich casting” method as well as spin coating followed by a post-annealing
process. In addition, thin films of the wormlike morphologies were fabricated by spin
coating the same solution used to prepare gyroid films. The spin-coated wormlike
structured enabled close examination of the elements of the fabrication process, due
to its quick fabrication steps and consistency of resulting films. Each preparation
process was studied with a focus on understanding the role it plays in the final
morphology, which provided control of this system as well as general insights into

future template design for other applications.

4.2 Experimental

4.2.1 Meterials

Toluene, Analytical grade, 98%, analytical grade, Fischer scientific, UK The poly-
mers used in this study are commercially available, the details of which are summa-

rized in Table 4.1 and Fig.4.1.

C

h
N
M\A+0H2—CH—}~b—{»CHz—C:CHwCH2—}—JVW =
Npg Np

Polystyrene- block-polyisoprene Polystyrene

Figure 4.1: Molecular structures of PS-b-PI and PS

Poly (styrene-block-isoprene) BCP was purchased from Polymer Source Inc., Canada
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Polymer M, ps(kg/mol) | My, p1(kg/mol) | fps | Supplier
Polystyrene | 45 39 0.49 | Sigma Aldrich, UK
PS-b-PI 8.7 N/A 1 Polymer Source, Canada

Table 4.1: Details of the polymers used for fabrication of porous templates

and Polystyrene homopolymer from Sigma Aldrich, UK.

4.2.2 Fabrication Steps

+ ~

PS-PI BCP PS homopolymer

5

Figure 4.2: Schematics of gyroid and wormlike deposition process

1) Preparation of the polymer solution of the correct composition
As illustrated in Fig. 4.2, fabrication of both wormlike and gyroid morphologies
starts from the same polymer solution which was carefully mixed based on an em-
pirical compositional study.[”) Starting with a lamellae-forming fraction of PS-PI
block copolymer dissolved in toluene, the PS volume fraction was altered by addi-
tion of PS homopolymer, which selectively swells the PS block of PS-PI, forming
a BCP-like system with a new volume ratio between PS and PI blocks, with the
overall volume fraction of PS increased by the contribution of the homopolymer.

(The detailed mechanism of this process is previously discussed in Chapter 2.) Con-
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sequently, the change in volume fraction leads to a morphology transition. The
composition-morphology relationship of this specific polymer system was previously
mapped!” and it was found that gyroid morphology was obtained by slowly drying
the hPS/PS-b-PI blend with an overall composition of fps= 65% at 4°C. Therefore,
the polymers were dissolved in toluene so that the final solution contained 65% vol-
ume fraction (fpg) of polystyrene. The concentration of the polymer solution varied
from 4.5 % to 17 % by weight.

2) Deposition of the polymer solution
Gyroid formation using sandwich casting
Sandwich casting, as previously reported!”, was the main deposition method for
gyroid fabrication. This technique slows the evaporation of the solvent, which allows
the system enough time to reach equilibrium. The polymer solution was drop-casted
onto a 1.4 cm x 1.4 cm Si substrate, and a PTFE film of 1.2 cm x 1.2 cm was
placed on top of the droplet. The sample was then placed into an enclosed chamber
containing 20 [ of toluene, in order to create a solvent-rich atmosphere. The chamber
was covered with a glass slide, sealed by vacuum grease, and left uninterrupted for
a week in a refrigerator at 4°C. The chamber was taken out of the refrigerator and
placed in fume hood at room temperature for an additional 24 hours, for the final
drying of the film.
Wormlike structure formation using spin-coating
Since wormlike structures are achieved at an off-equilibrium state, spin coating was
used as a deposition method. 50 [ of polymer solution was spin coated onto a
substrate of 1.4 cmx 1.4 cm. This quantity normally flooded the substrate. The
substrates were spun at various spin speeds of 750-200rpm.

3) Selective chemical etching of polyisoprene
Once the phase separated BCP film was deposited, the films were made porous by
selectively removing the polyisoprene block. The films were exposed to UV light at
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254 nm for a duration of 2-12 hours. The radiation cleaves the C=C backbone of
polyisoprene, which then becomes soluble in ethanol.[®) The sample was immersed in
ethanol for over 12 hours followed by further rinsing in methanol and slowly drying
slowly by placing the samples faced down onto a lint-free tissue, leaving behind a

porous polystyrene template.

4.3 Results and Discussion

4.3.1 Gyroid structure

Gyroid Fabrication by Sandwich Casting

Fig. 4.3 shows the SEM representation of gyroid templates obtained by the sand-
wich casting method.

Controlling the thickness of the resulting film using this method proved difficult.
The resulting films from 17 wt% solution had a thickness ranging between 6 and
10 m. By diluting the polymer solution to 10 wt%, the thickness range decreased
to 4-7Tmicrons. However, when the concentration was reduced further to 5 wt%,
phase separation was often not observed. Similar observations were also reported in
Scherer’s work [ Fig. 4.4).Although the gyroid structure was consistently achieved
using sandwich casting, the resulting films often suffered from cracking and peeling,
as well as inconsistent thickness throughout the film.

In addition, the majority of the films exhibited a dense, non-porous layer at the
top of the film which was not dissolved by the ethanol (Fig. 4.5 c). A hypothesised
mechanism for the formation of this layer is that part of the homopolymer separates
into a macrophase, driven by diffusion of the toluene solvent towards the film surface.
Unlike the observations in Scherer’s study!”, a thick compact top layer (up to 1

m in thickness) was observed for the films prepared by sandwich casting, while a
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Figure 4.3: Collection of SEM representations of gyroid templates. (a) cross-
sectional view (using a substrate holder at 45°) (b)(c)(d) different faces of gyroid
structure within the same film.

much thinner films formed for spin-coated samples. (See Fig. 4.5 and Fig. 4.6)
The thickness of the top layer varied from sample to sample, but since the total
thickness of the film also varied widely using this deposition method, no systematic
correlation with the top layer formation was found. Further discussion is presented
in Chapter 3.2 using spin-coated films of wormlike morphology. The non-porous top
layer was removed by oxygen plasma etching. Depending on the thickness of the
layer, up to 2 minutes of plasma etching was required. It was found that even if the
starting surface topography was smooth (Fig. 4.5 c¢), Oy plasma treatment for 1

minute lead to a very rough surface. (Fig. 4.5 d).
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Figure 4.4: SEM representation of peeling and cracking of the gyroid template after
EtOH etching of PI block

Gyroid Fabrication by Spin Coating

In an attempt to overcome the challenges of the sandwich casting method (un-
controllable thickness, peeling and cracking), an alternate route was investigated.
When optimised, the spin-coating process can generate films with smooth surfaces
and highly controllable thickness. The benefits of this deposition method make it
ideal for fabrication of polymer templates. However, the fast solvent evaporation
kinetics of spin coating is in conflict with the equilibrium nature of gyroid formation.
Fig. 4.6 shows examples of films prepared by spin coating using the same solution
as that used for gyroid formation. These films exhibit wormlike morphology with no
long-range order, and a smooth film surface over the entire span of the film (1.2cm
x1.2cm). The surface roughness of the final film (after the etching step) measured

by AFM was 15nm. (Fig. 4.7). No peeling or cracking was observed for films as
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Figure 4.5: (a) Gyroid film with a thick non-porous top layer, (b) both non-porous
top layer and blocked pores due to inadequate EtOH etching, (¢) zoomed image of
(a), (d) top surface of the film after Oy plasma etch of the top layer

thick as 4m. This could be attributed to the fact that the wormlike morphology
lacks long-range order, whereas gyroid arranges into multidomain crystals, which
makes the film prone to cracking along a certain crystal orientations.

The spin-coated film, which is frozen in at a non-equilibrium state, can be driven
into the gyroid phase by a subsequent solvent annealing step. After spin coating,
the film was left in a sealed chamber under a solvent-rich environment for up to 7
days, in order to allow the polymer system to rearrange and reach equilibrium. In
the film after solvent annealing for 72 hours (Fig. 4.8 a), cylindrical and lamellar
morphologies appeared, but no gyroid or wormlike morphology was found in sampled
areas. After 7 days, cylinder, lamellae, wormlike and gyroid morphologies were all
found in different parts of the same film. (Fig. 4.8 b, ¢, d). As a result of the

solvent annealing process, film quality in terms of surface roughness and thickness
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Figure 4.6: (a) SEM image of spin coated film using the gyroid forming mixture
used for producing films shown in Fig. 4.3, (b) zoomed image of (a). After removal
of PI block, a 3D porous wormlike structure was observed.

0 5.00 pm O 5.00 um
Data type Height Data type Phase
Z range 10.000 nm Z range 5o0.00 @

Figure 4.7: AFM image of the top surface of the wormlike film after EtOH etching

uniformity was significantly degraded. During solvent annealing, the solvent vapour
diffuses into the polymer film, mobilising the polymer chains and allowing them to
re-arrange into a more thermodynamically favourable state, which might not result
in a smooth film surface. It is foreseeable that by increasing the annealing time
for even longer or investigating alternative post deposition annealing conditions,
gyroid-only thin films can be achieved. However, in the context of developing a
versatile route to create porous templates, this might not be very practical in terms

of fabrication time and consistency.
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200nm

Figure 4.8: Spin coating followed by solvent annealing for 7 days. Combination of
cylinder (a) (c) and gyroid morphologies (b)(c)(d) were observed in different parts
of the same film.

4.3.2 Wormlike Structure

As discussed in Section 3.1.2, spin coating the gyroid-forming mixture leads to fast
evaporation of the solvent, quenching the system in a nonequilibrium state. Under
these conditions, the spin coated polymer mixture was found to microphase sepa-
rate into a wormlike morphology with feature sizes of 25-40nm. This porous film,
while lacking the periodicity of the gyroid morphology, remains suitable for many
applications, which require porous structures and/or a high internal surface area
to volume ratio, provided that the pores are interconnected throughout the film.
This approach provides the benefits of simpler and quicker processing conditions,
consistency in film quality, and control over film thickness. In addition, the lack of
long-range order makes the films less prone to cracking and peeling.

These kinetically trapped wormlike structures have been found to be bicontin-
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uous in different BCP systems. ] In order to check that these templates are have
interconnected pores, ZnO was deposited by ALD onto the substrates (see Chapter
5), and it was observed that the deposition was conformal throughout the film all
the way down to the substrate. (See Chapter 5) This indicates that the pores are in-
terconnected, allowing the ALD precursor molecules to diffuse throughout the film.
Upon removal of the polymer by thermal annealing at a temperature above 400°C
or oxygen plasma treatment for 20-60 minutes, a self-standing ZnO replica film was

obtained.

Controlling the Thickness

The thickness of the polymer template films is primarily dependent on the concen-
tration of the polymer in the solution, and the spin coating parameters such as spin
speed, acceleration, and duration. The thicknesses resulting from various experi-
mental conditions are summarised in Fig. 4.10 . The window of spin speeds for
the polymer solutions that resulted in a good film quality was found to range from
750 rpm to 2000 rpm, depending on the polymer concentration. For higher polymer
concentrations (>7%), a minimum of 1000 rpm was required to obtain a smooth
film. Varying the spin speed at a fixed concentration provided a fine adjustment,
altering the thickness by 50 to 100 nm, whereas varying the concentration of the
polymer resulted in thickness changes of hundreds of nanometers. Fig. 4.9 shows
the SEM images of the polymer films prepared with 4 different concentrations and
spin coated with the same speed, resulting in varying thicknesses. Expectedly, as
the film thickness increased, some cracks were found especially close to the edges of

the film, but no dramatic peeling as in the case of the gyroid samples was observed.
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Figure 4.9: SEM image of wormlike morphologies of various thicknesses using the
same polymer solution with different concentrations: (a) 5% (b) 7% (c) 8.5% (d)
17%

Effect of UV treatment

Selective etching of the polyisoprene minority block first requires degradation of the
PI by UV exposure. Treatment under UV between 12 and 48 hours has been used
for degradation of PI in a bulk PS-PI gyroid[')l. Because the gyroid films fabricated
in the previous section had thickness of over a micrometer, similar protocols were
appropriate. However, for thin film systems of less than one micron, this duration
of UV treatment was found to be excessive. As shown in Fig. 4.11 e andf, after
12 hours of UV exposure, the entire film including the polystyrene fraction became

etchable by EtOH. Therefore, it was important to find an exposure window where
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Figure 4.10: Summary of thickness of the films as a function of spin speed

the PI is fully degraded but the PS does not become etchable by ethanol. Intuitively,
one might expect that a shorter UV exposure time should be required for thinner
films to selectively degrade the PI. This is borne out by the experimental results.
For example, 4 hours of UV time appeared insufficient for films thicker than 600nm
as the PI backbone did not seem to be fully cleaved, judging by some blocked pores
observed from SEM images. As shown in Fig. 4.11 a, ¢ and e, for the films of
equivalent thickness ( 400nm) and the same ethanol etching time, the UV exposure
of 2, 4, and 12 hours resulted in different films. The same principle could be applied
for films of different thickness, and the optimum UV exposure times for different
thicknesses based on experimental observations are summarised in Fig. 4.12.

The spin-coated films also often exhibited a dense, non-porous layer at the surface
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Figure 4.11: Films prepared by different polymer concentration (resulting in different
thickness), UV exposure times, after 12 hours of EtOH etching (a) 500 nm-thick film,
2 hrs UV (b) 2 micron-thick film, 12 hrs UV (c) 500 nm film (same as (a)), 4 hrs
UV (d) 900 nm film after 4 hrs UV (e) 50nm film (same as that shown in (a) and
(c) after 12 hrs UV (f) 900 nm film after 12 hrs UV.
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Figure 4.12: Summary of optimal UV exposure time to obtain films with open pores
at the substrate surface.

of the film. This layer is qualitatively similar to that of the gyroid films prepared
by sandwich casting, but in this case the thickness of the top layer ranged only
from a few nm to 100 nm. In general, under equivalent processing conditions, the
thickness of the spin-coated top layer was proportional to the overall film thickness.
Some thinner films (300-400 nm) already had an open porous surface before plasma
etching, as shown in Fig. 4.12, while others had a solid layer of varying thickness.

Based on these experiments, the mechanism for the removal of the dense surface
layer can be hypothesized as due to UV degradation of the surface PS as well as the
interstitial PI. Upon exposing PS to UV, formation of chemical groups associated

with hydrophilic nature including hydroxyl (-OH), the carbonyl (C=0) and C-O-
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groups has been observed. [ [*]

Therefore, depending on the amount of UV exposure, the PS at the surface is
more soluble in EtOH. After an optimal duration of UV irradiation, the dense ho-
mopolymer layer at the top, which has thickness for sub-micron samples comparable
to the length scale of the film porosity, was degraded, which leads to an open porous
surface upon EtOH treatment. In order to confirm this hypothesis, a 350 nm-thick
PS homopolymer (M=100K) was prepared by spin coating and subjected to 12 hours
of UV exposure followed by 6 hours of EtOH. The thickness of the film, which was
measured by spectroscopic ellipsometry, decreased to 28nm. This confirms that UV

exposure can cause dissolution of PS in EtOH.

Selective chemical etching of polyisoprene block to create

pores

Following the backbone cleavage of the polyisoprene block, it becomes selectively
soluble in ethanol. According to the experimental results of fabricating thick gyroid
films, an immersion time of typically over 12 hours was needed in order to dissolve
all of the polyisoprene. Upon SEM examination of the samples, the same amount
of time was also required for films with thicknesses in the sub-micrometer range.
For all the films under a thickness of 400 nm, after 6 hours of immersing the film in
ethanol, no residual PI was observed from any of the sampled areas. However, for
films thicker than 400 nm, undissolved PI was observed in some parts of the film as
displayed in Fig. 4.13. Wang et al. found that immersion of PS in ethanol swells
the polymer and results in changes of feature size, to a degree dependent on the
duration of immersion. In our case, the PS structure remained unchanged from 6
to as long as 15 hours of immersion.[”! Therefore, the samples were typically left
immersed overnight to ensure that PI was completely etched away and dried before

storing for a prolonged period of time.
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Figure 4.13: Blocked pores due to insufficient UV exposure or EtOH etching

Removal of non-porous top layer of the film

The removal of any top layer that remained after etching simply required a short
oxygen plasma treatment of less than 30 seconds. Even for the films with a porous
top, 10 to 20 seconds of plasma treatment resulted in complete exposure of the pores

(Fig. 4.14), which allows easier infiltration of the guest material into the template.
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Figure 4.14: (a) a wormlike film prepared using an optimised protocol with some
compact top layer present, (b) the same film after 10s of O, plasma etching, (c)
zoomed image of (b) showing good porosity at the substrate-film interface
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4.4 Conclusions

4.4 Conclusions

In this chapter, we have established a systematic, reliable route to fabricating 3D bi-
continuous polystyrene film templates with pore sizes of 20 nm under either equilib-
rium conditions or non-equillibrium conditions with thickness ranging from 250 nm
to 4m. Both architectures bear distinct advantages and disadvantages that require
careful consideration based on the design requirements of the application. The pro-
cessing variables used in preparing the porous template were optimized. A few

conclusions can be drawn:

e Gyroid thin films were made through sandwich casting and spin coating fol-
lowed by solvent annealing. However, the resulting film suffered from cracks
and peeling. The reason for this could be that a large amount of stress built
up during PI etching by EtOH and the crystallinity of the gyroid could make
the film more prone to cracks.

e Controlling film thickness while maintaining film quality is achievable by
varying the concentration of the polymer solution when changing the thick-
ness by more than 200 nm. However, adjusting the spin-coating parameters,
in particular the spin speed provides a useful handle for varying the film thick-
ness by amounts less than 200 nm.

e The UV treatment of the spin-coated films degrades the backbone of PI as
well as cross-linking the polystyrene and rendering it hydrophilic at the same
time. Overexposure to UV also degraded the polystyrene template and made
it soluble in ethanol. The optimal amount of time for UV exposure depended
on the thickness of the films and is summarized in Fig. 4.12.

e The duration of longer than 12 hours for EtOH etching time was required for
completely removing polyisoprene from the film. SEM was utilized to confirm

complete removal of poisoprene block.
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Chapter 5

Fabrication of 3D Mesoporous

Zn0O via Atomic Layer Deposition

5.1 Introduction

Zn0 is a direct semiconductor with a wide bandgap of 3.37 eV with piezoelectric,
photocatalytic, and gas sensing properties.['! In its thin film form, it is used as
a transparent (semi)conductive electrode for optoelctronic and solar cell applica-
tions.? In addition, three-dimensional, porous structures of ZnO have been of tech-
nological interest in emerging areas of nanotechnology as they offer opportunities
for applications that require a high surface area or hybrid materials.

Unlike other transition metal oxides such as TiOs, and SnO, and despite equally
desirable properties, few reports exist successfully realising well-defined porous ZnO
structures on the 20 nm length scale. Instead, 3D structures of ZnO were based on
introducing different crystal growth sites and anisotropically growing one- dimen-
sional ZnO demonstrated by the examples of ZnO nanorods, nanowires, nano coils,
nano-forests. *! This is mainly attributed to the difficulties involved in controlling

the tendency of ZnO to rapidly crystallise at relatively low temperatures. Therefore,
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5.1 Introduction

the conventional sol-gel methods or electrodeposition methods have not been suc-
cessful for creating a well-defined three dimensional structure of ZnO on the length
scale of 20-40 nm. Reports on porous ZnO structures using such methods have pore
sizes larger than 200 nm % or have a poorly defined morphology.["* In this work, the
problems of the rapid crystallization behaviour of ZnO was alleviated by combining
blockcopolymer (BCP) microphase separation and atomic layer deposition (ALD).
We introduce a systematic method of fabricating 3D bicontinuous structures of ZnO
with feature sizes on the sub-50 nm length scale and controllable thicknesses ranging
from 200 nm to several microns.

As discussed in the previous chapters (Chapter 2 and Chapter 4), due to their
desirable self-assembled morphologies, BCPs have been utilised to pattern metal
oxides either as a direct structure guiding material’! or as a sacrificial template for
metal oxide materials via electrodeposition!'”) or solution impregnation .

Alternatively, atomic layer deposition (ALD) allows three dimensional, confor-
mal replication of the polymer substrate in a more controlled manner compared to
conventional solution processing methods. Successful 3D deposition requires more
careful consideration of processing parameters such as exposure time, precursors
partial pressure, deposition temperature and the aspect ratio and surface chemistry
of the non-flat substrates. Several models and simulation methods were suggested to
describe conformal deposition onto substrates of high aspect ratios (>10000) such as
alumina membranes (AAQ), nanotubes or inverse opals.['>'Yl Wang et al. reported
the deposition of ZnO onto a complex polymer structure of tubular shape. ]

Despite the fact that both BCP templating, and ALD have been utiliszed for 3D
metal oxide fabrication, it has remained a challenge to establish a simple, reliable
3D ZnO material system which has a systematic, controllable thin film processing

route and a demonstrated application. In this study, we report a method for the

preparation of highly periodic mesoporous structures of ZnO by replicating a self-
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assembled polymer substrate using the ALD, maximally exploiting the advantages
of the two systems. Starting with a porous template obtained by self assembly
of BCP followed by a selective etching of the minority phase (detailed in Chapter
4), ZnO was conformally coated by exploiting ALDs ability to conformally coat
complex 3D surfaces of high aspect ratios, the gyroid morphology of a self- assembled
block copolymer template was replicated by ZnO. The application of this material

is demonstrated in a solar cell application.

5.2 Experimental

Template fabrication

The polymers used for template fabrication were Polystyrene (45kg/mol)-block-
polyisoprene (39 kg/mol), purchased from Polymer Source Inc., Canada, and polystyrene
(10kg/mol), purchased from Sigma Aldrich. PS-b-PI and PS were mixed to result
in 65% volume fraction of PS and dissolved in toluene. In order to fabricate a self
assembled gyroid structure, 207 of solution was drop cast onto a substrate (Si, ITO,
or glass) of 1.2cm x1.2cm. A PTFE film of lem X 1em was placed onto the middle of
the drop and the film was placed in a sealed chamber with a toluene-rich atmosphere
at 4°C for upto 7 days. For a wormlike structure, 60/ of the mixed polymer solution
was spin coated onto a substrate at 1000/1000 rpm/acceleration for 90 seconds. The
film was then taken out of the chamber and left in the air at room temperature for
an additional 24 hours before being exposed to UV (254 nm) for 12 hours in order
to degrade the polyisoprene block. The poly isoprene block was then removed by
placing the film in ethanol solution for 15 hours. In order to minimise peeling and
cracking of the film, the film was placed upside down on a lint-free tissue and dried.
ZnO replication

A Beneq system was used for ALD deposition. The precursors for ZnO deposition
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were diethyl zinc (CyHs)2Zn, purchased from ABCR GmbH Co. KG, and deionized
water (HyO). Deposition cycles ranged from 65 to 250 cycles. Although numerous
variations of recipes were tried, typical pulse/purge times for continuous flow method
were 30s for the first 30 cycles, 1 minute for the second 40 cycles, and 2 minutes for
the third 30 cycles. A typical half cycle of stop-flow recipe included a 10s pulse, 1
minute hold time with the vacuum and nitrogen flow off, and purging for 1 minute.
Deposition was normally carried out at 80 °C, but for depositions at 100 °C and 120
°C were made for comparison.

Removal of PS template

The deposited ZnO- polymer hybrid was then exposed to either oxygen plasma (Di-
ener Plasma Etcher) or calcination at a temperature above 400°C. For sufficient PS
removal, a duration between 15 minutes and 45 minutes, of oxygen plasma treatment
was required, depending on the thickness of the polystyrene. For a temperature re-
moval of PS; the samples were heated up (ramp: 10 °C/minute) to a temperature
above 400°C and annealed for 2 hours in air.

Etching of compact ZnO layer

An inductive coil plasma(ICP) etcher (Oxford Instrument) was used to etch the top
nonporous layer of ZnO. 6 minutes of etching removed the 30 nm nonporous layer.
The etchant used were CHF3 (50 ccm) and Ar (25ccm) using RF power of 100 W
and forward power 1550 W.

X-ray Diffraction

Wide angle x-ray scattering (WAXS) measurements, were carried out using a Bruker
D8 diffractometer. The samples were prepared on a Si substrate.

X-ray photoemission spectroscopy measurements

The gyroid ZnO samples were fabricated on SiOs-coated Si and transferred to the
ultrahigh vacuum (UHV) chamber (ESCALAB 250Xi) for XPS measurements. The

measurements were carried out using a XR6 monochromated Alka x-ray source (hv
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= 1486.6 eV) with a 650 m spot size. For the XPS depth profling, the Ar ion gun
etching was performed using ion energy of 3000 eV.

Photovoltaic device fabrication

The worm-like ZnO structures were fabricated on prepatterned ITO/glass substrates
as described above. The poly(3-hexylthiophene) (P3HT) (from Reike Metals) poly-
mers was dissolved in anhydrous chlorobenzene and spin-coated on the ZnO meso-
porous layer. The samples were then transferred to a thermal evaporation chamber
for WO3 (10 nm), Ag (30 nm), and Al (60 nm) deposition under high vacuum (10 -
6 mbar). Finally, the devices were post-annealed at 140 °C for 10 mins.
Photovoltaic performance characterization

For External Quantum Efficiency (EQE) measurements (in air) a 250 W tungsten
halogen lamp and an Oriel Cornerstone 130 monochromater were used. The mea-
surements were performed as a function of wavelength at intensities ~1 mW /cm? .
To measure the J — V' curve of the device under AM1.5 conditions, an ABET Solar
2000 solar simulator was used. In order to obtain reliable data, a spectral mismatch

correction was carried out using a calibrated and certified inorganic solar cell.

5.3 Results and Discussion

5.3.1 Mesoporous ZnO structures preparation
5.3.1.1 Polymer templates

Fig. 5.1 demonstrates the sample preparation process. The mesoporous polystyrene
templates (gyroid and wormlike) used for ALD replication of ZnO are shown in Fig.
5.2a and Fig. 5.3a. The UV exposure involved in the preparation process of these
templates (as detailed in Chapter 4) not only breaks down the backbone of the PI

creating the voids within the film, but also creates carboxylic groups on the PS. [
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Figure 5.1: Schematic representation of sample preparation procedure. (a) Porous
PS template is created via phase separation followed by selective etching polyiso-
prene block. (b) Replication of the polymer template with ZnO via ALD.

Thus, upon ethanol etching of PI, the polystyrene surface is left rich in OH groups,
which is crucial for conformal deposition of ZnO using ALD, which is discussed in

more detail later in this chapter.

5.3.1.2 ALD deposition of ZnO onto PS templates

The steps of the replication process illustrated in Fig. 5.1b are demonstrated by
the scanning electron microscope (SEM) images shown in Fig. 5.2a, b, c¢ and
Fig. 5.3a, b, c. Starting with the template, ZnO was deposited via ALD, followed
by removal of the polymer template. The ZnO-polymer hybrid (before removal
of the polymer to create a mesoporous ZnO) is shown in Fig. 5.2b. The polymer
template and the area where insufficient ZnO was deposited appear dark or charging
when characterized by scanning electron microscopy (SEM) because the polystyrene
template is not conductive.

The diameter of the void channels running through the polymeric template was
estimated to be roughly 32 nm for gyroid, and 25-35nm for wormlike structure.

Given that the growth rate of ZnO is reported to be approximately 1.5 A- 2.2 Aper
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Figure 5.2: SEM representation of gyroid ZnO fabrication process. (a) Gyroid
polystyrene template (b) as deposited ZnO-PS hybrid (¢) ZnO gyroid film after
temperature annealing at 550°C and (d), (e), (f) different faces of ZnO gyroid ob-
served in the films after temprature annealing at 550°C.
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Figure 5.3: SEM representation of gyroid ZnO fabrication process. (a) (c¢) wormlike
polystyrene template (b) as deposited ZnO-PS hybrid (d) ZnO gyroid film after
temperature annealing at 400 °C followed by ICP etching of the top compact layer.
All scale bars are 200 nm.
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6,177 110 cycles of ZnO were deposited in order to aim for a minimum of 16.5

cyclel
nm deposition on the template surface, which under the assumption of conformal
coating would sufficiently fill the void. The thin solid layer on top of the porous film
of ~20nm results from the surface limited, conformal deposition, which can easily be
removed using dry etching methods such as reactive ion etching (RIE) or inductive
coupled plasma (ICP).

The replicated ZnO gyroid film is self-standing and highly periodic with a consis-
tent channel diameter of approximately 30nm. Fig. 5.2d, e, f show the gyroid ZnO
structure imaged from different angles, thus showing different gyroid faces. Likewise,
the wormlike structure is also replicated using the ALD, and using the advantage of
being able to control the thickness of the film, 3D bicontinuous ZnO of thin films of
thicknesses ranging from 200 nm to 2 m were successfully fabricated. (Fig. 5.3a,
c) This also proves that the wormlike polymer template has interconnected pores.
Both types of films were annealed at temperatures between 400°C and 550 °C, and
the 3D structures showed stability in this temperature range.

In order to replicate the complex 3D polymer nanostructure into ZnO by ALD,
two different types of exposure methods were utilised: the continuous flow method
and the stop-flow method, which were closely studied by Karuturi et al.? . The ex-
posure times required for successful replication were comparable to what has been
reported for high aspect ratio structures: 30s - 2 minutes for each pulse and purge
step and 10 - 20 s exposure with hold times between 1-4 minutes. While both meth-
ods have provided a conformal coating of ZnO leading to successful replication of
the complex 3D structure, the stop-flow method was proven more practical because
pulsing the precursors for up to 2 minutes per cycle would require up to 240 minutes
of precursor consumption for each run, whereas the stop-flow method only required
between 10-20 seconds of precursor consumption time while the substrate was still

exposed to the precursor during the hold period.
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Upon subjecting the film to a temperature above 400°C or O, plasma treatment,
the polymer network within the deposited ZnO was removed, creating a complex 3D
Zn0 structure, voided gyroid or worm-like. When the deposition did not completely
infiltrate through the entire depth of the template (Fig. 5.2b), the layer into which
Zn0O was sufficiently deposited, was observed to settle down onto the substrate upon
removal of the polymer without destroying the structure(Fig. 5.2¢).It is also worth
noting that small voids of less than hnm is observed in the cross section of the ZnO
channelsFig. 5.2e and f, indicating that the precursors did not sufficiently diffuse
into the pores because the accessible routes to these pores were closed off.

The incomplete penetration of ZnO through the entire depth of the template
could be attributed to several factors. The important factors affecting the con-
formal coverage include the partial pressure and exposure time of the precursors,
aspect ratio of the structure, and the chemistry of the substrate surface.['>'8l In
addition, sufficient purge time of the precursor for each half-cycle is crucial for re-
moving the byproducts as well as the unreacted ones. The unreacted precursor A
remaining within the pores can cause chemical vapour deposition (CVD) deposition
and block off the pores, preventing the precursor B from further infiltration into the
interconnected voids.

Although the deposition kinetics of high aspect ratio systems have been studied
both experimentally and theoretically, tube-like substrates with the pore widths
>100nm with the tube length in >10m were normally used, which could provide
general insights and guidelines, but cannot be directly applied to our system. !>
Pore blocking and non-uniform coating behaviour when ALD was carried out onto
these high aspect ratio substrates has been previously observed.['”! Even though the
aspect ratio of the gyroid is not as high as those in other studies using AAO or
inverse opal structures, such problems are not alleviated for several reasons.

Firstly, our 3D bicontinuous substrates have more complex morphologies com-
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Figure 5.4: Cross sectional SEM image of a wormlike ZnO-PS hybrid. ZnO was
deposited conformally onto a ~5 m-thick wormlike structured PS template.

prising numerous interconnected channels. Therefore, this could mean that complete
saturation of the substrate surface as well as purging of excess precursors is much
more difficult and requires a much longer purging duration despite the lower aspect
ratio relative to the ultra-high aspect ratio systems. !>

In addition, the significantly smaller feature size of this system (~30nm) means
that unless the deposited material stays either completely amorphous, or extremely
fine (~1-2nm) nano-crystalline, throughout the entire deposition cycles, pore block-
age due to crystallite formation after ~ 20 cycles (corresponding to ~5nm of de-
posited ZnO). Even if only nano crystalline, this would greatly change the surface
roughness within the pores and only amplify as the number of cycles increase. In

fact, the XRD results reveal that crystallite formation is observed in ZnO gyroid-
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PS, hybrid as deposited without any post treatment, with a crystallite size ~8 nm.
(Fig. 5.6)

In this regard, the abundance of -OH groups on the substrate surface is crucial for
creating as many active reaction sites as possible, minimising “cluster formation”.[*"!
In our system, during the UV exposure step of the polymer template fabrication, OH,
-COOH groups on the polystyrene surface are created '), which allows for conformal
coating of the polymer surface. According to the SEM image shown in Fig. 5.5,
uniform initial ZnO coating was observed. However, this does not eliminate the
possibility of deposition of multiple layers of precursors, as opposed to a surface
terminated process, resulting in over-saturation of the surface caused by prolonged
exposure of precursors to the substrate surface. This would be a likely reason for
pore blockage.

Increasing the exposure duration by a factor of 2 was tried as an attempt to fill
the final few nm of unfilled core of in the gyroid channels, which appears as a void in
the SEM image Fig. 5.2e and f, but in most of the samples, the unfilled void was
observed close to the substrate. The unfilled core of the gyroid channels, suggesting
that the pores at the top surface were closed 15-25 cycles earlier than the calculated
cycle numbers based on the growth rate. It was observed, as shown in Fig. 5.5,
that the pores were blocked off after 65 cycles, which corresponds to depositions
between 10-15 nm, and the diameter of unfilled voids was roughly between 3-7 nm.
By this time, the aspect ratio of the structure has increase by a factor of 10 and
further increasing the pulse/purge times became impractical. The substrate closer
to the surface is blocked off much too early. There should be a good balance between
the precursor amount, exposure time, and partial pressure.

Furthermore, as reported by Urbas et al., removal of PI requires a prolonged
period of exposure under UV and ethanol (up to 48 hours for each process).!]

Therefore, it is a possibility that some residual PI might have remained in the
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Figure 5.5: ALD of ZnO (a) top layer (b) cross section of ZnO deposited onto the
porous template after 30 cycles (c¢) (d) after 75 cycles. The scale bars are 200 nm.

bottom part of the gyroid substrate, either occupying the void or altering the surface
chemistry of the substrate. This is a likely hypothesis, as infiltration was achieved
up to 5 m depth has been observed (Fig. 5.4) using a wormlike structured template
under the same deposition conditions. In the thinner polymer template systems (<
2m), such incomplete infiltration leading to settling of entire films was not witnessed,

although the few nm-wide unfilled voids still were observed.

5.3.1.3 Deposition temperature

Due to a prolonged deposition time, the template has to withstand the temperature
up to 24 hours depending on the thickness and the exposure methods. In order
to assess its temperature stability, the templates were left in vacuum for up to 24

hours in temperatures up to 120 °C. The crosslinked polymer template was found to
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Figure 5.6: XRD characterization of mesoporous ZnO (a) based on annealing at
various temperatures after ALD at 80°C and (b) different deposition temperatures
without further annealing

withstand temperatures up to 110°C, above which deformation of morphology and
collapse of the polymer structure was observed. The deposition temperature window
for ALD of ZnO was reported to be 80°C-150°C.*Outside this window, a perfect
deposition cycle might be hindered due to the temperature not being high enough
for the surface reaction to start, or being too high to cause precursor dissociation.
The temperature stability of the cross linked PS template was found to be around
110°C, in order to keep this method applicable for other different types of polymer
templates, the default deposition temperature was kept at 80 °C, the lowest possible
of the conformal deposition window. Deposition at 100 °C was later investigated to
explore the deposition temperature dependence of crystallite size of deposited ZnO,

but the crystallite size did not differ from that of 80°C deposition (Fig. 5.6 b).

5.3.1.4 Mesoporous ZnO characterization
5.3.1.5 X-ray diffraction (XRD)

The replicated ZnO was characterized using XRD under various fabrication condi-

tions. In order to examine the crystallization behaviour with respect to annealing
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Figure 5.7: XPS spectra of (a) Zn2p and Ols on as-deposited and annealed films.
(b) depth profiling of annealed film

temperature, the film was annealed at 250 °C, 350 °C and 450°C. (Fig. 5.6 a) Before
the heat treatment, the polymer was removed by Os plasma treatment. The peaks
corresponding to [100], [001], [002] of wurtzite ZnO*l were observed. This smooth
coating mechanism was once more supported by the XRD data. The as-deposited
Zn0O film, after the removal of polymer by O, plasma, appears to have very small
crystallite sizes. The as-deposited ZnO, without further annealing, was nanocrys-
talline (or amorphous) as demonstrated by the broad peaks. Upon annealing, the
peaks sharpen, indicating growth of crystallites. Using Scherrer eqution, the crys-
tallite sizes were calculated for each deposition temperature to be 13 nm for 250
°C and 350 °C, 25 nm for 450 °C and 550 °C. According to previous studies for
solar cells crystallite sizes of 20 nm were reported to be optimal for solar cell per-
formance. ! The deposition temperature was increased to 100°C to check whether
this would affect the crystallite size. As shown in Fig. 5.6 b, the higher deposition
temperature did not alter the crystallinity of the as deposited film.

5.3.1.6 X-ray photoemission spectroscopy (XPS)

The chemical composition of the film was probed by means of x-ray photoemis-

sion spectroscopy. Fig. 5.7a shows the Zn2p and Ols spectra of as deposited and
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400 °C annealed films. The Zn2p3 peak appears at 1022.3 eV, in good agreement
with previous reports for ZnO.?"! The Ols peak is deconvolved into a low binding
energy peak at 530.9 eV and a high binding energy peak at 532.4 eV. The low bind-
ing energy peak is assigned to fully coordinated Zn-O-Zn oxygen atoms, while the
high binding energy peak is due to partly coordinated Zn-O-H atoms. The percent-
ages represent the relative contribution to the Ols peak by each species. It is clear
that annealing increases the percentage of fully coordinated O atoms in the film.
The surface scan also revealed the existence of adventitious carbon (not shown here)
which accounted for 10% of the atomic composition. To probe the mesoporous layer
composition below the surface, an XPS depth profile was obtained.Fig. 5.7b shows
the evolution of Zn2p, Ols, C1 and Si2p (Si and SiOs) with etching time. The
top surface scan Fig. 5.7a was not included in the depth profile due to the 10%
contamination C layer on top of the surface. The depth profile demonstrates that
the composition of the ZnO gyroid (I) is uniform up to the ZnO compact layer (II)
on the SiOx/Si substrate (III and IV). Additionally, it demonstrates that no car-
bon remains inside the gyroid structure consistent with full removal of the polymer
template. Throughout the gyroid, the ZnO composition is not stochiometric, but
highly oxygen deficient, as expected from ZnO layer.

5.3.1.7 Potential application in hybrid photovoltaics

To demonstrate the potential of application of the mesoporous ZnO layer for hy-
brid photovoltaics, a polymer/mesoZnO solar cells was fabricated. For this purpose,
a wormlike mesoporous layer was deposited on conductive pre-patterned ITO sub-
strate and infiltrated with a poly(3-hexylthiophene) (P3HT') polymer. The wormlike
Zn0 structure was chosen due to the increased degree of control over the film thick-
ness and uniformity it offers. Fig. 5.8 a and b present the external quantum
efficiency of the photovoltaic device and its J — V characteristics under solar simu-

lator conditions, respectively. The device performance parameters are shown in the

95



5.3 Results and Discussion

inset of Fig. 5.8 b .
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Figure 5.8: Summary of the architecture and performance of ZnO/P3HT device bult
using a wormlike ZnO film of 250nm thickness

The short circuit current of the device (2.38 mA/cm?) is significatly improved
over that of a bilayer ZnO/P3HT device (0.47 mA/cm?) fabricated in the same
device architecture!*”). This is consistent with the much increased interfacial area

of the P3HT/ZnO at which excitons can disassociate into charges and contribute
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to photocurrent. The open circuit voltage (V,.) of the device is measured to be
~0.2 V. The work function and the bandgap of the ZnO, which depend on the ex-
act processing conditions, would affect the V... This suggests that altering the
mesoporous ZnO layer farication procedure is required to increase the Voc to match
that of P3HT/ZnO nanowire devices in which V. of up to 0.43 V was reported. [*’!
Finally, the poor fill factor (FF) of the device suggests that charges were not ex-
tracted efficiently from the device. This is likely to result from the variations in film
thickness and surface roughness which limit charge transport and extraction. We
find that the limiting factor for optimisation remains controlling the surface rough-
ness during the ICP etching of the compact layer and further studies to resolve this
are ongoing. We note that the performance of the photovoltaic device is moderate,
but promising as it is comparable to previous reports of P3HT/ZnO nanocrystal

mesoporous layers. !

5.4 Conclusions

We have presented two routes to fabricating a well-defined, 3 dimensional meso-
porous nanostructures of ZnO on the 20-40nm length scale, by atomic layer deposi-
tion of ZnO onto a sacrificial porous template. One route leads to highly periodic
double gyroid morphology, and the other results in a wormlike morphology, which
still offers a well-defined structure with interconnected pores. While gyroid ZnO of-
fers an extremely periodic morphology, it requires delicate processing conditions and
long preparation times. On the other hand, the wormlike structure, was achieved
by a more controllable and simpler route, which could be beneficial for large-scale
production. The key to realising these structures was to bypass the rapid crystalli-
sation behaviour of ZnO. Theoretically, ALD offers a surface limited reaction which

leads to conformal coating of a 3D surface. However, in a system like ours where the
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channel width is around 30 nm, ensuring that the surface of our polymer template
was rich in OH group was important because -OH groups initially act as reaction
sites for the first precursors, which would influence the size of ZnO crystallites.
The fabricated films were characterised using XPS, XRD and SEM, which con-
firmed deposition of wurzite ZnO throughout the film. It was also shown that
the as-deposited ZnO (at 80°C) onto the polymer substrate was nanocrystalline,
and the size of crystallites showed growth as the post annealing temperature in-
creased. The structure also showed thermal stability at 550°C. The average pore
dimension in these structures was approximately 30 nm, based on the SEM charac-
terisation, demonstrating high potentials for hybrid photovoltaic application. Pre-
liminary results were presented on using the wormlike structure to build a poly (3-
hexylthiophene) /wormlike ZnO structure solar cell, demonstrating its application

potential.

98



Bibliography

[1]

Djurisi¢, A.B., Chen, X., Leung, Y.H., and Ng, A.M.C. (2012) Zno nanostructures:
growth, properties and applications. J. Mater. Chem., 22 (14), 6526, doi:10.1039/
¢2jm15548f. 80

Gwinner, M.C., Vaynzof, Y., Banger, K.K., Ho, P.K.H., Friend, R.H., and Sirring-
haus, H. (2010) Solution-processed zinc oxide as high-performance air-stable elec-
tron injector in organic ambipolar light-emitting field-effect transistors. Adv. Funct.
Mater., 20 (20), 3457-3465, doi:10.1002/adfm.201000785. 80

Zhang, Q., Dandeneau, C.S., Zhou, X., and Cao, G. (2009) Zno nanostructures
for dye-sensitized solar cells. Adv. Mater., 21 (41), 4087-4108, doi:10.1002/adma.
200803827. 80

Qiu, J., Guo, M., and Wang, X. (2011) Electrodeposition of hierarchical zno nanorod-
nanosheet structures and their applications in dye-sensitized solar cells. ACS Applied
Materials € Interfaces, 3 (7), 2358-2367.

Ko, S., Lee, D., Kang, H., Nam, K., Yeo, J., Hong, S., Grigoropoulos, C., and Sung,
H. (2011) Nanoforest of hydrothermally grown hierarchical zno nanowires for a high
efficiency dye-sensitized solar cell. Nano Letters, 11 (2), 666-671. 80

Scharrer, M., Wu, X., Yamilov, A., and Cao, H. (2005) Fabrication of inverted opal
zno photonic crystals by atomic layer deposition. Applied Physics .... URL http:
//link.aip.org/link/7APPLAB/86/151113/1. 81, 83

Wagner, T., Waitz, T., Roggenbuck, J., Froba, M., Kohl, C.D., and Tiemann, M.
(2007) Ordered mesoporous zno for gas sensing. Thin Solid Films, 515 (23), 8360—
8363, doi:10.1016/;.ts£.2007.03.021. 81

Lepoutre, S., Julidn-Lépez, B., Sanchez, C., Amenitsch, H., Linden, M., and Grosso,
D. (2010) Nanocasted mesoporous nanocrystalline zno thin films. J. Mater. Chem.,
20 (3), 537, doi:10.1039/b912613a. 81

Yang, P., Zhao, D., Margolese, D.I., Chmelka, B.F., and Stucky, G.D. (1999) Block
copolymer templating syntheses of mesoporous metal oxides with large ordering
lengths and semicrystalline framework. Chem. Mater., 11, 2813-2826. 81

99



BIBLIOGRAPHY

[10]

[11]

[12]

[13]

[16]

[17]

[18]

[19]

Crossland, E., Kamperman, M., Nedelcu, M., Ducati, C., Wiesner, U., Smilgies, D.,
Toombes, G., Hillmyer, M., Ludwigs, S., and Steiner, U. (2008) A bicontinuous double
gyroid hybrid solar cell. Nano letters, 9 (8), 2807-2812. 81

Hsueh, H. and Ho, R. (2012) Bicontinuous ceramics with high surface area from block
copolymer templates. Langmuir, 28 (22), 8518-8529. 81

Gordon, R., Hausmann, D., Kim, E., and Shepard, J. (2003) A kinetic model for
step coverage by atomic layer deposition in narrow holes or trenches. Chemical Vapor
Deposition, 9 (2), 73-78. 81, 89, 90

Karuturi, S.K., Liu, L., Su, L.T., Chutinan, A., Kherani, N.P., Chan, T.K., Osipow-
icz, T., and Tok, A.I'Y. (2011) Gradient inverse opal photonic crystals via spatially
controlled template replication of self-assembled opals. Nanoscale, 3 (12), 4951, doi:
10.1039/c1nr11248a.

Elam, J., Routkevitch, D., Mardilovich, P., and George, S. (2003) Conformal coating
on ultrahigh-aspect-ratio nanopores of anodic alumina by atomic layer deposition.
Chem. Mater., 15 (18), 3507-3517. 81, 89, 90

Wang, Y., Qin, Y., Berger, A., Yau, E., He, C., Zhang, L., Gosele, U., Knez, M.,
and Steinhart, M. (2009) Nanoscopic morphologies in block copolymer nanorods as
templates for atomic-layer deposition of semiconductors. Adv. Mater., 21 (27), 2763~
2766, doi:10.1002/adma.200900136. 81

Ndoni, S., Li, L., Schulte, L., Szewczykowski, P.P., Hansen, T.W., Guo, F., Berg,
R.H., and Vigild, M.E. (2009) Controlled photooxidation of nanoporous polymers.
Macromolecules, 42 (12), 3877-3880, doi:10.1021/ma900485q. 84, 91

Grigoras, K., Airaksinen, V., and Franssila, S. (2009) Coating of nanoporous mem-
branes: atomic layer deposition versus sputtering. Journal of nanoscience and nan-
otechnology, 9 (6), 3763-3770. 88

George, S. (2010) Atomic layer deposition: an overview. Polymer, 1550, 125. 89

Skoog, S., Bayati, M., Petrochenko, P., Stafslien, S., Daniels, J., Cilz, N., Comstock,
D., Elam, J., and Narayan, R. (2012) Antibacterial activity of zinc oxide-coated
nanoporous alumina. Materials Science and Engineering: B. 89

Alessandri, 1., Zucca, M., Ferroni, M., Bontempi, E., and Depero, L. (2009) Growing
zno nanocrystals on polystyrene nanospheres by extra-low-temperature atomic layer
deposition. Crystal Growth and Design, 9 (3), 1258-1259. 91

Urbas, A.,; Maldovan, M., DeRege, P., and Thomas, E. (2002) Bicontinuous cubic
block copolymer photonic crystals. Adv. Mater., 14 (24), 1850-1853. 91

100



BIBLIOGRAPHY

[22]

23]

[24]

[25]

Yamada, A., Sang, B., and Konagai, M. (1997) Atomic layer deposition of zno trans-
parent conducting oxides. Applied surface science, 112, 216-222. 93

Olson, D., Shaheen, S., Collins, R., and Ginley, D. (2007) The effect of atmosphere
and zno morphology on the performance of hybrid poly (3-hexylthiophene)/zno
nanofiber photovoltaic devices. The Journal of Physical Chemistry C, 111 (44),
16 670-16 678. 94, 97

Bouclé, J., Snaith, H., and Greenham, N. (2010) Simple approach to hybrid poly-
mer/porous metal oxide solar cells from solution-processed zno nanocrystals. The
Journal of Physical Chemistry C, 114 (8), 3664-3674. 94, 97

Vaynzof, Y., Kabra, D., Zhao, L., Ho, P., Wee, A., and Friend, R. (2010) Improved
photoinduced charge carriers separation in organic-inorganic hybrid photovoltaic de-
vices. Applied Physics Letters, 97 (3), 033 309-033 309. 95, 96

Lee, Y., Davis, R., Lloyd, M., Provencio, P., Prasankumar, R., and Hsu, J. (2010)
Open-circuit voltage improvement in hybrid zno—polymer photovoltaic devices with

oxide engineering. Selected Topics in Quantum FElectronics, IEEE Journal of, 16 (6),
1587-1594. 97

101



Chapter 6

Fabrication of 3D Amorphous
I(G)ZO via Solution-Impregnation

Chapter Overview

In this chapter, we present a novel fabrication route to a mesoporous amorphous
transparent conducting oxide (a-TCO) film of well-defined, 3D morphology obtained
by self assembly and block copolymer (BCP) phase-separation at an off-equilibrium
state. Indium Galium Zinc Oxide (IGZO) precursor solution was impregnated into
a mesoporous polystyrene template fabricated by phase separation of a BCP. While
the gyroid structure provides a potential application for structural studies, a worm-
like template can provide a simple and controlled route to fabricating a 3D porous
material. Upon removal of the sacrificial template, amorphous IGZO of the repli-
cated 3D structure was accomplished. The system is presented with various dimen-
sions of control and variability, which implies potential for many future applications.
The conductivity of the material can be tuned via chemical composition of the metal
oxide, and the thickness of the material can be controlled by varying the thickness

of the substrate.
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6.1 Introduction

Amorphous oxides, compared to the conventional polycrystalline (or nanocrystalline)
TCOs, are favourable in terms of uniformity of thin film characteristics, absence of
grain boundaries, which could cause unwanted brittleness and scattering, as well as
processing temperature. These characteristics not only improve the current elec-
tronic applications but also can serve as a platform for the development of new
device technologies. Numerous studies have recently been reported on an effective
thin film deposition method, compositional studies, and properties of amorphous
ternary oxides such as InZnO (I1ZO), InGaZnO(IGZO), and ZnSnO(ZTO).!"*l These
films were deposited mainly via physical vapour deposition methods such as mag-
netron sputtering or pulse laser deposition (PLD), as they are currently the methods
conventionally used for thin film TCO deposition.

The solution processing method for amorphous TCO (a-TCO) thin films is more
economical compared to the conventional physical vapour deposition methods. More
importantly, unlike the isotropic nature of the PVDs, this method opens up the
possibility of fabrication of 3D structured aTCO materials. Only recently, Banger
et al. successfully fabricated thin films of I(G)ZO by solution processing methods
using metal alkoxides as sol gel precursors which for the first time lead to stable,
high-performing TFT devices. ("]

As discussed in Chapter 3, the current trend in various areas of nanotechnology
can benefit from engineering a new class of material which has extra properties in
addition to transparency and conductivity. In this regard, fabricating a mesoporous,
transparent conductive electrode can open up various new device architecture and
application by providing a TCO with a high surface area as well small feature size
(20-40nm) allowing a shorter electron percolation path. Currently, only a limited
number of studies have reported techniques for fabrication of mesoporous structured

TCOs using antimony doped tin oxide and indium doped tin oxide."The common
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challenges of such studies include gaining control over the crystallisation kinetics
while maintaining the conditions for blockcopolymer (BCP) self-assembly, which is
often challenging. Moreover, due to the difficulty of fully understanding crystallisa-
tion behaviour and incorporating such a material into the 3D structure itself, reliable
thin film processing of such mesoporous materials has yet to be reported. Therefore,
mesoporous a-TCO can be a more reliable and consistent material for applications
such as display, and organic solar cells, and flexible electronics.

In this study, we introduce a new method of creating a 3D mesoporous amor-
phous TCO by solution impregnation of InGaZnO (IGZO) into a sacrificial porous
template. Using the metal alkoxide precursors of GIZO/IZO used in Banger et all%,
we were able to successfully replicated 3D mesoporous BCP templates, resulting in
a 3D mesoporous thin film of I(G)ZO.

Replication of porous polymer templates using transition metal oxides via solu-
tion impregnation has been reported using sol-gel of TiO5 and ZnO, and nanocrystals
of Sn02.1'"""?I nanocrystal-based or sol-gel methods were challenged by either rapid
hydrolysis and gelation kinetics of the sol solution!"! | or aggregation of nanocrys-
(14]

tals!"*'which causes pore blockage preventing uniform infiltration of nanocrystals

3] and dip coating"lwere used

into the porours template. In addition, drop casting
in the previous studies, but limited efforts have been made to process these materials
in a controllable manner in thin film form. In a general sol-gel route, a hydrolysis
process dominates the metal oxide formation, as condensation would only occur after
enough of RO-M species have formed. The hydrolysis kinetics of sol-gel precursors
of transition metal oxide are often difficult to control, as they occur too rapidly
and cause gelation. Therefore, controlling the hydrolysis kinetics has been the main
challenge of sol-gel synthesis of mesoporous metal oxides.

In this regard, the I(G)ZO sol-gel chemistry used in this study is ideal for im-

pregnation into porous templates of such a small feature size (<40nm). First of all,
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metal alkoxides present themselves as ideal candidates for sol-gel precursors due to
the ease of M-O-M bond formation by a condensation mechanism. Additionally, the
organic ligands used in the precursor solutions can undergo a beta hydride elimina-
tion mechanism, allowing the parent alkoxides to form metal oxide upon pyrolysis.
Therefore, using this chemical route, formation of metal oxide is possible via con-
densation mechanisms including olation and oxolation. In other words, in absence of
H50 and Oy, a hydrolysis process is avoided, and thus the precursors can undergo a
controlled 1(G)ZO formation, after they were infiltrated into the polymer structure,
via condensation route which can be activated by simply heating at ~250°C.
Herein, we present a simple route to fabricating 3D structured I(G)ZO with
mesopores on the 20 nm lengthscale. The schematics summarizing the fabrication
method is presented in Fig. 6.1 a and b and representative images of the templates
used (further details in Chapter 4) are in Fig. 6.1 ¢ and d. The films are further
characterised electrically and optically to demonstrate their potential use as an

electrode.
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Figure 6.1: Schematics of template fabrication (a) and fabrication of mesoporous
IGZO (b) using porous polystyrene (PS) substrates of gyroid (c¢) and wormlike (d)
morphologies

6.2 Experimental

Molecular precursors for formation of I(G)ZO

The indium and gallium molecular precursors were made by the route published by
Bradley et al.["”! and then more recently by Leedham et al.['® whereas the zinc alkox-
ides were made by the method published by Kageyama et al.'™} In brief, the molec-
ular alkoxides were made via a metathesis reaction between the alkaline/alkaline
earth alkoxide and indium/gallium and zinc halide derivatives. The isolated target
compound was then dissolved in the parent alcohol solution to achieve the desired

molarity. Alternatively the compounds can be purchased commercially. The molec-
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ular structures of the precursors are illustrated in Fig. 6.2.

M(OR), + H,0 — M(OR),_,(OH) + HOR
2M(OR),_,OH = M,O(OR),, _, + H,0
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Figure 6.2: Chemical details of the sol gel precursors for IGZO ‘!

Solution processing method for infiltration into mesoporous template
The polymer templates were fabricated in exactly the same manner as that sum-
marised in Chapter 5. Further fabrication details were discussed in Chapter 4. In
order to control the condensation process of the sol-gel precursor, which is crucial
for uniform pore-filling without blockage, all of the solution processing was carried
out in the glovebox without presence of H,O and O,. Spin coating and blade coating
were utilised for preparing mesoporous IGZO films

Removal of polymer template via thermal calcination

An annealing temperature of 400°C in air was used in order to ensure that the PS
template was completely removed. In addition, XPS findings from Banger et al.

showed that M-O-M bonds significantly increased between 350°C and 450°C, which
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resulted in better TFT device performance.

Optical Characterisation

Ellipsometry was used to measure the refractive index of the films, and reflectance
and transmittance spectra were measured using an optical microscope.(Olympus
BX-51, 20x objective lense)

Electrical Characterisation

Two planar contacts were thermally evaporated through a shadow mask on top of
the mesoporous or dense oxide layer fabricated on glass, which defines the contact
width (W) and contact separation (I). The area (A), is then defined by using the
thickness of the oxide layer (¢) and width of the contact (W). Current voltage mea-
surements are then undertaken to determine (R), using an Agilent semiconducting
parameter analyser (SPA). The resistivity is then calculated by

A

In addition, in order to verify the calculated values from Eq. 6.1, the resistivity was

also determined by the approximation according to Schrooder, ',

p= é (%) . (6.2)

Metal contacts were thermally evaporated using an Edwards 4-turrent evaporator
at 107% torr. Electrical testing was undertaken using an Agilent SPA 4155 analyser,
all current voltage measurements were performed in a Bell glovebox in a Ny atmo-
sphere. Samples were made and annealed at the same time on a hotplate to allow

for comparative analysis before electrical testing.
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6.3 Results and Discussion

6.3.1 Chemical compatibility

The sol-gel system was originally developed for TFT applications where the precur-
sor solution concentration was < 0.1M. For this study, concentration of the precursor
solution can be an important parameter for successful infiltration. It was determined
that 0.1M of precursor solution corresponds to approximately 2wt% in terms of the
resulting metal oxide. In the studies available, precursor solutions from 5wt% to
30-40 wt% were used. [’l Precursor solutions of concentrations higher than 0.6M ex-
hibited unwanted precipitation indicating saturation. Therefore, precursor solutions

between 0.05M and 0.6M were the variable range for use in this study.

6.3.2 Replication of I(G)ZO by solution impregnation

191 Upon initial

Essentially, the pore filling mechanism resembles that described in
wetting of the template by the solution, the solution is completely infiltrated, filling
the pores of the templates. At this stage, the volume that the metal precursors take
up in the pores corresponds to the concentration of the solution multiplied by the
volume of the pore. As the solvent evaporates from the top layer, the concentration
gradient between the more concentrated region (towards the substrate surface) to
that of less causes more precursors to fill up the pore until the top layer dries,

stopping the fluid movement into the pores. The main factors governing the degree

of pore filling can be listed as follows:

e Concentration and viscosity of precursor solution: The concentration of the
precursor solution used in this experiment ranged from 0.05M to 0.6M, where
0.05M corresponded to 1 wt%. The viscosity increased as the concentration
increased, and the solutions over 0.3M were visibly more viscous and exhibited

faster evaporation kinetics.
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e Evaporation kinetics of the solvent: The sol-gel chemistry of IGZO is a
delicate system. Although slow drying is more favorable for pore filling pro-
cess, exchange of solvents to those with slower evaporation kinetics (i.e. higher
boiling point) such as toluene or chlorobenzene resulted in precipitation and
gelation of the precursor solution. Therefore, the solution was used as is, using
isopropanol as a solvent.

e Thickness and porosity of the template (discussed in detail later in this chap-
ter)

e Chemistry of the template surface: The PS template surface is rich in OH
groups, as discussed in Chapter 4, after UV treatment and short O, plasma
etching to completely open up the pores. Based on the SEM images, complete
wetting of the template surface was observed as quickly as 1 minute after sam-
ple immersion. However, the degree of hydrophilic nature depends on how long
after preparation the substrate is used, and initial wetting behaviour differed,
observing the spreading of droplet of the solution. Therefore, the templates
were immersed in the precursor solution overnight (12+ hours) to ensure com-
plete wetting of the pore surface.

e The amount of precursor solution remaining on the porous template before

drying

Although the underlying pore-filling mechanism resembles the one presented by

[19]

et al. there are several key differences between the two systems which can be

summarised as:

e Difference in boiling points of the solvents: The boiling point of isopropanol
used in this study (83°C) is significantly lower than chlorobenzene (130°C)
used by et al.l'”). This can significantly alter the evaporation kinetics of the

solution
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e Different chemical nature of the solution and the template This study entails
filling of metal oxide precursors into a polymer template whereas the referred

study uses organic precursor into a paste of metal oxide particles.

The aim of this study is to fabricate a self standing porous thin film of IGZO, which
means that almost complete filling of the pores was required before removal of the
polymer template. Based on this comparison, several post infiltration processing
methods were investigated both in bulk and thin film forms. Since the gyroid can
best be prepared in bulk form, gyroid templates were replicated in bulk by simple
impregnation and drying methods. However, in order for this material to be useful
in applications, developing a reliable thin film deposition method is crucial. Two
forms of film processing methods were investigated: spin coating and blade coating.

The templates with wormlike morphologies were used to prepare sub-micron films.

6.3.2.1 [Infiltration in bulk (gyroid samples)

Fabrication of gyroid I(G)ZO was carried out by fully immersing the gyroid tem-
plate, in bulk form, in a 0.6M precursor solution. After overnight (124 hours) of
immersion, complete infiltration was consistently observed for samples of thicknesses
> 3 m. Upon taking the sample out of the precursor solution, the samples were im-
mediately dried using a nitrogen gun within 10-20 seconds. This indicates that for
bulk samples which have a large exposed area for drying, pore-filling induced by the
concentration gradient is relatively quick and therefore using a concentrated yet fast
evaporating solution (0.6M) was preferable. The dense top layer (Fig. 6.3 a) re-
sults from the excess precursor solution dried on top of the porous layer. Formation
thick top layer was avoided by removing the liquid on the template surface with

non-absorbing object before drying the substrate using a nitrogen gun.
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Figure 6.3: SEM images of gyroid IGZO upon removing the PS templates.

6.3.2.2 Preparation of thin films

Differently from the bulk system, the only area through which filling of precursors
can occur is the substrate surface, which would significantly decrease the rate of
pore filling. This implies that solvent evaporation was required to be as slow as

possible.

Spin coating

Spin coating was employed as the method of choice, as it results in the best film
quality out of many solution based thin film processing methods. Based on experi-
mental observations, spin speeds between 500-750rpm rpm for longer than 2 minutes
and the concentration between 0.05M (equivalent to 1wt%) to 0.1M were required

in order to prevent top compact layer forming before infiltration occurs.
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] substrate

Figure 6.4: A schematic illustration and SEM images of IGZO precursor solution
(0.1M) spin coated onto the PS template.

However, as demonstrated in Fig. 6.4, at a low slow spin speed, even though
solvent evaporation rate is lowered, forming a homogeneous film is difficult. The
areas a, b, ¢ shown in Fig. 6.4 illustrate this challenge. The further from the
centre of the film, more complete infiltration was observed and at the same time,
the thickness of the compact top layer increased. This is because formation of top
layer depends on the amount of dilute precursors remaining on the template as well
as the drying kinetics of the solvent. In the center of the film (Fig. 6.4 a), precursor
solution dried out quicker before sufficient infiltration, which explains the collapsed
bits of structure underneath the film. Near the outer edge of the film (Fig. 6.4 c),
sufficient time was allowed for complete infiltration of the substrate due to larger
amount of precursor solution available, but this also lead to a thicker top layer.

The formation of a top layer is difficult to avoid, because it mainly depends on
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the amount of precursors deposited immediately after the excess solution has been
thrown off by initial spinning. Controlling this amount is nearly impossible and
the amount required to avoid the top layer formation is too small that it would
evaporate quicker than the time required for sufficient infiltration.

Blade Coating

The limitations of using spin coating for our system were overcome by blade coating.
Using blade coating, the thickness of the initially deposited precursor film was more
accurately controlled. The amount of pore filling can be predicted by an approach

proposed by DoCampo et al.[’)

Dx*c
PF =
C+D*p

(6.3)

where D is the thickness of the dilute solution on top of the porous template after
blade coating (illustrated in Fig. 6.5), ¢ is the concentration of the precursor
solution, and p is the pore volume of the template. According to the equation, the
volume of the pores of the wormlike structure should equal to that of the minority
block, which is 35%. In order to completely fill 35% of a 600 nm-thick template, 20m
of 0.05M solution is required to be deposited for complete infiltration without the
top layer. Subsequently, the solvent is required to slowly evaporate in order for the
precursors to sufficiently evaporate. Therefore, a PTFE film was placed on top of the
undried film immediately after blade coating. In order to prevent unwanted solvent
evaporation, the blade coating speed was kept rapid (0.5¢cm/s). Experimental results
(Fig. 6.6) showed that more precursor than the predicted amount was required to
fill the pores. For example, a porous 450 nm-thick film shown in Fig. 6.4 c and
d was obtained by blade coating 60 m of 0.05M solution or 30 m of 0.1 M solution.
This could be explained by the loss of some precursor solutions leaking out of the
PTFE film upon placing it onto the samples due to capillary forces, as the coating

process involves such a small amount of liquid. Regardless, this demonstrates that
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Figure 6.5: Schematic illustration of mesoporous I(G)ZO formation by blade coating
of I(G)ZO solution onto the porous PS template (1, 2), placing a PTFE film on the
film surface to allow a slow drying of the solvent (3), and when the solution is
dried (4), the PS template is removed (5) by thermal calcination or oxygen plasma
treatment
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1(G)ZO

\

Figure 6.6: Complete replication process demonstrated using SEM images (a) PS
template (b) IGZO precursor infiltrated into PS template, as deposited before heat
treatment (c) upon removal of PS template via calcination at 400°C (d) higher
magnification image of (¢) The optical image reveals the transparency of this film

blade coating followed by slow evaporation of solvent results in successful fabrication
of porous IGZO thin films. Although experimental optimisation would be required,
this approach can be applied to porous templates of various thicknesses. It is also
likely that some structural collapse might have occurred in the bottom part of the
film, as the resulting film is 150 nm thinner than the starting template of 600 nm

thickness.
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6.3.2.3 Further Characterisation

X-ray diffraction
The X-ray diffraction (XRD) spectra of the fabricated porous IGZO film is presented
in Fig. 6.7. Distinct peaks corresponding to neither of IngO,, GazO,, or ZnO are

absent, indicating that the material remains to be amorphous.
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Figure 6.7: The XRD spectra of mesoporous IGZO film prepared on a glass substrate
confirms that the films stays amorphous after solution processing and thermal calci-
nation. IZO films of various composition used in conductivity study also exhibited
amorphous broad maxima, almost identical to this figure.
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Figure 6.8: Refractive index of I(G)ZO of various compositions

Optical Characterisation
The refractive index of compact I(G)ZO film of various compositions prepared on Si
substrates were first measured using ellipsometry (Fig. 6.8). Compared to the
refractive index of 1.98 reported for IGZO fabricated by pulse laser deposition
(PLD)!!, the refractive index value is somewhat lower. This could be attributed
to the nature of sol-gel chemistry used. Based on the refractive index measured for
the compact films and the film thickness measured by SEM analysis, the refractive of
the porous film (70% In) was approximated from curve fitting of transmittance and
reflectance spectra (Fig. 6.9) using the transfer matrix method.*”) The best fit gave
a refractive index value of 1.5, corresponding to a porosity of ~41%. This is lower
than the calculated value of 65%, assuming that the entire volume of polystyrene
template was conserved as a voided space. Based on the transmission and reflectance

spectra, both mesoporous and compact thin films are indeed transparent. (Fig.6.9)
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Figure 6.9: Transmission and reflectance spectra of mesoporous 1Z0O (70% In) film,
non-porous IZ0O film measured using optical spectroscopy. The transmittance of a
blank glass substrate, which was used for calibration, is also displayed.

It is worth noting that, under the same measurement conditions, mesoporous film is
more transmissive compared to the non-porous one, which agrees with the decreased
refractive index of the porous film(~1.6), almost matching the refractive index of
the glass (~1.5). The transmittance of the mesoporous film was measured from UV-
VIS absorption spectra, as shown in Fig.6.10. The slightly decreased transmittance
compared to that shown in Fig.6.9 could be due to instrumental error and larger
measurement area. Nevertheless, this confirms that the mesoporous film transmits
across the entire visible spectrum from approximately 0.4-1.1 m, which is required

for a TCO material for display applications.?!
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Figure 6.10: Absorption and transmission spectra of IZO (70% In) measured using
UV-vis spectroscopy
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Figure 6.11: Conductivity of mesoporous films (400nm thickness) prepared using
precursor solutions of [ZO of different In:Zn ratios and IGZO. IGZO was prepared
by introducing 5% of Ga precursors to In:Zn="7:3 solution. The ordinate values were
calculated using Eq. 6.2.

Electrical Characterisation
As made, the conductivity for the mesoporous layers was relativity low in compar-
ison to that reported for the analogous dense amorphous oxide thin film. (Fig.
6.11) As previously reported by Gwinner et al. 2] annealing the completed devices
(referred as post contact annealing) in the absence of oxygen is known to enhance
the conductivity in oxides by inducing more intrinsic vacancies and reducing contact
resistance, (not calculated here) to provide for better charge injection and extrac-
tion. The films were subsequently annealed at 260°C for one hour in a nitrogen
atmosphere after which current voltage measurements were made on the same day.
The conductivity shows the expected increase, in this case by approx. 4 orders of

magnitude, which then results in comparable values to those of mesoporous ATO
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and ITO[. Importantly, it can be seen as previously observed for dense thin films,
the conductivity of the mesoporous layer can also be tailored by stoichiometric ad-
justment of the metal oxide ratios, and further still by additional doping with the
gallium which suppresses the formation of oxygen vacancies due to its higher Gibbs

free energy of oxidation.
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6.4 Conclusions and Future Work

In this chapter, a novel fabrication method of mesoporous a TCO was developed
by taking advantage of two unique systems of micro-phase-separation of BCP and
sol-gel chemistry of amorphous IGZO. The problem of fast hydrolysis kinetics, which
is common in solution processing of transition metal oxides was avoided by using
metal alkoxide sol-gel chemistry in a HoO and O, free environment, allowing the
condensation process to occur via olation and oxylation once the precursor solution
has fully infiltrated into the complex 3D structured template.

A reliable route to thin film fabrication of porous IGZO via impregnation was es-
tablished by elucidating the pore filling mechanism by various processing conditions
of immediate drying, spin coating and blade coating. In order to achieve complete
replication and avoid the top compact layer, often observed in solution impregna-
tion of templates, control of two key factors were required: deposition of the correct
amount of the precursors and slow solvent evaporation.

The optical characterisation demonstrates that the refractive index can be low-
ered by creating pores in the structure and that the porous film is exceptionally
transparent with very little scattering. By creating porous templates which can
result in different porosities, the refractive index can be tuned while maintaining
transparency of the material. Through electrical characterisation, it was demon-
strated that conductivity of the mesoporous film could be varied by altering the
stoichiometry of the precursors. Future effort should be placed on work to improve
the conductivity of the films by further optimising the chemistry of the precursor
solution and investigating alternative post annealing options such as exposure to
UV and O, plasma.

Since the material is relatively new, additional characterisations remain to be
made. For example, it would be useful to determine the work function, which

can be characterised using X-ray photoemission spectroscopy (XPS) and ultraviolet
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photoemission spectroscopy (UPS). This would allow more detailed examination of

the application potential in optoelectronic and organic solar cell applications.
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Chapter 7

Fabrication of Mesoporous ZnO

via Blokcopolymer Co-Assembly

7.1 Introduction

Mesoporous ZnO with feature sizes on the 20-50 nm length scale has a number of
attractive properties for emerging technological applications. The high surface area
combined with combined with the intrinsic properties of ZnO-based materials such
as a direct band gap of 3.2eV, and high charge carrier mobility make them desirable
for use in organic and dye-sensitised solar cells, gas sensing and photocatalysis, to
name a few. !~

However, realising a 3D mesoporous ZnO structure is still a challenge. Repli-
cation through atomic layer deposition (ALD), as presented in Chapter 5, carries
tremendous potential, but a solution-based approach remains the only other feasi-
ble route. Other dry ZnO fabrication methods available, such as PLD or magnetron
sputtering only allow isotropic deposition, making them unsuitable for 3D replica-
tion.

Solution-based metal oxide impregnation (as demonstrated in Chapter 6) pro-
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vides another route to fabrication of mesoporous metal oxides, using BCP as a
sacrificial template. Alternatively, block copolymers can also be used as a structure-
guiding agent to realise mesoporous metal oxides, as discussed in Chapter 2. Despite
the restrictions inherent to this method, it offers a simple, elegant fabrication route
to mesoporous metal oxides. For this reason, numerous metal oxides such as SiOs,
TiO,, ZrO4, and WO3 have been successfully fabricated via BCP-guided coassembly.

These metal oxide sol-gel systems require a fine-tuned harmony of four condi-
tions to lead to successful device fabrication. These include 1) nano-sized inorganic
sol particles small enough to be incorporated into the block of polymer chains, 2)
selective swelling of one block of the BCP by the sol particles, 3) a common solvent
that dissolves both blocks and the sol particles equally well, and 4) gelation kinetics
slower than that of BCP micro phase separation. Normally, the nano-sized inorganic
sol particles and slow gelation kinetics are achieved by slowing down the hydrolysis
kinetics of the metal oxide sol gel system. [

However, synthesis of mesoporous ZnO using this method is particularly chal-
lenging due to ZnOs tendency to readily crystallise. Even if the above four conditions
were met, the rapid growth of ZnO into wurtzite crystals upon nucleation, destroys
the polymer scaffold, which in other systems such as TiO, often confines the crystal
growth of the metal oxides, keeping the structure intact.’! For this reason, no suc-
cessful BCP co-assembly route to mesoporous ZnO has yet been reported, though
several studies have come close. Solution-based processing of mesoporous ZnO has
been demonstrated with larger (>200nm) pores by electrodeposition of ZnO into
an inverse opal polystyrene structure!®, although the large pore size limits potential
applications.

Elsewhere, a solution impregnation method was presented by Lepoutre textitetal .l
using a hard silica scaffold with 20nm pores, thereby confining the ZnO crystal

growth. However, this system faces a different challenge, as ZnO and SiO, have a
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similar chemistry and share similar chemical etchants (both acid and base), which
poses difficulty in selectively etching the silica scaffold. Only a narrow pH window
allows successful selective etching, and the detrimental effect of the etchant on the
Zn0 surface cannot be neglected. Altogether, the evidence of a simple, reliable route
to thin film processing of ZnO is limited.

Herein, we search for a simple, reliable route to mesoporous ZnO using BCP
coassembly, which can easily be processed in thin film form. In order to bypass the
rapid crystal growth tendency of ZnO, we first synthesise ZnO nanocrystals (nc-
ZnO), which act analogously to the inorganic sols in the BCP co-assembly sol gel
system. Such a process can be visualised as illustrated in Fig. 7.1 Other TCO
materials such as Sny ¥, In-doped SnO,"!, and Sd-doped SnO, ') have employed
this nanocrystal route and achieved reasonable mesoporous structures on the 20 nm
length scale. However, a coassembly method using nc-ZnO has thus far not been

reported in the literature. Developing reliable, robust thin film processing techniques

Pl-b-PEO

Figure 7.1: Schematics of using structure guiding PI-0-PEO to arrange nc-ZnO into
a mesoporous structure. Modified from[” with permission.

for functional mesoporous metal oxides is not a straightforward problem. Although
BCP coassembly of TiO4 has long been studied, it was only recently that fabrication

routes to mesoporous TiO, were established to a point that allows reliable thin film
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processing, permitting exploitation in applications such as dye-sensitised solar cells
and antireflection coatings. This is generally due to the conflicting requirements of
the processing conditions for smooth film fabrication, and those that best induce
BCP self assembly, notably slow solvent evaporation. Previous efforts towards thin
film processing of porous 3D ZnO structures for use as a mesoporous active layer
in organic solar cells!'! exhibit evident room for improvement in terms of porosity
and film quality.

As previously mentioned, the four crucial conditions required for this coassembly
approach have not been previously met, due to the rapid crystallisation tendency
of ZnO. In this chapter, we apply this technique to ZnO, using poly(isoprene-b-
ethylene oxide) (PI-0-PEO) as the templating agent. The focus of this study was on
establishing of a simple, reliable fabrication route to mesoporous ZnO films of high
quality. Finally, the use of this material was demonstrated in an inverted organic

hybrid solar cell.

7.2 Experimental

Materials

The chemicals used in this study are listed below.

e Methanol, HPLC grade, >99.9% (Sigma Aldrich)

e Chloroform, analytical grade, >99.9% (Fischer Scientific)

e Zinc acetate dihydrate (Zn(CH3CO4)2-H50), 99.9% trace metals basis (Aldrich)
e Poly(isoprene-block-ethylene oxide) (PI-6-PEO)

The PI-0-PEO used in this work was synthesised and characterised by Juho
Song and Morgan Stefik in Prof. Ulrich Wiesner’s group in Cornell University,
USA. The details of the synthesis and characterisation are summarised else-

where. [l Two types of PI-b-PEO were used in this study of which the details
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are summarised in 7.1.

PI-b-PEO | My, pi—p—pro | Nror | Maprro | Nero | freo | PDI (= %—:)
[kg/mol] [kg/mol]
PI-5-PEO-1 34.4 606 9.8 245 284 1.05
PI-6-PEO-2 91.6 1579 28.6 651 31.2 1.09

Table 7.1: Details of the BCPs used in this chapter

Synthesis of nc-ZnO

The synthesis method for nc-ZnO was based on and modified from that presented
by Beek et al.!'¥ In a three-neck round flask, 2.95g of Zinc acetate dihydrate was
dissolved in 120 ml of anhydrous methanol at 60°C for 1 hour, stirring. A separately
prepared solution of potassium hydroxide (1.48 g) dissolved in 65ml of methanol was
added dropwise to the flask under vigorous stirring at 60 °C for 130 minutes from
the time that addition of KOH solution began. Once the reaction is complete, the
mixture as removed from the heat and left to cool to room temperature for over 2
hours. The solution was then centrifuged at 4000 rpm for between 30-90 minutes
and the sediments were washed using fresh methanol. This process was repeated
three times. The resulting nc-ZnO were analysed by dynamic light scattering (DLS)
to measure their average diameter.

Preparation of mesoporous ZnO

PI-6-PEO was dissolved in Chloroform in a concentration between 5% and 10%
depending on the experimental needs. The PI-6-PEO solution is slowly added using
a glass pipet to the solution of nc-ZnO dispersed in chloroform. The % of nc-ZnO

loading was calculated using

m(ZnO)
m(ZnO) + m(PI — b — PEO)
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Removal of PI-b-PEO

PI-b-PEO was removed either by Oy plasma etching (Diener Etcher, 100W), or
thermal calcination at 450 °C in air.

Dynamic Light Scattering

Malvern Zetasizer was used to measure the size of nano crystals. 1ml of nanocrystal
solution of 2 wt% was collected in a quartz cuvet for the measurement.

X-ray Diffraction

Wide angle x-ray scattering (WAXS) measurements, were carried out using a Bruker
D8 diffractometer. The samples were prepared on a Si substrate.

Photovoltaic device fabrication

The worm-like ZnO structures were fabricated on prepatterned ITO/glass substrates
as described above. The poly(3-hexylthiophene) (P3HT) (from Reike Metals) poly-
mers was dissolved in anhydrous chlorobenzene and spin-coated on the ZnO meso-
porous layer. The samples were then transferred to a thermal evaporation chamber
for WO3 (10 nm), Ag (30 nm), and Al (60 nm) deposition under high vacuum (10 -
6 mbar). Finally, the devices were post-annealed at 140 °C for 10 mins.
Photovoltaic performance characterization

For External Quantum Efficiency (EQE) measurements (in air) a 250 W tungsten
halogen lamp and an Oriel Cornerstone 130 monochromater were used. The mea-
surements were performed as a function of wavelength at intensities 1 mW/cm? .
To measure the J — V' curve of the device under AM1.5 conditions, an ABET Solar
2000 solar simulator was used. In order to obtain reliable data, a spectral mismatch

correction is carried out using a calibrated and certified inorganic solar cell.
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7.3 Results and Discussion

7.3.1 Solvent and size requirements for nc-ZnO

Once synthesised, nc-ZnO can only be dispersed in methanol at low concentrations
(<10 mg/ml). In addition, methanol does not solvate PI and PEO block equally.
Therefore, it was required to find a common solvent for the nanocrystals and PI-
b-PEO. The nanocrystals were re-dispersed in THF, toluene, chloroform, and an
azeotrope of 1-butanol/toluene, which are good solvents for both PT and PEO blocks.
Out of the tested solvents, chloroform proved to be the only solvent in which nc-
ZnO dissolved well and no ligands were required to reach solubility up to 80mg/ml.
In the other solvents, the solution turned cloudy upon dispersing the nano crystals
(nes) and stayed cloudy even after 1 hour of ultra-sonication, which was an attempt

to separate temporarily aggregated ncs.

Centrifuged nc-ZnO

Transparent
sedimentation after a. moneodisperse: —_—

centrifuging (~5-8n

b. Bimodal:
(~100nm and > 1um)

~——— c. Polydisperse
(> 1pm)

Figure 7.2: Illustration of collection of the centrifuged nanocrystals and their size
measurements. Only the top transparent layer (a) exhibited monodisperse ~ 5nm
size distribution, which was also confirmed by TEM. The heavier particles in (b)
and (c) regions, collected below the transparent layer, turned out be too large for
the purpose of this study.

Upon washing the nc-ZnO in methanol three times, the nc-ZnO was centrifuged
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once more. Fig. 7.2 illustrates the type of sedimentation obtained upon centrifug-
ing. The particles at the top (Fig. 7.2 a) demonstrated almost transparent layer
whereas the bottom parts (b and ¢ region in Fig. 7.2) were white. The nanocrystals
were separately collected from three different parts of the sediments and dispersed
in chloroform (~10mg/ml) and the solutions were ultra-sonicated for 10 minutes to
break apart aggregated particles before measuring their size using DLS. Only the
top transparent particles were found to show particle sizes ranging between 5-7 nm.
The particle sizes were confirmed by the transmission electron microscopy ( Fig.
7.2) where mono-disperse ZnO nanoscrystals of 5-7nm were observed, consistent
with what was observed in!"?!. Therefore, only the transparent top portion of the
sedimented nano crystals were used for co-assembly experiments.

As discussed in Chapter 2, the size of ncs play an important role in their BCP
guided assembly. The diameter of the ncs must be less than 5nm for the BCP used
in this study, as the radius of gyration for the PI-0-PEO is around 8 nm. Therefore,
the diameter of synthesised nano crystals were in the upper limit of the suitable
range. Efforts were made to synthesise nc-ZnO of smaller diameters by varying the
concentration of KOH (decreasing) and the synthesis temperature. However, these
approaches lead to other challenges such as difficulties in sedimenting the ncs and

low yield.

7.3.2 Thin film Deposition methods

Once the symmetric solvent and small enough nano crystals were established, the
next set of challenges include control of the kinetics of three competing systems:
1)the aggregation of nano crystals upon introducing PI--PEO into the system,
2)selective insertion of the ncs into the PEO block and 3)micro-phase separation
of the BCP. In an ideal situation, the nano crystals must be incorporated first

and followed by BCP-like micro-phase separation into a self-assembled morphology,
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before finally the aggregation of nc-ZnO occurs.

For the BCP to self assemble into a periodic morphology, it is favourable to
let the solvent to evaporate slowly, allowing the system to reach equilibrium. On
the other hand, nc-ZnO without the ligands are often not in a stable state, espe-
cially when mixed with BCPs, and easily form agglomerates of size larger than what
can be incorporated into the PEO block. Therefore, a narrow window where the
three competing systems are at a balance must be reached in order to obtain a meso-
porous structure. In order to investigate the kinetics, three deposition methods were
studied: spin coating, blade coating, and drop casting, which have different solvent
evaporation times. Moreover, the main challenge of solution processed mesoporous
TCO-type materials is to deposit them in a smooth thin film form. Often, poor film
quality is observed involving a rough top surface, uneven thickness throughout the
film, formation of powder and flaking off of the substrate surface. Therefore, the
three deposition methods were evaluated in terms of both the film quality and the
resulting mesoporous morphology.

Drop casting

Drop casting proved to be an inappropriate method for preparation of mesoporous
nc-ZnO thin film. Despite various substrate cleaning methods attempted (e.g. pi-
ranha etching, O, plasma etching), the wettability of the droplet was poor. The
dried solution formed islands exhibiting numerous cracks, and upon removal of BCP
through thermal calcination at 450°C, the film turned into powdery flakes of white
with a slight tint of yellow colour. As shown in the SEM images (Fig. 7.3), the
sample areas are dominated by aggregated nanocrystals instead of nanocrystals pat-
terend into a porous matrix. This indicates that slow drying over a duration longer
than 10 minutes, which was the time it took for the drop to dry, overtaken by the
kinetics of aggregation of nanocrystals, which in turn hindered the incorporation of

ncs into the PEO block.
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Figure 7.3: ZnO/PI-0-PEO (50% loading of ZnO) mixture drop casted and thermally
calcined at 450°C

Blade coating

Mesoporous structure was observed in the films. Because chloroform evaporates
quickly, blade coating resulted in drying of the solvents within seconds of deposition.
In addition, solvents with concentrations higher than 5wt% resulted in poor film
quality, as it seemed that the solvent evaporated too quickly before the deposition
was complete. Therefore, there was a discrepancy of thickness between the starting
and finishing areas of the coating. For example, when 1001 of solution was deposited
and 30m blade was used, one end of the sample was 350 nm thick, but the other end
of the film had a thickness of 1.8m, clearly indicating that the solution concentration
drastically changed during the coating process. Moreover, the thicker part of the
film often was inhomogeneous exhibiting many cracks. (Fig. 7.4)

Spin coating

It appeared that spin coating provides the best compromise between the kinetics of
nc-Zn0O aggregation and micro phase separation due to the fast solvent evaporation
kinetics that spin coating offers. As shown in Fig. 7.5, Fig. 7.6 a and Fig. 7.6 b |
aggregated nano particles were not observed in spin coated samples, and a wormlike
mesoporous structure, which seems to have resulted from kinetically trapping of

BCP micro-phase separation due to fast solvent evaporation, was observed. More
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Figure 7.4: PI-6-PEO (50% loading of ZnO) mixture blade-coated and thermally
calcined at 450°C. (a) Top view of the cracked film surface and (b) cross sectional
view of the film. Some mesoporous structures are observed underneath the compact
layer on top.

importantly, unlike the films prepared using drop casting and blade coating where
flaking and peeling were often observed, the resulting film was smooth, crack free,
and consistent over the entire substrate area (1.4cm x1.4cm). When the ne-ZnO
dispersed in chloroform at 80 mg/ml without the BCP is spin coated, the resulting
film presented a dense film of 70nm thickness, corresponding to 1/6 of the thickness
of those that contain 40 mg of nc-ZnO and 35 mg of PI--PEO. (Fig. 7.6 c)

Upon removal of PI---PEO-1, a mesoporous structure with pore sizes varying
between 20 nm and 30 nm was observed. Although the porous structure does not
exhibit periodicity observed in self-assembled arrangements, it appeared to follow
similar trends to what has been observed from BCP coassembly of TiOs, which
was realised by employing the same BCP, in two ways. ' Firstly, it appeared that
increasing the metal oxide content relative to the polymer increased the thickness
of the pore walls creating a more dense network while slightly decreasing the pore
sizes. As shown in Fig. 7.5, 75% loading of ZnO resulted in a pore wall thickness
~30nm whereas 50% lead to thinner pore walls (~20nm) In addition, using a BCP
with higher molecular weight (PI-5-PEO-2) lead to a clear increase in the pore
dimensions of the structure. Based on the SEM characterisation, ((Fig. 7.7 b),
the pore dimension of the structure obtained by using PI-0-PEO-2 ranged from
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Figure 7.5: Mesoporous ZnO prepared by PI-b-PEO-1 with different % of nc-ZnO
loading. (a) and (c) are images of 75% ZnO, (b) and (d) represent 50% ZnO loading

40 nm-50 nm, which is in reasonable agreement with expected increase in pore sizes.
The pore size is dependent on the molecular weight of the minority block (PI), and
increasing its molecular weight from 24.8 kg/mol to 63kg/mol means that radius of
gyration, when the BCP is dissolved in a good solvent, scales up by 1.6. Therefore,
the observed pore size increase from 20-30 nm to 40-50 nm is reasonable.

The lack of long range order in the porous structures obtained using both BCPs
can be attributed to several factors. The fast evaporation kinetics of spin coating or
blade coating where the solvent evaporated in less than a minute is not favourable for
inducing BCP equilibrium self assembly, as the system does not have enough time
to reach equilibrium. However, as observed from drop casting, nc-ZnO aggregates
during slow solvent evaporation. This may be combined with a possibility that
hydrophilic interaction between the nc-ZnO and PEO is not very strong, leading

to lose incorporation of nc-ZnO into PEO blocks, creating a mesoporous structure
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Figure 7.6: SEM representation imaged using 45° stubs. (a) low magnification view,
demonstrating the mesoporous film of smooth, crack-free film quality, (b) and the
wormlike, mesoporous morphology consistent throughout the film, and (c) a thin
film prepared by nc-ZnO dispersed in chloroform (80 mg/ml), demonstrating a lack
of poorsity as well as a much decreased thickness
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Figure 7.7: Mesoporous ZnO prepared at 50% ZnO loading by (a) PI-6-PEO-1 and
(b) PLb-PEO-2.

without a well-defined self assembled nanovrystal arrangements. In addition, per-
haps the diameter of the nano crystals are required to be even smaller for them to

be effectively incorporated into the PEO block.
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Figure 7.8: X-Ray Diffraction spectra of as deposited mesoporous ZnO and meso-
porous ZnO thermally calcinated at 450°C

The mesoporous structures were characterised using XRD and the peaks corre-

sponding to ZnO were observed. Unlike the nc-TiOs and ITO systems presented

141



7.3 Results and Discussion

25+

204

EQE (%)

400 450 500 550 600 650 700
2 (nm)

e .
— wo, | 35
P3HT/mesoZn0 25
5
] g.zn
ITO Glass Zn0 W:
Jsc(mAcm-2) Voc(V) FF (%)  PCE (%)
083 034 377 011 040 035 030 025 020 015 000 005 000

Viv)

3.54 0.34 31.14 0.38

Figure 7.9: (a) The tope view and (b) cross-sectional view of ZnO/P3HT solar cell
device whose device architecture is illustrated in (¢). The performance of the solar

cell was recorded in terms of (d) EQE graph, (e) J —V curve and the measurement
values as summarised in the table at the bottom of the figure

in the recent report by Buonsanti et all’), the nc-ZnO did undergo clear crystallite
growth after calcination at 450°C. The crystallite sizes were analysed from the XRD
spectra using Debye-Scherrer equation for the sample after calcination at 450°C.
Upon heating, the nc-ZnO appears to have grown from 5nm (based on the TEM
and DLS assessment) size of crystallite changes to approximately 20 nm. (Fig. 7.8)

7.3.3 Potential in Solar cell Applications

The mesoporous ZnO layer was then used to build a ZnO/P3HT device, in order
to demonstrate its use in solar cell applications. A thickness of 200nm was cho-

sen based on the previous results of the best performing active layer thickness for
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ZnOnanowires(NW) /P3HT cells, which exhibited improved performance compared
to a bilayer ZnO/P3HT device.['"”] In order to allow room for the bulky PCBA
molecules (a type of SAM- refer to Chapter 2) to coat the ZnO surface first and
then fill the rest of the voided area, a pore size larger than 40 nm was preferable.
Therefore, PI-b-PEO-2 was used to generate an active layer of pore sizes ranging
from 35-50 nm. In the previous report on ZnO/P3HT solar cells using nc-ZnO paste,
it was reported that devices built using 24 nm nano crystals were higher performing
than those using 5nm sized crystals.['] The layer was annealed at 450°C, which
results in complete removal of the BCP as well as in a crystallite size of 20nm.
The short circuit currents for both SAM modified and unmodified devices (3.54
mA /em? and 0.83 mA /cm?) are significantly improved over that of a bilayer ZnO/P3HT
device (0.47 mA/cm?) fabricated in the same device architecture!'l. This can be
explained by the much increased interfacial area of the P3HT /ZnO at which excitons
can disassociate into charges which contribute to the photocurrent. Moreover, the
SAM-modified cell exhibited higher short circuit current (Js¢) and open circuit volt-
age (Voc)compared to the ZnO/P3HT device built using ZnO nanowires of 200 nm
(2.5mA and 0.19V).["! Finally, the poor fill factors (FF), although comparable to
those of ZnONW /P3HT devices (37%), suggest that charges are not extracted effi-
ciently from the device. This is likely to result from the variations in film thickness
and surface roughness which limit charge transport and extraction. However, the
PCE and EQE of the cells are promising as they are comparable to or better per-
forming than the previous reports of P3HT/ZnO nanocrystal mesoporous layers,

clearly demonstrating potential as an active layer material for this system. ']
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7.4 Conclusions

In this chapter, we have investigated a new fabrication route to mesoporous ZnO
by using BCP as a structure guiding agent. nc-ZnO of diameter ~5nm was syn-
thesised and characterised, in order to avoid uncontrolled crystallisation behaviour
often observed from ZnO sol gel process. PI-b-PEO was used in order to selectively
incorporate the nc-ZnO into the PEO block. By using PI-6-PEO of two different
molecular weights, 34 kg/mol and 91.6kg/mol, average pore-sizes of the structure
were varied from 20 nm-30 m range to 40 nm-50 nm. Due to the competing kinetics
between nc-ZnO aggregation and BCP self assembly, quenching the system under
fast solvent evaporation kinetics allowed the incorporation of nc-ZnO into the PI-b-
PEO network leading to mesoporous ZnO upon removal of PI-b-PEO. The lack of
periodicity was attributed to several factors such as insufficient time given for the
PI-b-PEO to self assembly and possibility of ZnO-PEO attraction being not strong
enough for selective swelling of PEO. Nevertheless, a reliable thin film processing
route to mesoporous ZnO was established.

The application of mesoporous ZnO was demonstrated by its use as an active
layer in an inverted ZnO/P3HT hybrid solar cell, which exhibited superior per-
formance to ZnONW-based devices of the same thickness under the same device
fabrication conditions. The PCE and EQE values are comparable to the reported
ZnO/P3HT solar cells which employee mesoporous nc-ZnO.!"!l Therefore, future
work remains in exploiting this material system to improve the solar cell perfor-
mance. The size and shape of the nc-ZnO as well as the active layer thickness are
reported to greatly affect the solar cell performance. '] Therefore, scanning the solar
cell performance by varying the active layer thickness, which is easily processable
using the fabrication route introduced in this chapter, can further optimise the solar
cell performance. It is also worth noting that nc-ZnO exhibited crystallite growth

upon heating. Therefore, varying the annealing temperature and examining the
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solar cell performance also can be useful.
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Chapter 8

Conclusions and Future Work

In this thesis, reliable synthetic routes to 3D nanoarchitectures of ZnO-based materi-
als have been established using three distinct approaches. Unlike other metal oxide
systems such as TiOy and Al;Og3, fabrication of nanostructured TCOs, especially
ZnO-based materials, have been a challenging task, due to difficulties of controlling
the materials crystallisation behaviour. To date, a reliable route to thin film of
ZnO-based materials of well-defined 3D nanostructure on the 20-40 nm length scale
is yet to be reported. Nevertheless, the application potentials of these materials are
€normous.

The key parameters to establishing a reliable, consistent fabrication routes were
revealed, and their application potentials were demonstrated through either 1) using
them as part of solar cell or 2) evaluating the electrical and optical properties, which
correspond directly to the figure of merit of TCO materials.

Fabrication of nanostructured ZnO involved using sacrificial BCP as either a
morphology replication tool or a structure directing agent. Before that, a thin film
preparation route to the sacrificial polymeric template, to be used for replication,
was explored using PS-b-PI (Chapter 4). The three approaches taken for the 3D ZnO

fabrication include: 1) Atomic layer deposition of ZnO to replicate the 3D bicontin-
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uous structure of sacrificial PS template, which has gyroid or wormlike morphologies
(Chapter 5), 2) Solution impregnation of In-Ga-ZnO into the sacrificial polymeric
template (identical to that used for (Chapter 6) 1)) to replicate the morphologies,
3) Co-assembly of nc-ZnO with sacrificial PI-b-PEO, which guides the nc-ZnO to
3D assembled structure via microphase separation (Chapter 7). While both gyroid
and wormlike PS templates provided self-standing, 3D structures of interconnected
pores, they had distinct strengths and weaknesses in a technological point of view.
Gyroid templates provide extreme order and periodicity, which could be a benefit
to applications, which require consistency throughout the structure. However, the
fabrication process is rather time consuming and delicate. Wormlike morphology on
the other hand, is much quicker and more reliable to process, at an expense of the
extreme periodicity within the bicontinuous structure. The surface of resulting PS
template is made hydrophilic, rich in OH group due to the UV and EtOH exposure
during the selective removal of the minority (PI) block. This is advantageous for
deposition of metal oxides into the pores of the substrate.

For the ALD of ZnO, theOH groups on the polymer surface acted as the binding
sites to DEZ. Therefore, abundance of OH groups allowed for conformal coating
instead of cluster formation. Because the channel diameter is only ~30-40nm, cluster
formation can cause pore blocking, preventing the precursor molecules to diffuse
deeper into the film.

For impregnation of IGZO into the polymer templates, hydrophilicity of the tem-
plate surface allows the metal precursor solution to fully infiltrate throughout the
pores. Upon infiltration of the precursor solution, thin film preparation of porous
IGZO was found to be best prepared by blade coating followed by slow evaporation of
the solvent. Finally, using PI-b-PEO directed co-assembly of nc-ZnO, an alternative
processing route to mesoporous ZnO thin films to that using ALD was presented.

Although the structure is less well-defined as those prepared by ALD replication,
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this method presents other benefits such as inexpensive preparation methods and the
possibility to fabricate thicker films (;pum) by multiple spin coating. It is suspected
that the structure definition can be improved by allowing a stronger hydrophilic
interaction between the nc-ZnO and the PEO block leading to clearer selective in-
corporation of the nc-ZnO into the PEO phase. Slow solvent evaporation to allow
structure formation was not suitable in the case of this system due to the faster
aggregation kinetics of nc-ZnO compared to that of reaching a self-assembled state.
The recently reported ligand-stripping of the naturally formed ligands of nanocrys-
tals seem to be a promising attempt to induce a stronger hydrophilic interaction
between nc-ZnO and PEO.!

Implementing the mesoporous ZnO layers from Chapter 5 and Chapter 7 into an
inverted hybrid P3HT /ZnO solar cells demonstrated that such materials can indeed
function as an active material. At present, the efficiencies of these devices are compa-
rable to those reported from devices fabricated using nc-ZnO paste. The mesoporous
nc-ZnO layers resulted in higher performance to those built using ALD-replicated
Zn0O based ones, despite the similar active layer thicknesses. This is suspected to
be mainly attributed to difference in electronic structures of the materials prepared
via two distinct routes. Gaining further insights on structure formation, transport
behaviour of mesoporous ZnO, and optimisation of device fabrication should be the
next obvious step to proceed. In addition, properly examining and tuning of the
electronic structure (e.g. work function, HOMO/LUMO levels) of the ZnO surface

should enable improvement of solar cell performance.

'Rosen, E. L., Buonsanti, R., Llordes, A. et al., (2012) Exceptionally Mild Reactive Stripping
of Native Ligands from Nanocrystal Surfaces by Using Meerwein’s Salt, Angewandte Chem. Int.
Ed., (51) 684-689
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Extension to Other TCO Systems: Preliminary
Results

ALD of SnO,; Gyroid

The materials toolbox developed in this study can be further extended to ALD of
other metal oxides such as TiO5, SnO9, and Sn:Zn0O. Some of the efforts have started
in the course of this study. In collaboration with Professor Roy Gordon’s group in
Harvard University, gyroid of SnO, was fabricated using the precursors synthesised
in their group.! However, XPS examination showed that, some problems remain in
this system. The flat Si substrate which was placed in the same chamber as the
gyroid substrate resulted in a thin film of correct stoichiometric ratio, based on the
XPS surface scan. The gyroid SnOs (Fig. 8.1), on the other hand, did not show
any corresponding peaks for SnO,. This could be due to various factors such as
the precursors reacting with the PS template, forming an alternative compound to
SnO,. It is also possible that extended exposure time at 60°C lead to dissociation of
H504, which was used as a precursor, or that the byproduct as well as the dissociated
species were trapped inside the pores of gyroid network, overall affecting the final
stoichiometry of the material. Confirming such hypotheses would require further
elemental analysis such as XPS depth profiling and more detailed analysis, starting

with ALD of SnO, on a flat PS substrate.

'Heo, J. and Hock, A.S. and Gordon, R.G. (2010) Low Temperature Atomic Layer Deposition
of Tin Ozxide, Chemistry of Materials, 22 (17), 4964
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Figure 8.1: SEM image of resulting material from ALD of SnO, into a sacrificial
PS gyroid template (from Chapter 4). The image was taken after removing the PS
template by thermal calcination.

Dye-sensitised Solar Cells (DSSC) Using Mesoporous ZnO

The mesoporous ZnO fabricated in Chapter 7 was used as an active layer in DSSC
using a D102 dye. The J-V curve of such device (Fig. 8.2) shows high V,. (in
comparison to other ZnO-based DSSCs '), but a low J,.. This could be due to
the fact that the active layer was too thin (~ 450nm), relative to the those of the
DSSCs reported in literature. The highest PCE reported on ZnO-based DSSCs are
only ~2.5%, and used an active layer of >10um. Therefore, optimising the multiple
spin coating conditions to prepare thin films in micron-scale can be a valuable step

to improve the solar cell performance.

Ko, SH., Lee, D., Kang, HW.,et al., (2011) Nanoforest of Hydrothermally Grown Hierarchical
ZnO Nanowires for a High Efficiency Dye-Sensitized Solar Cell, Nano Letters, 11 (2), 666-671
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Figure 8.2: J — V curve of a DSSC built using the mesoporous ZnO (450nm-thick)

from Chapter 7 as an active layer.
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