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Abstract

Functional Nano-Structures Using Atomic Layer Deposition

Pedro M. Salgård Cunha

This thesis is a study of the crossover between the fields of atomic layer deposition,
block copolymer self-assembly and photovoltaics. The central research question is
how the technique of atomic layer deposition (ALD) can be incorporated into the
creation of nano-structured functional materials and devices, specifically in the areas
of photovoltaics and biomimetics.

The work aims to explore the capabilities of ALD as a strategy for overcoming two
main challenges: the creation of extremely thin conformal metal oxide layers and the
replication of complex high surface area templates. In these areas of fabrication on the
nano-scale, ALD has consistently been shown to achieve more conformal depositions
of higher quality and with greater thickness control than other thin film experimental
techniques.

Rather than understanding these challenges in their narrowest sense, the thesis
seeks to explore the full range of possibilities inherent to the ALD process for a number
of quite different applications, all of which are linked by their reliance on self-assembled
templates or the creation of functional photovoltaic structures.

The thesis begins by providing three background chapters. Chapter 1 covers pho-
tovoltaics, with an emphasis on liquid and solid-state electrolyte dye-sensitised solar
cells. Chapter 2 is concerned with the self-assembly of microphase separating diblock
copolymers and covers the special case of the gyroid morphology which is utilised exten-
sively in the thesis. Chapter 3 describes the ALD technique. It deals with the physical
and chemical underpinnings of this process, as well as its application for the coating
of non-ideal substrates such as polymeric and high-aspect-ratio structures. Chapter 4
then introduces the key experimental techniques and methods utilised throughout the
research.

These introductory sections serve as the foundation for the four major experimen-
tal chapters of the thesis. Chapter 5 reports on the formation of gyroid-structured core-
shell Cu/Cu2O/CuO solar cells via the post-deposition thermal oxidation of electro-
deposited copper. Chapter 6 deals with the replication of gyroid-structured polystyrene
templates using metal oxides deposited via ALD, for use in dye-sensitised solar cells.
The chapter presents a novel ozone-based functionalisation scheme which overcomes
the inherent difficulty of ALD nucleation on polymer surfaces.

Chapter 7 covers two projects which are ongoing. One is focused on the applica-
tion of ALD for the deposition of metal sulphides, and primarily describes the safety
and experimental considerations for the installation of H2S as the sulphur source for
this process. The other is concerned with the deposition of ultra-thin titania compact
layers for dye-sensitised solar cells using ALD. Chapter 8 reports on the use of ALD
in the biomimetic replication of the spectral response of the wing scales of the Papilio
Blumei butterfly.
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1 Introduction

One of the most fundamental technological challenges which has appeared over the last
three decades is the supply and demand of energy. The world’s energy usage has risen
steeply in this period with an increase of 39 % since 1990 to a total energy usage of
142 000 TW h in 2008. The general increase in energy usage in the western world is
compounded by a significant financial expansion in Africa and Asia, especially in China
and the Middle East, which have seen an increase in energy usage of 146 % and 170 %
respectively since 1990, compared to 20 % and 7 % for the USA and the European
Union over the same time period. The world’s energy usage is expected to continue to
rise at an increasing rate to a predicted usage of 327 000 TW h by 2050.

A significant fraction of the energy, about 87 %, is currently supplied by fossil and nu-
clear fuels. Besides the environmental impact of the use of fossil fuels and the inherent
issues of long-term storage and processing of nuclear waste, the main argument for
moving away from these energy sources is the limitation of available resources. The
total remaining energy from fossil fuels is estimated to be 4 × 1022 J, with the majority
of these fuels being expensive and difficult to extract. The equivalent amount of nu-
clear fuels assuming current reactor configurations is estimated to be 2 × 1022 J. This
should be compared to the total influx of energy from the sun which is approximately
3 × 1024 J yr−1. Even though it is not possible to capture most of this incident irradia-
tion, collection of about 0.02 % would be sufficient to cover the earth’s current energy
need.

Driven by this requirement for alternatives to fossil and nuclear fuels, significant re-
search efforts have been made over the last two decades to develop new systems for
renewable energy. Together with geothermal energy, solar energy is one of the few re-
newable energy sources that can have a significant impact on the world’s energy supply
in the foreseeable future. However solar energy has two main drawbacks: cost and raw
material for the fabrication. The main type of solar cell used today is the monocrys-
talline silicon solar cell. Although these solar cells are capable of converting 15 % to
20 % of the incident solar light on a modular level, the production costs are consid-
ered relatively high. The use of silicon and other materials such as silver for electrical
contacts also imposes limits on their future use due tp the limited amount of these
resources available on earth. As such a large portion of photovoltaic (PV) research
has shifted to solar cell technologies that have intrinsically lower maximum efficiencies
but also have much lower predicted production costs. Two of these emerging technolo-
gies are organic photovoltaics (OPV) and organic/inorganic hybrid photovoltaics such
as the dye-sensitised solar cell. Both of these solar cell types benefit hugely from an
increased internal surface area, which enhances light absorption and therefore power
conversion efficiencies.

A high surface area can be achieved by structuring the active material on the nanometre
length scale. Nano-structuring can also lead to new, interesting material properties and
physical effects which stem from the accessibility of both the bulk and the surface of
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1 Introduction

the active material. The main route currently used for the fabrication of well-defined
structures on the nano-scale relies on the use of a number of lithographic techniques such
as electron-beam, x-ray and deep ultra-violet lithography and nano-imprint lithography
[1, 2]. These fabrication techniques are all top-down approaches which have a number of
drawbacks such as extended fabrication times, the requirement for expensive fabrication
equipment, and limitations in resolution. Moreover these techniques are not well-
adapted for the fabrication of complicated, for example three-dimensional, structures.
Recently bottom-up fabrication protocols have been developed which overcome the
problems outline above. In general these protocols rely on self-assembly, which removes
the need for an expensive external experimental setup.

From the large range of fabrication routes that employ self-assembly to achieve nano-
structuring, it is possible to define three categories. The first category involves routes
that rely on the fine-tuning of experimental parameters, either extrinsic parameters
such as deposition conditions or intrinsic parameters such as material composition,
to achieve self-assembly of the active material itself. Although a number of materi-
als display this type of self-assembly into for example nano-wires and nano-tubes [3, 4]
they have limited applicability in industry. One exception are conjugated semiconduct-
ing polymers which have shown promise in roll-to-roll processing [5, 6]. The second
approach utilises non-functional materials, such as copolymers, as structure-directing
agents, to pattern one or more functional materials. For copolymers this is normally
achieved by selective swelling of the copolymer blocks with for example nanoparticles.
The main limitation of this fabrication route is the increasing number of degrees of
freedom with increasing number of components which can make control of the final
nanoscale structure difficult [7, 8].

The third and final approach utilises the self-assembly of templates and their subse-
quent replication with the active material. The main advantage of this approach is the
separation of the fabrication route into a template step and a replication step which
allows the self-assembly of the template and the fabrication of the active material to be
optimised separately. Given the separation of the template fabrication and the replica-
tion a range of different replication techniques can be used, including electrochemistry,
sol-gel and atomic layer deposition. One particular set of self-assembled templates that
has shown promise is the voided diblock copolymer template. Once the copolymer has
been allowed to reach its equilibrium morphology, the porous template is formed by
selective removal of one of the blocks. Of the diblock copolymer morphologies the
double-gyroid phase shows the most promise since both blocks are continuous, allow-
ing the formation of a self-supportive scaffold of an active material with a high specific
surface area and a narrow pore distribution. A schematic of a generalised fabrication
route employing a block copolymer template with the gyroid morphology is shown in
Figure 1.1.

With decreasing feature sizes of fabricated nano-structures, as well as increasing aspect
ratios, stricter requirements are placed upon experimental processes, especially thin
film techniques, in terms of conformity and thickness control. One technique that
has been shown to cope well with these increasingly stringent requirements is atomic
layer deposition (ALD). Since it relies on substrate/gas phase interactions it allows

2
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A C
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E F

Figure 1.1: Generic fabrication route using diblock copolymer templates which dis-
play the double-gyroid morphology. (A) Functionalisation of the sub-
strate using for example piranha etching and silinisation. (B) Spin-
coating and thermal annealing of thin block copolymer film to reach
the equilibrium double-gyroid morphology. (C) Removal of the minority
phase to produce a porous template. (D) Replication of the template
using for example electrochemical or atomic layer deposition. (E) Re-
moval of the polymeric template and post-processing of the replica includ-
ing thermal treatments. (F) Assembly of the double-gyroid-structured
replica into a functional nano-structured device.

for high conformality even on high-aspect-ratio samples with complicated geometries
whilst maintaining a sub-nanometre thickness resolution.

This thesis aims to study the interplay between these three areas: photovoltaics, block
copolymer templates and atomic layer deposition. The thesis will begin by giving
an overview of the field of photovoltaics or solar cells in Chapter 2. The working
principles of a traditional silicon solar cell will be described as well as the concept of
hybrid solar cells which are the main focus of this thesis. Particular emphasis is given
to the dye-sensitised solar cell (DSSC). The theoretical framework for the self-assembly
of covalently bonded diblock copolymers, which are used as templates for the main two
studies in this thesis, will be outlined in Chapter 3. The chapter will also describe
the nano-scale morphologies adopted by equilibrium diblock copolymers with focus on
the tri-continuous double-gyroid morphology. Given that atomic layer deposition is
used to a varying degree in every chapter in this thesis, Chapter 4 has been dedicated
to this experimental technique. As well as the working principles of ALD, its uses
within the field of solar cells will be highlighted. ALD growth on non-ideal substrates
and under non-ideal conditions, such as high-aspect-ratio polymeric templates and low
deposition temperatures, features frequently in this thesis and as such the current
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1 Introduction

understanding of ALD growth under these conditions will be described. Chapter 5
covers the experimental fabrication and characterisation techniques used in this thesis.

Chapter 6 describes the replication of double-gyroid-structured polystyrene thin film
templates using electrochemical deposition of copper and the subsequent thermal oxi-
dation of the self-supportive copper scaffolds for use in solar cells. The morphological
changes occurring during the oxidation, including the formation of novel core-shell
structures, will be studied using electron microscopy and scattering techniques. The
characteristics of the devices fabricated from the oxidised copper network will also be
studied as a function of the thermal oxidation protocols. In Chapter 7 the replication
of double-gyroid-structured templates by TiO2, Al2O3 and ZnO using ALD will be de-
scribed. Particular focus will be given to the requirement for surface modification to
achieve dense and uniform ALD nucleation on the polymeric templates, and a novel gas
phase modification technique used for the functionalisation will be detailed. The chap-
ter concludes by reporting on dye-sensitised solar cells fabricated from ALD replicated
TiO2 scaffolds.

Chapter 8 outlines two projects which utilise ALD for photovoltaic applications. The
first part of this chapter describes the upgrade of our commercial ALD reactor to utilise
H2S for the deposition of metal sulphides. It describes the engineering considerations
needed to fulfil the stringent safety requirements regarding H2S. Initial results from
the deposition of ZnS will also be presented. The second part of this chapter reports on
the use of ALD to deposit TiO2 compact or blocking layers for mainly dye-sensitised
solar cells. Initial results suggest that ultra-thin TiO2 layers deposited below 200 ∘C
are a potential substitute for compact layers normally formed using spray pyrolysis at
elevated temperatures. The thesis concludes by describing the use of ALD in the field
of biomimetics in Chapter 9. The spectral response of the colourful Papilio blumei
butterfly is successfully replicated using an all-inorganic fabrication route comprising
electrochemistry and ALD. The chapter also describes a synthetically stronger optical
response caused by a small modification of the structure presented by the butterfly.

4



2 Fundamentals of solar cells

This chapter will provide an overview of the concepts fundamental to photovoltaic de-
vices or solar cells. It will begin by introducing the operational principles of traditional
silicon solar cells. The focus will then shift to hetero-junction solar cells in which the
absorption of an incident photon leads to the formation of a long-lived electron/hole
pair, or exciton. Next, the chapter will introduce the concept of a bulk hetero-junction,
describing how it overcomes some of the drawbacks of bilayer hetero-junction devices.
Examples of all-organic and hybrid bulk hetero-junctions will be given. The chap-
ter will conclude with a very common hybrid hetero-junction, the dye-sensitised solar
cell. Both liquid and solid-state electrolyte cells will be described, together with the
advantages and disadvantages of these device geometries.

2.1 Conventional photovoltaic devices

The word photovoltaic stems from the Greek word photo meaning ‘light’ and voltaic
designating ‘electricity formed by chemical action’. As such the photovoltaic effect
describes a process in which an electric potential difference is formed as a consequence
of light irradiation. This effect is the basis for the operating principles of a solar cell.
For the effective operation of a solar cell with a high conversion between solar energy
and electrical energy two physical processes have to be optimised: the generation of
charge carriers via the absorption of incident photons; and the separation and transport
of these charge carriers to macroscopic electrodes connected to an external load.

The generation of charge carriers is caused by the absorption of an incident photon and
the subsequent photoexcitation of an electron to a higher electronic state, given that the
energy of the photon (ℎ𝜈) is higher than the electronic potential barrier [9]. Normally
this barrier is given by the band gap of the material and as such the requirement is
that ℎ𝜈 > 𝐸bandgap. This means that the effectiveness of this first step is governed by
the electronic structure of the absorbing material. When the light source employed
is the sun, the electronic structure should be such that the absorption matches the
spectrum of the sun as closely as possible. Strategies to ensure and to enhance the
overlap between material absorption and the solar spectrum include the use of multi-
junction solar cells [10] in which multiple materials with varying electronic structures
are used to widen the absorption window. The dye-sensitised solar cell is constructed
for this purpose (Section 2.4).

The most common solar cell in use today is the silicon solar cell. This utilises a
planar interface between n- and p-type doped silicon to extract the charge carriers.
Assuming that ℎ𝜈 > 𝐸bandgap, an electron will be promoted from the valence band to
the conduction band. Absorption can take place within the bulk of either layer of the
silicon homo-junction. For the absorption coefficient of silicon, an active layer of a
few 100 µm is required for complete absorption. The separation of the essentially free
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2 Fundamentals of solar cells

electron and hole charge carriers is aided by the generation of an electric field at the
junction interface due to the equilibration of Fermi levels. This electric field moves
electrons and holes to opposite macroscopic collecting electrodes.

These operating principles are described for the case of the silicon solar cell, but they
apply for any solar cell consisting of a high crystalline inorganic semiconductor homo-
junction. One of the main disadvantages of high-performing silicon solar cells is the
requirement for high crystallinity and purity, which stems from the fact that electrons
and holes co-exist in the same material volume and will easily recombine if defects
and impurities are present. Even though significant efforts have been made over the
last two decades to alleviate this requirement by the introduction of multi-crystalline
devices [11] and silicon hetero-structures [12], the high cost associated with material
purity and high processing temperatures remains one of the limiting factors for the
use of silicon solar cells in large scale power generation and for their introduction into
the mainstream consumer product market. This high cost has accelerated research
into alternative low cost solar cell concepts which can utilise cheaper materials and
fabrication techniques.

2.2 Excitonic solar cells

Existing solar cell concepts can be categorised as either p-n homo-junctions or exci-
tonic solar cells [13]. The physical mode of operation of excitonic solar cells (XSC) is
intrinsically different from homo-junction solar cells such as silicon p-n junctions. The
main difference between the excitonic and homo-junction solar cell is the way in which
the absorption of an incident photon leads to the generation of free charge carriers. In
both cases, the generation of an electron/hole pair forms an excitonic state due to the
Coulomb interaction between the electron and the hole. In highly crystalline inorganic
semiconductors such as silicon the formed exciton is very quickly dissociated at room
temperature due to the small excitonic binding energy which amounts to a few meV.
However in excitonic systems such as organic materials, the absence of strong dielectric
screening leads to a long-lived bound state that does not dissociate at room tempera-
ture. An additional event is required to form free charge carriers since the absorption
of an incident photon does not in itself automatically lead to the generation of free
carriers.

One of the easiest ways to fulfil this additional requirement for separation of the bound
electron and hole is to introduce another material in close proximity to the absorbing
material. If chosen correctly, i.e. with appropriate band energy levels or molecular
energy levels, the transfer of either an electron or a hole across this newly-formed
interface is energetically favourable. The generated free charges are then transported to
the external electrodes in the respective materials. The work functions of the electrodes
are chosen relative to the band energy levels of the materials to aid charge extraction.
This interface between an electron conducting or donor material and hole conducting or
acceptor material is called a hetero-junction and a schematic of the operating principles
of such an interface is shown in Figure 2.1.
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Figure 2.1: Schematic of excitonic generation in a hetero-junction solar cell. (A)
An incident photon is absorbed by the solar cell, leading to the gener-
ation of an excitonic electron/hole pair that diffuses towards an accep-
tor/donor interface. (B) The interface aids the separation of the exciton
into free charge carriers. (C) The free charge carriers are transported to
the macroscopic electrodes to drive an external load.

Two main figures of merit exist for excitonic solar cells: the power conversion efficiency
(PCE) and the external quantum efficiency (EQE). The PCE simply gives the ratio
between the maximum power density of the device and the incident power density.
The EQE gives a ratio between the measured electrical current and the number of
incident photons. For an EQE of 100 % every photon that is incident on the solar cell
leads to charge collection. EQE values of more than 100 % are possible if an absorbed
photon facilitates the generation of more than one electron [14]. The mechanism for
charge extraction in an XSC relies on three separate steps, namely: photon absorption,
exciton dissociation and charge collection. The EQE can be considered as a product
of the efficiencies of these three steps [15].

EQE = 𝜂A 𝜂D 𝜂C (2.1)

The efficiency of light absorption (the fraction of photons absorbed in the active mate-
rial) is denoted by 𝜂A. Three factors may cause the coefficient to be lower than unity:
the reflection of the incident light off the surface of the active layer or other solar cell
components; the absorption of light in non-active parts of the solar cell such as liquid
electrolytes; or the inclusion of an active layer which is too thin to achieve complete
absorption. A high value of 𝜂A corresponds to a length scale of 100 nm to several
µm, since this range of active material thicknesses is usually required for absorption
to reach a value close to unity. The exciton dissociation efficiency (𝜂D) is defined as
the fraction of excitons that reach an hetero-junction interface without recombining
and then successfully dissociate. A low value of 𝜂D is one of the main drawbacks of
XSCs, since the exciton diffusion length prior to recombination is on the order of tens
of nanometres [16]. As such only absorption events within 10 nm to 20 nm of a hetero-
junction will contribute to the generated current. But at the same time a high value of
𝜂A is needed which corresponds to a length scale of 100 nm to several µm. The charge

7



2 Fundamentals of solar cells

collection efficiency, 𝜂C, is mainly limited by the mobility of charge carriers through
the two materials in the hetero-junction but also by recombination events taking place
after exciton dissociation.

2.3 Bulk hetero-junctions

The non-commensurate length scales needed to optimise 𝜂A and 𝜂D [17] can be resolved
by nano-structuring the device to form what is called a bulk hetero-junction, which is
described in the next section (Section 2.3).

The definition of a bulk hetero-junction is a hetero-junction where the donor-acceptor
interface is not confined to a single planar interface somewhere inside the active regions
of the device but is located throughout the bulk of the device. The two components of
the XSC are finely dispersed throughout its entire thickness. For a bulk hetero-junction
XSC to perform optimally three criteria have to be met:

1. The average size of the domains of any absorbing component has to be on the
order of the exciton diffusion length (giving a high 𝜂D).

2. Continuous pathways for charge transport must exist in both components (giving
a high 𝜂C.)

3. The amount of active material must be sufficient for the absorption to approach
unity (giving a high 𝜂A).

Although structuring the solar cell on the 10 nm length leads to an increased 𝜂D, it
can also lead to a decreased 𝜂C. This is due to recombination caused by back elec-
tron transfer across the hetero-junction interface, an effect which is compounded in an
XSC by the close spatial proximity of the dissociated free charge carriers. The charge
extraction pathways should therefore be kept as short as possible with a high charge
carrier mobility to ensure that the time-scales for charge extraction are short compared
to any recombination event.

As we have already seen from the requirements for high 𝜂A, 𝜂E and 𝜂C, the morphology
of the XSC on the nanometer length scale can strongly influence the overall device
performance. Figure 2.2 shows a number of possible interfacial schemes ranging from a
single planar hetero-junction to a fully interdigitated junction which would conceptually
offer the highest device performance.

As described in the introduction, a number of self-assembly based fabrication schemes
are available for achieving nanoscale architectures not feasible using traditional litho-
graphic techniques. These can broadly be divided into two categories.

1) A single step process consisting of the co-deposition of the active constituent compo-
nents which self-assemble in-situ. 2) A two step process consisting of the self-assembly
of one active component and the subsequent infiltration of the other active component

8



2 Fundamentals of solar cells

A B C D

Acceptor

Donor

Figure 2.2: Hetero-junction morphologies. (A) A bi-layer hetero-junction suffers
from the large distance required for exciton diffusion which increases the
probability of recombination. (B) A bulk hetero-junction blend reduces
the distance for exciton diffusion but instead suffers from non-direct con-
duction pathways to the electrodes and island formation. (C) If care is
taken in the blend preparation, island formation can be avoided and the
number of continuous pathways increased. (D) Idealised fully interdigi-
tated donor/acceptor bulk hetero-junction which displays short distances
for exciton diffusion and fully continuous direct transport pathways.

or components. The self-assembly could be achieved by the use of a structure-directing
agent or via a template approach.

There are a number of existing material systems which are capable of forming a bulk
hetero-junction. They can be divided into all-organic hetero-junctions and hybrid or-
ganic/inorganic hetero-junctions. All-organic solar cells normally fall under category
(1) whereas hybrid solar cell fall under category (2).

The following sections will deal in turn with all-organic and hybrid junctions. We will
then turn our focus to the dye-sensitised solar cell as an example of a hybrid device.

2.3.1 All-organic hetero-junctions

The simplest strategy for forming organic bulk hetero-junctions is to deposit a combi-
nation of two polymers or a polymer and a small molecule onto a substrate, for example
via spin-coating or blade-coating from a common solvent. Before the solvent has evap-
orated, de-mixing of the two components leads to the formation of the hetero-junction.
This morphology is then preserved in the glassy state of the polymers formed upon
complete solvent removal.

One of the most common components for organic hetero-junction blends is an electron
accepting derivative of C60 ((6,6)-phenyl C61-butyric acid methyl ester or PCBM).
The first devices incorporating PCBM were produced by Saricfiti et al. in 1993 [17].
In these samples PCBM was evaporated on an poly(2-methoxy-5-(2-ethyl-hexyloxy)-
1,4-phenylene-vinylene) (PPV) layer in a bilayer configuration. Developments have
since then extended the library of polymer/PCBM blends to include, for example,
P3HT/PCBM and F8TBT/PCBM. State-of-the-art organic solar cells reach power
conversion efficiencies of over 8 % [18].
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2 Fundamentals of solar cells

Although the approach is conceptually very simple, a number of experimental param-
eters affect the morphology, domain size and interconnectedness of the polymer blend.
Common parameters include interactions between the solvent and the acceptor and
donor materials, interactions between the two materials themselves, and interaction of
both the solvent and the material with the substrate. Experimental methods such as
deposition technique, solvent removal and annealing protocols may also affect the struc-
ture [15]. Given the large range of parameters, achieving two optimally interconnected
networks with the required lateral length scale of approximately 10 nm (Figure 2.2D)
can prove very difficult [19].

One method of addressing this difficulty is the use of block copolymers which incor-
porate the acceptor and donor material as the constituent blocks of the polymer. The
length scale at which block copolymers (of a molecular weight of 10s of kg mol−1) nat-
urally undergo microphase separation lends itself well to the fabrication of bulk hetero-
junctions since this length scale is commensurate with the exciton diffusion length.
However different issues arise when using conjugated block copolymers to fabricate
hetero-junctions, principally the crystallisation of both or either of the constituent
blocks which can interfere with or completely hamper the microphase separation.

2.3.2 Hybrid organic/inorganic hetero-junctions

The relatively simple mixing method described for all-organic hetero-junctions can also
be applied in the formation of hybrid junctions. A range of differently shaped nanopar-
ticles such as rods, spheres and tetrapods can be mixed with various polymers to form a
hybrid hetero-junction upon annealing. Elongated particles such as rods and tetrapods
allow for a more directed charge extraction compared to spherical nanoparticles. Ex-
amples of polymers used in this method include MEH-PPV and P3HT [20]. Common
materials for the nanoparticles are CdS and CdSe [20] both of which have an absorption
spectrum in the visible range which can extend the absorption efficiency of the device.
A power conversion efficiency of about 2 % has been achieved [20].

Another common approach for the fabrication of hybrid devices follows the second route
described in Section 2.3, in which one component is structured in the first step and the
other component is infiltrated/backfilled in the second step. The most common scheme
involves the structuring of metal-oxide nanoparticles such as titanium dioxide (TiO2).
TiO2 has the advantage of being non-toxic and abundant. Titania nanoparticles, used
in a large range of applications including photocatalysis [21, 22] and photovoltaics, are
normally fabricated using a sol-gel process. Titania pastes, which include a polymer
binding agent such as cellulose, are commercially available, and thin films ranging from
less than 1 µm to 10s of µm with a porosity of approximately 60 % can easily be achieved
upon high temperature annealing [23]. However, bulk hetero-junctions fabricated using
TiO2 scaffolds and conjugated polymers such as P3HT and MEH-PPV suffer from low
power conversion efficiencies and EQEs [24]. These issues arise due to the disordered
network of the titania mesoporous film, which with its wide pore size distribution
prevents complete infiltration of the macro-molecules into the network [25].
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2.4 Dye-sensitised solar cells

The first dye-sensitised solar cells that exploited a bulk hetero-junction were developed
by Grätzel and O’Regan in the 1990s [23]. The benefit of dye-sensitised solar cells is
that the size requirements imposed on the structure by the exciton diffusion length can
be completely avoided if the absorption is confined to the charge separating interface .

In a dye-sensitised solar cell, shown in Figure 2.3 below, a wide band gap metal oxide
semiconductor which has a limited absorption in the visible spectrum is sensitised by
the conformal coating of its surface with a thin layer of organic or inorganic dye [26].
Absorption of an incident photon creates an excited oxidised state in the dye and an
electron is injected into the TiO2 scaffold providing that its conduction band lies below
the redox potential of the dye. The dye is then reduced via an electron transfer from
the surrounding electron donating material. Suitable electron-donating materials fall
into two categories: liquid electrolytes, commonly containing an iodine/iodide (I−/I3−)
redox couple (Figure 2.3A,B); and solid-state electrolytes containing a hole conducting
material, normally polymers as described in Section 2.4.1 (Figure 2.3C,D).

In the liquid electrolyte cell the oxidised redox couple is reduced at the macroscopic
counter electrode, thus completing the electric circuit via an external load. The max-
imum achievable potential for this device configuration is the difference between the
redox potential of the electrolyte and the sub-band edge states of the semiconducting
scaffold. Two main recombination events lower the overall device efficiency: the back-
transfer of injected electrons either to the oxidised dye or to the oxidised species in the
electrolyte.

The main conceptual difference between the dye-sensitised solar cell and other hy-
brid devices is the introduction in the former of a thin absorbing mono-layer at the
donor/acceptor interface. This increases the exciton dissociation efficiency since diffu-
sion is not required, but at the same time leads to difficulties in achieving complete
light absorption. The solution to this problem is to nano-structure the solar cell, thus
increasing the amount of dye per unit area of the device. For example, given the
absorption coefficient of the commonly used N719 dye (𝛼=13 900 mol−1 cm−1) [27], ap-
proximately a 1000-fold increase in surface area compared to a flat junction is needed
to achieve an absorption efficiency close to unity. The roughness factor (the increase in
surface area per micrometer of porous film thickness) of commonly used mesoporous ti-
tania electrodes is between 100 and 140 [23]. As such a film thickness of approximately
7 µm to 10 µm is required for near complete absorption. However an increase in the
film thickness also increases the probability of recombination according to either of the
two loss mechanisms described below (Figure 2.3B(4,5) and Figure 2.3D(3,4)), thereby
lowering the charge collection efficiency. This demonstrates that great care must be
taken in device design to optimise the EQE and thereby the overall power conversion
efficiency.
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Figure 2.3: Hetero-junction morphologies. (A) A sensitised mesoporous TiO2 net-
work in contact with a I−/I3

− liquid electrolyte. (B) Band diagram of a
liquid electrolyte DSSC. (1) The absorption of an incident photon leads
to the oxidation of a dye molecule and injection of an electron into the
TiO2 conduction band. (2) The reduction of the dye by electron injection
from the redox couple which is left in an oxidised state. (3) The reduc-
tion of a redox couple by an electron which has been passed through the
external load. Recombination can occur between electrons in the TiO2

scaffold and (4) the oxidised redox couple or (5) the oxidised dye. (C) A
sensitised mesoporous TiO2 network on a titania compact layer in contact
with a hole-conducting spiro-MeOTAD solid-state electrolyte. (D) Band
diagram of a solid-state electrolyte DSSC. (1) The absorption of an inci-
dent photon leads to oxidation of the dye and injection of an electron into
the TiO2 conduction band. (2) Reduction of the dye by hole injection
into spiro-MeOTAD. Recombination can occur between electrons in the
TiO2 scaffold and (3) the holes in the spiro-MeOTAD or (4) the oxidised
dye.

A number of excellent reviews cover aspects of both dye and electrolyte design [26,
28, 29]. In short, these reviews conclude that any process which aids in electron ex-
traction such as dye regeneration and carrier transport must occur over a time scale
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significantly shorter than detrimental processes, such as electron back-transfer from the
TiO2 conduction band to the dye and recombination events between free carriers.

Optimisation of the various components of the DSSC has led to recorded photon-to-
electron conversion efficiencies of over 90 % at the absorption maximum of the dye
[30]. The current record power conversion efficiency for liquid electrolyte cells is 12.3 %
and is held by a device consisting of a 5 µm thick titania mesoporous electrode with a
5 µm scattering layer, a novel zinc porphyrin dye cosensitised with a Y123 dye and a
Co(II/III)tris(bipyridyl)-based redox electrolyte [31]. A significant portion of current
research efforts focuses on the design of new, more stable and more broadband dyes
[32] and new electrolyte concepts. This is unsurprising given the low costs associated
with the fabrication of meso-porous nano-particular titania electrodes. These research
efforts are aimed at fine-tuning the pre-existing and highly successful model of the
dye-sensitised solar cell. A second area of research is invested in the design of novel
electrodes. Advances in this area include the use of non-standard nano-particular
titania electrodes and the fabrication of devices which incorporate other metal oxides.

2.4.1 Solid-state electrolyte cells

As the power conversion efficiencies of DSSCs have increased, and as commercialisation
has become more desirable, part of the current research focus has shifted towards
properties such as long term stability and low manufacturing costs. One of the outcomes
of this research focus has been greater investment in the development of the solid-state
electrolyte cell, which shows several benefits in comparison to the liquid-electrolyte
DSSC described above. One of the main drawbacks of DSSCs lies in the lack of stability
of the constituent components. Examples of these instabilities include the tendency
of the dyes to be bleached on exposure to light and the volatility and corrosiveness
of the liquid electrolyte. The use of a liquid electrolyte also requires effective sealing
of the device and the use of costly precious metals as counter electrodes. As these
problems impede commercialisation attempts, research into the replacement of the
liquid electrolyte with a solid-state hole transporting counterpart has gained further
prominence.

The two major candidates to replace the liquid electrolyte are small molecule or-
ganic semiconductors and wide band gap semiconductor compounds such as CuSCN
and CuI. Of the various compounds studied, 2,2’,7,7’-tetrakis(N,N-di-methoxypheny-
amine)-9,9’-spirobifluorene (spiro-MeOTAD) (Figure 5.2C) has been shown successfully
to fulfil the requirements of a liquid electrolyte replacement [33]. These requirements
include low molecular weight to aid infiltration; good transport properties; and energy
levels that match those of the dyes employed.

The operating behaviour of a solid-state DSSC (ssDSSC) containing spiro-MeOTAD, is
very similar to its liquid electrolyte counterpart with the main difference being the way
in which the oxidised dye is regenerated. The electron transfer now takes place from the
surrounding hole conducting material, or in other words via an injection of a hole into
the hole conducting material. In the case of small molecule organic semiconductors
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such as spiro-MeOTAD, the charge transfer through the electrolyte to the electrode
takes place via a hopping mechanism.

Since the first use of spiro-MeOTAD in a DSSC by Bach et al. in 1998 [33, 34], a num-
ber of experimental advances have further extended the efficiency of spiro-MeOTAD-
containing solar cells. The three main routes pursued are the use of additives such
as lithium bistrifluoromethylsulfonylamine (Li-TFSI), the fine-tuning of the amount of
these additives to improve the transport properties of the spiro-MeOTAD, and the im-
provement of the infiltration of the spiro-MeOTAD into the titania mesoporous scaffold
which is commonly achieved by altering the parameters of the infiltration method, such
as spin-coating speeds and times.

2.5 Alternatives to nanoparticular TiO2 electrodes

The final section of this chapter gives a short overview of a number of different reported
approaches to the creation of mesoporous TiO2 and other metal oxide scaffolds for
DSSC devices.

The majority of fabrication routes found in the literature can be categorised into elec-
trochemical deposition in porous templates [35], hydro- and solvothermal synthesis [36],
oxidation of titanium metal [37] and the use of structure-directing agents in combina-
tion with e.g. sol gel [38, 39].

One of the most common approaches uses sol gel synthesis together with any number
of structure-directing agents, such as block copolymers. The combination of two com-
mercially scalable fabrication techniques makes this route interesting from an industrial
point of view. The structuring agent of choice is the commercially available triblock
copolymer P123, poly(ethylene glycol)-b-poly(propylene glycol)-b-poly(ethylene gly-
col). Efficiencies up to 10 % have been reported by Wei et al. for liquid electrolyte
cells with TiO2 scaffolds fabricated through this approach [40]. Examples for ssDSSC
devices include results by Zukalova et al. [39] which demonstrate 1 µm thick films with
an efficiency of 4 %.

Another less frequently used fabrication route, interesting because of its potential of
scalability, is the oxidation of titanium foils to produce high aspect ratio wires or tubes
[37] with dimensions on the nanoscale. DSSCs using TiO2 nanotubes have shown
efficiencies up to 3 % [41].

The least scalable of the fabrication schemes is electrochemical deposition. Despite the
lack of potential for scalability, this fabrication scheme is promising from a research
point of view due to its versatility. A large range of different metals and metal oxides
can be deposited using including titania for use in DSSCs [35]. A variety of templates
can also be used including polycarbonate membranes [42], alumina membranes [43],
colloidal crystals [44] and voided block copolymer thin films [35, 45–48].

The large range of feasible materials allows for the investigation of new device fabrica-
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tion routes. These could include more complex structures created by the the deposition
of metals and their post-deposition thermal oxidation to their corresponding oxides
[48]. A number of materials have also been studied as an alternative to TiO2 [49, 50],
of which ZnO has gained the most interest with state-of-the-art efficiencies reaching up
to 7 % [51].

One technique used for the fabrication of TiO2 scaffolds that has so far received rela-
tively little attention is atomic layer deposition (Chapter 4). This technique is combined
with self-assembled double-gyroid polystyrene templates (Section 3.2) in Chapter 7 to
produce high surface area titania electrodes.
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3 Block copolymer self-assembly

Block copolymers, and in particular their use as templates, form an integral part of this
thesis. It is therefore important to understand the underlying physical principles that
lead to their self-assembly. The chapter begins by contrasting melts of homopolymers
with melts of block copolymers, showing how the additional constraint of the covalent
bond in the block copolymers leads to phase separation on the nanometre length scale
into morphologies with high order. It then moves to focus on the double-gyroid block
copolymer morphology which is of particular interest as a template for nanofabrication
due to its highly ordered networked structure. Methods for describing and visualising
the double-gyroid morphology are detailed. The chapter concludes by describing the
self-assembly of block copolymers under non-ideal conditions, especially the deposition
of thin polymer films on solid substrates.

3.1 Introduction to copolymer self-assembly

Polymers are a subset of the material class of macromolecules in which repeat units,
or monomers (Figure 3.1A), are covalently bonded together into linear or branched
systems. Copolymers are arrangements of two or more chemically distinct monomers
and can be ordered or random in configuration. Block copolymers are a sub-class of
copolymers, and consist of homopolymer chains (Figure 3.1B), or blocks, of different
chemical compositions covalently bonded together (Figure 3.1C). Depending on how the
blocks are arranged, a number of different block copolymer structures can be realised.
The most common block copolymer architectures are diblocks P(A-b-B) and triblocks
P(A-b-B-b-A), P(A-b-B-b-C) (Figure 3.1D). The diblock copolymer structure is the
system used in this thesis.

A B C D

Figure 3.1: Polymer configurations. (A) Monomers (B) Homopolymers (C) Diblock
copolymers (D) Triblock copolymers

3.1.1 Homopolymer blends

While a mixture of two different monomers, A and B, tends to form a homogeneous
phase, a mixture of polymers made up from the same monomers A and B tends to
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undergo macro phase separation upon lowering of the temperature of the system. This
difference was explained by Flory and Huggins [52, 53] who used a mean field the-
ory to model the thermodynamics of polymer blends. The polymer blend system is
characterised by five parameters which describe the polymers: the degrees of polymeri-
sation 𝑁𝐴, 𝑁𝐵; the relative volume fractions of each homopolymer 𝜑𝐴, 𝜑𝐵; and the
Flory-Huggins interaction parameter 𝜒.

The macro phase separation of polymer blends is driven by the competition between
the energetic and entropic contributions to the Gibb’s free energy where the energetic
contribution (i.e. the energy of mixing) is proportional to the number of monomers
in the system and the entropic contribution is proportional to the number of polymer
chains. The Gibb’s free energy of mixing for a blend of homopolymers A and B is,

∆𝐺mix = ∆𝐻mix − 𝑇∆𝑆mix. (3.1)

Flory and Huggins modelled the blend as a lattice in which each monomer occupies one
lattice site. The result of applying mean field theory to this model is the Flory-Huggins
free energy description which takes into account enthalpic and entropic contributions
to the free energy due to monomer interactions,

∆𝐺mix

𝑘B𝑇
= 𝜒𝜑A𝜑B +

𝜑A

𝑁A

ln𝜑A +
𝜑B

𝑁B

ln𝜑B (3.2)

where 𝜒 is the Flory-Huggins interaction parameter [52], 𝑁A,B are the degrees of poly-
merisation and 𝜑A,B are the relative volume fractions of polymers A and B. The overall
free energy of the system governs whether the blend forms a homogeneously mixed
phase or whether spontaneous phase separation occurs. For ∆𝐺mix < 0 phase separa-
tion is energetically favourable whereas for ∆𝐺mix > 0 the stable phase will be a homo-
geneous mixture. The enthalpic contribution, which describes the nearest-neighbour
monomer interactions, can be either negative, promoting mixing, or positive, opposing
mixing. The entropic term which is derived by applying Boltzmann’s entropy formula
to the lattice model is always negative i.e. it promotes mixing. A simple model for the
interaction parameter 𝜒 based on Van-der Waals interactions alone is given by

𝜒 =
𝑍

𝑘B𝑇
𝜖AB − 1

2
(𝜖AA + 𝜖BB)) (3.3)

where 𝑍 is the number of nearest neighbours in the lattice model and 𝜖AB, 𝜖AA and
𝜖BB are the interaction energies between the A and B monomers. Empirically, the
interaction parameter is often found to vary as 𝜒 = A/𝑇 + B. In contrast to the
enthalpy of mixing ∆𝐻mix, which is proportional to 𝜒, the entropy of mixing ∆𝑆mix

which favours the mixing of the two monomers, is proportional to the total degree of
polymerisation. This means that polymer mixing is controlled by the product 𝜒𝑁 ,
the segregation strength, instead of just 𝜒 as for a monomer blend. By using the
expression for the free energy given by Equation (3.2), the binodal and spinodal curves
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and stability conditions for blends can be calculated by minimisation of the free energy.
One specific case exists for 𝑁 = 𝑁A = 𝑁B. By differentiating 𝐺(𝜑A, 𝜒,𝑁) with respect
to 𝑁 it can be shown that for 𝜒𝑁 < 2 a blend is stable for any 𝜑A, and for 𝜒𝑁 > 2
some values of 𝜑A will lead to phase separation.

3.1.2 Diblock copolymer blends

As with blends of homopolymers, the phase separation of block copolymers is driven
by the incompatibility of the chemically different monomers that constitute the blocks.
The main difference is the covalent bonding between the A-block and the B-block which
leads to local phase separation and self-assembly into A-rich and B-rich regions. The
morphology that the blend adopts is determined by the relative volume fractions of
the two blocks 𝜑A and 𝜑B and the segregation strength 𝜒𝑁 . The length scale of phase
separation is determined by the total degree of polymerisation of the block copolymer
𝑁 .

For a symmetric diblock copolymer (𝜑A = 𝜑B) the adopted morphology is a lamellar
structure with alternating A-rich and B-rich regions of a particular lamellar spacing.
As the volume fraction of one of the blocks is increased, the block copolymer becomes
more asymmetric and begins to adopt structures with a higher degree of curvature. The
bicontinuous 𝐹𝑑𝑑𝑑 phase [54], the tricontinuous double-gyroid phase (see Section 3.2),
hexagonally packed cylinders, body-centred cubic (BCC) and close-packed spheres are
all observed as the volume of either block is increased or decreased (Figure 3.2).

Unlike the homopolymer blends, the free energy of diblock copolymers must take into
account the entropic forces caused by covalent bonding between the blocks. For small
𝜒 (high 𝑇 ) the mixing due to entropy outweighs the demixing due to enthalpy and
the copolymer blend adopts a homogeneously mixed disordered phase, where the free
energy per chain can be approximated by the A-B interfacial energy as shown in Equa-
tion (3.4) [56].

∆𝐺dis

𝑘B𝑇
= 𝜒𝜑A𝜑B𝑁 (3.4)

As the temperature is lowered, the enthalpic contribution to the free energy increases
and the system tries to minimise the contact between unlike blocks by the formation
of phase separated regions. The polymers in these regions are stretched, compared to
the random coil configuration of homopolymer blends, which means that there will be
an entropic contribution to the free energy in the form of an elastic Hookian term.
Equation (3.5) shows the free energy for the lamellar phase, where 𝑁A = 𝑁B [56].

∆𝐺lam

𝑘B𝑇
=

3(𝜆/2)2

2𝑁𝑎2
+

𝛾𝐴

𝑘B𝑇
(3.5)

The first term corresponds to the stretching of a polymer chain to half the lamellar
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A B C D

E F G

Figure 3.2: Equilibrium microphase separated morphologies of diblock copolymers.
In A - C one of the two components is in minority, whereas in D both
components have the same volume and in E - G the other component is
in minority. (A) Body-centred cubic (B) Hexagonally close-packed cylin-
ders (C) Double-gyroid (D) Lamallae (E) Double-gyroid (F) Hexago-
nally close-packed cylinders (G) Body-centred cubic. Modified from [55].

spacing (𝜆/2). The second term is the enthalpic repulsion at the A-B interface expressed
as the product of the chain contact area 𝐴 = 𝑁𝑎3/(𝜆/2) and the interfacial tension
𝛾 = (𝑘B𝑇/𝑎

2)
√
𝜒 which can be calculated from theoretical work on polymer-polymer

interfaces. Minimisation of the free energy with respect to 𝜆 in the strong segregation
limit yields an expression for the equilibrium lamellar spacing [56],

𝜆0 ≈ 𝑎𝜒1/6𝑁2/3 ∝ 𝑁2/3 (3.6)

which is in good agreement with experimental work by Hashimoto et al. [57].

A critical value of 𝜒𝑁 for the order-disorder transition can be estimated by equating
the free energy of a disordered polymer melt 𝐺dis(𝜑A = 𝜑B = 1/2) = 𝑘B𝑇𝜒𝑁/4,
with the free energy of the lamellar phase 𝐺lam(𝜆0). The estimation yields a value
of 𝜒𝑁 ≈ 10.4 which is in good agreement with a more accurate value of 𝜒𝑁 = 10.5
predicted using self-consistent mean field theory [58, 59]. Thus for 𝜒𝑁 > 10.5 (i.e. low
temperatures, high molecular weights, or strong incompatibility between the polymer
blocks) we expect a symmetric (𝜑A = 𝜑B) block copolymer to micro phase separate
into a lamellar arrangement with a period 𝜆0.

This simple calculation does not provide any information about the composition profile
at the interface between the A-rich and B-rich regions, for which self-consistent mean
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field theories are required. It is possible to define three different regimes describing
increasingly sharp composition profiles: the weak (𝜒𝑁 ≈ 10), intermediate (𝜒𝑁 ≈
10 to 100) and strong (𝜒𝑁 > 100) segregation limits. The weak and strong segrega-
tion limits have been treated and unified by Matsen, Bates and Schick [58, 59] who
calculated theoretical phase diagrams for diblock copolymer systems (Figure 3.3B).
These predictions agree well with experimental work by Khandpur et al. [60] as seen
in Figure 3.3A.

BA

Figure 3.3: Diblock copolymer phase diagrams. (A) Experimentally determined
phase diagram of polystyrene-b-poly(isoprene). Modified from Khand-
pur et al. [60] (B) Calculated phase diagram using mean field theory.
Modified from Matsen et al. [59]

3.1.3 Phase separation of non-ideal systems

The theory of micro phase separation of block copolymers described in Section 3.1.2
assumes that both the polymers and the environment surrounding the polymer system
are ideal. However real polymers are very seldom ideal and certain considerations have
to be made when dealing with their phase separation and self-assembly. This section
will cover polymer polydispersity, the properties of thin polymer films, and their effects
on polymer self-assembly.

The range of molecular weights in a polymer melt is characterised by the polydispersity
index, 𝑃𝐷𝐼 = 𝑀w/𝑀n, where 𝑀w and 𝑀n are the weight average molecular weight and
the number average molecular weight respectively. Both simulation and experimental
studies have shown that an increased polydispersity can affect the achieved equilibrium
morphology as well as the domain spacing and system properties such as the long-range
domain order. For example, using self-consistent mean field theory, Matsen et al. and
Cooke et al. showed a shift in the boundaries between the equilibrium morphologies in
the phase diagram, the appearance of co-existence regions and the lack of long-range
order [61, 62]. Experimental studies confirm that systems with high polydispersity
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form ordered morphologies but that these can be different from their monodisperse
counterparts as confirmed by Lynd et al. [63].

The idealised theory of micro phase separation only accounts for local interactions
between neighbouring polymer chains and intensive properties such as the system’s
temperature. In other words the system is considered to be very large and the interac-
tions between the polymer and its surroundings are assumed not to affect self-assembly.
However in practice when block copolymers are used as templates or scaffolds they
are very frequently fabricated as thin films on solid substrates. This means that the
constituent blocks of the copolymer will interact with both the free surface at the
air/polymer interface and the substrate. These interactions can cause the formation
of non-bulk equilibrium morphologies, or alternatively can alter the orientation of the
intrinsic morphology.

One very common example of this is the self-assembly of cylinder-forming block copoly-
mers in thin films. The preferential interaction, or wetting, between either block and
the substrate can cause the formation of cylinders parallel to the substrate surface.
This preferential wetting of either block is normally unwanted for device fabrication
since continuity of both blocks is required.

3.2 The gyroid morphology

Of all the possible block copolymer morphologies, hexagonally close-packed cylinders
and the double-gyroid morphology are the two most commonly used as templates for the
fabrication of nano-structured active materials [35, 45–48, 64–66]. The major drawback
with the cylindrical morphology is the lack of interconnectedness between neighbour-
ing cylinders which frequently leads to the collapse and clumping of the replicated
nanowires upon removal of the template, especially for high-aspect-ratio polymer tem-
plates. The gyroid-structured replicas are far less mechanically sensitive to experi-
mental conditions such as solvent evaporation, and are less likely to collapse during
processing [45]. This stability is due to the networked structure of the gyroid morphol-
ogy which gives it a greater mechanical robustness than the individual hexagonally
close-packed cylinders.

This section gives an overview of the gyroid phase of diblock copolymers including the
double-gyroid morphology displayed by the polymer templates used in the thesis.

3.2.1 The double-gyroid surface

The interfaces between the phase separated regions of block copolymers (Section 3.1.2)
are described by a surface which has an approximately constant mean curvature 𝐻 =
1
2
(𝑘1 + 𝑘2) = const. These surfaces of constant mean curvature are called intermaterial

dividing surfaces (IMDS). Depending on the connectedness of the equilibrium morphol-
ogy achieved, the surfaces can be categorised into either unconnected (close-packed
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cylinders, close-packed spheres etc.) or connected with various degrees of continu-
ity. Connected surfaces are further distinguished by the number of distinct continuous
phases.

Because of the lack of analytical solutions to most IMDSs (exceptions do exist [67]) the
concept of level surfaces are used to model them. Level surfaces are functions which
satisfy the equation

𝐹 (𝑥, 𝑦, 𝑧) = 𝑡 = const (3.7)

where the shape and geometry of the surface is determined by 𝐹 (𝑥, 𝑦, 𝑧) and the con-
stant 𝑡 determines the volume fractions of the two volumes separated by the level
surface [68]. Because of the triply periodic nature of the level surfaces they can be
described by a three-dimensional Fourier series.

By using the lowest allowed Fourier components ℎ𝑘𝑙 of the single-gyroid space group
(𝐼4132), we get an approximate expression for its level surface.
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(3.8)

The single-gyroid and its associated dividing surface separates space into two physically
distinct regions. If the value of the constant 𝑡 is zero, the two volumes separated by
the IMDS are equal. As |𝑡| increases the ratio of the two volumes increases, up to a
value of |𝑡| =

√
2 at which for larger |𝑡| the surface is no longer connected. Single-

gyroid structures are not very common in nature but were recently found in butterflies,
where they act as photonic crystals to produce the iridescent colours of the wing scales
[69, 70].

Although the double-gyroid was first discovered in surfactant systems [71], it was first
seen in copolymer systems by Thomas et al. in 1986 [72] in a polystyrene-polyisoprene
copolymer and has since then been found in many systems including diblock and tri-
block copolymers [73, 74]. The double-gyroid surface divides the unit cell into three
volumes separated by two single-gyroid level surfaces. The volume between the two
single-gyroid surfaces forms the matrix of the block copolymer, with the other two vol-
umes forming two separate networks within the matrix as seen in Figure 3.4A. When the
double-gyroid is found in a diblock copolymer system, the two networks are chemically
equivalent but are unconnected. An example of this can be seen in work by Finnemore
et al. who used a double-gyroid PS-PI system with the PI networks removed, as a
template for the growth of calcite (CaCO3) [65, 75]. Finnemore reported that under
certain conditions, calcite crystal growth took place in only one of the networks, thus
showing the lack of connectivity between these two networks. It is possible to achieve
a configuration in which all three networks in a double-gyroid are unconnected and
chemically distinct. This can be accomplished using a triblock copolymer, for example
PS-b-PI-b-PLA, where the PS forms the first network, and the PI and the PLA form
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the second and third networks, which in this case are chemically distinct.

The level surface for the double-gyroid can be constructed as the square of the level
surface of a single-gyroid (SG).

F (x, y, z) = [FSG(x, y, z)]
2 = t2 = t∗ = const (3.9)

As was the case for the limits of |t| in the single-gyroid level surface, the equivalent limit
for the double-gyroid beyond which the networks are no longer connected is |t∗| < 1.414.

In order to simulate the level surfaces of the double-gyroid and to construct the 3D
models which are used in this thesis, an implementation of the level surface was per-
formed in Matlab. The code for this was written and kindly provided by Maik Scherer
[66].

The matrix or majority phase of a diblock copolymer, which corresponds to the volume
enclosed between the two single-gyroid level surfaces, occupies approximately 65% of
the total volume. The volume that surrounds the majority phase, which corresponds
to the remaining two distinct networks, is called the minority phase. Figure 3.4A
shows eight unit cells of the double-gyroid with the majority phase coloured in blue
and the minority phases coloured in green. The continuity of both minority networks
and the fact that they are not interconnected is shown in Figure 3.4B. The networks
are coloured in two shades of green for clarity.

A BA B

Figure 3.4: Simulation of the double-gyroid morphology. (A) Double-gyroid with a
blue majority phase and green minority phases. The minority networks
occupy 38.5% of the volume. (B) The two minority phases of a combined
volume fraction of 15% displayed in two shades of green to show that the
two networks are continuous and non-intersecting.
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A number of other very interesting morphologies have been shown to exist in block
copolymers, both theoretically and experimentally, including the alternating [76] and
core-shell double gyroids [77] found in triblock copolymers and the 𝐹𝑑𝑑𝑑 [54] and the
𝑃𝑛𝑛𝑎 [78] morphologies.

3.2.2 Achieving the gyroid phase

There are a number of routes to the formation of a diblock copolymer system that
displays the double-gyroid as its equilibrium morphology. They can broadly be di-
vided into either the modification of commercially available or easy to synthesise block
copolymers, or the direct synthesis of a block copolymer with the correct volume frac-
tions. The former route relies on the addition of low molecular weight polymers or
small molecules to one of the copolymer blocks in order to alter its volume fraction and
therefore the position of the block copolymer in its phase diagram, for example from a
cylindrical to a double-gyroid morphology. For this route to be successful the addition
must be selective, in other words it must be ensured that the additional component
only goes into the intended block. This can be achieved by tuning the miscibility of
the additive in the copolymer blocks [75, 79, 80]. Another way to achieve this is by
facilitating specific interactions, such as hydrogen bonding, between the additive and
one copolymer block [81, 82].

In this thesis the direct synthesis route is used. This avoids the problems attached to
the modification route. However direct synthesis introduces other potential difficulties,
of which the largest is the reliance upon synthetic chemistry to achieve the correct
volume fraction. The direct synthesis route employed in this thesis is described in
Section 5.5.

3.2.3 The double-gyroid in thin films

As mentioned in Section 3.1.2, one of the most interesting morphologies of diblock
copolymers is the double-gyroid morphology due to the continuity of both its majority
and minority phases. A number of theoretical and experimental studies have been
carried out on the formation of the double-gyroid morphology in thin films [66, 83–85].
The studies report that polymers which tend to form the gyroid-morphology in the
bulk also adopt this structure in thin films. However for thin films, interfacial effects
such as non-porous wetting layers at the polymer-substrate interface are more frequent.
The studies also show that when ultra-thin films are used (film thickness of less than
twice the gyroid period) they do not adopt their usual gyroid morphology.

So far only two polymer systems, a poly(4-flouro styrene)-b-poly(lactic acid) and a
polystyrene/poly(4-flouro styrene)-b-poly(lactic acid) diblock copolymer, have been
shown to produce thin films that are porous at both interfaces upon removal of one
of the constituent polymers. In the work by Crossland et al. [35, 45, 64, 86, 87] the
porosity of the substrate/polymer interface is maintained by the intrinsic roughness of
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the FTO-coated glass substrate [64].

The second of these polymer systems, produced by Scherer et al. [66], did not show this
porosity at the substrate/polymer interface despite the roughness of the FTO-coated
substrate. Instead the surface had to be chemically modified using a self-assembled
monolayer to create a neutral surface which allowed equal wetting both the P(F)S
and PLA. The same polymer system is used extensively in this thesis (Chapter 6 and
Chapter 7) and the surface functionalisation is described in Section 5.6.1.
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This chapter will cover the main experimental technique used in this thesis, atomic
layer deposition (ALD). The first part of the chapter describes the physical and chem-
ical underpinnings and the development of ALD. It then moves to outline current
understanding of the physics of ALD growth on polymer and high-aspect-ratio sur-
faces. The properties of the main three deposited materials will be described. The
chapter sets a foundation for the majority of the experimental work reported in this
thesis.

4.1 Introduction

As miniaturisation has become increasingly important in the semiconductor industry,
the requirement for thin film deposition techniques which offer conformal, large area
depositions has become one of the key aspects of the process line. A number of thin
film deposition techniques including chemical vapour deposition (CVD) and pulsed laser
deposition (PLD) offer solutions to this challenge. However no other technique rivals
the conformality achieved by atomic layer deposition on high-aspect-ratio structures.

Besides these industrial applications ALD has remained a very important deposition
technique in the research community since its invention in the 1960s, and the number
of publications which utilise ALD increases every year. In this thesis, ALD has been
employed in the replication of porous block copolymer gyroid templates with Al2O3,
TiO2 and ZnO (Chapter 7); in the fabrication of solid state dye-sensitised solar cells
from ALD-deposited TiO2 mesoporous scaffolds (Chapter 7); for the deposition of ZnO
as an n-type component in p-type double-gyroid-structured cuprous oxide solar cells
(Chapter 6); and for deposition of TiO2 compact layers for dye-sensitised solar cells
(Chapter 8). ALD has also been used in the biomimicry of the papilio blumei butterfly
to produce a colour response close to the biological counterpart as well as a stronger,
more striking optical response (Chapter 9).

As evidenced by the list of projects undertaken, with their varying potential appli-
cations and varying technological challenges, ALD has proven to be a very versatile
technique. Along with the research progress achieved during this thesis, a significant
amount of time has also been dedicated to the installation and establishment of ALD as
a useful tool within the University of Cambridge and especially the Physics department
where we now have about twenty regular users including one major commercial user
and an average machine run time of 30 h to 40 h per week.

The chapter will start by outlining the physical and chemical processes involved in
ALD, taking the deposition of aluminium oxide as an example. It will then give a
short overview of the development of ALD and some of the technological and research
advancements made to date, especially those connected to solar cells which are the
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main research goal of this thesis. It will also cover the properties of some of the the
most commonly-used metal oxides: aluminium oxide, titanium dioxide and zinc oxide.

Since the majority of the projects use ALD for depositions on polymeric substrates
and/or high-aspect-ratio structures, the current physical understanding of deposition
on such surfaces based on experimental studies and modelling will be covered. This is
followed by a description of the specific ALD reactor used in this research, and the phys-
ical properties of the deposited materials, including deposition rates, refractive indices,
material purities and crystal structures, as a function of deposition temperature.

4.2 Fundamentals of ALD

ALD is a thin film coating technique which employs gas-solid self-terminating reactions
of gaseous precursors with a substrate. It offers extremely good thickness control with
sub-nanometre resolution and superior conformality both over large areas and on high-
aspect-ratio surfaces. ALD as a deposition technique is a conceptual advancement from
chemical vapour deposition (CVD). In CVD two or more precursors are simultaneously
entered into the reaction chamber and allowed to react. The limitations of CVD are
that the growth rate is too high for successful application in nano-porous high-aspect-
ratio templates and that the deposited film thickness is only a function of interaction
time between the precursors and the substrate and as such is not discrete or quantised.

ALD presents a solution to this problem by dividing the reaction up into two half-cycles
(for a binary reaction). Only one of the constituent reactants at a time is allowed
to interact with the substrate. The interactions can either be temporally or spatially
separated, with temporal separation being the standard configuration in ALD reactors.
Spatial separation is mostly used in ALD reactors for industrial applications for which
more specialised types of processes are required (such as roll-to-roll depositions [88]).
Regardless of the type of separation, the distinctive feature of ALD is that the film
growth happens in a cyclic manner and therefore is quantised.

The ALD process relies on the sequential introduction of two or more precursors into
the reaction chamber. Each precursor is allowed to chemisorb from the gas phase
onto the substrate and the surface coverage is allowed to reach unity by precursor self-
saturation. This self-saturation is what leads to the self-limiting behaviour of ALD
and is what, in combination with the cyclic nature of ALD, enables precise thickness
control. Between each sequential precursor, the reaction chamber is purged with an
inert gas to remove unreacted precursor molecules and to remove by-products formed
during the chemisorption reaction. A reaction scheme for the deposition of Al2O3 is
shown in Figure 4.1.

This deposition uses trimethyl aluminium (TMA) and water as the precursors with
methane as the reaction by-product. In Step 1 the TMA is allowed to react with the
functional groups present on the substrate surface, in this case -OH groups. For the
reaction to be considered self-limiting, no further absorption should take place once all
available -OH groups, bar groups not accessible due to steric hindrance, have partaken
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Figure 4.1: Schematic of Al2O3 deposition by Atomic Layer Deposition. The precur-
sors used are trimethyl aluminium (TMA) and water. (1) TMA molecules
are chemisorbed onto the surface. (2) Unreacted TMA molecules and
methane by-products are removed by a nitrogen purge. (3) Water is
chemisorbed onto the monolayer of TMA. (4) Unreacted water molecules
and methane are removed by a nitrogen purge. Each cycle deposits one
(possibly partial) monolayer of Al2O3.

in chemisorption. This is true for TMA even for extended exposure times. However it
is not true for all precursors, meaning that multilayer formation is possible especially at
low deposition temperatures [89]. In the ALD reaction, the subsequent inert gas purge
removes unused gas molecules and reaction by-products (Step 2). The second half-cycle
consists of an H2O pulse which is allowed to react with the remaining exposed methyl
groups (Step 3). This chemisorption of water leads to the formation of a (possibly
partial) monolayer of Al2O3 and the layer of -OH groups used in the next reaction
cycle. The water pulse is normally longer than the primary precursor pulse to allow
the reaction to reach a yield of one. The second inert gas purge removes excess water
and the methane by-product (Step 4). Due to potential hydrogen bonding between
unreacted water molecules and surface hydroxyl groups, especially at low temperatures
where the water sticking coefficient is high, the second half-cycle purge is normally
longer than the first half-cycle purge. In this thesis, whenever ALD reactions are
described, the first half-cycle is considered to use the metal-containing precursor and
the second half-cycle the oxygen or sulphur source. The metal-containing precursor is
named the primary precursor whereas the oxygen or sulphur containing precursor is
named the secondary precursor.

The reaction scheme described above depends upon the physical properties of the pre-
cursors including their reactivity, thermal stability, and volatility, all of which are a
function of the reaction temperature. The range of temperatures for which these prop-
erties are favourable for self-limited ALD growth is called the ALD window, shown in
Figure 4.2.
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Figure 4.2: General temperature dependence of the ALD deposition rate. The range
of temperatures for which the ALD growth is self-terminating and approx-
imately linear with temperature is called the ALD window. Below the
ALD window temperature, precursor condensation and limited reactivity
can lead to incorporation of impurities.

At temperatures below this window, limited precursor reactivity and precursor con-
densation can lead to both under- and over-saturated absorption respectively. Con-
densation can cause unwanted CVD-like growth, and an increased incorporation of
impurities due to unreacted ligands or reaction by-products. At temperatures above
the ALD window, precursor decomposition and desorption can also cause increased and
decreased growth rates.

Most standard ALD reactors operate with an inert carrier gas in viscous flow. The
pressure is normally approximately 1mbar which is a trade-off between entrainment
and gas interdiffusion. Above 1mbar the mean free path between carrier gas molecules
is too small for effective purging. Below 1mbar the interdiffusion of stagnant precursor
molecules in the carrier gas is decreased. A pressure of 1mbar is chosen as a compromise
between the two factors.

Throughout this thesis it is assumed that the ALD processes discussed are thermal
processes, in other words that the energy required for the self-terminating reactions
of both precursors to take place is supplied by the thermal environment of the ALD
reaction chamber. This is opposed to plasma-enhanced ALD where the energy for at
least one of the precursor chemisorption reactions is supplied via an direct or indirect
plasma of the secondary precursor.

4.3 Development of ALD

ALD has its origin in experiments carried out by Finnish and Russian scientists in the
1960s and 1970s. The most commonly accepted origin of ALD stems from a technique
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called ‘atomic layer epitaxy’ (ALE) developed by Suntola et al. in 1974 [90]. They
initially demonstrated thin film growth based on elemental precursors: ZnS from Zn/S,
SnO2 from Sn/O2 and GaP from Ga/P [90]. They also developed protocols for the use
of compound materials such as Ta2O5 from TaCl5/H2O, Zn(Mn)S from Zn(Mn)Cl2/H2S
and Al2O3 from AlCl3/H2O [91].

Besides ALE, the technique has been described by other terms such as ‘binary reaction
sequence chemistry’ and ‘molecular deposition’ [92, 93]. The transition from ALE to
ALD stems from the fact that most films grown using the earlier technique were not
in fact epitaxial to the supporting substrate. The change was also enforced due to the
preference for amorphous films for barrier and dielectric layers, which by their very
nature are not epitaxial.

The refinement of ALD as a thin film technique has its roots in its early and contin-
uous application for commercial processes, especially in the semiconductor industry.
The first application of ALD in an industrial process was the fabrication of thin film
electroluminescent displays in which both the insulating layers and the active layer,
consisting of manganese doped zinc sulphide. The emergence and growth of a large
scale semiconductor industry led to further developments of ALD [94–96].

In the last decade the uses of ALD for various nanotechnology applications have in-
creased exponentially and have gone far beyond diffusion barrier layers [97] and pin-hole
free dielectrics [98], the two areas for which ALD had traditionally been employed. More
recent applications of ALD range from the modification of the properties of MEMS [99]
and NEMS [100], to the creation of thin film transparent conductive oxides (TCO) [101],
photonics [102] and photovoltaics [103].

4.4 ALD for photovoltaics

Photovoltaics plays an important role in the work of this thesis and as such the fol-
lowing section will cover some of the advances and applications of ALD for solar cells
and related areas. This section is not meant as an extensive review of ALD use in
photovoltaics and the reader is referred to the comprehensive reviews on the topic by
Kessells et al. [103] and Bakke et al. [104].

The deposition of thin and ultra-thin layers by ALD for photovoltaic applications has
been applied to a variety of solar cells concepts including crystalline and amorphous sili-
con, copper indium gallium selenide (CIGS), organic and dye-sensitised solar cells. The
specific application of ALD can be split into three main directions: 1) the deposition
of passivation, barrier and buffer layers; 2) the deposition of transparent conductive
oxides and blocking layers; and 3) the deposition of sensitizers and photoanodes.

The first reported application of ALD in photovoltaics dates back to 1994 when Bedair
et al. deposited GaAs, AlGaAs and AlAs as multi-junction absorbers [105]. Work on
ZnSe for CIGS buffer layers [106] and doped ZnO TCOs followed these results [107].
The most significant advancement of ALD and its application into PV research has
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however taken place over the last decade. This short overview will mainly focus on
advances made for DSSCs. For applications of ALD in other types of solar cells such
as silicon, CIGS and organic solar cells the reader is referred to a number of reviews
on the topic [103, 104].

4.4.1 ALD in dye-sensitised solar cells

ALD has been used to advance and in some instances improve most of the constituent
components of a traditional dye-sensitised solar cell ranging from barrier layers on TiO2

mesostructures [108] to TCOs [109] and TiO2 blocking layers [110], fully ALD deposited
TiO2 and ZnO photoanodes [111, 112] and thin film inorganic sensitisers [113, 114].

Barrier layers

One of the main limiting factors of DSSCs is the transport of charge carriers through
the n-type mesoporous scaffold. Recombination of electron and hole charge carriers at
the photoanode and dye or electrolyte interfaces leads to a low short-circuit current
and poor device performance. The addition of a barrier layer on the surface of the
photoanode can lower the probability of recombination by causing a longer diffusion
length of electrons in the photoanode compared to the barrier layer. However the
barrier layer also leads to a reduced injection of charge carriers into the photoanode.
A thick layer leads to a lowered injection current since the electron tunnelling rate
through the barrier layer decays exponentially with barrier thickness [115]. As such, a
compromise has to be found between charge recombination and charge injection which
depends on the barrier layer thickness. The layer thickness is typically on the order of
a few nanometers. The requirement for fine control in layer thickness makes ALD one
of the few deposition techniques capable of barrier layer growth on high-aspect-ratio
structures.

A large variety of materials have been used as thin film barrier layers for mesoporous
photoanode scaffolds. These materials include ALD deposited Al2O3, TiO2, HfO2 and
ZrO2. The most common choice of material represented in the literature is Al2O3 de-
posited using trimethyl aluminium (TMA) and water [116–118]. The increased power
conversion efficiency seen when using alumina barrier layers is linked to the high en-
ergy barrier of recombination of the TiO2/Al2O3 interface, the high work function of
the Al2O3 and finally the low energy barrier of injection between the Al2O3 and the
sensitising dye [116].

A difficulty which presents itself with the use of ALD on high-aspect-ratio structures
such as the mesoporous nanoparticle networks used in DSSCs is that very long precursor
exposure times are required (Section 4.6.3). A long exposure time is required to reach a
surface saturation close to unity in each cycle and thereby to ensure a conformal coating
within the entire structure. Depending on the number of cycles, this may result in a
very long fabrication time. This problem is partially overcome in the case of alumina
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barrier layers by the fact that the optimal performance of the device is achieved by the
use of very thin films consisting of fewer than twenty cycles [118].

Contrary to the idea that an ultra-thin barrier layer would have little impact on the
recombination rate, a single ALD layer of Al2O3 has been shown to lead to improved
results [119]. Such a layer does not form a conformal coating on the photoanode surface,
but it is reasoned that the improved performance stems from steric hindrance which
prevents the dye molecules from absorbing on the TiO2 surface [120], which leads to a
reduced recombination rate.

Other methods such as sol-gel chemistries can also be used to fabricate Al2O3 barrier
layers for DSSCs. ALD deposited layers perform similarly to these methods with an
efficiency of 6.5 % for equivalent thicknesses of photoanodes [119, 120]. However ALD
has the advantage that it is a gas phase deposition technique that can be carried out
at relatively low temperatures, which makes it very suitable for temperature sensitive
plastic substrates.

Blocking layers and TCOs

ALD has also been used to fabricate large area TCOs and blocking (compact) lay-
ers. TCOs are normally fabricated by the deposition of tin-doped indium oxide (ITO)
or various doped thin films of ZnO and SnO such as aluminium- (AZO), indium-
(IZO), gallium-doped zinc oxide and antimony-doped tin oxide (ATO) [121]. The de-
position of ITO has been extensively studied by Martinson and co-workers who have
developed a route to ITO via ALD. The ITO is grown using cyclopentadienyl (InCp),
tetrakisdimethylamido tin (TDMASn) and water at a relatively low temperature of ap-
proximately 220 ∘C [109]. They report a mobility and resistivity of 110 cm2 V−1 s and
4.0 × 10−4 Ω cm respectively for an approximately 40 nm thick film of ITO grown at
150 ∘C [109]. This corresponds favourably to ITO grown by other deposition techniques
such as pulsed laser deposition and sputtering [122].

A large number of publications record the deposition of doped ZnO and SnO2 com-
pounds [123]. The most commonly deposited compound is aluminium-doped ZnO,
created when ZnO deposition cycles (diethylzinc and water) are replaced with Al2O3

cycles. By varying the frequency of the Al2O3 cycles, the concentration of aluminium
oxide can be adjusted from 0 % to 100 %. Recent advances in the fabrication of thin
doped ZnO films by ALD have resulted in film properties that lie within an order of
magnitude of ITO and FTO fabricated through traditional techniques. The state of the
art doped ZnO thin films deposited by ALD have a reported resistivity and mobility
of 9.8 × 10−4 Ω cm and 11.2 cm2 V−1 s respectively. One of the drawbacks with these
types of TCOs is the lowered performance seen for very thin films [124]. This limits
the applicability of these films for high-aspect-ratio porous substrates.

Arguably, the use of ALD for the deposition of TCOs on high-aspect-ratio substrates
could significantly increase device performance since it limits the distance of electron
transport. The macroscopic TCO electrode could effectively be extended into the
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mesoporous network. This concept was realised by Martinson et al. [109] when they
deposited ITO (according to the protocol above) onto porous alumina membranes fol-
lowed by a thin layer of amorphous titania, thus creating a new DSSC device structure.
They report the increased performance of devices that include the deposited TCO com-
pared to devices in which it is absent.

The traditional way of depositing compact or blocking layers for DSSCs is by using
spray pyrolysis, a technique which has two major disadvantages. A high processing
temperature is required to sinter and crystallise the formed titania, and thick films
are required to avoid pin-holes and shorting pathways through the film. Hamann et
al. [111] used ALD to deposit TiO2 from titanium isopropoxide and water at 200 ∘C
on FTO substrates and report very low dark-current densities indicating the pin-hole
free nature of the TiO2. A study was published recently by Kim et al. which shows
that ultra-thin compact layers (<10 nm) deposited by ALD demonstrate comparable or
better device performance compared to traditional routes for compact layer fabrication
[125].

Photoanodes

ALD has also been used to deposit the photoanode itself. Martinson et al. [126] de-
posited ZnO on porous alumina membranes which exhibited faster transport compared
to nanoparticle networks. Hamann et al. used silica aerogels to fabricate high surface
area TiO2 and ZnO photoanodes [111, 112]. Devices using these photoanodes displayed
power conversion efficiencies over 5 %. One of the main studies in this thesis focuses
on this specific use of ALD to replicate high-aspect-ratio polymer templates for use in
solar cells (Chapter 7).

Sensitisers

The final and perhaps most interesting application of ALD for DSSCs is inorganic
sensitizers or absorbers. However, to date there are still very few examples of ALD
deposited absorbers. The main reason for this is most likely that useful inorganic
absorbers consist of compounds such as sulphur which are more difficult to deposit
using ALD than simple metal oxides. The method for depositing sulphides by ALD
uses H2S, a toxic and highly flammable gas, as a replacement for water, thus limiting
the number of ALD reactors capable of depositing these materials.

Goossens et al. have reported on the deposition of CuxS and CuInS2 by ALD [127].
These absorbing materials were used in mesoporous heterojunction solar cells. TiO2

nanoparticle networks conformally infiltrated with Cu𝑥S and CuInS2 displayed power
conversion efficiencies of 4 %. Another thin film absorber which was very recently
deposited on TiO2 DSSCs is antimony sulphide (Sb2S3, stibnite) [128]. The research
of Yang et al. built upon work by Grätzel et al. who used chemical bath deposition to
deposit thin layers of stibnite on TiO2 scaffolds in TiO2/P3HT heterojunction devices
[129]. Grätzel et al. report an impressive efficiency of 5 %. However the bath deposition
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technique fails to address the persistent problem of a lack of control in the exact
thickness and conformality of the deposit, a problem that ALD can overcome. In the
work by Yang and co-workers they apply ALD grown stibnite to solar cells consisting
of a TiO2 mesoporous scaffold and a CuSCN hole conductor. A 9 nm thick layer of
ALD grown stibnite on the surface of an approximately 2 µm thick TiO2 film resulted
in an efficiency of 2.6 % [114].

4.5 ALD materials

A large range of materials have been deposited using ALD including metals, organic
compounds, organic/metallic hybrids and metal ceramics such as oxides, nitrides, se-
lenides, sulphides and tellurides [130] (Figure 4.3). To ensure that the precursor prop-
erties of reactivity, thermal stability and volatility are suitable at a given deposition
temperature, the ligands surrounding the central atom can be altered. The most com-
mon ligands are halides, alkyls, cyclopentadienyls and alkooxides. For more detailed
information about ALD precursors see the reviews by Puurunen et al. and Miikkulainen
et al. [130, 131].

Figure 4.3: Periodic table displaying the different material compounds possible to
deposit using ALD. Modified from Miikkulainen et al. [131]. Correct as
of December 2010.

Halides are the oldest class of precursors and they have been studied extensively. The
main benefits of halide reactants are that they are available for a large range of metals,
that they are highly reactive and thermally stable and that the molecules are rela-
tively small. The main disadvantages of halides are that most of them are solids at
room temperature, that the by-products are corrosive, e.g. HCl from TiCl4, and that
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the thermal stability means that ligands can remain as impurities in the films after
deposition. One of the few halides which is liquid at room temperate is TiCl4.

Within the alkyl class of ligands are the common aluminium and zinc precursors tri-
methyl aluminium and diethylzinc. Since these are true organometallic compounds they
are very reactive even at low deposition temperatures. The by-products are normally
inert saturated hydrocarbons. The main drawbacks are that rather few elements have
been synthesised as alkyls and that they have a relatively poor thermal stability.

More recently synthesised precursors have included cyclopentadienyls, alkoxides and
beta-diketonates. Cyclopentadienyls and beta-diketonates have the benefit that they
can be synthesised for alkaline earth metals. Alkoxides are now normally used together
with other halides to deposit ternary compounds. However, these three types of pre-
cursor deposit only a limited range of materials, predominantly oxides, sulphides and
metals.

There are a range of secondary precursors. The most common ones for oxides are
water, hydrogen peroxide, molecular oxygen, ozone and oxygen radicals. For sulphides,
selenides and nitrides, H2S, H2Se and HN3 respectively are commonly used.

The following sections will cover the deposition of Al2O3, TiO2 and ZnO in more detail,
as these are the three main materials used in this thesis.

4.5.1 ALD Al2O3

The process of depositing Al2O3 from trimethyl aluminium (TMA) and water (H2O)
is normally considered to be closest to the ideal ALD process for three reasons: 1) the
TMA/H2O process is a thermal ALD which remains feasible even at low temperatures
[132]; 2) the process deposits a metal oxide using water as the secondary precursor, i.e.
the most commonly deposited inorganic material and the most frequently used oxygen
source; 3) the reactions are fully self-terminating and the gaseous reaction by-product
(methane) is relatively inert.

The reaction of the TMA with surface -OH groups has been shown to proceed with
ligand exchange which produces Al-O bonds and releases methane [133] at temperatures
between 80 ∘C and 300 ∘C [134]. The reaction between TMA and H2O is described by
two half-reactions, presented in Equations (4.1) and (4.2).

‖Al − OH (s) + Al(CH3)3 (g) → ‖Al − O − Al(CH3)2 (s) + CH4 (g) (4.1)

‖Al − O − Al(CH3)2 (s) + 2H2O (g) → ‖Al − O − Al(OH)2 (s) + CH4 (g) (4.2)

Given pulse and purge times long enough to ensure surface saturation, further length-
ening of the TMA and H2O pulses and purges does not alter the number of deposited
species and therefore does not affect the deposition per cycle, as seen in Figure 4.4
[98]. The TMA chemisorption is also self-terminating with respect to the pressure of
the TMA [135].
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A B

Figure 4.4: Growth rates of Al2O3 for varying TMA and H2O pulse lengths at a
deposition temperature of 300 ∘C. (A) The H2O pulse and purge are
kept constant and the TMA pulse and purge are varied. (B) The TMA
pulse and purge are kept constant and the H2O pulse and purge are varied.
Modified from [98].

The amount of Al2O3 deposited per ALD cycle (growth per cycle) decreases with
increasing deposition temperature [136]. This is due to a reduction in the number of
available -OH groups at high temperatures due to the formation of oxygen bridges [137],
rather than a change in the inherent reaction mechanism [134]. The average deposition
rate within the ALD window is approximately 0.11 Å per cycle. The deposition of
Al2O3 is amorphous for deposition temperatures ranging from room temperature to
300 ∘C, above which the trimethyl aluminium thermally decomposes.

4.5.2 ALD TiO2

A number of precursors are available for the deposition of TiO2, including titanium
tetrachloride (TiCl4), titanium isopropoxide (TTIP) and tetrakis(dimethyl)titanium
(TDMAT). In this thesis, TiCl4 with either H2O or H2O2 is the main precursor used.
A thermal range of 80 ∘C to 400 ∘C has been studied by Aarik et al. and Triani et al.
[89, 138], and a few examples of TiO2 depositions at lower temperatures have also been
reported [139]. The deposition rate ranges from 0.4 Å to 0.8 Å per cycle depending
on deposition temperature. Aarik and Triani showed that the increasing growth rate
with decreasing deposition temperatures is most likely caused by the incorporation of
reaction by-products or unreacted precursor ligands into the deposition. The inclusion
of these chlorine-containing species leads to an increasing amount of chlorine impurities
with decreasing temperatures. At 80 ∘C TiO2 films deposited on Si contained 3.3 at%
Cl, whereas deposition at 100 ∘C, 120 ∘C, 160 ∘C displayed chlorine impurities of 1.8
at%, 1.5 at% and 0.4 at% respectively [89, 138].

Aarik et al. showed that the reaction mechanism between TiCl4 and water varies with
deposition temperature. Between 100 ∘C and 150 ∘C TiCl4 reacts with one surface -OH
group.
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‖Ti − OH (s) + TiCl4 (g) → ‖Ti − O − TiCl3 (s) + HCl (g) (4.3)

The following H2O pulse then removes three chlorine ligands to recover the initial single
hydroxyl group.

‖Ti − O − TiCl3 (s) + 2H2O (g) → ‖Ti − O − TiO(OH) (s) + 3HCl (g) (4.4)

For higher temperatures deposition can also occur via the formation of intermediate
volatile surface species, (TiOH)𝑥Cl4−𝑥, which can cause agglomeration phenomena [140]
as well as influence the conditions under which crystallisation occurs.

The deposition temperature also affects the crystallographic structure and surface
roughness of the deposited TiO2. Below 165 ∘C smooth amorphous films are obtained
[138]. For higher temperatures the surface roughness increases and the films are mainly
anatase until 350 ∘C at which point the rutile TiO2 phase becomes dominant [138].
TiO2 can also be deposited from TiCl4 and hydrogen peroxide (H2O2). Aarik et al.
have shown that the use of H2O2 enables a more complete removal of the chlorine lig-
ands, thus forming more hydroxyl groups per cycle and leading to an increase in the
deposition rate [141].

4.5.3 ALD ZnO

Zinc oxide is most commonly deposited from diethylzinc (DEZ) and water. The de-
position of ZnO using these two precursors from 20 ∘C to 350 ∘C has been studied
by Suntola et al. [142], Konagai et al. [143] and Nam et al. [139]. They show that
self-limited growth occurs throughout the entire temperature range. However surface
morphology and crystal orientation are strongly dependent on deposition temperature.
At very low temperatures (below 100 ∘C) the films display a single crystalline (002)
direction. Between 100 ∘C and 165 ∘C the (100) and (101) directions are dominant
whereas for temperatures above 165 ∘C the (002) direction again dominates. This ob-
served crystallinity, even at room temperature, is explained by the high ionic strength
between zinc and oxygen. Amorphous ALD deposited ZnO films have been reported
but only for thicknesses below 4 nm [144, 145].

The deposition of ZnO proceeds according to Equation (4.5) and Equation (4.6) with
a reaction by-product of ethane.

‖Zn − OH (s) + Zn(C2H5)2 (g) → ‖Zn − O − ZnC2H5 (s) + C2H6 (g) (4.5)

‖Zn − O − ZnC2H5 (s) + H2O (g) → ‖Zn − O − Zn − OH (s) + C2H6 (g) (4.6)

According to the existing literature, the deposition rate of ZnO across the ALD window
varies from 1.2 Å/cycle at room temperature to 0.5 Å at 350 ∘C displaying a maximum
deposition rate of just below 1.7 Å/cycle at approximately 140 ∘C.
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4.6 Non-ideal ALD substrates

ALD films grown on inorganic, planar, high-temperature stable substrates with a high
native density of suitable functional groups, such as silicon with a native oxide layer,
all display similar properties to the materials described in the previous three sections.
However most of the substrates used in this study are not planar, inorganic substrates
with a high temperature stability. Instead they consist of thin polymeric films with
a glass transition temperature of 100 ∘C or below. Moreover some of the substrates
exhibit high-aspect-ratios and surfaces with very few or no functional groups. This
section will look at the properties of non-ideal substrates by focusing on the current
physical understanding of area-selective ALD, ALD on polymers and ALD on high-
aspect-ratio structures.

4.6.1 Area-selective ALD

Area-selective ALD looks at ways to decrease the deposition rate or alternatively to
prevent deposition in certain areas of the substrate entirely, as well as to promote
growth on substrates normally void of functional groups. This is interesting for the
purposes of this thesis since it gives an understanding of the importance of the func-
tional groups required on the substrate surface in order for the deposition to nucleate
and grow uniformly.

Selective growth is normally achieved by the functionalisation of the deposition surface
with self-assembled monolayers (SAMs) which incorporate end-groups inert to ALD.
This method has been used to achieve near complete area-selective growth for SAMs of
a sufficient thickness [146]. An alternative route to area selectivity is the application of
poly(methyl methacrylate) (PMMA) to the substrate. It has been shown that PMMA
is sufficiently inert to prevent ALD growth of ZnO for up to 1200 cycles, and PMMA
has been patterned via photo-lithography to achieve area selectivity [147].

Functionalisation can also be used to enhance growth on otherwise inert substrates.
Nitrogen dioxide/trimethyl aluminium and nitroaniline have been used to functionalise
carbon nanotubes in order to allow growth of both Al2O3 and HfO2 [148] and ozone
has been used to promote growth on the otherwise extremely inert graphene [149].

4.6.2 ALD on polymers

Until recently, ALD was not carried out on thermally sensitive surfaces such as polymers
since they decompose or soften at the temperatures required for most ALD processes.
In addition most polymers do not contain the functional surface groups required for
uniform nucleation and growth.

The mechanism by which ALD proceeds on polymers has been studied by Puttaswamy
et al. and Wilson et al. [150, 151]. Wilson and co-workers spin-coated various polymers
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on QCM sensors and monitored the mass uptake caused by the TMA and water pulses
during the deposition of Al2O3. Their main observation is that the diffusion of the
reactants in and out of the film during the pulse and purge steps has a strong influence
on the nucleation mechanism, as can be seen from the schematic in Figure 4.5.

A B

C D

Figure 4.5: Model for ALD growth on polymer surfaces. (A) Cross-section through
a polymer film where the polymer chains are represented by circles. (B)
The incomplete removal of TMA molecules during the purge cycle leads to
the formation of Al2O3 clusters during the H2O pulse. (C) An increasing
number of cycles causes the clusters to coalesce and fill the voids between
polymer chains. (D) Beyond a certain cycle threshold, TMA diffusion
into the polymer is prevented and a dense Al2O3 film grows on top of the
polymer surface. Modified from Wilson et al. [151].

An incomplete removal of the primary reactant from the sub-surface region of the
polymer during the purge step leads to the formation of nucleation clusters in the near
surface region during the chemisorption of the secondary precursor. These clusters
promote further nucleation and growth, and they will eventually coalesce and form a
continuous film. This continuous film prevents further diffusion of reactants into the
polymer and the deposition proceeds according to the standard ALD growth mecha-
nism. The reduced diffusion through continuous thin films has in fact been exploited to
encapsulate moisture sensitive devices such as CIGS and organic solar cells and organic
light emitting diodes [152].

Puttaswamy et al. used x-ray photoelectron spectroscopy (XPS) to determine the delay
in continuous growth of Al2O3 (using TMA and water) on polystyrene surfaces. They
showed a delay of 40 cycles before aluminium could be detected using XPS. The high
surface roughness, measured by atomic force microscopy, of Al2O3 growth on smooth
spin-coated polystyrene films indicates an island growth mode [130] which can be caused
by both a low density of functional surface groups and by sub-surface nucleation as
described above.
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4.6.3 ALD on high-aspect-ratio surfaces

Two of the main projects in this thesis employ the growth of conformal ALD coatings
on high-aspect-ratio (HAR) structures. As such it is necessary to understand what
factors influence ALD growth and how the important parameters of purge time and
precursor dose scale with the aspect ratio of the structure. ALD deposition inside
HAR structures has been studied extensively by George et al. [153], Gordon et al.
[154], Detavernier et al. [155], Knez et al. [95] and Karuturi et al. [156, 157] and the
reader is referred to these publications for more detailed descriptions.

Since ALD is a technique that relies on gas-phase reactions, it is conceptually easy
to understand that an increased distance between the gas reservoir and the reaction
sites necessitates an increased exposure time. The increased exposure time required to
allow the self-terminating reactions to reach a coverage close to unity is accompanied
by an increasing purge time to allow for the complete removal of unreacted reactants
and reaction by-products.

At the pressures normally used for ALD, the dimensions of the pores of the HAR
structures used in this work are much smaller than the mean free path of the precursor
and the by-product molecules. As such, the reactants are in free molecular flow and the
transport of precursors into and out of the structure is governed by Knudsen diffusion
where molecules travel ballistically between interactions with the template surface.

Al2O3 depositions inside HAR porous alumina membranes by Elam et al. [153] con-
firmed that conformal coatings inside HAR structures are indeed dependent on reactant
exposure times. For a membrane (pores accessible from both sides) with a pore size of
65 nm and a thickness of 50 µm (aspect ratio > 500:1), exposure times of more than
30 s were required for a conformal coating throughout the membrane compared to less
then 1 s for a planar surface.

Depositions of ZnO in HAR alumina membranes also showed a similar behaviour [153].
Energy-dispersive x-ray spectroscopy used to determine the coverage as a function of
depth found that the integrated coverage (the total amount of ZnO deposited) scales as
𝑡1/2 where 𝑡 is the exposure time. This demonstrates that the reactant flow is limited
by diffusion and can be understood by kinetic gas theory.

Monte Carlo simulation of diffusion in a one-dimensional pore showed that the total
exposure time, 𝑇 , scales as 1/𝑘2.

𝑘 = 2.1 × 103 𝑃 1/2𝑚−1/4𝑁−1/2𝑎−1 (4.7)

𝑃 is the pressure (Torr), 𝑚 is the atomic mass (amu) of the precursor molecule, 𝑁
(cm−2) is the surface density of accessible sites and 𝑎 = 𝐿/𝑑 is the aspect ratio with 𝑑
and 𝐿 being the diameter and length of the pore respectively. This implies 𝑇 ∝ (𝐿/𝑑)2,
i.e. the required pulse time scales as the square of the aspect ratio.

Gordon et al. [154] used gas conductance equations to derive an analytical expression
for the exposure times required to reach a coverage of unity as a function of aspect
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ratio. This approach is in agreement with the work by Elam and co-workers and it also
shows that the required exposure time scales as the square of the aspect ratio. The
required exposure time, 𝑡, is given by

𝑡 =
𝑆

𝑃 Γ

√
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where 𝑆 is the saturated surface density, 𝑃 is the partial pressure of the reactant,
Γ is the reactive sticking coefficient, 𝑚 is the mass of the precursor molecules, 𝑘 is
Boltzmann’s constant and 𝑇 is the deposition temperature. For high-aspect-ratios, the
𝑎2 term in (1 + (19/4)𝑎+ (3/2)𝑎2) dominates and the required time is proportional to
the aspect ratio squared.

ALD has previously been used to coat a number of HAR nano-structures. The most
common are the alumina membranes described above, into which a large number of
materials have been deposited including Al2O3, ZnO, TiO2, Fe2O3 [158], Ni and Co
[159] and Sb2S3 [128] to name a few. ALD has also been used to coat high-aspect-ratio
MEMS devices [160], track-etched poly(carbonate) membranes [161], colloidal arrays
[162] and recently ultra-HAR aerogels [163].

To date, most experimental studies and simulations have looked at systems where the
pore diameter is much larger than the diameter of the diffusing precursor molecules,
effectively treating them as point particles. On this basis, it is possible to make the
assumption that only the aspect ratio of the system will affect the required diffusion
time. However the work by Kucheyev et al. supports the idea that depositions in
porous systems, with a pore diameter below 30 nm, do not proceed solely via Knudsen
diffusion [164]. The measured penetration depths inside silica aerogel monoliths with
pore diameters of 18 nm and 27 nm suggest that other processes such as physisorption
between the precursor and by-product molecules and the pore walls can limit the de-
position depth. Kucheyev et al. argue that even a small increase in residence times due
to physisorption can significantly lower the effective diffusion coefficient through the
pores. They also found that increasing exposure times did not lead to a correspond-
ingly increased penetration depth. They argue that one possible explanation for this
behaviour is that confinement could lead to increased precursor decomposition even at
deposition temperatures where the precursor is normally stable.

Non-ideal ALD depositions in high-aspect-ratio templates have also been reported by
Karuturi et al. who studied TiO2 depositions at 70 ∘C in colloidal templates [156, 157].
Even though the aspect ratios of the templates mean that the deposition is Knudsen
limited, Karuturi reported non-ideal ALD growth with non-uniform thicknesses, which
varied with exposure time and the precursor concentration.
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4.7 Properties of deposited materials

The ALD system used for all of the materials deposited in this thesis is a Beneq TFS200
reactor which is equipped with three liquid precursor lines as well as a number of gas
precursor lines and a hot source capable of heating solid or low vapour pressure liquid
precursors to 200 ∘C. An inert carrier gas flow of 200 SCCM of 6N N2 was used unless
otherwise specified. The normal reactor base pressure was 1.3 mbar. All precursors
were kept at 20 ∘C and were allowed to evaporate unassisted.

Throughout this work the deposition rates, refractive indices and in some cases impu-
rities and crystal structures of the deposited Al2O3, TiO2 and ZnO have been char-
acterised on planar silicon substrates. Prior to deposition, the silicon substrates were
cleaned by piranha etching (3:1 H2SO4:H2O2 at 80 ∘C) for 10 min. The deposition rates
were normally determined by at least four different films with thicknesses varying from
100 to 1000 cycles. Film thicknesses and refractive indices were determined by spectro-
scopic ellipsometry (Woollam 𝛼-SE). The refractive indices, unless otherwise specified,
were measured for films consisting of 1000 cycles to ensure that the bulk regime for
refractive index had been reached. They are quoted for a wavelength of 632.8 nm. The
elemental analysis was carried out using energy-dispersive x-ray spectroscopy (Sec-
tion 5.2.1).

The next three sections will cover the properties of Al2O3, TiO2 and ZnO depositions
on silicon substrates,detail their dependence on deposition temperature, and show how
they compare to literature values. For depositions of Al2O3, TiO2 and ZnO on non-
planar substrates see Chapter 7.

4.7.1 Al2O3

Aluminium oxide was deposited from +97 % trimethyl aluminium (TMA) and 18 MΩ
DI water. The pulse times for the TMA and the water were both 250 ms for planar
substrates. Purge times for the TMA and water pulses varied as a function of deposition
temperature between 250 ms and 10 s, and 250 ms and 15 s respectively.

The growth rate of Al2O3 on silicon (Figure 4.6A) is relatively constant at approxi-
mately 1.1 A per cycle from 60 ∘C to 250 ∘C, with a decreased growth rate at higher
temperatures due to a decreased density of -OH groups. The deposition rates agree
with literature values (Section 4.5.1). As expected, the refractive index (Figure 4.6B)
increases with increasing deposition temperatures and reaches a maximum value of 1.63
at 300 ∘C.

4.7.2 TiO2

In this thesis, titanium dioxide was mainly deposited from +99.5 % titanium tetrachlo-
ride (TiCl4) and 18 MΩ DI water. The pulse times for the TiCl4 and the water were
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Figure 4.6: Temperature dependence of the growth of Al2O3 on silicon. The Al2O3

was deposited from +97 % trimethyl aluminium (TMA) and 18 MΩ DI
water. (A) Growth rate of Al2O3. (B) Refractive index of Al2O3.

350 ms and 250 ms respectively for planar substrates. The purge times for the TiCl4
and water pulses varied between 500 ms and 15 s, and 250 ms and 20 s respectively.
The growth rate of TiO2 on silicon substrates as a function of deposition tempera-
ture is shown in Figure 4.7A. The measured rates are consistent with literature values
(section 4.5.2). The refractive index (Figure 4.7B) varies from 2.29 at 60 ∘C to 2.45
at 300 ∘C. As expected from the crystallographic transition at approximately 165 ∘C
[138], a step change in refractive index is also seen between 150 ∘C and 200 ∘C.
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Figure 4.7: Temperature dependence of the growth of TiO2 on silicon. The titania
was deposited from +99.5 % titanium tetrachloride (TiCl4) and 18 MΩ
DI water. (A) Growth rate of TiO2. (B) Refractive index of TiO2.
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Figure 4.8: XRD and EDX spectra of ALD deposited TiO2. (A) All film thick-
nesses were 100 nm deposited on a Si substrate. (a) - (d) show the XRD
spectra for deposition temperatures of 100 ∘C, 150 ∘C, 200 ∘C and 300 ∘C
respectively. One peak at 100 ∘C is unidentified and is denoted by U. (B)
Chlorine contaminations as a function of deposition temperature. EDX
spectra were acquired at 15 keV with an integration time of 5 min.

Measurements using EDX confirmed that the only elemental impurity is chlorine. Fig-
ure 4.8B shows the chlorine content as atomic percent and as a chlorine/titanium ratio,
both as a function of deposition temperature. As expected from the literature, a signif-
icant amount of chlorine was detected at low deposition temperatures with the highest
chlorine concentration of 2.8 % at 60 ∘C. At 200 ∘C the amount of chlorine was 0.8 %
and at 300 ∘C the ratio was below the detection limit of our EDX.

The crystallinity of the TiO2 growth as a function of deposition temperature is shown
in Figure 4.8A. These spectra are consistent with the amorphous/crystalline transition
taking place between 150 ∘C and 200 ∘C. Above 200 ∘C the anatase TiO2 phase with
the (101) direction normal to the surface dominates.

4.7.3 ZnO

Zinc oxide was deposited from +95 % diethylzinc (DEZ) and 18 MΩ DI water. For
planar substrates, pulse times for the DEZ and the water were 350 ms and 250 ms
respectively. Equivalent purge times for the DEZ and water varied between 500 ms and
10 s, and 250 ms and 15 s. The deposition rates display a maximum of 2.2 Å/cycle at
approximately 150 ∘C, decreasing for both higher and lower temperatures (Figure 4.9A).
This behaviour is consistent with the deposition rates described in Section 4.5.3. The
refractive index also follows a similar trend to the growth rate with a maximum of 2.02
at 150 ∘C and lower refractive indices at both lower and higher deposition temperatures.

44



4 Atomic layer deposition

40 80 120 160 200 240
1.6

1.7

1.8

1.9

2.0

2.1

2.2

2.3
G

ro
w

th
pR

at
ep

dÅ
/c

yc
le

x

Temperature d°Cx

A

40 80 120 160 200 240
1.9

2.0

R
ef

ra
ct

iv
ep

in
de

x
Temperature d°Cx

B

Figure 4.9: Temperature dependence of the growth of ZnO on silicon. The
ZnO was deposited from +95 % diethylzinc (DEZ) and 18 MΩ DI water.
(A) Growth rate of ZnO. (B) Refractive index of ZnO.

The deposited ZnO is crystalline for all deposition temperatures, as seen in Figure 4.10,
except for very thin films (20 nm) deposited at 80 ∘C. To exclude the possibility that
the film thickness could affect the crystallisation behaviour, the number of deposition
cycles was varied to produce films that were 100 nm thick. The main crystallographic
orientations are a strong function of both the deposition temperature and the film
thickness. The primary and secondary orientations normal to the substrate surface for
depositions at 80 ∘C, 120 ∘C, 150 ∘C and 200 ∘C are (100)/(002) (similar intensities),
(100)/(002), (002)/(100) and (100)/(002) respectively. Doubling the film thickness at
80 ∘C reverses the primary and secondary orientations (Figure 4.10b compared to Fig-
ure 4.10c). Interestingly, deposition of 20 nm of ZnO at 80 ∘C suppresses crystallisation
as shown in Figure 4.10a. This has been reported previously for ALD deposited ZnO
but only for films thinner than about 15 cycles (3 nm) [144, 145]. We speculate that
the reduced deposition temperature combined with a possible increase in impurities
extends the film thickness for which this suppression of crystallisation takes place.

Elemental analysis using EDX shows no detectable amount of carbon at any deposition
temperature.
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Figure 4.10: XRD spectra of ZnO as a function of temperature and film thickness.
All films were deposited on a silicon substrate. (a) - (c) show XRD
spectra for a deposition temperature of 80 ∘C with film thicknesses of
20 nm, 200 nm and 400 nm respectively. (d) - (f) show XRD spectra for
deposition temperatures of 120 ∘C, 150 ∘C and 200 ∘C respectively with
a film thickness of 200 nm.

4.8 Summary

This chapter has introduced a thin film deposition technique called atomic layer de-
position. The historical development, including its application to photovoltaics, and
the physical and chemical underpinnings of ALD have been described together with
the current understanding of depositions on non-ideal surfaces such as polymeric and
high-aspect-ratio substrates.

The research methods detailed in the chapter will serve as a foundation for the novel
contributions made by this thesis in the fields of photovoltaics and biomimicry.
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This chapter details the experimental techniques and methods used throughout the
thesis. The main topics are structural and material characterisations, electrochemistry,
solar cell fabrication and characterisation, polymer synthesis and fabrication of porous
polymer templates. Methods and techniques which are specific to an individual study
will be given in the relevant chapter.

5.1 Structural characterisation

In the presented research, a large range of characterisation techniques are used to
determine structural features of fabricated samples. They can be divided into three
categories: direct imaging, scattering techniques and optical techniques. The direct
imaging techniques range from optical microscopy for resolution of features on the
1 µm to 100 µm length scale, to scanning electron and transmission electron microscopy
with a resolution limit of 2 nm and 0.2 nm respectively. The scattering techniques
include wide-angle and gracing-incident x-ray scattering and the main optical technique
employed is ellipsometry.

5.1.1 Electron microscopy

Electron microscopy is used to image sample features smaller than the diffraction limit
of optical microscopy, which is on the order of 0.5 µm depending on illumination wave-
length. The increased resolution is achieved by using an accelerated beam of electrons
which has a much shorter effective wavelength. Depending on the acceleration voltage
and the thickness of the specimen, the interactions between the electrons and the spec-
imen can be designated as either transmission electron microscopy (TEM) or scanning
electron microscopy (SEM).

Scanning electron microscopy

The two main detectors used to characterise samples in SEM are a secondary electron
detector and a detector for energy-dispersive x-ray spectroscopy (EDX) (Section 5.2.1).
The penetration depth and therefore the interaction volume between the sample and the
electrons is very small (less than 10 nm) due to the relatively low electron energy. The
achievable resolution is a function of the interaction volume, the effective interaction
between the sample and the electrons and the spot size of the electron beam. A number
of factors can deteriorate the imaging resolution including the charging of the sample
by excessive secondary electrons. This is normally overcome by coating the sample
with a continuous but very thin (1 nm to 2 nm) metal coating.
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Two scanning electron microscopes were used in this thesis: a LEO ULTRA 55 SEM
field emission microscope operated at an acceleration voltage of 2 keV to 20 keV; and
a high-resolution Hitachi S-5500 field emission microscope operating at 1 keV to 5 keV.
Thin metal coatings (Au, Au/Pd or Cr) designed to prevent charging effects were
applied using an Emitech K575X Turbo sputter coater. Typical plasma currents and
sputtering times were 30 mA and 4 s respectively. Samples were imaged either from the
top or in a cross-sectional configuration at 45° or 90°.

Transmission electron microscopy

Transmission electron microscopy was used to achieve atomic imaging resolution of the
inorganic samples produced in this thesis. This technique allows for the characterisa-
tion of crystal domains, including both size and orientation, in relation to constraints
imposed by the fabrication surrounding and geometry such as the size and shape of
templates. Two microscopes are used in the thesis. The first is an FEI Philips Tecnai
20 TEM operating at an acceleration voltage of 200 keV using a LaB6 filament, the
second is a JEOL 4000EX high-resolution TEM operating at an acceleration voltage
of 400 keV using a LaB6 source with a maximum resolution of approximately 0.2 nm.
Samples to be imaged using TEM were scraped off their supporting substrates onto a
copper grid coated with a thin layer of holey amorphous carbon.

5.1.2 Scattering techniques

Various scattering techniques, including WAXS, GI-WAXS and GI-SAXS were used
to probe the internal order and to obtain structural information about the fabricated
samples. All of the scattering techniques employed rely on the use of a monochromatic
beam of x-ray radiation of a wavelength 𝜆, and the recording of the scattered intensity
as a function of one or more diffraction angles 𝜃1,2. The measured scattering angle is
related to the reciprocal space scattering vector q as described in Equation (5.1), where
k𝑖 and k𝑓 are the incident and scattered wave vectors respectively, 𝜃 the scattering angle
and 𝜆 the wavelength of the incident beam.

q = k𝑓 − k𝑖 =
4𝜋 sin 𝜃

𝜆
(5.1)

Maximum intensity is achieved for constructive interference from a set of real space
lattice points. Given that the spacing of lattice planes in reciprocal space 𝐺 is related
to the spacing in real space 𝑑 via 𝐺 = 2𝜋/𝑑, this leads to the well-known diffraction
condition

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 (5.2)

where 𝑑ℎ𝑘𝑙 is the spacing of the lattice planes defined by ℎ𝑘𝑙, and 𝑛 is the order of the
scattering peak. Given the allowed ℎ𝑘𝑙 values for known crystallographic structures, the
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particular mesoscale morphologies or the atomic-scale order of the measured samples
can be determined.

Wide angle x-ray scattering (WAXS)

Wide angle x-ray scattering (commonly known as x-ray diffraction or XRD) is used
to probe the composition of crystalline materials. Due to the small real space lattice
spacings and therefore large 𝑞 values, the scattering angles are normally in the range
of 2𝜃 = 15° to 80°. The diffraction patterns that are obtained from XRD can be
used to identify the specific crystallographic phases present by a comparison of the
spectra to those documented in the International Centre for Diffraction (ICDD) Powder
Diffraction Database [165]. XRD spectra in this thesis were obtained using a Bruker
B1 diffractometer fitted with a PSD LynxEye detector at a illumination wavelength
𝜆 = 0.154 nm (Cu𝛼). Typical 2𝜃 angles were between 20° and 80°.

Gracing incident wide angle x-ray scattering (GI-WAXS)

Gracing incident wide angle X-ray scattering is a wide-angle detection technique that is
used for the characterisation of the crystalline composition of thin films (<100 nm). In
this research, the measurements were performed at beamline D1, at the Cornell High
Energy Synchrotron Source (CHESS) at Cornell University in Ithaca, NY, U.S.A. at a
wavelength of 1.17 Å. The beam was focused to a size of 500 µm × 100 µm (horizontal
× vertical) at the sample position, with an incident angle of 0.4°. A beam stop was
employed for the intense reflected beam and the strong diffuse scattering in the inci-
dent plane. A Fujifilm image plate with an area of 2500 × 2000 pixels was used for the
detection of the scattered intensity. A GE Typhoon FLA 7000 was used to develop the
collected pictures. The measuring time was either 60 s or 120 s and the measured scat-
tering intensities were adjusted to take into account the varied measuring times. The
sample-detector distance was 0.25 m for all the samples. The samples were moved out
of the beam after each measurement to avoid beam damage. The conversion of the 2D
images as well as the construction of 1D profiles were carried out by Alessandro Sepe
using the GISAXS Analysis Package [166], written within the Igor Pro development
environment.

Gracing incident small angle x-ray scattering (GI-SAXS)

Gracing incident small angle x-ray scattering is the small angle analogue to GI-WAXS.
It is used in the characterisation of the nano-scale structure of thin films, for example
block copolymer morphologies. The sample is illuminated at a very shallow angle, close
to the critical angle of the thin film, and the scattered intensity is measured using a two-
dimensional detector which allows the extraction of structural information both parallel
and perpendicular to the substrate as seen in Figure 5.1. Analysis and modelling of
the data can identify both the phase morphology and its orientation relative to the
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substrate. All of the known phase morphologies of diblock copolymers have previously
been extracted from GI-SAXS data [167–173]. The peak positions corresponding to
the double-gyroid morphology are shown in Table 5.1.

qz

q||

Surface
plane

Scattering
plane

Thin film

SAXS: Lateral
film structure

Diffuse XR: Normal
density profile

a

b

ψ

Figure 5.1: Schematic of GI-SAXS scattering configuration. The angles 𝛼, 𝛽 and 𝜓
correspond to the incident, the exit and the in-plane scattering angles
respectively. Modified from [174].

Scattering maxima 1 2 3 4 5 6

ℎ𝑘𝑙 211 220 321 400 420 332
𝑞ℎ𝑘𝑙/𝑞100

√
6

√
8

√
14

√
16

√
20

√
22

𝑑ℎ𝑘𝑙/𝑑100 0.408 0.354 0.267 0.250 0.224 0.213

Table 5.1: GI-SAXS peak positions for an undistorted gyroid morphology.

The measurements were performed at beamline D1, at the Cornell High Energy Syn-
chrotron Source (CHESS) at Cornell University in Ithaca, NY, U.S.A. at a wavelength
of 1.17 Å. The beam was focused to a size of 500 µm x 100 µm (horizontal x vertical) at
the sample position, with an incident angles of 0.11°, 0.15°, 0.18° and 0.20°. A tanta-
lum rod with a diameter of 2 mm served as a beam stop for the intense reflected beam
and the strong diffuse scattering in the incident plane. A MedOptics CCD detector
was used for the detection of the scattered intensity. It has a pixel size of 47 µm x
47 µm. The measuring time was 3 s. The sample-detector distance was 1.846 m for all
samples. The samples were moved out of the beam after each measurement to avoid
beam damage. 𝑞‖ =

√︀
𝑞x2 + 𝑞y2 and 𝑞z denote the in-plane and the normal compo-

nents of the scattering vector respectively. For small incident and scattering angles,
the coordinates of the 2D detector correspond approximately to 𝑞y and to 𝑞z. The
𝑞-space calibration was performed by fitting the characteristic ring arising from the
silver behenate scattering signal.

The conversion of the 2D images from pixels to 𝑞-values, the construction of 1D profiles
and the pattern analysis using the distorted wave Born approximation model [35] were
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carried out by Alessandro Sepe using the GISAS Analysis Package [166], written
within the Igor Pro development environment.

5.1.3 Ellipsometry

Ellipsometry is an optical thin film characterisation technique which is used to de-
termine film properties such as thickness, refractive index and absorption. This is
accomplished by measuring the change in polarisation state of a collimated monochro-
matic beam as it is reflected off the thin film surface. It relies on the fitting of a model
based on the Fresnel equations to the measured experimental data [175]. In nulling
ellipsometry the polarisation change of the thin film is determined by adjusting a set of
linear polarisers and quarter-wave plates such that the intensity of the reflected beam
is at a minimum (or nulled). If the incident polarisation is known, the ellipsometric
parameters 𝜑 and ∆ of the film can be extracted, and can be used in the modelling to
determine the film parameters. If multiple fitting parameters are used, variable-angle
(VAE) or spectroscopic (SA) ellipsometry is required.

Two ellipsometers were used in this thesis: a Nanofilm EP3 imaging VASE with a laser
illumination of 780 nm and a Woollam 𝛼-SE ellipsomter (incident angle fixed at 70°)
with a wavelength range from 380 nm to 1000 nm in steps of 2.9 nm.

5.2 Material characterisation

5.2.1 Spectroscopy techniques

Optical spectroscopy

Optical microscopy, which allows for a resolution down to the diffraction limit, was
used throughout this thesis to study relatively large features on the 1 µm to 10 µm
length scale. However it was most frequently used to determine intrinsic properties of
the fabricated structures including transmissivity and reflectivity as described in Sec-
tion 5.2.2. The setup included an Olympus BX-51 microscope equipped with 5x, 20x,
50x and 100x objectives. The light source was a halogen lamp which together with an
Olympus U-LWDC condenser allowed for illumination in both reflection and transmis-
sion mode. Optical spectroscopic information was obtained using a OceanOptics QE65
spectrometer with a wavelength range of 200 nm to 1000 nm and collected through a
single mode optical fiber with a core diameter of 50 µm. For reflection measurements
a silver mirror with a reflectivity of more than 97 % was used as reference. For trans-
mission measurements the device substrate was used as the reference. Data collection
and analysis was performed in Igor.
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Electron spectroscopy

X-ray photoelectron spectroscopy (XPS) X-ray photoelectron spectroscopy is
a spectroscopic technique which is used to measure elemental composition, chemical
and electronic states of a material. The spectra are acquired by subjecting the sample
to a beam of x-rays in an ultra-high vacuum environment and measuring the number
of electrons which escape from the top 1 nm to 10 nm of the sample and determining
their kinetic energy. XPS can detect elements with atomic number of 3 (Li) and above
with a detection limit in the parts per thousand range. The probing depth of XPS is
on the order of nanometres.

A standard XPS spectrum consists of a plot of the number of electrons versus their
binding energy. The spectrum and the measured XPS peaks can be used to identify
the elements that exist in the sample and to determine their atomic percentages. The
binding energy of the ejected electrons can be determined according to Equation (5.3)

𝐸binding = 𝐸photon − (𝐸kinetic + 𝜑) (5.3)

where 𝐸binding is the electron binding energy, 𝐸photon is the energy of the x-ray photons,
𝐸kinetic is the measured electron energy and 𝜑 is the work function of the spectrometer.

The XPS measurements were carried out in an ultra-high vacuum chamber of an ES-
CALAB 250Xi XPS system fitted with an XR6 monochromated Al K𝛼 X-ray source
(ℎ𝜈 = 1486.6 eV) with a 900 µm × 200 µm spot size. The depth profiling was carried
out using an Ar+ ion gun at an ion energy of 3000 eV in 5 s exposures.

Auger electron spectroscopy (AES) In Auger electron spectroscopy the source of
primary radiation which ionises the atoms can consist of either an electron beam or soft
x-rays, however the process by which electrons are liberated from the surface is different
from XPS. In AES the electrons are ejected as a consequence of the radiationless de-
excitation of the ionised atom to its ground state. AES has a comparable depth value
to XPS but a higher lateral resolution of 10 nm to 100 nm (compared to 1 µm to 100 µm
for XPS).

In this study soft x-rays rather than electrons are used as the ionisation source. The
Auger spectroscopy measurements were carried out on the XPS system described above.
The XPS and Auger measurements were carried out by Yana Vaynzof.

Energy-dispersive x-ray spectroscopy (EDX)

Energy-dispersive x-ray spectroscopy is used in conjunction with SEM for elemental
analysis. Its penetration depth is limited by the penetration depth of the electrons in
the SEM compared to the shallow penetration depth of XPS (approximately 5 nm). It
normally offers less accuracy compared to XPS but has the added advantage that it
probes average properties of the sample. The accuracy of EDX can be limited by a
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number of factors including element peak overlaps and inhomogeneities of the sample.
EDX spectra were obtained using an Oxford Instruments INCA system with an SEM
acceleration voltage of 15 keV and a working distance of 7 mm. Integration times were
in the range of 1 min to 10 min.

5.2.2 Band structure characterisation

A full understanding of the band structure and properties such as conduction type of a
fabricated structure or material allows for the correct choice of complementary device
materials. This is especially true for nano-structured materials where confinement can
produce material properties that are significantly different from their bulk equivalents
[176]. The band structure can either be determined by measuring the positions of
both the valence and conduction bands, or the positions of one of these two and the
band gap. The latter approach is used in this thesis, and the conduction type of the
fabricated material is also characterised.

Band gap

The most common method to determine the band gap of a semiconductor relies on the
measurement of its absorption coefficient as a function of wavelength. The measured
transmittance and reflectance is connected to the absorption coefficient 𝛼 and the
single surface reflection 𝑅 via Equation (5.4) and Equation (5.5), where 𝑖0 and 𝑑 are
the incident intensity and the film thickness respectively. Care has to be taken so that
the transmission and reflection are mostly interference-free.

𝑇 =
𝐼trans

𝐼0
=

(1 −𝑅)2e−𝛼𝑑

1 −𝑅2e−2𝛼𝑑
(5.4)

�̃� =
𝐼refl
𝐼0

= 𝑅

(︂
1 +

(1 −𝑅)2e−2𝛼𝑑

1 −𝑅2e−2𝛼𝑑

)︂
(5.5)

The absorption coefficient can be extracted from the measured quantities 𝑇 and �̃� and
Equation (5.4) and Equation (5.5).

𝛼(𝜆) =
1

𝑑
ln

⎛⎝1 + �̃�2 − 2�̃�− 𝑇 2 +
√︁

(1 + �̃�2 − 2�̃�− 𝑇 2)2 + 4𝑇 2

2𝑇

⎞⎠ (5.6)

Depending on the type of transition of the semiconductor, the absorption coefficient
scales according to Equation (5.7)

𝛼(~𝜔) ∝ (~𝜔 − 𝐸g)
𝑛 (5.7)
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where 𝐸g is the semiconductor band gap and the exponent 𝑛 is equal to 3/2, 1/2,
3 and 2 for direct forbidden, direct allowed, indirect forbidden and indirect allowed
transitions respectively [177]. The band gap can be obtained from a linear fit on a
plot of (𝛼~𝜔)1/𝑛 versus ~𝜔 or what is called a Tauc plot. The band gap is found by
determining the intersection between the linear fit and (𝛼~𝜔)1/𝑛 = 0.

Conduction type

The conduction types of the structures fabricated in this thesis were determined using
an electrochemical method. The polarity of the measured photocurrent was monitored
under chopped (40 mHz) AM1.5G illumination whilst scanning the applied bias from
0 V to 400 mV at a scan rate of 10 mV s. A cathodic or anodic photocurrent corresponds
to a p-type or n-type structure respectively. The electrochemical setup used was a
standard three-electrode electrochemical cell (as described in Section 5.3.1) connected
to an Autolab PGSTAT302N potentiostat with a 0.5 M NaSO4 electrolyte, a platinum
counter electrode and a silver wire coated with silver chloride as the reference electrode.
The reference electrode was calibrated relative to a saturated calomel electrode (SCE)
in 0.5 M NaSO4 solution and its potential was 160 mV higher than the SCE.

5.3 Electrochemistry

Electrochemistry is a subset of chemistry which studies both chemical reactions caused
by the interaction between an electron conductor and an electrolyte, and the generation
of electrical current due to chemical reactions. It features in a large range of different
applications, from deposition of metals and metal oxides [178], to characterisation
techniques such as surface area measurements, to the determination of semiconductor
band structures, and electrochemical impedance spectroscopy [179, 180].

5.3.1 Principles of electrochemical deposition

One of the most common experimental electrochemical setups, and the setup used in
this thesis, is the so-called three-electrode setup. It consists of an electrochemical cell
containing a liquid electrolyte of the species of interest, with three electrodes immersed
into the electrolyte. The conductive surface on which the deposition or the character-
isation takes place is called the working electrode and it is placed in close proximity
to the counter electrode which is used to complete the electrical circuit. The counter
electrode is normally made from highly electroactive materials such as inert precious
metals in order to reduce the required overpotential. In the case of the electroplating
of metals, a counter electrode of the deposited metal is used to maintain a constant
concentration of the electroactive species in the electrolyte. To determine the electro-
chemical potential applied to the working electrode, a reference electrode with a known
potential offset to the Standard Hydrogen Electrode (SHE) is placed near the working
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electrode. The reference electrode used in this thesis is a Saturated Calomel Electrode
(SCE) which has a redox potential of 0.2444 V versus SHE at 25 ∘C. The electrochem-
ical cell is connected to a Autolab PGSTAT302N potentio/galvanostat that supplies
the voltage/current and measures the produced current/voltage.

The process of electrochemical deposition normally proceeds by passing a charge 𝑞
through the electrochemical cell, causing the precipitation of insoluble species at the
surface of the working electrode . The deposition thickness of a passed charge 𝑞 is given
by:

𝑑 =
𝑞

𝐴

1

𝑧𝐹

𝑚w

𝜌

𝜂

𝜑
(5.8)

where 𝑧 is the number of electrons involved in the reaction, 𝐹 is Faraday’s constant, 𝑁A

is Avogadro’s number, 𝑚w and 𝜌 are the molecular weight and density of the deposited
material respectively, 𝐴 is the area of the working electrode, 𝜂 is the faradaic efficiency
and 𝜑 is the porosity of any potential template.

For the deposition to take place, two conditions have to be fulfilled: the electrolyte
has to be in contact with the conducting working electrode and the applied potential
must be such that it is thermodynamically favourable for the deposition to take place.
Deposition only takes place when the applied potential 𝐸, is larger (𝐸 > 𝐸redox) (for
oxidation reactions) or smaller (𝐸 < 𝐸redox) (for reduction reactions) than the redox
potential of the redox couple 𝑀𝑛+ + 𝑛𝑒− →𝑀 [178].

Besides the thermodynamical aspects of the deposition, the kinetics of both the elec-
trochemical reaction and the electrolyte have to be taken into account especially for
porous high-aspect-ratio templates as used in this thesis. The kinetics are governed
by the Butler-Volmer equation and the Nernst-Planck equation for the electrochemical
reactions and electrolyte respectively [181].

5.3.2 Deposition of metals and metal oxides

The electrochemical deposition of metals proceeds via the simple faradaic reaction of
reduction of metal cations at the cathode.

𝑀𝑛+ + 𝑛𝑒− →𝑀0 (5.9)

A large range of metals and metal alloys can be deposited using electrochemistry in-
cluding Au, Ag, Pt, Zn, Fe, Cu, Zn, Cr and their alloys. For a detailed description
of the electrodeposition of metals and metal alloys see [178]. Metal depositions are
normally dense, homogeneous and smooth which means that they obey Equation (5.8)
and they proceed without any intermediate steps which leads to a low concentration
of impurities. Metal depositions are also less sensitive to experimental conditions such
as pH than depositions of metal oxides such as those described below.
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A large range of conducting or semiconducting metal oxides have been deposited using
electrochemistry including ZnO, TiO2, Cu2O and NiO [178]. However the deposition
of metal oxides is more complicated than their metal counterparts, and both reductive
and oxidative depositions can take place [182]. In reductive depositions, the growth
proceeds either by the precipitation of metal hydroxides due a local lowering of the
electrolyte pH [183] or by the direct reduction of the oxidised state of the metal cation
into the corresponding metal oxide [184]. Similarly, for oxidative depositions the growth
of metal oxides can take place either by a decrease in the local pH and subsequent
precipitation of the metal oxide (caused by a reduction of species in the electrolyte)
or the anodic oxidation of a cation to its higher oxidation state. Since depositions of
metal oxides are generally caused by precipitation induced by other chemical reactions,
precise control of experimental parameters such as pH and temperature are normally
needed. This compounds the difficulty of replicating the kinds of porous polymer
templates which are central to the research of this thesis.

5.4 Solar cell fabrication

5.4.1 Dye-sensitised solar cell device assembly

The fabrication and assembly of both liquid electrolyte and solid-state electrolyte dye-
sensitised solar cells based on TiO2 mesoporous scaffolds have been extensively covered
in the literature and only the most important experimental parameters are described
below.

TiO2 compact layer

Prior to deposition of the TiO2 compact layers, the FTO-coated glass substrates (FTO)
for the solid-state DSSCs (Section 5.4.1) were masked using Scotch tape, and the
FTO was etched using zinc powder and 2M HCl to produce a 14 mm×14 mm device
substrate with an active area of 10 mm×14 mm. The samples were rinsed with excess
amounts of DI water and ethanol, and sonicated in a 2 % Hellmanex soap solution,
acetone and isopropanol prior to O2 plasma cleaning for 10 min (Diener Femto plasma
cleaner, 100 W). The device substrates for the liquid electrolyte DSSCs were unetched
14 mm×20 mm FTO. The substrates were covered with a TiO2 compact layer either
by spray pyrolysis of a 0.1 M titaniumbis(acetylacetone) (TAA) solution in ethanol at
300 ∘C [185] or by atomic layer deposition as described in Section 8.2.

Mesoporous TiO2 electrodes

The standard mesoporous nanoparticular TiO2 scaffolds were fabricated by spin-coating
from a solution of commercially available TiO2 paste (Dyesol 18 NTR) and ethanol
(1 g:1.5 mL). 50 µL cm−2 of solution spun at 1500 RPM produced films approximately
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1.5 µm thick. Titania electrodes were also fabricated by atomic layer deposition as
described in Chapter 7.

Two different dyes were employed in this thesis, a ruthenium-based dye (N719) and
an all-organic indolene dye (D149), shown in Figure 5.2A,B. Besides being more en-
vironmentally friendly to produce, the indolene dye also has a five-fold increase in its
absorption coefficient compared to N719 [186]. This is exploited in solid-state elec-
trolyte DSSC devices where the D149 dye is commonly used to achieve high incident
light absorption despite a limited maximum device thickness which is due to problems
with infiltration of the hole-conducting material.
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Figure 5.2: Sensitising dyes and hole-conducting materials used in this thesis. (A)
N719 dye (cis-bis(isothiocyanato)bis(2,20-bipyridil-4,40-dicarboxylate)
ruthenium (II) bis-tetra-nbuthylammonium) (B) D149, all-organic in-
dolene dye (C) spiro-MeOTAD hole-conductor (2,2’7,7’-tetrakis(N,N-di-
methoxypheny-amine)-9,9’-spirobifluorene)

Prior to sensitisation and device assembly, the TiO2 scaffolds were subjected to a stan-
dard TiCl4 treatment [187] to increase surface area and material purity. The samples
were immersed in a freshly made 40 mM TiCl4 aqueous solution, prepared from a 2
M TiCl4 stock solution, and heated to 70 ∘C for 30 min. After rinsing in DI water the
samples were annealed at 550 ∘C for 30 min in air.

Liquid electrolyte DSSC

The TiO2 electrodes were sensitised overnight by heating them to 70 ∘C for 5 min and
were then directly immersed in an acetonitrile:tert-butyl alcohol (1:1 vol:vol) solution of
0.5 mM of cis-bis(isothiocyanato)bis(2,20-bipyridil-4,40-dicarboxylate) ruthenium (II)
bis-tetra-nbuthylammonium dye (N719) (Figure 5.2A). After sensitisation, the samples
were rinsed with acetonitrile and sandwiched with a platinised FTO counter electrode
using a 50 µm Surlyn spacer as shown in Figure 5.3A. The platinised FTO electrodes
were fabricated by spin-coating with a 50 mM hexachloroplatinic acid solution in iso-
propanol and heating at 450 ∘C for 20 min.

The devices were filled with a non-volatile iodide/triiodide electrolyte (’Robust’) con-
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Figure 5.3: Schematic of dye-sensitised solar cell device fabrication. (A) Liquid elec-
trolyte DSSC. The sensitised TiO2 electrode is sandwiched using a pla-
tinised FTO counter electrode and a 50 µm Surlyn spacer and infiltrated
with an iodine/iodide electrolyte. (B) Solid-state electrolyte DSSC. The
FTO electrode is patterned prior to assembly of the TiO2 mesoporous
film. Gold bottom and top electrodes are evaporated on the device.

sisting of 0.8 M PMII, 0.15 M iodine, 0.1 M GuNCS and 0.5 M NMBI in 3-methoxy-
propionitrile using vacuum back filling [188]. The filling hole was sealed using a two
component epoxy (Hardman Double Bubble). The illumination area for device mea-
surements was defined by acircular mask with an area of 0.05 mm2.

Solid-state electrolyte DSSC

The titania electrodes were heated to 70 ∘C and immediately immersed in an all-
organic indolene dye (D149) (Figure 5.2A) (0.3 mM in 1:1 acetonitrile:tert-butanol)
for 3 h. The electrodes were back-filled with a solid-state organic molecular hole-
transporter 2,2’,7,7’-tetrakis(N,N-di-methoxypheny-amine)-9,9’-spirobi-fluorine (Spiro-
MeOTAD) (Figure 5.2C) [33, 34]. The hole-conductor was infiltrated by spreading
25 µL cm−2 of a Spiro-MeOTAD solution (90 mM spiro-MeOTAD + 1.54 M 4-tert-
butylpyridine + 0.6 M Li bis(trifluoromethanesulfonyl)imide in a chlorobenzene and
acetonitrile mixture (CB:ACN 21.9:1)) across the device, allowing it to infiltrate for
15 s before spin-coating for 1 min at 2000 RPM to improve the infiltration and to re-
move excess solution [189]. A 150 nm thick gold top electrode was e-beam evaporated
(Kurt Lesker, 99.999 % Au) onto the device through a shadow mask. The active area
of the device (approximately 0.1 cm2) was defined by the overlap of the top electrode
and the TiO2 film. A schematic of an assembled device is shown in Figure 5.3B.

58



5 Experimental techniques and methods

5.4.2 Cu2O solar cell device assembly

Liquid electrolyte devices

Non-aqueous electrolyte For the non-aqueous photoelectrochemical experiments,
acetonitrile, LiClO4, bis(pentamethylcyclopentadienyl) cobalt(II) (decamethylcobalto-
cene, Me10CoCp2

0) and bis(pentamethylcyclopentadienyl) cobalt(III) hexafluorophos-
phate (decamethylcobaltocenium, Me10CoCp2

+ · PF6) were all used as received. All
chemical handling took place in a Bruker glovebox (<0.1ppm O2) as did solution pro-
cessing and device assembly. The solar cells were assembled using a 300 µm thick
parafilm spacer and a platinized FTO counter electrode (50 mM H2PtCl6 isopropanol
solution spin-coated at 2000 RPM and annealed at 450 ∘C for 20 min). Devices were
dried at 60 ∘C for 2 h prior to assembly to remove any trace amounts of water. The
electrolyte consisted of 1.0 M LiClO4 – 0.020 M Me10CoCp2

+ – 0.002 M Me10CoCp2
0

in acetonitrile and was introduced into the device using a syringe needle. The devices
were further sealed with a two-component epoxy (Hardman Double Bubble) to improve
their integrity and stability. To improve the conductivity between the measurement
rig (Section 5.4.3) and the device, silver dag (Agar Silver Paint) was applied to both
top and bottom electrodes.

Aqueous electrolyte The electrolyte for the aqueous devices consisted of LiI (0.5
M), I2 (0.05 M) and tert-butylpyridine (0.5 M) in dry acetonitrile. The LiI, I2 and
tert-butylpyridine were used as received. The remainder of the fabrication procedure
was identical to the non-aqueous electrolyte devices.

Solid-state electrolyte devices

Zinc oxide Zinc oxide was deposited inside the gyroid-structured electrodes using
ALD from diethylzinc (DEZ) and 18 MΩ DI water at 120 ∘C. The deposition scheme
was according to Table 5.2. A top electrode of 40 nm of aluminium and 130 nm of gold
was deposited using a Kurt Lesker e-beam evaporator (99.999% Al and 99.999% Au,
base pressure of approximately 1 × 10−6 torr).

Precursor Pulse (s) Purge (s)

Step 1 DEZ 20 180
Step 2 H2O 20 180

Table 5.2: Pulsing scheme for depositions of ZnO inside gyroid-structured Cu2O elec-
trodes.

PCBM and spiro-MeOTAD PCBM and spiro were infiltrated into the porous
Cu2O/Cu electrodes by a two step spin-coating procedure to improve the pore filling.
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25 µL cm−2 of a 5 % solution of PCBM or spiro was spread on the sample and allowed
to wet it for 10 s before spin-coating at 1000 RPM (acceleration 300 RPM/s2) for
1 min. The same procedure was then repeated with a higher concentration solution
(10 %). The PCBM was dissolved in chlorobenzene and stirred overnight to ensure
complete dissolution. The spiro-MeOTAD solution contained 45 mM spiro-MeOTAD,
0.77 M 4-tert-butylpyridine and 0.3 M Li bis(trifluoromethanesulfonyl)imide in a chloro-
benzene and acetonitrile mixture (CB:ACN 21.9:1). Top electrodes of 150 nm of gold
were deposited using a Kurt Lesker e-beam evaporator (99.999% Au, base pressure
approximately 1 × 10−6 torr).

5.4.3 Device characterisation

A number of figures of merit can be determined for a solar cell. The short circuit
current (𝐼sc) is the current density of the device with no bias applied. The open
circuit voltage (𝑉oc) is the bias at which the measured current density is zero. The
power output of the device is the product of the current density at a given bias
(𝑃out = 𝐼 × 𝑉 ). A maximum in power output (𝑃out,max) is reached between short
circuit (0 V bias) and the open circuit voltage. The fill factor (FF) is the ratio
between the maximum power output and the product of the short circuit current and
the open circuit voltage (𝐹𝐹 = 𝑃out,max/(𝐼sc × 𝑉oc). A low fill factor could indicate
parasitic resistive losses such as a series shunt resistance or recombination losses. The
power conversion efficiency (𝜂) is the ratio between the maximum power output
and the power input from the incident illumination.

𝜂 =
𝑃out,max

𝑃in

=
𝐼sc𝑉oc𝐹𝐹

𝑃in

(5.10)

The external quantum efficiency (EQE) is a measure of how effective the conver-
sion is between incident photons and electrons delivered to the external load, EQE(𝜆) =
𝑛electron(𝜆)/𝑛photon(𝜆). It is possible to achieve EQEs above unity if the absorption of
a single photon leads to the generation of multiple electrons [14]. When measuring the
internal quantum efficiency, the EQE is compensated for losses such as reflections off
the top of the device and the active material, and electrolyte absorption.

The EQE was measured by illuminating the device with a halogen lamp spectrally
resolved by a monochromator, at an intensity on the order of 0.1 mW cm−2 at each
wavelength interval. The illumination spot size was approximately 2 mm2. The pho-
tocurrent was measured by a Kiethley 237 source meter. The incident photon flux on
the device was measured in parallel with a reference silicon diode. The spectral de-
pendence of the power incident on the devices was calibrated with a calibrated silicon
photodiode. The simulated AM 1.5 solar illumination was generated by a 300 W Oriel
solar simulator fitted with a AM 1.5 filter. The intensity of the solar simulator was
calibrated using a Si calibration diode purchased from and calibrated at the Fraunhofer
Institute for Solar Energy Systems (Freiburg, Germany). Measurements of both I-V
curves and EQE was carried out using a purpose-built LabView software.
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5.5 Polymer synthesis

The diblock copolymers used in this thesis were synthesised by Maik Scherer. This
section will only give a short description of the synthesis procedure. For a more detailed
description see Scherer’s PhD thesis [66] or any of the reviews on the topic [190, 191].

The polymers were synthesised using a bi-functional initiator in a two step process. In
the first step, poly(styrene) or a copolymer of poly(styrene) and poly(4-fluorostyrene)
was synthesised by atom transfer radical polymerisation (ATRP). The second step
involved the synthesis of a poly(lactide) block using organocatalytic ring-opening poly-
merisation (ROP). The synthesis procedure is shown in Reaction 5.1 [192].
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Reaction 5.1: Schematic for the synthesis of poly(4-X-styrene)-poly(lactic acid) di-
block copolymers using ATRP and ROP with a HEBIB initiator.

Atom transfer radical polymerisation was developed by Wang and Matyjaszewski [193]
and has become the main replacement for living (ionic) polymerisation [194]. It has
industrial applications due to the possibility of fast synthesis of high molecular weight
polymers. ATRP consists of a number of components including the monomer, an initia-
tor, a catalyst and optionally a solvent and an additive. In this case, the monomers used
for the synthesis were styrene and 4-fluorostyrene. The initiator was 𝛽-hydroxylethyl
𝛼-bromoisobutyrate (HEBIB) synthesised according to White et al. and the catalyst
was CuBr [195].

Ring-opening polymerisation is used to polymerise cyclic monomers [196]. Organocat-
alytic ROP allows for a high degree of control of molecular weights and leads to low
polydispersities. It consists of the monomers, an initiator, an organocatalyst and op-
tional additives. The monomer used for the synthesis of poly(lactide) was 3,6-dimethyl-
1,4-dioxane-2,5-dione (D,L-lactide). The catalysts were bis(3,5-trifluoromethyl)phenyl
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cyclohexylthiourea (thiourea), synthesised according to Pratt et al. [197] and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU). The initiator used was the macroinitiator formed
during the synthesis of the styrenic polymer.

Two polymers with different molecular weights and poly(lactic acid) volume fractions,
synthesised according to the scheme above, were used in this thesis. The polymers and
their molecular weights, volume fractions and equilibrium morphologies are displayed
in Table 5.3.

Sample 𝑀𝑃𝐹𝑆
n (kg mol−1) 𝑓PLA (%) Morphology

PS128 33 37.00 Worm-like bicontinuous
PS192 14 38.25 Double-gyroid

Table 5.3: Properties of the diblock copolymers used in this thesis.

5.6 Polymer template fabrication

The following section describes the various steps required for the fabrication of nano-
porous thin film polymer templates on FTO-coated glass substrates using block copoly-
mers. Certain studies in this thesis will employ modified versions of this protocol and
this will be indicated in the relevant chapters.

5.6.1 Surface modification

Flourine-doped tin oxide coated glass (FTO) (Solaronix, 15Ω/�) was piranha cleaned
for 15 min (3:1 H2SO4:H2O2 at 80 ∘C), rinsed with copious amounts of DI water and
further sonicated in DI water for 10 min. The hydrophilic substrates were treated in
0.1 % octyltrichloro silane (OTS) in cyclohexane for 8 s and then dried with dry N2.
This prcoess creates a partial self-assembled monolayer on the surface of the FTO which
promotes equal wetting of the two block copolymer components.

5.6.2 Thin film preparation

The thesis uses two different diblock copolymers denoted by PS192 ans PS128 (Sec-
tion 5.5). The equilibrium morphologies of PS192 and PS128 are the double-gyroid
Chapter 3 and cylindrical morphologies respectively and they have poly(lactic acid)
volume fractions of 38.25 % and 37 %. The thermal annealing protocols described be-
low were carried out in a home-made heated brass chamber controlled by a West 6100+
thermal controller, situated inside a Binder vacuum oven. The home-made chamber
and the vacuum oven were pre-heated to 90 ∘C and 85 ∘C respectively. Before starting
the thermal annealing protocols, the vacuum oven was purged by evacuating it to a
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pressure below 10 mbar and subsequently pressurising it with dry N2 to 900 mbar. The
purging procedure was repeated three times. After the thermal annealing the samples
were quickly removed from the vacuum oven and quenched to room temperature on an
aluminium block.

PS192

A solution of PS192 (11 % wt/vol in toluene) was spin-coated on the FTO substrate
(2 µL cm−2) at 200 RPM to 1000 RPM to produce films 1 µm to 5 µm thick. The thin
films were allowed to reach their equilibrium double-gyroid morphology by thermal
annealing in which the samples were heated under vacuum to 150 ∘C at 2.5 ∘C min−1

and then annealed in a N2 atmosphere at 172 ∘C (heating rate 2.5 ∘C min−1) for 30 min
before being quenched to room temperature.

PS128

A solution of PS128 (15 % wt/vol in toluene) was spin-coated on the FTO substrate
(8 µL cm−2) at 1000 RPM to 3000 RPM to produce films 1 µm to 3 µm thick. The
samples were thermally annealed by heating them to 155 ∘C under vacuum at a heating
rate of 2.5 ∘C min−1 and subsequently annealing them for 30 min at 155 ∘C in a N2

atmosphere. This heating protocol of a shortened annealing time leads to the formation
of a partially ordered worm-like cylindrical morphology instead of the hexagonally close-
packed equilibrium morphology expected from the volume fractions of the polystyrene
and the poly(lactic acid) blocks (Section 7.3.5).

5.6.3 Voiding of templates

To produce nano-porous templates, the thermally annealed thin films were voided by
etching the poly(lactic acid) minority networks. This was achieved by immersing the
samples in a basic solution (pH≈14) consisting of 0.1 M NaOH in H2O:MeOH (1:1). The
etching times ranged from 3 h to 15 h. After etching, the samples were first immersed in
methanol for 15 min and then rinsed in methanol to remove any residual NaOH before
being dried in dry N2.
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The main aim of this chapter is to study the feasibility of using post-deposition thermal
oxidation of metal nano-structures as electrodes for solar cells. The chapter describes
the fabrication of core-shell copper-Cu2O solar cells. The core-shell device geometry
is achieved by the post-deposition thermal oxidation of electroplated copper deposited
in gyroid-structured polystyrene templates. The morphological changes observed dur-
ing the oxidation are described, as is the performance of both solid-state and liquid
electrolyte devices fabricated from core-shell photoelectrodes.

6.1 Introduction

In the history of semiconductor physics, copper (I) oxide or cuprous oxide (Cu2O) has
been one of the most frequently studied materials. Investigations have included studies
into its use in rectifiers before the introduction of silicon [198] and its use as a platform
for experimental observations such as the Wannier exciton series and the dynamic Stark
effect of excitons [199]. However its use in photovoltaic devices has been fairly limited.

The potential of cuprous oxide, a non-stoichiometric p-type semiconductor [200], for the
design of solar cells has been known and recognized since the 1920s. The research into
Cu2O as a solar cell material was revived during the 1970s [201], but despite renewed
interest in the last decade the efficiencies associated with the material have remained
low. Despite this, Cu2O remains a valid and interesting alternative to silicon and other
semiconductors because: 1) it is non-toxic (as a bulk material), 2) its starting material,
Cu, is abundant on earth [202], 3) its production processes are relatively simple and
cheap [203] compared to e.g. the polymers used in OPVs and 4) Cu2O has a direct
band gap of approximately 2 eV (620 nm) [204] which makes it suitable for photovoltaic
conversion without the need to include additional light absorbers or sensitisers (as is
the case in e.g. dye-sensitised solar cells).

6.1.1 All-solid-state Cu2O solar cells

Even though theoretical calculations predict an electric power conversion efficiency for
Cu2O-based photovoltaics of approximately 20 % [205], in practice the efficiencies ob-
tained are low because of the difficulty of finding a suitable n-type counterpart to Cu2O
or because of the issues with preparing high quality n-type Cu2O for homo-junction
devices. For Cu2O/metal Schottky junction devices, interfacial reactions lead to the for-
mation of deleterious metallic copper which effectively turns the device into a Cu2O/Cu
Schottky barrier, lowering the barrier height and therefore the open-circuit voltage to
less than 350 mV [203, 206]. The interfacial formation of Cu is also responsible for the
low performance displayed by TCO/Cu2O heterojunctions made from ZnO, SnO2 or
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In2O3 [205, 207, 208]. Examples of devices where the formation of Cu has been limited,
leading to a higher barrier height, include ZnO/Cu2O heterojunction solar cells with
a reported open circuit voltage of 595 mV and an efficiency of 2 % [205] and Al-doped
ZnO/non-doped ZnO/Cu2O heterojunction solar cells with an open-circuit voltage of
700 mV and an efficiency of 4.04 %. The latter device structure has one of the highest
reported efficiencies for a solid-state Cu2O heterojunction device.

To achieve a high open-circuit voltage, and consequently a high power conversion effi-
ciency, a high barrier has to be formed between the cuprous oxide and the accompanying
electron conducting material. Since Cu2O has a low conduction band energy (−3.2 eV
relative to the vacuum) [209], typically only reactive metals would be expected to form
a high barrier with Cu2O. Thallium (Tl) is reported to be the only metal to not reduce
Cu2O to Cu [203]. Cu2O p-n homo-junctions of high quality have not been reported
so far due to the difficulty of producing n-type Cu2O. Further, few heterojunction ma-
terials have the appropriate band-edge offsets relative to Cu2O to produce a sufficient
built-in voltage, e.g. ZnO/Cu2O junctions only produce 0.75 V to 0.87 V due to band
misalignment [210].

6.1.2 Solid/liquid Cu2O solar cells

An alternative to solid-state devices are liquid electrolyte/semiconductor junctions
which have the advantage that the electrolyte can be altered to produce either rectify-
ing or ohmic contacts to a variety of semiconductors [211–214], by tuning the chemical
and/or electrical properties of the interface. For Cu2O the electrolyte has to be chosen
carefully since its thermodynamic stability in aqueous environments is limited to a rel-
atively small range of pH and electrochemical potential [215]. Because of this stability
issue, a better choice is a non-aqueous electrolyte solvent such as acetonitrile (CH3CN),
where Cu2O displays limited photo-corrosion [216, 217].

As described in Section 6.1.1, a high barrier between the Cu2O and the other com-
ponent in the solar cell is needed to achieve a high open-circuit voltage. For liquid
electrolyte/Cu2O junctions, the redox couple used would need to have a sufficiently
negative Nernstian redox potential to produce a large open-circuit voltage and there-
fore high conversion efficiencies. Since the redox potential of such species is more
negative than the reduction potential of water, inert non-aqueous solvents have to
be used. One redox couple that produces high barrier heights with Cu2O is de-
camethylcobaltocenium/decamethylcobaltocene (Me10CoCp2

+/Me10CoCp2
0) abbrevi-

ated as (CoCp*
2
+/CoCp*

2
0), which has a formal reduction potential of -1.47V vs. SCE

[218]. The use of such a liquid electrolyte would allow for the study of the photovolt-
age and power conversion efficiency of Cu2O electrodes which do not suffer from the
chemical interfacial reactions normally found in solid-state Cu2O devices.

Xiang et al. studied Cu2O contacts together with decamethylcobaltocenium/deca-
methylcobaltocene (CoCp*

2
+/0) and cobaltocenium/cobaltocene (CoCp2

+/0) redox elec-
trolytes [219]. In their work, Cu2O substrates were produced by high-temperature ox-
idation of copper foils. For Cu2O photoelectrodes in contact with a CoCp*

2
+/0 redox

65



6 Gyroid-structured Cu2O solar cells

couple they achieved an open-circuit voltage of 820 mV and a short-circuit current of
3.1 mA cm−2 under simulated air mass 1.5 illumination, which corresponds to a power
conversion efficiency of 1.5 %.

6.1.3 Fabrication of Cu2O electrodes

Two main fabrication routes exist for the production of high quality and high purity
cuprous oxide electrodes for the use in solar cells: thermal oxidation and electrochemical
deposition. Thermal oxidation is one of the earliest methods for the fabrication of
Cu2O and it utilises the oxidation of high purity copper foils or films, normally under
reduced O2 pressures (lower than 10−6 torr) and at high temperatures (often exceeding
1000 ∘C). This produces low resistivity p-type, polycrystalline Cu2O with a large grain
size suitable for photovoltaics. The produced cuprous oxide also has high hole mobilities
and long minority-carrier diffusion lengths [203, 220].

However this fabrication route is impeded by a number of factors. Following oxidation,
the oxygen pressure has to be successively decreased as the furnace cools in order to
maintain the Cu2O phase according to the Cu-O phase diagram [221]. Besides the
requirement for a high processing temperature, it has been shown that Cu2O grown
at a high temperature has a high leakage current which can lead to low conversion
efficiencies when applied in a solar cell. This has led to a focus of research into the
fabrication of Cu2O at lower temperatures and more ambient conditions. The majority
of the fabrication techniques reported in literature produce p-type copper oxide which
has been shown to originate from copper vacancies in the Cu2O [222].

Amongst a number of developed fabrication techniques, including magnetron sputter-
ing, pulsed laser deposition, chemical vapour deposition and atomic layer deposition,
electro-deposition [223, 224] has received a significant interest due to its simplicity, low
processing temperatures and low cost as well as the possibility to modify its material
properties by altering deposition parameters such as pH and electrolyte temperature.
An added benefit is that deposition of n-type Cu2O from acidic aqueous electrolytes has
been reported, which in theory would allow for the fabrication of Cu2O heterojunction
devices [225].

The majority of the properties of electrochemically deposited copper have been re-
ported to be similar to those obtained by thermal oxidation. The exceptions are higher
resistivities of 104 Ω cm to 106 Ω cm [226] and small diffusion lengths of minority carriers
[227]. These two drawbacks of electrodeposited Cu2O films limit the obtainable device
performance since they hamper charge extraction and lead to a low quantum efficiency
above 500 nm.

6.1.4 Nano-structuring Cu2O solar cells

The obvious solution to the problem of the high resistivity of electrochemically de-
posited Cu2O is to reduce the thickness of the Cu2O electrode, but this leads to a
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lowered absorption of incident photons. Like the organic solar cells described in Chap-
ter 2 this can be partially solved by nano-structuring the Cu2O. However in all-oxide
Cu2O-containing solar cells, such as Cu2O/ZnO devices, intrinsic properties of the
cuprous oxide limit the achievable device performance. Musselman et al. [228] showed
that even though nano-structuring can aid in the collection of minority carriers, which
is normally limited by low electron mobilities, the length scale associated with nano-
structuring prevents the formation of a depletion layer comparable to that of bilayer
devices, thus resulting in a lowered 𝑉OC and reduced device performance.

This need to adjust the length scale of the nano-structures to the width of the intrinsic
depletion layer has also been shown for silicon solar cells [229]. There are a number of
routes to improving the open-circuit voltage including the reduction of the density of
recombination centres, the careful design of the nano-structured geometry and the in-
troduction of interfacial barrier layers. However the work by Musselman et al. suggests
that the main limitation is the depletion width and that an increase in mobility via
doping is required to overcome this issue. Even though examples of doping in bilayer
devices exist [230, 231], there have been no reports of direct doping for electrochemi-
cally deposited Cu2O nano-structures. Examples of post-deposition gas phase doping
exist in the literature [232, 233] however none have been reported for nano-structured
cuprous oxide.

These results by Musselman et al. seem to be contradictory to results by Chen et al.
[234] who report an open-circuit voltage of 0.5 V for a ZnO/Cu2O device. However it
is believed that this device geometry is different from the one described by Musselman
et al. The high temperature annealing of the device is thought to reduce the Cu2O at
the ZnO/Cu2O interface to copper, and it is this reduction, accompanied by the ther-
modynamically expected oxidation of the Cu2O to CuO, which leads to the formation
of a Cu2O/Cu/ZnO device architecture [208, 235, 236].

Based on the research by Musselman into the nano-structuring of all-oxide Cu2O solar
cells and the associated limitations, two directions were taken in this chapter. Firstly
the ZnO or other n-type material was replaced with a liquid electrolyte as described
in Section 6.1.2 which allowed for a larger scope to alter the band-offset between the
Cu2O and the secondary device component. Secondly the device geometry was changed
from the relatively simple Cu2O/ZnO (or any n-type material) structure to a more
complicated nano-structured geometry which utilises more than two materials [225].

The combination of these two directions can conceptually be realised as a core/shell
electrode surrounded by a liquid electrolyte. As described in Section 6.1.1, the for-
mation of deleterious copper in bilayer all-oxide Cu2O solar cells can lower the bar-
rier height and therefore the device performance. However if cleverly designed, a
Cu2O/copper junction can aid in charge extraction and increase device performance.

A device geometry with this design was constructed by Shao et al. Their devices use
photo-electrodes consisting of mixtures of electro-deposited Cu2O and copper. This
was achieved by controlling the pH of the electrolyte used for the deposition [237]. The
photoelectrode was surrounded by a LiI/I2 liquid electrolyte and presented an overall
efficiency of 3.13 % with an open-circuit voltage of 0.56 V and a short-circuit current
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of 11.3 mA cm−2. The device relies on the injection of electrons from the Cu2O to the
copper, which has enhanced electron transport properties, and the transport of the
excitonic hole via a redox couple in the liquid electrolyte. The main mechanism of a
Cu2O/Cu junction is the electron injection from Cu2O into Cu for ~𝜈 > Eg and the
hole emission from Cu into Cu2O when ~𝜈 < Eg [209, 238].

6.1.5 Block copolymer templating

The work reported by Shao et al. although very interesting, has certain limitations.
Firstly the presented structures are not truly nano-structured. Instead the photo-
electrodes consist of 2 µm to 3 µm spherical deposits with a copper core and a Cu2O
shell. This requires a relatively thick Cu2O shell to achieve complete absorption and
as such the device performance can still be limited by transport through the Cu2O.
Secondly the electrochemical deposition of the copper and Cu2O is not performed in
a template. This offers only limited control over feature sizes and structural order.
Thirdly, deposition parameters such as temperature, concentration and pH can affect
the ratio of deposited copper and Cu2O. Fourthly the use of an aqueous liquid elec-
trolyte causes problems with the stability of the photoelectrode Section 6.1.2 and a
reduction of the device performance with time.

In this chapter we have taken a different approach in which double-gyroid-structured
polymeric nano-porous templates (Chapter 3) are replicated using electrochemical de-
position of copper followed by a subsequent thermal oxidation. This fabrication proce-
dure offers a number of advantages. Firstly the use of a template offers great control
over feature sizes as well as repeatability between subsequent samples and experiments.
Secondly a nano-porous template enables the creation of a replica with a high surface
area to volume ratio. From the perspective of photovoltaics, this allows for the combi-
nation of high photon absorption with proximity between the site of exciton generation
and the electrodes (as previously described in Chapter 2). Thirdly the separation of the
formation of the cuprous oxide from the deposition of the copper offers more control
of the oxide thickness and of the ratio between the formed Cu2O and CuO. This also
allows for more freedom with regards to for example doping, as a variety of atmospheres
can be used besides oxygen for the thermal treatment.

The fabrication procedure for the nano-structured Cu/Cu2O/CuO solar cells used in
this chapter is shown in Figure 6.1.

The electrochemical deposition of copper into the self-assembled double-gyroid tem-
plates and the subsequent thermal oxidation require the introduction of two concepts
which are covered in the following two sections: the Kirkendall effect and electroplating
in nanopores.
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Figure 6.1: Schematic of device fabrication. (A) Piranha cleaning of FTO substrate.
(B) Evaporation of copper compact layer. (C) Fabrication of SU-8
mask using photo lithography. (D) Spin-coating and thermal anneal-
ing of polystyrene-b-poly(lactic acid) diblock copolymer. (E) Removal
of poly(lactic acid) network using mild base. (F) Electrochemical depo-
sition of copper into the porous polystyrene template. (G) In-template
oxidation of copper deposit and removal of polystyrene template. (H)
Post-deposition thermal oxidation of gyroid-structured copper network.
(I) Assembly of solar cell using solid-state or liquid electrolyte.

The nano-scale Kirkendall effect

The Kirkendall effect was first observed in bulk samples where the diffusion of Zn and
Cu is different at a Cu and CuZn interface [239]. This difference in atomic diffusion is
counterbalanced by a flux of vacancies which if allowed to saturate could lead to the
formation of voids. In bulk samples where an equilibrium vacancy concentration can be
maintained, void formation is not necessarily seen. However in nano-sized geometries
such as nanospheres and nanowires, the vacancies are confined within the structures
and can accumulate, supersaturate and condense into a void.

In this study, this process of void formation is called the nano-scale Kirkendall effect
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or nKDE. For the oxidation of metal nano-structures into their corresponding metal
oxides, the difference in diffusion rates between the oxygen into the structure and that
of the metal atoms towards the gas/solid interface is what drives the Kirkendall effect.
A large number of metal nanoparticles, including copper, cobalt and nickel, have been
shown to undergo the transformation to metal oxide shells with a central void [240].
Other environments have been used to form hollow nanocrystals, including solutions of
sulphur and selenium which lead to the formation of metal chalcogenides. However the
Kirkendall effect is not limited to solid/gas systems, and there are solid/solid systems
that also undergo the Kirkendall effect, for example ZnO/Al2O3 core/shell nanowires
which form hollow spinel ZnAl2O4 structures [241].

The Kirkendall effect is also apparent in other nano-sized structures such as nanowires
and tricontinuous double-gyroid networks [48]. Given that multiple nuclei of voids can
form in one of these structures at different places, the final nano-tubular geometry is a
strong function of the characteristic length scale of the nano-structure and of processing
parameters such as temperature. An example of this variation in geometries is the
oxidation of nickel nanowires with a diameter of 80 nm or larger [242]. They form
bamboo-like structures upon annealing due to the high temperature required for their
full oxidation.

There are a few examples of copper nanowires that display a tubular morphology upon
oxidation [243, 244]. However no examples exist in the literature of the formation
of a copper oxide nano-tubular morphology upon the oxidation of nanowires with a
diameter smaller than 50 nm.

Electroplating of copper in porous templates

There are a number of routes to the creation of copper nanowires and these can roughly
be categorised into liquid based synthesis routes such as hydrothermal synthesis [245]
and electrochemical deposition of copper in various templates [246, 247]. Electrochemi-
cal deposition of copper is usually performed in commercially available porous alumina
membranes (PAM) or track-etch polycarbonate membranes which have a pore diame-
ter ranging from 20 nm to 500 nm. Examples of deposition in sub-20 nm pores include
growth in mesoporous silica templates [248].

Special considerations have to be made when using electrochemistry to deposit mate-
rials in nano-porous high-aspect-ratio templates due to electrolyte diffusion. Valizadeh
et al. studied the deposition of cobalt in track etched membranes and determined equa-
tions that compare the electrolyte concentration in the bulk to the concentrations at the
openings of the pores and at the electrode surface, and show how these concentrations
relate to the deposition current as a function of time [249].

It is safe to assume that the equations will hold for the deposition of copper. How-
ever care has to be taken when applying them to depositions in the double-gyroid
morphology. Rather than consisting of individual well-separated nano-pores, as for a
track-etched membrane, the gyroid consists of interconnected pores where the openings

70



6 Gyroid-structured Cu2O solar cells

of the pores are in close proximity to each other. However no further effort was taken in
this thesis to validate the equations (given below) for a template of gyroid morphology.

It is possible to show that the deposition current in an array of nanopores is described
by

𝐼 = 𝑛𝐹

(︂
𝐷

𝜋𝑟

)︂1/2 (︀
𝑐𝑏 − 𝑐𝑚

)︀{︂
1 − exp

[︂
4𝑁𝜋3(𝐷𝑡𝜋)1/2

4𝐿+ 𝜋𝑟

𝑐𝑏

𝑐𝑏 − 𝑐𝑚

]︂}︂
(6.1)

where 𝑛 is the number of electrons involved in the reaction, 𝐹 is the Faraday constant,
𝐷 is the diffusion coefficient of species in the electrolyte, 𝑟 is the radius of the nanopore,
𝑐𝑏 is the bulk concentration, 𝑐𝑚 is the concentration at the entrance of the nanopore,
𝑁 is the nanopore density and 𝑡 is the deposition time. Two deposition regimes can
be identified: for short time-scales the current is limited by a linear or Cottrell time-
dependant diffusion with 𝑖 ∝ 𝑡−1/2 whereas for long time-scales, the system is limited
by spherical diffusion and the steady-state current per nanopore is

𝐼 =
4𝜋𝑛𝐹𝐷𝑐𝑏𝑟2

4𝐿+ 𝜋𝑟
(6.2)

which gives a current density of

𝐽 =
𝐼

𝜋𝑟2
=

4𝑛𝐹𝐷𝑐𝑏

4𝐿+ 𝜋𝑟
∝ 1

𝐿+ 𝑟
. (6.3)

This shows that deposition inside a high-aspect-ratio template, as is the case in this
study, results in a lowered deposition current, given a fixed deposition potential. The
change in deposition current with time results in the characteristic current trace shown
in Figure 6.2.

As explained in Section 5.3, deposition of the copper was mainly carried out galvano-
statically. Thus assuming that the current density remains constant and rearranging
Equation (6.3) the following expression is found for the minimum required bulk elec-
trolyte concentration. It should also be taken into account that the diffusion of Cu+2

ions is a function of the concentration of the CuSO4.

𝑐𝑏 =
𝐽

4𝑛𝐹𝐷
(4𝐿+ 𝜋𝑟) (6.4)

The steady-state current is a result of the spherical diffusion which allows more elec-
troactive species to reach the electrode surface per unit time and therefore yields a high
current per unit area. Based on this steady state current, the cyclic voltammogram
trace is expected to display an S-shaped sigmoidal shape [250], as is also seen for the
redox reaction of copper in the gyroid-structured templates (Section 6.3.1).
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Figure 6.2: Theoretical chronoamperometry trace of depositions inside an array of
nano-pores. (a) Mass-transport limited Cottrell diffusion regime. (b)
Steady-state spherical diffusion regime. The current increases approx-
imately linearly due to the progressively shorter nanopore length. (c)
Over-growth regime where growth takes place past the top surface of the
template. (d) Flat film regime where the over-growth from neighbouring
pores has coalesced.

6.2 Experimental methods

6.2.1 Materials

The chemicals and materials listed in Table 6.1 were used as received unless otherwise
specified.

Chemical Purity (%)a Abbreviation
Acetonitrile, anhydrous 99.8 (SA) –
Aluminium 99.999 (KL) –
Bis(pentamethylcyclopentadienyl) cobalt(II) – (SA) –
Bis(pentamethylcyclopentadienyl) cobalt(III) PF6 – (SA) –
Boric acid 99.5 (SA) –
Chlorobenzene, anhydrous 99.8 (SA) –
Copper 99.999 (KL) –
Copper sulphate 99 (SA) –
Diethylzinc 95 (SA) DEZ
Flourine–doped tin oxide (FTO) coated glass 15 Ω/� (SR) FTO
Gold 99.999 (KL) –
Hexachloricoplatinic acid 99.9 (SA) –
continued
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Chemical Purity (%)a Abbreviation
Iodine 99.8 (SA) –
Lithium bis(trifluoromethanesulfonyl)imide – (SA) –
Lithium iodide 99.99 (SA) –
Lithium perchlorate 99.99 (SA) –
Methanol, laboratory reagant grade – (FS) –
Oxygen 99.999 (BOC) –
Phenyl C61 butyric acid methyl ester 99.5 (SA) PCBM
Spiro–MeOTAD hole conducting material – (SR) Spiro
SU–8 2000.5 – (MC) –
Tert–butylpyridine 96 (SA) –
Toluene, anhydrous 99.8 (SA) –
Trimethylaluminium 97 (SA) TMA
Water, deionised 18 MΩ DI water
a Suppliers are given in brackets: Fisher Scientific, FS; Sigma Aldrich, SA; Greiner

Bio-One, GBO; Solaronix, SR.

Table 6.1: Chemicals and materials used in this part of the study.

6.2.2 Sample fabrication

The substrate fabrication consists of six individual steps described in the following
sections and the normal fabrication time for approximately 25 substrates is roughly
two days. Figure 6.3 shows the various steps in the device fabrication and will be
referenced in the section on device preparation below.

Substrate preparation

Substrates consisting of fluorine-doped tin oxide (FTO) coated glass (Solaronix, sheet
resistance 15 Ω/�) are cleaned by piranha etching for 15 min (3:1 H2SO4:H2O2 at 80 ∘C)
and subsequently vigorously rinsed with plenty of DI water (18 MΩ) and then sonicated
in DI water for 10 min to remove any piranha residues. The cleaned substrates are pre-
scribed, to facilitate easy separation at the end of substrate fabrication, into 10 mm
× 14 mm sized samples and each sample is masked with Kapton tape to produce an
active area of 10 mm × 10 mm (Figure 6.3A).

Cu2O compact layer

The samples are coated with 30 nm of copper using a Kurt Lesker e-beam evaporator
at a rate of 1 Å s−1. The normal operating pressure is 10−6 torr and the source was
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Figure 6.3: Sample fabrication of gyroid-structured Cu/Cu2O/ solar cells. (A) Cop-
per compact layer evaporated on FTO substrate (red square). (B) Pat-
terning of circular device area (blue circle) using SU-8. Prior to exposure
SU-8 along one edge is removed to ensure good electrical contact (red
rectangle). (C) Spin-coating of gyroid-forming polymer (red circle). The
patterned device area is visible (blue circle). (D) – (G) Electrochemical
deposition of copper subjected to various thermal oxidation protocols.
(D) As-deposited copper (P1). (E) 70 ◦C for 1 h in O2 (P3). (F) 2 h for
2 h in air (P7). (G) 350 ◦C for 2 h in air (P9). (H) Liquid electrolyte
device assembled using a gyroid-structured copper electrode (dashed red
rectangle), a platinised counter electrode (blue rectangle), and a 300µm
parafilm spacer.

99.999% copper. Once exposed to air, a thin Cu2O layer is formed on the surface of
the copper compact layer, as expected from copper oxidation in air at room temperature
[251] (Figure 6.3A).

Surface functionalisation

The substrates are plasma etched under a 50W air plasma at a pressure of 0.6mbar
for 15 s using a Diener MRC 100 plasma etcher to render the substrates hydrophilic.
Substrates are used as is or are silinised for 8 s in a solution of 0.1% octyltrichlorosilane
(OTS) in dry cyclohexane.
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SU-8 mask

The substrates were covered with SU-8 photo-resist (Microchem 2000.5 resist, approxi-
mately 1 mL cm−2) and spin-coated at 6000 RPM (acceleration of 500 RPM/s2) for 45 s.
Prior to the pre-exposure bake, the SU-8 along one edge of the substrates was removed
using acetone to expose the underlying FTO and thus to provide good electrical contact
for the subsequent electro-deposition and device characterisation (Figure 6.3B). The
substrates were pre-baked for 1 min at 65 ∘C, 1 min at 90 ∘C and 1 min at 65 ∘C and
exposed in an MJB4 mask aligner (SUSS MicroTec MJB4, 𝜆 >350 nm) using various
circular masks with diameters of 0.9 mm, 2.5 mm and 4.5 mm. The masks were fab-
ricated by laser printing on overhead transparency sheets. Before development of the
SU-8, the substrates were post-baked with the same parameters as the pre-bake. The
SU-8 was developed in propylene glycol methyl ether acetate (PGMEA) for 40 s under
light agitation, rinsed with fresh PGMEA and dried with dry N2. The final sample is
shown in Figure 6.3B.

Thin polymer film self-assembly

The double-gyroid thin films were spin-coated on the SU-8 covered samples and ther-
mally annealed to achieve the double-gyroid morphology as previously described in
Section 5.6 (Figure 6.3C). Once annealed the templates were voided as described in
Section 5.6.3 for 1 h to 10 h depending on the film thicknesses [87]. If the samples are
exposed to the alkaline NaOH solution for extended periods of time, the underlying
copper compact layer is oxidised, eventually leading to the removal of the Cu2O/Cu
layer which detaches the polymer film [252]. As such the etching time of the poly(lactic
acid) block was calibrated using an electrochemical method developed by Crossland et
al. [87].

Electrochemical deposition of copper

Copper was deposited inside the voided polymeric templates by potentiostatic and gal-
vanostatic electrochemical deposition in a standard 3-electrode electrochemical cell at
room temperature, using a polished copper counter electrode and a saturated calomel
reference electrode (SCE). The electrolyte consisted of an aqueous solution of 0.1 M
CuSO4 and 0.2 M H3BO4. Prior to deposition the samples were dipped in methanol six
times (1 s per dip) to promote the infiltration of the electrolyte into the hydrophobic
polystyrene templates by the exchange of the low surface methanol with the aqueous
electrolyte. The samples were left in the plating solution for 30 s prior to deposition
to achieve an equilibrium open-circuit potential of approximately 0.05 V. The deposi-
tion consists of two steps: a nucleation step for 1 s and a subsequent deposition step.
The nucleation and deposition steps were carried out at −1 V and −0.3 V for the po-
tentiostatic deposition. For the galvanostatic deposition, the corresponding current
densities for the nucleation and deposition steps were 250 mA cm−2 and 25 mA cm−2

respectively. A gyroid-structured copper film deposited through an SU-8 mask is shown
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in Figure 6.3D.

Thermal annealing

Prior to device assembly the samples were exposed to various thermal annealing pro-
tocols. For a detailed description of the protocols see Section 6.3.2. The majority of
the samples were annealed in an Elite tube furnace from 50 ∘C to 400 ∘C under either
air, 99.999 % N2 or 99.999 % O2 atmospheres. Heating rates ranged from 0.1 ∘C min−1

to 10 ∘C min−1. Samples were annealed either with the polymeric template in place
or removed before annealing. The polymer templates were removed by immersing the
samples in dimethylformamide (DMF) for 30 min and then rinsing them with acetone
before drying them with dry N2. Large area samples were annealed on a large area
programmable hotplate. Annealing temperatures and heating rates were within the
same range as for samples annealed in the tube furnace.

6.2.3 Solar cell characterisation

The solar cells were assembled and characterised according to Section 5.4.2 and Sec-
tion 5.4.3. An assembled device is shown in Figure 6.3H.

6.3 Results and discussion

The sample fabrication and characterisation of the double-gyroid-structured Cu/Cu2O
electrodes and devices can be divided into three sections which will be covered below:
1) Fabrication of free-standing, morphologically intact copper/Cu2O gyroid-structured
electrodes including the electrochemical deposition of copper and in-template thermal
treatment; 2) Post-deposition thermal oxidation of the fabricated gyroid network at
various temperatures and times. This section will cover how the morphology as well as
the composition and crystallographic structure of the samples change with the various
oxidation procedures; 3) Fabrication and characterisation of solar cells as a function of
oxidation temperature and time. This includes band structure and optical measure-
ments as well as measurements of device performances including both light and dark
I-V behaviour and EQE.

6.3.1 Fabrication of stable Cu/Cu2O gyroid networks

Electrochemical deposition of copper

To aid the electrochemical deposition, three modifications were made to the standard
fabrication route of porous polystyrene templates described in Section 5.6.
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Firstly the FTO-coated glass substrates were coated with a thin, 30 nm layer of copper
by e-beam evaporation as described in Section 6.2.2. This layer serves two purposes.
Once oxidised in the subsequent thermal treatments, the layer serves as the Cu2O
compact layer in the assembled devices (Section 5.4.2). Secondly it is used to promote
a more uniform deposition of copper compared to the bare FTO substrate.

Secondly the standard functionalisation scheme described in Section 5.6.1 was modified.
Due to the very low stability of the Cu/Cu2O compact layer in the piranha clean,
this step was replaced by plasma etching under a 50 W air plasma (Diener MRC 100,
0.6 mbar) for 15 s to render the substrates hydrophilic. The substrates changed from a
contact angle of >90° to <90° after plasma etching.

However the functionalisation of the substrates for 8 s in 0.1 % OTS in dry cyclohexane
did not produce reproducible results with the expected porous film/substrate interface
[66], which is required for electrochemical deposition. This is thought to be caused
by a different initial density of -OH groups after plasma etching compared to piranha
etching which affects the formation of the OTS self-assembled monolayer. Attempts
with shorter and longer functionalisation times did not lead to improved results.

Instead a different approach was taken where the hydrophilic substrates were used
directly after the plasma etching step. This led to a wetting layer of poly(lactic acid)
on the copper/Cu2O compact layer which guarantees continuity between the PLA block
and the substrate. The main drawback of this functionalisation route is the etching
of this PLA wetting layer during the template voiding which tends to detach the thin
polymer films from the substrates.

Thirdly, and partially as a solution to this drawback, the substrate was covered with
an SU-8 mask (Section 6.2.2). The SU-8 mask serves three purposes: it makes sub-
sequent electrochemical depositions more uniform, homogeneous and repeatable since
the growth is confined to a small area; it defines a region with a well-known area which
assures that the active area for measurements of device characteristics remains the
same between subsequent devices; and it ensures that the polymer film adheres well
to the substrate despite the modified surface functionalisation described above. This
enhanced adhesion is caused by the wetting of the hydrophobic SU-8 by the polystyrene
portion of the block copolymer. Depending on which part of the project the samples
were used for, the circular active area was chosen to have a diameter of 0.9 mm, 2.5 mm
or 4.5 mm. A sample with an SU-8 masked active area can be seen in Figure 6.3B.

Figure 6.4 shows an SEM cross-section of a double-gyroid-structured polymer template
assembled on the Cu2O/Cu/FTO substrate prior to the electrochemical deposition. It
shows the highly-ordered morphology achieved by the use of block copolymer templates
and also the 11 nm characteristic length scale which gives rise to high surface area. For
electrochemical deposition in a porous template, the main requirement is that the
interface between the conducting substrate and the template is continuous and fully
porous, whereas the template/air interface only has to be sufficiently porous to allow
for electrolyte infiltration. As seen in Figure 6.4B, the porosity of the double-gyroid
is continuous all the way down to the substrate and the template/air interface in
Figure 6.4C displays sufficient porosity.
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Figure 6.4: Double-gyroid-structured nanoporous polystyrene template (A) Cross-
sectional view of a voided double-gyroid polystyrene thin film template.
(B) View of the bottom of the film in A displaying the continuous poros-
ity. (C) View of the partially porous free-surface of the film in A.

The electrolyte for the copper deposition which consisted of CuSO4 and H3BO4 was
chosen after discussion with Dishant Mahendru and consultation of protocols found
in the literature [253]. As described in Section 6.1.5, a minimum electrolyte concentra-
tion is needed for galvanostatic depositions inside nanoporous templates. Even though
in this case the geometric current density, the applied current divided by the area of the
SU-8 mask, is 10 mA cm−2 the effective current density is higher due to the porosity
of the template. The cross-sectional area fraction of the pores in the double-gyroid
templates is approximately equal to the volume fraction of the pores, in other words
38.5 %, giving an effective current density of 25 mA cm−2.
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Given the fixed current density and a pore length of 10 µm (which is the upper limit
used in this study taking into account the extra distance due to the complex geometries
of the gyroid network), a pore radius of 5.5 nm and a diffusion coefficient of Cu+2 ions
of 5 × 10−6 cm2 s−1 [254], the minimum bulk concentration needed for a steady-state
deposition at the bottom of the template is 10 mM. This is an order of magnitude
below the concentration used in this study. However one of the disadvantages of a high
concentration of CuSO4 is the formation of large nuclei with a low nucleation density
[255]. The concentration of boric acid was also increased compared to literature values,
which improves the electrolyte conductivity and lowers the cathode over-voltage [256] as
well as counteracting the lowered nucleation density caused by the high concentration
of CuSO4 [255]. The aqueous electrolyte used for all electrochemical depositions of
copper contained 0.1 M CuSO4 and 0.2 M H3BO4. The solution had a pH of 3.

Based on protocols in the literature for the electrochemical deposition of copper [256],
the deposition into the polymer templates was initially performed potentiostatically at
approximately −0.3 V (vs. SCE). A typical cyclic voltammogram of the Cu2O/Cu/FTO
substrate in the aqueous electrolyte can be seen in Figure 6.5A.
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Figure 6.5: Electrochemical deposition of copper. (A) Cyclic voltammogram of a
Cu2O/Cu/FTO substrate working electrode in contact with a copper sul-
phate containing electrolyte. A sigmoidal shape of the current response
is clearly seen. (B) Typical trace of the galvanostatic deposition of cop-
per inside the polystyrene templates. Region a and b correspond to the
nucleation and deposition steps respectively.

However potentiostatic depositions led to a non-uniform growth (Figure 6.6A) which
was thought to be due to problems with sparse nucleation of the copper growth on the
Cu2O/Cu/FTO substrate. The low nucleation density led to the pronounced formation
of spherical growth fronts as seen in Figure 6.6A. It has been reported that a short
nucleation step at a more negative potential would increase the number of nucleation
sites and improve the deposition uniformity [66]. However the application of a nucle-
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ation step of −1 V for 1 s did not improve the nucleation density and the deposition
uniformity.

A B

1μm 1μm

10μm

C

Figure 6.6: Electrochemical deposition of copper in nano-structured template. (A)
Potentiostatic deposition of copper inside the gyroid template display-
ing a low nucleation density and therefore pronounced spherical growth
fronts. (B) Galvanostatic deposition of copper inside the gyroid template
displaying a uniform growth. (C) Low magnification view of B showing
uniformity over large areas.

Even though the deposition of copper is feasible over a relatively large range of poten-
tials and processing parameters such as electrolyte composition and temperature, the
deposition of uniform thin films can be difficult. The unwanted morphologies shown in
Figure 6.7A-I have been encountered throughout this study.

Due to the poor results seen for potentiostatic depositions inside the polymer templates,
galvanostatic deposition was chosen instead and was found to be a much more success-
ful deposition technique. Based on the current densities observed for potentiostatic
depositions at −0.3 V, an effective current density of 25 mA cm−2 is used throughout
this project. An effective current density of 250 mA cm−2 is applied for 1 s during the
nucleation step. The nucleation current density was chosen by qualitatively comparing
the uniformity of depositions at various current densities and nucleation times. Using
these optimised parameters, the copper deposition display a uniform nucleation and
growth through the polymer template (Figure 6.6B). The deposition is also uniform
in thickness over large areas (Figure 6.6C) which is important for comparing device
performances. A typical voltage vs. time trace for the galvanostatic depositions is
shown in Figure 6.5B.

The growth rate during galvanostatic deposition on a flat device substrate with the
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Figure 6.7: Unwanted growth morphologies encountered during copper deposition.
(A) - (G) Non-templated growth morphologies. (H) Lower magnifi-
cation view of G. (I) Dendritic-like growth through a double-gyroid-
structured template.

copper compact layer was 0.36 nm mC−1 cm−2, which corresponds to a deposition effi-
ciency of 98 %, assuming a molecular weight and density of copper of 63.55 g mol−1 and
8.96 g cm−3 respectively. The growth rate inside the polymeric templates was deter-
mined by thickness measurements using SEM to be 0.93 ± 0.02 nm mC−1 cm−2, given
the molecular weight and density above and a template void fraction of 38.5 % [66].
This gave an in-template growth efficiency of 97 %, indicating that there appear to
be no problems such as diffusion limitations associated with in-template deposition.
Normal deposition times range from 10 s to 200 s producing films with thicknesses of
approximately 150 nm to 2 µm. A typical trace of the measured potential versus time
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can be seen in Figure 6.5B. The measured potential reaches steady-state after approx-
imately 15 s which is confirmed by a linear growth rate. After the deposition, the films
are rinsed in methanol and then water for 5 min to remove any residual electrolyte and
finally dried with dry N2.

Stability of the copper gyroids

The next fabrication step before the thermal oxidation is to remove the polymeric
template used for the copper deposition. Given that the templates are spin-coated from
toluene, this was the initial choice of solvent. Initial attempts to remove the template
using toluene resulted in two problems: incomplete dissolution of the template and
stability issues of the copper deposition. The toluene surprisingly proved insufficient
to remove all of the polymer template, and polymer residues were seen whilst imaging
in the SEM (Figure 6.8A). Dimethylformamide (DMF) was therefore chosen as an
alternative to toluene and successfully removes the polystyrene template in 30 min.

Removal of the template using either toluene or DMF results in the morphology seen in
Figure 6.8B. The samples display a disordered nano particular morphology in compar-
ison to to the highly ordered strut-like appearance expected from copper depositions
inside the polymer templates. The characteristic length scale of the copper network
seen after template removal has also increased to 20 nm to 30 nm which is larger than
the 11 nm expected from the pore diameter of the double-gyroid template. This change
in morphology is observed as early as within 1 h of template removal.

Such a morphological change of nano-scale copper has been observed previously for
the room temperature oxidation of copper nanowires [257]. We believe that besides
increased oxidation due to the high surface area of the copper network, the observed
distortion is caused by a process, well-known for electro-deposited copper, called self-
annealing. This process appears even at room temperature and causes the removal of
stresses from the deposit by coarsening of the copper nano-crystallites [258, 259]. It
is this coarsening that leads to the destruction of the expected ordered structure and
the increase in observed length scales. The very fast self-annealing displayed in our
samples is most likely due to the very small feature sizes of the copper gyroid. The
small feature sizes also cause the samples to have a very high surface to volume ratio,
which can make any surface contributions to the self-annealing more pronounced. The
exothermic oxidation of copper to copper oxide in air will also locally heat the structure
which could accelerate the self-annealing process.

It was observed that certain parts of the gyroid-structured copper films, normally the
top surface, remained intact after template removal in DMF and showed the expected
11 nm ordered morphology (Figure 6.8B). The reason for this increased stability of
the copper structure is thought to be due to the oxidation of the upper most parts of
the copper deposition which are in contact with air through the porous template. The
oxidation of the copper surface with the template still in place allows for the morphology
to remain intact due to the mechanical confinement offered by the template.
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Figure 6.8: Instability of the copper gyroid upon removal of the polystyrene template.
(A) Use of toluene proved insufficient to fully remove the polystyrene
template as can be seen by the regions with lack of porosity. (B) The
bulk of the gyroid-structured thin film restructures upon removal of the
template and the high order is lost. Only the top of the film remains
intact after being exposed to air through the pores in the template. (C)
Order is also maintained further into the film if the copper deposition
is not homogeneous. (D) After the in-polymer oxidation of the copper
at 70 ∘C in O2, the order of the replica is maintained in the bulk upon
template removal.

The surface oxidation also appears to prevent self-annealing upon template removal
which suggests that self-annealing is a mainly surface-driven process in our nano-
structures. Further evidence for this explanation is found when observing SEM cross-
sections of samples in which the copper deposition is not homogeneous but voids are
present (as shown in Figure 6.8C). As expected, the top surface retains the gyroid mor-
phology whereas the bulk of the sample reorders. However due to the voids present in
the template, the region nearest to the substrate is also exposed to air and its surface
oxidises, preventing it from reordering upon template removal.
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Given the hypothesis that the loss of order and coarsening seen upon removal of the
polymer template is compounded by local heating of the nano-structure due to the
exothermic oxidation of the copper, initial attempts were made to remove the template
at temperatures lower than room temperature. Successful removal of the template at
reduced temperatures relies on the use of a good solvent for polystyrene that has a low
melting point.

Toluene had already been shown not to be a sufficient solvent and was therefore dis-
regarded. Three other solvents, acetone, dimehtylformamide and diethyl ether, which
have melting points of −95 ∘C, −60 ∘C and −116 ∘C respectively, were used instead.
Liquid nitrogen was added to the solvent and the mixture was allowed to return to its
liquid phase. The as-deposited samples were immersed in the cooled solvent for 15 min
and then removed and dried with dry N2. Attempts were also made in which small
amounts of H2O2 (melting point is −52 ∘C for a 50 % in water mixture) were added to
the solvent to allow the copper to oxidise at a reduced temperature. The reason for this
procedure was to allow the outer surface to oxidise simultaneously with the template
removal and therefore stabilise the gyroid structure. However none of these attempts
to remove the template at a reduced temperature proved successful in retaining the
expected highly ordered morphology of the copper.

Based on the results which show that the native surface oxidation of the gyroid-
structure copper network prior to the removal of the polystyrene template leads to
improved stability, an annealing protocol was devised in which all of the surface of
the copper deposition was partially oxidised in-situ in the polymer template. This was
achieved by thermally annealing the samples in a tube furnace at 70 ∘C for 1 h under an
oxygen (99.999 %) atmosphere. The oxygen diffuses through the polystyrene polymer
matrix and oxidises the copper at the copper/polymer interface. This in-template oxi-
dation method is made possible by the relatively high diffusion rate of oxygen through
polystyrene of the molecular weight used in the templates (30 kg mol−1) [260].

The relatively low oxidation temperature of 70 ∘C was chosen because of the lowered
glass transition temperature (Tg ≈ 75 ∘C) of the voided block copolymer template
Section 7.3.1 [74]. Above this temperature the top surface and the non-replicated
regions of the polymer template reorder and become non-porous, limiting the diffusion
of oxygen. After this low temperature partial oxidation, the template was removed
by immersion in DMF for 30 min and then the samples were rinsed in acetone before
drying in a stream of dry N2. The 70 ∘C oxidation procedure successfully retained the
ordered, 11 nm morphology expected from the double-gyroid template and the resulting
negative copper/Cu2O replica of the template is shown in Figure 6.8D.

6.3.2 Post-deposition thermal oxidation of Cu/Cu2O gyroids

The following section first details the thermal annealing protocols used, and then in-
troduces the results of these protocols. The results will be grouped and presented for
each experimental technique. This is due to the large number of parameters associated
with the thermal oxidation procedure combined with the large range of experimental
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techniques. The section will conclude with a summary that combines results from the
different experimental techniques to explain the morphological changes seen for the
various thermal oxidation protocols.

Thermal annealing protocols

To understand fully how the morphology and material properties of the gyroid-structured
copper network change under various oxidation/annealing protocols, samples were stud-
ied using SEM, TEM, XRD, XPS, Auger spectroscopy, GI-SAXS and optical spec-
troscopy. The thermal annealing protocols used in this work together with the experi-
mental parameters used for each protocol are displayed in Table 6.2.

Protocol Step 1 Step 2 Step 3
# 𝑇/∘C 𝑡/min Gas 𝑇/∘C 𝑡/min Gas 𝑇/∘C 𝑡/min Gas

P1 As-deposited copper gyroid
P2 As-deposited copper gyroid and template removal
P3 70 60 O2 Template removal - - -
P4 70 60 O2 - - - - - -
P5 70 60 O2 Template removal 70 480 Air
P6 70 60 O2 70 480 Air Template removal
P7 70 60 O2 Template removal 225 120 Air
P8 70 60 O2 225 120 Air Template removal
P9 70 60 O2 Template removal 350 120 Air
P10 70 60 O2 350 120 Air Template removal

Table 6.2: Thermal oxidation protocols used to modify double-gyroid stuctured cop-
per networks.

The first protocol (P1) corresponds to a sample with the as-deposited copper but
without the template removed. The second protocol (P2) is P1 with the polystyrene
template removed using DMF. P3 and P4 are the partial in-template thermal oxidation
after and before the template removal respectively. Protocols with additional thermal
treatment steps all include this initial 70 ∘C oxidation step. These additional annealing
temperatures were chosen as 70 ∘C, 225 ∘C and 350 ∘C. The two latter temperatures are
based on values from the literature for the thermal oxidation of copper nano-structures
into Cu2O and CuO respectively [261]. The thermal oxidations at 70 ∘C, 225 ∘C and
350 ∘C were also performed both after and before polystyrene template removal. P5,
P7, and P9 correspond to annealing after template removal at the three temperatures;
P6, P8, P10 to annealing before. The reason for annealing the samples both before
and after template removal is that experimental evidence indicates that the Kirkendall
formation of a nanotubular double-gyroid network (Section 6.1.5) is suppressed when
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the annealing of a double-gyroid-structured metal network takes place inside a template
which offers mechanical confinement.

Images for protocols P1, P3, P7 and P9, taken with illumination from behind the
samples, are shown in Figure 6.3D,E,F,G.

X-ray diffraction

X-ray diffraction is used to study crystallographic changes as a function of the employed
thermal oxidation protocols. Figure 6.9 shows the XRD spectra for as-deposited copper
with the polystyrene template still in place (P1) and with the template removed (P2),
and the thermal annealing protocols P3, P5, P7 and P9 (Section 6.3.2). The as-
deposited sample (P1) in Figure 6.9a shows, as expected, peaks for (200) and mainly
(111) copper.
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Figure 6.9: XRD spectra of the thermal oxidation of gyroid-structured copper. Ther-
mal oxidations of spectra c – f were carried out after template removal.
(a) As-deposited copper inside the polymer template (P1). (b) As-
deposited copper after template removal (P2) (c) Sample annealed at
70 ∘C under O2 for 1 h (P3). (d) Sample annealed at 70 ∘C under air
for 8 h (P5). (e) Sample annealed at 225 ∘C under air for 2 h (P7). (f)
Sample annealed at 350 ∘C under air for 2 h (P9).

These two peaks are seen together with minor peaks for (111) and (200) Cu2O due to
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the oxidation of the top of the gyroid copper deposition through the porous network
of the polystyrene template prior to template removal, as described in Section 6.3.1.

Removal of the polymer template without the in-template thermal oxidation leads to
coarsening of the copper network and loss of order as described in Section 6.3.1. The
coarsening is also observed in Figure 6.9b where the expected oxidation upon template
removal is shown by an increase in the (111) Cu2O peak. The (111) and (200) copper
peaks display a decreased full width at half maximum (FWHM) which is due to a
coarsening of the copper crystallites.

As the samples are annealed at 70 ∘C in O2 (P3) (Figure 6.9c), the intensity of the
(111) and (200) copper peaks are reduced as the intensity of mainly the (111) Cu2O
peak increases. This is consistent with the surface oxidation of the copper gyroid into
Cu2O that takes place during the in-template oxidation. The observed weak (111) and
(002) CuO peaks are due to the further oxidation of Cu2O into CuO which is known
to take place at room temperature when a Cu2O surface is exposed to moisture in the
air [251]. These peaks for Cu2O and CuO are normally not visible for the thermal
oxidation of flat copper films. They appear for the gyroid-structured samples due to
the high surface area and therefore high surface-to-volume ratio of the copper network,
which means that a higher ratio of Cu2O and CuO to copper volumes can be achieved
through annealing.

When samples are annealed according to P5, the XRD spectrum in Figure 6.9d is seen.
Compared to P3, an increase in both the (111) and (200) copper peaks are seen together
with a reduction in the (111) Cu2O peak. This indicates a reduction of the Cu2O formed
during P3 to copper when the sample is thermally annealed for extended periods of
time in air. The copper to oxygen ratios of P3 and P5 as measured by EDX appear
virtually unchanged (Section 6.3.2). This suggests that the increase in copper should
be accompanied by an increase in the amount of CuO according to Reaction 6.1 for the
amount of oxygen to remain unchanged, but no noticeable increase in the (002) and
(111) CuO peak is observed in Figure 6.9d for which we have no explanation. However
the conversion of Cu2O to CuO and Cu for extended annealing times is supported by
the fact that CuO is thermodynamically more stable at 70 ∘C compared to Cu2O.

Cu2O Cu + CuO

Reaction 6.1: Transformation of Cu2O to Cu and CuO.

The increase in the (111) Cu peak appears to be associated with an increase in crys-
tallite size due to a reduction of its FWHM. Application of the Scherrer formula to the
(111) Cu peaks for P3 and P5 results in a measure of the increase in crystallite size.
Care has to be taken however to use these values quantitatively since use of the Scher-
rer formula relies on prior knowledge of the crystallite shape. Given the confinement
caused by the polymer template, the copper crystallites formed during the electrochem-
ical growth are expected to be elongated, which can indeed be seen in Figure 6.16C.
We believe that the reduction in FWHM is due to an ‘Oswald ripening’-type process in
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which some crystallites grow at the expense of neighbouring ones, which increases their
aspect ratio and therefore decreases their FWHM. One could argue that the decrease
in the FWHM could also be due to a coarsening and reordering of the gyroid-structure
network similar to that seen in the untreated copper networks in Section 6.3.1. However
SEM imaging (Section 6.3.2) shows that the double-gyroid morphology is maintained.

When the sample is further annealed at 225 ∘C (P7) (Figure 6.9e) the (111) and (200)
copper peaks completely disappear and instead the (111) and (002) CuO and (111)
and (200) Cu2O peaks become more prominent, which is consistent with further and
complete oxidation of the copper. The ratio between the (111) CuO and (111) Cu2O
peaks appears to be one to one which suggests a similar scattering volume of the two
oxides.

Samples that are finally annealed at 350 ∘C (P9) (Figure 6.9f) display mainly (111),
(002) and (200) CuO peaks. As the as-deposited copper samples are thermally annealed
an additional peak appears at approximately 2𝜃 = 31.5° that does not correspond to
known peaks for FTO, Cu, Cu2O or Cu(OH)2. So far we have no explanation for this
peak.
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Figure 6.10: XRD spectra of thermal oxidation of gyroid-structured copper. Thermal
oxidations for spectra c – e were carried out before template removal.
(a) As-deposited copper inside the polymer template (P1). (b) Sample
annealed at 70 ∘C under O2 for 1 h with the template left in place (P4).
(c) Sample annealed at 70 ∘C under air for 8 h (P6). (d) Sample an-
nealed at 225 ∘C under air for 2 h (P8). (e) Sample annealed at 350 ∘C
under air for 2 h (P10).
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The difference between annealing protocols (P6, P8, P10) and (P5, P7, P9) is that the
thermal annealing is done before and after the removal of the polystyrene template
respectively. The XRD spectra for samples annealed with the template in place (P6,
P8, P10) are shown in Figure 6.10. Relatively small differences are seen for thermal
annealing before and after the template removal. They are more easily noticed by
comparing (P5, P6), (P7, P8) and (P9, P10) as is shown in Figure 6.11. This figure
also includes XRD measurements of the in-template annealing of the copper gyroid
with and without template removal (P3 and P4).
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Figure 6.11: XRD spectra of thermal oxidation protocols before and after template
removal. Spectra a, c, e and g show thermal oxidation before template
removal and spectra b, d, f and h show thermal oxidation after template
removal. Thermal oxidation protocols for spectra (a,b), (c,d), (e,f) and
(g,h) are (P3, P4), (P5, P6), (P7, P8) and (P9, P10) respectively.

The fact that no difference is observed between Figure 6.11a and Figure 6.11b shows
that the oxidation of the copper gyroid takes place in the in-template thermal annealing
at 70 ∘C and no apparent oxidation takes place once the template has been removed.
However for the extended oxidation at 70 ∘C (P5, P6) seen in Figure 6.11c,d, a pro-
nounced difference can be observed. The sample annealed with the template in place
(P6; Figure 6.11c) displays a larger increase in the (111) and (220) copper peaks and
decrease in the (111) Cu2O peak compared to the sample annealed with the template
removed (P5; Figure 6.11d). This is explained by the competition between Reaction 6.1
and the oxidation of the copper. When annealed inside the template, the reduced expo-
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sure to oxygen due to lowered diffusion through the template will favour Reaction 6.1
and a larger amount of copper will be observed.

For the samples annealed at 225 ∘C (P7, P8; Figure 6.11e,f) and 350 ∘C (P9, P10;
Figure 6.11g,h) a larger (111) Cu2O peak can be seen for the samples annealed inside
the template (P7, P9; Figure 6.11e,g). This is similarly explained by the reduced
amount of oxygen for P7 and P9 due to the presence of the template, which leads to
the reduced oxidation of Cu2O into CuO.

Figure 6.12 compares the thermal oxidation of 100 nm copper thin films and approx-
imately 1 µm thick gyroid-structured copper films, annealed according to P5, P7 and
P9. As expected from the high surface area to volume ratio of the gyroid-structured
samples, thin surface oxidation of the copper indicated by the (111) Cu2O peak in
Figure 6.12b and the (111) and (002) CuO peaks in Figure 6.12d, are more pronounced
in these samples. The thin flat films annealed at 225 ∘C and 350 ∘C also display peaks
with a narrower full width at half maximum ((111) Cu2O and (111), (200) and (002)
CuO) which is explained by the lower confinement in the thin film compared to the
gyroid-structured copper and thus the formation of larger crystallites.
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Figure 6.12: XRD spectra of thermal oxidation protocols for flat and gyroid-
structured copper films. Spectra a, c, e show thermal oxidation of
100 nm flat copper films and spectra b, d, f show thermal oxidation
of gyroid-structured copper films after template removal. Thermal an-
nealing protocols for spectra (a,b), (c,d) and (e,f) are P5, P7 and P9
respectively.
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Energy-dispersive x-ray spectroscopy

Energy-dispersive x-ray spectroscopy is used as a complement to XPS to determine
the stoichiometry and composition of the gyroid-structured copper for various thermal
oxidation protocols. As mentioned in Section 5.2.1, EDX probes average properties
with a penetration depth of hundreds of nanometres, which is an advantage compared
to XPS for which the penetration depth is approximately 5 nm (although argon milling
can be used to depth profile samples). However care has to be taken when using EDX
due to its lower compositional accuracy compared to XPS.

Figure 6.13 shows EDX spectra taken for protocols P1, P3, P5, P7 and P9. The as-
deposited sample (P1) displays mainly a copper peak with a small oxygen peak, as
expected due to the oxidation of the top of the copper network through the porous
template upon exposure to air. This is also consistent with XRD measurements (Sec-
tion 6.3.2). The onset of a peak at 0.4 keV is a carbon peak which together with the
fluorine peak at 0.7 keV is attributed to the fluorinated polystyrene template. As the
sample is annealed according to P3 at 70 ∘C, an increased oxygen peak is seen which
is consistent with the in-template oxidation of the surface of the copper gyroid. The
carbon and fluorine peaks are absent due to the removal of the template. Extended an-
nealing at 70 ∘C (P5) does not lead to an increased oxygen peak. This, in combination
with the XRD spectrum seen for P5 (see Figure 6.9), indicates that the extended oxi-
dation protocol does not cause further oxidation compared to P3 but instead produces
a transformation of the Cu2O to Cu and CuO according to Reaction 6.1. Annealing at
increasing temperatures in air (P7 and P9) leads to the further oxidation of the sample
to a mixture of Cu2O and CuO at 225 ∘C and pure CuO at 350 ∘C.

The atomic fractions of copper, oxygen and tin for the different oxidation protocols are
shown in Table 6.3. Since the samples are fabricated on FTO, the oxygen contribution
due to the tin dioxide has been subtracted and the corrected amounts of oxygen are
displayed together with the measured value. This does not take into account any
potential dopants in the FTO. These values together with data from TEM images
can be used to estimate the thicknesses of the various shells present in the core/shell
configuration. This will be covered in detail in Section 6.3.2.

Protocol # Tin (%) Copper (%) Oxygen (%) Oxygen (corr.) (%)

P1 12.8 61.1 26.1 0.5
P3 11.5 52.2 36.3 13.3
P5 11.7 53.0 35.3 11.9
P7 10.4 43.8 45.8 25.0
P9 12.7 30.6 56.7 31.3

Table 6.3: Composition of thermally oxidised double-gyroid-structured copper net-
works. The values are atomic percentages.
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Figure 6.13: EDX spectra of thermally annealed gyroid-structured copper. The spec-
tra have been normalised to the copper L-line at 0.93 keV. (a) As-
deposited gyroid-structured copper (P1). (b) Thermally annealed at
70 ∘C in O2 for 1 h (P3). (c) Thermally annealed at 70 ∘C in air for
8 h (P5). (d) Thermally annealed at 225 ∘C in air for 2 h (P7). (e)
Thermally annealed at 350 ∘C in air for 2 h (P9).

Electron microscopy

This section will present and describe the scanning and transmission electron mi-
croscopy images taken throughout this study with specific focus on samples subjected
to the thermal oxidation protocols described in Table 6.2. The nano-porous gyroid-
structured polystyrene template prior to the electrochemical deposition of copper and
the cross-section of gyroid-structured copper with the template left in place are shown
in Figure 6.4 and Figure 6.6 respectively.

Scanning electron micrographs (SEM) of oxidation protocols P3, P5, P7 and P9 are
shown in Figure 6.14. Figure 6.14A shows the copper network after in-template oxida-
tion at 70 ∘C (P3). The gyroid-structured replica of the polymer template can clearly
be seen, and the order and porosity is maintained due to oxidation in the O2 atmo-
sphere as previously described in more detail in Section 6.3.1. Some pore-widening is
already seen at this low oxidation temperature. As the samples are further annealed at
70 ∘C for extended periods of time in air (P5), sample cross-sections similar to the one
depicted in Figure 6.14B are seen. The cross-section displays a mixture of regions very
similar to those seen for protocol P3 in Figure 6.14A (top left corner) and the formation
of wider nano-tubes caused by the nano-scale Kirkendall effect. This formation of a
partial nano-tubular morphology at just 70 ∘C is believed to be due to the formation
of bamboo-like non-connected voids in the gyroid network similar to those seen for the
oxidation of nickel [242]. Upon fracturing of these samples for cross-sectional SEM
imaging, the struts preferentially break at one of these voids.
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Figure 6.14: Scanning electron microscopy images of thermally annealed gyroid-
structured copper. (A) Sample thermally annealed at 70 ∘C in O2 for 1 h
(P3). (B) Sample thermally annealed at 70 ∘C in air for 8 h (P5). (C)
Sample thermally annealed at 225 ∘C in air for 2 h (P7). (D) Identical
annealing protocol to C but before template removal (P8) (E) Identical
annealing protocol to C showing intermittent regions that do not form
a nano-tubular network. (F) Sample thermally annealed at 350 ∘C in
air for 2 h (P9).
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When the samples are annealed at 225 ∘C in air for 2 h (P7) (Figure 6.14C) the entire
gyroid network forms a nano-tubular structure with a significant widening of the gyroid
strut diameter. The diameter is widened to the extent that a large fraction of the
porosity of the sample is lost. In the left half of Figure 6.14C, both of the minority
gyroid networks remain present and the lowered porosity is clearly visible as is the
appearance of surface roughness of the network struts. In the right half of Figure 6.14C,
only one of the networks is present, which allows us to determine that the outer and
inner diameter of the nano-tubes are approximately 18 nm and 7 nm respectively. It
has previously been reported that the oxidation of metals inside a template which
offers mechanical confinement leads to a reduced tube diameter [48]. In this study,
this is also observed for the oxidation of copper, as shown by the increased porosity
of Figure 6.14D (P8) compared to Figure 6.14C (P7). The surface roughness seen in
Figure 6.14C is also reduced when the oxidation takes place with the polymer template
in situ.

It was noticed that throughout the samples annealed according to P7, the top surface
included regions that appeared not to have fully oxidised, since no nano-tubular mor-
phology could be seen. One such region and its interface to a fully oxidised region
is shown in Figure 6.14E. However XRD of samples oxidised at 225 ∘C (Figure 6.9E)
shows no presence of copper, which suggests that these regions have indeed oxidised,
but that no widening of the strut diameter due to the Kirkendall effect has taken place.
We believe that this absence of the nKDE is due to the two-step oxidation at 70 ∘C and
225 ∘C, but the physical background of this observation has not been further investi-
gated. Finally, the ordered morphology remains intact when the samples are oxidised
at 350 ∘C in air for 2 h (P9). A nano-tubular morphology is also seen at this oxidation
temperature as shown in Figure 6.14F.

SEM images taken of the top surface of samples oxidised according to P3, P5, P7 and
P9 are shown in Figure 6.15. Samples that were annealed in the template at 70 ∘C (P3)
are displayed in Figure 6.15A. The replica of the polymer template is clearly visible
and the measured strut diameter is approximately 13 nm. The increase in the strut
diameter from 11 nm to 13 nm is due the oxidation of the outer surface of the copper
network. As the samples were annealed at 70 ∘C without the template for long periods
of time (P5) (Figure 6.15B), regions that display further coarsening of the struts can
be seen, which agree with the cross-sectional view (Figure 6.14B). The top surface
view of samples annealed according to P7 display large areas where the strut diameter
has significantly widened to a measured value of 19 nm compared to the 11 nm of the
polymer template, which is due to the nano-scale Kirkendall effect (Figure 6.15C).
However regions are also visible where no apparent oxidation has taken place, which
can also be seen in the cross-sectional images (Figure 6.14E). Annealing at 350 ∘C
according to P9 (Figure 6.15D) maintains the high order seen in Figure 6.15A and is
also in agreement with the cross-sectional images in Figure 6.14F. On average a less
pronounced widening of the strut is seen at this oxidation temperature compared to
oxidation at 225 ∘C.

Transmission electron microscopy (TEM) images of oxidation protocols P1, P3 and
P7 are displayed in Figure 6.16. The majority of the as-deposited copper rearranges
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Figure 6.15: Top view of scanning electron microscopy images of thermally oxidised
gyroid-structured copper. (A) Sample thermally annealed at 70 ∘C in
O2 for 1 h (P3). (B) Sample thermally annealed at 70 ∘C in air for 8 h
(P5). (C) Sample thermally annealed at 225 ∘C in air for 2 h (P7). (D)
Sample thermally annealed at 350 ∘C in air for 2 h (P9).

itself upon removal of the template without the 70 ∘C in-template annealing protocol
(Section 6.3.1). However, it is possible to find regions where the ordered morphol-
ogy of the gyroid and the expected 11 nm strut diameter is maintained, as shown in
Figure 6.16A,B,C.

Figure 6.16A,B show the (100) plane of the gyroid morphology. The average strut
diameter is estimated to be 11 nm which agrees well with SEM measurements of poly-
mer templates replicated using platinum, and with AFM measurements of the polymer
template itself [66]. A high magnification view of a single strut is seen in Figure 6.16C
and shows that that the electrochemical deposition of copper inside the gyroid template
creates elongated crystallites that completely fill the template pore with a length of ap-
proximately 30 nm. As the samples undergo the in-template oxidation and the polymer
template is removed (P3), a slight coarsening of the copper struts is observed as seen
in Figure 6.16D,E,F. This agrees with measurements taken from SEM images (Fig-
ure 6.14A) and is explained by the oxidation of the outer surface of the copper gyroid
network to cuprous oxide and CuO which both have a lower density compared to cop-
per (𝜌Cu =8.96 g cm−3, 𝜌Cu2O =6.00 g cm−3, 𝜌CuO =6.31 g cm−3). No re-crystallisation
of the copper appears to take place during the low temperature annealing, with the

95



6 Gyroid-structured Cu2O solar cells

copper core of the gyroid still displaying crystallites that extend for approximately
30 nm as seen in Figure 6.16E.
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200nm 5nm100nm
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Figure 6.16: Transmission electron microscopy images of thermally oxidised gyroid-
structured copper. (A), (B) and (C) are as-deposited copper samples
with the template removed (P2). (B) Higher magnification view of A
(red square). (D), (E) and (F) are thermally annealed at 70 ◦C in O2 for
1 h (P3). (E) Higher magnification view of D (red square). (F) Higher
magnification view of E (red square). (G), (H) and (I) are thermally
annealed at 225 ◦C in air for 2 h (P7). (G) The inset (red square) shows
an end-on view of a tube formed via the nanoscale Kirkendall effect.
(H) The inset (red square) shows an end-on view of a an array of tubes,
indicated by red arrows, formed via the nanoscale Kirkendall effect. (I)
A high magnification view of a single nano-tube, with an approximate
shell thickness of 6 nm.
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Figure 6.16G,H,I show samples that have been oxidised at 225 ∘C in air for 2 h (P7).
Figure 6.16G,H show the (111) plane of the gyroid morphology, and it can clearly be
seen that the samples have a lower porosity compared to Figure 6.16B and that the
strut diameter has increased. The inset in Figure 6.16G shows a higher magnification
view of the red square with a tubular morphology clearly visible. Similarly, the inset
in Figure 6.16H shows an array of nano-tubes facing out of the plane. The contrast
and brightness of the insets have been modified to optimise the appearance of the
nano-tubes. High resolution TEM of a single gyroid strut is seen in Figure 6.16I. The
shell does not form a complete circle since the strut is in plane in the bottom part of
the image and then curves out of plane towards the middle of the image. An outer
diameter and shell thickness of 18 nm to 19 nm and 6 nm to 7 nm respectively can be
measured in the image. These two values agree with measurements from SEM images
(Figure 6.14).

GI-SAXS

Gracing incident small angle x-ray scattering (GI-SAXS) is used to gain quantitative
insight into the morphological changes that occur during the oxidation protocols. The
sample configuration used for the GI-SAXS measurements is shown in Figure 6.17. The
red line denotes the scan direction for the measurements. The reason for the division
of the samples into lines is that this enables more uniform copper depositions and in
turn allows for more accurate GI-SAXS measurements to be taken. Figure 6.18A,C
shows two-dimensional GI-SAXS patterns with the corresponding Bragg reflections for
samples oxidised according to protocols P3 and P7. The patterns, collected at an
incident angle of 0.15°, are caused by scattering of the direct and reflected x-ray beams
from the sample. One-dimensional intensity profiles along the 𝑞y directions, shown
in Figure 6.18B,D for Figure 6.18A,C respectively, were also extracted by integration
along 𝑞z between the integration limits denoted by the blue lines in Figure 6.18A,C.
The limits were chosen to cover a 𝑞z range where the transmission function of the
gyroid has a maximum, such that the scattering is dominated by the structure of the
films. Overlayed on the 1D intensity profiles are dashed lines which correspond to the
scattering peaks of a double-gyroid network (space group Ia3d) with a unit cell size of
43 nm.

A B C

8mm

Figure 6.17: Sample fabrication for GI-SAXS measurements. The red line denotes
the scan direction. (A) Annealing protocol P1. (B) Annealing protocol
P3. (C) Annealing protocol P7.
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The two scattering peaks seen in Figure 6.18B have a positional ratio of
√

2 :
√

6 in
𝑞 space and are thus attributed to the (110) and (211) spacings of the double-gyroid
morphology. The scattering signal attributed to the (211) reflection is centred at 𝑞y ≈
0.033 Å−1 which corresponds to a d211 inter-domain spacing of approximately 19 nm.
The positions of the (211) and (110) scattering peaks give a unit cell size of 𝑎 = 45.5 nm,
which is fractionally larger than the unit cell size of the polymer template as measured
by AFM. However we believe that this variation of 5 % is within the experimental error
of the GI-SAXS measurements.
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Figure 6.18: Gracing incident small angle x-ray scattering measurements. (A),(C)
Two-dimensional GI-SAXS patterns of samples oxidised according to
P3 and P7 respectively. The incident angle is 0.15°. (B),(D) One-
dimensional intensity profiles along 𝑞y formed by integration between
the two boundary lines in A and C respectively. The traces correspond
to an increasing incident angle and therefore penetration depth of (a)
0.11°, (b) 0.15°, (c) 0.18° and (d) 0.2°. The dashed lines show the
positions of the Ia3d scattering peaks for a unit cell size of 43 nm.
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Given that a widening of the gyroid struts is expected due to the oxidation of the outer
layer of the copper gyroid into Cu2O and CuO, one could expect to detect this using
GI-SAXS. The estimated strut diameter after the P3 oxidation based on EDX mea-
surements is approximately 13 nm with an 8 nm copper core. However the scattering
contrast between copper and Cu2O/CuO is very small so GI-SAXS will be unable to
distinguish between the shell and the core. A strut outer diameter of 13 nm corresponds
to a scattering vector of 𝑞y = 0.048 Å−1. Although Figure 6.18B appears to show a
very weak peak at this position it overlaps with the (321) scattering peak, which for a
unit cell size of 𝑎 = 45.5 nm appears at 𝑞y = 0.052 Å−1. There appears to be a shift
of the (211) peak to shorter 𝑞-values for the highest incident angle (i.e. the deepest
penetration depth), as seen in Figure 6.18Bd.

The 1D intensity profile of the fully oxidised samples (P7) is shown in Figure 6.18D
and three Bragg peaks are visible which are positioned at a 𝑞 ratio of

√
2 :

√
6 :

√
14.

The position of the (211) scattering peak at 𝑞y = 0.0356 Å−1 gives a unit cell size of 𝑎 =
43.2 nm which agrees very well with AFM measurements of the polystyrene polymer
template [66]. The increased ratio between the intensities of the

√
2 and

√
6 peaks, is

indicative of a structure that retains a double-gyroid-like morphology but displays a
distorted Ia3d symmetry. The relative increase in the intensity ratio compared to the
ratio observed in Figure 6.18Ba is approximately 25 %.

One possible explanation for the observed intensity ratios, which was postulated by
Crossland et al. [35], is a shift of the two gyroid minority networks relative to each
other. However the oxidation of the copper as well as the formation of a nanotubular
morphology due to the nanoscale Kirkendall effect, are both isotropic and as such we
would not expect to observe a shift of the two gyroid networks relative to each other.
Instead we speculate that the observed ‘distortion’ is due to the significant widening
of the gyroid struts from approximately 11 nm for the as-deposited copper to 18 nm to
20 nm for the fully oxidised network. This increased volume of the minority networks
could lead to local rearrangements within each unit cell, causing a change in the sym-
metry and therefore the observed intensity ratios of the scattering peaks. Figure 6.14C
also shows that the 225 ∘C oxidation protocol causes a roughening of the network surface
which could contribute to the observed ‘distortion’. Furthermore, the depth profiling
shows that the asymmetry of the

√
2 and

√
6 peaks is more pronounced at the surface

(Figure 6.18Da) where the intensity of the (110) reflection has a maximum.

Based on the TEM images of the nanotubular morphology (Figure 6.16I) one could
expect scattering signals at 𝑞y = 0.033 Å−1 and 𝑞y = 0.090 Å−1 corresponding to the
outer and inner diameter of the gyroid struts of 19 nm and 7 nm respectively. However
the scattering peak due to the outer diameter overlaps with the (211) peak. The
position of the peak corresponding to the inner diameter lies outside of the measured
𝑞 range.
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XPS and Auger spectroscopy

X-ray photoelectron and auger electron depth-profiling spectra of samples annealed
according to protocols P3, P7 and P9 are shown in Figure 6.19. The purpose of the
XPS and Auger measurements was to obtain compositional information via depth-
profiling and thus determine dimensions of the various parts of the gyroid core/shell
structures. The total depth for the profiling is approximately 50 nm. For the samples
oxidised at 70 ∘C for 1 h in O2 (P3) the XPS and Auger spectra are consistent with
a copper core surrounded by a Cu2O/CuO shell (bottom spectra in Figure 6.19A,B).
At 5 s the XPS shows no CuO signal, suggesting a very thin CuO coating consistent
with EDX (Section 6.3.2). Due to the overlap between the Cu and Cu2O peaks in
XPS, Auger spectroscopy was used instead (Figure 6.19B. A copper peak appears after
approximately 15 s of depth profiling, confirming a core/shell structure.
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Figure 6.19: (A) X-ray photoelectron spectroscopy spectra and (B) Auger electron
spectroscopy spectra of samples annealed according to protocols P3, P7
and P9.
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Despite the apparent match for the P3 sample between the XPS/Auger and EDX
measurements, the same does not hold true for the samples oxidised at 225 ∘C (P7)
(middle spectra in Figure 6.19A,B) and 350 ∘C (P9) (top spectra in Figure 6.19A,B).
Both samples show the presence of CuO up until approximately 15 s of depth-profiling
which is consistent with a Cu2O/CuO layer for the P7 sample and fully oxidised CuO in
the P9 sample. However the absence of CuO for longer profiling times for both samples
and the presence of Cu2O for the P9 sample are not consistent with the expected EDX
and XRD measurements, which showed morphologies of a Cu2O/CuO core/shell in the
P7 sample and a pure CuO structure in the P9 sample. We speculate that the most
probable reason for this is a transformation of the CuO into Cu2O in the UHV of the
XPS. This phenomenon of vacuum reduction is well-known and has been shown using
XPS, but has normally been reported at elevated temperatures [262, 263]. We believe
that the argon millingdepth-profiling and the nano-structuring of the gyroid network
lowers the temperature at which the reduction takes place. The extra energetic barrier
to reduce the Cu2O to copper explains why larger amounts of copper are not detected
and why all samples display a large amount of Cu2O. Thus it was not feasible to extract
any relevant and quantitative compositional information from the XPS measurements.

Summary of observed changes

This section will give a summary of the morphological and compositional changes ob-
served as the samples undergo the various thermal oxidation treatments listed in Ta-
ble 6.2.

As-deposited copper sample (P1, P2) The as-deposited copper samples display
the expected strut diameter (11 nm) and unit cell size, based on the gyroid polymer
template used, as determined by SEM and TEM (Figure 6.16)A-C. Measurements using
XRD show a small Cu2O contribution which is thought to be due to oxidation of the
top of each strut through the porous template (Figure 6.9a).

Removal of the template prior to an in-template oxidation step leads to coarsening of
the struts and loss of the gyroid network order as seen in SEM (Figure 6.8) and shown
by the increase in FWHM of the Cu2O (111) peak (Figure 6.9b).

Annealing at 70 ∘C for 1 h in O2 (P3, P4) Application of the in-template oxi-
dation step leads to a stable gyroid morphology as seen in Figure 6.8d. The increased
stability is due to the oxidation of the outermost layer of the copper network as shown
by the increase in the Cu2O and CuO XRD peaks in Figure 6.9c. A schematic of this
core/shell structure is shown in Figure 6.20B. Based on an initial diameter of 11 nm
and EDX measurements (Section 6.3.2) the copper core of the network is calculated to
have a diameter of 8 nm. The core is surrounded by a shell consisting of 1.5 nm Cu2O
coated with 0.75 nm CuO. The thickness of this CuO layer is in agreement with XPS
measurements of the room temperature oxidation of copper nanoparticles [264]. The
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total diameter of the struts is approximately 12.5 nm which is also in agreement with
SEM (Figure 6.14A) and TEM (Figure 6.16D-F) imaging.

CuO (4.5nm)

Copper
(10.5nm)

Copper
(8nm)

CuO
(0.75nm)

Cu2O
(1.5nm)

Cu2O (4.5nm)

CuO
(0.7nm)

A B C D

Figure 6.20: Schematic of morphological changes observed upon thermal oxidation.
The dimensions correspond to the thickness or diameter of the particular
part of the core/shell structure. (A) As-deposited copper (P1). (B)
70 ∘C for 1 h in O2 (P3). Outer diameter is 12.5 nm. (C) 225 ∘C for 2 h
in air (P7). Outer and inner diameters are 19 nm and 7 nm respectively.
(D) 350 ∘C for 2 h in air (P9). Outer and inner diameters are 16 nm and
7 nm respectively.

Annealing at 70 ∘C for 8 h in air (P5, P6) Extended annealing at 70 ∘C of the
gyroid networks for 8 h in air does not lead to a noticeable change in their composition
as measured by EDX (Table 6.3) and only a small change in the strut diameter coupled
with a loss of network order as shown in Figure 6.14B. However XRD measurements
(Figure 6.9d) point towards a compositional change with an increase in the amount of
copper and a decrease in the amount of Cu2O via the reaction in Reaction 6.1. The
increase in the FWHM of the copper (111) peak (Figure 6.9d) also suggests an increase
in the copper crystallite size. Annealing of the network before or after template removal
leads to a compositional difference. Oxidation prior to the removal of the template leads
to a larger Cu (111) peak as well as a reduced Cu2O (111) peak (Figure 6.11c compared
to Figure 6.11d) which is thought to be due to a reduced amount of oxygen because of
diffusion through the polymer template.

Annealing at 225 ∘C for 2 h in air (P7, P8) Annealing of the gyroid-structured
networks at 225 ∘C for 2 h leads to the formation of a nano-tubular morpholct, as shown
in Figure 6.14C and Figure 6.16G-I (Section 6.1.5). The inner and outer diameters of
the nanotubular network, as determined by TEM (Figure 6.16I, are 6 nm to 7 nm and
18 nm to 19 nm respectively (Figure 6.20C). It is assumed that both the inside and
outside surfaces of the nanotubular network are covered with a thin CuO layer of
approximately the same thickness. The measured diameters in combination with EDX
measurements allow the thicknesses of these layers to be calculated as 0.7 nm, which
agrees with calculations for the samples oxidised at 70 ∘C. XRD shows that the high
temperature oxidation leads to the complete conversion of the copper to Cu2O and
CuO (Figure 6.9e). As with the samples annealed at 70 ∘C, oxidation at 225 ∘C before
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and after the removal of the template produces a compositional difference. Oxidation
prior to template removal causes a larger ratio between the Cu2O (111) and CuO
(111) peaks consistent with a reduced presence of oxygen (Figure 6.11e compared to
Figure 6.11f). Oxidation in the presence of the template also reduces the strut widening
(Figure 6.14D) due to the mechanical confinement offered by the polystyrene template.

Annealing at 350 ∘C for 2 h in air (P9, P10) Oxidation at 350 for 2 h also leads
to the formation of a nanotubular network (Figure 6.14F). Measurements using SEM
show an outer diameter of 16 nm which gives a calculated inner diameter of 7 nm
(Figure 6.20D). XRD shows that oxidation without the template in place leads to the
complete oxidation of the Cu2O to CuO (Figure 6.9f). However oxidation with the
template in place causes an incomplete oxidation, shown by the presence of a Cu2O
(111) peak (Figure 6.11g.

6.3.3 Cu/Cu2O gyroid-structured solar cells

Optical spectroscopy

Transmittance and reflectance measurements in the visible spectrum (400 nm to 800 nm)
are used to estimate the band gaps of the constituent materials of the copper gyroid
samples subjected to the various oxidation protocols. Figure 6.21 shows transmittance
and reflectance spectra of samples annealed according to protocols P1, P3, P5; and
Figure 6.22 displays samples annealed according to P7 and P9 as well as a summary of
protocols P1, P3, P5, P7 and P9 for a sample thickness of 250±25 nm. To avoid contri-
butions due to the copper compact layer described in Section 6.2.2, the measurements
for each annealing protocol are referenced to a piece of copper-coated FTO subjected
to the same protocol. The following section will only give a brief description of the
most interesting features of the spectra, as the main aim of these measurements was
to attempt to calculate the band gap.

The transmission spectra for the first three annealing protocols (P1, P3 and P5) display
similar shapes to transmittance spectra through copper thin films [265]. To avoid oxida-
tion of the copper networks, the as-deposited samples are kept in the polymer template
during the transmittance and reflectance measurements. Interference fringes that are
caused by the polymer film are clearly seen in both the reflectance and transmittance
spectra (Figure 6.21A,B) which overlap with the spectrum caused by the copper in
Figure 6.21Ba. This makes direct measurements of the reflectance and transmittance
of a gyroid-structured copper network difficult. Transmittance spectra for protocol P3
and P5 (Figure 6.21D,F) show a red-shift of the wavelength of the maximum trans-
mittance from 500 nm for flat copper films to approximately 525 nm and 560 nm for
P3 and P5 respectively (Figure 6.21Da, Figure 6.21Fa). This is thought to be caused
by the gyroid-structured copper. This effect has been observed previously for other
gyroid-structured metals such as gold and silver [266, 267].

It is also worth noting that the maximum transmittance achievable through the nano-
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Figure 6.21: Optical reflectance and transmittance spectra of thermally annealed
gyroid-structured copper. (A), (C) and (E) are reflectance spectra.
(B), (D) and (F) are transmittance spectra. (A), (B) As-deposited
copper with template remaining (P1). (a) 130 nm (b) 250 nm (c)
520 nm. (C), (D) Thermally annealed at 70 ∘C in O2 for 1 h (P3).
(a) 120 nm (b) 260 nm (c) 490 nm (d) 970 nm. (E), (F) Thermally
annealed at 70 ∘C in air for 8 h (P5). (a) 265 nm (b) 990 nm.
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Figure 6.22: Optical reflectance and transmittance spectra of thermally annealed
gyroid-structured copper. (A), (C) and (E) are reflectance spectra.
(B), (D) and (F) are transmittance spectra. (A), (B) Thermally an-
nealed at 225 ∘C in air 2 h (P7). (a) 115 nm (b) 260 nm (c) 515 nm (d)
1010 nm. (C), (D) Thermally annealed at 350 ∘C in air for 2 h (P9). (a)
235 nm (b) 980 nm. (E), (F) Thermally annealing of gyroid-structured
copper films with thicknesses of approximately 250 nm. (a) P1 (b) P3
(c) P5 (d) P7 (e) P9.
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structured films, which have flat copper film equivalent thicknesses of 50 nm, 30 nm and
30 nm for Figure 6.21Ba,Da,Fa respectively, is higher than flat copper films which have
a maximum transmittance of approximately 40 % for a 15 nm thick film [268]. The
increased transmittance for samples annealed according to P5 (70 ∘C for 2 h in air) is
believed to be due to the increased crystallite size of these samples (Figure 6.9d).This
increased transmittance is also seen in other gyroid-structured metals and is explained
by an increased coupling of the incident light with the plasmonic modes present in
the nano-structured metal [266]. As the samples are further oxidised according to
protocol P7 and P9 (Figure 6.22B,D) a transition is seen towards an increased amount
of transmittance for longer wavelengths which is consistent with the full oxidation of
the copper into Cu2O and CuO [265].

The spectra described above were used to calculate Tauc plots for annealing protocols
P3, P5, P7 and P9 (Figure 6.23A,B,C,D).
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Figure 6.23: Absorption measurements for thermally annealed gyroid-structured cop-
per. Black and red traces correspond to forbidden and allowed direct
transitions (𝑛 = 3/2 and 𝑛 = 1/2) respectively. (A) Sample annealed
at 70 ∘C in O2 for 1 h (P3). (B) Sample annealed at 70 ∘C in air for 8 h
(P5). (C) Sample annealed at 225 ∘C in air for 2 h (P3). (D) Sample
annealed at 350 ∘C in air for 2 h (P9).

106



6 Gyroid-structured Cu2O solar cells

A film thickness of approximately 250 nm was chosen for the calculations and the equiv-
alent spectra are Figure 6.21Db,Fa and Figure 6.22Bb,Da. A Tauc plot, as previously
described in Section 5.2.2, plots (𝛼~𝜔)1/𝑛 versus ~𝜔 where the value of the parame-
ter 𝑛 describes the type of semiconducting transition. For example, for Cu2O both
forbidden and allowed direct transitions (𝑛 = 3/2 and 𝑛 = 1/2) have been reported
in the literature and as such the Tauc plots shown in Figure 6.23 display calculations
for both 𝑛 = 3/2 and 𝑛 = 1/2 (shown in black and red respectively). Care has to be
taken when analysing these results since the geometry of the nano-structured samples
is very complicated and the absorption of up to three different materials (Cu, Cu2O
and CuO) overlaps to give the observed reflectance and transmittance spectra and the
corresponding Tauc plot. The spectral contribution due to each material also changes
with annealing protocol as more and more oxidation takes place. However we believe
that it is possible to extract some relevant information from the Tauc plots. One or
two linear regions are visible in the Tauc plots which correspond to the absorption due
the CuO and Cu2O.

From Figure 6.23 it is possible to determine the band gaps for the Cu2O and CuO
components of the gyroid-structured scaffolds. The determined band gaps (the inter-
sections between the dashed straight lines and the abscissa) are shown in Table 6.4
for protocols P3, P5, P7 and P9, for the forbidden (𝑛 = 3/2) and allowed (𝑛 = 1/2)
direct transitions and their average values. The band gaps for both the Cu2O and
CuO are blue-shifted compared to their bulk values of 2.0 eV and 1.2 eV [269, 270]
which is thought to be due to the confinement caused by the core/shell nature of the
nano-structured Cu/Cu2O/CuO gyroid network.

Protocol Cu2O/eV CuO/eV

# n=3/2 n=1/2 average n=3/2 n=1/2 average

P3 2.12 2.37 2.25 1.67 1.75 1.71
P5 2.30 2.40 2.35 1.80 1.80 1.80
P7 2.12 2.88 2.50 1.80 - 1.80
P9 - - - 1.95 2.29 2.12

Table 6.4: Band gaps of copper networks oxidised according to protocols P3, P5, P7
and P9.

Device characterisation

This chapter will present a number of different solar cell configurations including all-
inorganic devices and hybrid devices consisting of both solid-state and liquid elec-
trolytes. In general, devices that use a solid-state secondary component, such as ZnO,
PCBM and spiro-MeOTAD show a much lower efficiency than the liquid electrolyte
devices, most likely due to infiltration issues into the nano-structured Cu/Cu2O elec-
trodes.
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Figure 6.24: Infiltration of solid-state electrolytes in gyroid-structured Cu/Cu2O elec-
trodes. (A) Infiltration of ZnO using atomic layer deposition. (B)
Partial infiltration of spiro-MeOTAD. (C) Full infiltration of spiro-
MeOTAD. (D) Partial infiltration of PCBM. (E) Full infiltration of
PCBM.

As ZnO is frequently used as the electron conductor in p-type Cu2O oxide devices, it is
the first choice of material for the fabrication of solar cells based on thermally oxidised
gyroid-structured copper scaffolds. The infiltration of ZnO is performed using ALD
with long precursor exposure times and as such it can be expected to extend to the
bottom of the device. It will however have a tubular rather than a solid cross-section
which could possibly limit charge transport. Figure 6.24A shows an SEM cross-section
of a copper network oxidised according to protocol P3, infiltrated using ZnO. The
absence of porosity, as compared to Figure 6.14A, shows that the infiltration of the
ZnO is successful all the way to the FTO substrate.

The I-V curves of samples utilising ZnO are shown in Figure 6.25Aa. The filled and
open squares correspond to protocol P3 and P7 respectively. The samples oxidised
according to P3 contain a large proportion of copper, and as expected this device in
contact with n-type ZnO displays a linear ohmic trace. For P7 samples which are
fully oxidised and consist of p-type Cu2O and CuO, the observed ohmic behaviour is
explained by the small feature sizes of the Cu2O/CuO electrode which prevent the
formation of a depletion layer and thus of a rectifying device.

Given the excellent results shown by Shao et al. when using Cu/Cu2O photo-electrodes
[237], the same iodine based aqueous electrolyte was also tested with our gyroid-
structured photo-electrodes and the I-V spectra are shown in Figure 6.25Ab. The
filled and open circles correspond to protocol P3 and P7 respectively. As expected,
the LiI/L2 electrolyte allows both pure p-type (Cu2O) and n-type (Cu)/p-type (Cu2O)
photo-electrodes to be utilised in successful although not very efficient solar cells. The
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Figure 6.25: I-V measurements of Cu2O devices. Closed and open markers corre-
spond to samples annealed according to P3 and P7 respectively. (A)
Devices containing (a) ZnO and (b) a LiI/I2 liquid electrolyte. (B)
Devices containing (a) spiro-MeOTAD and (b) PCBM.

70 ∘C oxidised samples (P3) display a short-circuit current and open-circuit voltage of
0.35 mA cm−2 and 0.23 V respectively. This is significantly higher than the samples ox-
idised at 225 ∘C (P7) which display a maximum short-circuit current and open-circuit
voltage of 0.06 mA cm−2 and 0.08 V. The difference in short-circuit current is explained
by the increased transport through the copper core of the P3 sample. Although the
use of an iodine based electrolyte produces working devices, they display a number
of drawbacks. Firstly the open-circuit voltage is significantly lower than previously
reported for liquid electrolyte Cu2O devices [219]. Secondly the devices show severe
stability issues which are thought to be connected to the instability of Cu2O in aqueous
environments.

Two alternatives to the aqueous iodine-based electrolyte were considered and tested.
These are a solid-state PCBM and spiro-MeOTAD electrolyte and a cobalt non-aqueous
liquid electrolyte. The reason for using both PCBM and spiro-MeOTAD stems from
the fact that conceptually the electrodes can exhibit both n-type and p-type conduction
characters depending on the annealing protocol. Considering that the electrodes are
core/shell composites, the use of the words n- and p-type are used in the broadest
sense to connote that an n-type and p-type electrode transports electrons and holes
respectively. For samples annealed according to P3 or P5, the copper core is thought
to be surrounded by thin Cu2O and CuO shells and even though the oxides are p-type,
electrons can still be injected into the copper so that the entire electrode can appear n-
type. For samples annealed according to P7, no copper core remains, and the electrode
will transport any generated holes and appear p-type.

It is known from literature that one of the main limitations for solid-state dye-sensitised
solar cells containing spiro-MeOTAD is the infiltration of the electrolyte into the meso-
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porous titania scaffold. We believe that the high order of the gyroid will aid the
infiltration but that the relatively small pore size will hamper it. This is further com-
pounded for the P7 samples which display a pronounced strut widening which further
reduces the available space for the infiltration. To produce the best possible devices
using the thermally oxidised copper scaffolds, the infiltration of PCBM and spiro-
MeOTAD was optimised by altering the parameters of the spin-coating used for the
infiltration. Figure 6.24B,D show the partial infiltration of spiro-MeOTAD and PCBM
in P3 samples from a single step spin-coating procedure. If spin-coated in two steps
(Section 5.4.2), first with a low and then with a high concentration, a much better
infiltration is achieved as shown in Figure 6.24C,E.

The device data for the PCBM and the spiro-MeOTAD solid-state electrolytes are
shown in Figure 6.25Ba and Figure 6.25Bb respectively (note the two traces which
have been multiplied by a factor of 1000 for clarity). As above, the filled and open
circles correspond to protocols P3 and P7 respectively. For both electrolytes, an ohmic
behaviour is seen for samples annealed according to P3 and P7 for the PCBM (n-type)
and spiro-MeOTAD (p-type) respectively. This is easily understood since in these
cases an n-type/n-type or p-type/p-type junction is formed. Conversely rectifying
characteristics are seen, albeit with very small short-circuit currents and open-circuit
voltages, when the n-type electrodes formed through P3 are used in conjunction with
the p-type spiro-MeOTAD and when the p-type electrodes formed through P7 are used
with the n-type PCBM. It can also be seen that the n-type electrode with the copper
core displays a higher short-circuit current and this is believed to be due to a more
efficient transport with fewer losses.

A non-aqueous cobalt electrolyte was successfully used by Xiang et al. together with
bulk Cu2O photo-electrodes, fabricated from high temperature oxidation, to produce
devices with an open-circuit voltage of 0.82 V and minimal photocorrosion [219]. The
most successful devices fabricated in this study utilise the same electrolyte. Results for
devices fabricated from samples annealed according to P3 and P7 with an acetonitrile
electrolyte containing a Me10CoCp2

0/Me10CoCp2
+ · PF6 redox couple, are shown in

Figure 6.26Aa and Figure 6.26Ab respectively. Filled and open circles corresponds to
light and dark I-V measurements respectively.

Compared to the LiI/I2 liquid electrolyte the cobalt electrolyte devices display a much
higher open-circuit voltage of 0.74 V which is due to a more suitable offset between the
redox potential of the electrolyte and the conduction band of the Cu2O. As expected
from the results seen with the PCBM and spiro-MeOTAD electrolytes, the samples
with a copper core surrounded by a Cu2O/CuO shell (P3) display a much higher short-
circuit current which again is believed to be due to the injection into the copper core
of electrons photo-generated in the copper oxides. Compared to the PCBM and spiro-
MeOTAD devices, both electrodes display characteristic I-V behaviour due to the fact
that the redox couple can be both oxidised and reduced and as such can transport
both electrons and holes. The light I-V curve for the P3 sample also displays a non-
standard shape compared to the expected monotonously decreasing photocurrent for
an increasing bias. This will be explained later in this section.
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Figure 6.26: I-V measurements of Cu2O devices with a cobalt electrolyte. (A) Illu-
minated (closed markers) and dark (open markers) I-V curves of devices,
fabricated from (a) P3 and (b) P7. (B) The reference device using (a)
a P3 electrode compared to modifications of the fabrication scheme to
improve device performance, including (b) D149 dye absorption, (c)
double electrode thickness, (d) 0.5 nm ALD Al2O3 barrier layer and (e)
extended annealing at 70 ∘C (P5).

It was seen for the samples annealed according to P3 that an increase in performance oc-
curred for extended illumination times. I-V measurements taken just after illumination
and up to an illumination time of 12 min are shown in Figure 6.27A. This increase in
device performance is due to the fact that extended illumination allows for charge traps
to be filled, which increases the measured photo-current and therefore the efficiency.
The best performing device using a P3 electrode and the cobalt electrolyte displayed a
short-circuit current, open-circuit voltage, fill factor and efficiency of 0.495 mA cm−2,
0.74 V, 63.9 % and 0.234 % respectively. Use of the cobalt electrolyte also remedies the
stability problems encountered for the LiI/I2 electrolyte. Two measurements spaced
24 h apart are seen in Figure 6.27B and no significant change in device performance is
seen. However no long-term stability tests were carried out.

Given the success of using the cobalt electrolyte, attempts were made to alter the
fabrication parameters toincrease device performance. Results from these attempts
together with the reference samples which were annealed according to P3 are shown in
Figure 6.26B. Three of the modification routes produced devices that performed worse
than the reference and will only be described briefly. In an attempt to increase the
open-circuit voltage, the sample was coated with a thin barrier layer of Al2O3 using
ALD (5 cycles which corresponds to approximately 0.5 nm). As seen in Figure 6.26Bd a
small increase in open-circuit voltage is seen, from 0.72 V to 0.78 V. However this is ac-
companied by a significant reduction in the short-circuit current which is a well-known
phenomenon when using wide-band gap barrier layers. By increasing the electrode
thickness one can expect an increase in the photocurrent, under the assumption that
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Figure 6.27: Device measurements of P3 electrodes with a cobalt electrolyte. (A)
I-V curves taken (a) 0 min, (b) 4 min, (c) 8 min, (d) 10 min and (e)
12 min after the start of the illumination. (B) I-V curves taken (a)
0 h and (b) 24 h after device fabrication. Both curves were taken after
12 min illumination.

recombination does not become too dominant. One such sample is seen in Figure 6.26Bc
and an increase in the photocurrent is indeed observed, but a loss in open-circuit volt-
age and a lowered fill factor produce an overall lowered device performance. Finally an
attempt was made to sensitise the electrode using D149, a standard indolene organic
dye used in dye-sensitised solar cells. The idea behind this modification was to try
to improve the absorption of the device. The I-V measurements are shown in Fig-
ure 6.26Bb. However the short-circuit current remained constant and the reduction in
the open-circuit voltage and the fill factor indicated increasing losses. This could be
due to an increased number of pathways for recombination with the addition of the
dye.

One fabrication route which did produce an increased device performance is the use
of an extended annealing protocol. After the in-template oxidation at 70 ∘C in O2 for
1 h, the template was removed and the sample annealed at 70 ∘C in air for 8 h (P5).
As seen in Figure 6.26Be, the device displays a slightly larger open-circuit voltage of
0.75 V compared to 0.72 V but more importantly a significant increase in the short-
circuit current. Although we have not been able to to prove it conclusively, we believe
that this increase in short-circuit current is due to a reduction in the probability of
recombination due to the extended annealing protocol. As described in Section 6.3.2,
XRD measurements of protocol P5 show an increase in the intensity of the copper
peaks as well as a decrease in the FWHM compared to the as-deposited copper. We
attribute this to a coarsening of the copper crystallites. This coarsening leads to a re-
duction in the number of grain boundaries which is favourable for lowering the number
of recombination events. Secondly the conversion of Cu2O during P5 into the more
thermodynamically stable Cu and CuO, leads to an increased fraction of copper in the
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photo-electrode which benefits transport to the FTO electrode. As with the P3 elec-
trodes, an increase in device performance with increasing illumination time is shown in
Figure 6.28A. The samples also display similar stability, seen by the two measurements
24 h apart in Figure 6.28B.
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Figure 6.28: Device measurements of P5 electrodes with a cobalt electrolyte. (A)
I-V curves taken (a) 0 min, (b) 4 min, (c) 8 min, (d) 12 min, (e) 16 min
and (f) 20 min after the start of the illumination. (B) I-V curves taken
(a) 0 h and (b) 24 h after device fabrication. Both curves were taken
after 20 min illumination.

The observed increase in short-circuit current is further confirmed by measurements
used to determine the conduction type of copper networks annealed according to proto-
cols P3, P5 and P7 (Figure 6.29). The increase in current density for protocols P5 and
P3 compared to P7 confirms an increased conductivity through the former networks
due to the presence of copper cores. All three annealing protocols display a cathodic
current indicating p-type networks. Although the P3 and P5 samples consist of both
copper and Cu2O/CuO, the observed conduction type is determined by the material at
the network electrolyte interface, in this case CuO, explaining the observed behaviour.

For the best-performing device with a P5 electrode, Figure 6.30A and Figure 6.30B
show the light (filled squares) and dark (open squares) I-V measurements, and the EQE
respectively. The illuminated current trace displays a non-standard shape with a local
maximum at approximately 0.25 V. Some insight into the origin of this shape is found
in the dark current trace. This trace is also non-standard and a maximum in current
appears at about 0.3 V which overlaps with the local maximum seen for the illuminated
current trace. Given that the current maximum is seen when no illumination takes
place we speculate that it is due to a chemical reaction at the surface of the Cu/Cu2O
electrode. However due to time constraints no further steps have been taken to elucidate
the origin of the non-standard current traces. The best performing device displayed
a short-circuit current, open-circuit voltage, fill factor and efficiency of 2.37 mA cm−2,
0.73 V, 42.7 % and 0.738 % respectively.
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Figure 6.29: Measurements of the conduction type of gyroid-structured networks an-
nealed according to protocol (a) P3, (b) P5 and (c) P7.
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Figure 6.30: Device measurements of P5 electrodes with a cobalt electrolyte. (A)
Illuminated (closed markers) and dark (open markers) I-V curves. (B)
External quantum efficiency measurements.

The measured EQE matches the measured transmittance and therefore absorption
spectra, (Section 6.3.3) which have a near constant, low absorption for long wavelengths
and an onset of increased absorption at approximately 525 nm. This agrees well with
the increase in EQE at 500 nm to 550 nm. Given that a relatively thick spacer layer is
used in the device fabrication (approximately 300 µm), the low EQE could partially be
due to factors such as absorption losses in the liquid electrolyte and reflection losses at
both the platinised FTO counter electrode and at the electrode surface itself. Again
due to time constraints these losses have not been quantified and the internal quantum
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6 Gyroid-structured Cu2O solar cells

efficiency was not calculated.

Schematics of the band structures of fully assembled devices based on annealing pro-
tocols P5 and P7 can be seen in Figure 6.31. The schematics are based on the mea-
sured average band gaps together with the formal Nerstian redox potential of the
Me10CoCp2

0/+ electrolyte [218]. It has been assumed that the band gap widening
caused by the confinement of the Cu2O and the CuO is approximately symmetric and
that the positions of the conduction band and the valence band shift by equal amounts
but in opposite directions [232].
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Figure 6.31: Band diagrams of assembled devices consisting of thermally oxidised
gyroid-structured copper. (A) Sample oxidised at 70 for 8 h under air
(P5). (B) Sample oxidised at 225 for 2 h under O2 (P7).

The non-aqueous redox electrolyte used in this study is not involved in the generation
of photo-excited species but instead it is only responsible for transport of generated
charges and for the value of the equilibrium barrier height of the semiconductor/liquid
junction. In a device consisting of a bulk film of Cu2O more than a couple of microme-
tres thick, a space charge layer with the accompanied band bending is established in
the Cu2O due to the equilibration of the Fermi level of the Cu2O and the redox poten-
tial of the electrolyte. In such a device, a direct comparison between the Cu2O/liquid
junction and other p-type Cu2O hetero- and homo-junctions is possible. However in
our devices, the length scale of the nano-structured Cu2O is not sufficient to establish a
depletion region and we believe that for the core/shell copper/Cu2O/CuO devices the
copper oxides simply act as sensitisers in an analogous fashion to the dye in a DSSC.

Analogies can also be made between the TiO2 in a DSSC and the copper core in
our samples, both of which incorporate liquid electrolytes. Even though the charge
extraction is possibly different in our devices it is still useful to compare the open-
circuit voltage in our devices to those of other p-type Cu2O hetero- and homo-junctions.
The observed open-circuit voltage of 740 mV is higher than other reported 𝑉OC such
as 430 mV for p-n-junction Cu2O, 400 mV for Cu2O/alumina doped-ZnO and 595 mV
for Cu2O/ZnO. Previous work onCu2O/liquid junctions has reported a 𝑉OC of 820 mV
for p-Cu2O electrodes fabricated by thermal oxidation of high purity copper foils, in
contact with the same cobalt liquid electrolyte. Although our device structures display
both a lower short-circuit current and an open-circuit voltage one has to keep in mind
the length scales of the Cu2O for which the results in this study were achieved. Xiang
et al. achieved a power conversion efficiency of 1.5 % for a Cu2O oxide thickness of
approximately 200 µm. In this work the conversion efficiency is half (0.74 %) but for
an effective Cu2O thickness of only 200 nm or three orders of magnitude thinner than
the active layer in the study by Xiang and co-workers.
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6 Gyroid-structured Cu2O solar cells

6.4 Conclusion

This chapter has described the fabrication of core-shell copper/Cu2O/CuO solar cells.
The core-shell structures are formed through the electrodeposition of copper in double-
gyroid-structured polystyrene template and the subsequent oxidation of these deposits.
The removal of the polystyrene template prior to the copper oxidation requires an
in-template oxidation step at 70 ∘C to prevent loss of the gyroid morphology. The
morphological changes upon oxidation were studied using electron microscopy and var-
ious spectroscopic techniques. The measurements show a transition from a core-shell
Cu/Cu2O/CuO structure at an annealing temperature of 70 ∘C to a Cu2O/CuO struc-
ture at 225 ∘C and finally a CuO-only structure at 350 ∘C. The oxidations at 225 ∘C
and 350 ∘C lead to the formation of nano-tubular morphologies due to the nanoscale
Kirkendall effect. Various device configurations utilising the oxidised photoanodes were
tested, including all-solid-state ZnO devices, PCBM and spiro-MeOTAD devices, aque-
ous electrolyte LiI/L2 devices and non-aqueous electrolyte devices containing a cobalt
redox couple. Of these configurations, the non-aqueous devices resulted in the highest
device performance. The copper networks oxidised at a low temperature (70 ∘C) showed
a higher efficiency than those oxidised at a high temperature (225 ∘C). This increased
device performance is attributed to the presence of a copper core which aids in trans-
port and lowers recombination. The best performing low temperature oxidised device
with a cobalt redox couple liquid electrolyte displayed a power conversion efficiency
of 0.74 % (short-circuit current, open-circuit voltage and fill-factor of 2.37 mA cm−2,
0.73 V, 42.7 % respectively) for an active Cu2O thickness of just 200 nm.
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7 ALD grown metal oxide networks

This chapter reports on the replication of porous block copolymer thin films with ALD
deposited titanium dioxide, aluminium oxide and zinc oxide. It details the character-
isation of the novel surface treatment used to achieve a high and uniform nucleation
density of ALD growth. ALD grown films with and without the treatment are pre-
sented. The chapter concludes by demonstrating the successful incorporation of ALD
grown TiO2 electrodes in dye-sensitised solar cells.

7.1 Introduction

As described in Chapter 4, atomic layer deposition has emerged over the last few
decades as a very important thin film deposition technique. An industrial field in
which ALD has recently gained importance is the manufacture of solar cells. So far
however this has been mainly limited to flat substrates. The aim of this part of the
thesis is to apply the benefits of ALD such as atomic layer control and conformality to
more complex solar cell device structures, in particular to the TiO2 electrodes used in
dye-sensitised solar cells (Chapter 2).

Despite a marked difference between the record efficiency of the dye-sensitised solar
cell and that of the conventional silicon alternative, the DSSC remains one of the main
candidates, together with organic solar cells, for the future replacement of fossil fuels
by renewable energy sources such as solar energy. This is due to the abundance of
titania and therefore the low cost of their constituent titania electrodes. DSSCs are
traditionally fabricated from disordered titania nanoparticle networks which, despite
their ease of fabrication, suffer from a wide pore size distribution and therefore from
potential pore filling problems as described in Section 2.4. Block copolymer templates
and in particular the gyroid morphology (Section 3.2.1) present comparably high surface
areas but with the added benefit of being highly ordered with a very narrow pore size
distribution.

Previous attempts to nano-structure titania using a block copolymer template include
the fabrication of double-gyroid-structured TiO2 electrodes using electrochemical de-
position [35, 45]. However these films suffer from limited thicknesses. Since the elec-
troplated TiO2 is hydrated, the subsequent thermal treatment to crystallise the films
leads to delamination of any films thicker than 1 µm. This is due to the induced stresses
caused by dehydration.

The technique of post-deposition thermal oxidation of the metal nano-structures that
was employed for the electrodeposited copper in Chapter 6 is not applicable for tita-
nium/titania due to the infeasibility of electrochemical titanium deposition.

As such atomic layer deposition of TiO2 was chosen since it allows for sub-nanometer

117



7 ALD grown metal oxide networks

thickness control suitable for the small pore diameter of the gyroid templates and since
it produces unhydrated amorphous titania deposits even at low temperatures.

Conceptually, the replication of a porous template using ALD and the application
of this TiO2 replica in a dye-sensitised solar cell is straightforward as is depicted in
Figure 7.1. A conformal coating with a thickness of up to half the pore diameter
should be achieved across the entire template. The polymer template is then removed
during the crystallisation of the TiO2 and a traditional DSSC is assembled from the
resulting free-standing scaffold.

D E F

A B C

Pt counter electrode

lo
ad

electrolyte

Figure 7.1: Fabrication of ALD deposited double-gyroid-structured TiO2 dye-
sensitised solar cells. The complex network of the double-gyroid is
schematically depicted as a single cylinder. (A) Surface-functionalised
polystyrene template. (B) Partial pore filling where the top surface
remains porous. (C) Further deposition will eventually lead to pore-
clogging, after which no further deposition will take place. Despite long
pulse and purge times, a gradient in deposition thickness is present. (D)
The non-porous TiO2 layer is removed using inductively coupled plasma
(ICP)/reactive ion etching (RIE). (E) Calcination of the amorphous ti-
tania leads to the collapse of the bottom layer of the double-gyroid-
structured deposit due to the very thin shell thickness in this region.
(F) The TiO2 scaffold is sensitised using a N719 dye and assembled into
a standard liquid electrolyte device.

However in practice the replication of the nano-pores in the gyroid-structured templates
has proven to be a significant challenge which has taken three years to overcome. The
reasons for this difficulty are fourfold. Firstly the styrenic templates used are chem-
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ically very inert and provide no functional groups used for the nucleation of ALD,
such as -OH or -NH2 groups, which causes deposits of low quality and conformality.
Secondly, due to the voided nature of the templates they have a limited upper process-
ing temperature of approximately 70 ∘C, well below the glass-transition temperature
of the constituent styrenic polymer itself. Thirdly the intrinsically very small initial
pore diameter of the template (11 nm) leads to the requirement for very long exposure
and purge times in order to allow for a uniform coverage throughout the entire tem-
plate and to remove excess precursor and reaction by-products. Finally, the assumed
regime of free molecular flow is not necessarily correct when the pore diameter, which
changes from 11 nm to approximately 4 nm upon deposition, becomes comparable to
or within one order of magnitude of the molecular size of the precursors as described
in Section 4.6.3.

The solution to the first and second limitations of the styrenic templates is to employ
a novel surface modification procedure which combines ozone exposure and thermal
annealing to provide the functional groups necessary for uniform ALD nucleation and
growth as well as an increased thermal stability via a cross-linking mechanism.

Using this surface modification scheme, the templates were successfully replicated using
not only TiO2 but also Al2O3 and ZnO at temperatures up to 120 ∘C, an increase of
50 ∘C over the highest processing temperature of the untreated templates. However,
even at this elevated temperature, the reactivity and volatility of the titania precursors
TiCl4 and H2O are limited which can lead to non-uniform growth and the incorporation
of unreacted precursor ligands and reaction by-products, in this case chlorine. It is this
incorporation of chlorine, as well as the shell formed during deposition (thickness of
3 nm to 4 nm) which is thought to lead to the observed lack of crystallinity in the
titania and as a consequence to limited device performance in liquid electrolyte DSSCs
fabricated from the double-gyroid-structured TiO2 films.

The work in this chapter was carried out in collaboration with Maik Scherer1.

7.1.1 Chemical surface modification of polystyrene

There are two main motivations for the modification of polystyrene in the literature.
Firstly it provides a method for an increased adhesion and growth of cells on polystyrene
substrates used in medical and biological research [271, 272]. Secondly chemical mod-
ification of polystyrene can be used to improve its thermal and mechanical properties
via cross-linking reactions, for example in lithographic applications [273].

A number of procedures for the chemical modification of polystyrene have been re-
ported including nitration [274–278], sulfidation [272], chemical oxidation [279], photo-
oxidation [280–284], and plasma and ozone exposures [135, 285–287]. As will be dis-

1We contributed equally to the first part of the chapter including the ozone surface functionalisation
and the deposition of TiO2, Al2O3 and ZnO in the gyroid-structured templates. The second part
including the study of the crystallisation inhibition in thin films and the deposition of TiO2 in large
pore size template was carried out by myself.
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cussed in Section 7.3.2, the only modification techniques that proved to be applicable
to the nanoporous gyroid-structured polystyrene templates were plasma and ozone
exposure.

The main reason for the lack of success of the techniques listed above is that they all
partially degrade the polystyrene, leading to the formation of low molecular weight
fragments that can easily be washed away during the subsequent liquid processing
steps. For the nano-structured block copolymer films, such fragments are comparable
to the relatively low molecular weight of the copolymer template itself, and contact
with a liquid environment breaks up the film. Plasma and ozone exposures overcome
these problems since they are purely gas phase methods without the need for a liquid
phase step.

XPS is normally used to determine the functional species, namely those containing
O-H, C-O (alcohols, ethers and peroxides), C=O (ketones and aldehydes) and C=O-O
(carboxylic acids and esters) groups, which are formed during various modification
techniques [288]. For the deposition of TiO2 using TiCl4 and H2O, O-H containing
species are required, however to the best of our knowledge there are no reports that
these species can be detected by XPS.

Plasma treatment of polystyrene is known to produce a high fraction of O-H con-
taining species but it suffers from a limited penetration depth in the porous polymer
templates due to the high reactivity and short lifetime of the radicals formed in the
plasma (Figure 7.14). Ozone is less reactive and has a longer lifetime than plasma rad-
icals. This allows for Knudsen diffusion of the ozone which enables it to interact with
the polystyrene throughout the entire gyroid-structured network. Ozone treatment is
not believed to lead to the direct formation of O-H containing species. Thus further
modification steps are required to achieve successful ALD nucleation and growth.

The surface modification of the polystyrene using ozone is believed to proceed via the
Criegee mechanism [289] in which alkenes react with ozone to form secondary ozonides
(SOZ; 1,2,4-trioxolanes) via short-lived primary ozonides (POZ; 1,3,3-trioxolanes) (Re-
action 7.1). The SOZ can be transformed into aldehydes/ketones, ketones/carboxylic
acids or alcohols via subsequent work-ups using strong reducing or oxidising agents or a
post-ozonolysis thermal treatment. As the work-up using liquid phase reducing or oxi-
dising agents led to a complete degradation of the porous films, the thermal treatment
route was pursued in this study.
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Reaction 7.1: Ozonolysis of a double bond leads to the formation of primary (POZ)
and secondary ozonides (SOZ). The SOZ can subsequently be con-
verted into ketones, aldehydes, carboxylic acids and alcohols using a
number of work-ups.

7.2 Experimental methods

7.2.1 Materials

The chemicals and materials listed in Table 7.1 were used as received unless otherwise
specified.

Chemical Purity (%)a Abbreviation
1-Methyl-3-propylimidazolium iodide 98 (SA) PMII
1-Methylbenzimidazole 99 (SA) NMBI
2-Amino-2-hydroxymethyl-propane-1,3-diol 99 (SA) TRIS
3-Methoxypropionitrile 98 (SA) –
Acetonitrile, anhydrous 99.8 (SA) –
𝛼–Picoline borane 95 (SA) –
CELLSTAR Petri-dishes (lids only) – (GBO) –
D149 indolene-based organic dye – (SA) –
Diethylzinc 95 (SA) DEZ
Dimethyl sulphide 99 (SA) Me2S
Ethanolamine 99 (SA) –
Flourine-doped tin oxide (FTO) coated glass 15 Ω/� (SR) FTO
continued
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Chemical Purity (%)a Abbreviation
Guanidine thiocyanate 99 (SA) GuNCS
Hydrazine hydrate 50–60 (SA) –
Hydrogen peroxide 30/50 (SA) –
Iodine 99.8 (SA) –
Methanol, laboratory reagant grade – (FS) –
N719 ruthenium-based dye – (SR) –
Nitric acid, laboratory reagent grade 70 (FS) –
Oxygen 99.999 (BOC) –
Sodium borohydride 98 (SA) –
Spiro-MeOTAD, hole conducting material – (SR) Spiro
Sulfuric acid, laboratory reagent grade 95 (FS) –
Titanium isopropoxide 95 (SA) TIP
Titanium tetrachloride 99 (SA) –
Toluene, anhydrous 99.8 (SA) –
Trifluoroethanol 99 (SA) –
Trimethylaluminium 97 (SA) TMA
Water, deionised 18 MΩ DI water
a Suppliers are given in brackets: Fisher Scientific, FS; Sigma Aldrich, SA;

Greiner Bio-One, GBO; Solaronix, SR.

Table 7.1: Chemicals and materials used in this part of the study.

7.2.2 Surface modification

To determine and optimise the modification parameters, a model system was used,
based on the lids of CELLSTAR Petri-dishes. They are fabricated from high-density
polystyrene and exhibit an untreated contact angle of >90° which render them un-
suitable for ALD growth without further surface modification. Any chemical changes
during the various modification schemes, including ozone and plasma treatments, were
monitored by attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) and water contact angle measurements. Besides the chemical influence of the
treatments, the interaction between the ALD precursor molecules and the modified
surfaces and their ability to allow for a uniform and dense nucleation and growth was
studied. This was performed using energy-dispersive x-ray spectroscopy (EDX). The
EDX was carried out at 15 keV with an integration time of 5 min. Given that the EDX
signal of TiO2 is very weak and that some of its peaks overlap with the peak of oxygen
in the EDX spectra, ZnO was chosen as the reference material. The ALD pulse scheme
used for the ZnO depositions is shown in Table 7.2.
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Precursors # cycles Pulse (s) Purge (s)

Step 1 (optional) TMA/H2O 1 0.5 2
Step 2 DEZ/H2O 40 0.5 2

Table 7.2: ALD pulsing scheme for EDX measurements.

7.2.3 Ozone treatment

The polystyrene samples were chemically modified by exposure to O3 (ozone generator
BMT 802N, 100% power) at room temperature for between 1 min to 15 min, followed
by an optional thermal treatment at 60 ∘C for 24 h in air.

7.2.4 Polymer template fabrication

The block copolymers used in this study are the PS192 ans PS128 copolymers (Sec-
tion 5.5). The nanoporous templates were fabricated according to the procedures de-
scribed in Section 5.6.

7.2.5 ALD depositions

The metal oxide depositions were carried out in a Beneq TFS200 reactor at a pressure of
1.5 torr under a constant N2 flow (99.999%) of 200 SCCM. The precursors used for the
deposition of Al2O3, TiO2 and ZnO and their normal deposition parameters for planar
substrates are described in Section 4.7. A number of different deposition schemes were
attempted inside the polymeric templates, including extended pulse times, micropulsing
(the precursor pulse consists of alternating 100 ms pulses of the precursor and N2),
and pulse&hold where the precursor’s residence time inside the reactor is increased
by closing the vacuum line valve. The results in this study are mainly based on the
pulse&hold scheme and the timings of the schemes for depositions inside the PS192
and PS128 polymers respectively are shown in Table 7.3 and Table 7.4. The deposition
temperatures for growth in PS192 and PS128 were 65 ∘C/100 ∘C and 100 ∘C/150 ∘C
respectively. Subsequent to the ALD growth but prior to further imaging or device
fabrication, some samples of deposited TiO2 and ZnO were calcinated at 550 ∘C (heating
rate 20 ∘C/min) for 12 h under an O2 environment to remove the polymeric templates
and to crystallise the metal oxide scaffold.

7.2.6 SEM sample preparation

The deposition quality, uniformity and coverage inside the templates was studied by
scanning electron microscopy. The samples were fractured and the exposed cross-
sections were plasma etched in an oxygen plasma (100W, 0.6 mbar) to remove the
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Precursors # cycles Pulse (s) Hold (min) Purge (min)

Step 1 (opt) Precursor 1 and 2 1 15 2 4
Step 2 Precursor 3 and 4 5 10 0 1
Step 3 Precursor 3 and 4 20 10 2 4
Step 4 Precursor 3 and 4 30 10 4 8

Table 7.3: ALD pulsing scheme for depositions inside PS192. Precursor 1 is either
TMA or DEZ. Precursors 2 and 4 are H2O. Precursor 3 is either TMA,
TiCl4 or DEZ. Deposition temperature was either 65 ∘C or 100 ∘C.

Precursors # cycles Pulse (s) Hold (min) Purge (min)

Step 1 Precursor 1 and 2 1 15 2 4
Step 2 Precursor 3 and 4 10 10 0 1
Step 3 Heating to 150 ∘C

Step 4 Precursor 3 and 4 100 10 0 1
Step 5 Precursor 3 and 4 20 10 1 2
Step 6 Precursor 3 and 4 20 10 2 4
Step 7 Precursor 3 and 4 20 10 4 8

Table 7.4: ALD pulsing scheme for depositions inside PS128. Precursor 1 is DEZ.
Precursors 2 and 4 are H2O. Precursor 3 is TiCl4. The initial deposition
temperature was 100 ∘C. The chamber was heated to 150 ∘C for approxi-
mately 30 min.

polymer template and expose the metal oxide scaffold. The samples were imaged at
45° or 90° and at an acceleration voltage of 5 kV.

7.2.7 Device characterisation

Both liquid electrolyte DSSCs and solid-state DSSCs were fabricated according to Sec-
tion 5.4.1 and Section 5.4.1 using TiO2 replicas of the PS192 and PS128 polymer
templates. The characterisation is described in Section 5.4.3.

7.3 Results and discussion

7.3.1 ALD growth in untreated templates

The nanoporous polystyrene templates (PS192) used in the first part of this study are
shown in Figure 7.2. The templates display the double-gyroid morphology as described
in Chapter 3. The high order, periodicity and tricontinuity of the template is clearly
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Figure 7.2: Nanoporous double-gyroid thin film polystyrene template. (A) Cross-
sectional view showing that the porosity extends throughout the entire
film. (B) Higher magnification view of A showing that the porosity
extends through the free surface. (C) Low magnification view of the top
surface of A showing that the free surface is highly porous.

visible. The PS192 polymer has a lattice unit cell of approximately 43 nm and a pore
size of 10 nm to 11 nm. Contrary to the electrochemical depositions carried out in
Chapter 6, where a fully porous substrate/polymer interface was required with only a
few pores needed at the free-surface interface for electrolyte infiltration, ALD requires
a fully porous free-surface interface to ensure an effective diffusion of precursors and
by-products in and out of the templates. This highly porous free-surface interface can
be seen in Figure 7.2B,C.

Even though the main advantage of the use of a polymeric template is its easy removal
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Figure 7.3: Thermal instability and reordering of the mesoporous polystyrene tem-
plate. All templates were heated for 1 h under vacuum. (A) At 65 ∘C
both the bulk and the top surface maintain their order and porosity. (B)
At 70 ∘C the bulk maintains its order and porosity whereas the top surface
becomes less porous and some order is lost. (C) At 75 ∘C the bulk starts
to lose its order and porosity, and the top surface loses further porosity
and is completely disordered. (D) At 80 ∘C order is lost in the bulk and
the top surface becomes completely non-porous.

after replication or deposition, the low glass transition temperature and low thermal
stability of most polymers makes these templates partially or fully incompatible with
ALD. This problem is further complicated for the nanoporous voided polystyrene tem-
plates used in this work. The glass transition temperature of polystyrene (𝑇𝑔=104 ∘C)
is further lowered for a porous polymer film which causes the polymer films to reorder
at temperatures as low as 70 ∘C as shown by Zalusky et al. [74]. This is not unexpected
since the glass transition temperature is a concept normally applied for bulk materials
rather than thin porous films. This reordering causes the top surface of the templates
to become non-porous (Figure 7.3) which prevents the diffusion of the ALD reactants
and the by-product in and out of the template. The thermal instability can be further
compounded by random fluctuations in the template’s pore diameters at temperatures
close to the glass transition. This can lead to exothermic heating of the surrounding
polymer volume due to a lowering of the polymer/air interfacial area. This heating
softens the surrounding polymer making reordering and the accompanying exothermic
heating even more likely. Given the threshold for free-surface reordering of 70 ∘C to
75 ∘C (Figure 7.3A,B) the initial ALD growth temperature was chosen to be 65 ∘C.
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Zalusky et al. have shown that subsequent to the removal of the PLA component in
a PS-b-PLA block copolymer, the connecting group between the two blocks is situ-
ated at the newly formed PS/air interface and that the polymer surface is uniformly
covered with these groups at a surface density of 0.25 nm−2 [74, 290]. Given that 2-
hydroxyethyl-𝛼-bromoisobutyrate (HEBIB) is used as the initiator for the synthesis of
the PS192 polymer (Section 5.5), it is expected that -OH containing carboxylic acid
groups should be present at the polymer/air interface of PS192 and uniform nucleation
and growth of TiO2 should therefore be feasible without any further requirement for
surface treatments.

200nm

A

B C

1μm

200nm

Figure 7.4: ALD growth of Al2O3 in untreated PS192 templates using long precursor
pulse times. (A) The deposition extends throughout the entire template.
(B) Higher magnification view of A near the top surface. (C) Higher
magnification view of A near the FTO substrate.
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As described in Section 7.2.5, varying deposition schemes were initially tested. The
deposition of Al2O3 at 65 ∘C using exposure times up to 30 s is shown in Figure 7.4.

Even though acceptable replications were achieved using this scheme, the quality of the
growth was very varied and mostly produced very poor replicas of the polymer template.
The main cause of these disappointing results was initially thought to be a limitation in
the precursor residence time in the template. Micro-pulsing, see Section 7.2.5, provides
an alternative to increasing this residence time whilst preventing excessive exposure
of the precursors to ALD reactor components such as filters and pumps. However
micro-pulsing proved unable to improve on previous results.

The third approach to the requirement for long precursor residence times employs
a pulse&hold deposition scheme in which the N2 flow is lowered to 20 SCCM and
the vacuum line valve is closed during the precursor pulse and exposure [157]. The
precursors are introduced into the reactor with a pulse time 𝑡1 and then held in the
reactor for a time 𝑡2. The unreacted precursors and reaction by-products are removed
by purging under vacuum for a time 𝑡3. The same procedure is repeated for the H2O
exposure with identical pulse, hold and purge times of 𝑡1, 𝑡2 and 𝑡3. The length of the
hold and purge times are increased with increasing numbers of cycles to achieve the
highest possible reactant coverage. The pulse, hold and purge length for the PS192
templates are given in Table 7.3.

The deposition of Al2O3 and TiO2 at 65 ∘C in untreated PS192 templates using the
pulse&hold scheme is shown in Figure 7.5 and Figure 7.6. It can been seen that the
initial assumption of a sufficient density of functional surface groups on the template
surface is incorrect and the deposition displays a grainy texture caused by a low nu-
cleation density and subsequent island growth. The low quality and non-uniformity
of the growth is made even more obvious by the perforated nature of the replica with
voids clearly present. Even though the deposition appears to have penetrated several
micrometers into the templates, the subsequent calcination, which is required for fab-
rication of crystalline TiO2 scaffolds, has led to the collapse of the replica down to a
very thin film (normally less than 500 nm) with none or little of the original structural
order remaining (Figure 7.6C).

Two possible explanations as to why we were unsuccessful in replicating the polymer
template are the low deposition temperature which leads to a lowered reactivity of
the precursors, and a very low density of functional surface groups on which the ALD
growth can nucleate. We now believe that the observed results are due to the latter
which is supported by the fact that depositions on plasma-treated templates (Fig-
ure 7.14) at the same deposition temperature produce metal oxide replicas that are
stable after calcination.

In hindsight the insufficient nucleation should have been expected given the the assumed
density of native functional surface groups at the polystyrene/air interface (0.25 nm−2)
[74, 290] in comparison to the density of hydroxyl groups on the amorphous native
oxide of silicon (3 nm−1 to 5 nm−1 [291], a substrate on which ALD displays a dense
nucleation and uniform growth.
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Figure 7.5: ALD growth of Al2O3 on untreated PS192 templates using the pulse&hold
scheme. (A) Cross-sectional image of the Al2O3 replica after removal of
the polymer template using an O2 plasma. The deposition is grainy and
voids are apparent. (B) Higher magnification view of A.

These unsuccessful results in replicating the untreated polymer templates prompted the
need for a suitable functionalisation technique which could promote a higher density
of functional groups and a successful ALD replication.

7.3.2 Chemical modification of polystyrene

As described in the introduction, chemical modification of polystyrene is of particular
interest in the biological and medical research communities as a route to promote cell
adhesion on culture Petri-dishes. Polystyrene is relatively chemically inert making
it difficult to modify, as evidenced the variety of modification routes that exist in
the literature. In this study, a large range of different protocols have been tested to
determine which have the potential to introduce functional groups compatible with
dense ALD nucleation on the surface of polystyrene. As well as chemically altering the
surface, the modification also has to maintain the structural integrity of the porous
polymer template in order to be considered successful. A significant fraction of the
attempted protocols were deemed unsuccessful for either of these two reasons.

The attempted protocols are nitration of the polystyrene phenol rings using either
gaseous nitrogen dioxide or ionic nitrites, oxidation using potassium permanganate
or sodium hydroxide, sulfonation using concentrated sulphuric acid, photo-oxidation,
and plasma and ozone exposures. Besides plasma and ozone exposures, sulfonation
and photo-oxidation, all other protocols failed to chemically modify the Petri-dishes
and render them hydrophilic, and therefore failed to promote dense ALD nucleation
and growth. Sulfonation and photo-oxdiation were deemed unsuccessful since they
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Figure 7.6: ALD growth of TiO2 on untreated PS192 templates using the pulse&hold
scheme. (A) Cross-sectional image of the TiO2 replica after removal
of the polymer template using an O2 plasma. The grainy and voided
deposition caused by poor nucleation and island growth is clearly visible.
(B) Higher magnification view of A. (C) Calcination at 500 ∘C under O2

leads to film collapse and loss of order and porosity.

destroyed the structure of the mesoporous polystyrene templates. The lack of successful
modification routes is not unexpected since the tested protocols are normally applied
to bulk rather than thin, nanoporous polystyrene films.

As a reference to determine how effective the plasma and ozone exposures are in modi-
fying polystyrene and providing a surface that promotes ALD growth, the EDX spectra
of untreated Petri-dishes with and without a coating of 40 cycles of ZnO (DEX/H2O)
are shown in Figure 7.7. The number of ALD cycles was chosen from ALD growth of
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Figure 7.7: EDX spectra of untreated polystyrene Petri-dishes. Spectra are nor-
malised to the carbon K-line at 0.28 keV. (a) No ZnO coating. (b)
40 cycles of ZnO.

ZnO on silicon, and 40 cycles are sufficient to obtain distinguishable zinc peaks. No
zinc peaks are observed for deposition on the untreated substrate (Figure 7.7b). This is
explained by the lack of functional groups on the untreated substrate, which is evident
from the absence of a pronounced oxygen peak in the untreated film (Figure 7.7a).

Both plasma and ozone exposures are known from the literature to chemically modify
polystyrene and produce a hydrophilic surface that lowers the water contact angle
[135, 285–287]. Indeed, a short air plasma exposure of 0.5 s (Diener FEMTO MRC
100) reduces the water contact angle of the Petri-dishes to 0° and an oxygen peak is
seen by EDX (Figure 7.8a). However no corresponding peaks for C-O, C=O and O-H,
which would indicate appropriate functional groups, are seen in ATR-FTIR (Figure 7.9)
which is to be expected given the limited penetration depth of the air plasma into the
bulk of the polystyrene Petri-dishes and the fact that ATR-FTIR probes bulk properties
of materials.

The nucleation and growth of ALD ZnO is significantly improved on the plasma exposed
Petri-dishes as seen by the clear zinc peak in Figure 7.8b.
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Figure 7.8: EDX spectra of polystyrene Petri-dishes exposed to a 0.5 s air plasma.
Spectra are normalised to the carbon K-line at 0.28 keV. (a) No ZnO
coating. (b) 40 cycles of ALD ZnO.
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Figure 7.9: ATR-FTIR spectra of polystyrene Petri-dishes exposed to a 0.5 s air
plasma. Untreated Petri-dish (—). Plasma exposed Petri-dish (—).
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Similarly, an exposure to ozone for 15 min at room temperature reduces the water
contact angle of the Petri-dishes and a clearly distinguishable oxygen peak is visible
in Figure 7.10a which is due to the incorporation of oxygen containing groups in the
Petri-dish. The ozone treatment also produces the expected secondary ozonides as
seen by the ATR-FTIR in Figure 7.11. The addition of other oxygen containing bonds
is also seen, indicative of the decomposition of the SOZ into ketones, aldehydes and
carboxylic acids. However no significant zinc peak is observed in EDX after 40 ZnO
cycles (Figure 7.10b). This shows that the ZnO precursor, diethylzinc (DEZ), does
not react with the SOZ generated by the initial ozone treatment. Similarly the TiO2

precursor, TiCl4, does not have sufficient reactivity and no titanium peaks are seen in
EDX.

Due to this lack of reactivity between the DEZ and the functional groups, further
work-ups are employed to convert the ozonides to more reactive species such as alde-
hydes and ketones (Section 7.1.1). These work-ups include the oxidative reaction with
H2O2, the reductive reaction with dimethylsulphide in methanol [292] or NaBH4 in
triflouromethanol and the reductive amination of the generated aldehydes and ketones
using hydrazine, ethanolamine and 2-amino-2-hydroxymethyl-propane-1,3-diol with 𝛼-
picoline-borane as the reducing agent. The latter route produces a high density of
NH2 groups on the surface of the Petri-dishes which are known to promote uniform
nucleation of ALD growth of both ZnO and TiO2 [293]. However all of these work-ups
require the use of wet chemistry in which the ozone-treated polymer templates are not
stable due to the formation of low molecular weight fragments during the ozonolysis.

Trimethylaluminium is known to react with aldehydes according to the reaction mech-
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Figure 7.10: EDX spectra of polystyrene Petri-dishes exposed to ozone for 15min
at room temperature. Spectra are normalised to the carbon K-line at
0.28 keV. (a) No ZnO coating. (b) 40 cycles of ZnO. (c) 1 cycle of
Al2O3 and 40 cycles of ZnO.
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Figure 7.11: ATR-FTIR spectra of untreated (—) and ozone (—) treated Petri-
dishes.

anism in Reaction 7.2 [294]. Because of this, exposure to one cycle of TMA/H2O is
attempted as a way to nucleate subsequent growth of ZnO or TiO2. If successful, the
polystyrene surface should be covered with a dense layer of Al-OH groups. Indeed, as
seen in Figure 7.10c, the addition of a single Al2O3 cycle prior to 40 ZnO cycles enables
the ALD growth and a zinc peak is seen in EDX. The stronger interaction between the
ozone-treated Petri-dishes and TMA compared to DEZ is believed to stem from the
increased reactivity of the TMA which allows it to decompose the SOZ.

R1 R2

O
Al(CH3)3

R1

C

H3C

R2

O Al(CH3)2 H2O

R1

C

H3C

R2

O Al(OH)2
+ 2CH3

Reaction 7.2: The reaction between trimethylaluminium and ketones and the forma-
tion of a seedlayer of Al2O3.
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Figure 7.12: ATR-FTIR spectra of ozone-treated Petri-dishes with (—) and without
(—) thermal annealing at 65 ∘C.

This use of a single cycle of TMA/H2O does however incorporate a significant amount
of Al2O3 within the Petri-dishes (Figure 7.10c). We therefore attempted to adjust the
modification scheme to remove the need for the TMA. The secondary ozonides formed
during the ozone treatment are known to be metastable and to decompose upon heating.
Indeed, thermal annealing of the Petri-dishes at 65 ∘C under air for 24 h resulted in
a significant decrease in the concentration of SOZ species as well as an increase in
oxygen-containing bonds as seen by ATR-FTIR in Figure 7.12, which demonstrates
the decomposition of SOZ into alcohols and ketones according to Reaction 7.1.

As seen in Figure 7.13b, the thermal annealing enables a uniform nucleation and growth
of 40 cycles of ZnO without the need for an initial TMA cycle. The small aluminium
peak in Figure 7.13b is believed to be due to cross-contamination between the Al2O3 and
ZnO lines on the ALD. However the thermal annealing does not remove the necessity
for a TMA or DEZ cycle when depositing TiO2 using TiCl4/H2O due to the lack of
reactivity between the TiCl4 and the generated ketones, aldehydes, carboxylic acids
and alcohols.

7.3.3 ALD growth in modified templates

The successful use of plasma exposures to promote uniform ALD growth on Petri-
dishes warrants its use with the mesoporous polystyrene templates. Compared to the
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Figure 7.13: EDX spectra of polystyrene Petri-dishes exposed to ozone for 15 min
at room temperature and thermally annealed at 65 ∘C for 24 h in air.
Spectra are normalised to the carbon K-line at 0.28 keV. (a) No ZnO
coating. (b) 40 cycles of ZnO. (c) 1 cycle of Al2O3 and 40 cycles of
ZnO.

high-molecular weight of the Petri-dishes where a very short plasma exposure (0.5 s)
is sufficient, the convoluted high-aspect-ratio templates require much longer exposure
times, between 10 min and 10 h. To limit the probability of detrimental polymer etching
due to the plasma exposure and to prevent excessive heating, the plasma power is
limited to 40 % (40 W) and the ignition gas pressure is limited to 1 mbar. To further
reduce the damaging effect of a direct plasma, an indirect plasma is emulated by placing
the samples under a microscope slide inside the plasma chamber. The plasma exposure
does not improve the thermal stability of the templates and depositions are therefore
carried out at the initial temperature of 65 ∘C.

SEM images of TiO2 replicas in plasma treated templates are shown in Figure 7.14.
The TiO2 depositions display a compact and continuous replication of the polymer
templates.

136



7 ALD grown metal oxide networks

100nm

A

B C

200nm

1μm

Figure 7.14: ALD TiO2 deposition in air plasma treated templates. (A) Cross-
sectional view showing a high quality replica indicating a high ALD
nucleation density. (B) High magnification view of A showing that the
struts are hollow as expected from a conformal ALD growth (red circles).
The inset shows the end of a single strut. The contrast and brightness
have been altered to enhance the strut. (C) The transition between
deposition and no or poor deposition is clearly seen after removal of the
template using an air plasma.

The replicas exhibit a very sharp transition between a region of monolithic replication
and a region of very poor or non-existent replication. This deposition behaviour is
attributed to the limited penetration depth of the plasma inside the templates. The
limited penetration depth is caused by two factors. Firstly the high reactivity of the
generated plasma species allows for unwanted recombination with the template surface
which limits their life-times. Secondly the generation of the plasma imparts a degree
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of directionality to the species which limits their penetration depth inside the template
with its high-aspect-ratio network. The limited penetration depth leads to a region
1 µm to 2 µm from the template’s free-surface that is densely covered with appropriate
ALD functional groups. Below this region the surface chemistry of the initial template
is maintained. This binary functionalisation gives the inherently different nucleation
densities and growth rates seen in Figure 7.14C. This is contrary to the expected
diffusion-limited thickness dependence with depth as described in Section 4.6.3, which
is seen for the ozone-treated templates (Section 7.3.3).

Despite attempts to modify the plasma treatment, including the use of various plasma
gases such as O2, N2 and water vapour, varied exposure times and gas pressures, the
plasma penetration depth and therefore the ALD replication depth seldom exceeded
1 µm. In a few instances the replication depth was deeper than 1 µm but no correlation
was found between the increased penetration depth and the plasma parameters.

The finite diameter of the precursor molecules (𝑑TiCl4 = 6.4 Å, 𝑑TMA = 4 Å, 𝑑DEZ =
6 Å, 𝑑H2O = 3.2 Å) will eventually lead to pore clogging and the formation of nano-
tubes. The formation of a tubular network can be seen in Figure 7.14b. As with
the ALD replication of colloidal photonic crystals, where a 100 % filling fraction is
not feasible [295], the replication of the gyroid morphology is also limited by a pinch-
off phenomenon. Given the thickness of the wall of the generated nano-tube, the
deposition rate inside the template at 65 ∘C is estimated to be 0.8 A per cycle which
agrees well with depositions on planar substrates (Section 4.7.2). This shows that the
self-terminating nature of the ALD growth is maintained inside the HAR template at
this low deposition temperature and that no CVD-like growth behaviour is seen.

As previously described, ALD growth of TiO2 at temperatures below 150 ∘C has two
unwanted side-effects: non self-limited absorption of TiCl4 molecules which leads to
higher deposition rates and possible CVD-like growth behaviour unless very long purge
times are used [296]; and a high chlorine content mainly due to unreacted chlorine
ligands. The ozone exposure and the subsequent thermal annealing presents one major
positive side-effect, an increase in the thermal stability of the templates of up to 120 ∘C.
This is thought to be due to cross-linking reactions which take place during thermal
annealing. Cross-linking of polystyrene due to ozone exposures is known to proceed
via the generation of carboxyl groups which promote the cross-linking [297]. Cross-
linking also causes an increased chemical stability, meaning that the ozone-treated and
thermally annealed templates are insoluble in most organic solvents.

Figure 7.15 shows the replication of ozone-treated and thermally annealed templates
upon TiO2 deposition at 100 ∘C. The replication penetrates throughout the entire
film thickness, however uniformity and quality of the replication is lost closer to the
substrate as seen by the change in colour in Figure 7.15A. The colour change is due
to a change in deposition density and therefore electron contrast where denser regions
appear brighter. Upon calcination only the higher density region near the top of the
film remains intact (Figure 7.16E). The collapse of the bottom region is due to the fact
that only a very thin-walled deposition which can not withstand calcination is present.
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Figure 7.15: ALD growth of TiO2 at 100 ∘C in ozone-treated and thermally annealed
templates. (A) Cross-sectional view of TiO2 replica after removal of the
template using an air plasma. (B) High magnification view of region
near the top of A. The replica appears bright because of a high electron
density indicating a high ALD filling fraction. (C) High magnification
view of region near the bottom of A. The replica appears darker than
B because of a lower ALD filling fraction.

Given the work carried out by Gordon et al. and Elam et al. [153, 154] (Section 4.6.3),
the exposure time required for complete coverage can be estimated. Assume a thick-
ness of the polystyrene template of 𝐿 = 5 µm and initial and final pore diameters of
𝑑I = 10.5 nm and 𝑑F = 3 nm respectively (estimated from the growth in plasma treated
templates in Figure 7.14b). Further assume that 𝑇 = 373 K, 𝑃 = 0.2 mbar (based on
the pressure increase in the reactor upon precursor pulsing), that the saturated surface
densities for TiCl4 and H2O are 𝑆TiCl4 = (2

√
3)−1 𝑟TiCl4

−2 = 2.8 × 1018 m2 and 𝑆H2O =
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11.3 × 1018 m2 respectively (assuming a hard closed-packed spheres model of the precur-
sors) and that the reactive sticking coefficient Γ is unity. Given these assumptions, the
initial and final minimum exposure times required for complete coverage are 𝑡I,TiCl4 ≈
5 s, 𝑡I,H2O ≈ 6 s and 𝑡F,TiCl4 ≈ 59 s, 𝑡F,H2O ≈ 75 s respectively. The approximately equal
precursors times are caused by the lower mass of the H2O molecule being compensated
by an increased surface density due to its smaller size.

Although the hold times used for the depositions (Section 7.2.5) are significantly longer
than the theoretical minimum times, only approximately the top 1 µm of the replicas
has a sufficient wall thickness to avoid collapse upon calcination. This discrepancy
between experimental and theoretical exposure times can have two causes. The first
is that the reactive sticking coefficient is lower than the assumed value of unity. The
second is that templates with a starting pore diameter as small as 10 nm introduce new
issues for ALD growth not normally seen for other HAR structures. The rate of change
of aspect ratio as a function of deposition cycles is higher for smaller starting pore
diameters. This means that the ALD growth very quickly enters into a thermodynamic
regime where the pore diameter approaches 1-2 orders of magnitude of the molecular
size of the precursors, and therefore the assumed Knudsen diffusion and its associated
diffusion equations do not necessarily adequately describe the transport behaviour. In
this regime the absorption energy is expected to be up to one order of magnitude higher
than for the structures assumed by Gordon and Elam [298, 299]. These very strong
interactions between the surface of the template and the precursor molecules can lead
to surface diffusion limited transport in which precursor molecules hop from surface site
to surface site [300]. It is expected that such a transport mechanism will significantly
increase the required exposure times.

The conformality of ALD and the occurence of pore-clogging creates a non-porous TiO2

layer which covers the top of the template (Figure 7.16A,B). For the subsequent use
of the TiO2 electrode in solar cells, this compact layer has to be removed. This is
carried out using an inductively coupled plasma (ICP) etch for 10 s with a gas mixture
of SF6:CHF3:C4F8:O2 (20:20:20:40 SCCM). The porous top surface resulting from the
etch is shown in Figure 7.16C,D. The final step in the post-deposition protocol is the
calcination of the samples under an O2 atmosphere at 500 ∘C for 3 h. Figure 7.16E,F
shows two examples of the gyroid-structured TiO2 after calcination. The porosity and
order of the network remain intact and are clearly visible.

140



7 ALD grown metal oxide networks

1μm

A

C D

B

E F

200nm 500nm

500nm 500nm

500nm

Figure 7.16: Post-processing of ALD growth of TiO2 at 100 ∘C in ozone-treated and
thermally annealed templates. (A) The conformality of ALD is shown
by the precise replication of the (211) plane of the top surface. (B)
The replication is uniform over large areas with multiple domains of the
gyroid template visible. (C) Removal of the non-porous TiO2 layer in
A,B by ICP etching. (D) Free surface of B displaying the (211) plane.
(E) Both the bulk and the free surface remain intact after calcination
at 550 ∘C. (F) The increased ALD nucleation density due the ozone
treatment and thermal annealing assures that the replication of thick
polymer templates remains intact during calcination.

In addition to the replication of the templates using TiO2, Al2O3 and ZnO were also
successfully deposited. Both TMA and DEZ are more reactive than TiCl4 which allows
for depositions at lower deposition temperatures and their by-products, methane and
ethane respectively, have a lower boiling point than hydrochloric acid, which leads
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to a lower concentrations of contaminants such as unreacted ligands and reaction by-
products. The replication using ZnO is shown in Figure 7.17.
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Figure 7.17: ALD growth of ZnO at 100 ∘C in ozone-treated and thermally annealed
templates. (A) Cross-sectional view of ZnO replica after removal of the
template in an air plasma. (B) High magnification view of A. The red
line separates the double-gyroid morphology (Ia3d) on the right from
a region that is thought to be the Fddd diblock copolymer phase. (C)
ZnO replica after ICP etching and calcination at 500 ∘C. The bottom of
the film has collapsed which indicates a low ALD filling fraction. (D)
The replica in A after calcination displaying a fully intact structure
throughout the film.

The deposition displays the best replication seen by any of the three metal oxides.
The apparent brightness of the SEM cross-section is more uniform than the TiO2
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deposits in Figure 7.15A which indicates a more uniform nano-pore wall thickness
and density. Figure 7.15B shows a high magnification view of the region near the
top in Figure 7.15A. A transition between the Fddd morphology (left) and the Ia3d
morphology (right) is indicated by the red dashed line. The uppermost region of the
film survives calcination at 500 ∘C whereas the lower region crumbles and the order
is destroyed (Figure 7.15C). This collapse into a disordered structure, rather than
the complete removal seen for the TiO2 replicas, indicates the presence of a thicker
wall of the nano-tubular network. Some of the depositions produced samples where
larger portions of the film survived calcination and the thickest self-supported ZnO film
produced was 2.5 µm (Figure 7.15D).

The deposition of ZnO using ALD or other deposition methods generally results in crys-
talline films [301–303]. However the as-deposited ZnO inside the polystyrene templates
is not crystalline (Figure 7.18a). The lack of crystallisation of ZnO has been observed
previously for very thin (fewer than 15 cycles) planar ALD ZnO films [144, 145]. A
shell thickness of 4 nm corresponds to 22 cycles, if one assumes a deposition rate of
1.8 Å per cycle. We believe that the increase to the crystalline/amorphous threshold
is due to the increased curvature and therefore confinement of the template. Upon
annealing at 550 ∘C for 12 h under O2, the gyroid-structured ZnO forms the expected
hexagonal wurtzite structure with dominant (002) and (101) peaks (Figure 7.18b).
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Figure 7.18: XRD spectra of gyroid-structured ZnO replica before (a) and after (b)
calcination at 500 ∘C for 12 ∘C.

7.3.4 Crystallisation in ultra-thin TiO2 films

The inhibition of crystallisation of the as-deposited ZnO replicas described in Sec-
tion 7.3.3 is also observed in the TiO2 replicas. This is thought to limit the DSSC
device performance shown in Section 7.3.6. For the successful application of the TiO2
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gyroid networks fabricated in Section 7.3.3 in dye-sensitised solar cells, the TiO2 must
be crystalline to support good electronic transport and to suppress the probability of
electron/hole recombination as described in Chapter 2. As expected from the depo-
sition of TiO2 on planar substrates at 120 ∘C, the as-deposited TiO2 in the polymer
templates is shown by XRD to be amorphous (Figure 7.19a). However, contrary to the
gyroid-structured ZnO depositions, calcination of the gyroid-structured TiO2 at 550 ∘C
for 12 h under an oxygen atmosphere does not result in the expected anatase TiO2

XRD peaks (Figure 7.19b). Two possible reasons exist for this lack of crystallisation:
thickness-induced suppression of nucleation seeds, and an increased crystallisation tem-
perature and time due to impurities present in the titania. According to literature, the
incorporation of dopants (or contaminants) in TiO2 has been shown to lead to both an
increase and a decrease in crystallisation temperature [304, 305].
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Figure 7.19: XRD spectra of gyroid-structured TiO2 replicas after calcination. (a)
FTO-coated glass reference. (b) TiO2 deposited in PS192 using H2O
and TiCl4 at 100 ∘C. (c) TiO2 deposited in PS192 using H2O and TiCl4
at 120 ∘C/150 ∘C. (d) TiO2 deposited in PS192 using H2O2 and TiCl4
at 100 ∘C. (e) TiO2 deposited in the 21 nm pore size PS128 using H2O
and TiCl4 at 150 ∘C.

At deposition temperatures below 150 ∘C, the ALD growth of TiO2 using TiCl4/H2O
leads to an incorporation of significant amounts of chlorine impurities in the form
of HCl by-products or unreacted chlorine ligands [89, 306]. The amount of chlorine
incorporated for deposition on planar substrates from 60 ∘C to 150 ∘C using our ALD
reactor agrees with values from literature (Figure 4.8). For high-aspect-ratio substrates
such as the gyroid templates, we expect the amount of chlorine to be higher due to the
requirement for longer pulse and purge times.

However for depositions in plasma treated templates at 65 ∘C we see an amount of
chlorine of approximately 3 % (Figure 7.20a), which is comparable to that seen in flat
TiO2 film deposited at 65 ∘C (Figure 4.8). This is another indication that the purge
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times used are sufficiently long for the growth inside the template to be comparable
to flat film growth. Calcination of these films reduces the amount of chlorine to below
1 % (Figure 7.20b). These samples were fabricated on silicon substrates, explaining the
silicon peak in Figure 7.20a,b, and the polymer templates were removed prior to EDX
using toluene which explains the absence of a carbon peak.
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Figure 7.20: EDX spectra of gyroid-structured TiO2 replicas without ozone treat-
ment. Spectra are normalised to the Ti K-line at 4.5 keV. (a) As-
deposited TiO2 replica grown at 65 ∘C. (b) Replica in a calcinated
at 550 ∘C. (c) TiO2 replica deposited in ozone-treated templates as a
reference.

Contrary to these results, deposition into ozone-exposed and thermally annealed tem-
plates at 120 ∘C leads to a much larger increase in the amount of incorporated chlorine
(Figure 7.20c) and an approximate chlorine fraction of 15 %. One single ZnO cycle is
used to nucleate the TiO2 deposition as seen by the addition of a zinc peak in Fig-
ure 7.20c compared to Figure 7.20a,b. Given the increased deposition temperature
for the ozone-treated templates, one would expect a decrease, not an increase, in the
amount of HCl by-products and unreacted chlorine ligands, due to an increased reaction
probability between TiCl4 and H2O and a higher mobility of the by-products.

Further experiments found that the immersion of the as-deposited TiO2 network (before
calcination) in methanol containing 1 M HCl for 5 min causes a significant reduction of
both the zinc and chlorine peaks and a chlorine fraction of 4 % (Figure 7.21c). Because
of this significant reduction we now believe that the increase in chlorine content is
mostly due to a reaction between the single ZnO seed layer deposited prior to the TiO2

and the HCl by-products. This reaction leads to the formation of ZnCl2, which unlike
ZnO is soluble in water and methanol. Immersion of the samples in a methanol/H2O
mixture removes both the ZnCl2 and any remaining ZnO (compare Figure 7.21b to
Figure 7.21c).

It is interesting to note that calcination itself is unable to remove all of these chlorine
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contaminants (Figure 7.21b) and that a combination of HCl treatment and calcination
is required to remove a significant fraction of the chlorine. After these steps the detected
amount of chlorine, which varies between samples, is between 0.5 % and the detection
limit of the EDX (Figure 7.21d).
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Figure 7.21: EDX spectra of gyroid-structured TiO2 replicas with the ozone treat-
ment. Spectra are normalised to the Ti K-line at 4.5 keV. (a) As-
deposited TiO2 replica grown at 100 ∘C. (b) Replica in a calcinated at
550 ∘C. (c) Replica in a immersed in 1 M HCl in MeOH for 5 min. (d)
Replica in a exposed to the treatments in c and b.

There are three different routes to lowering the amount of chlorine contaminations:
1) replacing the H2O with H2O2 which is known to lead to a more complete ligand
exchange reaction [176]; 2) using a non-chlorine containing TiO2 precursor; and 3)
increasing the deposition temperature.

The deposition of gyroid-structured TiO2 using TiCl4 and H2O2 is shown in Figure 7.22.
The appearance of the deposit is very similar to that deposited using H2O instead of
H2O2. Furthermore, the use of H2O2 only leads to a small decrease in the amount
of chlorine in the as-deposited TiO2 (Figure 7.23c) compared to the use of H2O (Fig-
ure 7.23a). No additional improvement is seen upon calcination (Figure 7.23d compared
to Figure 7.23b).
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Figure 7.22: TiO2 replica deposited in ozone-treated templates using TiCl4 and H2O2.
(A) Cross-sectional view of the TiO2 replica. (B) High magnification
view of region near the top of A. (C) High magnification view of region
near the bottom of A.

The non-chlorine containing precursor titanium isopropoxide was used as a replace-
ment for TiCl4 but resulted in poorer template replication, possibly due to its lowered
reactivity compared to TiCl4.

The ozone treatment leads to an increase in thermal stability, and initial tests in which
the ozone-treated films were heated under vacuum for 1 h showed that the new tem-
perature limit below which the top surface of the templates remains porous is 120 ∘C.
Further experiments where zero to three cycles of TiO2 were deposited in the templates
at 100 ∘C (in addition to the seed ZnO cycle) showed an increased template stability and
a porous top surface was maintained up to 150 ∘C. We believe that this increased stabil-
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Figure 7.23: EDX spectra of gyroid-structured TiO2 replicas deposited using TiCl4
and H2O or H2O2. Spectra were normalised to the Ti K-line at 4.5 keV.
(a) As-deposited TiO2 replica grown at 100 ∘C using H2O. (b) Replica
in a calcinated at 550 ∘C. (c) As-deposited TiO2 replica grown at 100 ∘C
using H2O2. (d) Replica in c calcinated at 550 ∘C. The addition of an
aluminium peak is due to contamination of TMA during the pre-TiCl4
DEZ pulse.

ity is due to the diffusion of the seed cycle precursor and the TiCl4 into the sub-surface
region of the template, creating an organic/inorganic hybrid structure. TiO2 replicas
were fabricated using this new two-step deposition scheme at 100 ∘C and 150 ∘C but no
change in the level of chlorine contamination was observed and the samples remained
amorphous upon calcination at 550 ∘C (Figure 7.19c).

The second possible cause for the lack of crystallisation in the gyroid-structured TiO2

stems from thin film inhibition. The inhibition of crystallisation and the associated
increase in crystallisation temperature and time in thin amorphous films is well-known
[307] but has not been frequently reported for ALD grown thin films [308, 309]. As
described in Section 7.3.3, the ALD growth inside the gyroid-structured templates will
unavoidably lead to the formation of a thin-walled nano-tubular network rather than
the complete filling of the template pores. Extending the annealing times of these
tubular networks up to 48 h at 550 ∘C did not produce anatase TiO2.

To determine the relative influence of the chlorine impurities and the thin film con-
finement on the suppression in crystallisation, thin TiO2 films were deposited with
varied film thicknesses, on different substrates and at different temperatures. The film
thickness range was chosen as 4 nm to 20 nm so as to include thicknesses from the
estimated wall thickness of the nano-tubular network to a thickness which is expected
to crystallise. The substrates chosen were bare silicon and silicon coated with an ap-
proximately 50 nm thin film of the polystyrene used in the block copolymer template.
This was done to emulate growth on the template surface. The polymer coated sub-
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strates were exposed to the ozone treatment and thermal annealing. The deposition
temperatures were chosen as 100 ∘C and 150 ∘C. These temperatures correspond to
the normal temperature used for deposition in the porous templates and the highest
temperature for which TiO2 depositions are fully amorphous [138]. The deposition of
the TiO2 on the polymer coated silicon substrates was preceded by a single ZnO seed
layer. A summary of the parameters above is given in Table 7.5. All samples were
calcinated at 550 ∘C in an oxygen atmosphere for 48 h to maximise the probability of
crystallisation.

Thicknesses (nm) Substrates Temperatures (∘C) Technique

4/6/8 Si/PS coated Si 100/150 GI-WAXS
10/20 Si 100/150 WAXS

Table 7.5: Deposition parameters of TiO2 for thin films crystallisation measurements.

Grazing incident wide-angle x-ray scattering is used for TiO2 films thinner than 10 nm
since they do not provide sufficient intensity for standard wide-angle x-ray scattering.
Examples of the two-dimensional scattering patterns as well as the one-dimensional
intensity profiles are shown in Figure 7.24.

An incident angle of 0.4° was chosen since at this angle the scattering is dominated by
the structure of thin TiO2 films. Figure 7.24C displays an example of a film where a
pronounced Bragg reflection is present at a position corresponding to the crystalline
signature of TiOx. An equivalent film where the crystalline peak is absent is shown
in Figure 7.24B. The scattering ring in Figure 7.24C is indicative of a powder-like
crystallisation where a preferential face-on direction is found, as shown by the presence
of a high intensity halo. A face-on orientation would be expected from crystallisation
in thin TiO2 films where crystal growth preferentially takes place in the plane of the
film.

The 1D profiles shown in Figure 7.24D are extracted along the semi-circular path
centred on the beamstop as shown in Figure 7.24A and integrated radially between the
two white lines. The summary of the results is shown in Table 7.6.

Thickness (nm) Si PS coated Si
100 ∘C 150 ∘C 100 ∘C 150 ∘C

4 X X X X
6 X X O o
8 X X O o
10 O o n/a n/a
20 O o n/a n/a

Table 7.6: Results from crystallisation experiments. n/a: no experiment performed,
X: no crystallisation seen, o: crystallisation, small crystallites, O: crystalli-
sation, large crystallites.
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Figure 7.24: GI-WAXS spectra of TiO2 thin film crystallisation. (A) - (C) Two-
dimensional scattering patterns. (A) The white lines are the integra-
tion limits for the one-dimensional profiles in D. (B) A sample where
no crystallisation peak is seen. (C) A sample with a pronounced crys-
tallisation peak. (D) One-dimensional scattering profiles.

For a film thickness of 4 nm (black lines in Figure 7.24D) no crystallisation peaks are
seen regardless of substrate or deposition temperature. For intermediate thicknesses
of 6 nm and 8 nm shown by the red and green lines respectively in Figure 7.24D, no
crystallisation peaks are observed for TiO2 films on silicon substrates regardless of depo-
sition temperature. For TiO2 depositions on the polystyrene coated silicon substrates,
well-pronounced crystallisation peaks are observed at both deposition temperatures.
The lack of crystallisation on a solid substrate and the observed crystallisation on a
soft substrate can be explained by the increased compliance of the softer substrate
which allows for higher mobility in the amorphous film and a higher probability for
crystallisation nuclei to form. Although crystallisation peaks appear for at both de-
position temperatures, the peaks for both the 6 nm and 8 nm TiO2 films deposited
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at 100 ∘C have a smaller full width at half maximum (FWHM) which is indicative of
larger crystals. The presence of larger crystals points towards a lower initial density
of crystallisation nuclei which is in agreement with reports of inhibited crystallisation
due to chlorine impurities.

For the 10 nm and 20 nm TiO2 films deposited on a silicon substrate, and measured
using WAXS, more pronounced crystallisation peaks with a smaller FWHM are seen for
depositions at 100 ∘C (Figure 7.25a,b). This result falls in line with the GI-WAXS data
which indicates a lower density of crystallisation nuclei at a lower deposition tempera-
ture where a higher concentration of chlorine contaminants are present (Section 4.7.2).
This would suggest that for thin ALD grown TiO2 films, an increased amount of chlo-
rine leads to a suppression of the formation of crystallisation nuclei and the formation
of larger crystalline domains.
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Figure 7.25: XRD spectra of TiO2 thin films deposited on a silicon substrate. (a)
10 nm TiO2 deposited at 100 ∘C. (b) 20 nm TiO2 deposited at 100 ∘C.
(c) 10 nm TiO2 deposited at 150 ∘C. (d) 20 nm TiO2 deposited at
150 ∘C.

Based on the results above in which no crystallisation is seen for 4 nm TiO2 films, we
believe that the main contribution to the lack of crystallinity in the gyroid-structured
TiO2 replicas is the confinement caused by the thin-walled nano-tube. The added
confinement of the high curvature nano-tube makes the probability of crystallisation
even lower compared to the flat film results above. The incorporation of a higher
concentration of chlorine impurities at 100 ∘C suppresses the formation of crystallisation
nuclei and leads to larger crystalline domains when the film is thick enough to support
crystallisation. The incorporation of chlorine can also have a detrimental effect on
the DSSC device performance, however the influence of the concentration of chlorine
impurities was outside the scope of this study.
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7.3.5 ALD growth in large pore size templates

Given that the main explanation for the lack of crystallinity in the PS192 TiO2 replicas
is the formation of a thin-walled nano-tubular network (Section 7.3.3), the obvious
solution is to use a larger pore size template which will create a network with thicker
tube walls.

The template used in this study is a cylinder forming block copolymer (PS128) which
is thermally annealed to achieve a worm-like rather than close-packed morphology
described in Section 5.6.2. The template is shown in Figure 7.26A.

Once voided, the template displays a fully porous free-surface interface, as shown in
Figure 7.26B, which lends itself well to infiltration and replication using ALD. The
deposition of TiO2 is carried out using a two-step protocol (Table 7.4) at 100 ∘C and
150 ∘C to minimise chlorine contamination.

The TiO2 replica after calcination is shown in Figure 7.26C. ALD has successfully
replicated the polystyrene template and the TiO2 network is fully self-supporting. Fig-
ure 7.26D shows the top of the sample after ICP etching of the non-porous TiO2

compact layer and calcination at 550 ∘C in O2 for 12 h. The sample shows very little
collapse of the TiO2 struts, which allows for a successful infiltration of the solid-state
hole-conducting material.

The wall thickness of these nano-tubular networks is approximately 8 nm to 9 nm and
this increased thickness allows the networks to crystallise upon calcination as shown in
Figure 7.19e. Conducting the deposition at 150 ∘C rather than 100 ∘Cleads to a lower
amount of chlorine contaminations, with a chlorine fraction before and after immersion
in HCl/MeOH and calcination of 8 % and 0.1 % respectively as measured by EDX.
These thicker walled nano-tubular networks were subsequently used in ssDSSC devices
as described in the next section.
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Figure 7.26: TiO2 deposition in a cylinder forming polystyrene template with a pore
diameter of 21 nm. (A) Cross-sectional view of a voided thin film tem-
plate. The network is a non-equilibrium worm-like cylindrical morphol-
ogy. The encircled area displays a region where the equilibrium close-
packed cylindrical morphology can be seen end-on or side-on. (B) Free
surface of the voided template showing a close-packed arrangement of
cylinders perpendicular to the surface with intermittent non-porous re-
gions of lying cylinders parallel to the surface (encircled in red). (C)
Cross-sectional view of TiO2 replica of the template in A after calci-
nation at 550 ∘C. (D) Top-view of the TiO2 replica after calcination
showing that porosity of the free surface is maintained.
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7.3.6 DSSC using ALD grown TiO2 electrodes

As one of the main goals of this study is to fabricate TiO2 electrodes for dye-sensitised
solar cells, the best ALD processing parameters and template modifications are used
to produce both liquid electrolyte and solid-state electrolyte DSSC devices. The device
fabrication is described in Section 5.4.1.

Given the small pore size of the TiO2 replica of the PS192, liquid electrolyte devices
were fabricated for ALD grown titania in both the plasma-modified and ozone-treated
and thermally annealed templates. Devices fabricated using the plasma etched template
with an electrode thickness of 700 nm display a maximum power conversion of 0.5 %
(𝑉OC = 0.69 V, 𝐼SC = 1.15 A cm−2, ff = 63%) (Figure 7.27A). Devices employing an
approximately 600 nm thick TiO2 electrode fabricated using the ozone-treated template
display a power conversion of approximately 0.1 % (𝑉OC = 0.87 V, 𝐼SC = 0.27 A cm−2,
ff = 42%) (Figure 7.27A).
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Figure 7.27: Liquid electrolyte DSSC devices fabricated from TiO2 deposits in
plasma-treated (black traces) and ozone-treated (red traces) templates.
(A) Illuminated (solid) and dark (dashed) I-V curves. (B) External
quantum efficiency of the devices.

The increased open-circuit voltage of the latter devices is attributed to the single ZnO
cycle used to nucleate the ALD growth of TiO2. As discussed in Section 4.4.1, it
has been shown that a thin coating of a wide band gap material, such as Al2O3,
on the surface of titania DSSCs can increase the open-circuit voltage. However care
has to be taken as this coating can also lower the short-circuit current, potentially
explaining the low 𝐼SC and power conversion efficiencies seen in the latter devices.
Devices fabricated using both polystyrene modification routes display very low power
conversion efficiencies compared to nano-particle devices of equivalent thicknesses, and
this is thought to be due to the lack of crystallinity of the titania replicas. The higher

154



7 ALD grown metal oxide networks

A

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

C
ur

re
nt

(m
A

 c
m

-2
)

Voltage (V)

B

500nm

Top electrode

spiro-MeOTAD

TiO2 electrode

FTO

Figure 7.28: Solid-state DSSC fabricated from TiO2 ALD replica of large pore-size
template. (A) Cross-section of assembled solid-state electrolyte de-
vice. The partial infiltration of the spiro-MeOTAD leaves voids in the
TiO2 layer which are clearly visible. (B) Illuminated (solid) and dark
(dashed) I-V curves.

efficiency seen in the devices fabricated from the plasma-treated templates compared
to those fabricated from the ozone-treated templates is thought to be due to the higher
quality and possibly purity of the deposited TiO2, even though both replicas appear
very similar in SEM images.

Devices using titania electrodes deposited in the large pore size template, as described
in Section 7.3.5 were assembled using a hole-conducting Spiro-MeOTAD electrolyte.
An SEM cross-sectional image of one device is shown in Figure 7.28A.

Devices with an electrode thickness of 1.3 µm displayed a power conversion efficiency
of 0.53 % with an open-circuit voltage, short-circuit current and fill-factor of 𝑉OC =
0.85 V, 𝐼SC = 1.6 A cm−2, ff = 40%) respectively (Figure 7.28B). Even though the TiO2

in these devices is crystalline, the devices fail to perform better than devices fabricated
from plasma treated PS192 templates. One possible explanation for the lack of perfor-
mance is the intrinsically lower performance of solid-state electrolyte devices compared
to liquid electrolyte devices. However we believe that the main reason for the poor per-
formance is the low number of devices produced and the absence of optimisation due
to time-constraints. For example Figure 7.28A shows an incomplete infiltration of the
spiro-MeOTAD in the TiO2 network which could lower device performance. Further
experiments are on-going to optimise the performance of these devices.
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7.4 Conclusion

In this chapter we have demonstrated a novel gas phase surface modification tech-
nique which introduces functional groups onto the surface of otherwise chemically inert
polystyrene by a combination of ozone exposure and thermal decomposition of the
ozonite species formed. After the treatment is complete, aldehyde and carboxyl groups
are introduced along the polymer backbone. The various reaction steps are confirmed
by FTIR. The technique is not limited to polystyrene but is applicable to any other
polymers containing carbon-carbon double bonds. The modification takes place in the
gas phase which means that it is appropriate for low molecular weight polymers that
normally suffer from the strong polymer chain fragmentation associated with other liq-
uid modification protocols such as nitration sulphination or thin polymer films on solid
substrates which suffer from cracking and de-lamination. The technique also overcomes
difficulties inherent to surface modification of high-aspect-ratio, small pore size poly-
mer thin films or polymer films with non-line of sight regions not accessible by plasma
modification techniques.

We have successfully modified the surface of voided polystyrene block copolymer tem-
plates with the double-gyroid morphology and a bicontinuous cylindrical morphology.
The templates have pore sizes of 10.5 nm and 21 nm and aspect ratios of more than
500:1 and 250:1 respectively. The surface treatment allows atomic layer deposition
to be successfully and densely nucleated inside the polystyrene templates. The mod-
ified porous polymeric templates were replicated using ALD Al2O3, TiO2 and ZnO
and both the bicontinuous cylindrical and the highly ordered gyroid morphologies were
maintained after template removal for film thicknesses up to 3 µm. Amorphous TiO2

deposited in the 10.5 nm gyroid template has a suppressed crystallisation due to thin
film confinement whereas the deposition in the 21 nm bicontinuous cylindrical template
forms anatase titania upon annealing. This suppression of crystallisation below a de-
position thickness of approximately 4 nm imposes a lower bound on the template pore
size for the replication using ALD grown crystalline TiO2. We have further successfully
fabricated functioning dye-sensitised solar cells from the ALD grown TiO2 scaffolds.
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This chapter will detail two projects which are still on-going. The first part will cover
the installation of an H2S source, and associated safety aspects, to an existing ALD
reactor in order to allow the deposition of metal sulphides. Zinc sulphide is used as a
test material to determine the success of the installation. The second part will cover
the use of ALD to deposit ultra-thin TiO2 compact layers for solid-state electrolyte
dye-sensitised solar cells.

8.1 ALD using H2S

Metal oxides constitute the majority of all materials deposited by ALD, but over the
last decade there has been increasing interest in the deposition of metal sulphides. For
example indium sulphide has been explored as a cadmium-free alternative for barrier
layers in CIGS solar cells [310–312]. Copper sulphides have also been deposited using
ALD and have applications in photovoltaics, as has antimony sulphide (Sb2S3) [129]
which was recently incorporated into hybrid solar cells using ALD [114]. The original
precursor for the deposition of metal sulphides was elemental sulphur [90, 313] but it
has since been replaced by hydrogen sulphide (H2S).

8.1.1 Motivation

The motivation for introducing a setup to use H2S with our ALD system, stems from a
publication by Grätzel et al. [129] in which they demonstrate the use of chemical bath
deposition to deposit thin Sb2S3 layers on TiO2 mesoporous scaffolds. The Sb2S3 acts
as a thin film absorber, and photovoltaic devices using these TiO2/Sb2S3 electrodes
together with P3HT showed an impressive efficiency of 5 %. A second motivation is
the interesting optical properties seen in certain sulphide compounds such as quantum
confinement effects in PbS [314].

During the process of acquiring and installing the H2S system, work by Bachman et
al. on the use of ALD Sb2S3 in mesoporous TiO2 devices was published [114]. This
publication covers the main aims of this part of the thesis, and as such my own efforts
were refocused onto other projects once the installation and testing were complete.
Despite this, the successful installation has enabled recent depositions of Sb2S3 and
will be an asset to the future work of the group.

This section will describe the design of the H2S process line which includes an H2S gas
cabinet with an Emergency Shutoff Valve and an H2S scrubber as well as a set of H2S
alarms. The hazards of H2S as well as potential incompatibilities between the ALD
components and H2S were taken into account during the design. Procedures to safely
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vent the ALD were also formulated. Initial results from the deposition of stoichiometric
ZnS will be presented.

8.1.2 H2S hazards

The major drawback of the use of H2S in an ALD reactor is that it requires special
attention to safety protocols due the fact that it is flammable, corrosive and highly
toxic. The inhalation of H2S can lead to damage to the repository tract and lungs,
the central nervous system and may even cause death depending on the exposure level.
The allowed short and long term exposure limits as specified by the HSE are 5 ppm
and 10 ppm respectively [315]. Above a concentration of 100 ppm H2S is considered
dangerous to life and health [315]. The gas has a characteristic smell of ’rotten eggs’
but the human sense of smell suffers from olfactory fatigue at higher concentration
[316–318] and as such the odour itself is not a sufficient nor acceptable warning system
for humans of potentially harmful exposure levels.

Besides the potential danger to human health via inhalation, H2S is also highly flamm-
able. The lower and upper explosive limits (LEL and UEL) are 4.3 % and 46 % re-
spectively. Furthermore the autoignition temperature of pure H2S is 232 ∘C which lies
within the temperature range of common ALD deposition temperatures. Further the
by-product of the H2S/water reaction is acidic which compounds the safety issues since
this can compromise the integrity of the sealed ALD reactor. To minimise the risk
from both the toxicity and flammability hazards, a 3.5 % concentration of H2S in a N2

ballast is used in this study.

8.1.3 ALD reactor

A large fraction of the ALD reactors which are capable of using H2S are custom-
built rather than obtained commercially and the safety issues of H2S have in these
cases been taken into account throughout the design of the entire reactor. In this
work H2S was added as an additional precursor onto a commercially obtained Beneq
TFS200 research reactor. Besides liquid precursors, the TFS200 comes equipped with
a number of process lines for gaseous precursors, one of which was used for the addition
of the H2S process line. Information regarding the compatibility between H2S and the
components in the reactor was acquired from Beneq. For the installation of H2S in a
custom-built ALD reactor see the the excellent review by Dashupta et al. [319]

Special care has to be taken when using metal components with H2S. Above process
temperatures of 260 ∘C, the corrosion of carbon steel due to sulphidation of the metal
becomes an issue [320] Because of this, low-carbon and annealed steel is recommended
for applications which use H2S at elevated temperatures. All of the wetted metal
components in our Beneq reactor are 316L stainless steel which has excellent corrosion
resistance. Fittings for the 1/4” steel tubing are Swagelok VCR® stainless steel gasket
face seals which are designed for high vacuum systems.

158



8 ALD in photovoltaic applications

Hydrogen sulphide is also know to interact with the elastomer materials used in O-rings
present throughout the reactor, from the main chamber lid to the vacuum line and the
pump. The O-rings used in the reactor are Viton®, as is the case in most ALD reactors
due to its relatively good corrosion resistance and temperature stability. However H2S is
known to cause severe swelling in Viton and is normally not recommended for use. This
swelling is reported for 100% H2S and for extended exposure times. Despite the swelling
issue, the use of Viton O-rings was considered low risk due to the low concentration of
the H2S source (3.5 % in N2) in combination with the high ratio between the carrier gas
flow and the H2S flow (10:1) which reduces the concentration further, and the sequential
nature of the ALD reaction which lowers the total exposure time. The integrity of the
main O-rings in the reactor are monitored on a regular basis to determine the influence
of the H2S exposure.

Prior to use, the ALD reactor fitted with the additional gas line, gas cabinet, and H2S
scrubber, was leak tested in two separate ways. First all of the valves between the H2S
cylinder and the reactor were opened and the system pumped to its lowest possible base
pressure overnight. The vacuum pump valve was then closed and the reactor pressure
monitored to detect any changes in the base pressure which would indicate a leak. A
total pressure change of less than 0.1 mbar was measured over 1 h which correspond
to a fully sealed system without any leaks. The system was also pressurised to 2 bar
with helium and a helium ’sniffer’ was used to detect any leaks around all seals. This
procedure will also be repeated after for example pump maintenance to assure the
integrity of the full system.

A schematic of the reactor, the gas cabinet and process line (Section 8.1.4), the H2S
scrubber (Section 8.1.5) and the alarm system (Section 8.1.6) is shown in Figure 8.1.
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Figure 8.1: Schematic of the H2S installation. The ALD reactor is upgraded with
a gas process line as well as by the addition of an H2S gas cabinet and
scrubber and an H2S alarm system with a detection threshold of 5 ppm.
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8.1.4 H2S gas cabinet and process line

The H2S was purchased from BOC Speciality Gases in size AY cylinders (200 bar, 15 L
water capacity). To minimise the risk associated with cylinder changeovers and to
allow for an effective and safe purging of the H2S gas line, a commercial gas cabinet
from Spectron Gas Control Systems Ltd was installed (Figure 8.2A).
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Figure 8.2: Components of the H2S installation. (A) Forced extraction H2S gas cab-
inet. (B) H2S gas panel with gas cylinder, regulator and Automatic
Shutoff Valve. (C) H2S scrubber with by-pass line. (D) Vacuum pump
with added vacuum venturi line.

The gas cabinet is connected to the building’s forced extraction and the cabinet is under
negative pressure during normal operation. The gas cabinet comes equipped with an
automatic shutoff valve (ASV) as well as an H2S-rated regulator and a vacuum venturi
purging line (Figure 8.2B). Additional safety features include a regulator over-pressure
gauge to detect regulator faults, an over-flow gauge which limits the total gas flow to
100 SCCM and a flow gauge which detects issues with the forced extraction. All of
these gauges as well as the H2S alarms in Section 8.1.6 can trigger the ASV. In addition
to the pre-installed panel, an H2S compatible needle valve was installed to allow the
flow to be reduced to below 10 SCCM.

The H2S gas line from the cabinet to the reactor consisted of Swagelok® 316L stainless
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steel flexible tubing lined with PTFE to improve its mechanical integrity. To minimise
the risk of a leak, the gas line only has two connection points, at the gas cabinet and at
the ALD. The H2S operating pressure in the line was kept below atmospheric pressure,
at 0.6 mbar. This was done to assure a flow of air into the line rather than H2S out of
it in case of a leak.

8.1.5 Purging procedures and H2S removal

To prevent H2S from entering into the building’s exhaust line two additions were made
on the reactor vacuum line. Firstly a gas ballast was connected to the pump to further
dilute the H2S. Secondly an H2S scrubber was installed between the vacuum pump
and the building’s exhaust line (Figure 8.2C,D). The CLEANSORB® scrubber was
purchased from CS Clean Systems AG. The scrubber can reduce 100% H2S to below
5 ppm. Based on the initial H2S concentration of 3.5 % in a nitrogen ballast, the ratio
between carrier gas flow and H2S flow, the vacuum pump gas ballast and the H2S
pulse and purge lengths, the time averaged H2S concentration before the scrubber was
estimated to be below 500 ppm.

Prior to venting the reactor, the H2S gas line and the reactor are purged using an
extended purging protocol. The gas line and the cabinet gas panel are purged by
alternately pressurising them with N2 and evacuating them with the vacuum venturi
purge line. This procedure is repeated 30 times. The reactor is purged by increasing
the pressure to 700 mbar to dilute and remove any residual H2S and then evacuating it
to below 5 mbar. This process is repeated 5 times.

8.1.6 Additional safety features

To further lower the risks associated with the use of H2S, an alarm system was also
installed. Four electrochemical H2S sensors together with a 4 channel control unit
were purchased from Frontline Safety UK Ltd. The alarm set point was chosen to be
5 ppm in accordance with the maximum long term exposure limit. Upon activation,
the control unit will trigger the ASV as well as sounding a visible and audible alarm.
An emergency stop button was also implemented to activate the alarm manually. To
prevent any unintentional introduction of H2S into the reactor, an extra manual on/off
valve was introduced between the gas line and the ALD. The four alarms were placed
at (Figure 8.1): 1) below the manual valve described above; 2) below the main reactor
chamber; 3) inside the gas cabinet; and 4) below the H2S scrubber.

After venting the reactor but before opening the main chamber lid fully, hand-held H2S
sensors are used to measure the H2S concentration in the chamber to determine if the
purge was successful.
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8.1.7 ZnS depositions

To determine if the relatively low concentration of H2S used (3.5 % in N2) was sufficient
for uniform depositions, zinc sulphide was deposited from diethyl zinc (95 % supplied
from Sigma Aldrich) and H2S (3.5 % in N2 supplied from BOC) at 120 ∘C. A cycle
scheme used to deposit 500 cycles of ZnS is shown in Table 8.1. The film thickness was
measured using spectroscopic ellipsometry and found to be 34 nm which corresponds
to a deposition rate of 0.68 Å per cycle. The refractive index at 632.8 nm was measured
to be 2.52. The deposition rate is lower than reported in literature possibly due to
non-saturated dose times [321]. The refractive index agrees with literature values of
ZnS [322]. EDX and XRD (Figure 8.3A,B) were also used to determine stoichiometry
and crystallinity of the ZnS deposit.

Precursor Pulse (s) Purge (s)

Step 1 DEZ 0.5 5
Step 2 H2S 1 5

Table 8.1: Pulsing scheme for depositions of ZnS using diethylzinc and hydrogen sul-
phide.
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Figure 8.3: ZnS deposited using DEZ and H2S. A) XRD spectrum. B) EDX spec-
trum.

EDX measurements showed a stoichiometry of Zn0.49S0.51 with no carbon contaminants
present. A small amount of oxygen was measured but this is attributed to the native
oxide layer on the silicon substrate. XRD showed a wurtzite structure with the prefer-
ential orientation being the (002) direction. This demonstrates that the non-flammable
mixture of 3.5 % H2S in a N2 ballast is sufficient for the successful reaction with the
ligands in the diethyl zinc. Further tests, not included here because of time constraints,
have shown that the H2S gas mixture can also be used to deposit Sb2S3.
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8.1.8 Conclusion

Hydrogen sulphide was successfully added as a secondary precursor to a commercial
Beneq ALD reactor. The hazards and risks associated with the use of H2S were anal-
ysed and appropriate component and safety measures were chosen and implemented to
minimise the risk. A dedicated H2S gas cabinet was installed which houses a size AY
cylinder of 3.5 % H2S in a N2 ballast. The cabinet contains an automatic shutoff valve
connected to the gas cylinder which can be triggered either manually or by a set of
H2S alarms. The H2S alarm sensors are positioned in appropriate key positions by the
ALD, and the alarm set point was chosen to be 5 ppm. To prevent H2S from entering
the building’s exhaust line, an H2S solid-state scrubber was installed after the reactor’s
vacuum pump, which lowers the H2S concentration to below 5 ppm which is the long
term exposure limit.

To determine if a concentration of 3.5 % H2S in N2 was sufficient for ALD depositions,
ZnS was successfully deposited from diethyl zinc and H2S. The deposited ZnS displayed
the expected stoichiometry and crystal structure.
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8.2 ALD deposited TiO2 compact layers

8.2.1 Introduction

The following section of the chapter describes the use of atomic layer deposition to
deposit ultra-thin TiO2 compact layers.

As described in Section 2.4, the dye-sensitised solar cell consists of five constituent
components, the mesoporous metal oxide scaffold, the monolayer of absorbed dye, the
liquid or solid-state electrolyte, a platinum-coated counter electrode and the compact
or blocking layer covering the substrate (normally FTO-coated glass). Up until the last
decade the majority of the research efforts towards more efficient solar cells have been
focused on the first four of these areas. However it has been shown that parameters
such as compact layer thickness, choice of material and crystallinity can significantly
alter the device performance.

There are four main interfaces in a DSSC which can lower the conversion efficiencies:
the mesoporous TiO2/dye molecule interface, the dye molecule/electrolyte interface,
the Pt-coated counter electrode/electrolyte interface and the mesoporous TiO2/FTO
interface. To achieve high power conversion efficiencies a unidirectional flow of charge
across all of these interfaces is required. Charge transport in the opposite direction
or charge recombination processes occur mainly at the mesoporous TiO2/dye molecule
and FTO/mesoporous TiO2 interfaces. The recombination at the mesoporous TiO2/dye
molecule interface is considered insignificant for the device performance since the in-
jection of generated photoelectrons is considerably faster than charge transfer in the
opposite direction, i.e. from the mesoporous TiO2 to the dye molecules [323, 324].
However at the FTO/mesoporous TiO2 interface, charge recombination can take place
due to the physical contact between the surface of the FTO and the electrolyte. This
is caused by the porous structure of the TiO2 which allows the electrolyte to percolate
to the surface of the FTO. Suppression of electron leakage at the FTO/porous TiO2

interface is thus important to improve the power conversion efficiency of dye-sensitised
solar cells.

An effective method to prevent this recombination is to introduce a thin compact layer
situated between the FTO and mesoporous TiO2 film [325, 326]. A significant amount
of research has been carried out on the fabrication of metal oxide layers which could act
as efficient blocking layers. Metal oxides used as blocking layers include TiO2 [327–329],
ZnO [330] and Nb2O5 [331]. Amongst the metal oxides used, TiO2 has been shown to be
the most effective and is also the most studied material. Besides successfully preventing
recombination, the use of a TiO2 compact layer also increases the adhesion between the
mesoporous titania layer and the substrate which enhances the transfer of electrons from
the TiO2 electrode to the FTO. The decrease in recombination leads to an increase in
the short-circuit current and an increase in the electron density in the TiO2 conduction

164



8 ALD in photovoltaic applications

band, which in turn raises the Fermi level and increases the open-circuit voltage [329].

There are a number of existing fabrication routes for the production of TiO2 compact
layers. These include sol-gel processing [327], spray pyrolysis [326, 329], layer-by-layer
processing [324], electrochemical deposition [332], dip-coating [333], various sputter-
ing techniques such as microwave and inductively coupled plasma (ICP)-assisted DC
magnetron sputtering [327, 334] and atomic layer deposition [125]. The majority of
the techniques require high-temperature heat treatments (exceptions include assisted
forms of DC magnetron sputtering and ALD).

The type of electrolyte and dye used affects the effectiveness of the compact layer.
The traditional dye-sensitised solar cell contains a ruthenium-based dye and an io-
dine/iodide redox couple containing liquid electrolyte. Work by Ito et al. has shown
that for devices containing the sensitiser bis-tetrabutylammonium cis-dithiocyanato-
N,N’-bis-2,2’-bi-pyridine-4-carboxylic acid, 4’-carboxylate ruthenium(II), or N719, the
introduction of a compact layer only causes a small amount of suppression of the sur-
face charge recombination. The explanation for this observation is that the dye itself
screens the electrons in the FTO from the iodine species present in the liquid elec-
trolyte [335]. Ab initio calculations have shown that for the N719 ruthenium dye, the
highest occupied molecular orbital (HOMO) is shared between the isothiocyanate lig-
ands (NCS) and the ruthenium-containing metal centre which is indicative that the
positive charge is spread out over both the metal centre and the NCS ligands [336].
The bulkiness of the ruthenium dye in combination with the strong interaction between
the FTO surface and the bis-2,2’-bi-pyridine-4-carboxylic acid group causes a physical
separation of the injected electrons and the iodine species in the electrolyte.

On the other hand, devices containing organic dyes, which have lately received a sig-
nificant amount of attention for being environmentally friendly and cheaper to pro-
duce, necessarily require a compact metal oxide layer to reduce charge recombination
losses. This fundamentally different behaviour compared to the ruthenium dyes was
explained by Burke et al. [337] They show through FTIR studies that for the organic
dye (4E)-4-{[3-(2-carboxy-ethyl)-1,1-dimethyl-1H-benzo[e]indolium-2-yl]methylene}-2-
{(E)-[3-(2-carboxyethyl)-1,1-dimethyl-1,3-dihydro-2H-benzo[e]indol-2-ylidene]methyl}-
3-oxocyclobut-1-en-1-olate triethylammonium salt, the dye molecules absorb with ei-
ther their x or z axes parallel to the surface normal. They estimate, for absorption
with the x axis parallel to the surface normal, that the maximum separation caused
by the dye between the FTO and the electrolyte is less than 7 Å, which is smaller than
the separation observed for the ruthenium dyes [338]. They further argue that bulkier,
less planar dyes, with attachments groups along the long direction would lead to larger
separation distances and improved device performance. It has further been shown by
Ito et al. that one such bulkier dye, the indolene dye D149 from Uchida, functions well
even in the absence of a TiO2 blocking layer [339].

The type of electrolyte also affects the effectiveness of a blocking layer. In a liquid
electrolyte device, the iodine/iodide redox couple has a strong over-potential at the
electrolyte/FTO interface. This creates a barrier which prevents the recombination of
the photo-generated charges. However, in a solid-state electrolyte device, the spiro-
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MeOTAD forms an ohmic contact with the FTO which makes recombination highly
probable. Thus, in the latter device, the use of a compact layer is essential to avoid
recombination and short circuiting, and it thereby leads to improvements in the current
output of three to four orders of magnitude.

The results by Burke et al. and Ito et al. show that the separation between the FTO
and the electrolyte caused by the absorbed dye molecules improves device performance.
However what is of particular importance is that this improvement occurs for very small
separation distances, less than 2 nm [338]. Since this improvement is caused by just
a thin layer of dye, one might expect that, similarly, the use of very thin metal oxide
compact layers could also allow for such an improvement in device effectiveness.

A few studies have been reported where the performance of dye-sensitised solar cells is
measured as a function of the compact layer thickness, however thicknesses were still
limited to more than 20 nm [324, 326]. The primary fabrication technique suited for a
comprehensive study of the device performance as a function of compact layer thickness
is ALD. This is due to its ability to produce high quality and conformal films with a
low pin-hole density whilst maintaining a thickness control of less than 1 Å. ALD has
been used a handful of times to produce TiO2 blocking layers with thicknesses varying
from 4 nm to 35 nm [110, 340, 341].

During the process of writing this thesis a study was published by Kim et al. which
overlaps with this work [125]. They show, for a 18 µm thick TiO2 mesoporous film
with an N719 dye and an iodine-based electrolyte, that an optimum compact layer
thickness of 10 nm yields a power conversion efficiency of 8.5 % compared to 7 % with
no blocking layer. However no direct comparison of efficiency was made between the
ALD deposited compact layers and traditional fabrication routes such as spray pyrolysis
and spin coating.

In this study we have gone outside of the scope presented by Kim et al. The thick-
ness range is extended to sub-nanometre film thicknesses and the temperature to four
different deposition temperatures both above and below the amorphous to crystalline
transition at approximately 165 ∘C. The reasons for these extended thickness and tem-
perature ranges are three-fold. Firstly deposition of both amorphous and crystalline
films can affect the (re)crystallisation behaviour of the ALD films during the calcination
of the mesoporous TiO2 electrodes. Secondly, as shown in Section 7.3.4, the amount of
chlorine varies with deposition temperature, and is known to affect both the crystallisa-
tion behaviour [342] and the electronic properties by acting as a dopant [304]. Thirdly,
as has also been shown in (Section 7.3.4), the deposition of ultra-thin films allows for
the formation of films which remain amorphous even at elevated temperatures (550 ∘C)
and overextended periods of time (48 h).
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8.2.2 Experimental methods

Materials

The chemicals and materials listed in Table 8.2 were used as received unless otherwise
specified.

Chemical Purity(%)a Abbreviation

Acetonitrile, anhydrous 99.8 (SA) –
Chlorobenzene, anhydrous 99.8 (SA) –
D149 indolene-based organic dye – (SA) –
Ethanol 95 (SA) –
Flourine-doped tin oxide (FTO) coated glass 15 Ω/� (SR) FTO
Gold 99.999 (KL) –
Hydrochloric acid 37 (SA) –
Lithium bis(trifluoromethanesulfonyl)imide – (SA) –
Spiro-MeOTAD hole conducting material – (SR) Spiro
Tert-butylpyridine 96 (SA) –
TiO2 paste, 18 NTR – (DL) –
Titanium diisopropoxide bis(acetylacetonate) 75 (SA) TAA
Titanium tetrachloride 99 (SA) –
Water, deionised 18 MΩ DI water
Zinc, powder 99 (SA) –
a Suppliers are given in brackets: Sigma Aldrich, SA; Solaronix, SR; Kurt

Lesker, KL; Dyesol, DL.

Table 8.2: Chemicals and materials used in this part of the study.

Device fabrication

The FTO substrate was cleaned and etched according to Section 5.4.1. ALD compact
layers were then deposited using TiCl4 and H2O at 120 ∘C, 150 ∘C, 200 ∘C and 300 ∘C.
The range of cycles was 10, 20, 40, 60, 100, 200, 500, and 1000 which corresponds
to compact layer thicknesses of approximately 0.5 nm, 1 nm, 2 nm, 3 nm, 5 nm, 10 nm,
20 nm and 50 nm assuming a deposition rate of 0.5 Å per cycle (Section 4.7.2). The
deposition rate does vary with temperature and as such the exact deposition thickness
was determined by ellipsometric measurement of a piece of silicon placed in the ALD
reactor during depositions. Reference substrates were also fabricated according to the
procedure in Section 5.4.1.

The solid-state dye-sensitised solar cells were produced according to Section 5.4.1 and
Section 5.4.1. The fabricated mesoporous TiO2 films had an approximate thickness of
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1.6 µm. The ALD deposited compact layers were not calcinated prior to the assembly
of the mesoporous layer.

The device characterisation was performed according to Section 5.4.3.

8.2.3 Results and discussion

Due to time constraints the results presented here are only initial findings and further
work is currently being carried out to verify and extend the results of this thesis.

Figure 8.4 shows a cross-section through a typical assembled device. The TiO2 electrode
is clearly visible and the lack of porosity shows the successful infiltration of the spiro-
MEOTAD solid-state hole conductor.
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Figure 8.4: (A) Cross-sectional scanning electron micrograph of a solid-state elec-
trolyte DSSC assembled on an ALD deposited TiO2 compact layer. The
lack of voids shows the complete infiltration of the spiro-MeOTAD hole
conductor. (B) I-V traces for illuminated (solid lines) and dark (dashed
lines) conditions for the best performing compact layer for each deposition
temperature as well as the reference device.

The best I-V curves collected for the four deposition temperatures and the eight com-
pact layer thicknesses are shown in Figure 8.5. From all sets of I-V curves we extracted
averaged short-circuit currents, open-circuit voltages, fill-factors and power conversion
efficiencies. They are shown in Figure 8.6 as a function of the compact layer thickness
for the four deposition temperatures. The performance of the reference devices are
shown by the dashed lines.

Neither the devices utilising the ALD compact layers nor the devices utilising the
spray-pyrolysis compact layer perform as well as state-of-the-art ss-DSSC [343], which
is not surprising given that these are non-optimised devices utilising standard dyes
and electrolytes. However it is interesting to compare the ALD compact layer devices
with the reference spray-pyrolysis ones. For thick ALD compact layers, the devices
perform worse than the reference devices regardless of the deposition temperature as
shown in Figure 8.6. This agrees with the results by Kim et al. (although care has to
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Figure 8.5: I-V measurements under illuminated (solid lines) and dark (dashed lines)
conditions for devices with ALD compact layers. The number of ALD de-
position cycles are 10, 20, 40, 60, 100, 200, 500 and 1000. The deposition
temperatures are (A) 120 ∘C, (B) 150 ∘C, (C) 200 ∘C and (D) 300 ∘C.

be taken when comparing results from liquid electrolyte and solid-state electrolyte de-
vices). This decrease in performance for thicker films is thought to be due to decreased
transmittance and lowered tunnelling effects. The lower density of the spray-pyrolysis
TiO2 leads to a higher transmittance compared to the ALD grown TiO2.

There is a clear difference between devices with compact layers deposited at 120 ∘C
and those with compact layers deposited at higher temperature. For the 120 ∘C com-
pact layers the efficiency is approximately 1 % regardless of the number of ALD cycles
whereas at higher deposition temperatures there is a general trend showing power con-
version efficiencies which match or better those of the reference devices for 10, 20 and
40 ALD cycles with a decrease to approximately 1 % for higher numbers of cycles. We
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attribute the constantly low efficiency at 120 ∘C to a higher concentration of chlorine
impurities and a higher density of pin-holes in the TiO2 compact layer film.
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Figure 8.6: Device characteristic of ALD compact layers deposited at 120 ∘C, 150 ∘C,
200 ∘C and 300 ∘C. The dashed lines denote the characteristics of the
reference device. The characteristics are (A) short-circuit current, (B)
open-circuit voltage, (C) fill factor and (D) power conversion efficiency.

The best performing device with an ALD compact layer displays a power conversion
efficiency of 3.42 % with a short-circuit current, open-circuit voltage and fill-factor of
10.8 mA cm−2, 0.72 V and 0.44 respectively. This device consist of a 1.1 nm (20 ALD
cycles) compact layer deposited at 150 ∘C and displays an increase in power conversion
efficiency compared the reference devices of 20 %.

We believe that the main reason for the equal or improved performance compared to
the spray pyrolysis reference devices lies in the fact that the ultra-thin compact layers
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remain amorphous despite the higher temperature calcination of the mesoporous TiO2

film. The amorphous layer successfully prevents recombination whilst being sufficiently
thin to allow effective tunnelling of electrons through it. The ultra-thin compact layers
also ensure that the transmittance is very close to the uncoated FTO.

As described in the introduction, the purpose of a compact or blocking layer is to pre-
vent recombination between electrons injected into the FTO and the electrolyte in the
device. Thus the ideal compact layer from a recombination point of view consists of
a thick film of a material with a low conductivity. However the electrons transported
through the mesoporous TiO2 scaffold require a thin compact layer with a high conduc-
tivity to allow for an effective injection of the electrons into the FTO and a low series
resistance. Thus a compromise has to be found in term of the thickness of the compact
layer and its conductivity. We hypothesise that the improved performance shown by
our devices can be explained by their resolution of these opposing requirements.

As shown in Section 7.3.4, the confinement imposed by ultra-thin ALD deposited TiO2

films leads to a significant suppression in crystallisation, and films below 4 nm do not
crystallise despite calcination at 550 ∘C for 48 h. It is this suppression that we think
could be responsible for the impressive performance of the ultra-thin compact layer
devices.

The schematic for our hypothesis is shown in Figure 8.7. Prior to calcination of the
mesoporous TiO2 electrode, the TiO2 compact layer is amorphous, regardless of ALD
deposition temperature, as long as the film thickness is approximately 4 nm or thinner
(which corresponds to roughly 70 ALD cycles). Upon calcination with the TiO2 film
assembled on top of the compact layer, only regions of the compact layer in contact
with TiO2 nanoparticles crystallise. This is because the nanoparticles act as nucleation
points for the crystallisation of the compact layer. The regions in between these contact
points, between the mesoporous layer and the compact layer, remain amorphous. This
leads to an effective lowering of the recombination between electrons in the FTO and
the electrolyte due to the conformal nature and low pin-hole density of the ALD TiO2,
whilst also promoting effective transport from the TiO2 scaffold to the FTO.

The threshold for the crystalline/amorphous transition described in Section 7.3.4 is
based on TiO2 ALD films grown on silicon substrates and we expect the threshold to
be thinner for depositions on rougher substrates such as FTO. The different lattice
matching of the FTO/TiO2 interface could also influence the crystallisation behaviour.
This agrees which the results in Figure 8.6D which show impressive power conversion ef-
ficiencies for compact layers up to 40 cycles or 2.2 nm. Compact layers with a thickness
above approximately 3 nm are expected to be crystalline which increases the recom-
bination rate as well as removing the possibility of the binary crystalline/amorphous
compact layer configuration described above.

To the extent of our knowledge, the successful use of sub-2 nm compact layers in dye-
sensitised solar cells has not been reported previously. Nor have we found any reference
to the concept of a binary crystalline/amorphous compact layer or a potential route
to fabricate such a layer. We believe that with further work and optimisation, this
use of ultra-thin atomic layer deposited compact layers could become a useful route

171



8 ALD in photovoltaic applications

A B

FTO coated glass

TiO2 NP

ALD TiO2 compact layer

TiO2 NP

FTO coated glass

Figure 8.7: Schematic of selective crystallisation of a TiO2 compact layer. Crys-
talline and amorphous regions are denoted by red and blue respectively.
The sizes are not to scale. (A) The FTO/compact layer/TiO2 scaffold
interface prior to calcination. The ALD compact layer is amorphous since
its thickness is below the threshold for crystallisation suppression. (B)
As the device is calcinated at 500 ∘C in air for 3 h the parts of the compact
layer which are in contact with the TiO2 nanoparticles crystallise, whereas
the rest remains amorphous. This binary crystallisation behaviour leads
to improved device performance.

to improve the performance of dye-sensitised solar cells as well as organic solar cells.
The technique could also be used for other metal oxide scaffolds such as ZnO DSSCs.
Moreover, dopants could be used to further increase the conductivity of the TiO2

and potentially extend the suppression threshold to thicker films, which could in turn
improve the suppression of recombination. These low temperature depositions of very
thin compact layers could also have uses in low temperature devices fabricated on
temperature sensitive polymeric substrates.

8.2.4 Conclusion

In this section it has been shown that ultra-thin TiO2 films of less than 3 nm, deposited
using ALD from TiCl4 and H2O,can successfully be used as compact or blocking layers
in solid-state dye-sensitised solar cells. We believe that this is the thinnest TiO2 com-
pact layer used in a functioning DSSC reported so far. The ultra-thin compact layer
devices equal and even out-perform otherwise identical devices which utilise a 50 nm
thick compact layer formed through spray-pyrolysis. We believe that this enhanced
performance is due to the reduced recombination rate of an amorphous compact layer
and the formation of a binary amorphous/crystalline compact layer upon calcination,
where the contact points between the mesoporous TiO2 scaffold and the compact layer
act as nucleation seeds for the crystallisation of the otherwise amorphous layer. This
selectivity ensures an amorphous compact layer at the electrolyte/FTO interface which
suppresses recombination, and a crystalline compact layer at the TiO2 electrode/FTO
interface which leads to an efficient electron injection. The combination of these effects
leads to improved device performances compared with traditional devices with compact
layers fabricated using spray pyrolysis.
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9 Biomimicry of the Papilio Blumei

Up until this point the use of atomic layer deposition has been mainly focused on
photovoltaic applications. In the following study a similar process of ALD growth on
self-assembled structures is utilised in an optical application. The chapter will describe
the biomimicry of the wing scales of the Papilio Blumei butterfly. This is accomplished
using well-studied experimental techniques including assembly of colloidal monolayers,
electrochemical deposition of metals and atomic layer deposition. The results of an
alternative fabrication route which produced a very striking colour response will also
be presented.

9.1 Introduction

Over the last few decades, research into micro- and nano-structured fabrication has
more and more frequently taken inspiration from structures found in nature. This
trend has included the design of novel device structures such as bio-inspired optics
and dynamic device architectures [344], and direct biomimetic replication [345]. One
particular field of biomimetics that has received an increased interest is the biomimicry
of structural colours. The major reason for the appeal of research in this field is
its potential industrial and commercial relevance, for example in anti-counterfeiting
security features, cosmetics and paints [346, 347].

Vivid, pure and intense colours play a very import role in nature amongst both animals
and plants. In animals, colours are normally used as an intra-species form of communi-
cation as an offensive cue between males as well as a visual selection criterion between
males and females for reproduction [348]. Colours can also have an inter-species func-
tion as both warning signs and camouflage [349–351]. In plants colours are normally
used as a means to attract pollinators [352] but examples of more intricate evolutionary
functions such as UV-protection can also be found [353].

The majority of colours seen in both animals and plants have a pigment-based origin,
however the use of pigments makes the production of bright and vivid colours more
difficult. Instead, these vivid colours arise from the interaction between light and struc-
tures on the micrometre and nanometre length scale [354–356]. Colours produced in this
manner are normally termed ’structural colours’. Compared to pigment-based colours,
the structures in structural colours are normally formed from materials that display
low light absorption. The main physical effects responsible for structural colours are
diffraction, multilayer interference and coherent scattering. Normally these effects are
coupled with wavelength specific absorption to enhance certain optical features [357–
359]. Through evolutionary development, nature has fine-tuned the ideal structures
to include varying amounts of disorder, thus enhancing certain spectral features as
well as producing a broader angular response. A large number of design architectures,
such as multilayers, perforated multilayers, disordered scattering films, structures that
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mix features with different length scales and photonic crystals are employed in nature
to achieve not only bright colours but also to enhance reflectivity, light polarisation,
strong scattering to form pure whiteness and strong absorption to form deep blackness
[69, 347, 360–363]. The Morpho butterfly is a stark example [357] of the incorporation
of structural colour.

The work of this chapter is focussed on the biomimcry of one species of butterfly, the
Papilio blumei, and in particular on the successful replication of the colour mixing
seen on its wings. Although the physical underpinnings that describe the observed
spectral response are well understood, the actual replication of these structures has
previously presented a significant challenge. Some attempts have been carried out to
replicate the multilayer structure and colour mixing seen in the Blumei butterfly. One
approach similar to the one carried out in this chapter has been recorded by Crne et
al. where breath-figures are used to replicate the wing scale concavities [364]. Butterfly
wing scales have also been directly replicated using ALD, however this route does
not replicate the intricate multilayer structure seen in the Blumei [365]. The work
presented in this chapter was undertaken in collaboration with Mathias Kolle and
Maik Scherer1.

9.1.1 Papilio blumei and papilio palinurus

The wings of both the Papilio blumei and the Papilio palinurus display striking green
areas against a dark or black background, as shown in Figure 9.1A. Higher magnification
optical microscopy of the individual wing scales (Figure 9.1B,C) reveal microstructures
on the surface of the scales. These microstructures reflect yellow-green light from the
centres and blue light from the edges, as seen in Figure 9.1E and it is this mixing of
sources of yellow and blue light that causes the observed green colour on the millimetre
length scale. The microstructures are in fact concavities (Figure 9.1D), approximately
5 µm to 10 µm in size, which are conformally coated with a multilayer consisting of
alternating layers of cuticle and air/cuticle which gives the required refractive index
contrast. The cuticle and air multilayer displays a reflection maximum under normal
incidence illumination at 𝜆 = 525 nm which moves to 𝜆 = 477 nm when the incident an-
gle is shifted to 45° (Figure 9.1I). The wing scales display a reflectance peak bandwidth
of approximately 105 m which is slightly wider than expected from a flat cuticle/air
multilayer, 𝜆ml = 2/𝜋𝜆∆𝑛/𝑛 ≈ 74 nm where ∆𝑛 and 𝑛 are the refractive index differ-
ence and average refractive index respectively and 𝜆 is the centre wavelength of the
reflectance peak [358].

From an assumed refractive index of the cuticle of 𝑛cut = 1.56, the refractive index of
the air/cuticle layer of the multiayer was calculated to be approximately 1.25. This
value agrees with values from literature [355]. Light that is reflected from the centre

1The majority of the fabrication steps, including the photolithography, the assembly of colloidal
crystals, the electrochemical depositions and the atomic layer deposition, were carried out by myself.
Optical and spectral characterisation and imaging was carried out by Mathias Kolle. The figures in
this thesis are based on these measurements.
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Figure 9.1: Optical response of the Papilio blumei butterfly. (A) The butterfly dis-
plays stunning green areas caused by structural colours on its wings.
(B,C) High magnification optical micrographs of the green areas. The
intricate microstructure responsible for the colour is clearly visible. (D)
Scanning electron micrograph of the cuticle and air multilayers. (E)
Optical micrograph of the concavities under co-linear polarisers display-
ing their yellow-green centres and blue rims. (F) Optical micrograph of
the concavities under crossed polarisers. The four blue segments along
the concavity rim are caused by a double polarisation rotation. (G)
Schematic of light reflection in a concavity causing the central yellow-
green colour and the blue colour along the rim. (H) Two-dimensional
spectroscopic scan at 466 nm of a 20 µm×20 µm section of a wing scale.
(I) Spectra measured along the arrow in H. The red curve displays the
spectral response of the wing scale multilayer predicted from simulations.
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of the concavity inpinges on the multilayer at normal incidence and the retro-reflected
light from these regions is thus yellow-green. On the other hand, light incident on the
edges of the concavity inpinges the multilayer at a non-normal, close to 45° angle which
causes the observed blue colour as well as a double reflection as shown in Figure 9.1G.
Besides the spectral filtering caused by the multilayer near the edge of the concavities,
the double reflection off these areas also causes a geometrical rotation of the polarisation
of the incident light [366]. If the concavities are observed under crossed polarisers, light
from the central regions is extinguished (Figure 9.1F) since no polarisation change is
expected from a normal incident reflection. However light incident at the outer edges
of the concavities is retro-reflected as four distinct regions all at 90° to each other
(Figure 9.1F) [355, 366]. This phenomenon is explained by the polarisation rotation
mentioned above. Light incident with a polarisation angle of 𝜃 relative to a defined
incident reference plane will acquire a total polarisation change of 2𝜃 through the double
bounce which leads to an intensity distribution of cos 2𝜃 and thus the four observed
blue regions.

Upon comparison of the spectral response seen in the Papilio blumei and Papilio pal-
inurus to other butterflies such as the Papilio ulysses, an absence of colour mixing
and polarisation rotation is observed in the latter. This is caused by the shallower
concavities of the Ulysses, with smaller angles between the sides and the top of the
concavities, which can not support a double reflection.

9.1.2 Biomimetical replica

The aim of this study was to mimic the spectral response of the Blumei rather than the
complete wing scale structure, which allowed for a certain degree of freedom over choice
of materials. For the most part, inorganic materials were chosen for the replication
which significantly simplified the fabrication procedure. The cuticle/air multilayer was
substituted by a TiO2/Al2O3 Bragg multilayer deposited using ALD. TiO2 and Al2O3

both have the advantage that they do not display any significant absorption in the
visible spectrum. The concavities themselves were fabricated using a combination of
colloidal self-assembly, which will be described in more detail in the following section,
and electrochemical deposition of gold or platinum.

Besides the successful mimicry of the colour response of the butterfly, this chapter will
also describe the fabrication of a variant to the morphology of the Blumei butterfly
through a conceptually very simple modification to the fabrication procedure, which
displays a much stronger colour variation than its natural inspiration.

9.1.3 Fabrication of colloidal monolayers

A number of fabrication methods exist to grow colloidal monolayers, including spin
coating [367, 368] and evaporation deposition [369, 370]. The main problem with these
methods is that it is very hard to achieve monolayers when the colloidal particle size
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is smaller than 2µm. To avoid this problem, together with other complications such
as long fabrication times, a different fabrication technique was used in this study. tjis
technique is known as the suspension-pulling technique and will be detailed below.

In order to understand this fabrication technique, it is first necessary to review the
physics of colloidal crystallisation. A range of physical processes including electrostatic
repulsion and Van der Waals forces have been suggested to be responsible for the
colloidal crystallisation process. In 1992 Denkov et al. showed that the main driving
force for the close packing of the colloidal particles is the capillary force occurring when
the solvent evaporates [371]. As the liquid evaporates, the particles become partially
immersed, which leads to the eventual formation of a meniscus between neighbouring
particles as seen in Figure 9.2A.

A B
Assembled

colloidal
crystal

Aqueous
colloidal
reservoir

Kapton
cantilever

Adjustable
micrometre

stage

Figure 9.2: (A) Hexagonal close-packing of colloidal particles partially immersed in
a liquid. The particles are pulled together because of attractive forces
caused by the deformation of the meniscus between the two particles.
Modified from [371]. (B) Experimental setup of the suspension-pulling
technique. The cantilever is slowly withdrawn using the micrometre screw
to form the colloidal layer. The formation of multilayers can be prevented
by controlling the amount of water vapour in the air above the sample.
Modified from [75].

The shape of the meniscus depends on the undisturbed liquid depth (I0), the contact
angle of the solid in the liquid (α), the particle separation (2S) and the radius of the
particles (R). There are two contributions to the attractive driving force between two
colloidal particles. The smaller of the two is a pressure force arising from the differing
liquid heights inside and outside of the two particles. The major contribution is due
to an imbalance in the forces arising from the surface tension of the gas/liquid/solid
contact line. The imbalance leads to an attractive force which can be shown to be

Fx =
2πσrc
2S

sin2(ψc), (9.1)

where 2πrc is the circumference of the circular gas/liquid/solid contact line and ψc is
the average angle between the meniscus and a plane parallel to the substrate. Since
the attractive force is inversely proportional to the particle separation the attraction
continues until the particles touch. Once touching the particles are held in close prox-
imity by van der Waals interactions. This pair-wise attraction occurs between all the
nearest neighbour particles in the systems which leads to an equilibrium hexagonally
close-packed state which minimises the average inter-particle distances.
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The crystal growth is sustained by an influx of particles from the region where the
particles are still fully immersed. The influx is caused by a movement of liquid towards
a region of high evaporation rate from the already assembled crystal.

The technique used to fabricate the colloidal monolayers is called the suspension-pulling
technique and was developed by Maik Scherer [75] but has also been separately de-
scribed by Zhang et al. [372]. It allows the user to control two parameters: the height
of the suspension reservoir, and the evaporation rate of the water. This in turn controls
the formation of either monolayers or multilayers. The experimental setup is shown in
Figure 9.2B above. The method works by pulling a suspension of colloids in water over
a flat substrate using a hydrophobic cantilever. The cantilever allows for the formation
of a thin layer of water on the substrate with a well-defined thickness, as well as trap-
ping the suspension between the cantilever and the substrate thus forming a reservoir
of colloids. A linear scratch is made in the substrate perpendicular to the movement
of the cantilever, and this acts as the nucleation point for the crystal growth. As the
cantilever is slowly moved away from the scratch using the micrometre screw shown in
Figure 9.2B the crystal grows at the tip of the cantilever.

9.2 Experimental methods

9.2.1 Materials

The chemicals and materials listed in Table 9.1 were used as received unless otherwise
specified.

Chemical Purity (%)a Abbreviation

Polystyrene colloids, 5 µm 10 (DS) –
Gold plating solution, ECF60 – (ML) –
Hexachloricoplatinic acid 99.9 (SA) –
SU-8 2000.5 – (MC) –
Titanium tetrachloride 99 (SA) –
Trimethylaluminium 97 (SA) TMA
Water, deionised 18 MΩ DI water
a Suppliers are given in brackets: Metalor, ML; Sigma

Aldrich, SA; MicroChem, MC, Duke Scientific, DS.

Table 9.1: Chemicals and materials used in this part of the study.
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9.2.2 Sample fabrication

The template used for the fabrication of the ordered concavities consists of 5 µm
polystyrene colloids assembled in a monolayer on gold coated silicon substrates using
the method described in Section 9.1.3. Approximately 20 µL of the colloidal suspen-
sion in water is placed under a 15 mm wide Kapton cantilever which produces colloidal
monolayers approximately 15 mm × 20 mm.

The template is subsequently replicated by electrochemical deposition of a 2.0 µm to
2.5 µm thick layer of platinum or gold into the interstitial spaces between the colloids
Figure 9.3 [356, 373, 374]. A three-electrode setup with a Ag/AgCl reference electrode
and a platinum mesh counter electrode is used. The deposition electrolytes are a 50 mM
aqueous hexachloroplatinic acid solution and a commercial plating solution (Metalor
ECF60 with the addition of 0.5 vol/vol% E3 brightener) for the platinum and gold
depositions respectively.

Two different routes may then be followed depending on the type of sample as shown
in Figure 9.3. For the direct replica of the Blumei the polystyrene colloids were re-
moved by sonication in dimethylformamide, resulting in close-packed metal concavities
Figure 9.3C. The gold or platinum surface was covered with a 20 nm film of amorphous
carbon. The thin layer of carbon acts as an absorption layer limiting unwanted reflec-
tions from the gold as well as counterproductive destructive interference which would
limit the optical appearance of the sample. The metal concavity template was then
conformally coated with a TiO2 and Al2O3 Bragg mirror using atomic layer deposition
Figure 9.3D. In the second fabrication route, instead of removing the polystyrene col-
loids prior to the ALD deposition, the sample was heated to 200 ∘C, melting the colloids
in order to create a planar top surface onto which the ALD multilayer was deposited
Figure 9.3E,F.

9.2.3 Sample characterisation

The morphology of the produced replicas are determined using SEM. Prior to imaging
at 45° and 90° the samples are coated with a thin layer of gold/palladium.

Spatial spectroscopic information is obtained using an Olympus BX-51 microscope
setup with a spot-size of approximately 1 µm (using a 100x objective and a 50 µm core
optical fiber) equipped with computer-controlled translational stage. A halogen lamp
serves as the light source.
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Figure 9.3: Fabrication routes for the biomimetic replication of the Papilio blumei
butterfly. (A) A monolayer of 5 µm polystyrene colloids are assembled
on gold-coated silicon using the technique described in Section 9.1.3. (B)
Gold or platinum is electrochemically deposited through the colloidal tem-
plate to just under half-colloid height. (C) For the standard replication
route the colloids are removed using sonication in DMF. A thin layer of
amorphous carbon (3 nm to 5 nm) is then deposited on the metal con-
cavities to lower the reflectivity of the concavity surface. (D) A Bragg
multilayer stack consisting of 11 layers of Al2O3 and TiO2 is conformally
deposited on the surfaces of the concavities. (E) For the modified repli-
cation route the polystyrene colloids are melted at 200 ∘C to produce a
flat polymer cavity on top of the metal concavities. (F) A planar Bragg
stack is then deposited on the polystyrene cavity using the same process-
ing parameters as in D.

9.3 Results and discussion

9.3.1 A direct biomimetic replication

The artificial concavities can be seen in Figure 9.4A. Although a colloid size of 5 µm is
used, the gold replicated concavities have diameters of approximately 4.5 µm due to a
deposition thickness of 2.3 µm which is below half-colloid height as seen in Figure 9.4B.
The multilayer deposited on the concavities using ALD as shown in Figure 9.4B con-
sists of 11 layers, alternating TiO2 and Al2O3 (the first and last layers being Al2O3).
The layer thicknesses and refractive indices of the TiO2 and Al2O3 are measured using
ellipsometry to be 𝑑TiO2 = 57 ± 4 nm, 𝑛TiO2 = 2.5 ± 0.1 and 𝑑Al2O3 = 82 ± 4 nm,
𝑛Al2O3 = 1.7 ± 0.1 respectively. The layer thicknesses were chosen, based on the mea-
sured refractive indices of the TiO2 and Al2O3, as to produce a stop-band that matches
the reflectance of the Blumei, which has a band centre at about 525 nm, as closely as
possible. The measured normal incidence reflectance peak is determined to be 550 nm
which agrees well with predictions from modelling. The optical appearance of the mul-
tilayer coated concavities at normal and grazing incidence are shown in Figure 9.4C,D.
The normal incidence optical response qualitatively matches the colour of Blumei very
well. For the grazing incidence the perceived colour is blue-shifted as expected as well
as displaying iridescence.
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Figure 9.4: Biomimetic replication of the Papilio blumei butterfly. (A) SEM image
taken at 45° of the top surface of the multilayer coated metal concavities
showing the large area conformality of ALD. (B) Cross-sectional SEM
image of a single concavity showing that the ALD multilayer conformally
coats the metal concavity. (C) Image of a 1 cm2 biomimetic replica at
normal incidence displaying a striking green colour due to the colour
mixing from the edges and centres of the concavities. (D) Image of the
same sample as in C taken at grazing incidence which blue-shifts the
optical response. The sample also displays some iridescence.

While the bandwidth of the original butterfly wingscales is ∆𝜆 = 105 nm, the replica
displays a reflection bandwidth of 140 nm (calculated value of ∆𝜆ml = 2

𝜋
𝜆Δ𝑛

𝑛
= 134 nm).

This difference is expected due to the larger value of ∆𝑛/𝑛 for the TiO2 and Al2O3

multilayer.

Higher magnification microscopy of the replica concavities also agree with the natural
original, with the centres and the edges reflecting yellow-green and blue respectively
as shown in Figure 9.5A. This is further confirmed by the spectral map in Figure 9.5B
and the observed peak-shift in Figure 9.5C. Spectroscopy of the replica under cross
polarisers also matches the spectral features of the butterfly with only light incident
on four distinct regions of the edge of the concavities being reflected (Figure 9.5D).
As expected for a multilayer illuminated at non-normal incident (45°) the reflected
light is shifted to a shorter wavelength than the light reflected from the centre of
the concavities (Figure 9.5E). This shows that the inorganic replica displays the same
spectral behaviour as its natural counterpart.

As well as replicating the optical features of the butterfly, the replica also displays an
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additional optical feature. This is the double-peak seen in the reflection spectrum under
crossed polarisers (Figure 9.5F). To understand this set of observed peaks one has to
look at the behaviour of the complex reflection coefficients, 𝑟s and 𝑟p, as the s- and
p-components of the incident light are reflected from the curved multilayer surface. It
is possible to model the full reflectivity of a single multilayer concavity using a transfer
matrix model with the assumption that all of the incident light is reflected via single-
, double- and triple-bounces. A triple bounce is possible if the incident light is at
an angle of 60° with respect to the normal. The reflection spectra are calculated for
linearly polarised incident light and for the detection through no polariser and with a
polariser parallel and perpendicular to the incident light.
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Figure 9.5: Optical response of biomimetic replica. (A) High-magnification mi-
croscopy image taken using un-polarised light of multilayer-coated con-
cavities. The yellow-green centres and blue edges are clearly visible. (B)
2D spectral map at 450 nm of an array of concavities in A. (C) Spectra
taken along the arrow B from the interstitial space between three con-
cavities to a concavity centre. (D) The area in A imaged under crossed
polarisers. Four distinct regions are visible which are due to the polari-
sation rotation caused by the incidence light impinging at the multilayer
at non-normal incidence at the edge of the concavities. (E) 2D spectral
map at 450 nm taken under crossed polarisers of the area in B. (F) Spec-
tra along the arrow in E taken from the interstitial space between two
concavities to a concavity centre.

In summary, the results show that a triple bounce is needed to result in the observed
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double-peak feature of the sample under crossed polarisers (for the full results see the
thesis of Mathias Kolle [375]). Simulations of triple bounces agree well with the
measured reflection spectrum as shown by the red curve in Figure 9.5F. The reason
for why this double-peak reflection is not observed in the reflection spectrum of the
butterfly is two-fold. Firstly the refractive indices of the cuticle/air multilayer leads to
only a very shallow dip in the broad reflection peak. Secondly the butterfly wing scales
consist of concavities with varying sizes and orientations which means that a mix of
double and triple bounces are present, further reducing the double-peak shape of the
reflection peak.

As mentioned previously, the macroscopically observed colour is a mixture of the reflec-
tions of the centre and edges of the concavities. The maximum wavelength separation
between these two colours can be calculated given the expression for the wavelength of
the peak reflectance as a function of the incident angle,

𝜆(𝜃i) =
2

𝑚

[︁
𝑑1
√︀
𝑛1

2 − sin2 𝜃i + 𝑑2
√︀
𝑛2

2 − sin2 𝜃i

]︁
(9.2)

where 𝑑1, 𝑑2, 𝑛1 and 𝑛2 are the thicknesses and refractive indices of the two multilayer
components, 𝑚 is a positive integer and 𝜃i is the incident angle of the illumination.
Given the refractive indices and thicknesses of the TiO2 and Al2O3 multilayer and
incident angles of 0° and 45° at the centre and edge of the concavities respectively, a
maximum colour separation of 35 nm is possible. This can be compared to a maximum
shift of 60 nm for the butterfly multilayer. The colour shift could be extended further
by altering the refractive index of one of the two layers, for example by replacing the
Al2O3 layer with a material with a lower refractive index.

The perceived hue of the reflected colours can also be improved by utilising two ma-
terials with a smaller refractive index contrast which in turn leads to a narrower band
width. However the use of materials with a smaller refractive index contrast has the
unwanted side effect of resulting in a lower reflectivity unless more layers are used in
the Bragg stack.

9.3.2 An alternative fabrication route

As mentioned in Section 9.1.2, a relatively small modification to the fabrication proce-
dure leads to a large change in the spectral response of the sample. The modification
takes place before the deposition of the TiO2 and Al2O3 multilayer. Instead of remov-
ing the polystyrene colloids using dimethyl formamide (DMF), the sample is heated
to 200 ∘C, melting the colloids and forming a flat surface for the multilayer deposition
(Figure 9.3C). The formation of this polystyrene spacer layer fills the concavities com-
pletely, creating polystyrene resonance cavities between the planar multilayer and the
curved gold concavity surface as shown in Figure 9.6B. This modification in the fabrica-
tion procedure leads to a striking colour response (Figure 9.6C,D). The observed colour
is a function of the position of the observer relative to the light source. If observed
in specular reflection, including at normal incidence, the sample appears a vidid blue
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whereas in observation through retro-reflections the sample displays a vivid red colour.
Figure 9.6E displays a schematic of the possible optical paths through the modified
replica for both normal and non-normal incidence light, which explains the observed
colours.

10μm

A

2μm

B

C D

10mm10mm

E

Polystyrene cavity

Au concavities

TiO2/Al2O3 multilayer

Figure 9.6: Modified fabrication procedure of the Blumei replica. (A) SEM image
taken at 45° of the modified replica. Projections of the concavities are
still visible due to small height variations of the polystyrene cavity across
each concavity. (B) Cross-sectional SEM image of a single concavity. The
polystyrene cavity and the Bragg multilayer stack are clearly visible.(C)
Modified replica displaying the crest of the University of Cambridge tem-
plated using an SU-8. The sample displays a vibrant blue colour under
specular reflection. (D) The sample in C displays a striking red colour
when observed in retro-reflection. (E) Schematic of the optical paths
through the modified replica under non-normal incidence illumination
(light grey arrows). Specular reflection leads to a vibrant blue colour
whereas retro-reflection and observation at normal incidence displays a
striking red colour.

This study has devised a route which allows the patterning of the observed colour
change using optical lithography with a resolution of less than 50 µm. This is achieved
by electrically insulating the gold coated silicon substrate with a thin layer of SU-8
prior to the assembly of the colloidal monolayer. The thin SU-8 layer does not interfere
with the colloidal assembly but it instead prevents the electrochemical deposition of
gold or platinum in the covered areas. The samples still retain the striking colour
change from specular to retro-reflection as seen by the patterned logo of the University
of Cambridge in Figure 9.6C,D.
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Spectral maps of the modified fabrication procedure replica display similar spectral
features to the unmodified replica under both un-polarised light and under crossed
polarisers. The main optical difference between the two replicas is the method by which
the observed colours are produced. In the unmodified replica, the change in colour from
the centre to the edges of the concavities is linked to a non-normal light incidence, as
described by Equation (9.2). In the modified version, the planar multilayer acts as a
spectral filter reflecting the blue part of the spectrum, which explains the observed blue
colour in specular reflection (Figure 9.7A).
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Figure 9.7: Optical response of the modified biomimetic replica. (A) High-
magnification microscopy image taken using un-polarised light. The spec-
tral filtering of the multilayer in combination with the polystyrene cavity
causes the edges and centres of the concavities to appear blue and white
respectively. (B) 2D spectral map at 750 nm of an array of concavities
in A. (C) Spectra taken along the arrow in B from the interstitial space
between three concavities to a concavity centre. (D) The area in A im-
aged under crossed polarisers. Four distinct regions are visible which are
due to the polarisation rotation caused by the red light filtered by the
multilayer impinging at the concavity surface at non-normal incidence at
the edges of the concavities. (E) 2D spectral map at 750 nm of the area
in B taken under crossed polarisers. (F) Spectra along the arrow in E
taken from the interstitial space between three concavities to a concavity
centre.
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However the red part of the spectrum, which is the complimentary colour to the re-
flected light, is transmitted through the multilayer where it is retro-reflected off the
gold concavities. The circular concavities ensure that this retro-reflection can take
place over a large range of non-normal incident angles. Little scattering of the red light
from the gold surface is observed. As expected from non-normal incidence illumina-
tion, both the reflected and transmitted light from the multilayer are shifted to shorter
wavelengths, thus moving the observed colour in retro-reflection from red to orange.

Resonance features caused by the polystyrene cavity modes are also present in the spec-
tra taken with un-polarised light, as shown by the 2D spectral maps in Figure 9.7B,C.
These features are more prominent in the centre of the concavities and the flat regions
between the concavities since these areas present a cavity between two relatively par-
allel surfaces. Measurements under crossed polarisers display similar optical features
as the standard replica with four red regions at 90° to each other (Figure 9.7D). The
retro-reflection of the transmitted red light at normal incidence illumination explains
the observed appearance of the concavities under high magnification with the centre
of each concavity appearing white whilst the edges appear blue (Figure 9.7A). This is
also seen in the top- and bottom-most spectra in Figure 9.7C which display a uniform
intensity across the visible spectrum compared to the middle three spectra.

Measurements were also taken of the modified replica under dark field conditions where
the illumination is at a incident angle of more than 70°. The numerical aperture of
the objective used, nA = 0.9, limits the collection angle to 65°. A collection angle
smaller than the illumination angle means that the blue specular reflection is filtered
out. However it is possible for red light that has passed through the multilayer to
reflect back within the 65° collection cone as shown in Figure 9.8A. A spectral map of
the sample in this dark field configuration is shown in Figure 9.8B together with the
measured spectra from a concavity edge to its centre (Figure 9.8C).
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Figure 9.8: Dark field optical response of the modified biomimetic replica. (A) Dark
field optical micrograph. (B) 2D spectral map at 688 nm of an array
of concavities in A. (C) Spectra taken along the arrow in B from the
interstitial space between three concavities to a concavity centre.

In summary the modified replica displays a vivid blue colour in specular reflection
and at normal incidence whereas a red colour is seen in non-specular directions and
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9 Biomimicry of the Papilio Blumei

especially in retro-reflection.

9.4 Conclusion

This chapter has shown that a biomimetic replica of the Papilio blumei butterfly can
be fabricated using common and well-studied fabrication techniques including colloidal
self-assembly, electrochemical deposition of metals, and atomic layer deposition of alu-
minium oxide and titanium dioxide. The inorganic biomimetic replica matches that
found in nature both visually with a striking green colour observed by eye due to the
mixing of blue and yellow-green colours from the edge and centre of each concavity,
and spectrally under both un-polarised and cross-polarised illumination. The use of
simple fabrication techniques allows for samples to be produced in a scalable fashion
over areas larger than the 1 cm2 produced in this study.

The chapter has further shown that a minor modification of the fabrication procedure
leads to a biomimetic structure that has a much more striking colour response than
its natural inspiration. The modified replica appears blue in specular reflection with
the colour changing to a striking red when observed under retro-reflection. This pair
of colours can easily be altered by changing the materials or thicknesses of the Bragg
multilayer stack. The striking colour response as a function of the observer’s position
relative to the sample and the light source could have significant potential commercial
applications.
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10 Summary and future work

This thesis has studied the crossover between the fields of atomic layer deposition,
block copolymer self-assembly and photovoltaics. The central research question asked
was how the technique of atomic layer deposition (ALD) could be incorporated into
the creation of nano-structured functional materials and devices, more specifically in
the areas of photovoltaics and biomimetics.

The aim of the work was to explore the capabilities of ALD as a strategy for overcoming
two main challenges: the creation of extremely thin conformal metal oxide layers and
the replication of complex high-surface-area templates. The use of ALD to deposit
thin conformal metal oxide film was implemented in four different studies. The main
experimental results and conclusions from these chapters and indications of potential
future work will be summarised below.

Chapter 6 described the study of post-deposition thermal oxidation of metal nano-
structures. The nano-structures consisted of copper electrochemically deposited in
double-gyroid-structured polystyrene templates. The gyroid-structured copper net-
works were subjected to a range of thermal oxidation treatments. Electron microscopy
and scattering experiments showed that low temperature oxidation at 70 ∘C resulted in
the formation of a core-shell copper/Cu2O/CuO structure whereas oxidation at 225 ∘C
and 350 ∘C resulted in Cu2O/CuO and CuO-only structures. These structures were
used to fabricate solar cells incorporating aqueous and non-aqueous liquid and solid-
state electrolytes. ALD was used to deposit both Al2O3 barrier layers and ZnO n-type
photoelectrodes. The best performing devices were those consisting of an acetonitrile-
based electrolyte containing a cobalt redox couple. The copper/Cu2O/CuO core-shell
networks also performed better than the Cu2O/CuO containing ones, and this im-
proved performance can be explained by the injection of photoelectrons generated in
the copper oxides into the copper core. The maximum measured power conversion
efficiency was 0.74 % for an active Cu2O thickness of 200 nm.

One of the limiting factors of the fabrication route described in this chapter is the elec-
trochemical deposition of copper in the gyroid-structured polystyrene templates. Not
only is electrochemical deposition not easily scalable but the use of a highly-ordered
template which requires thermal annealing to achieve its equilibrium morphology also
makes the fabrication process time consuming. One possible extension of the work
carried out in this chapter would be the transfer of the post-deposition thermal oxi-
dation concept to a mesoporous nanoparticular network similar to those used in TiO2

DSSCs. This would allow for the formation of copper/Cu2O core-shell networks using
traditional fabrication techniques such as screen printing. To prevent the oxidation of
the nanoparticles prior to the assembly of the network, which would limit transport
between neighbouring nanoparticles, the fabrication and assembly would have to be
carried out under an inert atmosphere. The matrix material used for the network for-
mation would also have to be carefully designed since pyrolysis is not a viable removal
technique. One possible route includes the use of polystyrene as the matrix material
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and the use of UV-light and/or ozone to achieve chain scission, which would allow for
its removal at low temperatures.

Chapter 7 described the deposition of metal oxides including Al2O3, TiO2 and ZnO in
double-gyroid-structured polystyrene templates with a pore diameter of 11 nm. The
intrinsically low density of functional groups on the surface of polystyrene makes nu-
cleation and homogenous ALD growth difficult, and as a result the initial depositions
inside the templates were of poor quality which did not survive high temperature cal-
cination. This triggered the need for a functionalisation route which would result in
a high density of functional groups on the template surface. Of a number of func-
tionalisation schemes tested, only plasma exposure and ozone exposure with a thermal
post-treatment produced functional groups whilst maintaining the structural stability
of the templates. ALD growth inside functionalised templates produced Al2O3, TiO2

and ZnO replicas with an aspect ratio of up to approximately 400:1 which survived
calcination. Attempts to include the TiO2 replicas in DSSCs elicited very low device
performances, due to a lack of crystallinity caused by confinement in the nano-tubular
networks formed during the depositions. From this we are able to deduce that inhibi-
tion of crystallisation imposes a lower bound on the pore size of polystyrene templates
used in the formation of anatase TiO2 structures by ALD. The ozone-based function-
alisation scheme devised in this chapter is expected to work with most carbon-carbon
double bond containing polymers and as such could be utilised for the deposition of
homogeneous thin films using ALD on a variety of polymeric substrates.

Chapter 8 described two ongoing projects. The first project dealt with the upgrade of a
commercial Beneq TFS200 reactor to enable the deposition of metal sulphides through
the use of H2S. Given that H2S is a highly toxic and flammable gas, the safety aspects
of the installation were considered carefully . A number of measures were taken to
reduce potential hazards. Firstly the H2S was supplied as a 3.5 % mixture in a N2

mixture. Secondly a forced extracted cabinet was installed to house the H2S cylinder
and regulator. The cabinet was equipped with an automatic shut-off valve as an ex-
tra safety measure. Thirdly a solid-state scrubber was installed before the building’s
exhaust, which allows the H2S level to be reduced to less than 5 ppm. Fourthly H2S
alarms were also installed at the cabinet, the scrubber and the ALD, and the alarm
set-point was chosen as 5 ppm in line with HSE regulations. As a test of the feasibility
of using a 3.5 % mixture of H2S for sulphide deposition, stoichiometric ZnS was success-
fully deposited. This installation will greatly extend the capabilities of the ALD and
projects are already underway to deposit antimony sulphide as a thin film sensitiser
and lead sulphide for optical applications.

In the second project ALD was used to deposit ultra-thin compact layers for solid-state
electrolyte dye-sensitised solar cells using TiCl4 and H2O as the ALD precursors. The
study spanned a large range of deposition temperatures (120 ∘C to 300 ∘C) and film
thicknesses (0.5 nm to 50 nm). It was demonstrated that devices utilising ultra-thin
ALD grown compact layers (below 4 nm) show comparable or better device perfor-
mances than devices with a traditional compact layer fabricated through spray pyrol-
ysis. We believe that the reason for the impressive performance of the ultra-thin TiO2

layers is twofold. Firstly crystallisation of the TiO2 is inhibited due to confinement
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and the amorphous nature of the compact layers reduces recombination. Secondly we
hypothesise that a binary crystalline/amorphous structure is formed upon calcination
of the mesoporous TiO2 scaffold of the device. The areas of the compact layer which
are in contact with the titania nanoparticles crystallise, leaving the rest amorphous.
This allows for a successful lowering of the recombination between the solid-state elec-
trolyte and the FTO whilst maintaining an effective injection of electrons from the
TiO2 scaffold to the FTO.

Current work to extend the use of these ultra-thin ALD grown compact layers to
organic solar cells is ongoing. One potential new direction for this project could be the
introduction of dopants in the TiO2 compact layer films. The correct choice of dopant
levels could allow for improved conductivity and transport of the titania, and could also
extend the amorphous-to-crystalline transition threshold to even thicker films, resulting
in an even greater reduction in recombination.

Chapter 9 described the use of ALD in the biomimetic replication of the spectral re-
sponse of the wing scales of the Papilio Blumei butterfly. A combination of well-studied
experimental techniques were utilised in the fabrication, including the assembly of col-
loidal monolayers, the electrochemical deposition of gold and platinum and the growth
of conformal thin Al2O3 and TiO2 films using atomic layer deposition. The standard
fabrication route consisting of gold concavities (approximately 5 µm in diameter) con-
formally coated with an ALD-grown Al2O3/TiO2 Bragg stack, successfully replicated
the colour-mixing spectral response of the butterfly wings. An alternative fabrication
route was developed, in which a polystyrene cavity was introduced between a planar
Bragg stack and the gold concavities, producing an even stronger optical response. The
samples now appeared a vivid blue in specular reflection and a striking red in retro
reflection. We further showed that it is possible to pattern these optical features on the
50 µm length scale which would enable the use of these structures in security features
such as anti-counterfeiting measures.

This thesis has successfully shown the capability of ALD to produce conformal and
ultra-thin metal oxide and metal sulphide films for a variety of applications in the
fields of photovoltaics and biomimetics.
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