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Abstract

This thesis describes a body of original research focused on the development of a viable
alternative to the indium-tin oxide (ITO) glass window electrode used in organic

photovoltaic (OPV) devices, based on the use of ultra-thin Cu films.

The first results chapter describes a low cost, robust Cu | Al bilayer window
electrode that simultaneously functions as the low work function electron-extracting
electrode and as a sink for oxygen/water molecules in OPVs. When the electrode is
exposed to air, an ultra-thin oxide layer forms at its surface without any increase in
surface roughness, and the sheet resistance of the electrode actually decreases. However,
this electrode has the disadvantage of a lower far-field transparency than ITO glass. The
second results chapter describes how the transparency of ultra-thin Cu films can be
increased to a level comparable to that of ITO glass across most of the spectrum over
which OPVs harvest light using an overlayer of tungsten sub-oxide (WOs.,) which is
spontaneously doped with Cu, increasing both its refractive index and electrical
conductivity. Unfortunately these electrodes are not air stable. The third results chapter
describes how the developments described in the previous two chapters might be
integrated to realise an electrode that is both air-stable and highly transparent. The final
results chapter describes a very different approach to coupling light into an OPV based on
a Cu electrode with a dense array of sub-optical wavelength apertures. These electrodes
absorb light strongly, concentrating it as surface plasmon excitations. It is shown that this
trapped light can be absorbed by the light harvesting organic semiconductor in organic
photovoltaics so that electrodes with very low far-field transparency can perform as well

as more transparent electrodes.
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Chapter 1- Introduction

1.1 Context

Energy demand is currently soaring due to the increasing world population, which is
expected to saturate at ~9 billion people in 2050,' and the increasing affluence per capita
of many nations. The latter is in large part due to the industrialisation of the very

populous nations of India and China.

With global warming due to greenhouse gas emissions, particularly CO,, giving
rise to climate change,® low carbon and renewable sources of energy are needed now
more than ever. Nations are also striving to secure energy independence, which is driving

the development and uptake of renewable energy technologies.’

The development and implementation of renewable energy technologies has
grown hugely in the past decade; for example, the generation capacity of photovoltaic
(PV) panels increased ten-fold between 2000 and 2011.° Substantial proportions of many
nations’ electricity demands are already generated by renewable energy technologies,
with renewable energy supplying 18% of the United Kingdom’s electricity in the last
quarter of 2013.* In 2013 the United Kingdom produced 28% more electricity from
renewable sources than in the previous year, despite overall electricity generation falling
2% in the same period due to more efficient use of energy.® Each different renewable
energy technology has its own output variability; for example PVs do not produce
electricity at night and the generating capacity varies continuously throughout the day.
Thus a mix of renewable technologies is often beneficial for power generation on a large
scale. Two billion people currently live without a connection to grid electricity and so

developing low carbon, economically viable means of electricity generation at the point
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of use is therefore an important challenge. PVs are a very promising option for achieving

this.

PVs are the second most studied renewable energy technology after wind
turbines.’> This is due to the many advantages of PVs including low operating costs,
portability, and use as a source of power at the point of use without the need for a grid
connection. With the sun delivering more energy to earth in one hour than humanity uses
in one year,® and the cost of electricity generated using PVs already near to grid parity in
some sunnier parts of the world,” PV technologies are now beginning to play a pivotal

role in the energy sector.

1.2 Existing Photovoltaic Technologies

The archetypal PV device is based on inorganic materials and has an active layer made of
either mono or poly-crystalline silicon. This type of PV offers a power conversion
efficiency (PCE) of up to ~25% and excellent stability which results in operational
lifetimes of up to 30 years.® Over the past 40 years the cost of producing silicon PVs has
fallen drastically and PCE has steadily increased, reducing the cost per watt of electricity
they generate to a level comparable with other more established renewable technologies.’
However, inorganic PV modules are still relatively expensive to produce due to the large
amount of energy required in the material purification and processing stages.
Polycrystalline silicon PVs are lower cost than monocrystalline PV, but are still more

expensive than third generation PV technologies based on thin films.

In addition to first and second generation PVs, there are many new PV
technologies being researched, including organic photovoltaics (OPVs), perovskite
PVs,51% dye sensitised solar cells (DSSC),™ copper indium gallium selenide (CIGS)

PVs'? and quantum dot PVs' which are based on thin films of photoactive
15



semiconductors. These thin film PVs are advantageous as they use much less active
material (layer thickness < 1 pm) than crystalline Si PVs (layer thickness > 100 pm),*
which reduces the cost of materials, processing speed and energy required in their

fabrication.

All thin film PVs have different stabilities, PCE and fabrication costs and so are
matched to different potential applications. OPVs have the potential to be one of the
lowest cost of all emerging thin film PV technologies due to the very low semiconductor
film thickness and the possibility of processing organic semiconductors at low
temperatures from solution.’® Thus, OPVs have strong potential to deliver a
transformative reduction in the cost of generating electricity directly from sunlight.*’™*°
However, OPVs like all other thin film PV technologies require a transparent electrode,

and the existing industry standards are too expensive and poorly matched to the needs of

OPV.

1.3 Organic Semiconductors

Organic semiconductors are highly conjugated carbon based molecules that have
conduction properties between those of metals and insulators. Organic semiconductors
typically have a band gap of 2-3 eV and can be small molecules (e.g. Cgo, Figure 1.17) or
polymeric  materials  (e.g.  poly-  [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
bO]dithiophene-2,6-diyl]-[3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]
(PTB7), Figure 1.13). This class of semiconductor are molecular solids and so their bulk

properties are dominated by those of the individual molecules.

When atoms are brought together to form molecules, their atomic orbitals (AOs)
spatially overlap and some of the valence AOs merge to form molecular orbitals (MOs),

whilst the core AOs remain largely unperturbed. These MOs can be classified as either
16



bonding (lower energy), or anti-bonding (higher energy) MOs. In an organic
semiconductor, often the s and two of the p AOs of carbon form sp? hybridised orbitals,
which make up the ¢ bonded framework of the molecule. The remaining p AOs which are
out of the plane of the ¢ bonded framework then form delocalised z molecular orbitals at
higher energies than their o counterparts, which give rise to the optical and electronic
properties of organic semiconductors. The highest occupied molecular orbital (HOMO) in
a molecule consists of z bonding MOs and the lowest unoccupied molecular orbital
(LUMO) comprises z anti-bonding MOs as illustrated in Figure 1.1. The HOMO and
LUMO in an organic semiconductor are equivalent to the valence band (VB) and

conduction band (CB) edges respectively in an inorganic semiconductor.

1
T
T
Ehthoreevels hhhb’ W Ehhh
nuclei

Figure 1.1: The energy levels of an isolated organic molecule (left) and a molecular solid
(right), with individual atoms / molecules depicted as potential wells.? l,, VLs and As
correspond to the ionisation potential, the vacuum level at the surface and the solid state

electron affinity respectively.

The difference between the VB and the CB edges is known as the band gap (E).
Insulators have large band gaps (>3 eV), conductors have a band gap equal to zero (i.e. a

partially filled band) and semiconductors have intermediate band gaps (typically 1-3 eV),
17



as illustrated in Figure 1.2. Thermal excitation of electrons across the band gap in
intrinsic semiconductors at room temperature is minimal and so free charge carriers in
semiconductors required for appreciable conduction are produced by the injection of
electrons (or holes) into the CB or VB using an electric field or by photo-excitation of

electrons from the VB to the CB.

Electron
Energy

Metal Semiconductor Insulator

Figure 1.2: Schematic energy level diagrams of a metal, semiconductor and an insulator
are shown from left to right. Occupied bands are depicted in blue, with unoccupied bands

in white.

The HOMO-LUMO gap in an organic semiconductor is the primary determinant
of its colour; for example, the E4 of poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-
di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) is ~1.9 eV, which corresponds to an
absorption onset at 650 nm.?* This is in the red part of the spectrum, so this
semiconductor is purple in colour. The Eq combined with the accessibility of the frontier
orbitals (HOMO and LUMO) determines the electrical properties of the material in a

device.
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Organic semiconductors typically have low charge carrier mobilities because
charge carriers must hop between the potential wells associated with each molecule, and
high electric field strengths are therefore required to inject/extract charge carriers.
Consequently, very thin active layer thicknesses of typically <200 nm are used in OPVs.
The primary advantage of organic semiconductors over conventional inorganic
semiconductors for PV applications is that they can be processed at low temperature from

solution, which should enable rapid production of low cost PV modules.

1.4 Organic Photovoltaics

The heterojunction OPV was first reported by Tang in 1986, with a PCE of ~1% and was
based on a bilayer of electron donor and electron acceptor type molecules.?? However, it
was not until the turn of the century that this PCE was increased from ~1% to above 11%
in 2013;> a level considered to be sufficient for commercialisation.?*® This rapid
progress stemmed from the invention of the bulk-heterojunction (BHJ) device structure; a
complex interpenetrating blend of electron donor and electron acceptor type molecules.
This progress is illustrated in Figure 1.3, which shows the peak efficiency for laboratory

scale BHJ OPVs from 2001 to 2013.
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Figure 1.3: Certified PCE values for lab scale single layer solution processed OPVs
which were published in the journal Progress in Photovoltaics, taken from Scharber et

al.®

OPVs have the potential to be a cost effective alternative to inorganic PVs in
some applications?’ including for off-grid power generation in developing countries.”?
Their light weight and low profile as compared to inorganic PVs also makes them
attractive for transport applications. Other potential advantages of OPVs over
conventional Si PVs include (i) lower production costs due to the thin film architecture;
(if) the possibility of rapid roll-to-roll production; (iii) low energy input during
fabrication translating to very low CO; emissions per KWh of energy generated; (iv) the
possibility of semi-transparent modules enabling integration with windows.?® However,
issues with stability are prevalent, the PCEs are lower, and this technology is still
essentially pre-commercialised.”® With fast roll-to-roll production methods enabling OPV
modules to be produced at low cost and at high speed, energy payback times of 180 days

have already been demonstrated,”® where energy payback time is “the time required for
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the PV system to generate the equivalent amount of energy consumed in the construction
and decommissioning phases”.?® Energy payback times as short as one day have been

forecast for OPVs.Y

The main challenges in OPV research are to increase the PCE and the stability,
whilst maintaining the cost advantage over conventional PV technologies. Novel organic
polymeric materials for active layers of OPVs are a key step in driving up the PCE
values,*® as narrow band gap electron donor materials are required to harvest more of the

solar irradiance (Figure 1.4).
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Figure 1.4: The air mass 1.5 (AM1.5) solar irradiance (black) and photon flux (red).*

Since most organic semiconductors are susceptible to photo-oxidation, device
lifetimes can be improved by blocking the ingress of O, into the photoactive layer, and so
a great deal of research effort is currently directed at the development of low cost

encapsulants for OPVs.
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1.5 Principles of Organic Photovoltaic (OPV) Operation

In an OPV, light enters the device through a transparent electrode, and is absorbed by the
light harvesting organic semiconductor layer. Upon light absorption a Frenkel exciton is
formed, which is a coulombically bound electron and hole pair on the same molecule
(Figure 1.5, step 1). Frenkel excitons typically have binding energies of 0.2-1 eV in
organic semiconductors and diffuse between molecules (Figure 1.5, step 2), visiting 10%-
10* individual molecules before relaxation to the ground state. Frenkel excitons can be
dissociated into free electrons and holes at the junction between two different types of
organic semiconductor having offset frontier orbital energies such that one serves as an
electron donor to the other. Examples of organic semiconductors with donor and acceptor
type character are given in Section 1.8 of this thesis. This junction is called a
heterojunction due to the abrupt discontinuity in HOMO and LUMO levels. The electron
accepting material then transports the free electron to the cathode and the electron
donating material transports the free hole to the anode (Figure 1.5, step 4). The electron
donor material is therefore the organic semiconductor that will donate electrons into the
LUMO of the electron acceptor from the electron donor’s LUMO at the heterojunction

(Figure 1.5).
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Figure 1.5: Schematic energy level diagram for an OPV device. The flow of electrons

(blue) and holes (red) through the HOMOs and LUMOs respectively is shown.

Splitting of excitons at the organic heterojunction can occur with near 100%
efficiency.®® There is however only a limited distance an exciton can diffuse before it
relaxes to the ground state, since the lifetime of a singlet exciton is of the order of 1 ns.**
Triplet excitons are longer lived although more strongly bound and so more energy is
required to dissociate them. The small exciton diffusion length in organic semiconductors
constrains the organic semiconductor layer thickness in a simple bilayer device to tens of

nms at most.

A BHJ is a complex interpenetrating network of donor and acceptor phases
which are separated on a scale close to the exciton diffusion length in both materials
(Figure 1.6). This architecture ensures all excitons formed in either phase are within a

diffusion length of a dissociating interface, which enables the use of thicker photo-active
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layers. However, the resistance to charge carrier extraction is increased due to a less

direct path to the electrodes.

Figure 1.6: Schematic illustration of a bilayer (left) and BHJ (right) device architecture,
with the electron donating material (blue), electron accepting material (red) and the

electrodes depicted at the top and bottom.

The light harvesting part of the device is also known as the photo-active layer
and is usually 50-300 nm thick.” The domain size and morphology of the active layer is a

critically important factor in determining BHJ device PCE.*

OPV device structures can be categorised as either conventional or inverted. In
the conventional configuration the transparent substrate electrode is the hole extracting
electrode, and in the inverted structure it is the electron extracting electrode. Inverted
OPV systems yield comparable or higher efficiencies than their conventional counterparts

and improved stability.*

Top Electrode/
Cathode
Electron Acceptor
Interlayers
Electron Donor
‘|-.____ Bottom Electrode/

Substrate ""7| Anode

Light

Figure 1.7: A conventional architecture bilayer OPV device with charge extraction
interlayers (red). The electron extracting interlayer is in contact with the electron acceptor
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(blue) and the opaque low work function top electrode. The hole extracting interlayer is
in contact with the electron donor (green) and the bottom high work function window

electrode.

OPVs also include charge extraction or buffer layers (Figure 1.7) which can
perform a number of functions including (i) tuning the interfacial energetics to optimise
the efficiency of free charge carrier extraction; (ii) enabling selective extraction of one
charge carrier type; (iii) blocking diffusion of metal ions from the electrodes into the
organic semiconductors;*® (iv) acting as an optical spacer for enhanced light absorption;
(v) blocking exciton quenching by the electrode;® (vi) improving the wetting and

adhesion of the organic semiconductor layers;*®3®

(vii) reducing variations in work
functions over an electrode surface; (viii) reducing surface roughness which can lead to
devices short circuiting (Section 1.6.2). Modification of the work function of the
electrodes to facilitate charge carrier extraction is often required because the Fermi levels
of the hole and electron extracting electrodes are often poorly aligned with the frontier
molecular orbitals from which they are supposed to extract charge.’® Removing this
mismatch minimises the potential energy losses incurred when extracting charge carries
to the external circuit*® (Figure 1.5). A barrier to charge carrier extraction at either

electrode interface causes an S-shaped kink in the current voltage characteristic (Section

1.5.2).4

Interlayers can be inorganic or organic materials. For example, 2,9-dimethyl-4,7-
diphenyl- 1,10-phenanthroline, commonly known as bathocuproine or BCP (Figure 1.8),
is widely used as an electron extraction interlayer in OPVs. BCP works by blocking the
extraction of holes because it has a very deep lying HOMO whilst allowing electrons to
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reach the Al cathode. Gap states formed in the band gap of BCP upon Al deposition®?
enable electron extraction from the acceptor LUMO to the Al Fermi level. However, the
reliance on the formation of these defect states limits the BCP thickness to 5-10 nm*® and
so it cannot be used as an optical spacer. BCP also has a tendency to crystallise and the

crystallite grain boundaries trap electrons, thus affecting device lifetimes.

3.0 Ag

3.5 e — 0o _ 4.3
ITO %-5-

CuPc 4.5 \’Q'R./O

52 CBO BCP

~—o| 62

6.5

Figure 1.8: The chemical structure of BCP (left) and its flat band schematic energy level
diagram depicting how gap states formed in the BCP layer upon Al deposition enable

electron extraction (right).*

Transition metal oxides are often used in OPVs as interlayers between the
photoactive layer and one of the electrodes to improve device PCE and stability. The
thickness of this oxide layer is of importance as too low a thickness may give incomplete
coverage, and too high thickness becomes too insulating, leading to excessive device
series resistance.* Transition metal oxides have the advantage of having a wide range of
work functions from zirconium oxide (~2.0 eV) to vanadium oxide (~7.0 eV) and can be
broadly categorised as either low work function (e.g. ZnO, TiO,) or high work function
(e.g9. WO3, MoOg3, NiOx) serving as either electron or hole extraction materials. Metal

oxides are discussed in more detail in Section 1.10. If the electrode Fermi levels are not
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aligned to the appropriate energy level in the active layers, barriers to charge extraction

can result, which lower device PCE.*

1.5.2. Device Parameters and Characteristics

Typical current density-voltage and power plots for an OPV device are pictured in Figure
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Figure 1.9: Current density / voltage characteristic (left) for an OPV in the dark and light
(100 mW cm™) and current density / voltage characteristic showing the maximum power

point (right).

Important figures of merit when testing PV devices are the short circuit current
density (Js), the open circuit voltage (Vq), the fill factor (FF) and the power conversion
efficiency (PCE). Js. is the current density produced by the cell under one sun
illumination when the device is in short circuit, i.e. the electrodes are connected with zero
resistance. This is illustrated in Figure 1.9 where the light curve (red) intersects the
current density axis. The V. is the potential difference across the device when the
electrodes are not connected, or connected with an infinitely large resistance between
them. The V. corresponds to where the light curve intersects the voltage axis. The

maximum obtainable V. in an OPV device is given by the difference in energy between
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the HOMO of the electron donor and LUMO of the electron acceptor. The FF is the ratio
of the maximum power generated in the device, to the maximum power calculated from
the product of the Jsc and V, as shown in Equation 1.1, and is therefore a measure of the
“squareness” of the JV characteristic. The product JvppVmpp, IS the maximum power
generated in the device, also known as the maximum power point (Mpp). The maximum

verified fill factors for OPV cells are ~0.8, which is close to the theoretical limit.*®

JmpPVMPP
FF = ——
JscVoc

Equation 1.1

The PCE of a device is the ratio of power generated per unit area to the incident

light energy density. This is shown in Equation 1.2:

|4 Voc FF
PCE = ImppVmpp _ JscVoc

Equation 1.2

inc Pinc

The equivalent circuit diagram for a PV device is shown in Figure 1.10.
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Figure 1.10: Left: Equivalent circuit diagram for a PV, showing the photocurrent source,
diode, series resistance (Rs) and shunt resistance (Rsyunt). Right: Current density /

voltage characteristic for OPVs with a high series resistance and a poor PCE.

The Rs in a PV device can be determined from the inverse of the gradient of the

JV characteristic in the light. In the example shown in Figure 1.10, the Rs is large. A high
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Rs inhibits the extraction of charges and so reduces the fill factor and PCE of devices.
The Rs is a function of the resistance to charge transport through each layer and the
contact resistance at the interface between each layer. Rspunr IS the resistance parallel to
the load and determines the gradient of the JV curve where it crosses the y-axis. Ideally,

the series resistance (Rs) is zero and the shunt resistance (Rsyunt) is infinitely large.

The conductivity of the transparent electrode is invariably much lower than that
of the opaque electrode in an OPV and so the sheet resistance of the transparent electrode
can affect the Rs of the whole device to a large extent. The influence of the sheet
resistance of electrodes becomes more important as the area of the device increases. For
OPVs using a transparent electrode with a sheet resistance of 14 Q sq*, this sheet
resistance is the main contribution to loss of J; and FF when OPV devices are scaled up

from 0.13 to 7 cm?.%°

1.6 OPV stability

Stability in addition to PCE, is a key factor for the future potential of OPVs,*” and it has
been outlined as one of the bottlenecks to OPV commercialisation.*® There are many
different degradation mechanisms for OPV cells, related to a variety of different
processes including chemical oxidation,*® water ingress,>® oxygen doping,®* and phase
separation in the BHJ layer.>* The specific mechanisms of OPV device degradation are
the topic of much research, and a few examples relevant to this thesis are discussed

below.

Water and oxygen have been shown to diffuse along grain boundaries and
through pinholes in evaporated metal top contacts into the organic semiconductor layers
where it participates in oxidation reactions, leading to device degradation.* It has been

suggested that oxidation of the metal electrodes in organic electronic devices increases
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the possibility of delamination between the electrode and organic layers due to the
volume increase upon conversion of the metal to its oxide.® The oxide layer created
during this process also typically has a much higher resistance than the metal and so
charge extraction to the external circuit is hindered if this layer becomes thicker than 1-2
nm. This issue is most prevalent for low work function metal electrodes such as Ca and
Mg which are most susceptible to oxidation.>® Despite the fact that most of the top
performing polymeric OPVs are very sensitive to air and moisture,> OPV cells based on
a PCDTBT donor layer have been shown to have a lifetime approaching 7 years.>® An
interesting example of where oxidation of the electrode is not detrimental to device
stability is the oxidation of Ag electrodes in OPVs when used for hole extraction. Here
the very thin oxide layer changes the work function of the electrode, improving alignment

between the donor HOMO and electrode Fermi level.*

Water ingress is a particular problem,*® since as little as 10 mg m™ of water can
degrade some OPV devices by 50% of their initial efficiency,”” and encapsulation and
barrier materials are therefore required for sufficient stability of OPV cells to yield
commercially viable lifetimes.*® Effective encapsulation strategies are available but
expensive, which undermines the cost advantages of OPVs. The materials used in OPV
cells not only affect their stability but also their efficiency and cost, and will therefore be

discussed in Section 1.7.

1.7 OPV materials

Materials for OPVs can be deposited either from solution (e.g. spin coating) or by
thermal evaporation under vacuum, with many of the processes taken from the more

mature OLED industry.*
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Solution processing is the lowest cost deposition method due to low energy
input, low temperature processing and speed of processing.*®*’ Solution processing also
enables fabrication of OPVs with the lowest embodied energy. However, fabricating
bilayer OPVs from solution is problematic and although OPVs have been fabricated
using solution processing for every layer™ the previous layer’s solubility often causes
issues, with efficiency values remaining low. Thermal evaporation under vacuum,
although not as low energy as solution based techniques, is a widely used deposition
method in the electronics industry,?® and is already used in large scale manufacturing.
Thermal evaporation under vacuum also offers much greater control over layer thickness
particularly for very thin layers. In practical terms this means vacuum processing is
usually required for some of the layers of an OPV despite being a higher energy

deposition method.

Many different factors must be considered when screening new materials for PV
applications, in addition to their compatibility with particular fabrication processes. The
costs involved in chemical manufacture and material purity are an important
consideration, for example 2,2(,7,7(-tetrakis-(N,N-di-pmethoxyphenylamine)9,9(-
spirobifluorene (spiro-OMeTAD), is a material often used in DSSCs, although it is ten
times more expensive than Au,® which may reduce the viability of commercialisation. It
has also been shown that a complex polymeric material with a multi-step synthesis will
contribute more to the cost per module or cost per Watt than a simpler material, like the
archetypal polymeric donor material Poly(3-hexylthiophene-2,5-diyl) (P3HT), which has
only 3 synthetic steps. However, economies of scale may alleviate this somewhat if these

materials are put into mass production.®®
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OPVs are essentially multi-layer devices, and the different layers can be broadly
split according to their functions in the device. They can be categorised as the substrate,
the window electrode material, the electron donor material, the electron acceptor
material, the hole transport material, the electron transport material, the top electrode

material and electrode modifying layers (Figure 1.11).

Top Electrode
3: Electron Acceptor
2: Electron Donor
€——— 4: Window Electrode

1: Supporting Substrate /|

Light
Figure 1.11: A conventional architecture bilayer OPV device schematic. The supporting
substrate (light grey), electron acceptor (blue), electron donor (green), and the bottom

window electrode (yellow) are highlighted.

1.7.1- Material 1- Supporting Substrate

For a supporting substrate, the requirements are for it to be highly transparent,
inexpensive and for it to be able to act as a barrier to water and oxygen ingress into the
device. For the supporting substrate to be compatible with high speed roll-to-roll

processing it also needs to be flexible.

The archetypal substrate is glass with other common substrate materials being
polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) (Figure 1.12). The
advantages of PET and PEN are their flexibility, low weight and low cost. PET also
absorbs light strongly below 320 nm>® which is advantageous for OPVs because UV light
can bleach organic semiconductors. The use of these plastics also enables the realisation

of roll-to-roll printing of OPVs. Plastic substrates like PET and PEN do however have
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disadvantages, since some PET substrates cannot withstand temperatures higher than

170 °C* and both materials are slightly permeable to water.
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Figure 1.12: The chemical structure of PET (left) and PEN (right).

The window electrode in a conventional OPV architecture (Figure 1.11) allows
light into the device and extracts photo-generated holes during device illumination.

Window electrode materials will be discussed in detail in Section 1.8.

1.7.2- Material 2- Electron Donor Material

In a conventional OPV architecture, the electron donor material is the organic
semiconductor closest to the window electrode (Figure 1.11). These materials can be
polymeric or small molecule organic semiconductors. Donor polymers for BHJs must
exhibit efficient absorption in the solar spectrum, have a high hole mobility, good
solubility in solvents and favourable phase separation properties when combined with
fullerenes. The frontier orbitals must also be of the right energy to function as an electron
donor and ensure a high Vo..*° The thermal stability of polymeric OPVs has been shown
to depend on the glass transition temperature of the donor polymer.”® The molecular
weight and length of side chains can also drastically affect the PCE of an OPV.%! The
side chains of the polymer not only impart solubility, but also affect the morphology and

optical density of the film. The regio-regularity of polymeric OPV systems can have
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profound effects on the device PCE as can the drying time, with longer drying times

yielding more crystalline films.

The two polymeric donor materials used in this work; PCDTBT and PTB7, are

shown in Figure 1.13.

Figure 1.13: The chemical structures of PCDTBT (left) and PTB7 (right), two polymeric

donor materials used in this work.

PTB7 is a donor material which when used in conjunction with fullerene
electron acceptor materials, and can yield OPVs with PCEs of 7-9%.3>062%% The
PCDTBT/PC7,BM system can yield devices with PCEs of over 6%,%® and other donor
polymer systems are also available with similar efficiencies, for example the
PDTSTPD/PC7,BM BHJ system, which yields devices with PCEs of over 7%.%* The high
PCE of the PTB7 system is due in part to its high absorption over the whole visible
spectrum (Figure 1.14). PTB7 has an ionisation potential and electron affinity of ~5.2 and
~3.3 eV respectively.*® The addition of a low volume percentage of diiodooctane to the
dichlorobenzene solvent used to process the PTB7/PC7BM shrinks the domain size of
pure fullerene regions, resulting in greatly increased efficiency due to a larger domain

interface.3*%
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Figure 1.14: Absorption spectrum of a thin spin cast PTB7/ PC7,BM film.

Unfortunately, PTB7 is reported to be 200 times more unstable than another
widely studied donor polymeric material (DPP-TT-T) under constant illumination in an
oxygen atmosphere,® although this fast degradation is not observed in the absence of

oxygen.

Small molecule organic donor materials are required to have many of the same
characteristics as polymeric donor materials, with the obvious exception of solubility.
They must also be amenable to evaporation at high vacuum without decomposing upon
heating. Phthalocyanines for example, have poor solubility in organic solvents, but very
favourable chemical and thermal stability and have been used industrially for many years
as dyes. The large conjugated heteroaromatic ring system imparts their semiconducting
properties and renders them brightly coloured. Two of the small molecule donor materials
used in this work; chloroaluminium phthalocyanine (CIAIPc) and pentacene, are shown

in Figure 1.15.
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Figure 1.15: The chemical structures of CIAIPc (left) and pentacene (right).

Pentacene is a commonly used electron donor material in OPV devices. It offers
the advantageous properties of high hole mobility, ease of vacuum evaporation, good
optical absorption and large exciton diffusion lengths. However, it is also easily oxidised,

affecting its stability in OPVs.

An ideal organic photo-active layer material absorbs strongly over a wide range
of wavelengths between 400-900 nm which is the part of the solar spectrum of most use
for PV.* Whilst many organic semiconductors absorb light strongly below 400 nm, the
photon flux is low in that region of the solar spectrum (Figure 1.4). OPV cells often use
sub-cells with different band gaps, to maximise absorption across the whole of the solar
spectrum.®*®"%  Organic small molecules typically absorb over relatively narrow
wavelength ranges (Figure 1.16), so to ensure that OPV devices function efficiently the
donor and acceptor materials are chosen to ensure that they absorb in complementary

parts of the solar spectrum.
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Figure 1.16: Normalized absorption spectra for thin films of four commonly used small

molecule organic donor materials: SubPc, CuPc, CIAIPc and Pentacene.®®

1.7.3- Material 3- Electron Acceptor Material

In an OPV, the electron accepting material accepts electrons and transports holes to the
electron donor material. The fullerenes shown in Figure 1.17 are often used as electron
acceptors for OPV due to their high electron affinities, high electron mobilities, good
exciton diffusion lengths and absorption in the green region of the visible spectrum. Each
carbon in the Cgo molecule is sp® hybridised, with each atom forming one double and two
single bonds. Both PCBM and Cg, undergo photo-induced polymerisation reactions upon

exposure to UV light which is not detrimental to device performance.’®"?
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Figure 1.17: The chemical structures three common acceptor materials Cg (left), PCBM

(middle) and PC;,BM (right).

Cqo is another fullerene that can be used as a small molecule electron acceptor in
bilayer OPV devices. It has been shown to yield increased PCE in OPV cells when
compared to devices using Cgy due to increased absorption and improved electron
transport. C7o based OPV are also found to be more stable,”® although C+o is much more
expensive to produce than Ceo.”* Cgo and Cro are often derivatised to ensure solubility in
organic solvents for more facile processing (e.g. PCBM and PC7,BM, Figure 1.17).”° As
such, Cgo is usually used as the electron acceptor in evaporated small molecule OPVs,
with PCBM or PC7BM used in the solution processed BHJ OPVs. Polymeric acceptors
are less commonly used in OPVs because they often undergo large scale phase
segregation when blended with donor polymers, and consequently yield relatively poor

efficiencies in OPV devices.”

Al and Ca are the most commonly used materials for the top opaque electrode

due to their low work functions and relatively high reflectivity; they are not discussed in
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depth here, although it is worthy to note that their main issue is susceptibility to

oxidation.

1.8 Window Electrodes for OPV

The core issue with transparent electrodes for OPVs is that the free electrons that impart
conductivity also interact strongly with light, reducing the transparency of the electrode.
Window electrodes for OPV devices must therefore be designed with this fundamental
problem in mind, as an increase in the conductivity of an electrode will often decrease its

transparency and vice versa; consequently a compromise must be achieved.

Window electrodes in OPV devices need to fulfil three important criteria. They
need to be optically transparent to let light into the device, electrically conductive to
allow the extraction of photogenerated charge carriers, and finally not so rough as to
undermine device shunt resistance due to filamentary short formation.”®”” The surface
energy, work function, cost, flexibility and long term stability are also important factors
for electrode materials for OPV fabrication. The chemical stability of electrode materials
is of importance, as PV modules are exposed to the elements and to significant heating in
sunlight, which can raise the temperature to values as high as 60 °C.”® A low surface
roughness is required due to the very thin active layer thicknesses utilised in OPV
devices. In practice, the window electrode RMS roughness needs to be < 2 nms. The
window electrode material also has to be transparent right out to wavelengths of 950 nm,
to ensure the maximum amount of the solar spectrum is harvested. An electrode’s
transmission spectrum must be carefully considered, since for an OPV a low transparency
in the ultra-violet part of the solar spectrum can be advantageous, as many organic

semiconductors are degraded by UV light.?
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An OPV’s series resistance (or internal cell resistance) can affect the efficiency
of the device drastically. The electrical conductivity of window electrodes is quantified in
terms of sheet resistance. A window electrode for an OPV must have a sheet resistance of
<10 Q sq™ to ensure that a large drop in PCE is not observed when OPV cells are scaled
up to a large cell area for applications.”>”® These losses can be mitigated by using
transparent electrodes with higher conductivity.?® Thus highly conductive transparent

electrode materials are a prerequisite for the realisation of OPV technology industrially.

The leading window electrode materials for OPV are doped metal oxides, as
they provide a good compromise between transparency and sheet resistance. The metal
oxides utilised have wide band gaps and therefore offer a high degree of optical
transparency. These metal oxides are degenerately n-doped to increase the conductivity
by orders of magnitude. This doping can often be in concentrations as high as 10 atomic
%. Figure 1.18 illustrates this for the most commonly used OPV window electrode
material, indium-tin oxide (ITO) coated glass. The doping of the material preserves its
wide band gap whilst greatly increasing the conductivity as compared to the undoped

state.
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Figure 1.18: Energy level diagram for the doping of indium oxide to create ITO.
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ITO glass used for OPVs has a sheet resistance of 6-15 Q sq* and a transparency
of 75-95% over the visible spectrum. ITO’s transparency and sheet resistance are a
function of the thickness; the sheet resistance and transparency decrease as the film
thickness is increased, with considerably lower transparencies at 6 Q sq' (sheet
resistance suitable for application in OPVs) compared to the 15 Q sq™ normally used in

small area OPVs as shown in Figure 1.19.

100

% Transparency
w
o
|

10 — 60hms Sq ITO
— 150hms Sq " ITO

0 T T T T T
300 400 500 600 700 800 900
Wavelength/ nm

Figure 1.19: Far-field transparency spectra of ITO glass at 6 Q sq™* (red) and 15 Q sq*

(black).

ITO does however have a number of drawbacks for applications in OPVs which

are discussed in Section 1.9.

1.9 1TO Problems

ITO coated glass is long established as the window electrode of choice for many
applications including displays, heat reflective glass and solid-state lighting including
OLEDs, where it is the industry standard.®’ It is also the archetypal window electrode
material for OPVs, typically at a thickness of ~80 nm.®? Indium is produced mostly as a

by-product of zinc mining from ores with an indium content of only 1-100 ppm.**# The
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scarcity of indium in the earth’s crust and the proliferation of flat screen displays mean
that indium and consequently ITO are expensive.’’

There are also other problems with ITO glass for utility in OPVs: It has been

1928 and its sheet

shown to account for 50-74% of the embodied energy in an OPV device,
resistance (%15 Q sq™) has been found to be a limiting factor for the PCE of OPVs
sufficiently large for practical applications.*®®>% ITO is also meta-stable and is typically
deposited at temperatures above 250 °C to ensure optimum performance which makes it
poorly matched to the plastic substrates required for high speed roll-to-roll manufacture
of OPVs. When ITO films on plastic substrates are bent, cracks being to appear since ITO
is inherently brittle, resulting in much higher sheet resistance values.®” This is not the
case with ultra-thin metal films.®>® The sheet resistance of ITO on flexible substrates
varies, but is invariably >35 Q sq™.2>®" Indium and tin have also been shown to diffuse

into the organic layers in OPVs.% It is for these reasons that ITO has been described in

the literature as not a possible choice for scalable OPV.’

1.10 ITO Alternatives

It is widely recognized that the full cost advantage of OPVs over commercial silicon and
thin film photovoltaics can only be achieved if the electrode that couples light into the
device is based on inexpensive raw materials, involves simple, rapid fabrication processes
and is compatible with substrates that are sufficiently flexible for roll-to-roll fabrication
of devices.!*®*" Due to the aforementioned issues many alternatives to ITO have been
proposed, some of which are described individually below. However, no clear leader has
yet emerged, since all of these alternative window electrodes have significant

disadvantages for application in OPVs including environmental concerns over the
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materials, high surface roughness which increases the likelihood of parasitic current

76,77
l

shunting in a PV cel or too high sheet resistance.”

1.10.1 Alternative Oxides

There has been significant research into other doped metal oxides, including indium
titanium oxide,®*® and fluorine doped tin oxide (FT0).*® FTO is not often used in OPV
cells as it has large surface roughness as compared to ITO glass.?® This is not an issue for
DSSCs, where it is ubiquitous. Other metal oxides can possibly overcome some of the
issues associated with ITO, but not all of them as these materials will always be used in
films of 100s of nms in order to be sufficiently conductive for OPVs and will therefore
still be liable to crack upon bending. As these materials cannot be compatible with

flexible substrates, other alternatives must be sought for OPV.

1.10.2 Carbon Based Nanomaterials

The two main carbon based ITO alternatives are carbon nanotubes and graphene films.
Carbon nanotubes can produce films with comparable transparency to ITO glass.
However, the sheet resistance of these films is not low enough for large scale OPV.® The
production methods for carbon nanotubes are also very energy intensive, and carbon

nanotube electrodes are intrinsically very rough, which is not ideal for OPVs.

Graphene monolayer and multilayer graphene are also being investigated as
potential transparent electrodes for OPV.*' Whilst graphene electrodes appear
theoretically tantalising, particularly once doped, high sheet resistance values of
~ 200 Q sq* at =~ 80% transparency for fabricated films prohibit the use of graphene for
OPVs, where ~10 Q sq* is required.*® This problem is demonstrated by many of the

devices currently reported in the literature that have significantly lower PCEs than the
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analogous ITO based devices.”* Graphene production methods are also energy intensive

and costly currently.

1.10.3 Conducting Polymers
Conductive polymers have undergone research as a material to replace 1TO, however

they are too resistive to be used as a stand-alone replacement.*

1.10.4 Metal Nanowires

Metal nanowires have been suggested for replacement of ITO, including Cu nanowires.*®
Metallic nanowires can be solution processed and have impressively low sheet resistance
and high transparency values.®* However, these electrodes have high RMS roughness,
which can cause shorting of the thin active layers in an OPV and have to be combined

with conductive polymers to smooth their surface.

1.10.5 Metal Grids

Solution processed silver grid electrodes for OPVs have received significant attention'’ in
recent years. Evaporated metal grid electrodes have been achieved with sheet resistance
values as low as 2 Q sq™ at 90% transmission, which compares very favourably to ITO.%
This was achieved by electrospinning polymer fibres and then evaporating, or sputtering
electrode materials on top of them. The polymer grid is then dissolved using solvents.®
Whilst these values for transmission and sheet resistance are impressive, the metal
troughs are =80 nm high, which is comparable to the thickness of the semiconducting
layer in an OPV and shorting of devices is likely. It has been reported that for large area
printed OPVs fabricated on metal grid electrodes with comparable roughness, the short
circuiting of devices is an issue.”*® The complexity of the fabrication process may also

limit the applicability.
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1.10.6 Ultra-thin metal films

>98% and patterned®” ultra-

In recent years there has been renewed interest in both planar
thin (<10 nm) metal films, as they provide both ideal model electrodes for laboratory
testing and offer the prospect of replacing ITO glass electrodes in OPVs. Issues with
robustness, transparency and resistivity have prevented the widespread utilisation, as
films of the most conductive metals are typically discontinuous at a thickness low enough
to be highly transparent. In principle, ultra-thin metal films could yield the required
characteristics to replace ITO films, although this has not yet been realised. Metals often
employed for this purpose include Au, Ag and Cu. Au is often used for laboratory use,
but may be too costly to implement on a large scale. Ag has the advantages of the highest
conductivity amongst metals and a low refractive index in the visible region.”® However,
both Au and Ag are expensive. Cu is relatively inexpensive; about 100 times cheaper than
Ag and 5000 times cheaper than Au.*® Cu is already widely used in the electronics
industry.®® It has comparable conductivity to Ag, and better conductivity than Al or Au.*®
The primary obstacle to the use of Cu is the susceptibility to oxidation, which in the
context of an ultra-thin film is a serious problem.

Many ultra-thin metal films have been fabricated for use as electrodes in organic
electronics. These include both planar and nanostructured Au, Ag and Cu electrodes,®®’
Ag/Cu bilayers,” and Ag electrodes seeded with Cu.®® If metal films are too thin, (i.e.
below the percolation thickness) they will remain as discontinuous island like structures,
causing scattering and a reduced transparency, and an increased sheet resistance.”® The

percolation thickness will vary depending on the metal, the deposition method and the

substrate, but a typical percolation thickness is 6-7 nm for Ag on PET.>®
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Finally, it is important to note that reduced transparency of the window electrode
in an OPV does not always lead to a reduced absorption in the organic semiconductor.
The increased reflection can create a resonant cavity between the window and back

electrodes, resulting in increased light harvesting.3#®°

Metal oxides are useful in OPV devices as charge extraction interlayers, but also
useful for refractive index matching, thus improving ultra-thin metal film transparencies.

They will be discussed in Section 1.12.

1.12 Metal Oxides in OPVs

Metal oxide charge extraction layers are often used in OPVs between the electrodes and
the photo-active layer to improve device PCE and lifetimes. Metal oxides with low work
functions (e.g. ZnO, TiO,) and high work functions (e.g. WO3, MoO3;, NiOx) are
available, with some having n-type (e.g. ZnO) and some having p-type (e.g. NiOx)
characteristics due to intrinsic defects. High work function metal oxides are used as hole
extracting interlayers in OPVs, and low work function oxides are used as electron
extracting interlayers in which context they serve to improve alignment between the
electrode Fermi level and the relevant frontier molecular orbital in the adjacent organic
semiconductor as illustrated in Figure 1.20. Consequently when these oxides are used in
an OPV they typically increase the built in field across the organic layers, resulting in a

higher V.. and more efficient charge carrier extraction.*®
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Figure 1.20: Energy level diagram depicting Fermi level alignment at the interface

between ITO and WO,.

Metal oxides can be vacuum or solution processed and the chemical potential
can be tuned by altering the amount of oxidation via changes to its deposition method,
thus changing the work function.*™ Introducing more oxygen defects into the structure
reduces its chemical potential and work function, since the oxygen defects serve as n type

dopants.'%?

Metal contacts can affect an oxide’s chemical and electronic properties within
the first few nms of the contact, as a result of charge transfer or doping of the oxide by
the metal.'®” For example, MoO3 becomes semi-metallic near contacts, reducing the work
function for films less than 10 nm.'* Interfacial chemical reactions between metal oxides

and organics have been shown to reduce charge transport barriers across interfaces,'* and

so metal oxides have widely used in organic electronics.'%*

Metal oxides are also used as optical spacers in OPVs to maximise light

absorption.’® These optical spacer layers must be both optically transparent and have a
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large charge carrier mobility, with materials like aluminium doped zinc oxide and
titanium dioxide often being used. Optical spacer layers maximise the light intensity in
certain areas of the cell, and so can be used to improve the short circuit current. They are

also used to prevent diffusion metal ions from the ITO electrode in OPVs.*®

Tungsten trioxide (WO3) is a metal oxide that is widely used in electrochromic
devices, since its transparency is altered drastically when ions are injected into the
material.’® Typically Li, Na or H are used as dopants in WOs., in photochromic devices.
Cu can also be used,® although Cu doped WOs., has not been utilized previously in
OPVs as a charge extraction material. The photochromic properties of Cu doped tungsten
oxide are very complex and not completely understood by the scientific community.*’

Copper has also been shown to alloy with MoOj; and diffuse through MoOs films. 22 This

diffusion of Cu into metal oxides has been previously viewed as an issue.'%®

Thin films of stoichiometric WO3 are transparent to most visible wavelengths
with a slightly yellow tint for very thin films,*® and a yellow/green colour in the bulk.*®’
The transparency of tungsten oxide has been shown to change upon UV irradiation.*’
The band gap depends on the crystallinity of the sample, and ranges from 2.6-3.3eV. 1%
Evaporated WO3; has a work function of 6.5 eV, an electron affinity of 6.7 eV and an
ionisation potential of 9.8 eV,** although the work function has been reported to be as
low as 4.9eV.*° The chemical, electronic and optical properties of tungsten oxide films
can vary hugely with different deposition techniques.**? Tungsten oxide has been used in
OPVs to increase the transparency of ultra-thin metal films® and is suited for this role
due to its high refractive index.'® However, if the tungsten oxide interlayers used are too

thick, the series resistance of the device increases, and this leads to a reduced PCE, so a

balance must be struck. 1
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MoOj3 has similar properties to WOs3, is widely used in OPVs as a hole transport
layer, is highly n- type doped and facilitates charge transport via the conduction band.**®
With WOj3 having a very similar ionisation potential, work function and electron affinity
to MoO;,™ its use as a hole transport layer is promising. It has been shown for MoOs
that thick (=100 nm) layers in devices inhibit performance, but this can be overcome by

doping with metals."** This allows the use of thicker spacers layers to maximise

absorption within an OPV device.

1.13 Plasmonics

In addition to metal oxides, another method of increasing the viability of ultra-thin metal
films as window electrodes for OPVs is plasmon enhanced absorption, which will now be

introduced.

Plasmonics is an active area of research for communications,"* sensing,**® and
more recently OLEDs'" and PVs.*® A surface plasmon resonance (SPR) is the resonant
response of free electrons in a conductor to incident light. This can be a local effect
confined to a nanoparticle, or aperture in a metal film, known as a localised surface
plasmon resonance (LSPR), or a propagating excitation known as a surface plasmon
polariton (SPP). These surface excitations result in a strong enhancement of the local
optical field. A schematic illustration of the excitation of LSPRs in a metal nanoparticle is
shown in Figure 1.21. The nanoparticle diameter is much smaller than the wavelength of
the incident light and the free electrons in the nanoparticle oscillate with the change of

phase of the incident light.
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Incoming Light

Nanoparticles LSPR

Figure 1.21: LSPR induced in nanoparticles by coupling with visible light.

Much like nanoparticles, sub-wavelength holes in a metal film couple strongly
with incident light, exciting SPRs that are located at the site of the aperture. LSPRs
associated with an aperture in a film can leak into the surrounding metal film forming
propagating SPPs, as shown in Figure 1.22. This is an example of coupling between

localised and propagating surface plasmonic excitations.
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Figure 1.22: Light coupled into a metal film via an aperture.

The onset wavelengths for surface plasmon excitation in Ag, Au and Cu are
~320, 540 and 590 nm respectively;'** and so the coinage metals are all plasmon active in

the visible range and are therefore of interest for PV applications. For other metals this is
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typically in the UV part of the spectrum. Plasmonic absorption at metal electrodes can
cause optical losses, resulting in reduced transparency for ultra-thin metal films,®” as
incident light is converted into surface plasmon polaritons and is coupled into the film.**®
The addition of 2 nm of Al to Ag films can increase the transparency of the Ag films due
to a suppression of surface plasmons in the visible region, because the surface plasmon
frequency of Al is at 250-300 nm.**® This is distinct from the approach applied to enable
plasmon enhanced absorption used in this thesis. The amount of Ohmic losses that result
from damping of the collective oscillation of conduction electrons in a metal film must
also be considered when selecting a metal for a plasmonic application. Ag and Au are by
far the most studied materials in the field of plasmonics due to their low Ohmic losses in
the visible region. Cu has also been studied as a plasmonic material and has comparable

Ohmic losses to Au, but is prone to oxidation,**>*?°

with the LSPR frequency of Cu being
highly dependent on surface oxidation. The propagation length of SPP at metal surfaces
varies widely, and depends strongly on the surface roughness.’?* Cu would be
advantageous for plasmonic applications due to its low cost, if similar performance to Au

could be achieved.

The optical field intensity in the vicinity of an aperture or at the surface of a flat
film is very high near to the SPR frequency and so if a semiconductor with a high
absorption coefficient is next to the metal, then the energy can be used to form electron
hole pairs in the semiconductor before the SPR dissipates its energy to Ohmic losses.
Thus, for PV applications SPRs are useful because they provide a means of concentrating
and confining the incident light into a small volume. This is particularly useful in the
context of thin film PV where the thickness of the light harvesting semiconductor layer is

typically much less than needed to absorb all the incident light. When confined at a
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metal-semiconductor interface, the SPR is freely propagating in the plane of the interface
and so can increase absorption of light in the semiconducting layer.®® Plasmonic
enhancement can be observed in OPVs using metal film electrodes with apertures smaller
than the wavelength of the incident light."?> Plasmonic excitations in ultra-thin metal
films with sub-wavelength apertures are highly localised effects, with the decay length
being comparable to the hole’s radius,?® which is usually of the order of 10’s nm. This
means that they are well suited for OPVs, as similar active layer thicknesses are used,***

but are not effective in Si based PV technologies.

Metal nanoparticles can also be used in OPVs to achieve plasmon enhanced light
absorption.’*'?® However, metal nanoparticle decorated electrodes for OPVs have a
higher probability of shorting the device due to the highly increased roughness. This
practical limitation does not exist when nano-structuring the window electrode using

apertures, as these structures do not compromise the shunt resistance.

1.14 Project Overview

The work presented in this thesis is concerned with the use of ultra-thin Cu films as
replacements for ITO as the transparent electrode in OPVs. There are no previous reports
of these electrode configurations discussed in the 4 results chapters. Chapter 3 introduces
the use of an ultra-thin Al layer to passivate ultra-thin Cu electrodes from oxidation.
Chapter 4 increases the transparency of ultra-thin Cu electrodes through the use of a
tungsten oxide overlayer. Chapter 5 attempts to combine the distinct approaches of
Chapters 3 and 4 into a transparent and air stable electrode. Chapter 6 discusses a
separate approach to increased photocurrent in flexible OPVs, via the use of plasmon
active transparent electrodes. Chapter 7 summarises the work presented in this thesis and

introduces further avenues of investigation.
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Chapter 2 — Experimental Techniques

Summary

This chapter describes the methods and techniques for electrode and OPV device

fabrication and characterisation used in this thesis.

2.1 Substrate Preparation

2.1.1 Substrate cutting and cleaning
Glass microscope slides (VWR Super Premium, 1.2 mm thick) were cut to size (typically
13%x13 mm for OPV devices and 26 x 26 mm for electrode characterisation) using a

diamond pen cutter. To thoroughly clean the slides they were then:

e ultra-sonically agitated for 15 minutes in acetone,

e dried under a stream of nitrogen,

e ultra-sonically agitated in a dilute aqueous solution of Decon Surfactant
(Neutracon) for 15 minutes,

e ultra-sonically agitated in deionised water (>10 MQ purity) for 15
minutes,

e removed and rinsed with water and iso-propanol (IPA),

e ultra-sonically agitated in IPA (HPLC grade) for 15 minutes,

e dried in a stream of nitrogen.

All ultra-sonic agitation was carried out in a Fisherbrand FB11002 ultrasonic

bath at 100% power.
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ITO glass slides were subject to the same cleaning procedure, with the insertion
of an initial acetone rinsing step to remove a layer of photoresist as supplied. The ITO
slides had a sheet resistance of 15 + 3 Q sq™ and an ITO thickness of 145 + 10 nm and
were from Thin Film Devices Inc. The transparency of these films is shown in Figure

1.19.

PET slides were cut to size (typically 13x13 mm for OPV devices and 26 x 26
mm for electrode characterisation) from a large roll (Mitsubishi, Hostaphan GN 125
4600) using a scalpel. To thoroughly clean the slides, they were rinsed with acetone, IPA,
deionised water, IPA, deionised water and IPA, and finally dried under a stream of

nitrogen.

The far-field transparency of both the glass and PET slides is shown in Figure

2.1.
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Figure 2.1: Far-field transparency spectra of the glass and PET substrates used in this

work, referenced to air.
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2.1.2 UV/O; treatment

After solvent cleaning, the substrates were UV/Oj3 treated to remove solvent residue and
other hydrocarbon contaminants adsorbed from the atmosphere. UV/O; treatment
increases the surface energy of the substrate, which improves film wetting upon layer
deposition. UV/O; treatment of electrodes (e.g. ITO glass) can also alter the work
function.’” The work function of ITO increases upon UV/O; treatment due to the
formation of polar oxygen containing groups on the surface and the reduction of the
push-back effect caused by organic contaminants, both of which modify the surface

potential contribution to the work function.

Figure 2.2: The Novascan PSD-UVT UV/Qg rig.

UV/O3 treatment was carried out using a Novascan PSD-UVT UV/Ojs rig
(Figure 2.2). This equipment uses a UV lamp (185 nm and 254 nm, 20 mW cm™) to
generate ozone from atmospheric oxygen. Glass and ITO slides were UV/O3 treated for

15 minutes with UV illumination followed by a further 15 minutes with the lamp off
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unless otherwise stated. PET substrates were UV/Og treated for varying times between O-

5 minutes, with the lamp on.

2.2 Metal and Monolayer Deposition

2.2.1 Metal Evaporation
Metals were thermally evaporated at a rate of 1 As™, from tungsten boats (Testbourne
Ltd) at a pressure of ~1 x 10 mbar. Material evaporation parameters and evaporation

details are given in Table 2.1.

2.2.2 Self-assembled Monolayer (SAM) Deposition

SAMs can be used to engineer the interfaces in organic optoelectronic devices by
modifying the surface energy and work function.®*?" In this work, a mixed SAM of (3-
aminopropyl)-trimethoxysilane  (APTMS) and (3-mercaptopropyl)trimethoxysilane
(MPTMS) (Figure 2.3) was used as a molecular adhesive layer in the fabrication of ultra-
thin metal films on glass. This approach to ultra-thin metal film formation was initially
developed for Au by the Hatton group and was applied to Cu films for the first time as
part of this project. The methoxy groups on the silicon atom in APTMS and MPTMS
form a strong siloxane bond to the glass surface, with methanol being released as a by-

product.
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Light In

Figure 2.3: The chemical structures of MPTMS (left) and APTMS (middle), and a
schematic showing their role as a molecular adhesive layer supporting an ultra-thin metal

film.

The thiol and amine head groups on MPTMS and APTMS respectively bind
strongly to the incoming Cu atoms during metal evaporation. The primary amine
catalyses the coupling reaction between the methoxysilane groups and hydroxyl groups at
the glass surface enabling the formation of dense, rapidly formed SAM and also binds to
Cu. The thiol head group binds to Cu more strongly than the amine functional group,

%8 A mixed

evident by the greater stability of nanoparticles capped with thiol ligands.
amine and thiol SAM combines the high density of the amine SAM with the stronger
bonding interaction of the thiol SAM, producing a dense array of nucleation sites for
metal film formation, and ensures that the film grows in a continuous manner with small
crystallites that are strongly bound to the substrate at low thickness.!”® SAMs can
therefore lower the percolation thickness of ultra-thin metal films, improving

conductivity and transparency.®> MPTMS and APTMS have been reported previously to

be capable of supporting Cu films,*****2 but not when used as a mixed monolayer.

Mixed SAMs (APTMS and MPTMS, 9 drops of each (97% Sigma Aldrich))

were deposited from the vapour phase at reduced pressure (~50 mbar of air) for 4 hours
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unless otherwise stated. The vapour phase deposition method removes the need for
solvent and ensures that polymerisation does not occur. All Cu electrodes on glass in this

thesis are supported on this mixed molecular adhesive layer unless otherwise stated.

2.3 Substrate/ Electrode Characterisation

2.3.1 Sheet Resistance Measurements

Sheet resistance measurements were made using the Van der Pauw 4 point probe method
on square substrates,*® using a Keithly 2400 source meter and a custom substrate holder.
Silver conductive paint was used on the four corners of the films to ensure a reliable
contact with the substrate holder measurement pins. To minimise error in the
measurement the probe contacts with the metal film were made as small as possible
(Figure 2.4).* To ensure that the change in sheet resistance did not result from changes
in the quality of the contacts, silver painted contacts were replaced with Al mechanical
contacts and the same results were obtained. A potential of 5 mV was applied and the
current was recorded. Two readings were taken 90° apart and averaged. For long term
measurements a Labview program was written to record the current at regular time

intervals for any number of measurements.
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Figure 2.4: Experimental setup for sheet resistance measurements using the Van der

®

Pauw method. A potential is applied between the two top contacts, with the current

recorded between the bottom two contacts.

_ TmWR __ v
SH ™ 1n2) ~ 1In(2)

Equation 2.1

Equation 2.1 is used to calculate the sheet resistance of the samples, where V is
the applied voltage, I is the recorded current, R is the resistance in Q and Rgy is the sheet

resistance in € Sq'l.133

2.3.2 Optical Measurements
The transparency of the window electrode in an OPV is of prime importance, as it
determines the amount of light incident on the photoactive layer, and is therefore a key

determinant of PV device PCE.

Far-field transparency spectra were recorded using a Perkin Elmer Lambda 25
UV/Vis Spectrometer. Spectra were recorded at 1 nm wavelength intervals from 300-
1000 nm unless otherwise stated. The spectra were recorded with the incident beam
entering from the back of the device (i.e. through the glass) as would be the case in a

functioning OPV. A clean glass slide was used as the reference for films deposited on
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glass and a PET slide for films deposited on PET, unless otherwise stated. This reference
ensures that reflection from the front face is subtracted. This is appropriate as reflections
from the front face in a commercial PV module are greatly reduced using anti-reflective

coatings.'*®

Transparency spectra of semi-transparent OPV devices were recorded using an
external quantum efficiency (EQE) spectrometer which was built in house (Section 2.5.2)

due to the small active area of these devices (~1 cm?).

Dark field microscopy is used to capture an image of the scattered light from a
sample. In this work, a bespoke experiment was designed to record spectra of the
scattered light using an Ocean Optics USB2000+ spectrometer and a Zeiss Imager M1m

optical microscope.

2.3.3 Kelvin Probe Technique

The Kelvin probe allows contactless measurement of changes in surface potential or work
function when calibrated to a reference material of known work function. The reference
used in this work was freshly cleaved highly orientated pyrolytic graphite (HOPG) which
has a work function of 4.475 + 0.005 eV.** This technique works by measuring the
contact potential difference between a Au probe and the sample that forms when they are
electrically connected. The Au probe is brought to within ~1 mm of the sample and
oscillated with an amplitude 0.1-0.5 mm. This oscillation changes the capacitance of the
system inducing an oscillating current in the wire connecting the probe to the substrate. A
voltage is then applied until this oscillating current is nulled. This nulling voltage is equal
in magnitude and opposite in polarity to the contact potential difference. This technique is
sensitive to changes in surface potential of + 3 meV, and is housed in a Faraday cage to

screen against stray capacitance. The sample must be grounded, and this is achieved via a
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copper pin and by bolting the movable sample holder to the base of the Faraday cage, as

illustrated in Figure 2.5.

Manipulator

Gold Probe

Copper Pin

Sample

Figure 2.5: The Kelvin probe control box, Faraday cage, micrometers and probe (left)

and a close up of the probe and sample (right).

The work function of a material is the energy required to remove an electron
from the Fermi level to a place immediately outside the surface where it is at rest (i.e. the
vacuum level at the surface). The work function (®) of a material is therefore a function
of a materials chemical potential (i) and the surface potential (y). The surface potential
component results from the dipole at the surface formed by spilling of the electron cloud
into the vacuum. For this reason different crystal faces of the same materials can have
different work functions, and the work function is very sensitive to surface contaminants

(Figure 2.6).%°
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Figure 2.6: The potential surface for an electron being removed from a metal.°

Kelvin Probe work function measurements were made using a Besocke Delta
Phi GmbH control unit and a 2.5 mm diameter Au probe (Figure 2.5) in a nitrogen filled
glovebox, allowing measurements to be made with no exposure to the atmosphere. The

work function of freshly cleaved HOPG was recorded and used as a calibration.

2.3.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy with a spatial
resolution orders of magnitude higher than optical microscopy which was invented in
1986.5" The two main modes of AFM operation for measuring topography are contact
mode and tapping mode. Both involve a cantilever with a very small tip being rastered
across the surface of interest which causes a force on the cantilever, according to Hooke’s
law.®® In contact mode, the tip height is varied to maintain a constant force between the
cantilever and substrate. In tapping mode, the cantilever is oscillated at near its resonant
frequency over the surface. Forces between the surface and the tip alter the oscillation

amplitude, and the height is then adjusted to maintain constant oscillation damping. The

62



tip position is measured by shining a laser on the cantilever and recording the change in

reflected laser spot position using a photodiode array (Figure 2.7).

Photodiode Laser Z Piezo

1

Cantilever

Tip

Sample

Controller
and
Computer

X and Y Piezo

Figure 2.7: Schematic of the laser, photodiode array, sample, peizos, cantilever,

computer and controller used in the AFM.

AFM was performed in air using an Asylum Research MFP-3D in tapping mode
(Figure 2.8). The tips used were AC240TS-R3 (Asylum Research). The lateral resolution
of the AFM is limited by the tip’s radius of curvature, which are of the order of 9 + 2 nm,
thus limiting the size of features on the surface that can be measured to near this value.
The vertical resolution of AFM is usually <1 nm. A root-mean-squared (RMS) roughness
value can be calculated for each image, showing the mean deviation from the middle of
the film in either direction. Unless otherwise stated, all surface roughness refers to this

RMS roughness. An example AFM scan is shown in Figure 2.9.
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Figure 2.8: The Asylum MFP-3D used in this work.

2.3.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a type of electron microscopy that uses a focused
electron beam to produce images, enabling higher resolution than is possible with optical
microscopy. The actual resolution is a function of the wavelength of incident electrons
which is determined by the acceleration voltage. The smallest feature size that can be

imaged using a SEM is typically a few nms across.

In a scanning electron microscope, electrons are emitted from an electron gun
(usually a tungsten filament) and focused using electromagnetic lenses to a spot size in
the nm range. This electron beam is then rastered over the sample surface using
electromagnetic lenses. The detector measures the secondary electrons emitted from the
sample, and this is transformed into the brightness of a spot on an image. The samples

must be conductive for SEM to prevent sample charging.
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SEM measurements were carried out using a ZEISS Supra SP55. The
accelerating voltage was typically 5 kV. An example SEM image and an AFM scan are

shown in Figure 2.9.

Figure 2.9: An SEM image of a Cu film with large structures (left) and an AFM scan of

these structures (right).

Figure 2.9 shows that the lateral dimensions of structures can be visualised very
well using an SEM. SEM does not however provide information about how high these
structures are. For this reason, SEM and AFM are highly complementary surface imaging
techniques. Image artefacts are possible with both AFM and SEM, and can be observed
in the left image as shadowing around the structures, and on the right scan as the dark
horizontal areas in line with the structures. In the AFM scan, these dark streaks are not
real depressions in the film, but merely where the feedback loop of the tip was too slow

to record the sharp decrease in height.

2.3.6. Ellipsometry Measurements
Ellipsometry is an optical technique used for investigating thin solid films. It measures

the change in polarisation of plane polarised light that is reflected by the top and bottom

65



faces of a film, and the data is then modelled to yield the parameters of interest. It can be
used to calculate the thickness of a film, or the refractive index and extinction coefficient
as a function of wavelength."® This technique has the advantage of being non-

destructive.

Ellipsometry was carried out using a Nanofilm EP3-SE spectroscopic
Ellipsometer. Data was collected at 46 wavelengths, between 365 and 1000 nm.
Refractive index and extinction coefficient were modelled using the manufacturer’s EP4
software at fixed film thicknesses. The modelling software used assumes the layers are

discrete and homogenous.

2.3.7. Static-Secondary lon Mass Spectrometry:

Static-secondary ion mass spectrometry (s-SIMS) is a method of mass spectrometry
which operates by bombarding the sample surface with a beam of molecular or atomic
ions. The secondary ejected ions are then captured using a time-of-flight tube, or other
mass analyser. This technique is extremely surface sensitive, with possible detection
levels in the parts per billion range. It is therefore very useful for probing ultra-thin
coatings such as SAMs. Samples must be vacuum compatible, and can be conducting or
insulating. In this work, s-SIMS was performed using a KORE Surface Seer instrument

using a Cs* primary ion source and a mass accuracy of 10 milli amu.

2.3.8 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopic technique
used to determine the elemental composition and bonding environments of the top 5-10
nm of a material, with the exact depth dependent on the inelastic mean free path of an
electron in the material and the take-off angle used, as described by the Beer-Lambert

law. During XPS an X-ray beam is incident on a sample under ultra-high vacuum and via
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the photoelectric effect, electrons are ejected from atoms in the target sample. The
number and kinetic energy of ejected core photoelectrons is then measured. Since energy
levels in atoms and molecules are quantised, each element has a characteristics set of
electron binding energies. The binding energy of core level electrons is typically
perturbed by the chemical bonding environment the element is in by up to 10 eV. This is
due to the fact that the binding energy of the core electrons is a function of how much
charge screening they experience as they leave the atom, which in turn depends on the
arrangement of valence electrons. So a Cu atom that is not oxidised will have a lower
core electron binding energy than that of oxidised Cu because bonding to oxygen in CuO
or Cu,O withdraws valence electrons from the Cu atom, reducing the screening of the
attractive interaction between the nucleus and the recorded ejected electrons. These shifts
in the binding energy of core electrons due to perturbation of the valence band structure

are called chemical shifts.

An XPS spectrum shows the binding energy of electrons on the x-axis, and the
number of electrons (the intensity, or counts) on the y-axis. A survey scan across a wide
range of energies is carried out, and then areas of interest are scanned for longer periods
and at higher resolution to improve the signal to noise ratio. An example of a high

resolution scan is shown in Figure 2.10.
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Figure 2.10: A typical high resolution XPS spectrum showing the W4f region for a WOs.
« film. Raw data, fitted peaks, total fit and background are coloured red, green, dotted

blue and black respectively.

XPS measurements were carried out in a UHV system with a base pressure of 2
x 10" mbar. The sample was excited with X-rays from a mono-chromated Al K, source
(hv = 1486.6 ¢V), with the photoelectrons being detected at a 90° take-off angle using an
Omicron Sphera electron analyser. XPS measurements were made with assistance from
Dr. Marc Walker (University of Warwick). The survey scan was carried out with binding
energies from 1400 eV to -3 eV at a resolution of ~1.50 eV. Following this, core level
spectra were collected at a resolution of 0.47 eV. Subsequent data acquisition, processing
and fitting was carried out using Casa XPS software, with graph plotting and presentation
carried out using lgor Pro 6. When peak fitting, a Shirley background was subtracted
from the raw data and the peaks fitted using a non-linear least square routine with a mix

of Gaussian and Lorentzian shape peaks.

2.3.9 Ultra-violet Photoelectron Spectroscopy
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Ultra-Violet Photoelectron Spectroscopy (UPS) is a technique similar to XPS, in which
monochromatic ultraviolet light (e.g. He | emission at an energy of 21.22 eV) is incident
on the sample, and the kinetic energy of the ejected electrons is recorded. UPS is a very
surface sensitive technique with photoelectrons emanating from only the top 1-2 nm of a
sample, as the escape depth of the photoelectrons is small due to their low kinetic energy.
The energy of UV photons is much lower than X-rays and UPS therefore probes the
valence band electrons and is used to measure the energy of the Fermi level and valence
band edge with respect to the vacuum level. UPS is a complimentary technique to the
Kelvin Probe.**® The Kelvin probe technique measures the work function to within an
error of £5 meV and measures the average work function under the probe. UPS measures
the work function with a margin of error of £100 meV and measures the lowest work
function value. These differences mean that the measurement technique must be
considered when discussing work function values measured using different techniques. A

typical UPS spectrum is shown in Figure 2.11.
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Figure 2.11: A typical UPS spectrum of a Au 8 nm | WO3., 20 nm film. ® denotes the

work function.
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UPS spectra were recorded with assistance from Dr .Marc Walker (University of
Warwick). UV photons with energy 21.22 eV from a He | plasma source in the same
system as the XPS measurements were carried out. A bias of 10.0 V was applied. The
scans were recorded at an emission angle of 0° with a binding energy range of 10 eV to
34 eV. After data acquisition, processing and fitting was carried out using Casa XPS

software, with graph plotting and presentation carried out using Igor Pro 6.

2.4 Device Fabrication

2.4.1 Organic Semiconductor and Metal Oxide Deposition

All device fabrication and testing were carried out in a nitrogen filled glovebox (MBraun
MB 20G LMF, Figure 2.12) unless otherwise stated. Evaporation of metals, metal oxides
and small organic molecules was carried out using a CreaPhys Organic molecular
evaporator housed in an MBraun eVap bell-jar. The thickness of materials deposited was
measured using a quartz-crystal microbalance (QCM) mounted adjacent to the substrate.
This QCM was calibrated regularly by evaporating a thick (~100 nm) film of each
material onto a glass substrate, scoring the film using a needle and imaging the scored
region using an AFM to determine the true thickness. During evaporation the samples
were rotated to minimise shadowing effects and increase uniformity across different

substrates.
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Figure 2.12: The MBraun MB 20G LMF Glovebox (left) with solar simulator (far left)

and the CreaPhys Organic molecular evaporator (right) used.

Table 2.1 lists the deposition parameters for the materials thermally evaporated

in this work.

Material Temperature/ °Cor Rate/ A Usual Thickness/ Supplier and

Sp* st nm Purity
Cu SP 14 1 8 Kurt J. Lesker
99.99%
Al SP 12 1 0.8 - 100 Kurt J. Lesker
99.99%
Au SP 17 1 8 Kurt J. Lesker
99.99%
Ag SP 11 1 12 Alfa Aesar
99.999%
WOs3.« SP 19 0.1-03 20 Sigma Aldrich
99.995%
MoOs SP9 0.2-03 5 Sigma Aldrich
99.99%
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CIAIPc 310- 340 °C 1 20 Sigma Aldrich

Ceo 550 °C 0.1-0.3 32.50r 40 Nano ¢
BCP 140 °C 0.5 8 Alfa Aesar
Pentacene 165-190 °C 0.7-1.0 45 H.W.Sands Corp.

Table 2.1: Deposition parameters for metals, metal oxides and organics. * SP is an
arbitrary unit proportional to the amount of current flowing through a tungsten boat. The
actual temperature will depend on a number of factors, such as evaporation boat

geometry. All organic materials were purified in house via train sublimation.

The average distance from source to sample is 30 cm. The working pressure of
the system was 1 x 10™ mbar for metals and metal oxides, and 6 x 10 mbar for organics.
The organic semiconductors and metal oxides were evaporated from boron nitride
crucibles. The metals were evaporated from tungsten boats. All evaporation materials

were purchased from commercial sources at high purity and were used as received.

2 and was

WO; has a melting point of 1473 °C at atmospheric pressure
therefore experimentally taxing to evaporate with the system working near or at its
maximum operating temperature. This meant that for WOg3 the base pressure was not

always 1 x 10™° mbar and could rise as high as 8 x10™ mbar.

When evaporating top Al electrodes the rate was kept below 2 A s for the first
20 nm. This ensured that the organic semiconductors were not damaged by high energy
Al atoms reaching the organic semiconductors and forming defect states where charge

recombination can take place.
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All materials were either purchased at purity sufficient for OPVs, or purified

using train sublimation.

2.4.2 Device Shadow Masks and Device Layout

When fabricating OPV devices, different shadow masks (Figure 2.13) were used to
define the electrode areas, ensuring the device top and bottom electrodes do not make
contact and short circuit the device, and to produce multiple pixels on each slide. These

masks were fabricated by an external supplier and are bespoke.

Figure 2.13: An example of the type of shadow mask used in this work to create the top

electrodes of devices, and 6 pixels per substrate (left) and example OPV device (right).

The evaporation and mask systems used allowed the fabrication of a maximum
of 9 (13x13 mm) substrates at once, each with a maximum of 6 pixels with an active area
of 0.06 cm?. Alternatively, 9 substrates with 3 pixels per substrate and an active area of
0.16 cm? per pixel could be fabricated. Active area variations from pixel-to-pixel were

higher for the 0.06 cm? devices than for the 0.16 cm? devices. Thus, in Chapter 5 when
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analysing data to judge improvements in photocurrent, 0.16 cm? devices were fabricated.

This lowered the standard deviation of the Jsc and PCE significantly.

2.4.3. Spin Coating and Device Annealing

Spin coating is used in a laboratory environment to form thin films of solution processed
materials with thicknesses of > 5 nm and a thickness variation of + 10 % across the film.
The substrate is held in place at the centre of a disc using a vacuum chuck and the plate is
spun at a specific rate for a specified time. The final film thickness depends on the
viscosity of the solution, the spin speed, the spin time and the solvent volatility. Higher
spin speeds yield thinner films. The concentration of material used and how the solution

wets the substrate also affect the film thickness and morphology.

Spin coating was carried out using a SUSS MicroTec Delta 6RC spin coater in a
nitrogen atmosphere (Figure 2.14). Polymeric donor materials and fullerene based
acceptor materials were spin cast from mixed solutions to form BHJ layers, the
morphology and thickness of which could be controlled by spin speed and post-

deposition annealing.
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Figure 2.14: The SUSS MicroTec Delta 6RC spin coater used in this work.

In this work all polymer layers (PTB7 and PCDTBT), fullerene derivatives
(PCBM and PC7,BM), and some metal oxide precursors were deposited by spin coating.
Annealing of devices was carried out in the glovebox using a hotplate with a copper plate
and a thermocouple fitted for accurate temperature measurement and to ensure uniformity

of heating.

PTB7/PC;oBM  films were spin cast from a solution of 97:3
dichlorobenzene:diiodoctane at a concentration of 10 mg/ mL and 15 mg/ mL of PTB7
and PC;oBM respectively. The addition of diiodooctane to the dichlorobenzene decreases
the BHJ domain size and results in a higher PCE.** The solutions were stirred overnight
at 50 °C. Spin coating was carried out at 1000 rpm for 60 seconds and then 6000 rpm for
4 seconds. The second higher spin speed was required to remove the excess material
accumulated at the substrate corners. Solution filtration or film annealing were not

needed.

PCDTBT/PC7BM films were spin cast from a solution of chloroform at a
concentration of 4 mg/ mL and 12 mg/ mL of PCDTBT and PC;,BM respectively. The
solutions were stirred for 1 hour at 65 °C. Spin casting was then carried out at 6000 rpm

for 60 seconds. The films were then annealed for 30 minutes at 80 °C under nitrogen.

Solution processed tungsten oxide films were prepared by spin coating tungsten
isopropoxide in IPA at 1.5 mg/ mL. The solution was drop cast onto the substrates before
spinning at 4000 rpm for 60 seconds. The substrates were then annealed at 150 °C for 10

minutes in the glovebox.
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Solution processed titanium dioxide films were prepared by spin coating from a
stock solution of titanium isopropoxide (0.1 ml) in 1-Butanol (0.5 ml). The solution was
drop cast onto the substrates before spinning at 2000 rpm for 60 seconds. The substrates
were then annealed at 450 °C for 30 minutes in the glovebox. This leads to a film
thickness of approximately 20 nm. Decreasing the titanium isopropoxide stock solution
concentration so that 0.1 ml of titanium isopropoxide is diluted with either 1 ml or 2 ml

or 1-butanol leads to 10 and 5 nm films respectively.

2.5 Device Testing

2.5.1 Current Density- Voltage Testing

Current density/voltage (JV) testing was carried out using a Keithley 2400 source meter,
and a custom Labview interface in the dark and under 1 sun simulated solar illumination
using an ABET technologies Sun 2000 Solar Simulator (Figure 2.15). Given the active
area of the device, the Labview interface calculates the Js, Vo, FF and PCE. The
intensity was set to 100 mW cm™ over the AM1.5 solar spectrum. The light source was a
Xenon short arc lamp with AM1.5 filters and was calibrated using a calibrated silicon
diode (PV Measurements Inc.) with KG5 colour filter. This yields a short circuit current
of 45 mA cm™. Devices were scanned from -1 to +1 V with 201 data intervals unless
otherwise stated. The electrical leads connected to the multimeter were swapped for use

in inverted devices, so that the characteristics are easily comparable.
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Figure 2.15: The ABET technologies Sun 2000 Solar Simulator used.

OPV devices were tested in a nitrogen filled glovebox, allowing characterisation
of OPV cells without encapsulation, and removing the need to consider degradation by
water or oxygen. Prior to testing each electrode contact (usually six Al top electrode
contacts and one ITO/Cu transparent electrode contact) had a spot of silver paint (RS

components) applied to it to ensure good electrical contact with the device holder.

2.5.2 External Quantum Efficiency Measurements

External quantum efficiency (EQE) spectra, also known as incident-photon-to-converted-
electron (IPCE) spectra, yield the spectral response of the device. When combined with
absorption data, this technique gives insight into which material in the device is

generating the photocurrent.

For an ideal cell the IPCE/EQE would be unity across all the wavelengths,
showing that one electron in the external circuit is created for every photon incident upon

the device. However, this is not possible as there is insufficient material thickness for full
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light absorption of all wavelengths due to the exciton diffusion bottleneck, reflection
from the glass face and exciton quenching near to the electrodes. Figure 2.16 shows an
example EQE spectrum for an OPV device based on a PTB7/PC7,BM active layer from
which it is evident that the device is generating photo current from 350-750 nm with a

peak EQE of ~0.7 at 400 nm.
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Figure 2.16: A typical EQE spectra of a PTB7/PC,BM OPV device.

EQE measurements were performed under nitrogen with a white light xenon arc
lamp (Sciencetech SF150), monochromator (Photon Technology International), focussing
and splitting lenses, current-voltage amplifier (Femto DHPCA-100), lock-in amplifier
(Stanford Research SR830 DSP) and custom Labview interface. The incoming
monochromatic light was chopped at 500 Hz to enable the lock in amplifier to remove
any signal generated from background light. The monochromatic light intensity was
calibrated against a Si photodiode (818UV, Newport) and the ratio of light hitting the

reference and sample was recorded using two Si photodiodes (818UV, Newport) as a
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function of wavelength and taken into consideration. This last step is necessary as the

splitting lenses do not split the light equally at every wavelength.

2.5.3 Data Analysis

To ensure the statistical significance of any change in device performance parameters
(e.0. Jso, Voo, FF, PCE),*® at least 18 pixels of each structure were fabricated and the
standard deviation is given for each parameter. All data was analysed using Microsoft

Excel and plotted using Igor pro 6.

2.5.4 Optical Simulations

Optical simulations for transparency and electric field intensity were carried out using
The Essential Macleod Software from Thin Film Center Inc. Refractive index and
extinction coefficient data as a function of wavelength were entered into the software for
each material. This data was obtained from the literature and from spectroscopic

ellipsometry measurements (Section 2.3.6).

Electric field intensity simulations were performed using The Essential Macleod
Software from the Thin Film Center Inc. This software assumes smooth interfaces and
homogenous media. This technique allows microcavity effects to be visualised, and
design of device architectures to ensure that the electrical field strength is maximised in

the active layer of the device, producing the maximum photocurrent.

2.5.5 Degradation Measurements
In addition to degradation measurements performed using the solar simulator described in
Section 2.5.1, longer term stability test were performed on a rig built in house (Figure

2.17).
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Figure 2.17: The long term illumination rig used for JV testing.

Connections to the circuit board below are made with the metal legs shown on
the right of Figure 2.17. A Keithley source meter and custom Labview program were then
used to run JV scans of the cells as described in Section 2.5.1. When not being JV tested
these cells were all held at their maximum power point via connection to a resistor
typically between 150-300 Q. The cells in this rig were illuminated with commercially
available halogen spotlight bulbs which are only a very approximate match to the AM1.5
spectrum. The intensity was measured using a photodiode for each cell and was always

100 + 8 mW cm™.
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Chapter 3 — Ultra-thin Cu/Al Electrodes

The majority of the work presented in this chapter has been published in the following
paper:
“An Indium-Free Low Work Function Window Electrode for Organic Photovoltaics

Which Improves with In-Situ Oxidation” O.S. Hutter, H.M. Stec, R.A. Hatton, Adv.

Mater. 2013, 25, 284.

3.1 Abstract

This chapter describes an exceptionally robust Cu electrode passivated with an ultra-thin
Al layer which simultaneously functions as the low work function electron-extracting
electrode, a sink for oxygen and water molecules in the photoactive layer, and a low cost

window electrode in inverted BHJ OPVs.

3.2 Background

Organic semiconductors offer the prospect of truly low cost PVs with a very short energy
payback time.}"*%% As outlined in Chapter 1, this potential can only be realised if low
cost alternatives to conducting oxides (e.g. ITO) are forthcoming as window

electrodes! 14014

and economically viable transparent barrier materials and desiccants
are developed that are capable of slowing the ingress of water and oxygen enough to
realise useful device lifetimes.?®®****21% There is growing evidence that even trace

amounts of O, are problematic in OPVs, 1%

even for relatively stable organic
semiconductors such as PCDTBT.>® Without advances in both of these areas the cost
advantage associated with solution processing organic semiconductors will be off-set by

the high cost of the window electrode and device encapsulation.**
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Optically thin (<10 nm) metal films are emerging as a viable class of transparent

82,146,147

electrode for OPVs, since both micro-cavity effects and refractive index

146,148

matching can be used to mitigate against the reduced far-field transparency as

compared to optimised conducting oxides.*°

Advantages of optically thin metal films
include compatibility with flexible substrates," low materials and processing cost (e.g.
by decomposition of an organo-metal precursor deposited by slot-die coating,*’” or by
thermal evaporation rather than sputtering, with no requirement for post-deposition

129151 and chemical uniformity.®*2*52 Proven low cost

annealing), ultra-low roughness
manufacturing infra-structure is available for vacuum deposition of metal films over large
areas in the form of roll-to-roll vacuum evaporation systems currently used in the

154 resistance to electro-

packaging industry.'®*>* Owing to its high electrical conductivity,
migration™ and relatively low cost,® Cu is widely used in the microelectronics industry
and is receiving growing attention as an electrode material for OPV. Indeed, Cu offers
comparable conductivity to Ag, is 1000 times more abundant than In and is 100 times

less expensive.*8*

Due to its relatively high work function of 4.5-4.6 eV,™® Cu is most suitable as
the hole-extracting electrode in OPVs.****>* However, unlike Au or Pt, its work function
is not high enough to render it resistant to oxidation under ambient conditions. Exposure
to air at room temperature results in the formation of an insulating Cu,O/CuO layer at the
surface of bulk Cu, the thickness of which is not self-limiting."*® In the context of
optically thin films this gradual conversion of Cu to copper oxide results in a large
increase in sheet resistance with increasing oxidation time, which renders it unusable in
OPV devices. For Cu films to be a viable alternative to ITO glass, they must therefore be

passivated from oxidation. In the small number of literature reports that relate to the use
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of Cu electrodes in OPVs they are exclusively used as the hole-extracting electrode and
are invariably capped with a high work function oxide layer to optimise the interfacial

energetics.°0°"1%9

The performance of OPVs is critically dependent on the sheet resistance of the

160161 \which for the transparent electrode cannot exceed 15-20 Q sq™,*® and

electrodes,
should preferably be <10 Q sq™.* Increases in sheet resistance adversely impact the
efficiency of current extraction to the external circuit due to the voltage drop in the plane
of the electrode. Additionally once the surface oxide layer exceeds a thickness of ~1 nm
it is no longer transparent to the transport of electrons across the interface between the
metallic Cu and the organic semiconductor and so the efficiency of current extraction is
eroded exponentially with increasing oxide thickness.®> A further complication that
arises when the surface of a Cu electrode oxidises in-situ in an OPV device is the 42%
increase in volume occupied by the oxide as compared to the metal*®® which increases the
likelihood of delamination.®® Cu electrodes therefore suffer from similar drawbacks to the
low work function metals used for electron extraction in OPVs such as Al and Ca, the
oxidation of which is known to be a major mode of device degradation.***** To date two
different approaches have been employed to mitigate against this problem: (i) The
development of air stable electron-extracting layers incorporated at the electrode/organic
semiconductor interface, most notably TiO,,2® Zn0O,*" and Al:Zn0.%; (ii) The use of
increasingly sophisticated barrier/encapsulation layers to slow the inevitable ingress of

oxygen and water from the atmosphere into the photoactive layer.#**%®

There are few reports of materials that actively scavenge O, and H,O in an
organic electronic device, including TiO, deposited from a sol-gel,***"® and a 5-10 nm

CrOy interfacial layer deposited under low vacuum.'™ In these cases the oxygen/water
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scavenging capacity and electron transport properties both originate principally from
oxygen array vacancies and so oxygen scavenging is at the expense of electron

conductivity.

Al,O3 films of >100 nm are known to be an effective encapsulant for organic
electronics, particularly when deposited by atomic layer deposition.}”*'® Gan et al. have
also reported that ultra-thin (0.3 nm and 1 nm) Al,Oj3 layers are effective at retarding the
oxidation of Cu films heated in air for 30 seconds.!™ Pérez Lopéz et al. have shown that
1.4 nm Al films can retard the diffusion of Cu into the high work function oxide MoO3

when the metal is deposited onto the oxide.**

In this chapter passivation of ultra-thin Cu films from ambient oxidation is
described using an ultra-thin Al layer. This Cu | Al film supported on glass modified with
a mixed molecular adhesive layer is shown to be a low cost window electrode for OPVs
which simultaneously removes the requirement for conducting oxide and conventional
low work function electrodes and functions as a sink for oxygen/water in the heart of the
device. It is shown that the functionality of this electrode actually improves upon
oxidation in-situ as demonstrated in BHJ organic photovoltaics and so this composite

electrode also serves as a built in desiccant for oxygen.

3.3 Experimental

Preparation of ultra-thin Cu | Al films on glass: When preparing Cu films with the
APTMS/MPTMS mixed adhesive layer, it is important for the APTMS not to be used

from the fridge, as this results in Cu films with a higher sheet resistance.

OPV fabrication and testing: PCDTBT and PC;;BM (Ossila Ltd) were deposited as

described in Chapter 2, and allowed to dry at room temperature under nitrogen for 10 min
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before annealing at 80 °C for 30 min. MoO; was evaporated at 0.1 nm s, Al was

deposited at 0.5-3 nm s through a shadow mask.

Optical transparency measurement: For far-field transparency measurements the
reference material was a plain glass slide. The incident beam passed through the glass

first of all, as is the case in an OPV device.

Oxidation: Oxidation of all films was carried out in laboratory air, with the exception of
electrodes that were incorporated into OPVs and OPV devices, which were oxidised in 1

bar of dry air (<0.015 vol% H,0) in the dark.

3.4 Results and Discussion

Ultra-thin Au films on glass using a mixed SAM as a molecular adhesive layer have been
reported previously by Stec et al.'?® This protocol was used to fabricate ultra-thin Cu
films on glass for the first time as part of this work. The high affinity of Cu for amine and
thiol moieties ensures that this approach works well for the preparation of optically thin
Cu films.*'® Indeed, the two SAMs (APTMS and MPTMS, Figure 2.3) used in this
work have been used in isolation to bind Cu to glass and silicon.”>*® Since the work
presented in this chapter, the mixed monolayer protocol has been improved for the
formation of Cu films to realise lower sheet resistance values. This was achieved by
altering the temperature at which the APTMS is used. The sheet resistance of films
fabricated using APTMS stored at 3-5 °C and room temperature were ~11 and 7 Q sq™
respectively. This is attributed to the primary amine on APTMS catalysing the coupling
reaction between the methoxysilane groups and hydroxyl groups at the glass surface, the
substrates increased reactivity immediately after UV/O3; treatment, and the vapour

pressure increase of the APTMS at elevated temperature.
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The transparency spectrum of a Glass | SAM | Cu 8 nm film is shown in Figure
3.1, with the simulated transparency of the same film using Macleod software. The close
agreement of the recorded and simulated spectra in Figure 3.1 illustrate that the fabricated
Cu films are continuous and are slab-like. The far-field transparency of Cu | Al electrodes
Is also similar to Cu electrodes, consistent with the very low Al thickness and expectation
that the surface oxide is a wide band gap material.’”"*"® Upon oxidation in air for 24 hrs
the transparency remains the identical within substrate to substrate variation, and the
sheet resistance decreases from 10.8 to 9.9 Q sq™, in keeping with the result shown in

Figure 3.3.
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Figure 3.1: Far-field transparency of Glass | SAM | Cu 8 nm (black), Glass | SAM | Cu 8
nm | Al 0.8 nm (blue) and simulated Glass | Cu 8 nm (red) films. Inset: Optical image of a

Cu | Al film.

Measurements of the morphology of these Cu 8 nm films performed using AFM
(Figure 3.2) corroborate this conclusion, with a roughness comparable to the underlying

glass substrate.
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Figure 3.2: AFM scan of a Glass | SAM | Cu 8 nm film.

The AFM scan in Figure 3.2 has an roughness of 0.66 nm over 1 x 1 um, which
iIs comparable to the underlying glass substrate, confirming that the Cu film is continuous
and slab-like. The swirl like features on the Cu surface are associated with the underlying
glass substrate, showing Cu forms a conformal layer. The sheet resistance and work
function of these glass | SAM | Cu 8nm films is 14 Ohms sq™ and 4.57 + 0.05 eV
respectively. The sheet resistance is comparable to that of the Au ultra-thin films of

.12 and the work function is consistent with

similar thickness demonstrated by Stec. et a
that of Cu. Selecting the thickness of these films for application as the window electrode
in OPV is a balance between decreasing sheet resistance and decreasing transparency
upon increasing the film thickness. A film thicknesses of ~7 nm was decided to be the
best balance of these two criteria. This was largely decided on the basis of sheet

resistance, since much above 15 Q sq™* is known to result in an unacceptable reduction in

PCE.

The fabricated ultra-thin Cu films have the disadvantage that they oxidise in air
resulting in increased sheet resistance, as shown in Figure 3.3 (blue line). The resistivity

of the 9 nm and 7 nm Cu films is 8.1x10® Q m and 9.8 x 10® Q m respectively. These
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values are a factor of ~4.7 and ~5.7 times larger than bulk Cu (1.7 x 10® Q m)*"

respectively. Since these film thicknesses are ~4.4 times and ~5.7 times smaller than the

180

mean free path of an electron in bulk Cu,™ this scaling of resistivity with thickness

shows that scattering at the top and bottom surfaces of the Cu film may be the primary
determinant of film resistivity when the film thickness is so low and is further evidence

that the films are slab like.'*’
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Figure 3.3: Sheet resistance and work function as a function of time exposed to air. Part
(a) is an enlarged version of the region between 0 and 2 hours in Part (b).: (Upper, solid
blue line) sheet resistance of Cu 7 nm film; (upper, solid red line) sheet resistance of Cu
7 nm | Al 0.8 nm film. The fluctuations in the sheet resistance are due to fluctuations in
ambient temperature.; (lower red data points and red line to guide the eye) work function
of Cu 7 nm | Al 0.8 nm; (lower, black data points and line to guide the eye) work
function of Al 34 nm film. The first measurements (Time =0) were made in a N,
atmosphere immediately after metal deposition. Inset: Schematic of a Cu film after

oxidation.
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The sheet resistance of 7 nm Cu film is ~14 Q sq™. However, Figure 3.3 shows
that upon exposure to air sheet resistance increases rapidly within the first hour followed
by a gradual continuous increase. By capping the Cu electrode with a 0.8 nm Al overlayer
this increase in sheet resistance is prevented. Thinner Al overlayers were not sufficient to
prevent oxidation upon exposure to air. Other methods of surface passivation were also
attempted, including the use of an ultra-thin Mg passivation layer'®! but did not passivate
the Cu film. Notably, the Cu 7 nm | Al 0.8 nm films have a 4.5 Q sq™ higher starting
resistance than Cu only, which is attributed to Al diffusion into the underlying Cu film
particularly between grain boundaries, since Al doped Cu is known to have a higher
resistivity than pure Cu even at very low Al concentrations.'®® However, the sheet
resistance of the binary Cu 7 nm | Al 0.8 nm film decreases by ~15% (3 Q sq™) upon
oxidation in air. This increase in conductivity is attributed to migration of Al atoms
dissolved in the Cu film to the film surface where they are oxidised. Since the sheet
resistance of the oxidised Cu 7 nm | Al 0.8 nm film converges to a value 1.5 Q sq* above
that of unoxidised Cu films, either some Al remains dissolved in the bulk of the Cu film
or the thickness of Cu film is reduced due to some Cu being bound up in the surface
oxide layer. It is known that Al dissolved in Cu can diffuse at temperatures as low as 100
°C.182183 However, the melting point of Cu and Al are 1083 and 660 °C,"®* so it is quite
unexpected that diffusion should occur so rapidly at room temperature. This effect is
attributed to the suppression of the Cu melting point due to the low film thickness, since
10 nm Cu films have been observed to melt below 400 °C,*® which in turn suppresses the
temperature at which Al atoms can diffuse. Upon deposition of this ultra-thin Al layer,

the surface roughness of the electrode remains very low at ~0.6 nm (Figure 3.4).
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Figure 3.4: 3-D AFM scan of surface morphology of a Cu 8 nm | Al 0.8 nm film (top)

and a schematic diagram of the electrode structure (bottom). The film shown has a root-

mean-squared roughness of ~0.6 nm.

In principle the effectiveness of such a thin Al overlayer in protecting the
underlying Cu towards oxidation cannot be rationalised in terms of the formation of an
0.8 nm Al,O3 capping layer since the thickness of the self-limiting oxide on Al is known
to be greater than 2 nm.***¥ |t is the formation of this thick oxide layer at the Al/organic
semiconductor interface that is the reason for the increase in series resistance in
OPVs. 28188 The surface sensitive technique of static secondary ion mass spectrometry
reveals that for a Cu | Al 0.8 nm film the upper most surface includes copper oxide in
addition to aluminium and aluminium oxide as shown in Figure 3.5. This sample was in

air for 3 minutes prior to data acquisition.
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Figure 3.5: Static secondary ion mass spectrometry (s-SIMS) spectra of an ultra-thin Cu

film with a 0.8 nm Al overlayer: (a) positive ion spectrum.; (b) negative ion spectrum.

Even if the Al layer thickness is increased by more than a factor of five to 4.2

nm copper oxide is still present at the surface (Figure 3.6) consistent with the formation

of a dense ultra-thin Al,CuyO, surface layer. Various Al oxide fragments are also present

in the s-SIMS showing oxidation of the Al e.g. m/z values of 59 and 77 for AlO; and

AlO3H; respectively in the negative spectrum in addition to the peak at m/z 43 in the

positive spectrum.®
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Figure 3.6: s-SIMS spectrum of an ultra-thin Cu film with a 4.2 nm Al overlayer: (a)

positive ion spectrum.; (b) negative ion spectrum.
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XPS spectra confirms the presence of Al oxides at the surface of a Cu | Al film,
in agreement with XPS spectra of Cu | Al films reported by Tyler et al. after this work.'*
Figure 3.7 shows the presence of Cu and AIQO,, at the surface of the film. Cu(ll) is not

present, although Cu(l) oxide cannot be ruled out by these spectra alone.*®

H,O

AlO,

128 124 120 116 536 534 532 530 528
Binding Energy/ eV Binding Energy/ eV

Figure 3.7: Al2s / Cu3s (left) and O1s (right) XPS spectra of a Cu 8 nm | Al 0.8 nm film
after 75 minutes oxidation. Raw data, total fit and background are coloured red, dotted
red and grey respectively. Fitted peaks for Cu, AlO,, and atmospheric H,O are coloured

green, blue, and black respectively.

Work Function measurements made using a Kelvin Probe co-located in the same
glove box as the evaporator corroborate this conclusion, since the work function of
oxidised Cu 7 nm | Al 0.8 nm films, 3.78 £ 0.02 eV (Figure 3.3), which is too high to be
Al,O; (3.45 + 0.02 eV) (Figure 3.3) and too low to be Al (4.33 eV),** Cu (4.6 V)™ or
CuO (4.54 + 0.02 eV). It is evident from Figure 3.3 that the work function of the Cu | Al
electrode is very low to begin with (3.11 eV) and after an initial very rapid increase
converges to 3.78 eV. This very low starting value is not unexpected, since Al,O3 has a
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low work function of ~3.2 eV (Figure 3.3) and it is known that an extremely thin oxide
layer forms at the surface of freshly evaporated Al films within minutes at 10°® mbar (i.e.
high vacuum) due to the very high reactivity of Al towards O,.*** When exposed to the
glove box environment, which is ~1 ppm O, a very thin oxide layer is therefore expected
to form extremely rapidly. Importantly, when the work function and sheet resistance
evolve with oxidation the surface roughness of the films remain essentially unchanged at
an exceptionally low root-mean-square value of <0.6 nm, as shown in Figure 3.8. This is

much lower than most conducting oxide electrodes at 2-3 nm.*%
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Figure 3.8: 3-dimensional AFM scans of Cu 7 nm | Al 0.8 nm films on APTMS:MPTMS

derivatized glass that have been in air for 3.5 hours (top left) and 32 hours (bottom right).
The work function, sheet resistance (Rsy) and root-mean-squared roughness (rgms) at
these two time intervals are given to show that work function and sheet resistance evolve

due to surface oxidation whilst roughness remains essentially unchanged.

Furthermore, these electrodes are robust towards ultra-sonic agitation in toluene,
isopropanol and water, with less than 2% increase in sheet resistance, as shown in Table

3.1.
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Process Rsy/Qsq™t

Before ultra-sonic agitation  15.4+0.1

Toluene 156+0.1
Isopropanol 156+0.1
Water 156+0.1

Table 3.1: Sheet Resistance of a Cu 7 nm | Al 0.8 nm film after ultra-sonic agitation in

various solvents for 10 minutes.

The low work function and very low surface roughness of the Cu | Al 0.8 nm
films combined with the decrease in sheet resistance upon oxidation and capacity to mop
up oxygen/water bodes well for application as a transparent electron-extracting electrode
and a built-in desiccant for oxygen in OPVs. For this application, the oxide layer formed
at the electrode upon in-situ oxidation must however remain sufficiently thin to be
transparent to the flow of electrons across the electrode - organic semiconductor interface
and the change in work function must not adversely impact the efficiency of electron-

extraction to the external circuit.

To demonstrate utility in OPVs the electrode was incorporated into model
inverted OPVs with the structure: Cu 7 nm | Al 0.8 nm | PCDTBT/PC7BM | MoO3 10
nm | Al 70 nm. A 7 nm Cu film was chosen because the sheet resistance is comparable to
that of the ITO coated glass used in our laboratory for OPVs; 15 Q sq*. Whilst, the PCE
of OPVs using a 7 nm Cu electrode (~4.0%) is ~15% lower than that achieved using a
conventional ITO electrode (~4.7%), due to the lower transparency of the former (Figure
3.2), it is important to note that in this study optical spacers have not been employed to

maximise micro-cavity effects. All devices were fabricated in a nitrogen filled glove box
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with ~1 ppm O, and H,O. In-situ oxidation of the electrode was achieved by storing the
entire OPV in air at one atmosphere, standardised test protocol 1SOS-D-1 Shelf,*** for 69
hours. Due to the low thickness of the Cu | Al electrode it is possible to monitor the
extent of oxidation at the buried interface between the electron-extracting electrode and
PCDTBT/PC;,BM layer via the decrease in resistance of the electrode. The beauty of this
non-destructive in-situ measurement lies not only in its simplicity but in the fact that it
allows changes in the state of the electrode surface to be probed independently of other

changes in the OPV such as oxidation or doping of the photoactive layer.

It is well documented that the characteristics of un-encapsulated organic
optoelectronic devices stored in air changes on the time scale of minutes to hours due to
the ingress of water and molecular oxygen into the organic semiconductor layer(s) and
oxidation of the low work function electrode.”®%®*"%" Since the top metal contact slows
the rate of diffusion into the organic semiconductor'®® the OPVs fabricated in this study
have a relatively small active area; ~0.13 cm?, to help ensure rapid air ingress. Figure 3.9
shows representative JV characteristics for an OPV before and after storage in air for 69
hours. The 6% decrease in resistance of the electrode from 9.72 to 9.19 Q, measured
using the two point method indicates that the surface of the Cu | Al electrode has oxidised
to a significant extent due to air ingress through the photoactive layer. The resistance of a
reference comprising a Cu | Al electrode of identical geometry covered with a
PCDTBT/PC,BM layer but without a top electrode also exhibited a 6% change
confirming that the whole electrode surface is oxidised and not just the area near to the

edges of the top electrode in OPV devices.
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Figure 3.9: Typical JV characteristics for OPVs with the structure: Cu 7 nm | Al 0.8 nm |
PCDTBT/PC7;BM | MoO3 10 nm | Al 70 nm in the dark (inset) and under 1 sun
illumination, both before and after oxidation in air at 1 bar for 69 hours. Notably the
resistance was measured using the two point method so the measured resistance is not

directly comparable to the sheet resistance.

Crucially, this in-situ oxidation of the electrode at the buried interface with the
photoactive organic semiconductor layer does not adversely impact Jsc, FF or V,, which
remain constant at ~5.9 mA cm?, ~0.50 and ~0.86 V respectively. In fact, there is an
order of magnitude decrease in the reverse dark current at -0.75 V which represents a

large improvement in the dark JV characteristic according to the ideal diode equation:***

V. ~ nTlen(]]S—:) Equation 3.1

Where V. is the open circuit voltage, n is the diode ideality factor, k is the
Boltzmann constant, T is the temperature, q is the fundamental charge, Js is the short
circuit current and Js is the reverse saturation current. The improvement in dark current

characteristics shown in Figure 3.9 have been observed before in OPV systems

96



employing a thin NiOy interlayer.'®> OPVs fabricated in a nitrogen atmosphere on pre-
oxidised Cu | Al 0.8 nm electrodes exhibit the same improvement in dark JV
characteristic which remains unchanged upon storage in air, ruling out the possibility that
doping of the photoactive layer by oxygen is responsible for the improvement in dark JV

characteristics (Figure 3.10).
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Figure 3.10: Left: Typical JV characteristics for OPVs with the structure: Cu 7 nm | Al
0.8 nm | PCDTBT/PC7BM | MoO3 10 nm | Al 70 nm in the dark. Red: Device fabricated
in a nitrogen atmosphere on a pre-oxidised Cu | Al electrode. Black: Device fabricated in
a nitrogen atmosphere on a pre-oxidised electrode and stored in air for 20 hrs. Right: Flat
band schematic energy level diagram for the OPVs, illustrating the change in electrode

work function.

Since the PCDTBT/PC;oBM layer is deposited immediately after removal of the
Cu | Al electrode from the vacuum chamber, the 6% reduction in sheet resistance of the
electrode translates to a 300-350 meV increase in work function of the electron-extracting
electrode from 3.11 to 3.43 eV (Figure 3.3). However, since the work function of the

19 jt can

electrode remains less than or equal to the electron affinity of PC,BM (3.7 eV)
be assumed that the degree of alignment between the electrode Fermi level and the

LUMO of PC;BM remains unchanged, since ground state charge transfer from the
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electrode to PC7BM LUMO will occur pinning the LUMO near to the electrode Fermi
level (Figure 3.10). It is not clear at this stage as to why the dark current characteristics
improve so dramatically upon formation of the oxide layer. This improvement does not

194

however translate to an increase in Vo as expected according to the ideal diode

equation, because it is already at the maximum achievable for this material system.®

To further demonstrate the stability of this electrode, degradation measurements
were undertaken for encapsulated OPVs. The molecular materials of Cgo and SubPc were
used as they are known to be very stable. Single junction evaporated small molecule cells

with an active area of 1 cm? were fabricated and the JV responses are shown in Figure
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Figure 3.11: Left: JV characteristics for devices with the structure: Glass | SAM | Cu 7
nm | Al 0.8 nm | Cgo 30 nm | SubPc 16 nm | MoO3 5 nm | Al 160 nm | MoO3 40 nm. The
devices were encapsulated and tested in air immediately after fabrication. Right: Typical
JV characteristics for the same OPVs in the dark. Red: Devices fabricated on pre-oxidised

Cu | Al electrodes. Black: Devices fabricated on unoxidised electrodes.
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Window electrode Jo/ mMAcm? Vol V FF PCE/ %

Non-oxidised 23+0.1 0.51+0.08 042+0.06 05%0.1

Oxidised 217+0.06 0.64+0.05 043+0.06 0.6+0.1

Table 3.2: Left: JV data for the OPV devices shown in Figure 3.11. Device architectures:
Glass | SAM | Cu 7 nm | Al 0.8 nm | Cgp 30 nm | SubPc 16 nm | MoO3 5 nm | Al 160 nm |

MoOs 40 nm. Right: Photograph of a 1cm? device.

The increase in V. for the OPVs in Figure 3.11 and Table 3.2 can be explained
with reference to the reverse saturation current: Since the Vo IS not at the maximum
obtainable for this system for devices fabricated on unoxidised electrodes, an increase in
Vo is to be expected when considering the ideal diode equation (Equation 3.1). After
encapsulation and testing, these cells were then loaded onto a long term degradation rig,
and the JV characteristics were recorded successively as the cells underwent degradation
in air under illumination. The results are shown in Figure 3.12. It is important to note that
the long term degradation testing rig used to generate the data shown in Figure 3.12 uses
commercially available spotlight bulbs instead of a AM1.5 lamp source. The intensity
was measured using a photodiode for each cell and was always 100 + 8 mW cm™
Although these OPVs were encapsulated, there is an inevitable ingress of oxygen and

water into the devices whilst testing in air.
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Figure 3.12: Average efficiency ratio values as a function of time under 1 sun for OPV
cells fabricated on oxidised (18 hrs) and non-oxidised Cu | Al electrodes. Full device
structures were as follows: Glass | SAM | Cu 7 nm | Al 0.8 nm | Cgp 30 nm | SubPc 16 nm
| MoO3 5 nm | Al 160 nm | MoO3; 40 nm. The devices were encapsulated and tested in air.

Data points are shown with an exponential decay data fit to guide the eye.

The degradation of OPVs occurs as a result of a number of parallel mechanisms,
although many are known to result from the ingress of oxygen and water into the
photoactive layer. Figure 3.12 shows that the initial efficiency of devices using Cu | Al
electrodes is very similar, consistent with the results for polymeric devices. The LUMO
of Ceo is 4.5 eV"™ and so again the change in the work function of the electrode upon
oxidation is not expected to result in reduced PCE. However, the devices fabricated on
non-oxidised electrodes last much longer that those fabricated on oxidised electrodes,

consistent with the oxygen desiccant property of this electrode system.
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3.5 Conclusions

These Glass | SAM | Cu 8 nm | Al 0.8 nm window electrodes are fabricated from low cost
materials and simultaneously remove the requirement for a conducting oxide window
electrode and a conventional low work function electrode. When the electrode is exposed
to air, an ultra-thin self-limiting ternary oxide layer forms at its surface without any
increase in surface roughness and the sheet resistance of the electrode actually decreases;
thereby improving the electrical properties of the electrode. This is in stark contrast to
ultra-thin Cu films on identical substrates, where the sheet resistance increases in air with
oxidation. It is shown that oxidation of the electrode surface at the buried interface does
not adversely impact the efficiency of electron extraction, even though the work function
increases by several hundred milli-electron volts from a very low starting value of ~3.1
eV to a maximum of ~3.8 eV. These electrodes scavenge oxygen/water that permeates
into the photoactive layer which is particularly important for OPVs since organic
semiconductors are particularly susceptible to damage by low levels of molecular oxygen
and the desiccant layer is in direct contact with the organic semiconductor layer.
However, this electrode has the disadvantage of a lower far-field transparency than the

industry standard; ITO glass.
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Chapter 4 — Hybrid Copper: Doped Tungsten

Sub-oxide Window Electrodes

The majority of the work presented in this chapter has been published in the following
paper:

“A Hybrid Copper:Tungsten Suboxide Window Electrode for Organic Photovoltaics”

O.S. Hutter, R. A. Hatton, Adv. Mater. 2015, 27, 326.

4.1 Abstract

This chapter describes a window electrode for OPVs based on an ultra-thin bilayer of Cu
and amorphous tungsten sub-oxide, which derives its remarkable optical and electrical
properties from spontaneous solid state diffusion of Cu into the oxide layer. This
unpatterned Cu electrode performs as well as ITO coated glass in ~6% efficient inverted
OPVs, in part by trapping light in a resonant optical cavity. The sheet resistance of this
electrode is exceptionally low at 6-7 Q sq™, and the transparency maxima is well-
matched to the peak of the solar photon flux and thus to narrow band gap polymers and

non-fullerene electron acceptors.

4.2 Background

In recent years there has been renewed interest in the use of unpatterned optically thin
metal films as window electrodes in OPVs owing to their simplicity, ease of manufacture
using the well-established industrial process of roll-to-roll thermal evaporation, and
compatibility with flexible substrates.**"**"% This resurgence was initiated by O’Connor
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et al.'* who showed, using optical modeling, that thin Ag film electrodes have the
potential to outperform conventional conducting oxide electrodes in OPVs without the
need for texturing or patterning of the electrode. Using a concept borrowed from low
emissivity glass, the far-field transparency of thin metal films can also be greatly
improved by sandwiching the metal between oxide layers, to create a triple layer
electrode structure.®*>” Using this approach Sergeant et al. have shown that Ag window
electrodes with the structure MoO3 | Ag 6 nm | MoO3 can perform as well as ITO glass in
4.4% efficient OPVs.% In that work the substrate was cooled to -5°C during metal
deposition in order to realise a continuous Ag film at such low thickness. Ag is the metal
of choice for triple layer oxide-metal-oxide electrodes since it has the highest electrical
conductivity amongst metals and the lowest optical absorption.™>*"?% However, for a
large reduction in the cost of the window electrode as compared to low cost conducting

201

oxides such as fluorine doped zinc oxide™~ a much cheaper metal is required and the

fabrication process must be simplified. Cu is attractive as a replacement for Ag owing to

157 at ~1% of the cost, and is 1000 times more

its comparable electrical conductivity
abundant,® although the performance of Cu triple layer window electrodes in OPVs has
thus far proved to be relatively poor as compared to identical devices employing an ITO

electrode, with PCEs between 0.22-3.49%.%%71%°

Chapter 3 describes how optically thin, exceptionally robust Cu films with a sub-
1 nm surface roughness can be fabricated on glass substrates using a molecular adhesive
layer and how metal films can be passivated toward oxidation in air by capping with an
0.8 nm layer of Al which forms a self-limiting sub-1 nm oxide.”®® The disadvantage of
this electrode is its ~30% lower far-field transparency across the visible spectrum as

compared to ITO glass.?®
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This chapter shows how a layer of sub-stoichiometric tungsten oxide (WO3.)
sequentially deposited onto an 8 nm thick Cu film by vacuum evaporation imparts an
exceptionally large improvement in far-field transparency in the important wavelength
range for PV applications between 550-900 nm and a reduction in electrode sheet

resistance.

4.3 Experimental

Preparation of ultra-thin Cu | WOg3 films on glass: Glass substrates were cleaned as
described in Chapter 2, UV/O5; and a mixed molecular adhesive layer of APTMS and
MPTMS was deposited from the vapour phase at reduced pressure 50 mbar for 4 hours.
Importantly the APTMS was stored at room temperature prior to use. Tungsten oxide
(Aldrich, 99.995%) and molybdenum (Aldrich, 99.995%) oxide were thermally
evaporated at a rate of 0.1-0.2 As™. To fully convert the tungsten oxide powder in the
boron nitride crucible into the black sub-oxide (WOs3.) the tungsten boat is heated at a
vacuum pressure of 1x10”° mbar at the onset temperature for sublimation for a period of
30 minutes prior to deposition onto a substrate. The sublimation temperature of tungsten
oxide powder at this pressure could not be measured but is ~1000 °C.?*> OPVs fabricated

using stoichiometric WOs, (i.e. without preheating) did not function.

Characterisation: All device and thin film characterisation was carried out using
equipment described in Chapter 2. The samples for UPS and XPS were briefly exposed to
the laboratory environment prior to loading into the ultra-high vacuum system. The
thickness of the PTB7/PC7BM layer used in devices was calculated by scoring devices,
recording AFM scans and averaging the cross section data. An example scan of this
process is shown in Figure 4.1. Knowledge of the active layer thickness is necessary for

optical modeling (Figure 4.16).
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Figure 4.1: AFM scans shown in 3-D (left) and 2-D (right) of a scratched Glass | SAM |

Cu8nm|WO3z45nm|Al1.0nm|PTB7/ PC7BM films.

To ensure the wooden stem only scratched through the polymer layer and not the
Cu | WO3 layer, a Glass | SAM | Cu 8 nm | WO3 20 nm film was scratched with the
same wooden stem and AFM scans of the films were recorded. As shown in Figure 4.2,
the wooden stem did not scratch through the Cu or WOg3. layers, confirming that the
calculated thickness used for the devices was correct. The mark that the wooden stem left

is clearly visible on Figure 4.2, but the Cu film was not damaged through to the glass.
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Figure 4.2: 2-D AFM image of a Glass | SAM | Cu 8 nm | WO3 20 nm film after being

scratched with a wooden stem. The mark left by the wooden stem is clearly visible. The

red line of the AFM image illustrates where the cross section of the image was taken.

4.4 Results and Discussion

Figure 4.3 illustrates that the transparency of the Cu film is increased by up to

22% (Figure 4.3 (black arrow)) upon deposition of the 20 nm WOg3. layer. WO3.x was

chosen for its high refractive index, with the layer thickness being chosen as a

compromise of the increased transparency predicted by optical modeling, and the limited

device functionality that results with increasing thickness of a semiconducting interlayer.
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Figure 4.3: UV/Visible spectra showing the far-field transparency of various electrodes

with light incident through the glass substrate, as is the case in an OPV. The AM1.5G
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solar photon flux is overlaid in grey. Graphs from the top down: ITO 145 nm (dashed
blue), ITO | WO3 20 nm (solid blue), Cu 8 nm | WO3 20 nm (solid black), Cu 8 nm |
WO3, 20 nm simulated (solid red), Cu 8 nm (dashed black) and Cu 8 nm simulated
(dashed red) films on glass. Inset: Photograph of Cu 8 nm on glass (left) and Cu 8 nm |

W03, 20 nm on glass (right), showing the difference in colour and transparency.

The far-field transparency of the Cu 8 nm | WO3., 20 nm bilayer film, along with
that of a number of references is shown in Figure 4.3 along with the results of plane wave
optical modeling using commercial software®*? based on the transfer matrix method. The
optical model assumes discrete layers of glass, Cu, ITO and WO3 and the bulk dielectric
function of Cu. The good agreement between the simulated and measured transparency of
the 8 nm Cu film (Figure 4.3, red & black dotted lines) is consistent with description of a
uniform slab of Cu with a thickness of 8 nm. The optical model also accurately predicts
the transparency of a 20 nm WOs. film (Figure 4.4) using literature values for the optical
constants.?™® In contrast, the model greatly underestimates the transparency of the Cu |
WO3. electrode by as much as 13% for A> 625 nm (Figure 4.3), a disparity that cannot be
rationalized in terms of suppression of parasitic plasmonic absorption by the oxide
overlayer?* because the model does not account for losses due to surface plasmon

excitation.
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Figure 4.4: The transparency of a 20 nm WOg3, film (black) and the simulated
transparency of the same film (red). The simulation was performed using The Essential

Macleod software?'? and the optical constants were taken from the literature.?*®

In Figure 4.3, the transparency of the Cu | WOz film is compared to the
transparency of 1TO with a sheet resistance of 15 Q sq™, and the sheet resistance of the
Cu | WOs, film is 6-7 Q sq™*. Notably, if the sheet resistance of the ITO glass used in this
work was reduced to that of the Cu | WOz electrode by increasing the ITO layer
thickness and/or dopant density the far-field transparency is reduced?**?® in that region
of the spectrum where the solar photon flux is greatest, closing the transparency gap
between the Cu | WOs and ITO electrodes. For window electrodes in OPVs, a sheet
resistance below 10 Q sq* is required, and it is therefore fitting to compare the
transparency of the Cu | WO, film to ITO with a sheet resistance of 6 Q sq™* (Figure

4.5).
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Figure 4.5: UV/Visible spectra showing the far-field transparency of ITO at 15 Q sq™

(black), ITO at 6 Q sq™* (red) and Cu | WO3.cat 6-7 Q sq™* (blue) on glass.

Figure 4.5 illustrates that between 550-850 nm, the transparency of the Cu |
WOs3 film is actually higher than that of an ITO film with similar sheet resistance. To
achieve the observed increase in transparency for the Cu | WO3 films, it is necessary to
convert stoichiometric tungsten oxide (WOs3), which is yellow in colour, into the black
sub-oxide phase (WO3.) by heating at the sublimation onset temperature for a period of
30 minutes prior to deposition onto the Cu substrate. WO3 is a wide band gap oxide with
a conduction band (CB) comprising W 5d states and is known to form oxygen vacancy
defects upon heating, which gives rise to occupied gap-states from which electrons can
easily be prompted to the CB.?®® Direct evidence for significant oxygen deficiency in
films evaporated from the black phase is provided by core and valence band
photoelectron spectroscopy of a WOs3. film supported on a gold coated substrate (Figure
4.6), which shows that 4.9 + 0.5% of the tungsten atoms are in the 5+ oxidation state -
which corresponds to WO, g5 - and the presence of a significant density of occupied states

in the band gap.
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Figure 4.6: High resolution XPS spectrum of the WA4f region (left) of a WO3, film
supported on Au. There is no evidence for Au in the XPS spectrum (not shown). The WA4f
peaks are well fitted with two doublets. The most intense doublet is attributed to the W®*
and the weaker doublet, at lower binding energy, to the W>*, which indicates that the
oxide is sub-stoichiometric.2"?%°; (middle and right) UPS spectra showing the valence
band edge regions for a WO3 film on Au (middle) and WOg3 film on 8 nm Cu film
(right). The peak at ~1 eV below the Fermi level, labeled d, can be attributed to a
partially occupied W 5d orbitals within the band gap.?*%*** The energy of the Fermi level

(Er) and extrapolation to determine the energy of the valence band edge with respect to

the Fermi level are also shown.

The UPS results in Figure 4.6 show that the energy difference between the VB
edge and E; is increased by 0.4 eV when the WO3, film is deposited on Cu as compared
to the same film on Au. This change in chemical potential is indicative of significant n-
type doping since E; has moved closer to the CB. The reported work function of
evaporated tungsten oxide varies wildly from 4.9 eV to 6.9 eV, reflecting its high
sensitivity to the degree of oxygen deficiency and thus to the deposition conditions.**

However, in general the work function is expected to decrease as the average oxidation
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state decreases.”’ In this case the oxide is pre-heated to convert it to the oxygen deficient
black phase and so the work function can be expected to be low. The work function (®)
of Cu | WOz and Au | WO3. films, measured using a Kelvin probe located in the same
nitrogen-filled glove box as the thermal evaporator, was 5.12 + 0.02 eV and 4.96 + 0.01

eV respectively. Table 4.1 shows the work function of Cu and Cu | WOg3. electrodes.

Sample Fresh Work | Work Function after Work Function after
Function/ eV overnightin overnight in evaporator and
evaporator/ eV 1 min dry air oxidation/ eV
Glass | SAM | 4.87 £0.02 4.68 £ 0.01 4.91+0.03
Cu 8 nm
Glass | SAM | 5.31+£0.03 5.02 £ 0.02 5.03 £0.02
Cu8nm|
WO345nm
Glass | SAM | 5.32+£0.01 5.12 £ 0.02 4.68 £ 0.01
Cu8nm|
WO3,20 nm

Table 4.1: Work function values recorded using the kelvin probe technique for WO3.4 of

differing thicknesses on Cu.

Since work function changes can result from changes in both chemical and
surface potential it is possible that the reduction in chemical potential due to Cu doping is
more than off-set by an increase in surface potential. The latter would be expected to
increase due to the increased density of conduction band electrons (provided by the Cu
dopants), which spill into the vacuum giving rise to the surface dipole.?’ The work
function value for WOs. on Au is in good agreement with that reported by Lee et al.??

221
I,

and Fang et a although significantly lower than reported for WO3. deposited using

the hot wire vapor deposition method, 5.3 eV,??> or WO; films deposited and probed
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under ultra-high vacuum conditions; 6.7 eV.?* This difference is possibly due to
physisorption of very low levels of gaseous solvent molecules in our glove box, since the
work function of transition metal oxides is known to be reduced by surface contaminants
via the push-back effect.?0#%

In addition to the unexpectedly high far-field transparency over a large portion
of the solar spectrum, the sheet resistance of the bi-layer electrode is exceptionally low at
6-7 Q sqt. This is primarily due to the low resistance of the 8 nm Cu film, which to my
knowledge is the lowest of any unpatterned Cu film reported to date - and is achieved
using an adaptation of the molecular adhesive approach used in Chapter 3, the details of
which are given in the experiment section. Importantly, upon WO3., deposition onto an 8
nm Cu film the sheet resistance is typically reduced by ~0.2 Q sq™* within ~1 hour. Figure
4.7 shows evolution of the sheet resistance of a Cu 5.5 nm | WO3, 20 nm film under
nitrogen immediately after deposition. Whilst this reduction is not significant for lateral
conduction it indicates that the resistivity of the 20 nm WOs., overlayer is exceptionally

high, since the conductivity of evaporated WOs5, [1x107 (Q cm)™? ?*M°] is at least 5

orders of magnitude lower than that of an 8 nm Cu film [7.5x10° (Q cm)™].
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Figure 4.7: Sheet resistance as a function of time in the glove box for a Cu 5.5 nm | WOs.
« 20 nm film. Inset: Schematic illustration and energy level diagram for a 20 nm WOz
film before and after Cu doping. The energy levels have been deduced from UPS
measurements of WOg3. films on Au and Cu substrates. Because Au does not diffuse into
the WO over layer the energy levels for this case correspond to the before doping

scenario.

Since doping of the WO3. layer gives rise to a measureable change in the sheet
resistance of the bilayer electrode it is possible to indirectly observe the kinetics of Cu
diffusion into the oxide via the time dependence of changes in the sheet resistance post
oxide deposition. This effect is amplified if the metal thickness is reduced, as is evident
from Figure 4.7 which gives the sheet resistance change for a 5.5 nm Cu film. It is clear
from Figure 4.7 that diffusion of Cu into the WOg3.« over layer saturates after 15 hours,
although most of the diffusion occurs within the first hour. It is likely that such rapid
diffusion of Cu into the WOg3.« layer at room temperature is enabled by the coincidence of

102

the very high ionic conductivity of Cu™* and the nano-porous structure of WO3 films

that results from the high degree of disorder.'®®#>%® The simplest explanation for this
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increase in conductivity is diffusion of Cu into the oxide layer where it functions as an n-

type dopant as schematically illustrated in the inset of Figure 4.7. In this context the extra

electrons provided by the Cu atoms would be expected to reduce some W®" to W°*.

Direct experimental evidence for spontaneous Cu diffusion into the WOg3. over layer is

provided by high resolution XPS analysis of the surface of a 20 nm WOg3. film on an 8

nm Cu film, the results of which are summarized in Figure 4.8 and Table 4.2.

Increasing Time

v

Figure 4.8: Cu2p XPS spectra of the Cu 8 nm | WO3, 20 nm films with various air

exposure times, 0 hr, 1 hr and 24 hrs from left to right. Raw data, fitted peaks, total fit

and background are coloured dotted blue, green, red and black respectively.

WO;

WO3-X

W

Cu Cu Oxide

Sample

Atomic %

Non Ox 95.0 + 0.5%

44105

% 0% 0.6+0.1%

0%

1hrOx 96.4+0.5%

33105

% 0% 0.4+0.1%

0%

24 hr Ox 91.3 +0.5%

0%

0% 8.4+0.5%

0.3+0.1%

Table 4.2: XPS analysis of the surface of 20 nm WOg3. film on an 8 nm Cu film. The

sampling depth is estimated to be ~7 nm as the mean free path of the electrons in the
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material and the beer-lambert law demonstrate 95% of the signal emanates from within
this distance. Atomic percentages were calculated using ratios of areas under modelled
peaks, taking account of the relative sensitivity factors. The oxidation state of Cu is not
specified because of the difficulty in differentiating between 2p;, peaks associated with

cu® and Cu*! in copper oxides.?"’

It is evident from Figure 4.7 that Cu diffusion into the WOs, layer is not
complete until =15 hours after oxide deposition and so all photoelectron spectroscopy and
work function measurements were made after > 15 hours storage under high vacuum
(~10° mbar) inside a vacuum evaporator located inside a nitrogen filled glove box (<5
ppm O, and H,0). Evidence for its role as an n-type dopant is provided by ultra-violet
photoelectron spectroscopy (UPS) measurements (Figure 4.6), from which the position of
the Fermi level (Es) with respect to the valence band edge (VB) can be determined. XPS
analysis of Cu samples (Figure 4.8) can be challenging due to peak asymmetries and
overlap of binding energy positions, with the Cu,0O and metallic Cu in the Cu2ps, region
being separated by 0.2 eV in binding energy.”’ In principle, extra information as to the
Cu oxidation state can be obtained from the Auger lines in the survey scan but this
proved not possible for our samples due to the relatively low concentration of Cu in the
WOg3, layer. When the Cu | WOg3 films are brought into air, the non-stoichiometric
WO3, present is oxidised to WQOs, as evident from the lack of oxygen deficient species in
the 24hr oxidised sample (Table 4.2 and Figure 4.9). There is virtually no reaction with
the copper in the sample, showing that the oxygen deficient tungsten species oxidises
preferentially to copper. This is to be expected when considering the enthalpies of

formation of copper and tungsten oxides, which are -157.3 kJ mol™?, -589.7 kJ mol™ and -
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842.9 kJ mol™ for CuO, WO, and WO; respectively.?® Based upon the enthalpies of
formation, when molecular oxygen arrives at the surface, it is more thermodynamically

favourable for it to react with WOs;.y, rather than Cu.

Figure 4.9: W4f XPS spectra of the Cu 8 nm | WO34 20 nm films with various air
exposure times, 0 hr, 1 hr and 24hrs from left to right. Raw data, fitted peaks, total fit and

background are coloured red, green, dotted blue and black respectively.

As oxidation proceeds, more copper is brought into the WOg3, but the binding
energy of the peak associated with copper remains constant (Figure 4.8), showing that

very little oxidation of the metallic copper has taken place (Table 4.2).

Rationalizing the improvement in far-field transparency in Figure 4.3 in terms of
Cu doping of the WO3. over layer is less intuitive since the electrons responsible for the
increase in conductivity might also be expected to increase reflection. However,
delocalized electrons are required for reflection of light, and it is known that the disorder
imparted by the process of thermal evaporation and prevalence of oxygen array vacancies

in WO3., serves to localize charge carriers.?*® Consequently the electrons provided by the
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Cu would be expected to increase the refractive index, due to the increase in electronic
polarisability of the ions, rather than increase reflectivity. The measured increase in
transparency can therefore be attributed to a reduction in reflectivity due to the increased
refractive index of the WO layer upon doping. Simulations predict that an increase in
refractive index of ~0.7, for wavelengths greater than 600 nm, would give rise to the
measured far-field transparency (Figure 4.10). There is evidence that the presence of
tungsten in the lower oxidation state, (either due to oxygen deficiency or intercalated
cations) increases the refractive index at longer wavelength,** 2'° and modifies the work

function by modifying the chemical potential '%%?*
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Figure 4.10: Experimental (solid black) and simulated (dotted grey and red) transparency
spectra of Cu 8 nm | WOz, 20 nm films. The dotted grey curve shows the simulated
transparency using literature values for the refractive index (n) and extinction coefficient.
The dotted red curve shows the simulated transparency with n increased by 0.7 for A>

600 nm, as shown in the inset.

It was not possible to make a reliable measurement of the refractive index of the
doped 20 nm WOs film on Cu using ellipsometry, due to the very low oxide thickness.
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However, the large reduction in reflectivity has been confirmed using spectroscopic
reflectivity measurements (Figure 4.11). The reduction in reflectivity is qualitatively
consistent with the increase in transparency and, importantly for PV applications this

reduction in reflectivity persists for off-normal angles.

Reflectance
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Figure 4.11: Reflectivity spectra of Cu 8 nm (black), Cu 8 nm | WO3« 20 nm (red) and
ITO (blue) films. The angle of incidence is 36.5° for lines with markers, and 10.5° for

lines without. The light was incident from the glass side as is the case in an OPV device.

The transparency spectrum of the Cu | WOz« window electrode is well matched
to the current and emerging generation of OPVs, which rely on the high photon flux in
the red and near infra-red part of the solar spectrum to achieve high photocurrent. The
very low surface roughness (~0.7 nm) is also well matched to OPVs, helping to minimize
the likelihood of parasitic current shunting across the thin light harvesting organic
semiconductor layers used in the most efficient OPV device architectures. Vasilopoulou
et al. have reported the use of a very thin (~ 5 nm) film of reduced tungsten oxide
(WO,5) as an electron injection layer in organic light emitting diodes,®’ but to my

knowledge WO3 has exclusively been used as a hole-extracting layer in OPVs due to its
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high work function, and the layer thickness is limited to <10 nm by its low
conductivity.?#?*%" |n view of the evidence for the n-type character of the Cu doped
WOs.and the relatively low work function of the Cu | WOs.4 electrode the possibility that
this electrode might be well suited as the electron extracting layer in inverted OPVs was
investigated. A model OPV based on the efficient BHJ PTB7/PC;,,BM was used, along
with a film thickness that has been shown to result in optimal performance in inverted
OPVs.® To ensure good alignment between the lowest unoccupied molecular orbital
(LUMO) of the electron acceptor (PC7BM LUMO 3.7 eV below the vacuum level)'*®
and the E; of the window electrode a ~1 nm Al layer was deposited onto the electrode
immediately prior to device fabrication. Importantly this additional layer reduces the
work function of the Cu | WO3.4 electrode and reference ITO | WO3 electrode to almost
exactly the same value; 3.67 £ 0.01 eV and 3.71 + 0.02 eV respectively after 15 hours
storage in a vacuum (Table 4.3), which ensures comparable interfacial energetics with the

PTB7/PC7BM layer.

Substrate Conditions Work Function/ eV
Cu8nm|WO3,10 nm | Al 1.2 nm Fresh 3.66 £ 0.05
After 15hrs in Vacuum 3.67+0.01
Cu8nm|WO3420 nm|Al 1.2 nm Fresh 3.33+0.11
After 15hrs in Vacuum 3.69 +0.08
ITO | WO3410 nm | Al 1.2 nm Fresh 3.63+0.17
After 15hrs in Vacuum 3.71+£0.02

Table 4.3: Work function values of WO3_, based electrodes.

119



These work function measurements were made using a Kelvin probe located in
the same glove box as the thermal evaporator and spin coater used for device fabrication
(Section 2.33). The work function after this period of storage under vacuum is the value
that is relevant for device studies, since spin coating of the polymer layer is carried out
the day after electrode fabrication in our laboratory. This time also ensures doping of the
WOs. layer by Cu is complete (Figure 4.7). These two identical work functions within
error show that the electrodes have the same work function when put into the device,
showing that any changes in V. cannot be attributed to a difference in work function, and
that the deposition of this Al layer can be carried out at different thicknesses yielding the
same result. The fresh Cu 8 nm | WO3., 20 nm | Al 1.2 nm result can be explained by the
fact that aluminium films with surface oxidation have a work function of =3.4 eV,

whereas the Cu doped films have a work function of =3.7 eV .20

Furthermore, the sheet resistance and transparency of the Cu | WO3. electrode
does not significantly change upon annealing at 200°C for 10 minutes under nitrogen
(Figures 4.12 and 4.13), the highest temperature used for annealing solution processed
BHJ layers for OPVs.?2 The Cu | WOsy electrode’s thermal stability was tested by
heating a Cu 8 nm | WO34 20 nm | Al 0.8 nm film under nitrogen and recording the

resulting sheet resistance (Figure 4.12).
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Figure 4.12: Sheet resistance of a Glass | SAM | Cu 8 nm | WO, 20 nm | Al 0.8 nm film

after heating successively at varying temperatures under nitrogen. All heating was carried

out for 10 minutes, with the exception of the final point which was for one hour.

Figure 4.12 shows that these Cu | WO3 films are exceptionally thermally stable,

with comparable sheet resistance values upon heating even at temperatures as high as 500

°C, with the sheet resistance values of 14.5 and 14.8 Q sq™ for unheated and heated at

500 °C for 10 minutes respectively. The sheet resistance actually falls for temperatures

below 500 °C, in keeping with previous reports in the literature for thin copper films.'®

The far-field transparency of these Cu | WOs. | Al films was also probed as a function of

annealing temperature, and the results are shown in Figure 4.13.
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Figure 4.13: Transparency spectra of Glass | SAM | Cu 8 nm | WO3, 20 nm | Al 0.8 nm
films after annealing at varying temperatures. Non-annealed, annealed at 100, 150 and
200 °C are coloured in black, dotted black, red, dotted red and yellow respectively. All

annealing was carried for 10 minutes.

Figure 4.13 shows that annealing these electrodes at temperatures up to 200 °C has little
effect on their transparency, with maximum deviations from the non-annealed sample of
~5%. This is crucial for screening OPV device materials, as the processes involved in
OPV manufacture often contain annealing steps, and when PV modules are in use the

temperatures of devices can increase significantly.

Representive JV characteristics for OPVs fabricated on Cu | WOz | Al and ITO |
WOs.« | Al electrodes under one sun simulated solar illumination and in the dark are given

in Figure 4.14 and the full data set is given in Table 4.4.

122



15+

104

-2

Current Density/ mA cm

-10-

-15-

04
Voltage/ V

0.6 0.8

Figure 4.14: Champion OPV devices with ITO and Cu electrodes, with 5, 10 and 20 nm

WO3,. ITO with 5, 10 and 20 nm of WOz, and Cu with 5, 10 and 20 nm of WO; are

coloured dashed black, dashed red, dashed blue, solid black, solid red and solid blue

respectively. Device architectures: Glass | SAM | Cu 8 nm | WO3 (5, 10 or 20 nm) | Al

1.2 nm | PTB7/PC7BM | MoO3 5 nm | Al and Glass | ITO | WO3 (5, 10 or 20 nm) | Al

1.2 nm | PTB7/PC70BM | MoO3 5 nm | Al

Window electrode J/ mMAcm? Vol V FF PCE/ %
ITO|WO345nm 12.6 £ 0.9, 0.66+0.08, 0.6+0.1, 5+1,
14.2 (Best)  0.737 (Best) 0.702 (Best) 6.42 (Best)
ITO|WO3,10nm 13 %1, 0.69 £0.03, 0.60 +0.06, 52+0.9,
14.9 0.730 0.659 6.70
ITO|WO34,20nm 83, 0.56 £0.08, 0.25+0.04, 1.2 £ 0.6,
12.1 0.639 0.320 2.06
Cu|WO345nm 14.3 + 0.4, 0.70 £0.03, 0.58 +0.03, 5.8+0.5,
15.2 0.733 0.626 6.37
Cu|WO3410 nm 13.5+ 0.9, 0.68 £ 0.04, 0.56 +0.04, 51+0.7,
14.5 0.725 0.606 6.27
Cu | WQO3420 nm 12.4 + 0.8, 0.66 £ 0.03, 0.54+0.03,0.583 4.5+0.6,
14.3 0.703 5.81
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Table 4.4: JV data for the inverted devices shown in Figure 4.14. Device architectures:
Glass | SAM | Cu 8 nm | WO3 (5, 10 or 20 nm) | Al 1.2 nm | PTB7/PC7,BM | M0oO3 5
nm | Al and Glass | ITO | WO3 (5, 10 or 20 nm) | Al 1.2 nm | PTB7/PC7BM | M0oO3 5

nm | Al.

As expected, the ITO reference devices using a 20 nm WOg3. layer (dashed blue
line in Figure 4.14) have very low fill factors due to the high series resistance of the
WOg3, layer. This is manifested in a shallower gradient as the JV curve crosses the
voltage axis. Conversely, the device based on a Cu electrode functions well for all WO3.
thicknesses, consistent with the observation that the WO3. film is spontaneously doped
by Cu, and this doping lowers the sheet resistance of the WO3. layer. This is in stark
contrast to the ITO reference devices. Thus, the Cu doping of WOs, is needed for
efficient electron extraction with a 20 nm WOs,, film. It has been reported previously that
the conductivity of WOj3 can be improved by doping with Cu** so this conclusion does
not seem unreasonable. Devices using Cu electrodes have a higher series resistance which
is evident from the shallow gradient where the JV curve intersects the x axis. This cannot
be due to a difference in conductivity since Cu doped WO3; must be more conductive, and
it is therefore attributed to a small field dependent barrier at the electron
extracting/PC,0BM interface, which results in increased recombination. Figure 4.15
shows the champion cells for the same structure as in Figure 4.14, but with 0.8 nm of Al
to modify the WOg3 electrode in place of 1.2 nm. There is an S shaped kink present,
which is consistent with a buildup of charges and a loss of charge extraction near the

open circuit condition. This may be caused by a mismatched work function of the
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electrode. 1.2 nm of Al was subsequently used for all other devices, and the S shaped

kink is not apparent.

—— Glass, SAM, Cu 8 nm, WQ3 20 nm, Al 0.8nm,
PTB7/PC70BM, MoO3 5 nm, Al
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Figure 4.15: Champion OPVs with the structure: Glass | SAM | Cu 8 nm | WO3, 20 nm |

Al 0.8 nm | PTB7/PC7,BM | M0oO3 5 nm | Al

It was necessary to explore three different thicknesses of WO3 to achieve
optimal performance in the ITO reference device (Figure 4.14) Devices employing a Cu
window electrode achieve slightly higher average photocurrents than the ITO reference
OPVs and smaller variance of performance. The latter can be understood in terms of the
higher degree of electrical homogeneity of the Cu | WO3 as compared to ITO | WO3
since the variability of the properties of ITO glass across on the 10-100 nm scale is well
documented.?® The far-field transparency of the Cu | WO3. electrode is however lower
than that of 1TO and so the fractionally higher Js. cannot be rationalized in terms of more
light entering the device through the window electrode. It can however be explained by
light trapping in a resonant optical cavity, consistent with the sharp peak in the external
guantum efficiency spectra between 600-700 nm (Figure 4.16). This conclusion is

supported by the results of optical field intensity modeling, which shows strong
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overlapping optical resonances at ~600 nm and ~750 nm using optical constants for
PTB7/PC70BM layer taken from the literature® and optical constants for MoO3; measured
using spectroscopic ellipsometry. The n and k values of MoO3; were measured using
spectroscopic ellipsometry using a thick MoO3 film deposited in our laboratory and were
found to be in good agreement with the literature. Since photocurrent is directly
proportional to the optical field intensity this gives rise to the dramatic increase in EQE in
this wavelength range which compensates for the lower reduced light harvesting

capability below ~ 500 nm.
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Figure 4.16: Left: Electrical field strength simulations for a Glass | Cu 8 nm | WO345 nm
| Al 1.2 nm | PTB7/PC7BM 90 nm | MoO3 5 nm | Al 100 nm device. Right: EQE spectra
for Glass | SAM | Cu 8 nm | WO3, 10 nm | Al 1.2 nm | PTB7/PC7BM | M0oO3 5 nm | Al
(solid red) and Glass | ITO | WO3410 nm | Al 1.2 nm | PTB7/PC7BM | M0oO3; 5 nm | Al

(dashed red) OPVs.

The sensitivity of the transparency of Cu | WO3 electrodes to the extent of Cu
diffusion into the WO3. over layer serves as an in-situ probe for its stability towards
current density and electric field strength in a working OPV device. Model semi-

transparent OPVs based on a pentacene/Cgo heterojunction and a semi-transparent Ag
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hole extracting electrode were fabricated using either ITO | WO3 or Cu | WO3 as the
electron extracting electrode. This heterojunction was selected because it does not absorb
significantly in the region where the Cu electrode is most transparent, and vacuum
deposition of both materials ensures a very high degree of control over layer thickness.
The transparency of each device was measured before and after 1 hour constant

illumination at the maximum power point (Figure 4.17).
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Figure 4.17: Transparency spectra of semi-transparent OPV devices using an ITO | WOs.
« (dashed lines) or Cu | WO3 (solid lines) electrode. The device structure is: Glass | Cu 8
nm or ITO 100 nm | WO3,10 nm | Al 1.2 nm | Cgo 40 nm | pentacene 46 nm | MoO3 5 nm
| Al 1 nm | Ag 12 nm | MoO3 30 nm. Black curves correspond to device transparency
before testing. Green curves correspond to device transparency after 1 hour at the
maximum power under one sun simulated solar illumination. Inset: Typical current
density- voltage curves for OPV devices using a Cu (red) or ITO (black) electrode. These

semi-transparent devices had an active area of 0.4 cm?.
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In addition to the transparency spectra in Figure 4.17, the transparency of these
semi-transparent devices was also recoded after 1 hour at the open circuit condition. As
shown in Figure 4.18, the transparency for the Cu devices changes slightly less than that

of the ITO devices.
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Figure 4.18: Transparency spectra of semi-transparent OPV devices using an ITO [WO3
(dashed lines) or Cu | WO3 (solid lines) electrode. The device structure is: Glass | Cu 8
nm or ITO 100 nm | WO3,10 nm | Al 1.2 nm | Cgo 40 nm | pentacene 46 nm | MoO3 5 nm
| Al 1 nm | Ag 12 nm | MoO3 30 nm. Black curves correspond to device transparency
before testing. Green curves correspond to device transparency after 1 hour at the
maximum power under one sun simulated solar illumination. Blue curves correspond to
OPVs after 1 hour at the open circuit condition under one sun simulated solar

illumination.

The pentacene OPV devices fabricated for transparency measurements had an
active area of ~0.4 cm?. In both the conventional and inverted pentacene devices, devices

fabricated on Cu electrodes have higher fill factors that their ITO based equivalents. This
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decrease in FF observed for ITO devices shows that the sheet resistance is an important
factor, as explained previously (Section 1.9). The transparency in both sets of devices
dropped by the same amount (~2%) across the wavelength 600-900 nm (Figure 4.17),
indicating that this change is not due to a change in the transparency of the Cu | WO3
electrode, but to another part of the OPV device that is common to all devices. The Cu |
WO3 electrode also functions efficiently in conventional devices, as shown in Figures

4.19, 4.20 and Table 4.5.
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Figure 4.19: Champion devices for ITO and Cu conventional structures, with 5, 10 and
20 nm of WOs.. Full device structures were: Glass | SAM | Cu 8 nm | WO3 (5, 10 or 20
nm) | PTB7/PC7BM | BCP 8 nm | Al 90 nm or Glass | ITO | WOz (5, 10 or 20 nm) |

PTB7/PC7BM | BCP 8 nm | Al 90 nm.
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Joo/ MA cm™ Vool V FF PCE/ %

ITO | WO3,5 11+1,142 0.660 + 0.009, 0.63 +0.02, 4.7 +0.5,
nm 0.672 0.661 6.01

ITO | WO3 10 11.3+09, 0.68+0.02,0.713 0.61 + 0.03, 4.8 +0.6,
nm 13.1 0.646 5.77

ITO|WO3,20 111,140 0.72+0.01,0.735 0.67 + 0.08, 5.4 +0.8,
nm 0.700 7.23

Cu|WOsx5nm  10.1+0.6, 0.45+0.03,0.485  0.588 +0.02, 2.7+0.1,
11.1 0.615 2.80

Cu | W03 10 10.8+05, 0.56+0.04,0.625 0.60 + 0.07, 3.6 £ 0.5,
nm 11.7 0.644 4.65

Cu | W03 20 10.7+0.2, 0.62+0.01,0.642 0.60 + 0.04, 4.0 +0.4,
nm 10.9 0.640 4.41

Table 4.5: JV characteristics of Cu and ITO based PTB7/PC;,BM OPV cells; each

column contains the mean with standard deviation followed by the champion value. Full

device structures were: Glass | SAM | Cu 8 nm | WOz (5, 10 or 20 nm) | PTB7/PC7BM |

BCP 8 nm | Al 90 nm or Glass | ITO | WO35, 10 or 20 nm | PTB7/PC7BM | BCP 8 nm |

Al 90 nm.
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Figure 4.20: EQE spectra for conventional devices fabricated on Cu electrodes, with 5,

10 and 20 nm WOX. The full structure is Glass | SAM | Cu 8 nm | WOs. (5, 10 or 20 nm)

| PTB7/PC0BM | BCP | Al
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In-contra to the inverted 20 nm ITO devices shown in Figure 4.14, the
conventional devices fabricated on ITO | WOs.« 20 nm electrodes function efficiently.
This shows that doping of the WOg3.« layer is required for electron extraction, but not for
hole extraction. Figure 4.19 and Table 4.5 show that 5 nm of WO3 is not thick enough to
yield the maximum V. in conventional devices, based on either ITO or Cu electrodes.
This data suggests that V. is not just a function of work function for oxide buffer layers,
it is also function of the degree of interfacial alignment. To investigate this, the work
function of WOg3. of differing thicknesses was recorded on ITO glass, and the results are
presented in Table 4.6. The increased series resistance must be due to a small barrier to
electron extraction at the organic/WOs. interface as the resistance of the oxide is much

lower than transport through the organic.?*°

Substrate Fresh Work Function/ Work Function After Vacuum
eV Overnight/ eV

ITO | WO345 57+0.1 5.02 +£0.02
nm

ITO|WO3410 53+0.1 4.87 +£0.01
nm

ITO | WO3420 5.40 £ 0.03 4.89 +0.02
nm

Table 4.6: Work function values for ITO | WOg3. electrodes, work function values were
recorded immediately after deposition, and after being left in the vacuum chamber

overnight.

Table 4.6 shows that the 10 and 20 nm WO3., samples plateau to the same
value of ~4.9 eV after storage under vacuum overnight. It is this value that is important,

as this is the electrode used in device fabrication; device fabrication was carried the day
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after electrode fabrication. Given that the ionisation potential of PTB7 is ~5.15 eV,*®
these three work function values are all suitable for the extraction of holes in this device,
and the reduction in V. with decreasing thickness cannot therefore be explained in light
of these results. However, these results are recorded using the Kelvin Probe technique,
which records the average work function, so there is a possibility that there is a lack of
homogeneity or dead spots on the surface of the 5 nm device, reducing the V.. but not

greatly affecting the recorded work function.

Figure 4.7 shows that the Cu | WO3 window electrode has a stable sheet
resistance in a nitrogen filled glovebox, but the stability of the electrode in air is also of

importance. Figure 4.21 shows the sheet resistance of a Cu | WOs3. film in laboratory air.
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Figure 4.21: Sheet resistance as a function of time in air for a Cu 5.5 nm | WO3, 20 nm

film on glass with a mixed SAM.

Figure 4.21 shows that the Cu | WOg3. film’s sheet resistance rises sharply when
brought into air (at 25.3 hours) and does not saturate in ~ 20 hours. It also shows that the
sheet resistance values rise to values higher than are viable for large scale OPVs,

illustrating a disadvantage of this electrode system.
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4.5 Conclusions

In summary, a novel window electrode for OPVs has been presented based on an ultra-
thin bilayer of Cu and tungsten sub-oxide. This electrode is fabricated by simple
sequential deposition of these low cost and abundant materials. This electrode derives its
exceptional optical and electrical properties from spontaneous solid state diffusion of Cu
into the adjacent WOs. layer at room temperature. This diffusion imparts excellent far-
field transparency over a broad range of wavelengths matched to the solar spectrum, and
over a range of angles of incidence and renders the oxide layer highly electrically
conductive towards the transport of electrons. It has been demonstrated that this
unpatterned Cu electrode can perform as well as ITO glass in ~6% efficient inverted
OPVs by trapping light in a resonant optical cavity. To my knowledge this is the first
time an unpatterned Cu electrode has been shown to perform as well as ITO glass in an
OPV. In addition to the materials cost advantage associated with the use of Cu instead of
Ag this electrode also offers the advantages of: (i) a sheet resistance nearly half that of
any unpatterned Cu film electrode reported to date, at 6-7 Q sq™.; (ii) a simplified
architecture as compared to triple layer Ag electrodes.; (iii) and, unlike optically thin Ag
electrodes, the transparency maxima is well-matched to the peak of the solar photon flux,
and thus to the emerging generation of narrow band gap polymers®* and non-fullerene
electron acceptors.z?3 The lack of air stability is however a disadvantage, and an issue

that would need to be solved prior to use outside a research laboratory environment.
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Chapter 5 - Achieving Stability and

Transparency in Cu Window Electrodes

5.1 Abstract

In Chapter 3 it was shown that optically thin Cu films can be passivated towards
oxidation in air using an ultra-thin Al layer. In Chapter 4 it was shown that the
transparency of Cu window electrodes can be increased to a level comparable to that of
ITO glass, across most of the spectrum over which state-of-the-art thin film PV harvest
light, using a layer of the low cost, wide band gap sub-oxide WOg3x which is
spontaneously doped with Cu from the underlying Cu film. The first part of this chapter
describes an attempt to combine these approaches to achieve both high transparency and
high stability. The second part explores a different approach to achieving this objective

based on the use of a Cu | Ag bilayer.

5.2 Background

As shown in Chapter 3, sub-9 nm, Cu films can be fabricated on glass substrates using a
molecular adhesive layer and passivated toward oxidation in air by deposition of a 0.8 nm
Al overlayer which forms an ultra-thin self-limiting CuAlOx oxide upon exposure to
air.?® Crucially this oxide layer'”” is so thin that it does not impede charge transport from
the semiconductor into the electrode. The only serious disadvantage of this electrode is its
low transparency as compared to commercial conducting oxide coated glass;

approximately 30% lower across the visible spectrum.”®®

Chapter 4 describes an approach to address the problem of low transparency
based on using a sub stoichiometric WO3.x overlayer that is spontaneously n-doped at
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room temperature by Cu atoms diffusing up from the underlying electrode. This high
refractive index overlayer dramatically improves the transparency of ultra-thin Cu
electrodes. Unfortunately, these electrodes are not air stable, which is a property that is
required for long life applications of this electrode including use as the window electrode
in OPVs. This chapter describes two approaches to realise Cu electrodes with both
stability towards oxidation in air and high far-field transparency, the first of which
involves integration of the two approaches developed in Chapters 3 and 4 of this thesis.
The second approach exploits the greater resistance of Ag to oxidation in air than Cu,
although the use of Ag inevitably increases the materials cost since Ag is 100 times more
expensive that Cu.2* Where these electrodes do not have Cu dopants in the WOs., layer,
this could affect the device characteristics, so the layer thickness may need to be altered,

or OPVs may need to be fabricated in the standard architecture.

5.3 Experimental

Cu and WOs. films were prepared on glass substrates as described in Chapter 4. Model
OPVs were fabricated as described in Chapter 2. Cu | Ag bilayers were evaporated
without breaking vacuum. All oxidation of electrodes prior to subsequent layer deposition
was carried out in dry air (1 bar, <0.015 vol% H-0) in the dark. All oxidation of films for
sheet resistance measurements were carried out using laboratory air with ambient indoor

light.

5.4 Results and Discussion

In the first instance experiments were undertaken to passivate the Cu | WOs films
towards oxidation in air using an ultra-thin Al layer on top of the Cu film. The Al was
deposited immediately after Cu deposition and the electrode was exposed to the glove

box environment (<5 ppm O;) for 10 minutes whilst the WOs., deposition boat was
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loaded into the vacuum chamber. Due to the very high reactivity of Al a very thin (< 0.8
nm) oxide layer will most likely have formed at the electrode surface during this brief
period even though the oxygen levels in the glove box are <5 ppm. Figure 5.1 shows the
sheet resistance of a Cu | Al | WO3.«| film as a function of time immediately after WO3.4
deposition. For the first 23 hours the electrode was in the glove box environment, after

which it was bought into the laboratory for oxidation.
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Figure 5.1: Sheet resistance as a function of time in air for a Cu 8 nm | Al 0.8 nm | WOz

20 nm film on glass with a mixed SAM.

Figure 5.1 shows a small initial decrease in the sheet resistance of the electrode
under nitrogen, as seen previously for Cu | Al films. It also shows that the Al layer
between the Cu and WO3. layers does not completely passivate the electrode since the
sheet resistance increases gradually at first and much more rapidly increases once the
electrode is brought into air. This result is surprising since in Chapter 3 a 0.8 nm Al layer
has been shown to passivate Cu electrodes towards air oxidation without a WO3 layer. A
plausible reason for this is that the partially oxidised Al layer is disrupted (i.e. made
discontinuous) by the incoming WOg3. which is sub-stoichiometric and therefore reactive.
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As explained in Chapter 4 a great deal of energy is needed to evaporate WO3 such that

the whole vacuum chamber heats to ~ 50 °C during WO3. layer deposition.

In an attempt to overcome this issue, a Cu | Al film was oxidised in dry air for 1
hour prior to WO3., deposition to form a protective oxide cap at the electrode surface. The
evolution of the sheet resistance recorded in a nitrogen filled glove box and in laboratory

air as before is shown in Figure 5.2.
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Figure 5.2: Sheet resistance as a function of time in air fora Cu 8 nm | A1 0.8 nm | 1 hr
Ox | WOs3.« 20 nm film on glass with a mixed SAM. Inset: Sheet resistance for the same

film over a longer time scale in air.

Figure 5.2 shows that oxidising the Cu | Al electrode for 1 hour prior to WO3
deposition dramatically improves the stability of the triple layer electrode since the film
sheet resistance remains below 8.2 Q sq* for 1000 hours in laboratory air. This approach
to passivating the electrode does however also block the diffusion of Cu into the WO3.«

layer, which is needed to improve the optical and electrical properties of that layer as
137



described in Chapter 4. Evidence for this is provided by the XPS spectra in Figure 5.3 for
Cu | WO34, Cu | Al | WO3, and Cu | Al | 1 hour Oxidation | WO3., samples. Since the
escape depth for ~95% of the photoelectrons generated by the incident X-rays is
estimated to be <7 nm and XPS is sensitive to elemental composition to a level of ~ 0.1%
it is clear that even without oxidation of the Cu | Al electrode prior to WOs3.« deposition

Cu diffusion into the WOg3.« is blocked by the ultra-thin Al interlayer.
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Figure 5.3: Cu2p XPS spectra of Cu 8 nm | WOz, 24 nm, Cu 8 nm | Al 0.8 nm | WO3.4 24
nm, and Cu 8 nm | Al 0.8 nm | 1 hour Oxidation | WO3 24 nm films from left to right. A
schematic illustrating film the structure in each case is shown above the spectra. The
substrates were stored under vacuum for 4 days before measurement to ensure diffusion
of Cu into the WOs layer has sufficient time to occur. Notably, the samples for XPS
were briefly exposed to the laboratory environment prior to loading into the ultra-high

vacuum system.
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Figure 5.3 shows that prevention of diffusion of Cu into the WO; overlayer is
achieved with the Al interlayer, regardless of whether or not this interlayer is

intentionally oxidised, as there is no evidence for Cu in the WO3., spectra.

To investigate the utility of the electrode in OPVs, devices were fabricated using
the Cu | Al | 1 hr Ox | WO3| 1.5hr Ox electrode and the PTB7/PC7BM BHJ system. The
second oxidation step was found to improve the transparency of the electrode. The
champion device JV characteristics are shown in Figure 5.4, and the full data set is given
in Table 5.1. The EQE spectra of a number of the Cu | WOz, 10 nm and ITO | WO3

10nm devices given in Figure 5.5.
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Figure 5.4: Champion OPV devices with ITO and Cu electrodes with 5, 10 and 15 or 20

nm of WOs;.. The Cu devices are fabricated on Cu | Al (1hr Ox) | WO3 (1.5hr Ox)
electrodes, with device structures as follows: Glass | SAM | Cu 8 nm | Al 0.8 nm | (1hr
Ox) | WOsx | (1.5 hrs Ox) | PTB7/PC7BM | BCP 8 nm | Al and | ITO | WO |

PTB7/PC7BM | BCP 8 nm | Al.
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Jso/ MA cm™ Vool V FF PCE/ %
ITO|WO345nm 14.2, 0.672, 0.660 + 0.009 0.661, 6.01,
11.3+1.1
0.634+0.02 4.7+05
ITO | WO3,10 nm 13.1, 0.713, 0.68 + 0.02 0.646, 5.77,
11.3+0.9 0.612+0.03 4.8+0.6
ITO | WO3,20 nm 14.0, 0.735,0.72 +0.01 0.700, 7.23,
11.4+13 0.670+0.08 5.4+0.8
Cu | Al | WO3,5nm 17.0, 0.582, 0.53 +0.03 0.638, 5.94,
14+1 0.61+0.03 4.6+07
Cu | Al | WO3,10 nm 17.2, 0.656, 0.60 + 0.02 0.698, 6.4,
16+1 0.62+0.04 57+05
Cu | Al | WO3, 15 nm 15.2, 0.656, 0.63 + 0.01 0.689, 6.06,
13.9+05 0.63+0.04 55+04

Table 5.1: JV characteristics of oxidised Cu | Al and ITO based PTB7/PC;cBM OPV
cells shown in Figure 5.4; each column contains the champion value followed by the

mean with standard deviation.
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Figure 5.5: EQE spectra for ITO and Cu conventional structure OPVs with 10 nm WQO3.,
coloured blue and red respectively. The device structures as follows: Glass | SAM | Cu 8

nm | Al 0.8 nm | 1hr Ox | WO3. 10 nm | 1.5 hrs Ox | PTB7/PC7BM | BCP 8 nm | Al for
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Cu devices and Glass | ITO | WO34 10 nm | PTB7/PC7BM | BCP 8 nm | Al for the ITO

devices.

The OPV devices fabricated on oxidised Cu | Al | WOs. electrodes have
comparable PCE values to the ITO reference devices, with the former having a higher Jy
and a lower V. The difference in Js. cannot be explained in terms of a difference in
electrode transparency. However, the improvement in Js is strongly dependent on device
thickness and so most likely results from microcavity light trapping. This conclusion is
supported by the EQE spectra in Figure 5.5, with a large enhancement of EQE in the high

wavelength region.

It is evident from Table 5.1 that the V. increases with increasing WOs
thickness and the V. in devices using a Cu | Al | WOs. electrode is always significantly
lower than that of devices using ITO | WOg3. The thickness dependence of the V. cannot
be explained with reference to incomplete WO3., coverage since it is known transition
metal oxides form continuous films below 5 nm.!*® The dependence of Vo with WO3.«
thickness may relate to the thickness of the space charge region formed at the metal-
WO;. interface as there may be barrier to extraction if the electrode and WO3 have not
established thermodynamic equilibrium. The change in Vo, may also result from a
reduction in the work function of the Cu | Al | WOs3. electrode during the final oxidation

V35,233

step, since the ionisation potential of PTB7 is ~5.2 e and the work function of

WO3. has been shown to reduce with oxidation (Table 4.1).

The stability of OPV devices fabricated on these triple layer electrodes was
assessed by measuring the current-voltage characteristic as a function of time under

constant illumination (Figures 5.6 and 5.7).
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Figure 5.6: JV scans under constant illumination. The full device structure is as follows:
Glass | SAM | Cu8 nm | Al 0.8 nm |1 hr Ox | WO3415 nm | 1.5 hrs Ox | PTB7/PC7BM |
BCP 8 nm | Al (left) and Glass | ITO | WO3., 20 nm | PTB7/PC7BM | BCP 8 nm | Al
(right). JV scans after 0, 5, 10, 20, 30, 45 and 60 minutes under constant illumination are
coloured in black, red, yellow, green, light blue, dark blue and purple respectively for the
left figure. These scans were recorded after 1 days storage in a nitrogen filled glovebox,
with the exception of the initial device characterization, which is shown in grey. JV scans
after 0, 5, 15, 30 and 60 minutes are coloured in black, red, orange, green and blue

respectively for the right figure.

4 210
3  Glass, SAM, Cu 8 nm, Al 0.8 nm, 16 hours Ox o 2.05 n"E 5.72
WOx 10 nm, PCDTBT/PCTOBM, BCP, Al = 200 °
2 ) < 5868
o~ —— Initial- Day of Fabrication o 195 E
e 14 0 mins - 1 day in glovebox a ~ 5.64
o 5 mins 1.80 4
10 mins
E 04— 20mins 1.85 : . . ; 5.60
4] —iEmm 0 20 40 60 0 20 40 60
a —— 60 mins Constant lllumination Time/ min Constant lllumination Time/ min
@ -2 === 5 min recovery after 60mins
e 0.664
E -3 0.556
% 4 = 064 0.554
© 5 ;3 & 0552
. 0.62- 0.550
. 0.60- 0.548 ‘ . .
) ! r T r T T i 0 20 40 60 0 20 40 60
-0.2 0.0 0.2 0.4 0.6 0.8 Constant lllumination Time/ min Constant lllumination Time/ min

Figure 5.7: Left: JV scans under constant illumination using the PCDTBT/PC7,BM
polymer system. The full device structure is as follows: Glass | SAM | Cu 8 nm | Al 0.8
nm | 16 hrs Ox | WO3. 10 nm | PCDTBT/PC7BM | BCP 8 nm | Al. JV scans after 0, 5,

10, 20, 30, 45 and 60 minutes under constant illumination are coloured in red, yellow,
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green, light blue, dark blue, purple and pink respectively. A scan after being in the light
for 60 minutes, left in the dark for 5 minutes and then immediately rescanned is also
shown in dotted pink. These scans were recorded after 1 days storage in a nitrogen filled
glovebox, with the exception of the initial device characterization, which is shown in
black. Right: PCE, Js, Voc and FF as a function of constant illumination time for the

same OPV.

Figure 5.6 shows that these cells are very unstable under constant illumination,
with the Jsc and V. deteriorating to less than half their initial values after 60 minutes.
However, device degradation can result from a number of parallel mechanisms some of
which are unrelated to the electrode or its interface with the semiconductor material.
OPVs with the same electrode structure but with a different BHJ system were then
fabricated, to ascertain if this instability was caused by the electrode or another part of the
device (Figure 5.7). The rapid degradation under constant illumination shown in Figure
5.6 is also present for devices fabricated on ITO electrodes. This shows that the observed
lack of stability under constant illumination is inherent within the PTB7/PC,BM

polymer system, and not the electrode studied in this chapter.

To test this hypothesis, devices were fabricated with a different BHJ system,
PCDTBT/PC7BM, and the current-voltage characteristic as a function of time under
constant illumination is shown in Figure 5.7. This Figure shows that the Cu | Al | WO
electrode is stable under constant illumination for 1 hour compared to the devices
fabricated on Cu electrodes in Figure 5.6. OPV devices fabricated with the same

electrode structure and a different BHJ are much more stable under constant illumination,

143



demonstrating that the fast degradation shown in Figure 5.6 is due to the BHJ, and not the

electrode.

Finally, in order to improve the transparency of this electrode for light
wavelengths below 550 nm and improve electrode stability towards oxidation in air,
bilayer electrodes of Cu and Ag were fabricated. In this case the total metal thickness
was kept at 8 nm: 4 nm of Cu was buried beneath 4 nm of Ag, since Ag is much more
stable towards oxidation and Cu binds strongly to the molecular adhesive layer at the
glass surface. Figure 5.8 shows that combining Ag with Cu improves the transparency for
wavelengths <550 nm although this is at the expense of reduced transparency for
wavelengths >550 nm since Ag absorbs light more strongly at longer wavelengths.®
Using this electrode in conjunction with a 20 nm WOs., layer dramatically increases the

transparency of the Cu | Ag films across a large range of wavelengths by 20-25%, as

shown Figure 5.8.
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Figure 5.8: Far-field transparency of Cu 8 nm, Cu 8 nm | WO3, 20 nm, Cu 4 nm | Ag 4

nm and Cu 4 nm | Ag 4 nm | WO3 20 nm films on SAM derivatised glass.
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Unfortunately these bilayer electrodes also oxidise in air as is evident from the
gradual increase in sheet resistance with time exposed to air. This is shown in Figure 5.9.
Notably, the Cu | Ag films in Figure 5.9 increase in sheet resistance at a slower rate than
for Cu only films (Figure 3.3). In an attempt to completely passivate the bilayer electrode
the Al surface passivation method was investigated and the results are shown in Figure

5.10.
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Figure 5.9: Sheet resistance as a function of time in air for a Cu 4 nm | Ag 4 nm film on

glass with a mixed SAM.
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Figure 5.10: Sheet resistance as a function of time in air for Cu 4 nm | Ag 4 nm, Cu 4 nm
| Ag4 nm| Al 0.8 nmand Cu4nm|Ag4nm|Al0.8nm|WOs3,20 nm, shown in black
red and blue respectively. All films are supported on mixed SAM derivatised glass

substrates.

Figure 5.10 shows that the 0.8 nm Al layer successfully passivates Cu | Ag films
from oxidation in air with or without a WO3 overlayer on the surface. This result in
conjunction with the large increase in transparency for the Cu | Ag film with a WO3

overlayer bodes well for its potential as a window electrode for OPV.

It is often the case that part of the OPV fabrication process involves annealing of
the substrate, and is therefore important to know how electrodes respond to annealing.
Figure 5.11 illustrates the changes in sheet resistance for Glass | SAM | Cu | Ag
electrodes with and without Al and WOs. overlayers upon annealing under nitrogen at
various temperatures. Figure 5.11 shows that the Cu | Ag films exhibit good thermal
stability. Whilst the thermal stability of these Cu | Ag films is still relatively high, with
comparable or lower sheet resistance values up to 250 °C for all films shown, the thermal

stability of the Cu films is higher still.
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Figure 5.11: Sheet resistance of Cu4 nm | Ag 4 nm, Cu4 nm | Ag 4 nm | Al 0.8 nm, and
Cudnm|Ag4nm|Al 0.8 nm|WO3, 20 nm films after heating successively at varying
temperatures under nitrogen, shown in black, red and blue respectively. Films are
supported on mixed SAM derivatised glass, and all heating was carried out for 10

minutes under nitrogen.

5.5 Conclusions

The triple layer Cu | Al | WO3 electrode described in this chapter retains many of the
advantages of the bilayer electrode described in Chapter 4 such as a low cost, high
transparency, low sheet resistance and efficient OPV device characteristics. However,
this electrode also has the advantage of air stability, which has been achieved through the
use of an oxidised Al layer inserted between the Cu and WOs3. layers. The disadvantage

of the electrode is the extra complexity and cost associated with using an additional layer.

The transparency of Cu | Ag | WOs. electrodes is very promising, with higher
transparency up to 600 nm than the Cu | WOs films presented in Chapter 4. This
combined with low sheet resistance, ability to be rendered air stable and relatively high

thermal stability bodes well for its application as an electrode in OPVs.
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Chapter 6 — Plasmon-active Cu Electrodes

6.1 Abstract

This chapter describes a method for forming ultra-thin Cu films on plastic (PET)
substrates with and without a high density of sub-wavelength apertures. Experiments
designed to investigate the possibility that these electrodes can serve as plasmon-active
light trapping electrodes in both small molecule and polymeric OPVs are described. The
results show that these electrodes have potential as low cost plasmon-active electrodes in

OPVs.

6.2 Background

Optically thin, Au and Ag electrodes with a random array of sub-wavelength apertures
supported on flexible plastic substrates were recently shown by Stec et al. to be a viable
alternative to 1TO in bulk-heterojunction and small molecule OPVs.%" In that work the
apertures were formed in a continuous optically thin metal thin film by rapid thermal
annealing; a method that is both efficient and scalable. Whilst the high density of sub-
wavelength apertures dramatically reduced the far-field transparency of the electrodes,
they were shown to outperform those without apertures and ITO glass in both small
molecule and polymer based OPV devices. That result has since been corroborated by Xu
et al.”* for Ag electrodes using a different approach to random aperture formation. The
large reduction in far-field transparency occurs because apertures in a metal film that are
much smaller than the wavelength of the incident light couple strongly with that light,
much like nanoparticles of the same metal.®” This strong optical absorption is due to the
excitation of surface plasmon resonances that are localised on the aperture circumference.

Just as for metal nanoparticles, the resonant frequency of aperture excitations is a
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function of the metal, the size and the shape of the aperture. The coinage metals Ag, Au
and Cu all support surface plasmons with frequencies in the visible part of the
electromagnetic spectrum making them well matched to the solar spectrum. Since
thermal annealing gives rise to a random distribution of aperture shapes and sizes, a broad
range of photons can be absorbed, which is a further advantage for PV applications.
Localised surface plasmon resonances are effectively light trapped as collective
oscillations of conduction band electrons at the metal—dielectric interface, the intensity of
which decays exponentially into the semiconductor and metal.*® Ordinarily, these bound
electromagnetic waves eventually dissipate their energy as Ohmic losses in the metal.
However, if the electrode is in very close proximity to a semiconductor with a high
absorption coefficient, such as an organic semiconductor, then these bound
electromagnetic waves can dissipate their energy by exciting electrons from the HOMO
to the LUMO in the adjacent organic semiconductor rather than as heat in the metal. In
the context of an OPV this trapped light can therefore be harvested, provided the
semiconductor is in close proximity to the nanostructured metal electrode. This beneficial
effect must however be balanced against the need to prevent exciton quenching by the
metal electrode and so it is expe cted that a charge selective layer of a few nm in
thickness should be incorporated at the interface.'® This proximity requirement
combined with the relatively low absorption coefficient in crystalline silicon over a broad
range of wavelengths rules out the effective use of plasmonics in conventional Si based

PV technologies.

Reilly 111 et al. were the first to utilise a metal electrode with apertures as a
plasmon-active electrode in OPVs. In that work the apertures were of uniform size and
shape and were formed in a 30 nm Ag electrode using microsphere lithography. Figure

6.1 shows the data taken from that report which provides evidence for plasmon-enhanced
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light absorption in OPVs.?*® The data is presented as the ratio between the incident-
photon-to-converted-electron (IPCE) ratio and the far-field transparency. For a Ag
electrode with a random array of 92 nm diameter circular apertures, the IPCE is highest
over the wavelength range that the electrode is least transparent, which is indicative of

light trapping as surface plasmon excitations.
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Figure 6.1: IPCE:transparency ratio against wavelength for OPVs using various window
electrodes with and without circular apertures.®® Inset: An AFM image of the plasmon-

active metal electrode that proved most effective.

1. was a significant improvement on that of Reilly Il et

The work of Stec et a
al., because the electrodes reported by Stec et al. outperformed conventional ITO in OPV
devices with the same structure, as well as their non-annealed counterparts. Figure 6.2

reproduces the most important figures from that work.
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Figure 6.2: JV scans (left) and EQE spectra (middle) of model OPV devices fabricated
on Ag and Au electrodes with and without apertures (denoted annealed and non-annealed

respectively). AFM image of a Au electrode with apertures (right).”’

It is evident from Figure 6.2 that the performance of model BHJ OPVs is
improved when using a random aperture Ag electrode (denoted as annealed) as compared
to devices using an electrode without apertures (denoted as non-annealed). The increase
in exciton generation in close proximity to the nanostructured electrode gives rise to an
increase in photocurrent, with the Vo and FF mostly unaffected.?? Importantly the
spectral response of OPV devices with apertures is quite different to that without, with
increased photocurrent generation occurring only for light frequencies at or below the

surface plasmon frequency of the metal.**>**

Ag and Au are the most widely used materials for plasmonic applications
because the SPR is in the visible range, they are relatively stable towards oxidation and
they have the lowest Ohmic losses amongst metals.**> However, Cu can also support SP

resonances in the visible part of the spectrum, has Ohmic losses comparable to Au for
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light wavelengths 600-750 nm**® and is one hundredth of the cost of Ag.*® Unfortunately
Cu has the disadvantage that it is much more susceptible to oxidation than Ag. In
principle, if Cu could be stabilised towards oxidation without deteriorating its optical
properties it would be a low cost alternative to Ag and Au for plasmon-active electrodes

for OPV.

PET is an attractive substrate material for OPVs because it is widely used in
flexible electronics and has a high transparency between 400 and 900 nm (Figure 2.1).
Importantly PET is also available with a very low roughness (Figure 6.3) making it
suitable for thin film PVs such as OPVs. Low substrate roughness is essential for the
formation of continuous ultra-thin metal films, because the metal film invariably forms as
an array of interconnected islands when the substrate is rough which compromises the
conductivity. It is also important to minimise the risk of shunt formation which is more

likely to occur for substrates with high surface roughness as discussed in Section 1.8.

Mm

Mum
Figure 6.3: AFM image of an uncoated PET substrate. The surface roughness is 0.8 nm.

This chapter describes the results of experiments designed to investigate the

potential of ultra-thin Cu and Cu | Ag bilayer films supported on PET for random
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aperture array plasmon-active electrodes. The work presented in this chapter is on-going

and has not yet been published.

6.3 Experimental

Preparation of ultra-thin electrodes on PET: PET slides were cut, cleaned and UV/O3
treated where stated as described in Chapter 2. For Cu | Ag films the metal deposition
was carried out consecutively by thermal evaporation without breaking the vacuum. This
was not the case for Cu | Al films. Some substrates were then annealed in the glovebox at
varying temperatures, either before or after Al or Ag deposition. 200 °C was chosen as
the standard annealing temperature to form apertures because PET cannot withstand
temperatures greater than ~250 °C and at lower temperatures annealing to introduce
morphological change in the films would take much longer. All substrate annealing was
carried out in a nitrogen filled glovebox with <5 ppm of O, and H,O at 200 °C for 25
mins unless otherwise stated. For much of the initial electrode characterisation 0.8 nm of
Al was deposited on Cu 8 nm films after annealing to prevent oxidation of the films,
since the SEM, UV/visible spectroscopy and AFM require the films be exposed to the

laboratory atmosphere.

PET orientation: The PET substrate had one side too rough for OPV electrode
fabrication. The smooth side (Figure 6.3) was determined by AFM and subsequently used

throughout.

Copper oxide etching: PET | Cu 8 nm | Annealed | Al 0.8 nm films were placed in glacial

acetic acid for 20 seconds, rinsed with water and blown dry with nitrogen.

Sheet resistance measurement: The PET substrates were mounted using a glass backing

slide to ensure they were flat.
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AFM imaging: Imaging using the AFM proved to be very difficult due to movement of
the PET whilst imaging. In order to alleviate this, PET substrates were taped to the stage

to ensure stability whilst scanning.

Optical transparency measurement: The reference material was an uncoated PET
substrate with the exception of Figure 6.12 where the reference is air. The incident beam

passed through the PET first of all as is the case in an OPV device.

6.4 Results and Discussion

The transparent substrate that ultra-thin metal films are supported on has a strong

influence on film morphology and transparency as shown in Figure 6.4,
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Figure 6.4: Far-field transparency spectra of a Cu 8 nm | Al 0.8 nm films supported on

untreated PET (black) and glass modified with a mixed SAM (red). Inset: Schematic
illustrations of substrates and film morphology for Cu on glass with a molecular adhesive

layer (above) and untreated PET (below).

Figure 6.4 shows that the transparency of a Cu 8 nm | Al 0.8 nm film is higher

when deposited onto glass modified with a molecular adhesive layer than on untreated
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PET. On glass the molecular adhesive layer provides a reactive surface for the incoming
Cu atoms, in contrast to the untreated PET where there are no such reactive moieties to
which the Cu can bind strongly. PET can however be modified with the same molecular
adhesive layer as used on glass so that the transparency of ultra-thin metal films are
almost identical to that achieved on glass.?® The difference in transparency of the films in
Figure 6.4 is due to morphological differences in the films. The films on glass modified
with a reactive SAM are more uniform and continuous because the incoming Cu atoms
are immobilised on contact with the substrate. This is in-contra, to the films on untreated
PET that have grown in an island-like manner in order to minimise surface energy in the
absence of a strong interaction with the substrate. These rougher Cu films on PET result
in plasmonic absorption losses in the metal film for light wavelengths >600 nm.
Absorption in optically thin metal films due to surface plasmon excitation is ordinarily
considered to be lost energy and can be suppressed using an overlayer that shifts the SPR
frequency into the UV part of the spectrum i.e. away from the resonant condition.?®’
Conversely, the work presented in this chapter focuses on trying to use this effect to
concentrate light in OPVs, with particular emphasis on the utilisation of Cu for this

purpose.

For reliable formation of a random array of sub-wavelength apertures in Cu
films, a method for controlling adhesion of Cu to the PET substrate was required. Stec et
al. have shown that for Ag films on PET, adhesion can be greatly improved by UV/O;
treating the plastic prior to Ag deposition, and so by tuning the UV/Oj3 treatment time and
annealing under nitrogen plasmon-active films can be produced.”’ In the first instance the
possibility of applying this method to Cu electrodes was investigated. UV/Oj3 treatment

introduces reactive moieties on the surface of the plastic substrate, causing the incoming
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metal atoms to adhere more strongly than when untreated. These reactive moieties are
oxygen based and include carboxylic acid moieties, a functional group that is known to
bind with Cu.®” UV/Os pre-treatment of PET results in more continuous Cu films, as is

evident from the lower initial sheet resistance values given in Table 6.1.

Initial / Q sq™ Final / Q sq™ Optical Appearance
+1 SD +1 SD
No UV/O3 26 + 2 28 + 3 Turned dull green upon heating
2 min UV/O3 12+2 9zx1 No Change
5 min UV/O; 12.0+£0.3 8+1 No Change

Table 6.1: Sheet resistance values of Cu 8 nm | Al 0.8 nm films on PET before and after

annealing.

Testing the conductivity of films after heating is important to ensure that
annealing to form apertures did not dramatically change the sheet resistance, since the
sheet resistance of the window electrode is an important determinant of the performance
of OPVs. The sheet resistance data given in Table 6.1 shows that Cu films on PET with 2
or 5 min UV/Oj3 treatment prior to metal deposition are stable at 200 °C. In fact, the sheet
resistance actually decreases upon annealing which is attributed to an increase in metal
crystallinity, as has been observed for ultra-thin Au films on plastic substrates.®
Conversely, for films with no UV/O3 treatment the sheet resistance upon annealing is
altered by two competing processes; (i) apertures formed in the film scatter electrons

which serves to increase the resistance; (ii) the increase in crystallinity serves to decrease

the resistance. Thus it is unsurprising that the sheet resistance of Cu films supported on
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unoxidised PET remains essentially unchanged upon annealing. Importantly none of the
Cu film electrodes exhibit a large enough sheet resistance change upon annealing to
drastically alter device performance in the small area OPVs fabricated in this study. A
sheet resistance of 28 Q sq™* is however too high for large area OPVs, although sufficient

for this fundamental research.

The robustness of the Cu electrodes fabricated on PET with and without UV/O3
pre-treatment was assessed by recording the sheet resistance before and after various tests
and the results are summarised in Table 6.2. The results show that the films are very
robust which is important for OPVs, as prior to organic semiconductor deposition
electrodes are often cleaned by ultra-sonic agitation (denoted “10 min H,0 agitation™) and
UV/O; treatment. Applying sticky tape to the electrode and subsequently removal by
pulling it off by hand (denoted Tape test) is a harsh adhesion test often used in research

laboratories. >3

UV/Os Initial/ Q sq™ Process Final/ Q sq™
None 25.2 10 min H,0O agitation 28.9
None 24.4 UV/O3; 5 min 25.8
None 25.8 Tape test 26.5
5min 13.9 10 min H,0O agitation 15.7
5 min 14.4 UV/O3 5 min 15.2
5 min 15.2 Tape test 22.2

Table 6.2: Sheet resistance values of PET | Cu 8 nm | Al 0.8 nm films before and after
various electrode cleaning methods used in OPV fabrication. The initial sheet resistance
values in Table 6.2 do not match those in Table 6.1 because the data shown here was
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recorded on older electrodes, with the data being recorded in air so some oxidation will

have taken place.

Figure 6.5 shows the morphology changes upon annealing at 200 °C for 25 mins
with and without UV/O3 treatment for Cu films on PET. The images on the top row of
Figure 6.5 (a & b) show the topography of Cu films on PET that underwent no UV/O3
pre-treatment prior to Cu deposition. Upon annealing the surface roughness increases
from ~1.3 nm to ~3.5 nm. This increase in roughness may have resulted from the
formation of apertures as reported for annealed Ag films on UV/O3 treated PET by Stec
et al.”” Figures 6.5 (c & d) show the topography of Cu films on UV/O; treated PET
before and after annealing. In this case the surface roughness remains similar upon

annealing, consistent with strong binding of the Cu to the underlying PET.

Non-annealed Annealed

3.5nm

No UV/O,

(c)

5 min UV/0; "

Sum

" 1.5nm o 1.3 nm

oo 0O oo 0O

Figure 6.5: AFM images of Cu 8 nm | Al 0.8 nm films on PET with no UV/O; (a) and
(b) and 5 minutes UV/Og3 treatment (c) and (d), with no annealing (a) and (c) and after

annealing (b) and (d). The surface roughness is also given for each case.
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There is no evidence of apertures in the AFM image Figure 6.5(d) despite
annealing, showing that the adhesion to the substrate is too high to induce apertures upon
annealing. Careful inspection of the 2-D AFM images of the films shown in Figures 6.5
(a & b), given in Figure 6.6, appear to show that apertures have formed in the films after
annealing (white circles), since there are visible depressions or valleys below the 4 nm
mark on the height scale. More convincing evidence for aperture formation is provided
by the SEM images shown in Figure 6.7, where apertures correspond to the black areas.
Evidence of sub-visible light wavelength apertures are key to justifying any observed
plasmonic effects. To achieve aperture formation, Cu 8 nm films were evaporated onto

untreated PET substrates and annealed at 200 °C for 25 mins.
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Figure 6.6: 2-D AFM images (left), and cross-sections of the same images (middle) of
Cu 8 nm | Al 0.8 nm films on non-UV/O; treated PET substrates. The top scan shows a
non-annealed film and the bottom scan shows a film that was annealed. The red lines on
the images on the left show the lines where the cross sections were taken, and which

apertures in dissects in the bottom scan. White circles illustrate two possible aperture
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sites on the bottom AFM image. A schematic of film morphology is shown for each

image (right).

Figure 6.7: SEM images of Cu 8 nm | Al 0.8 nm films on PET before (left) and after
(right) annealing at 200 °C for 25 mins. The upper images show fine structure (200 nm

scale bars) and the lower images show larger structures (10 um scale bar).

Importantly, it is evident from Figure 6.7 that the apertures (small features)
formed upon annealing Cu films deposited onto untreated PET are not conjoined, so the
sheet resistance is not drastically changed; 26 Q sq™ and 28 Q sq™ before and after
annealing respectively. It is possible that these apertures may have formed as a result of

grain boundaries opening up or by merger of smaller apertures. Importantly, they are
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100s of nms in length and 10s of nms in width and so sub-optical wavelength in size,
which means that they interact strongly with light. Formation of apertures by annealing
Cu films deposited onto UV/O; treated PET was not possible because the films adhered
too strongly to the substrate. UV/O3 treatment is therefore a reliable way to form very
robust Cu films. Unless otherwise stated plasmon-active electrodes were fabricated on

PET substrates that were not UV/O3 treated.

In addition to the sub-micron changes in Cu film morphology shown in Figure
6.7 (upper), large uniformly dispersed features also appear on the electrodes upon
annealing, as shown in the SEM images in Figure 6.7 (lower). These structures grow in
size when the annealing time is increased from 25 to 60 minutes, as shown in Figure 6.8.
Assuming these structures are Cu based, the large spaces between them indicates that the

Cu is highly mobile, possibly due to the low film thickness and elevated temperatures.®

Figure 6.8: SEM images of Cu 8 nm | Al 0.8 nm films on PET after annealing at 200 °C

for 60 minutes. The images show large structures (10 pum scale bar).
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The height of these much larger flower-like structures was confirmed using
AFM (Figure 6.9) to be ~ 250 nm, which is information that could not be gained using

SEM.
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Figure 6.9: AFM scan (left) of an annealed (200 °C for 25 mins) Cu 8 nm | Al 0.8 nm
film on PET. A 3-D plot of an individual structure from the same image revealing the
shape (right). Some image artefacts are present, shown as the purple horizontal streaks on

either side of the tall structures.

As discussed later in this chapter, these electrodes were successfully used in
small molecule OPV devices. It is surprising that OPV devices with a semiconductor
layer thickness of only ~60 nm could function on electrodes with structures as tall as
those in Figure 6.9. A possible reason why these electrodes did not result in OPV devices
that short circuit may be their relatively large aspect ratio, which reduces the likelihood of
problems associated with shadowing effects when depositing the different layers that
make up the device. Alternatively these structures are electrically insulating and so do not
interfere with the electrical integrity of the device. Since there are trace amounts of

oxygen present in the glovebox (<5 ppm) it was proposed that these flower like structures
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were most likely copper oxide. To test this hypothesis, annealed Cu electrodes were

etched with acetic acid, since acetic acid is known to etch Cu(l) and Cu(ll) oxides much

|.238

more rapidly than Cu metal.“™ AFM images after this treatment are shown in Figure 6.10.
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Figure 6.10: AFM images of an annealed Cu 8 nm | Al 0.8 nm film on PET after etching
with acetic acid. The right image has a scale bar of 8 nm and the left has a scale bar of

600 nm to match the scale used in Figure 6.9.

Figure 6.10 shows that these structures have been removed by etching with
acetic acid. The Cu films were still present after etching, since Cu metal is not rapidly
etched by acetic acid.?®® This is strong evidence that they are copper oxide. The left hand
image has the same height scale as used to image the flower-like structures before
etching. A much smaller height scale is used for the right hand image, from which it is
clear where the structures were initially located. Associated with the formation of
apertures and the increase in roughness upon annealing is a large decrease in the
transparency of the films as shown in Figure 6.11. This can be observed by eye, as the

films are noticeably duller/ darker.
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Figure 6.11: Far-field transparency spectra of Cu 8 nm | Al 0.8 nm films on PET, with
and without annealing. The PET | Cu | Al films are coloured in black, blue and red for

non-annealed, 150 °C for 25 min annealed and 200 °C for 25 min annealed respectively.

Notably, the transparency of these electrodes does not decrease uniformly across
the spectrum and the annealed films have a much flatter response. In Figure 6.11, the
decrease in transparency for a Cu film on PET is very small upon annealing at 150 °C
and much larger upon annealing at 200 °C, with a decrease of 5-20% across the visible
part of the spectrum where the solar flux is greatest. Interestingly, upon annealing at 200
°C the transparency of the films past ~800 nm actually increases. The reduced
transparency likely originates from a combination of; (i) scattering of light caused by the
large structures shown in Figure 6.7.; (ii) Absorption from these copper oxide structures;.
(iii) Nano-scale changes in the morphology of the films, rendering them plasmonically
active; the incoming light is coupled into the film after annealing. The change in the
transparency of PET upon annealing at 100, 150 and 250 °C for 25 minutes is shown in
Figure 6.12 from which it is clear that the observed changes in transparency are due to the

morphology changes in the Cu film and not due to a reduced transparency of the substrate
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itself, since upon annealing PET films at 200 °C for 25 mins the transparency only

decreases by ~1%.
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Figure 6.12: Far-field transparency spectra of uncoated PET without annealing, after
annealing at 100 °C for 25 min, after annealing at 150 °C for 25 min and after annealing
at 200 °C for 25 mins coloured black, green, blue and red respectively. These spectra are

referenced against air.

To test the utility of these electrodes as plasmon-active electrodes in OPVs,
model devices were fabricated using Cu electrodes with and without apertures, denoted
annealed and non-annealed respectively. CuPc was chosen as a suitable electron donor
material because it absorbs light with wavelengths as long as 750 nm (Figure 6.13) and
its peak absorption is matched to the peak transparency of Cu window electrodes. An
organic semiconductor that absorbs in the long wavelength region is needed to observe
plasmonic effects because the SPR frequency for Cu is at a lower frequency than for Ag

or Au.'® Notably, the plasmon-active region for Cu electrodes is therefore well-
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matched to the newest generation of BHJ polymer systems which harvest light in the near

infra-red as well as the visible part of the solar spectrum.
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Figure 6.13: Normalized absorption spectra for thin films of the small molecule organic

donor materials CuPc (blue) and CIAIPc (green).®®

Figure 6.14 shows the JV response of model OPV devices fabricated on PET |

Cu electrodes with and without annealing. The associated EQE spectra of these cells are

shown in Figure 6.15.
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Figure 6.14: Left: Representative JV characteristics of OPV cells with the structure PET |
Cu 8 nm | CuPc 20 nm | Cgo 40 nm | BCP 8 nm | Al 80 nm with (red) and without (black)

annealing of the Cu electrode.
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Figure 6.15: EQE spectra of OPV cells with the structure: PET | Cu 8 nm | CuPc 20 nm |

Ceo 40 nm | BCP 8 nm | Al 80 nm with (red) and without (black) annealing of the Cu

electrode.

It is clear from Figure 6.14 that the photocurrent of OPVs fabricated on
electrodes with apertures (i.e. annealed) is significantly greater than that without, despite
the former having a much lower far-field transparency (Figure 6.11). It is evident from
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Figure 6.15 that OPVs fabricated on electrodes with apertures have a much higher EQE
response in the long wavelength part of the spectrum, which is the reason for the higher
Jsc. It is in this wavelength region that CuPc is absorbing photons, and thus in the devices
fabricated on electrodes with apertures (red) the extra photocurrent is generated by the
CuPc layer. Plasmon assisted light absorption is localised near to the electrode, because
the SPR is trapped at the electrode-semiconductor interface and so the optical field
intensity decays exponentially into the semiconductor. Since the CuPc layer is spatially
closest to the Cu electrode it is best placed to benefit from the high optical field intensity
associated with SPRs. The JV characteristic and spectral response are therefore consistent
with plasmon enhanced absorption. There is no significant enhancement in the region
over which Cgp absorbs (< 550 nm) because this corresponds to light frequencies above
the SPR frequency associated with the apertures in the Cu film and the Cgo layer is
located away from the region of highest optical intensity. It is not possible to rule out the
possibility that the lower JV performance of the devices fabricated on non-annealed
electrodes may be due, in part, to a thin oxide layer formed on the electrode that is not
present on non-annealed electrodes, causing the CuPc layer to adopt a different
orientation on the electrode surface which would alter the interfacial energetics.*® To
exclude this possibility, and to test the generality of the result obtained in Figure 6.14,
OPV cells were fabricated using another donor material; CIAIPc, in conjunction with a
MoO; hole-extraction layer. CIAIPc was chosen as the electron donor because it absorbs
light with wavelengths up to ~850 nm (Figure 6.13) so any plasmon enhanced absorption
at low frequencies will be maximised. The JV characteristics for these devices are shown
in Figure 6.16. The diagram on the right of Figure 6.16 depicts how the intensity of
trapped light (and thus optical field) decays exponentially into the photoactive layer.

Device data for the devices shown in Figure 6.16 is shown below in Table 6.3.
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Figure 6.16: Left: Representative JV characteristics of OPV cells with the structure PET |

Cu 8 nm | MoO3 5 nm | CIAIPc 20 nm | Cgo 40 nm | BCP 8 nm | Al 90 nm with (red) and

without (black) annealing of the Cu electrode. Right

device showing the decay of the optical field intensity.

: Schematic of the structure of the

Je/MAcm? Ve lV
+1SD +1 SD

FF PCE
+1SD  +1SD

Non-annealed 23+0.1 0.33+0.09

0.39+0.04 0301

Annealed 26+0.1 0.45 +0.05

051+0.05 06+0.1

Table 6.3: JV data of OPV cells with the structure PET | Cu 8 nm | MoO3; 5 nm | CIAIPc

20 nm | Cgo 40 nm | BCP 8 nm | Al 90 nm with and without annealing of the Cu electrode.

Table 6.3 shows a lower V. than is normally observed for the CIAIPc/Cgo

system which can be rationalised in terms of diffusion of Cu into the MoOj3 interlayer

where it acts as an n-type dopant, thus reducing its work function and lowering the built

in field in the device.®® The figure also shows that the devices fabricated on electrodes

with apertures generate a higher Js. despite the lower transparency of the window

electrode as was observed for OPVs using a CuPc donor layer without a hole extraction

layer. The EQE spectra for devices using a CIAIPc don

or layer are given in Figure 6.17.
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Figure 6.17: EQE spectra of OPV cells with the structure PET | Cu 8 nm | MoO3 5 nm |
CIAIPc 20 nm | C¢o 40 nm | BCP 8 nm | Al 90 nm with (red) and without (black)
annealing of the Cu electrode. All data sets are shown to demonstrate the reproducibility

of the effect.

An increase in the spectral response beyond ~600 nm is observed for devices
using electrodes with apertures, which corresponds to where the CIAIPc absorbs most
strongly (Figure 1.13). As observed with devices using CuPc as the donor layer, this is
the reason why OPV devices fabricated on electrodes with apertures generate more
photocurrent. Notably, the EQE in the 400-600 nm wavelength region is not significantly
lower for devices using an electrode with apertures, as would be expected considering the
decrease in transparency upon annealing. This may be explained by light scattering by the
flower-like copper oxide particles, particularly at short wavelengths giving rise to
increase absorption at those wavelengths. To investigate this possibility, scattering
spectra were collected using a dark field microscope (Figure 6.18). Unfortunately the

light source did not extend below 450 nm or above 700 nm.
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Figure 6.18: Left: Dark field microscope scattering spectra of PET | Cu 8 nm | Al 0.8 nm
films. Films that were annealed at 200 °C for 60 minutes are shown in red, with reference
films shown in black and the reference spectra of the lamp with no film shown in blue.

Right: Schematic of operation of the dark field microscope.

Figure 6.18 shows that the annealed films scatter more light at short wavelengths
than non-annealed films, thus explaining the similar performance in the 400-600 nm
wavelength region of the EQE spectra in Figure 6.17. However, light scattering by the
large flower-like structures does not explain the increase in spectral response for longer
wavelengths of light, because there is no evidence for light scattering for wavelengths >
600 nm. The reason for higher photocurrent in devices fabricated on electrodes with
apertures is therefore attributed primarily to a plasmon enhanced light absorption in the

donor layer.

The data in Figures 6.19 and 6.20, and in Table 6.4 show that the plasmon
enhancement of photocurrent shown in Figure 6.14 is also achieved when a Cu | Al (0.8
nm) electrode is used. Figure 6.19 and Table 6.4 show the typical JV response of OPV
devices using a Cu | Al electrodes with and without apertures and Figure 6.20 shows the
EQE spectra for these devices. This Al layer was used to hinder oxidation of the Cu
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electrode and was deposited after annealing. Importantly, the ultra-thin Al layer does not
suppress the plasmon enhancement in the CIAIPc/Cgp system despite the SPR frequency
of Al being in the UV range, which indicates that it is almost fully oxidised. This is not
however unsurprising due to its very low thickness and very high reactivity towards O,
which is present at a level of up to 5 ppm in the glove box. If the layer was thicker, then
it would be expected to have an adverse effect on device performance, as Al layers have
previously been utilised as plasmon frequency conversion layers to suppress plasmon

enhanced absorption in ultra-thin Ag films.®’
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Figure 6.19: Typical JV plots of PET | Cu 8 nm | Al 0.8 nm | MoO3; 5 nm | CIAIPc 20 nm
| Ceo 40 nm | BCP 8 nm | Al 90 nm devices with (red) and without (black) annealing of

the Cu electrode.
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Je/mACm? Vo /V FF PCE

+1SD +1SD +1 SD +1SD
Cu | Al Non-annealed 2.3+0.3 051+02 041+006 05%0.2
Cu | Al Annealed 2.8+0.2 0.66+0.03 051+0.05 1.0+0.1

Table 6.4: Average Js, Vo, FF and PCE values with standard deviations for PET | Cu 8

nm | Al 0.8 nm | MoO3; 5 nm | CIAIPc 20 nm | Cgo 40 nm | BCP 8 nm | Al 90 nm devices

with and without annealing of the Cu electrode.
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Figure 6.20: EQE spectra of OPVs fabricated on Cu | Al electrodes. Full device

structures are: PET | Cu 8 nm | Al 0.8 nm | MoO3 5 nm | CIAIPc 20 nm | Cgo 40 nm | BCP

8 nm | Al 90 nm with (red) and without (black) annealing of the Cu electrode.

Figure 6.19 shows that OPV devices fabricated on electrodes with apertures

exhibit increased Js, Vo and FF as compared to those without. The increase in Jg. can be

attributed to a plasmon enhanced light absorption in the CIAIPc layer (Figure 6.20)

combined with light scattering, however this does not account for the increase in V. It is

possible that the improvement in V. is due to geometric electric field enhancement
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resulting from the increase in electrode roughness upon annealing.?*° This effect can also
give rise to increased Js. in OPVs, although is wavelength independent and thus cannot

account for the change in shape of the EQE spectra.

The microcavity effects demonstrated previously in Chapter 4 rely on the
reflection of light from the opaque contact in the OPV device. To investigate the extent to
which this effect is important in the current context, the opaque Al electrode was

substituted with Ag. Figure 6.21 and Table 6.5 show the JV response for these OPVs.

10_FET|CuBnm|AID,Bnm|M0035nm|
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Figure 6.21: JV characteristics for OPVs with the structure: PET | Cu 8 nm | Al 0.8 nm |
MoO3 5 nm | CIAIPc 20 nm | Cgo 40 nm | BCP 8 nm | Ag 100 nm with (red) and without

(black) annealing of the Cu electrode.
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Jo/ MAcm? VoV FF PCE
+1SD +1 SD +1 SD +1 SD

Non-annealed 3.0+0.3 03+0.2 0.33+0.05 0.3+0.2

Annealed 33+03 06+01 047+005 09%0.3

Table 6.5: Js, Vo, FF and PCE values with standard deviations for PET | Cu 8 nm | Al
0.8 nm | MoO3 5 nm | CIAIPc 20 nm | Cgo 40 nm | BCP 8 nm | Ag 100 nm devices with

(red) and without (black) annealing of the Cu electrode.

Figure 6.22 shows the EQE spectra for the cells shown in Figure 6.21.
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Figure 6.22: EQE spectra for PET | Cu 8 nm | Al 0.8 nm | MoO3 5 nm | CIAIPc 20 nm |
Ceo 40 nm | BCP 8 nm | Ag 100 nm devices with (red) and without (black) annealing of

the Cu electrode. All data sets are shown to demonstrate the reproducibility of the effect.

Figure 6.22 shows that the devices fabricated on electrodes with apertures
generated more photocurrent in the CIAIPc region (600-850 nm), which is spatially close
to the window electrode and there is no significant enhancement in current generation in

the Cgo region. This result is essentially the same as that observed for OPVs using an Al
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electrode and is consistent with plasmon enhanced light absorption in the CIAIPc layer.
However, a reduction in photocurrent in the Cg region would be expected due to a lower
transparency in devices fabricated on electrodes with apertures. Again, this is not the
case, consistent with light scattering by the flower like structures at short wavelengths. It
Is also possible that there is some enhancement in the Cgo region, as the CIAIPc layer is
only 20 nm thick, and there may be some shadowing effects present when evaporating
onto the large structures seen in Figure 6.9. The devices illustrated in Figure 6.21 and
Table 6.5 preformed relatively poorly, with the only difference between the structures
being substitution of the opaque electrode material. A difference in the magnitude of Js
was expected when replacing Al with Ag because the reflectivity of Ag is 5-15% higher
across most of the region as shown in Figure 6.23. However, further investigations would
be required to ascertain the reason for the poor V, and FF in the devices using electrodes

without apertures.
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Figure 6.23: Reflectance of Ag 100 nm (red) and Al 100 nm (black) films at an angle of

incidence of 39.5°.
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In addition to Cu and Cu | Al films, Cu | Ag films were investigated as possible
plasmon-active window electrodes. As the SPR frequency of Ag is higher frequency than
Cu,?” the onset of plasmon enhanced absorption would be expected to begin at shorter
wavelengths, yielding enhanced performance increases. The use of this Ag layer does
however incur extra materials expense and the electrode is more complex to fabricate.
Similar morphologies to the Cu films with apertures were achieved in Cu | Ag films via

annealing, as shown in Figure 6.24.

pm

Height
c & o

A

r T T T d
0.0 05 1.0 15 2.0
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Figure 6.24: AFM morphology of a Cu 4 nm | Ag 4 nm film on PET with no UV/O3, that
has been annealed. Annealing was carried out after deposition of both layers. The
roughness is 2.8 nm. A cross section graph is shown on the bottom right with a
schematic of the electrode shown in the top right. The red line on the left scans show the
lines where the cross sections were taken, and which apertures in dissects in the bottom

scan. White circles illustrate two possible aperture sites on the AFM image.

The change in transparency upon annealing Cu | Ag films, along with the sheet
resistance of these films is given in Figure 6.25. In this case the sheet resistance

decreases with annealing.

177



70
60 \l,
50
40

304

% Transparency

204

PET | Cu4nm | Ag 4nm

— Non-annealed, Ryy..= 15.1 Ohms Sq "

—— Annealed at 200 °C for 25 mins, Repee= 12.3 Ohms 5q '

e B e B B e e N R

400 500 600 700 800 900 1000
Wavelength/ nm

104

Figure 6.25: Transparency of PET | Cu 4 nm | Ag 4 nm films with and without
annealing. Non-annealed and annealed films are shown in black and red respectively.

Sheet resistance values for individual films are also stated.

The Cu | Ag films have favourable characteristics, with high transparency and
low sheet resistance. As the Cu 4 nm | Ag 4 nm films yielded promising results, Cu 5 nm
| Ag 3 nm were also investigated, to try to reduce the reliance on Ag. Figure 6.26
illustrates the transparency of Cu 5 nm | Ag 3 nm films on PET before and after
annealing. The transparency of these films is decreased upon annealing as observed
previously for the Cu | Al films. Figure 6.12 illustrates that the observed changes in
transparency are due to morphological differences observed in the metal films and not the

PET substrate.
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Figure 6.26: Transparency of Cu 5 nm | Ag 3 nm films on PET without annealing, with

annealing at 150 °C for 25 minutes and with annealing at 250 °C for 25 minutes are

shown in black, blue and red respectively.

Figure 6.27 shows the JV response from OPVs with Cu | Ag electrodes. The

devices fabricated on Cu | Ag electrodes with apertures yield marginally enhanced

performance, with increases in Js, Vo and FF, resulting in a higher PCE. Table 6.6

shows OPV performance characteristics devices using Cu | Ag electrodes with and

without apertures and a conventional CIAIPc/Cgo architecture. Figure 6.28 shows the

EQE spectra for the devices shown in Figure 6.27.
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Figure 6.27: Typical JV plots of PET | Cu5 nm | Ag 3 nm | MoO3 5 nm | CIAIPc 20 nm |
Ceso 40 nm | BCP 8 nm | Al 90 nm devices with (red) and without (black) annealing of the

Cu electrode. Annealing under nitrogen was carried out after Cu deposition and before

Ag deposition.
Jie/MACM? Vo !V FF PCE
+1SD +1 SD +1SD +1 SD
Cu | Ag Non-annealed 2.2+0.2 043+0.04 0.46%0.02 0.44+0.08
Cu | Ag Annealed 25102 05+01 049+0.09 0.7+0.2

Table 6.6: Js, Voc, FF and PCE values with standard deviations for PET | Cu5 nm | Ag 3
nm | MoO3 5 nm | CIAIPc 20 nm | Cgo 40 nm | BCP 8 nm | Al 90 nm devices. Annealing

was carried out after Cu deposition and before Ag deposition.
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Figure 6.28: EQE spectra of PET | Cu5 nm | Ag 3 nm | MoO3; 5 nm | CIAIPc 20 nm | Cg
40 nm | BCP 8 nm | Al 90 nm OPV devices with (red) and without (black) annealing of

the Cu electrode.

Figure 6.28 is consistent with plasmon enhanced absorption in the CIAIPc layer
and some scattering in the devices fabricated on electrodes with apertures. There is some
evidence that the onset of plasmon enhanced absorption has been shifted to lower
wavelength in Figure 6.28. In OPV devices based on Cu electrodes (Figures 6.17, 6.20
and 6.22), the onset of increased EQE occurs at ~600 nm, and in Figure 6.28 where a Cu |
Ag electrode is used the onset occurs at ~550 nm, consistent with the higher SPR

frequency of Ag.%’

To test the generality of this result, OPV devices were fabricated with a
PCDTBT/PC7BM BHJ architecture. The PCDTBT/PC7BM system was chosen due to
its broad response over a large wavelength range. The champion JV characteristics and
EQE data of these cells fabricated on Cu | Ag electrodes is shown in Figures 6.29 and
6.30 respectively. The JV data of the cells shown in Figure 6.29 is summarised in Table

6.7.
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Figure 6.29: Champion JV data for OPV cells with the structure: PET | Cu 4 nm | Ag 4
nm | MoOz 5 nm | PCDTBT/PC7BM | BCP 8 nm | Al 90 nm with (red) and without

(black) annealing of the Cu electrode.

Jo/ MAcm? VoV FF PCE
+1 SD +1 SD +1 SD +1SD

Cu|Ag Non-annealed 42+06 0.70£0.01 052+0.06 15%0.3

Cu | Ag Annealed 42+05 0.75%£0.01 052+002 16+0.1

Table 6.7: Js, Voe, FF and PCE averages with standard deviations for PET | Cu 4 nm |
Ag 4 nm | MoO3 5 nm | PCDTBT/PC7BM | BCP 8 nm | Al 90 nm devices with and

without annealing of the Cu electrode.
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Figure 6.30: EQE spectra for the champion OPVs with the structure: PET | Cu 4 nm | Ag
4 nm | MoO3; 5 nm | PCDTBT/PC7,,BM | BCP 8 nm | Al 90 nm with (red) and without

(black) annealing of the Cu electrode.

A large increase in EQE response in the high wavelength region, as seen for
CIAIPc/Cgo based OPVs, is not observed in Figure 6.30. The EQE spectra for these cells
are more variable due to the active layer being solution processed, in-contra to the
evaporated bilayer devices where a higher degree of accuracy and consistency with
respect to layer thickness is achievable. As Table 6.7 shows, the spread of the JV data is
too large to draw reliable conclusions about the impact of annealing. This is due to the
higher degree of variability in polymer film thickness, leading to large variations in
device performance. However, a decrease in the Jsc would be expected for devices using
an electrode with apertures if plasmon enhanced light absorption did not occur, since the
transparency of the electrode with apertures is greatly reduced as compared to that
without. This indicates a plasmonic effect is still occurring, consistent with the EQE

spectra. However, the large copper oxide flower-like structures mean that it is not
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possible to draw firm conclusions, as these structures will affect the film crystallinity and

thickness in addition to generating some scattering in the devices.

Finally, the sheet resistance of the Cu | Al films investigated for plasmonic

properties was recorded in air and the results are summarised in Figure 6.31.

7 RSheet recorded in air
90
= PET, Cu8nm, €«
Annealed 200 °C 25 mins, Al 0.8 nm Cu
® PET, Cu&nm, Al0.8 nm,
80+ Annealed 200 °C 25 mins ‘_-—""‘-- PET
o 4
w
@a .|
£ 70
5
= Al
,g. 604 /
2 «— Cu
@ 50 — PET
: —(

0 2 4 6 8 10 12 14 16 18
Time/ hr

Figure 6.31: Sheet resistance with time (left) in air for a PET | Cu 8 nm | Al 0.8 nm films
with annealing before (blue diamonds) and after (red circles) Al deposition. Schematic of

Al on Cu (right) showing incomplete coverage.

Figure 6.31 shows that the annealed films are not air stable, even with the top Al
layer. Annealing prior to deposition of the Al leads to larger increases in the sheet
resistance upon air exposure compared to annealing after deposition of both layers.
Unfortunately however, even the initial sheet resistance values shown here are too high to
use in scalable OPV. Due to the less continuous nature of these films, the Al layer may
not cover the Cu completely as shown on the right of Figure 6.31. A slightly thicker Al
layer may be enough to render them air stable, although this is likely to hinder the
observed plasmonic effect.®” Obtaining surface passivation of plasmon active ultra-thin

Cu electrodes is therefore very taxing.
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6.5 Conclusions

Plasmon active Cu, Cu | Al, and Cu | Ag electrodes have been fabricated and incorporated
into bilayer and BHJ OPVs. The fabricated OPV cells on Cu, Cu | Al and Cu | Ag
electrodes exhibit increased performance on electrode annealing in CuPc/Cg and
CIAIPc/Cg bilayer devices. This increase in performance is mainly due to an increased
photocurrent. The enhancement in device performance is not due to a greatly altered
sheet resistance or a higher transparency. In fact, the transparency is significantly lower.
EQE spectra show that this increase in photocurrent originates from the CIAIPc/CuPc
layer, which is spatially close to the window electrode, and this constitutes clear evidence
to show that these electrodes are plasmon active. Improvements in the lower wavelength
region of the EQE spectra vary, consistent with the presence of some scattering.
Geometric electric field enhancement may be contributing to the increased PCE, but this
effect is wavelength independent and cannot account for the enhancement in EQE
spectra. The observed enhancements in bilayer devices were not observed reliably for
polymeric systems and a large change in the shape of the EQE spectra at high wavelength
was not observed. Clear determination of plasmon enhanced light absorption is hindered
in these systems by higher variability of the EQE spectra due to larger variations in film
thickness and morphology. However if a strong plasmonic enhancement was present in

these systems, analogous to the bilayer devices, then it would still be detectable.
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7. Conclusions and Future Work

This thesis has described progress towards development of Cu based window electrodes
for application in OPVs. Chapter 3 described the fabrication of ultra-thin Cu films on
glass using a mixed SAM and their passivation towards oxidation in air using an ultra-
thin Al layer. This electrode simultaneously removes the requirement for a conducting
oxide window electrode and a reactive low work function metal electrode such as Ca.
Evidence that these electrodes can scavenge oxygen/water that permeates into the
photoactive layer, without any change in surface roughness or an increase in the
electrode’s sheet resistance is presented. It is shown that upon oxidation the sheet
resistance of this electrode actually decreases by up to ~15%, an effect that is attributed
to room temperature de-alloying. Crucially, the evolution of the electrode work function
upon in-situ oxidation of the electrode surface does not adversely impact the process of
electron-extraction to the external circuit. The oxygen desiccant property of this electrode
is particularly important for OPVs, since organic semiconductors are particularly
susceptible to damage by low levels of molecular oxygen and the desiccant layer is in
direct contact with the organic semiconductor. The disadvantage of this window electrode
is the low far-field transparency compared to the industry standard of ITO. The key areas
for further investigation on this electrode are: (i) a more comprehensive study of the
desiccant properties of this electrode; specifically device lifetime studies in N, with
controlled amounts of O, and H,0 separately introduced to determine how the electrode
responds to these different oxidants. (ii) Experiments to understand the reason for the
decrease in reverse saturation current upon oxidation of the electrode surface, specifically

aimed at decoupling the change in work function and the change in oxide layer thickness.
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Chapter 4 described a window electrode fabricated by sequential deposition of Cu and
WOs., onto a SAM modified glass substrate. This electrode addresses the issue of the
lower transparency of the electrode presented in Chapter 3, as the electrode has excellent
far-field transparency over a broad range of wavelengths combined with a low reflectivity
over a range of angles of incidence. The exceptional properties of this electrode result
from rapid diffusion of Cu into the oxide overlayer at room temperature which renders
the oxide layer highly electrically conductive towards the transport of electrons. This
electrode performs well with WOg3.«layers up to 20 nm in thickness. As the window
electrode in efficient OPVs this electrode is shown to perform as well as ITO glass.
Future work for this chapter could concentrate on the extent to which the properties of the
electrode depend on the WOgs, deposition conditions, e.g. the amount of source
preheating, evaporation rate and deposition method (i.e. by vacuum evaporation or spin
coating from an organic metallic precursor). The upper thickness limit of the Cu doped

WO3 layer could also be investigated as an optical spacer layer.

Chapter 5 describes attempts to integrate the approaches described in Chapters 3
& 4, including partial substitution of Cu with Ag which is less susceptible to oxidation.
Cu | Al | WO3electrodes are shown to retain many of the advantages of the electrode
presented in Chapter 4 such as a low cost, high transparency, low sheet resistance, and
efficient OPV device characteristics which are comparable to that of devices fabricated
on ITO. This electrode also has the advantage of air stability, which has been achieved
through the use of an oxidised Al layer inserted between the Cu and WO3 layers. The
disadvantage of the electrode is the extra complexity and the cost incurred in the
additional layer. Cu | Ag | WOselectrodes were also investigated, and are very

promising, with higher transparency up to 600 nm than the Cu | WO3. films presented in
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Chapter 4. This coupled with low sheet resistance, ability to be rendered air stable and
high thermal stability is promising for further work on the Cu | Ag electrode system.
Further work on this chapter would involve studying the evolution of transparency of
Glass | Cu | Al | WO3 electrodes with oxidation, which most likely results from an
increase in refractive index, a demonstration of the Glass | Cu | Ag | Al electrode
functioning in a high performance OPV system and a comparison with ITO glass would

also be a promising area for further study.

Chapter 6 described the fabrication, characterisation and incorporation into
OPVs of Cu, Cu | Al, and Cu | Ag electrodes with a dense array of sub-optical
wavelength apertures supported on PET. Small molecule OPVs on Cu, Cu | Al and Cu |
Ag electrodes with apertures exhibit greatly improved performance compared to identical
devices fabricated on electrodes without apertures and with much greater far-field
transparency. This increase in performance is mainly due to increased photocurrent over
the part of the spectrum which the electrode with apertures is capable of supporting
surface plasmon excitations. The results presented in Chapter 6 provide compelling
evidence that a Cu electrode with a random array of sub-optical wavelength sized
apertures support surface plasmon excitations which increase light absorption in the
adjacent organic semiconductor in an OPV. Further work on this class of electrodes
should include a more thorough look at scattering of light for the annealed and non-
annealed electrodes, with and without the larger structures apparent on the electrode
surface after annealing. OPVs could also be fabricated without these larger features to

further simplify the electrode.
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