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Abstract

Abstract

The work presented in this thesis focuses on the development ultra-thin metal film
electrodes for organic photovoltaics (OPVs) with the aim of boosting device
performance, lowering the cost and/or extending the range potential application.
Chapter 1 gives a general overview of OPVs, including the materials used for
their fabrication and the fundamental processes underpinning OPV’s operation. The
experimental techniques and equipment used are described in Chapter 2. Chapter 3
describes the development of a solvent free method for the fabrication of highly
transparent ultra-thin Au films on glass based on co-deposition of a mixed molecular
adhesive layer prior to Au thermal evaporation. By integrating microsphere
lithography into the fabrication process the transparency could be improved via the
incorporation of a random array of micron-sized circular apertures into the film. In
Chapter 4 it is shown that these films are amenable to rapid thermal annealing to
realise highly crystalline window electrodes with improved transparency and
conductivity. By capping these films with a very thin transition metal oxide layer
their thermal stability can be dramatically improved, whilst at the same time
improving their far field transparency. In Chapter 5 the molecular adhesive method
for the fabrication of ultra-thin Au films on glass is translated to the technologically
important flexible substrates and extended to the lower cost coinage metals Ag and
Cu. In Chapter 6 a lithography-free approach to fabricating thin Au and Ag films
with a dense array of sub-wavelength apertures is reported. These electrodes support
surface plasmon resonances which couple strongly with visible light concentrating it
near to the electrode surface, thereby increasing light harvesting. Chapter 7 shows
how the electrodes developed in Chapter 3 can be used to investigate a fundamental
question of importance in OPV research and indicates the direction of future work.
The results of chapters 3, 5 and 6 have been published in peer reviewed scientific

journals.



Table of contents

Table of contents

N ] 1 - Uo! OSSPSR i
TabIe Of CONTENTS ..o et ii
D =Tod U= 1 o] o SO SRR IX
ACKNOWIEAGEMENTS......oiiiieiie et re e X
List of publications and presentations ..o Xi
List of symbols and abbreviations ... Xii
List of chemical COMPOUNDS ..........cccoiiiiiiiiiiee s Xiv
Chapter 1. INTrOQUCTION......cc.oiiiiiiiieieeee e 1
1.1 Sustainable Energy Demand ...........ccooviiiieiiiiiiiisesieeeeee e 1
1.2 OrganiC SEMICONUUCTONS. .......oiveivetiriirieeiieiee sttt 3
1.2.1 Basic concept of solid state PhYSICS ........cccvviriiiiiiiieiee e 3
1.2.2 MOIECUIAr SOMIUS ......eeeeieiiee et 5
1.2.3 EXCItONS iN SEMICONAUCTONS. .....c.veveieieiiiiiesiesieeeeie et 8
1.2.4 Charge Carrier tranSPOIT.........ccuevererereresie st 10

1.3 Interfacial energy alignment ..o, 11
1.3.1 Fermi level and Work fUNCEION ..........cocoiiiiiiiiccec e, 11
1.3.2 INterfaces IN OPVS ..ottt 14
1.3.3 Electrode/organic semiconductor CONtACES..........ccvevvereerveriesiesieneeienees 18

1.4 PrinCiples Of OPEratioN ..........ccooiiiiiiiiiiiee e 19
1.4.0 ADSOIPEION ....uiiiitiie ittt 21
1.4.2 EXCItON diffUSTON....c.viiiieiiieie e 22
1.4.3 EXCItON diSSOCIALION ....c.vvviiieiieiieieee st 23
1.4.4 Charge transport and eXtraCtion ...........c.ccovvverireeienene e 24
1.4.5 J-V CharaCteriStiCS .......ccurieieieieiiesie e 25



Table of contents

1.5 Transparent €lECtrOUe ........c.ooveiiiiiiee e 30
1.5.1 Indium Tin OXide (ITO)...coueiieiieese e 30
1.5.2 Alternative transparent eleCtrodes...........cooovvirieiiienc i 31
1.5.3 Thin metal filMS ..o 34

1.6 MALEIIAIS. ...t 42
1.6.1 PhOtOACTIVE QYN ......cviiiiiiiiiieeeee e 42
1.6.2 INterfacial IaYerS........ooiiiiee e 49
1.6.3 OpagUE EIECIIOUES ..ot 53

1.7. PV QENETALIONS ...ttt bttt bbbt 54

1.8 OPV NISTOY ..ottt 57

Chapter 2. Experimental teChNIQUES..........cooiiiiiiiirieeee e 60

2.1 Ultra-thin metal film fabrication ..., 60
2.1, 1 SUBDSEIALES ...ttt bbbt 60
2.1.2 SUDSEIate CIEANING .....oveviiieeieieeiee et 62
N I T U AV /L@ R (=T 111 1] 1] S 63
2.1.4 Oxygen Plasma treatment ..........ccoeviieiiniiiniseeee e 63
2.1.5 Monolayer depoSItiON..........ccuiieiiierieie e 64
2.1.6 Thin film fabrication ............cooiiiiii e 65

2.2 Device fabrication and teStiNg.........cccooereririiiiirieee e 69
2.2.1 Thermal evaporation of molecular semiconductors............ccocevvvvreeeennn. 69
2.2.2 Deposition 0f Metal OXIAES. .......cccoiiiiiiieiiieee e 70
2.2.3 SPIN-CASTING ... eevveieieiee ettt bbb 70
2.2.4 DEVICE SIIUCTUIE ..ottt bbbt 71
2.2.5 DEVICE TAYOUL ...t 74
2.2.6 OPV current density-voltage (J-V) analysis.........ccoceovrenininiiniinnninienn, 75



Table of contents

2.3 ThiN FIlM @NalYSIS......coeiiiiiiiie s 80
2.3.1 Atomic Force Microscopy (AFM) .....oooiiiiiiniiicceee e 80
2.3.2 Scanning electron microscopy (SEM) .....ccovvviieiiiiniierece e 84
2.3.3 Sheet resistance MeasUrEMENT.........covieriririreeee e 85
2.3.4 Electronic absorption (ultraviolet-visible light) spectroscopy .................. 87
2.3.5 X-ray photoelectron spectroscopy (XPS)......cccocviverirrriieneniesieniesie s 89
2.3.6 Contact potential measurement: The Kelvin probe technique................... 93
2.3.7 X-ray diffraction (XRD) ....cceiiiiiiieiisie e 95
2.3.8 Contact angle MeASUIEMENT .........ccoieiiriririeeeee e 98

Chapter 3. Ultra-thin Transparent Au Electrodes .........cccccovvvviveieiinineninnn 100

B L INTrOAUCTION ...t 101

3.2 EXPEIIMENTAL ...t 103
3.2.1 Preparation of ultra-thin Au films on glass.........cccccevvviinniiiiicen, 103

3.2.2 Preparation of ultra-thin Au films on glass with micron-sized apertures.

.......................................................................................................................... 103
3.2.3 Substrate CharaCteriSatioN............ccooveriererereresieeeeeee e 104
3.2.4 Metal films charaCterisation............cccceveieiinininiecee e 106
3.2.5 OPV fabrication and teStING ........cccoerrireririiesieieeee e 107
3.3 RESUIES aNd DISCUSSION........oiuiiiiiiiiiieiieiieieie sttt 107
3.3.1 Ultra-thin film fabrication and characterisation..............c.ccocoevvvvvenenn. 107
3.3.2. Tuning the optical transparency using micro-sphere lithography.......... 119
3.3.3. Utility as the window electrode in OPVS........ccccocvvieviviieiie e, 122
3.4 CONCIUSIONS ...ttt bbbttt 123
Chapter 4. Thermal stability of ultra-thin metal film electrodes ...................... 125
4.1 INTFOAUCTION ...ttt bbbt 125



Table of contents

4.2 EXPEITMENTAL ..cvviieiiieieit e et 127
4.2.1 Preparation of ultra-thin metal films on glass...........cccocvviniiiicien, 127
4.2.2 Metal film charaCterisation ..o 128
4.2.3 OPV fabrication and teStiNG ........c.coeririreniiinieeeeee e 128

A3 RESUIES ... 129

4.3.1 Properties of sub-9 nm Au films on APTMS:MPTMS derivatised glass
PriOr t0 @NNEATING .....vieiiiic e 129

4.3.2 Properties of sub-9 nm Au films as a function of annealing temperature

4.3.3 Properties of metal / metal oxide films at elevated temperatures ........... 140

4.3.4 Thermal stability of optically thin Ag films capped with an oxide

OVEIIAYET ...t bbb 145
4.3.5 OPV STUIES. .....ctieiieieieite sttt 147
4.4 CONCIUSTONS ...ttt bbb bbbt 149
Chapter 5. Metal window electrodes on flexible substrates...........c..ccccccevvennnne. 151
5.1 INEFOTAUCTION ...ttt 152
5.2 EXPEIIMENTAL ... 154
5.2.1 Preparation of ultra-thin metal films on plastiC.............cc.ccocnvviiiinnnnnn, 154
5.2.2 Substrate charaCteriSation............ccoereieieriiieieeee e, 155
5.2.3 Metal film characterisation ............ccccoviiiiiiiiiiice e, 155
5.2.4 OPV fabrication and teStING .........cccereieririiinieieiere e, 155
5.3 ReSUItS and iSCUSSION .......oouiiiiiiieiieiiieiie e 156
5.3.1 Electrode fabrication ............ccooeiiiiiiiiniiieee e 156
5.3.2 Effect of @anNealing .........coouiiiiiiiieiei e 162
5.3.3 Tuning the transparency by the choice of metal .............cccocvevveiviienenn, 165

Vi



Table of contents

5.3.4 Device fabrication and teStiNg.........cccceeverieiieiesie e 166

5.4, CONCIUSIONS .....eeiiieiie ettt sttt sttt sttt sa et eneesre e e e 177
Chapter 6. Plasmon-active nano-aperture window electrodes ............cccccceunee. 179
6.1 INTOTUCTION ...t st 180
6.2 EXPEITMENTAL ... e 183

6.2.1 Fabrication of nano-aperture metal films on glass and plastic substrates

.......................................................................................................................... 183
6.2.2 Substrate charaCteriSation.............cceveieririiieieeee e, 184
6.2.3 Metal film characterisation ..., 185
6.2.4 OPV fabrication and teStING .........cccorereriiiiirieeee e, 185
6.3 ReSUItS and ISCUSSION .......ocviiiiiiieiieieieie e 186
6.3.1 Control over aperture formation in Au and Ag films..........cccceovvvenennne. 186
6.3.2 The influence of the annealing time of Au film structure....................... 189
6.3.3 Au films supported on single type of nanolayer ............c.ccocoovriniinnnn, 190
6.3.4 AQ TIIMS...oie s 191
6.3.5 Nanostructured Au and Ag electrodes ...........coovereieiennenenceee, 194
6.3.6 Device fabrication and teSting...........coovereririririeiere e, 201
6.4 CONCIUSIONS ...ttt 206

Chapter 7. Understanding the improvement in OPV efficiency using a sub-1 nm

Au film at the hole-extracting electrode / organic semiconductor interface .... 208

7% R 0T [ od £ o o ST 208
7.2 EXPEIIMENTAL ....ooiiiiiiii e e 211
7.2.1 Fabrication of Au/AuO,/sub-1nm Au electrodesS........coccvvvvvcvireeiiiieeeenns 211
7.2.2 Electrode charaCteriSation ............ccccevveruesiesieeresieseese e e se e see e 211
7.2.3 OPV fabrication and teStING .........cccereiiririnirisieere e, 211

Vil



Table of contents

7.3 RESUILS aNd AISCUSSION .....eeuviiiieiiieiieiie sttt st 212
7.3.1 Electrode CharaCteriSation ............ccccevveruereeiieiesie e e 212
7.3.2 Device fabrication and teStiNg.........ccocveveiieiiieie e 214
7.3.3 EIECtriCc MOdEl ........oovieieee e 217
7. 34 FULUIE WOTK ...ttt 221

Chapter 8.CONCIUSIONS........cc.oiiiiiiiiiiee s 222
8.1. Ultra-thin Au electrodes 0N glass.........ccocvieiieiiiin e 222
8.2 Thermal stability of ultra-thin metal film electrodes ............ccccocvevirreenene. 223
8.3 Metal window electrodes on flexible substrates ............cccooviviniiiniennnn, 224
8.4 Plasmon-active nano-aperture window electrodes.............cccoevevveverneennnnn. 225
8.5 Transparent Au films as ‘model’ eleCtrodes............cccovveviviveiiienenieseennn, 226
RETEIENCES ...ttt sre et reebeaneenre s 228

viii



Declaration

Declaration

The work presented in this thesis has been conducted at the Department of
Chemistry at The University of Warwick in Coventry except the X-ray photoelectron
spectroscopy (XPS) measurements, which were carried out in UK National Physical
Laboratory in London. Assistance with XPS data collection and analysis was
provided by Mr. Steve Spencer and Dr. Alex Shard. Assistance with XRD data
collection was provided by Dr. David Walker. All data collection was performed by
me, except the characterisation of the Au films on MPTMS derivatised glass and
optimisation of MPTMS treatment time. These measurements were performed by
Rebecca J. Williams and are presented in Figure 3.3 and are included in her Master
level report, which was submitted to the University of Warwick. | confirm that none
of the work included has previously been submitted for a higher degree.

Parts of the work have been patented, published in scientific journals and

were presented at conferences and Supergen Consortium meetings.



Acknowledgements

Acknowledgements

Firstly, 1 would like to thank my supervisor Dr. Ross Hatton for the great
opportunity to carry out research in his group and for all his support, guidance,
countless ideas and encouragement I could always count on.

I would like to thank my colleagues in Hatton Group; Lara-Jane Pegg, Oliver
Hutter and Martin Tyler for helpful discussions, support and lovely company. Many
thanks to Master project and summer placement students; in particular Rebecca J.
Williams, whose summer project gave foundations to my PhD as well as Ying
Wang, Germaine Kok and Kristian Roberts.

I would like to thank Professor Tim Jones, Professor Julie Macpherson and
Professor Patrick Unwin and their research groups for allowing me the access to
their instrumentation and providing equipment training. 1 am grateful to Mr. Steve
York from the Physics Department for assistance and training on SEM, Dr. David
Walker from the Physics Department for assistance and training on XRD, Mr. Steve
Spencer and Dr. Alex Shard from NPL for their help with collection and analysis of
XPS data.

I met here many wonderful people, who gave me their support, friendship
and made this beautiful country feel like home; Huilin, Ada, Evelyn, Dorota, Asia,
Romina, Polina, Claudia, Andrzej, Edgar and Orestis — thank you all! Many thanks
to my friends in Poland; Ola, Agnieszka, Przemek, Judyta, Karolina and Patrycja —
for their lasting friendship despite the distance and changing circumstances.

I wish to thank my family; my parents, my sister, my brother in law and my
wonderful nephews; for their love, support and warm home where | always gladly
return. Finally, I would like to thank Massimo for being my best friend and a great

partner.



List of publications and presentations

List of publications and presentations

Publications:

H. M. Stec, R. Williams, T. S. Jones, R. A. Hatton, Ultra-thin Transparent
Au Electrodes for Organic Photovoltaics fabricated using a Mixed Mono-
Molecular Nucleation Layer, Advanced Functional Materials, 2011, 21 (9),
1709-1716.

H. M. Stec, R. A. Hatton, Widely Applicable Coinage Metal Window
Electrodes on Flexible Polyester Substrates Applied to Organic
Photovoltaics, ACS Applied Materials & Interfaces, 2012, 4 (11), 6013-
6020.

H. M. Stec, R. A. Hatton, Plasmon-Active Nano-Aperture Window
Electrodes for Organic Photovoltaics, Advanced Energy Materials, 2013, 3
(2), 193-199.

Patents:

R. A. Hatton, H. M. Stec, T. S. Jones, Transparent electrodes for
semiconductor thin film devices, PCT/GB2011/051245, granted
R. A. Hatton, H. M. Stec, xxx, xxx, filed

R. A. Hatton, H. M. Stec, xxx, xxx, filed

Conferences

MRS Fall 2009, San Francisco (USA), April 2011, Talk
HOPV12, Uppsala (Sweden), May 2012, Poster

Postgraduate Research Symposium 2010, University of Warwick, June 2012,

Talk

Supergen Consortium meetings, 2009-2012

Xi



AFM
AM

As

BHJ
Ce
CPS

CNT

DSSC

Er

EQE

Eexs

FF
HOMO
HOPG

HRXPS

List of symbols and abbreviations

List of symbols and abbreviations

absorption

atomic force microscopy

air mass

electron affinity

binding energy

bulk heterojunction

conduction band

counts per scan

carbon nanotubes

diffusion coefficient
dye-sensitised solar cell

Fermi level

energy bandgap

external quantum efficiency
electron-hole binding energy in exciton
electric field

fill factor

highest occupied molecular orbital
highly oriented pyrolytic graphite
high resolution X-ray photoelectron spectroscopy
ionisation potential

current density

current at maximum power point

Xii



List of symbols and abbreviations

Joh photogenerated current

Jsc short circuit current

Ks Boltzmann constant

Lp exciton diffusion length

LUMO lowest unoccupied molecular orbital
OLED organic light emitting diode
(O)PV (organic) photovoltaic

Pmp maximum power point

Pinc incident radiant power

r.p.m. revolutions per minute

Rrms root mean square roughness

Rs series resistance

Rsheet sheet resistance

Rshunt shunt resistance

QCM quartz crystal microbalance
SEM scanning electron microscopy
TCO transparent conductive oxide

uv ultraviolet light

\Y voltage

Vg valence band

Verp contact potential difference equal to work function difference
vis visible light

Vinp voltage at maximum power point
VL, vacuum level at the surface

Voc open circuit voltage

Xiii



XRD

vac
&g

surface

APTMS
BCP
CIGS
CuPc
Ceo

ITO
MPTMS
MoOy
PCBM

PCDTBT

List of chemical compounds

X-ray diffraction

dielectric constant

change in energy between the electrode E; and the vacuum level at the

power conversion efficiency

wavelength

List of chemical compounds

3-aminopropyl(trimethoxysilane)
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocuproine)
copper indium gallium selenide

copper phthalocyanine

Buckminster fullerene

indium tin oxide

3-mercaptopropyl(trimethoxysilane)

molybdenum oxide

[6,6]-phenyl Cg; butyric acid methyl ester

poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4', 7'-di-2-

thienyl-2',1',3'-benzothiadiazole)]

PCe¢BM
PC70BM
PEDOT:PSS
PEN

PET

[6,6]-phenyl Cg; butyric acid methyl ester

[6,6]-phenyl C;1 butyric acid methyl ester
poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)
polyethylene naphthalate

polyethylene terephthalate

Xiv



PTCDA

P3HT

SubPc

TiOx

WOx

List of chemical compounds

perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride
poly(3-hexylthiophene)

boron subphthalocyanine chloride

titanium oxide

tungsten oxide

XV



Chapter 1.

Chapter 1.

Introduction

This chapter gives a general overview of organic photovoltaics (OPV). The first
section describes the demand and prospects for sustainable energy sources, with a
particular emphasis on photovoltaics. Then, the properties of organic semiconductors
are discussed and compared to inorganic semiconductors, followed by an outline of
the principles of OPV operation and key device performance parameters. The next
section focuses on transparent electrodes for OPV, which is the main subject on this
thesis, with a review of the state-of-art and the requirements which need to be met
for commercial application. The following section covers characterisation of
materials used for OPV fabrication. The final part describes different types of PV

and the history of OPV development.

1.1 Sustainable Energy Demand

World energy demand is expected to grow by ~ 20% over the next decade, mainly
due to the industrialisation of developing countries.® Fossil fuels (coal, oil and
natural gas) are predicted to remain the main energy source at least until 2050,%*
despite serious drawbacks: (i) The heavy dependence of the global economy on fossil
fuels - 80% of global energy consumption in 2010 came from this source* - which
are unevenly distributed throughout the world (>75% of proven oil reserves are
situated on territory of 12 countries belonging to the Organization of the Petroleum
Exporting Countries®) - leads to political and economic tension.; (ii) Burning fossil

fuels also releases a variety of carbon based gases into the atmosphere, which pollute

1



Chapter 1.

the environment and are responsible for global warming.® For these reasons carbon
free energy sources are urgently required, with nuclear power and a number of
renewable energy technologies emerging as viable candidates. The latter, namely;
solar photovoltaic and solar thermal, wind, biomass, wave power, tidal power,
hydroelectric and geothermal are, by definition, inexhaustible and relatively easily-
accessible energy sources. Nevertheless, many technologies developed to exploit
renewable sources of energy require great capital investments that are out of the
reach of poor countries: In 2001 65% of the investments in renewable energy
capacity were made by developed countries, with 12% in Germany alone.* ’ In
reality, only those technologies capable of generating electricity at a cost that
competes with electricity generated from coal (i.e. the cheapest fossil fuel due to its
abundance), can change the industrial policy of developing countries which, in the
near future, will be the biggest energy consumers. Access to cheap, renewable energy
not only helps to protect the planet but also brings economic and social development
to the poorest parts of the World, many of which are trapped in the vicious circle of

poverty.

The energy delivered from the sun to the earth hugely exceeds the demand for
energy by humanity and is, in large parts of the world, a potentially practical source
of electrical energy as well as heat and light. Photovoltaics (PVs) enable sunlight to
be converted directly into electric current and so have great potential to be a low cost

means of generating electricity at the point of use.

The amount of energy generated by PV technologies globally grew from 1.5
GW in 2000 to 67 GW in 2011.2 Whilst those countries with the largest solar
resource, such as those at low latitude (e.g. equatorial regions) and high altitude (e.g.

Southern Andes and the Himalayas), have the greatest potential for electricity
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generation from solar,® 70% of PV electricity is generated in European Union
countries with Germany remaining an undisputable leader.’® A number of European
countries have invested heavily in PV infra-structure based on existing technologies
and research into innovative new concepts for PV technologies creating a good
environment for research in emerging fields such as OPV, which have not as yet

achieved market requirements.

1.2 Organic semiconductors

‘Organic semiconductors’ is a generic name given to highly conjugated organic

11,12,13

molecules, which can be divided into two classes; small molecule and

polymerict#1>16

semiconductors. Their electronic and optical properties depend on
their structure and number of conjugated bonds and hence they can be engineered to
match application requirements.!”*® In recent years, technologies based on thin films
(10— 100 nm) of organic semiconductors have developed rapidly, offering the
tantalising prospect of truly flexible, ultra-lightweight and low-cost electronic

devices, which can be disposed of in a sustainable way at the end-of-use. 2%

1.2.1 Basic concept of solid state physics

The content of this section is based on information taken from references 22232425,

An atom consists of a nuclei surrounded by an electron cloud. The discrete energy of
electrons is characterised by atomic orbitals. When an atom forms a chemical bond,
the atomic orbitals undergo hybridisation and a bonding and anti-bonding molecular

orbital is formed; as the number of atoms participating in the bond increases, a high
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density of degenerate bonding and anti-bonding orbitals merge forming bands (see

Figure 1.1.).

conduction band

valence band

atom molecule N =2 molecule N =4 semiconductor/insulator metal

Energy

R

bonding orbitals

FHH

Figure 1.1: Orbitals in an atom and in molecules. The gaps between discrete energy
levels decrease with increasing number of atoms, N, participating in the bond
formation. For crystals with an approximately infinite number of atoms the energy
levels merge into continuous bands; empty Cg and filled with electrons Vg.

The highest energy band occupied with electrons in a crystal is called the
valence band (Vg) and the unoccupied band with the lowest energy is referred to as
the conduction band (Cg). Inorganic semiconductors comprise equivalent atoms (e.g.
Si), or are compounds of two or three elements (e.g. GaAs) that are bound through
strong chemical bonds in a continuous lattice. Consequently the Cg and Vg are wide

(of the order of eV) and extend throughout the solid.

In metals the transition between the VB and the CB is continuous (Eg = 0 on
Figure 1.1), since the top band is half filled and so electrons can move under the
influence of an applied electric field which makes these materials easily conduct
electricity and heat. In the case of semiconductors and insulators there is a band gap
(Eg > 0) between the CB and VB and so at absolute zero the VB is completely full

and the CB completely empty. Materials with Eg > 4 eV are classified as insulators

4




Chapter 1.

and do not conduct electricity. In very small Eq semiconductors elevated temperature
can make semiconductors conduct electricity. In the case of doped semiconductors
impurity states in Eq can make semiconductors conduct electricity without the

requirement of low E.

This property is exploited in PVs to harvest energy from the sunlight.
Thermalisation in the band is extremely rapid and so the band gap in a
semiconductor material also serves to delay recombination of the electron and hole,
giving time for them to be separated from one another. In organic semiconductors Egq
varies from 1.1 — 3.1 eV,%®?” which corresponds to the wavelength range from 1000
nm and 400 nm. This range of wavelengths contains 70% of the solar irradiance. The

28,29 and can hence be

Eg depends strongly on the chemical structure of the molecule
modelled in organic semiconductors,®® and tuned in order to maximise absorbed

energy.

1.2.2 Molecular solids

In molecular solids only the intra-molecular bonds (ionic, covalent) are strong whilst
the inter-molecular bonding is weak van der Waals bonding. As a result the bands

formed are narrow (< 0.1 eV)3

and only form in highly crystalline organic
semiconductors.®*** As an analogy to the inorganic crystal Vg corresponds to the
highest occupied molecular orbital (HOMO) in organic semiconductor, while Cg
corresponds to lowest unoccupied molecular orbital (LUMO). As defects and
disorder in molecular crystals lead to a further reduction in the bandwidth down to

~ksT (where kg is the Boltzmann constant) the band model is not applicable to the

majority of molecular solids, where the electronic structure is better described by the
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potential box model (Figure 1.2). According to this model the electronic structure of
each molecule in a molecular solid is largely preserved due to the weak interactions
between adjacent molecules. As a result the electrons occupy molecular orbitals
localised in deep potential wells and in order to hop to another molecule they need to

overcome the potential barrier between molecules.*

VL
AS
LUMO
lp
HOMO 'H ¥
ALV
7
core levels
®® nuclei [ X _

Figure 1.2: The potential box model for an isolated molecule and a molecular solid.

The energy of electrons in the atom/molecule/crystal is taken to equal zero at
the vacuum level (VLs) — which corresponds to a region just outside the solid surface
where the electron is at rest. The energy of an electron at an infinite distance from the
solid surface is defined as V., and is substantially different from VLs, as the electron
no longer experiences the potential created by the dipolar layer that exists at all solid
surfaces.***>* In molecular solids the ionisation potential (1I,), the electron affinity
(As) and Egq are greatly reduced, as compared to isolated molecule, due to polarisation

37,32

stabilisation effects as the ions are stabilised by dipoles induced in the

surrounding molecules. This stabilisation is a function of the degree of crystallinity,
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since more closely packed structures provides stronger dipole interaction (Figure

1.3).

(a)

VLg §
BA- & g o 5 8
‘ Ag & 5 (== 5 &
A: =
I Ip 5 © 27 G
fo
(b) crystalline molecular solid
Ey E E
g g
< &
& 5 -
ii 55 + o
. . = - &
isolated amorphous crystalline g 8 5‘8 &
molecule molecular molecular
solid solid

(c) amorphous molecular solid

Figure 1.3: (a) HOMO (black) and LUMO (grey) in a molecular semiconductor in
isolated molecule and stabilised in crystalline (b) and amorphous (c) molecular solid.

Polarisation stabilisation may vary in the material due to spatial and energetic
disorder.®® As a consequence of this disorder the frontier orbitals have a distribution

of energies as schematically depicted in Figure 1.4.
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(a) (b)
Density of states
7 VL,

e

LUMO LUMO
5 5
________ e e—— - — -___—_-:':‘___‘_—_-5 -
— HOMO HOMO

Figure 1.4: (a) Schematic of HOMO and LUMO energy spread resulting from
spatial and energetic disorder in molecular semiconductors. (b) Schematic of the
density of states distribution of HOMO and LUMO energies.

1.2.3 Excitons in semiconductors

The differences in the bond strength between the repeat units of organic and
inorganic semiconductors results in significant differences in their properties. When
a quantum of light is absorbed in a semiconductor an electron is excited from the Vg
(HOMO) to an excited state in the Cg (LUMO). The system immediately relaxes to
an excited state with the lowest possible energy called an exciton which is a
hydrogen-like quasi-particle with an electron-hole binding energy Egxg. If the
electron-hole pair Bohr radius is smaller than the unit cell dimension (i.e. < 1 nm) the
exciton is referred to as Frenkel exciton (Figure 1.5 (a)).*° Excitons with a Bohr
radius significantly larger than one unit cell are called Wannier-Mott excitons.* In a
molecular solid when the electron and hole reside on adjacent molecules the exciton

is referred to as a charge transfer exciton®® (Figure 1.5 (b) and (c)).
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Figure 1.5: Interaction ranges for (a) Frenkel, (b) charge — transfer, (c) Wannier-
Mott exciton.

The Eexg depends mainly on the extent of charge screening and scales inversely with
the dielectric constant of the material; £.* In inorganic semiconductors « is typically
> 10, but can be as high as 20,*" which results in the formation of Wannier-Mott type
excitons with binding energies of 15 - 40 meV.***® Since this energy range is ~ kgT at
room temperature, excitons in inorganic materials are not stable and dissociate easily
into a free electron and a hole. Conversely, organic semiconductors are characterised
by a low relative dielectric constant (¢ < 4) and so have very high exciton binding
energies in the range 150 — 1400 meV.**** Excitons in conductive polymers have
typically an Egxg < 400 meV.*’ As a result, even with the application of a large
electric field, the electron and hole remain trapped together in a deep potential well
and so excitons in organic semiconductors are very stable and do not spontaneously
dissociate. After time z, depending on the strength of the exciton energy exchange
interaction between molecules, the excitons decay.®* An exciton formed solely by
absorption of a quantum of light, with the electron retaining its spin and orbital
momentum, is called a singlet exciton. A singlet exciton can undergo an intersystem
crossing through a spin-orbital coupling with a phonon, which causes it to relax to a

triplet state. As the recombination of a triplet exciton requires again an electron-
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phonon interaction, it is much less efficient than for singlet states and hence triplets

exhibit much longer lifetimes than singlet states.*®

Since excitons are neutral species they are not influenced by an electric field,
but diffuse randomly in organic semiconductors. The transport of excitons is
described by hopping theory, in which the coulombically bound electron and the hole
move together from one molecule to another in a lossless process.* In these non-
radiative processes the exciton is transferred to the neighbouring molecule via a
long-range dipole-induced dipole process coupling (< 10 nm) - Forster transfer or

electron exchange in Dexter transfer (< 2nm).*®#°

1.2.4 Charge carrier transport

The charge transport in organic semiconductors is best described by a thermally
activated hopping process.”® As such, the charge carrier mobility p is proportional to
the square root of the electric field according to the Poole-Frenkel relation:>*2 The
charge carrier mobility depends on the material and may vary by a few orders of
magnitude for the same material depending on crystallinity, purity and processing

conditions.
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1.3 Interfacial energy alignment

1.3.1 Fermi level and work function

The population of electrons of energy E is related to the density of states and the
probability that these states are occupied. The latter is described by Fermi-Dirac

distribution function f(E,T):

EET) - L (Eqn. 1.01)

(E-Er)/kaT L 1

where; E is electron energy, T is temperature, Er is the Fermi level. Er is a useful
quantity for describing the concentration of electrons and holes at different energies
in a semiconductor. It is evident from Equation 1.01 that Ef is the energy at which
the probability of finding an electron is equal to 0.5. At T = 0 K all states above E¢
are empty and all below are fully occupied; in this special case Ef is called the Fermi
energy. At T > 0 K Eg is called the Fermi Level.** The effect of the temperature on

the f(E,T) is shown in Figure 1.6.

1.0
298 K
1000 K
—— 5800K
—
w -]
= 0.5
0.0

Figure 1.6: The Fermi-Dirac distribution function depicting the probability of
occupancy of states for different temperatures.
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The energy required to bring an electron from the Ef to the VL is defined as

the work function (¢) and is an important quantity in electrode design for OPVs:

¢=V —E¢ (Eqgn. 1.02)

¢ comprises two components:

b=+ (Eqn. 1.03)

where; [ is the bulk chemical potential originating solely from the potential of the
lattice, while y is the surface potential resulting from the dipole layer at the solid

surface. The latter depends on the arrangement and number density of surface atoms

(Figure 1.7).2%%
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Figure 1.7: Schematic representation of ¢ components in relation to VLs and V.

The surface composition and crystal structure determines y and so the ¢
measurements are extremely sensitive to changes in surface electronic structure. For
example the difference of ¢ between crystal faces of Au vary by ~0.2 eV (Figure

12
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1.8)>*** and by > 0.5 eV between (110) and (111) faces of W.*! E¢ is common within
the solid and so differences in ¢ arising from the variation in VLs. Large changes in
measured ¢ can occur due to surface contamination and a chemisorbed molecular
monolayer, a phenomenon particularly characteristic for Au, where a physisorbed

organic monolayer may reduce ¢to as low as 4.5 eV.>**’

(111)

Vacuum levels
(110)

(100)

5.63 eV

5.53 eV 5.41eV

Fermi level

Figure 1.8: Differences in VL for the different crystal faces for Au single crystal and
the impact on ¢. The values taken from a theoretical study performed by Fall et al.**

The Er of the bulk material, which determines |, can be altered by doping the
material in order to introduce negative (n-type) and positive (p-type) charge carriers.
While organic semiconductors are not usually intentionally doped, significant levels

of impurities acting as dopants may affect ¢ of these materials.

In case of metals the Ef is situated at the edge of Vg and Cg. For intrinsic
semiconductors Er lies in the middle of Eq4 between the Vg and Cg (Figure 1.9). In the
case of p-doped semiconductors ionisable impurities are introduced in Eg creating

positive charge carriers in the Vg resulting in an Eg shift towards the Vg Conversely,

13
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the impurities in n-doped semiconductors create negative charge carriers in Cg

shifting the Er towards Cg and reducing the ¢.%

Energy

intrinsic p-type n-type
metal semiconductor semiconductor semiconductor

Figure 1.9: Band diagrams of metal, and intrinsic, p-doped and n-doped
semiconductor, with specified I,, As and ¢.

To measure ¢ of solid materials two methods are usually employed: the
Kelvin probe method and Ultraviolet Photoelectron Spectroscopy. The Kelvin probe
technique is a non-contact method based on measurement of potential difference
between the sample and the probe of known ¢. This technique can probe OPV device
thicknesses (>10 nm). The Kelvin probe, used in this study, is discussed in more
detail in Chapter 2. In UPS, the surface of the sample is irradiated with UV photons
and the kinetic energy of ejected photoelectrons is measured. The measurements,
performed with respect to E; of the sample being in electrical equilibrium with the

detector, provide information about the valence energy level structure and ¢.

1.3.2 Interfaces in OPVs

The interfaces involving organic semiconductors are: (i) electrode/organic, (ii)

organic/organic and (iii) organic/electrode.®*>*® There is a significant difference in
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the electrical characteristic between interfaces of type (i) and (iii) arising from

chemical reactions occurring when hot metal atoms arrive at the soft organic film.*:

The surface potential plays an important role in determining the interfacial
energetics at electrode/organic semiconductor contacts. In a solid, electrons are
confined in a potential well of finite depth and so, at the edge of the solid the electron
density spills into the vacuum. The dipole layer that exists at the surface of all solids
originates from this spilling of electron density into the vacuum, since there is a tail
of electron density on the vacuum side of the interface and a region of positive
charge of equal magnitude on the solid side as shown in Figure 1.10. The change in
electron potential moving through this dipole layer towards the vacuum is equal to
the dipole energy (Figure 1.10 (b)).>**? Once an electron has passed through the
dipole layer it reaches a region of constant electrostatic potential VLs which extends
several microns into the vacuum. The size of the surface dipole depends on the

electron density and confinement and is larger on metals than semiconductors.

@ ox) ®)

ﬂ +AE 1
\ 0
- 1 AE

Figure 1.10: (a) Electron density distribution p¢x) as a function of distance from the
metal surface, x. (b) The potential energy step across a dipole layer.

When a molecule is adsorbed on a solid surface, its electron cloud repels the

electron cloud of the solid reducing the extent to which it spills into the vacuum. As a
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result the size of surface dipole is reduced and so is ¢. This phenomenon is known as

the push-back effect (Figure 1.11).3%%

(a) 2(x) (b) _ A

:

X X
X L v
VL.
¢ ¢
Y M
Er
‘clean’ metal surface contaminated surface

Figure 1.11: Upper: Electron density distribution p¢x) as a function of distance from
the metal surface (x) for a clean metal surface (a) and a surface with a physisorbed
overlayer (b).; Lower: Corresponding energy level diagrams.

The push-back effect is believed to be the origin of the ¢ reduction observed in

%. %9 since a mixture of low mass

metals exposed to the laboratory environment,
hydrocarbons and siloxanes is readily physisorbed onto its surface. The push-back
effect also plays an important role at metal/organic semiconductor interfaces in
OPVs, since the organic semiconductor is physisorbed to at least one of the
electrodes. Upon organic material deposition the electron density is redistributed
across the interface so that the surface of the metal electrode and organic interfacial

region become charged (Figure 1.12) and an abrupt shift in VL at the interface is

observed. Vacuum level shifts are typical for metal/organic interface and are less
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common at organic/organic interfaces due to the absence of large intrinsic surface

dipoles 3% 3% €0

(a) (b)

v, [ravt

I -AVL VEs

O P

+ + + + + + 4+
+ + + + + + o+

Figure 1.12: The vacuum level shift occurring upon metal/organic contact formation
when electrons are transferred to (a) and from (b) the electrode.

A positive vacuum level shift (i.e. electrons moving from the metal to the
organic) is less common and may occur when: (i) the adsorbate molecules possess an
appropriately oriented permanent dipole and all of the molecules are bound to the
surface in approximately the same orientation (e.g. self-assembled monolayers); (ii)
the organic materials is a powerful electron acceptor, which results in formation of

an interfacial layer dipole due to partial charge transfer.

Chemical bond formation also induces a charge density rearrangement at the
interface since the substrate molecule bond normally has an associated dipole, but
due to the close proximity between the two materials the push-back effect will also

play a role. 3%
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Figure 1.13: The possible factors affecting the interfacial dipole layer: (a) the push-
back effect; (b) a molecule with permanent dipole; (c) and (d) charge transfer
between surface and adsorbate.

1.3.3 Electrode/organic semiconductor contacts

In OPV architectures, where the organic semiconductor and electrode form a direct
contact the electrode properties such as ¢, surface energy and surface roughness play
crucial role in the OPV performance. The electrode ¢ controls the process of charge
carrier extraction because electrons flow towards lower energy states until Eg
alignment is achieved. The abundance of dopant states in Ey of conventionally doped
semiconductors either provide or accept electrons so that spontaneous ground state
electron transfer can occur from the semiconductor to the electrode if delectrode >
Psemiconductor OF from the electrode to the semiconductor if @semiconductor > Pelectrode- 1IN
these cases a space charge region (depletion region) is formed in the semiconductor

adjacent to the metal electrode as depicted in Figure 1.14.
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Figure 1.14: The energy level diagram of electrode and semiconductor before (left)
and after (right) contact formation; the red arrow indicates the direction of electron
transfer.

In OPVs the organic semiconductors layers are typically very thin (10-200 nm) and
can have extremely low dopants density (<10** cm™). As a result there are often
insufficient ionisable impurities to reach thermodynamic equilibrium across the

interface. " 3 61

1.4 Principles of operation

The simplified energy diagram of a bi-layer heterojunction OPV is depicted in Figure
1.15. The cell consists of two metal electrodes; an anode with a high work function
(#a) and a cathode with low work function (4¢). At least one of the electrodes needs
to be optically transparent to let light into the device. The photoactive organic

heterojunction is sandwiched between the electrodes and comprises an electron
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donor and electron acceptor. For the dissociation of an exciton in the donor material
to be thermodynamically favourable the LUMO of the acceptor must be lower lying
than that of the donor. Conversely for the dissociation of an exciton in the acceptor

the HOMO of the acceptor must be lower lying than that of the donor.

The process of converting light into electric current in OPVs can be sub-
divided into four key processes: (1) Photon absorption in the photoactive layer
resulting in exciton formation; (2) Exciton diffusion to the donor/acceptor interface;
(3) Exciton dissociation at the heterojunction leading to formation of free charge

carriers; (4) charge transport and extraction to the external circuit via the electrodes.

(a)
LUMO_ cathode
>
=y
@
c
L
acceptor
(b) electron (c) (d)
>
2
c':J hole
Ll

Figure 1.15: A schematic diagram of an OPV in open (a) and closed circuit
conditions ((b)-(e)) depicting the basic operation stages; (b) light absorption and the
exciton formation; (c) exciton diffusion; (d) exciton dissociation at the
donor/acceptor interface; (e) charge extraction and collection at the electrodes.
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1.4.1 Absorption

An electron enters the OPV through the semi-transparent electrode and is absorbed in
the photoactive layer. If the photon energy is greater than or equal to the HOMO-
LUMO gap of the photoactive material - which in organic semiconductors typically
corresponds to the visible region of the spectrum - it is absorbed. Excitation of an
electron from the HOMO to the LUMO results in the formation of a Frenkel exciton.
The absorption efficiency, 7aps, describes the fraction of incident photon flux
absorbed in the photoactive layer and can be measured through external quantum
efficiency (EQE) measurements (section 2.2.6.2).°? Inadequate absorption of the
solar spectrum remains one of major factors limiting the efficiency of OPVs. Whilst
the EQE can be as high as 80% over a limited range of wavelengths in the visible
part of the spectrum it is typically very low in the near infra-red wavelength

range.%?%

naps depends on the properties of the transparent electrode, device
geometry and the photoactive layer thickness, as well as the absorption coefficient of

the organic semiconductor layer.

The amount of light entering the photoactive layer depends strongly on the
far-field transparency of the window electrode, although increasing the transparency
without compromising the sheet resistance of the electrode is extremely difficult.
However 7aps Can be improved by using plasmon-active structures which increase the
light path length through the photoactive layer® without increasing the far field
transparency, or by employing microcavity effects (e. g. using two reflective metal

electrodes®) or optical spacers to optimise the optical geometry of the cell.®®

The capability of a material to absorb incident light is described by the
Lambert-Beer law, where the absorption coefficient, «, is defined by following

equation:

21




Chapter 1.

I =1, (Eqn. 1.04)

where; | and Ip is the transmitted and incident photon flux respectively, A is the

wavelength. Since the thickness of the photoactive layer is limited by the exciton

diffusion length and the requirement to minimise material usage and cost, a should
-1 67,68

be as large as possible. For materials used in OPVs a must exceed 10° cm™, o)

that a path length of only 100 nm is sufficient to absorb nearly 100% of the light.

1.4.2 Exciton diffusion

Excitons diffuse randomly through the photoactive layer, unaffected by electric field
or concentration gradients. The exciton lifetime (z) and diffusion speed (described by
diffusion coefficient D) are material specific parameters and determine the average
distance an exciton can diffuse before recombining (Lp). These three parameters are

related by the equation:

L, =+Dr (Eqgn. 1.05)

The exciton diffusion length, Lp, limits the thickness of the photoactive layer,
since the probability of an exciton formed at a distance greater than Lp from the
heterojunction reaching the donor/acceptor interface is low. The efficiency of this
process, #4itr, can be distinguished from other factors affecting the overall efficiency
by photoluminescence measurements.*®
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The exciton diffusion length of conjugated polymers is in the range of 5 to 20
nm,”™ but is significantly higher in many small molecules (e.g. 30 nm in
phthalocyanines’?) and is reported to be as high as 65 nm in the pentacene.” Indeed it
has been proposed that it may be possible to achieve exciton diffusion lengths in the

um range in highly ordered molecular crystals.”*

1.4.3 Exciton dissociation

To generate free negative and positive charge carriers (i.e. electrons and holes
respectively) excitons must be dissociated. Due to the very high exciton binding
energy in most molecular solids the thermal energy of the electron at room
temperature (~ 25 meV) is too low for exciton dissociation into free charges, even
with the assistance of the large built-in electric field in OPVs. To overcome the
exciton binding energy the exciton must arrive at a discontinuity in frontier orbital
energies larger than the Egxg, which can be achieved at the interface between
dissimilar molecules and crystal defects.” Exciton dissociation can be described as a
two-step process: (i) a Frenkel exciton at the heterojunction is dissociated to form a
charge-transfer exciton across the junction, where the electron in the LUMO of the
acceptor and a hole in the HOMO of the adjacent donor molecule are bound
coulombically with an energy ~0.1 eV.;’® (ii) The geminate pair can then either
recombine to the ground state or dissociate into free charge carriers.”® This splitting
process depends on the electric field across the junction, which is determined by the

I”" and external voltage.” In practice a frontier orbital energy offset

built-in potentia
of ~ 0.3 eV is typically required for exciton dissociation. The efficiency of this

charge transfer process, #¢, may approach 100% in optimised device structures.”
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1.4.4 Charge transport and extraction

The final process is charge carrier transport to the external circuit via the electrodes
to supply a direct current to the load. The separated electrons and holes are
transported in the LUMO (Cg) and HOMO (Vg) respectively and their velocity

depends on the external electric field strength E and charge carrier mobility;

u=-Jg (Eqn. 1.06)

where; q is the particle charge, mis the particle mass, 7 is the average scattering time.

The efficiency of this process, 7., depends on the mobility of the charges
through the organic layers and the efficiency of their extraction to the external circuit
by the electrodes. In the context of an OPV a significant variation in electron and
hole mobility can lead to imbalanced charge carrier extraction resulting in a build-up
of space charge that adversely affects the potential distribution in the device reducing
device efficiency.®® Unfavourable molecular orientation, polycrystallinity, crystal

defects and traps can also reduce the efficiency of this step.

When charges approach the electrodes they are extracted to the external
circuit, a process that is facilitated by the built-in electric field and, in the case of
bilayer device architectures, by diffusion current. The nature of electrode/organic
semiconductor interface is complex and the subject of a great deal of scientific
research.>® Ideally for OPVs the Er of the electrode should align closely to the energy
of the relevant frontier orbital in the adjacent organic semiconductor to maximise the

built-in electric field. The deposition method used, order of deposition,
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contamination at the electrode surface, interfacial oxide layers and chemical
reactions can all strongly affect the alignment of the organic frontier electronic levels
with the respect to electrode Er and so affect the charge extraction efficiency.®
Charge carrier collection is often facilitated using molecular interlayers® to improve
the energy level alignment and block exciton quenching. Also electrode structuring
may improve the efficiency of this process by increasing charge collection area and

local electric field.®®

The overall EQE of these four processes gives the ratio of incident photons

transformed into electrons delivered to the external circuit and is given by the

product Nabs- diff- Yct-Hcc-

1.4.5 J-V characteristics

The J-V characteristics of a PV device in the dark and under illumination are shown
in Figure 1.16. In the dark under reverse bias the current saturates at the reverse
saturation current; Jo. Jo is @ recombination current and is a function of the minority
carrier concentration. Jg is the current density at the short circuit condition (i.e. when
V = 0 and the load resistance (R;)= 0 (see Figure 1.17)). In an ideal OPV the current
density under illumination is independent of the applied voltage under negative bias
and Jgc is equal to Jpn. For very small area devices Jsc may be falsely increased due to
edge effects when the area surrounding the geometric area of the top electrode is not
masked.?* V. is the maximum potential difference across the electrodes and is
achieved at open circuit conditions, when J = 0 (i.e. R; = ). In an ideal cell V.

depends on Jyn and Jo.?
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Figure 1.16: (a) J-V curve of an ideal PV in the dark (dotted line) and under
illumination (solid line); (b) J-V characteristic and power density curve of a PV with
Pmp » Imp, Jsc, Vimp @nd V¢ labelled.

In an OPV the difference in potential between a hole in the HOMO of the
electron donor and an electron in the LUMO of the electron acceptor represents, to a
good approximation, the maximum theoretical Vo, ”®" although Vo also depends on

8.87 and so this maximum value is not

materials properties® and device geometry,
always achieved. The electrode ¢ is reported to play a minor role in determining
Vo8 Cook et al. have shown that provided ¢, of the hole extracting electrode
exceeds the ionisation potential of the of the electron donor V. is maximised.®® An
additional wide band-gap interfacial layer may be used between the electrode and the
photoactive material, which enables selective extraction of one carrier type (i.e.

electrons or holes). When such a layer is used the V. is typically increased, which is

attributed to a reduction in Jo.

The power produced by an OPV, P = JV, is shown in Fig. 1.16 (b). The
maximum power is generated at the maximum power point (Pmp), where the product
JxV is at a maximum. The relation between Py, Jsc and Vo is given by fill factor
(FF);
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NV
FF =—— (Eqgn. 1.07)

sC " ocC

The theoretical maximum for FF is 0.8, but empirically rarely exceeds 0.7.

An ideal PV can be modelled as a current source connected in parallel with a
rectifying diode, as depicted in Figure 1.17 (solid lines). In this case the J-V

characteristic is described by the Shockley equation:??
av
J(\/):Jph—J{ekBT —1J (Eqn. 1.08)

where; V is voltage, J(V) is the voltage dependent current density.

OPVs exhibit non-ideal J-V characteristics due to defects arising from the
fabrication process, material properties and the cell architecture. An equivalent
circuit diagram for a non-ideal PV is given in Figure 1.17 (solid and dashed lines). In
a non-ideal diode there are 2 additional components as compared to an ideal diode
that affect device performance; namely, the series resistance (Rs) and shunt resistance
(Rshunt)- Rs is depicted on Figure 1.17 as a resistance between the current source and
the load, and describes losses arising from mechanisms affecting charge transport
through the device layers. The contributions to series resistance are; (i) the low
charge carrier mobilities in the organic layers; (ii) the contact resistance and low

rates of charge transfer at the electrode interfaces. In an ideal device Rs would be 0
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Q. Rshunt, 1S a resistance parallel to the load and in an ideal device would be infinitely
large, but is reduced due to pin holes and recombination mechanisms across the

device.

—__ O
L R
VAL ILIR VR
s
l O

Figure 1.17: A schematic circuit equivalent of an ideal (without dashed lines) and
non-ideal (with dashed lines) photovoltaic device.

When the values of Rsnt and Rs deviate from the ideal, the shape of the J-V
characteristic changes as shown in Figure 1.18. A reduction in Rgyune @and increase in
Rs results in a reduction in FF and hence lower Jyp, Vimp and efficiency. In practice
the J-V curve of a real device is often modelled by fitting to the modified Shockley

equation;®

R V -JR Vv
J=—""_127J e =1+ -J Eqn. 1.09
Rs +Rsh { 0|: Xp[q( nkBT JJ } Rshunt} P ( q )
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Figure 1.18: The effect of series (a) and shunt (b) resistance on the J-V characteristic
of the OPV. The arrows indicate the trend in changes of J-V curve.

The power conversion efficiency of a PV device (#) is defined as:

Po J. V. FF
P — Tsc oc (Egn. 1.10)

where; Piyc is the incident radiant power. Since # is proportional to Js, Vo and FF all
three of these parameters must be maximised and it is not meaningful to increase one
at the expense of another. 7, Js, Voc and FF are the 4 key parameters used for

characterising PV performance.
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1.5 Transparent electrode

1.5.1 Indium Tin Oxide (ITO)

Doped metal oxides have been used as materials for transparent electrodes since the
start of the 20" century and they are now widely employed in a variety of
applications due to their combination of good transparency and high conductivity.®*
Indium-tin oxide (ITO) and fluorine doped tin oxide (F:SnO5), are almost universally
employed as the transparent electrode in the current generation of OPV. ITO coated
glass, with an optimal In:Sn atomic ratio of 9:1, has a mean transparency of ~ 85%
across the visible spectrum, a ¢ of between 4.4-5.5 eV — depending on the method of
surface cleaning - and a sheet resistance below 15 Q sq'.% These properties have
made ITO coated glass the transparent electrode of choice for years of preliminary
OPV research focused on device efficiency and architecture. However, as OPV
technology approaches commercially viable power conversion efficiencies the need
for electrode flexibility, extended device lifetime, low cost and large area fabrication
capability has grown. In these respects ITO has a number of series of drawbacks, but

there remains a lack of a viable alternative.

ITO is a complex ternary oxide and its optical, electrical and surface
properties depend strongly on the In:Sn ratio®™ and the method of deposition.***® The
electrical and topographic inhomogeneity of its surface combined with its chemically
ill-defined nature are particularly problematic for organic optoelectronic devices,
since organic semiconductors are susceptible to damage resulting from localised
heating and/or unintentional doping by metal ions leaching from the electrode.*®’

ITO is also poorly compatible with plastic substrates; in order to achieve a low sheet

resistance (i.e. < 15 Q sq™) it must be annealed at temperatures > 300 °C,% a process
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that is incompatible with low cost, highly transparent, flexible plastic substrates such
as polyethylene naphthalate (PET) and polyethylene terephthalate (PEN). As a result
the sheet resistance of commercially available 1TO films supported on plastic
substrates is typically > 35 Q sq, which is 3-4 times higher than on glass.
Additionally, ITO is only sufficiently electrically conductive at thicknesses of ~ 100

nm,* rendering it prone to cracking upon bending.!%%

One of the most serious shortcomings of ITO glass for OPV applications is
the limited global supply of indium, which is expected to fall short of projected
demand in the coming years creating a bottleneck to the proliferation of OPVs once
performance targets for market entry are met. Indeed in a recent independent study
the substrate cost was identified as the most important factor in the manufacturing
cost of OPVs.2% In recent years other transparent and conductive metal oxides
(TCOs) have been widely investigated as replacements for ITO. Whilst many of
these oxides offer lower materials cost than ITO they still require high energy
processing and their properties remain inferior to 1TO.}*® The main groups of
alternative electrodes to transparent conducting oxides are briefly described in the

following section.

1.5.2 Alternative transparent electrodes

Transparent conductive polymers such as chemically doped polyacetylene,
polyaniline and poly(3,4-ethylenedioxythiophene) (PEDOT) are the organic
equivalents of TCOs and have been used in place of TCOs in some applications.
Particularly PEDOT doped with poly(styrenesulfonate) (PSS) (described in detail in

section 1.6.2) is the most widely used organic conductor due to its high ¢ (5.2-5.3
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eV),%* which renders it stable towards oxidation and its relatively high transparency
at low thickness. PEDOT:PSS was first used as an anti-static material, then as an
interfacial layer in organic light emitting diodes (OLEDs) and most recently in OPVs
where its use is now widespread. As new methods for improving the conductivity of
PEDOT have been developed it has been used as an independent electrode in small
area OPVs. PEDOT:PSS is a low cost electrode material*® which can be processed
using existing commercial large area coating technologies.'®% Despite its
advantages as compared to TCOs PEDOT:PSS has a number of drawbacks for OPV
applications: (i) the instability of the doped state;™ (ii) its hydrophilic nature makes it

susceptible to water uptake which results in degradation of the polymer-photoactive

108 109,110

layer interface;™ (iii) poor long term stability; (iv) the high conductivity
required for large area electrode applications is only achieved by the transparency
trade-off. For example, the mean transparency across the visible spectrum is only >
80% when the sheet resistance is > 50 Q sq*,*** which is too high for efficient large

area efficient OPV.*?

Nano-structured organic and inorganic hybrid electrodes are an emerging
class of transparent electrodes, which enable both high conductivity and high
transparency. Carbon nanotubes (CNTSs) have been successfully introduced into OPV
structures as transparent electrodes. CNTs are exceptionally conductive and can be
processed from solution to form large area networks.™® Recently graphene has also
been investigated as the transparent electrode in OPVs.'* These carbon electrodes
suffer from a series of drawbacks including high surface roughness, poor adhesion to
the substrate and additional processing requirements in order to achieve higher

conductivity. However the main drawbacks are the high production cost (the cost of
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105

CNT electrodes is currently a few times that of ITO)™ and the high sheet resistance

(> 20 Q sq™) at thicknesses that provide good transparency. 34112

Metal nano-structures such as nano-wires and nano-fibres are currently much

cheaper than CNTs and graphene,'®

and can be solution processed on a large
scale.™® Their processing also results in reduced material losses as compared to TCO
deposition methods such as sputtered films. Cu and Ag are typically the metals of
choice for this type of electrode due to their high electrical conductivity. However
their high surface to bulk ratio renders them susceptible to oxidation, including
sulfidation by low levels of H,S, OCS, SO,, and CS; in air.**" Electro-migration is

also a concern for long-term electrode stability.*®

Moreover, the random array of
micron length™® metal nano-wires needed to achieve high conductivity significantly
increases electrode roughness which can have a detrimental effect on the
performance of very thin devices, such as OPVs, by increasing the likelihood of

shunts. Metals are also very reflective and so high transparency is only obtained for

lower coverage, which results in high sheet resistance.**®

Metal grid electrodes are widely used in conventional PVs and may exhibit
transparency comparable to, or superior to ITO glass.*® However the large grid

spacing (700 nm**

) required for high transparency greatly increases free carrier
recombination losses in OPVs. Conversely, reducing the gaps between grid lines
inevitably increases losses due to light absorption.”™™ The high surface roughness of
metal grid and random nanowire electrodes necessitates coating with a planarising
conducting polymer layer which reduces the transparency, adds to the complexity of

fabrication and causes these hybrid electrodes to suffer from the drawbacks

associated with the use of conducting polymers.

33




Chapter 1.

As a result very few of these electrodes have yielded devices with
performance comparable to those utilising ITO glass. Indeed, the small area OPVs
(<< 1 cm®) usually fabricated for research purposes to demonstrate new concepts
often mask the detrimental effect of electrode sheet resistance, which needs to be <
15 Q sq”' in order to be useful for practical applications. It is also notable that very
few of the aforementioned studies demonstrate the performance of OPVs on flexible
substrates after repeated bending and those that do relate to device areas much
smaller than the radius of bend curvature.**3'%212% As a result, it is not yet clear as to
whether they are suitable for use in OPVs with cell areas greater than a few
millimetres square. Another increasingly important consideration for OPVs is the
stability and chemical make-up of the substrate electrode surface. As device
efficiencies approach values suitable for commercialisation the importance of device
stability is taking centre stage in OPV research.'**'* With the drive towards thinner
and more complex device architectures, it is essential that the substrate electrode is
chemically well-defined, stable and smooth, since the interfaces at the electrodes are
critical determinants of device performance.* ' Chemically and structurally well-
defined substrate electrodes are also a prerequisite to engineering reproducible,

energetically optimised interfaces.

1.5.3 Thin metal films

The oldest category of electrode materials is that of unpatterned thin metal films,
which offer the advantages of inherent flexibility, chemical homogeneity and
established manufacturing infrastructure for large area roll-to-roll evaporation in the
packaging industry.'**'*” O’Connor et al. have provided general guidelines for the

design of this class of electrode for OPV applications, and show that for film
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thicknesses below 10 nm the high absorption of metals as compared to ITO can be
partly offset by micro-cavity effects which result in a greater photocurrent than

expected on the basis of the far-field transmittance.'?®

Indeed, by optimising the
thickness of the photoactive layer O’Connor et al. show that it is possible to achieve
comparable device performance in molecular OPVs employing an ultra-thin Ag

electrode to that on an ITO glass electrode,'*®

which serves to highlight the need for
full optoelectronic modelling when screening candidate window transparent
electrodes for OPVs. However, this class of electrode has received relatively little
attention to date since there is the perception that ultra-thin metal films are
prohibitively resistive, discontinuous, prone to oxidation - thus incompatible with

long life applications - and extremely fragile due to poor adhesion with the

substrate.’!

1.5.3.1 The role of interfacial adhesion layers

Realising robust sub-10 nm metal films on glass is difficult, particularly for noble
metals, and requires the use of an interfacial adhesion layer owing to the intrinsically

129 One established class of

low energy of adhesion between many metals and glass.
adhesive layer for this purpose is an ultra-thin (1-10 nm) film of a transition metal
such as Ge,™* Cr or Ta™" although, in the context of optically thin metal films, this
thickness is sufficient to contribute to the film absorption. The other way to
circumvent this issue is to derivatise the substrate with a layer of molecules designed
to enhance metal nucleation by interacting strongly with both the substrate and the
incoming metal atoms (i.e. a molecular adhesive), thereby suppressing surface
132,133

diffusion and promoting the growth of continuous metal films at low thickness.

Methoxysilanes form strong covalent bonds to the surface of glass by reaction with
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native hydroxyl groups and, unlike metal adhesion layers, do not contribute to light
absorption by the electrode making this type of adhesion layer well suited to the
fabrication of highly transparent metal films. Thiol functionalised silanes have
previously been investigated for the preparation of Au films on glass, since thiols
have a strong affinity for Au, whilst organosilanes couple with native hydroxyl

- . 11341
groups on a variety of substrate materials'>*'**

to form strong siloxane bonds. Hatton
et al. has previously reported the viability of this approach for optically thin Au films
on glass using a thiol functionalised molecular adhesive layer and demonstrated

application in organic light-emitting diodes.'*?

However, the method reported is not
amenable to scale-up because of the requirement to use large amounts of solvent and
the potential for methoxysilanes to polymerise when deposited from a dilute solution.
B35136 A few reports have also investigated the possibility of utilising amine
functionalised silanes to promote the growth of Au films on silicon and glass,
although not for the purposes of fabricating highly transparent films and all using

. . 137,138,1
solvent assisted deposition methods.'*"-'**!%

1.5.3.2 Flexible metal electrodes

For the full potential of OPVs to be realised they must be fabricated on flexible
substrates to enable rapid roll-to-roll fabrication, although there are very few reports
relating to the use of unpatterned metal films on flexible substrates as the window
electrode for OPV. Kim et al. have recently demonstrated OPVs fabricated on 15 nm
thick Au wrinkled electrodes on PET with a cell area of 0.18 ¢cm® and a power

140 yambem et al. have demonstrated small area OPV

conversion efficiency of 1.8%.
employing flexible 19 nm Ag electrodes evaporated onto PET with power conversion

efficiency of 2.3%.'* Optically thin Cu films sandwiched between oxide layers are
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also emerging as a promising electrode materials for OPVs; Perez Lopez ef al. have
recently demonstrated 18 nm Cu films sandwiched between the MoOy layers in
0.22% efficient OPVs on glass,'*' although unpatterned copper films have not yet
been used as window electrodes in flexible OPV. Again an adhesion interfacial layer
between flexible substrates and metals is required to make these electrodes suitable
for truly flexible purposes. For example, Wu ef al. reported that 20 nm thick Cu films
prepared by sputtering onto flexible poly(dimethylsiloxane) fail catastrophically
when bent through an 8 mm radius,'"” which is caused by poor adhesion between the

metal and the substrate.

1.5.3.3 Absorption enhancement

To date the most efficient polymer based OPVs are based on bulk heterojunction
(BHJ) concept, where co-deposited electron-donor and electron-acceptor type
organic semiconductors spontaneously phase-separate into domains, which helps to
address the excitonic diffusion bottleneck that occurs in bi-layer OPVs. However,
recombination losses during charge carrier transport through the complex network of
donor and acceptor phases can limit the thickness of the photoactive layer to less
than the optimal for light absorption.**? By analogy, the very short mean free path of
charge carriers in amorphous silicon and quantum dot photovoltaics also imposes a
limitation on the thickness of the semiconductor layer. At the same time it is also
desirable to reduce the semiconductor thickness without reducing device efficiency
in order to reduce materials cost, increase the fabrication speed and reduce electrical

losses.?

It is possible to increase light absorption without increasing the thickness of

the photoactive layer using light trapping strategies including the use of optical
37




Chapter 1.

spacers®® and structures to scatter the incident light.®* *** An electrode-centric
approach that is well suited to metal film electrodes, involves establishing a resonant
microcavity to trap those wavelengths not efficiently absorbed by the photoactive
layer in an optical cavity between the opaque electrode and a partially reflective front
electrode.’** Sergeant et al. have recently demonstrated this approach using a highly
transparent tri-layer electrode comprising a 6 nm Ag film sandwiched between two
ultra-thin molybdenum oxide layers.®® Besides improving device geometry, metal
oxide/metal/metal oxide multilayers significantly improve the far field transparency
because the high refractive index metal oxides, between which the metal is

sandwiched, induce multiple reflection reducing overall metal reflectivity.*

1.5.3.4 Plasmon-active structures in OPVs

Surface plasmons are collective oscillations of the conduction band electrons at the
surface of a metal. In noble metals these resonances occur in the visible spectrum.
Plasmon active noble metal nano-structures have been investigated for a plethora of
applications ranging from molecular sensors to the treatment of cancer.®* Plasmonic
effects can be also exploited to concentrate the optical field in the photoactive layer
using plasmon-active metal nano-structures,'*® or to increase the effective path length
through the photoactive layer either using metal nano-structures as scattering
elements, or by trapping the incident solar flux in surface plasmon polaritons at the
photoactive layer - metal electrode interface.*’ In the latter approach the electrode
surface must be suitably nano-structured so that the incident light is efficiently
coupled into the plane of the electrode.®* The most widely used plasmon-active
metals are Au and Ag since they support surface plasmon resonances that couple
strongly with light and are relatively stable towards oxidation. To date, plasmonics
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have been exploited in OPVs in two ways: (i) Incorporation of plasmon active metal
nanoparticles with diameters < 100 nm either at the electrode interfaces**® or
dispersed within the photoactive layer itself;**? (ii) Utilisation of electrodes

comprising networks of plasmon-active metal nanowires**’ or metal films patterned

150,151 152

with arrays of apertures with sizes in the range 80-300 nm or gratings™“ (see
Figure 1.19). Due to the low thickness of the semiconducting layer in OPVs (< 200
nm), incorporating metal nanoparticles or nanowires into these devices greatly

3

increases the risk of short-circuiting,’> although in metal film electrodes with

apertures or surface gratings this is not a concern. In the latter case the majority of

studies have focused on the use of regular periodic structures,***°

and so modelling
can be used to predict the structure — property relation as so identify optimised
designs.’®*™*® Conversely a random array of sub-wavelength apertures is more
amenable to scaling than a periodic array, although such structures are inherently
more difficult to model. Indeed, the possible plasmon activity in metal films with a
high density of randomly arranged apertures becomes increasing complex as the film
becomes optically thin (i.e. < 15 nm) since efficient coupling between surface
plasmon polaritons on the front and back of the metal film can occur - due to the film
thickness being smaller than the penetration depth of the surface plasmons - and
there is significant ordinary transmission of light. These effects are in addition to

7

coupling between adjacent apertures™’ and the effect of light concentration at

158

aperture edges,™ that are features of optically thick metal films with a random array

of sub-wavelength apertures.
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(a) (b) (©)

_m
AVVEY] ettt I

Figure 1.19: Strategies for plasmon enhanced light-trapping in OPVs; (a) plasmon-
active metal nanoparticles at the electrode scatter light entering the cell increasing
the path length; (b) plasmon-active metal nanoparticles distributed in the photoactive
layer concentrate the light in localised surface plasmon resonances increases
absorption in the semiconductor within ~10 nm of the nanoparticle surface; (c) an
electrode with a surface grating interacts strongly with the incident light coupling it
into surface plasmon polaritons which increase light absorption in the adjacent
semiconductor layer.®*

The first report of plasmon-active metal film electrodes in OPVs was by
Reilly et al. who have shown that OPVs utilising an Ag metal electrode with a
random arrangement of circular apertures outperform identical devices without
apertures in the electrode.’®® In that work the Ag electrode was relatively thick (30
nm) and the random array of 92 nm diameter circular apertures was formed using
nanosphere lithography. Whilst the relative improvement in performance was large,
1.03% to 1.22%, the absolute performance was at least a factor of three lower than
achieved in the same device structure using a conventional ITO electrode. Reilly et
al. have also shown that when using lithographic techniques to form apertures in a 40
nm Ag film the sheet resistance increases by 150% when 20% of the metal film is
removed to make way for 92 nm diameter apertures,™ which makes it difficult to
realise a high number density of apertures in much thinner metal films with a higher
transparency. A further disadvantage of microsphere lithography is the need to
remove 100% of the microspheres prior to deposition of the organic semiconductor

and top metal contact. It is therefore clear that for practical implementation this class
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of window electrode must be shown to perform as well as conducting oxide
electrodes in efficient OPVs. For practical implementation, low-cost, scalable
methodologies for the fabrication of optically thin metal electrodes with a high
density of sub-wavelength apertures and low sheet resistance must also be
forthcoming. In practice the sheet resistance must be < 15 Q sq™* to be low enough
for OPV applications.™® Finally, to help guide the design of these electrodes it is
necessary to determine whether the sub-wavelength apertures need to have a tight

size and shape distribution for plasmon-mediated light concentration to be useful.

1.5.3.5 Thermal stability

For many applications it is also desirable that the electrode surface is structurally
well-defined, which for metal films can be achieved by thermally annealing.*®* The
ability to withstand elevated temperatures also greatly increases the number of
potential applications. For example, for PV applications the processing temperatures
can reach up to 500 °C.**%%% |ntuitively a single layer of organic molecules with a
thickness less than 0.8 nm**’ would not be expected to be stable at high temperature,
particularly above 350 °C, which is the temperature at which these molecules are
known to desorb or degrade.'®*'®® Encouragingly Wanunu et al. have shown that 15
nm Au films on (3-aminopropyl)-trimethoxysilane (APTMS) derivatised glass can be
annealed at 200 °C for 20 hours to realise a smooth (111) textured surfaces with an
average transparency across the visible spectrum of 32%.'%° Ghandi et al. reported
that 50 nm copper films supported on (3-methoxypropyl)-trimethoxysilane
(MPTMS) derivatised silicon substrates and capped with 150 nm Ta were

remarkably resistant to fracture along even after annealing to 700 °C, which resulted
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in toughening of copper films.**” Notably the thermal stability of optically thin (<10

nm) continuous noble metal films has not been reported.

1.6 Materials

1.6.1 Photoactive layer

The photoactive layer in OPVs comprises an electron donor and electron acceptor
molecules arranged in a bilayer structure or an interpenetrating network: a BHJ (see
Figure 1.20). The bilayer architecture is the oldest heterojunction OPV architecture
and is used in OPVs employing small molecules characterised by exceptionally large
Lp and a. The concept of BHJ partially addresses the exciton diffusion bottleneck in
the bilayer architecture, since the photo-active layer thickness can be much greater
than Lp in either the acceptor or donor materials. In a BHJ the active materials are
mixed together forming a randomly distributed interpenetrating network of donor
and acceptor phases, where the dimensions of each phase are comparable to Lp. In
effect the surface area of the heterojunction is greatly increased as compared with the
bilayer structure. The BHJ architecture is most common in OPV employing solution
processed blends of conductive polymer and soluble fullerene, which spontaneously
phase separate into domains when spin-cast. However it has also been successfully
adapted to small molecule devices and can be formed either via thermal co-
evaporation™ or spin-casting.”® In both cases the deposition process is typically
followed by an annealing step which furthers phase separation and can be used to
tune the domain size. The shortcoming of the BHJ architecture is the presence of
isolated domains, which lead to charge trapping and recombination, reducing #cc.

Further improvement in photoactive layer architecture requires engineering
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controlled three-dimensional interpenetrating donor/acceptor network, e. g. through

168 169,170

nanosphere lithography=" or introducing nanorods.

opaque electrode
’7 paq -]

interlayer
interlayer ——

—transparent electrode——

Figure 1.20: Schematics of an OPV device with a bilayer junction (left) and BHJ
(b).

The chemical structures of photoactive material used in this work are

depicted in Figure 1.21.
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Figure 1.21: Chemical structures of the organic semiconductors used in the work
reported in this thesis: (a) SubPc; (b) pentacene; (c) P3HT; (d) PCDTBT; (e) Ceo; (f)
PCBM,; (g) PC70BM.

1.6.1.1 Electron donors

Boron-subphthalocyanine chloride

Boron-subphthalocyanine chloride (SubPc) is a small molecule semiconductor

consisting of 3 N-fused diiminoindole rings forming a 14 m-conjugated electron
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system with the isoindoline amine groups coordinating to a boron atom with a Cl
substituent. This molecular semiconductor strongly absorbs light with an absorption
coefficient over the wavelength range 500 — 650 nm exceeding 2x10°> cm™."*
However it also has a relatively low Lp of < 20 nm*"® and so in bilayer OPVs
typically its thickness does not exceed 20 nm. It has a relatively large HOMO-
LUMO gap and LUMO and HOMO energies of 3.6 eV and 5.6 eV below VL
respectively. The large ionisation potential means that when used in combination

with Cgo as an electron acceptor a Vi close to 1.1 V can be achieved.®® '

Pentacene

Pentacene is a small molecule organic semiconductor consisting of 5 linearly fused
benzene rings, which form 11 m-conjugated electrons. The higher number of
conjugated electrons as compared with naphthalene and anthracene results in a red-
shift in the absorption spectrum.?® Pentacene has a broad absorption band in the 540
— 690 nm range (a > 10° cm™) resulting from complex multiple transitions, the
origins of which have been extensively studied.'”* The large Lp of pentacene (~ 65
nm),” allows for the use of thicker layers in bilayer OPV architectures (40 - 50 nm).
The HOMO and LUMO energies of pentacene are 4.9 eV and 3.0 eV respectively.
The relatively small ionisation potential means that OPV based on a Cg electron

acceptor achieve a Vo of only 0.4 V"> 7

Poly(3-hexylthiophene)

Poly(3-hexylthiophene) (P3HT) is the most widely studied polymer used in OPVs

and consists of long chains of repeating 3-hexylthiophene units. For OPV
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176,177 d178

applications long and highly ordere polymer chains are most beneficial,

since intra-molecular transport along kink free polymer chains is more efficient that
intermolecular transport. The hole mobility in P3HT can reach 10%cm?Vv*s? ™
although is usually lower in a BHJ due to scattering at the domain boundaries. The
role of the hexyl chain is to improve the solubility of the polymer in organic solvents
and promote crystallinity in the solid state. The maximum absorption of P3HT occurs
in the range 450 — 600 nm (o > 10° cm™) although in high regioregularity P3HT this
can be red-shifted.'®® Regioregularity is a measure of chain asymmetry, describing
the percentage of polymer units derived from the same monomer (Figure 1.22).
Regioregularity plays a crucial role in the OPV performance as polymer chain twists
and folding affect the m-conjugated system and so affect the 7. For OPV
applications P3HT is typically processed from solution with either PCBM or
PC7BM as electron acceptor in a 1:1 ratio. The two materials spontaneously phase-
separate into nano-crystalline domains*® with dimensions comparable to the exciton
diffusion length in each material to realise a BHJ of 100 — 250 nm optimal
thickness.'®% 182183 The choice of solvent and a post-deposition annealing step have a
large effect on the formation of donor and acceptor domains of optimal

dimensions.*®?83184 p3HT has HOMO of 5.0 — 5.2 eV and LUMO of 3.0 eV to 3.3

eV below the VL, which in devices with PCBM results in Vo of ~ 0.65, 176 180,18

(a) (b)
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PN N N BUraNwawaS

Figure 1.22: P3HT chain with: (a) 100 % regioregularity and (b) 75 %
regioregularity.
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Poly[N - 9' — heptadecanyl - 2, 7 — carbazole —alt - 5,5 - (4', 7' — di — 2 — thienyl -

2' 1' 3' - benzothiadiazole)] (PCDTBT)

PCDTBT is a relatively new conjugated polymer, capable of delivering OPV

efficiencies of 6 - 79%6%%1°

and operating lifetime of 6 years when used as the electron
donor.'®” The carbazol unit provides stiffer backbone than in P3HT improving intra-
molecular hole transporting properties. On the other hand, PCDTBT has higher
energetic disorder than P3HT*® and the intermolecular transport is impeded by short
range intermolecular interaction and abundance of hole trap states resulting from
amorphous structure of the polymer.*® With hole mobilities of ~ 6 x 10°cm?v*s* 16
the optimal thickness of the polymer layer is reduced to ~ 70 nm in BHJ. PCDTBT
has a broad absorption band with two peaks at 400 nm and 570 nm. In order to obtain
pure material domains in the context of a BHJ, which are necessary for efficient
exciton dissociation, PCDTBT is mixed with an excess of fullerene derivative,'®
which forms crystalline domains sufficient for effective exciton diffusion. PCDTBT

has LUMO of 3.5 eV and HOMO of ~ 5.3 eV,*® which, when employed in an OPV

device with PC7oBM results in a Vo, > 0.85 V.'> 18

1.6.1.2 Electron acceptors

Ceo

Ceois a fullerene composed of 60 carbon atoms forming a spherical-shaped molecule
composed of 12 pentagons and 20 hexagons. This large conjugated system in which,
to a good approximation, all carbon atoms have sp? hybridisation is an excellent
electron acceptor providing ultra-fast electron transfer from the photoexcited

polymer and a long lifetime of the charge separated state.®® Due to its high
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symmetry Cgo absorbs visible light weakly (o >10° cm™ only below 300 nm) and has

wide absorption band extending from UV to 500 nm (o >10% cm™)**

and long Lp ~
35 nm.'% Cgo has a HOMO of ~-6.1 eV and LUMO of -4.5 eV,'*® below VL, which

makes it a suitable acceptor for many small molecule donor systems.

[6.6]-phenyl-Cg;-butyric acid methyl ester (PCBM) and [6,6]-phenyl-C-;-butyric acid

methyl ester (PC;oBM)

Since Cg is poorly soluble in most organic solvents, its functionalised derivative;
[6,6]-phenyl Cg; butyric acid methyl ester (PCBM) is the most commonly used
fullerene electron acceptor in BHJ OPVs. PCBM has a similar absorption
characteristic to Cgo; a strong absorption band below 360 nm (o > 10> cm™) tailing
off towards 600 nm.%” PCBM has a relatively high electron mobility of 10%cm?Vv s
and HOMO and LUMO energies of 6.2 eV and 3.7 eV below VLs, respectively. ***
1% PCBM in combination with P3HT is now widely regarded as the model efficient
BHJ OPV system, which provided first efficient (~ 4.5%) OPVs.*® In the research
laboratory the mixture is most typically spin-cast from a 1,2-dichlorobenzene
solution forming a well-defined nano-crystalline structure of pure P3HT and pure

PCBM domains; their dimensions can be tuned via the processing conditions.

PC,BM is the analogous derivative of Czo. Czo contains 70 sp? hybridised
carbon atoms which combined into 25 hexagons and 12 pentagons to form an
elongated cage, much less symmetric than Cg. BHJ devices employing PC7BM
show improved Vo by ~ 0.03 V and Js. by over 1 mAcm™ as compared with
PCBM.' PC7BM is a state-of-art electron acceptor used in most efficient OPVs

197

(>6%), employing both polymer*® and small molecule™’ donors.
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1.6.2 Interfacial layers

Interlayers at the electrode/photoactive layer interfaces — are important parts of
efficient OPV devices, which greatly improve the performance. They are typically 1-
20 nm thick and wide band gap materials comprising metal oxides, polymers or
small molecules. In addition to having electronic functionality they can be used as
optical spacers in order to improve nas and barrier layers preventing interlayer
atom/molecule diffusion to enhance OPV stability. However their main role is to
improve charge carrier collection and selectivity (i.e. extraction of only one carrier
type) by the electrodes. When spontaneous ground state charge transfer is possible at
the electrode — interlayer and organic semiconductor - interlayer interfaces the Eg of
the electrode and interfacial layer are aligned and pinned near to the relevant frontier

orbital in the organic semiconductor,® **®

improving charge transport across the
interface. The interlayers can also block exciton recombination at the electrode and
give flexibility in device design enabling the realisation of inverted device
architectures, in which the substrate electrode operates as the low work function

electrode and the top metal electrode can also be a relatively low work function

metal (Figure 1.23).

electron collecting electrode—

exciton blocking layer

hole transporting layer——

L——hole collecting electrode

Figure 1.23: ‘Standard’ and inverted OPV architecture. The transparent electrode
can be used as an anode or as a cathode depending on the choice of the interfacial
layer.
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Poly(3,4-ethylenedioxythiophene) doped poly(4-styrenosulfonate) (PEDOT:PSS)

The structures of PEDOT and PSS are shown in Figure 1.24. PEDOT is one of the
most successful conjugated polymers to be used commercially, exhibiting
exceptionally high stability in the doped state combined with very high electrical
conductivity (0.1-10° Sm™). However PEDOT is insoluble and for processing
purposes it is normally mixed with insulating PSS, with which it forms a stable
dispersion in water. PEDOT:PSS dispersion is typically spin-cast or spray-deposited

106 and also as an electrode in its own

and is widely used as hole conductor in OPVs
right.'*! The thickness of PEDOT:PSS films used in OPVs is typically a few tens of
nm which ensures the film has high transparency (>90%). PEDOT:PSS has a high ¢

~5.2 eV and an abundance of deprotonated sulfonyl groups for selective hole

transport.

S0y

Figure 1.24: Chemical structures of PSS (a) and PEDOT (b).

Metal oxides

Transition metal oxides are an important class of interfacial layers, particularly

oxides of Mo, W and Ti, all of which are used in this thesis. Oxides of Mo and W

200,201,202 203,204

can be deposited either from solution or by thermal evaporation
allowing thickness tuning and making them particularly versatile. Conversely,
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PEDOT:PSS can only be deposited easily onto hydrophilic surfaces, otherwise the
fabrication process gains extra complexity with surface pre-treatment steps. No such
restrictions applied for evaporated oxide films. Mo, W and Ti oxides are nearly

100% transparent above 400 nm;?%®

moreover they can significantly reduce the
reflectivity of metal films'*® which make them suitable as an interlayer at the organic
semiconductor - transparent electrode interface. The wide band gap also helps to
prevent exciton quenching by the electrode; MoOy ~ 3.0 eV,?**%" WO, ~ 3.2

eV, 2% Tio, ~ 3.2 eV.”” Metal oxides can be p-type or n-type and so can be

successfully used as either hole or electron transport layers.

The properties of metal oxides depend on the oxide stoichiometry,®
particularly WOy which only becomes electrically conductive when the metal to
oxide ratio increases beyond a certain point. The stoichiometry of evaporated films
varies for WO3 and MoOj3 especially as the amount of oxygen is reduced e. g. during
pre-heating for thermal evaporation. This phenomenon is very well pronounced in
tungsten oxide which has a pale-blue colour that changes to black after annealing due
to formation of trap states. The defects and trap sites result from the oxygen
reduction and are desired since they improve charge transport,®’® so the OPV

efficiency is quite high even for thicker buffer layers.

MoOxy is the most widely studied metal oxide interlayer in OPV. This high
work function material is strongly n-type due to electron rich Mo(V) atoms / oxygen
array vacancies, which act as electron donors.*® When MoO is deposited onto ITO
or Au (Figure 1.25) electron transfer from the electrode to the Cg of the oxide
induces a very large positive vacuum level shift aligning the electrode E; with the
Fermi level in the MoOy. The same process occurs at the organic semiconductor,

resulting in pinning of the HOMO of the organic semiconductor near to the defect
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band and the Cg of M0O,.'% % As a result the electrode E; is closely aligned to the
HOMO of the organic semiconductor and charge transport across the oxide is

mediated by the Cg and/or the defect band in the oxide.

(a) (b)
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Figure 1.25: Schematic energy level alignment of the Au/ N,N’ — di[(1-naphthyl)-
N,N’-diphenyl]-1, 1 -biphenyl-4 ,4’-diamine (a-NPD) and Au/MoOs/a-NPD junction
(based on Kroeger et al. Kanai et al.).}9321

Bathocuproine

Bathocuproine (BCP) - 2,9-dimethyl-4,7-diphenyl-1,10-phenantroline (Figure 1.26)
is widely used in conjunction with an Al electron-extracting electrode in OPVs. It
has a wide band gap of ~ 3.5 eV with a LUMO energy of -3.5 eV below the
VLs, 2% which prevents exciton quenching by the Al electrode. BCP is typically
used in standard OPV device architecture where the BCP layer is deposited by
evaporation with thickness of 8 - 10 nm followed by evaporation of the top metal
electrode. The BCP layer protects the photoactive layer from the damaging impact of
the evaporated Al and increases the built-in potential by helping to align the
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electrode Eg with the LUMO of the electron acceptor, which results in higher V. in
OPVs.?* The evaporation of the Al layer plays also an important role in rendering
BCP conductive towards electron transport by introducing defect states which allow

efficient charge transport across the otherwise strongly insulating layer.**?

Figure 1.26: Chemical structure of BCP.

1.6.3 Opaque electrodes

The top electrode in an OPV is typically a relatively thick (50-150 nm) layer of Ag
or Al. The ¢ of Ag and Al are 4.3 eV - 4.7 eV** and ~4.3 eVV?* respectively and so
in architectures with interlayers such as LiF, BCP (in the case of the cathode) or
MoO3, WOs (in the case of the anode) they can be successfully used as either the
anode or cathode. Al is usually the electron-extracting electrode material of choice,
due to its relatively low cost, low evaporation temperature and reduced risk of
organic layer damage by light atoms compared to Ag. In the standard architecture the
Al electrode is typically evaporated onto a BCP layer, although a 10 nm Ca electrode
capped with a thick Ag layer without any interfacial layer is sometimes used. Ca is a
metal of small atomic weight, so at low rates it can be evaporated directly onto
organic material without the risk of penetrating into the organic layer too much. Ca

has a very low ¢ of ~ 2.9 eV, which makes it a suitable material for the cathode.
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Indeed it can be also used as an interfacial layer to render a high ¢ electrode material
suitable as an electron extracting electrode: an optically thin (~ 0.5 nm) Ca can be
evaporated onto ITO which may then act as a cathode in inverted OPV
architecture.?'® Despite this advantages Ca is not used very often because it is prone

to oxidation and difficult to handle due to its high reactivity.

1.7. PV generations

The PV effect was discovered by Becquerel in 1839, who measured a photocurrent
across platinum electrodes coated with AgBr/AgCl in aqueous solution upon
illumination. However, it wasn’t until the 1950’s that PVs become extensively
studied, when the first crystalline silicon PV device was developed at Bell
Laboratories.”*” The first generation of commercial PVs was based on single
crystalline silicon grown by the Czochralski method. This was followed in the 1980s
by technology for polycrystalline cells fabricated by die-casting.?? In both cases the
thicker and lightly doped p-type layer is diffusively doped with phosphorus forming
a thin n-type region; as the Er of p- and n- doped regions align a space charge region
is formed at the junction. Free charge carriers generated drift towards the edge of the
depletion region and then diffuse across the neutral region to the electrodes. In
crystalline silicon PVs only ~30% of the solar irradiance is harvested, resulting in a
maximum achievable power conversion efficiency of ~ 25%;% this efficiency was

achieved in Sandia Test Centre in 1999,

Since Si is an indirect band gap semiconductor across most of the visible

219

spectrum (direct bandgap at 3.4 eV)“" it does not absorb the solar spectrum

efficiently, particularly at longer wavelength. The large thickness of crystalline Si
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required for crystalline Si PVs increases their cost and has triggered a technology
race to find lower cost PV technologies. This has led to the development of second
generation PVs which use much thinner semiconductor layers to harvest the incident
light. The Si thickness in second generation PV has been reduced to ~ 10 microns,
since amorphous silicon has a direct band gap of 1.4-1.6 eV. Second generation PV
can also be made from non-silicon semiconductors such as cadmium telluride which
has a band gap of 1.44 eV and is often used in conjunction with sulphur telluride
which has a 2.4 eV band gap to form p-n junction PV only few pm thickness.?* Other
materials used in second generation PVs include various compounds of rare elements
from groups Il and V in the periodic table, with gallium arsenide and indium
phosphide being two of the most well-known. These PVs can be tailored by choice of
materials with different absorption regions to maximise the photocurrent and power
conversion efficiency up to nearly 30%.%'® This can be further enhanced to 30 — 40%
as multi-junction PV are build, employing as many as 30 individual semiconductor

Iaye rs 218,220

The principle of operation of third generation PVs differs from the previous
two generations which are based on a p-n junction: In the third generation PV a
tightly bound exciton is generated upon light absorption in the photoactive layer
which can only be dissociated into free charge carriers at an abrupt hetero-interface,
hence this class of PVs are called excitonic PVs. Third generation PVs were
developed to find an even lower cost alternative to second generation PV by
employing conjugated organic molecules or polymers instead of inorganic
semiconductors to harvest light. Excitonic PVs can be divided into two main
categories; dye-sensitized solar cells (DSSC) and OPVs. The DSSC was first

reported in the 1980s and soon after cell efficiencies of 8% were reached.””* DSSCs
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consist of two electrodes, one of which comprises a mesoporous inorganic
semiconductor, typically TiO, (Figure 1.27 (c)). The latter is usually sintered onto a
conducting oxide electrode and impregnated with a monolayer of organic dye; the
space between these electrodes is filled with an electrolyte to facilitate charge
transport. The organic monolayer can be designed to achieve very broad band
absorption by using mixtures of co-adsorbed dyes with complimentary absorption®%
or dyes with an exceptionally wide absorption band (e.g. the black dye®®) to boost
cell efficiency to 11%.%%* Since the dyes used can be derived from natural pigments,
DSSCs promise a green and cheap energy source. The best efficiencies of DSSCs
have remained around 10 — 11%,%® for two decades although this is sufficient for

them to be commercialised.

(a) (b) (c)
acceptor donor +
acceptor. . B,

anode anode anode

Figure 1.27: A schematic illustration of different OPV architectures; (a) a flat
bilayer heterojunction; (b) a bulk heterojunction (c) Dye-Sensitized Solar Cell
(DSSC).

Another emerging group of third generation PVs, which is related to the
DSSC is the hybrid PV, which comprises an organic photoactive p-type material
forming a heterojunction with an n-type semiconductor. However the efficiencies of

such hybrid structures is still very low (<1%).2%
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1.8 OPV history

Whilst photoconductivity in organic molecules was reported by Pochettino as early
as 1906 the first OPVs were not fabricated until the late 1950s. Early OPVs were
based on p-type molecular organic layers (usually phthalocyanines®® or

polyacenes®’

) sandwiched between two electrodes and exhibited very low
efficiency. In these early OPVs exciton dissociation occurs at a Schottky-contact
which forms at the interface between the organic semiconductor and a low ¢
electrode although the separation efficiency was very low (< 0.1%). Vacuum
deposition of molecular materials was an important technological advance and
rapidly became a popular method of fabricating OPVs.?®%* Many years of
investigation have shown that the efficiency of OPVs employing only one type of
organic semiconductor is low because they rely on the built-in electric field to
dissociate the excitons formed in the organic semiconductor. Excitons in organic
semiconductors are particularly tightly bound and so inherently difficult to dissociate
into free charge carriers. As a result it is not possible to achieve built-in electric field
strengths large enough to efficiently dissociate excitons. An important advance,
which dramatically boosted the efficiency of Schottky OPV, was the introduction of
a thin interfacial oxide layer on the low work function metal surface which provided

improved energy level alignment and selective carrier extraction, which resulted in

an improvement in Vo and overall device performance.?®

In 1986 Tang reported the first OPV based on a heterojunction between
electron donor and electron acceptor type molecules, which were arranged in a
bilayer structure. The heterojunction comprised copper phthalocyanine as the
electron donor and 3,4,9,10-perylenetetracarboxylic bis-benzimidazole as the
electron acceptor and achieved a power conversion efficiency of 0.95% under 1 sun
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irradiance.”! This was a major advance in OPV performance since free charge
carriers were generated at the organic/organic interface independent of the built-in

electric field strength, which resulted in a large enhancement in FF and efficiency.

Another important advance in the development in OPVs came soon after the
discovery of Cgo in 1985.22 Thermally evaporated layers of Cgo are employed in
bilayer OPVs as the electron acceptor in conjunction with electron donors such
anthracenes and oligothiophenes. Sariciftci et al. reported that in blends of Cgy and
conjugated polymers dissociation of excitons formed in the polymer phase upon
absorption of light is extremely efficient in comparison to single component systems.
This is due to ultra-fast electron transfer from the photo-excited polymer to the Cgo
and the long lifetime of the charge separated state.'*® Since Sariciftci et al. reported

this phenomenon in 19922

the field of polymer-fullerene blend science has rapidly
advanced and led to the development of the BHJ device architecture, which was
another crucial point in OPV development. The first reported BHJ was based on a
co-evaporated mixture of n-type perylene tetracarboxylic derivative acceptor and p-
type metal free phthalocyanine donor.?®* In 1995 a solution processed blend of
poly[2-methoxy-5-(2-ethylhexyloxy)-phenylenevinylene] and PCBM was also used
as the basis for a BHJ.>® In the latter case the donor and acceptor phases
spontaneously phase separate into nano-scale domains of polymer and PCBM, which
was the starting point for the development of today’s high efficiency BHJ OPVs.”
The state-of-the-art in the field of OPVs is currently represented by bulk

heterojunction OPVs based on P3HT, PCDTBT and the fullerenes PCBM and

PC-,BM.2%

Whilst organic semiconductors for OPVs have been intensively investigated

over the past two decades, relatively little research attention has focused on the
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transparent electrodes used in OPV. ITO was first used in Si solar cells®*’ and
adopted as the transparent anode material for OPVs, due to its high transparency, low
sheet resistance and high ¢. However, it is unsuitable for OPVs primarily owing to

the high cost of indium and its incompatibility with low cost flexible substrates.
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Chapter 2.

Experimental techniques

Summary

This chapter is divided into three sections. In the first section methods of fabricating
ultra-thin metal films on glass and flexible substrates are described, followed by the
second part which focuses on OPV fabrication and testing. The third part describes

the different techniques used to characterise thin metal films.

2.1 Ultra-thin metal film fabrication

2.1.1 Substrates

Thin metal films were prepared on three different substrates: (1) 1.2 mm thick glass
microscope slides (Menzel-Glaser); (2) 100 um thick polyethylene terephthalate
(PET) - Hostaphan GN 4600 (Mitsubishi Polyester Film GMBH); (3) and 125 pum
thick polyethylene naphthalate (PEN) - Teonex® (DuPont Teijin Films UK Ltd). It is
important that substrates supporting transparent electrodes for OPV applications
don’t absorb light themselves in the 350-1100 nm wavelength range, since it is this
wavelength range that is harvested by the photoactive layer. The transparency of the
glass and plastic substrates used in this thesis is shown in Figure 2.1. Glass has the
highest transparency at ~ 90% above 300 nm. The remaining 10% is reflected. PET
and PEN are ~ 5% less transparent than glass at wavelengths > 500 nm and absorb

strongly below 350 nm and 400 nm respectively, blocking highly energetic UV
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radiation. This is an advantage for OPVs since UV-photons can have a detrimental

effect on OPV lifetime.?*®

100 —
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Figure 2.1: The far-field transparency spectra of substrates used to support the thin
metal films described in this thesis.

Due to the low thickness of the semiconductor layer in OPVs (70-200 nm) an
important property, which has to be taken into consideration when choosing
substrates, is the surface roughness. In this thesis the metal films have a thickness of
5-12 nm and so the roughness of the underlying substrate needs to be very low to
avoid variations in metal distribution and/or discontinuities in the film which
adversely affect both the transparency and conductivity. Throughout this thesis,
unless otherwise stated, the surface roughness is described in terms of the root mean
square roughness Ryms over a 5 x 5 um sample area as measured using atomic force
microscopy (AFM) (section 2.3.1.) For glass the Ryms is ~ 0.4 nm, while for PET and
PEN it is almost twice as high at ~ 1.0 nm. PET substrates with roughness exceeding
6 nm were found to be unsuitable, resulting in poor metal film quality in terms of

both sheet resistance and transparency.
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Pre-patterned ITO coated glass with a sheet resistance of 15 Q sq'1 was
purchased from Psiotech Ltd. ITO coated PET with a sheet resistivity 45 Q sq'1 was

purchased from Aldrich.

2.1.2 Substrate cleaning

ITO coated glass substrates were received with a protective photo-resist layer which
was removed by rinsing with acetone. Unless stated otherwise, the following
cleaning procedure was applied to all transparent substrates, including ITO coated
glass and those substrates used for metal electrode fabrication:

(i) Rinsing in deionised water;

(i) Ultra-sonic agitation in dilute Decon Neutracon solution in deionised

water for 15 minutes;
(i)  Rinsing in deionised water;
(iv)  Rinsing in isopropyl alcohol;
(v) Ultra-sonic agitation in isopropyl alcohol for 15 minutes;
(vi) 10 seconds exposure to hot acetone vapour.

Solvents were purchased from Fisher Scientific. With the exception of the
acetone, which was analytical grade, all other solvents were HPLC grade purity.
Water was either purchased from Fisher Chemicals or purified with using a Purite

Select HP purifier. After the wet cleaning process, the substrates were UV/Oj3 treated.
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2.1.3 UV/O3 treatment

UV/O;3 treatment was performed using a Novascan PSD-UVT. In this instrument
substrates are exposed to UV light from a Hg lamp (185 nm and 254 nm, 20
mW/cm?) at a distance of 25 mm from the substrate in a sealed air-filled chamber.
Photons with a wavelength of 185 nm are absorbed by atmospheric oxygen which
forms O3. 254 nm wavelength photons are absorbed by both O3 and hydrocarbons
resulting in their decomposition. The atomic oxygen formed as a result of Oj;
decomposition is a very reactive species and is the main oxidising agent.”** UV/O;
treatment improves substrate surface wettability by increasing the surface energy and
removes carbon residues.?*® However in this study it was also used as a means of
introducing bound hydroxyl and other reactive oxygen containing species onto the
surface of glass and plastic substrate surfaces.” 24242 For this reason the time of
exposure to UV/O3 varied depending on its use: 5 minutes for ITO on glass and
plastic substrates; 15 minutes for glass substrates; and 5 minutes or less minutes for
flexible substrates. The treatment was followed by a 15 min dark period, during

which time the O3 levels fall away.

2.1.4 Oxygen Plasma treatment

Plasma treatment was performed using a Plasma Asher EMITECH K1050X. This
treatment involves exposure of the sample to an oxygen plasma generated by radio
frequency irradiation of O,. The high frequency radiation strips electrons from the O,
molecules generating electrons and ions which can react to form O3 and a variety of
excited species such as O, O,", O* and O with strongly oxidative properties.’*®
Similar to UV/O3 treatment, plasma etching is a very efficient method of removing

hydrocarbon contamination, increasing wettability and introducing hydroxyl groups

63




Chapter 2.

onto the surface.?** This method is however much more intrusive due to the flux of
reactive species as compared to UV/Os;. Even very short exposure results in
significant modification of the surface structure and morphology.*® For this reason
plasma-ashing was used only in the context of the work described in Chapter 3,
where micron-sized polystyrene spheres distributed on a substrate were shrunk in

size by plasma oxidising the outer polymer layers.

2.1.5 Monolayer deposition

Glass and plastic substrates were derivatised with a monolayer of thiol and/or amine
functionalised tri-methoxysilanes prior to metal deposition. Methoxysilanes bind

strongly to native hydroxyl groups at solid surfaces,™* '

whilst thiols and primary
amines have a high affinity for coinage metals. These monolayers therefore improve
metal-substrate adhesion and increase the number of nucleation centres thereby
reducing the metal island coalescence threshold. 3% 137 138

After oxidative treatment the substrates were immediately transferred to a
dessicator, where they were exposed to the vapour of (3-aminopropyl)-
trimethoxysilane (APTMS), (3-methoxypropyl)-trimethoxysilane (MPTMS) or
APTMS:MPTMS under reduced pressure (see Figure 2.2): A few drops of liquid
molecular adhesive were placed in the vial in the vicinity of the substrates. The
substrates and the vial were placed in a beaker, in a dessicator and pumped down.
The time of exposure and background pressure were used to tune the monolayer
density as described in chapter 6. After monolayer deposition substrates were

immediately transferred to the N»-filled glovebox for metal deposition by thermal

evaporation.
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(a) NH, (b) SH
H,CO OCH, H,CO | OCH,
OCH, OCH,

Figure 2.2: The chemical structures of APTMS (a) and MPTMS (b).

2.1.6 Thin film fabrication

2.1.6.1 VVacuum deposition system

The Mbraun evaporation system was used to deposit metal electrodes and small
molecule organic semiconductors with low solubility. The evaporation system was
situated in a N filled glove box with H,O and O, levels remaining below 1 ppm. An
electro-pneumatic controlled bell-jar forms the vacuum chamber in the lowered
position, while in the lifted position it allows access to the evaporation sources and
materials. A two stage pump system is used to achieve and maintain high vacuum. In
the first stage rough vacuum is achieved with a backing pump. When a pressure of
0.1 mbar is achieved a turbo-molecular pump reduces the pressure further to a
working pressure of ~ 4 10°® mbar. The evaporation unit is shown in Figure 2.3. It
consists of two thermal sources (for metal/metal oxide deposition) and two organic
sources. The evaporation sources are equipped with shutters which are closed when
the sources are not in use. The rotating sample holder helps to ensure homogeneous
material deposition. The sample is obscured from the sources by a shutter, opened
only for material deposition. The deposition rate may have a major impact on the

structure/properties of the deposited films and so the sample shutter allows
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optimisation of the material flux before it is deposited onto the substrates. The
thickness of evaporated films is monitored by two quartz crystal microbalance
(QCM), placed next to the sample holder (although not obscured by the shutter). The
SQM monitoring unit was used to control the metal deposition rate and a Creaphys
Controller with Eurotherm temperature monitoring was used to control the small

molecule deposition rate.

sample holder

i i |

metal source organic source

Figure 2.3: A schematic diagram (left) and a photograph (right) of the evaporation
unit; red dotted lines indicate respective parts.

2.1.6.2 Film thickness measurement — Quartz crystal microbalance (QCM)

The thickness of deposited materials was controlled with sub-nm accuracy using a
quartz crystal microbalance (QCM). QCM is a highly sensitive technique enabling
in-situ thickness measurement in real time. An oscillating electric field is applied to a
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thin quartz crystal via Au electrodes inducing an acoustic wave propagating
perpendicular to the crystal surface.®*® Changes in oscillation frequency occur when
mass is accumulated on the crystal surface as shown by Sauerbrey et al.,*® from
which the thickness of material deposited can be determined, provided the density
and shear modulus of the deposited material are known. The evaporated material is
incident simultaneously on the sample and QCM, which is positioned at the same
height, allowing detection of very small change in deposition rate and thickness. In
case of thin films, particularly of new organic materials required physical properties
are often unknown and an ex-situ thickness calibration is necessary. It also helps to
reduce the measurement errors arising from distance between the sample and QCM

sensor.

2.1.6.3 Film thickness measurement: Tooling factor determination

An accurate method of determining the tooling factor for the QCM is step edge
analysis performed using tapping mode AFM (Figure 2.4): The film of the
investigated material is evaporated onto a hard substrate with sub-nm surface
roughness and the thickness precisely measured using a QCM (usually 20 — 40 nm)
located next to the substrate. Then the film is partially removed by scoring with a
sharp needle forming a well-defined edge. An AFM image of the step edge can then
be used to determine the actual thickness of the film. This is most precisely
determined from a statistical height distribution (2.4 (b)), because it averages across
the investigated area. However some materials may pile up at the edges of the score
while being removed, which results in more complex height distribution spectrum
and/or wider peaks. In this case the cross-section method is more reliable and the

film thickness is calculated from the difference between the flat areas in the step
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profile such as that in Figure 2.4 (c). The ratio of thickness measured by the QCM to
that determined from AFM step edge analysis is then used in QCM operating
software as a tooling factor.

This method is also used to determine the thickness of thin film deposited

from solution.
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Figure 2.4: (a) Step edge AFM image of an Au film (b) statistical height distribution
analysis and c) cross-section height.

2.1.6.4 Metal deposition

Metal electrodes were evaporated onto glass, PET and PEN substrates derivatised
with molecular adhesive layers. Au, Ag, Cu (K J Lesker, 99.99%) were deposited at
a rate of 0.1 nm s from tungsten evaporation boats (Testbourne Ltd.). For bi-layer
electrodes the metal layers were deposited one after the other without breaking the

vacuum.

68




Chapter 2.

2.2 Device fabrication and testing

2.2.1 Thermal evaporation of molecular semiconductors

Thermal evaporation is a deposition technique used to grow thin films of small
molecule organic semiconductors, many of which sublime in high vacuum.?*"2%
This method is particularly convenient for thermally stable materials with low
solubility, such as the phthalocyanines and acenes and allows precise control over
layer thickness.

Materials were deposited from resistively heated boron nitride crucibles
(Testbourne Ltd.) which can be heated in the range 30 °C — 450 °C. Prior to crucible
filling the empty crucible was placed in the evaporation source and gradually
annealed to 400 °C for outgassing and removing impurities. The purified material
was then placed in the crucible and the outgassing process repeated up to a
temperature just below the material sublimation/evaporation temperature. To reach
the desired deposition rate the temperature is controlled using a thermocouple and,

after achieving a stable flux at desired rate, the sample shutter was opened. The

deposition temperatures and rates for different materials are given in Table 2.1.

Table 2.1. Material sublimation temperatures and rates.

Material Temperature (°C) Rate (nm s™)
BCP 140 -150 0.05-0.1
Ceo 380 - 450 0.01 -0.04
ClAlPc 370 -390 0.1

CuPc 400 — 420 0.1
pentacene | 180 -200 0.01
PTCDA 300 - 320 0.1

SubPc 180 -210 0.2
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2.2.2 Deposition of metal oxides

Metal oxides (WOy, MoOy) were deposited from metal sources (Figure 2.3). WOy
was deposited from a resistively heated tungsten boat (Testbourne Ltd.), while MoOy
was deposited from a boron nitride crucible metal holder-boat (Testbourne Ltd.), due
to turbulent outgassing when heated. Both metal oxides were outgassed just below
the sublimation temperature prior to deposition and deposited at relatively low rates:

MoO, 0.02 — 0.03 nm s*; WO, 0.01 nms™.

2.2.3 Spin-casting

Spin-casting is a convenient method for the deposition of thin films of organic
semiconductors from solution over small areas. It is particularly well established for
the deposition of bulk heterojunction thin films, like poly(3-hexylthiophene) : [6,6]-
phenyl Cg; butyric acid methyl ester (P3HT:PCBM) on a laboratory scale. However,
this method is not amenable to scaling-up where it must be replaced by spray
coating, or screen printing. Spin-casting can be used for any material which forms a
concentrated solution in a suitable solvent and in this work was used to obtain thin
films of the polymer blends P3HT:PCBM, PCDTBT:PC7,BM, PEDOT:PSS and the
metal oxides; TiOx and MoOy from solution. A substrate on which the thin film is to
be formed is placed on a rotating stage, equipped with vacuum suction to hold the
substrate in place. The substrate surface may be completely covered with material
solution before rotation starts, or dropped on once the sample is spinning. The
deposition of a single very small drop whilst the sample is already moving allows
fabricating of very thin films without aggregations and is particularly suitable when
using very volatile solvents. However this method makes uniform coverage of larger

samples more difficult. The choice of solvent, concentration and the spinning speed

70




Chapter 2.

are important parameters in controlling films thickness and crystallinity. For metal
oxides higher spin speeds are used to realise very smooth surfaces. For examples the
Rrms roughness of TiOy films is ~ 0.5 nm when spun at 2000 r.p.m. If a greater
thickness is needed, a more concentrated solution can be used. In the case of
P3HT:PCBM and PCDTBT:PC7,BM BHJ films the drying process controls the
formation of donor and acceptor domains which adds complexity to the optimisation

process.?*

2.2.4 Device structure

As described in Chapter 1 the basic structure of an OPV is an anode, cathode and
photoactive organic semiconductor layer - either a bilayer or BHJ - sandwiched
between them. An electron (or hole) blocking layer and exciton blocking layer may
also be incorporated at the photoactive layer/electrode interfaces. These additional
layers are usually included in the most efficient devices. To show the versatility of
ultra-thin metal films as window electrodes in OPVs they were incorporated into a
range of devices with different architectures. The processing of the materials used is

described in the following sections.

2.2.4.1 Hole transporting / Electron blocking layer

The hole extraction layer PEDOT:PSS (Sigma-Aldrich) was filtered using an 0.4 pm
syringe filter to remove aggregates and spin-cast at 6000 revolutions per minute

(r.p.m.) for 60 seconds followed by annealing at 110 °C for 10 minutes in air.
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The interfacial layer perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride
(PTCDA - Sigma-Aldrich, 97%), typically used at thickness of 1 nm, was thermally
deposited at temperature of 300 — 320 °C.

The transition metal oxides MoOy and WOy (both 99.99% purity from Sigma-
Aldrich) were thermally evaporated to form layers of thickness 5 nm and 7.5 nm
respectively unless otherwise stated. Alternatively 1M solution of MoOy powder in
30% H,0, was refluxed for 2 hours and cooled to room temperature for 24 hours in
air.?® Such mixture could be stored up to a week and was spin-cast at 3000 r.p.m. for

60 s and annealed at 350 °C for 30 minutes.

2.2.4.2 Photoactive layer

Bulk heterojunction (BHJ)

P3HT (Rieke Metals) and PCBM (Solenne) were combined in a 1:1 ratio at a
concentration of 20 mg ml™ each in anhydrous 1,2-dichlorobenzene. The blend was
stired for two days at 40 °C before filtering through a 0.2 pm
polytetrafluoroethylene filter. P3HT:PCBM BHJ films were spin-cast at 600 r.p.m.
for 2 minutes and allowed to dry at room temperature under nitrogen for 40 minutes,
before annealing at 120 °C for 20 minutes to drive off residual solvent and promote
further phase separation.

PCDTBT (Ossila Ltd.) and PC7,BM (Ossila Ltd.) were combined in a 1:3
ratio at a concentration 16 mg ml™ in anhydrous chloroform. The blend was stirred
for 1 hour at 65 °C before filtering using a 0.45 um polytetrafluoroethylene filter.
PCDTBT:PC7BM films were spin-cast at 6000 r.p.m. for 60 seconds and annealed at

80 °C for 30 minutes.
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Solution preparation and spin-casting was processed under N, atmosphere in

the glovebox containing evaporation unit.

Bilayer OPVs
In bilayer OPVs two types of small molecule electron donors were used: SubPc
(Sigma Aldrich, 85%) and pentacene (H. W. Sands, 99.99%) with film thicknesses of
14 nm and 40 nm respectively unless stated otherwise. Pentacene was supplied with
very high purity, having been triply sublimed by the supplier, and SubPc was
purified once by gradient thermal sublimation prior to evaporation. Gradient thermal
sublimation involves heating the material to be purified to its sublimation
temperature at the end of long glass tube with a temperature gradient along its length
under reduced pressure (~10° mbar). The material to be purified is at the hottest end
of the tube. The temperature gradient causes the material and impurities to condense
at different places along the tube provided they have different sublimation
temperatures.

Cso (Nano-C Inc.) is an electron acceptor commonly used for small molecule
OPV with a layer of thickness 40 nm unless stated otherwise. Because Cg has a very
high evaporation temperature (~ 400 °C) there is no need for material purification as

most impurities are removed during material degassing at lower temperatures.

2.2.4.3 Exciton blocking layer

A thermally evaporated 8 nm thick BCP layer was used in the majority of device
architectures as an exciton blocking layer at the interface between the electron

acceptor and the electron-extracting electrode (Al or Ag). It also acts as a protective
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layer against highly energetic metal atoms since the electron extracting electrode is
typically evaporated as a top electrode and can damage the sensitive photoactive
layer.

For devices with an inverted architecture a thin layer of TiOx was used as the
exciton blocking layer. Titanium(IV) isopropoxide (Sigma-Aldrich, 99.99%) was
mixed with n-butanol (Sigma-Aldrich, 99.8%) in ratios ranging from 1:5 to 1:40 in
order to obtain different film thicknesses; from 5 nm to 20 nm. The precursor
solution was spin-cast at 2000 r.p.m. followed by annealing at 450 °C for at least 30

minutes under nitrogen.

2.2.4.4 Opaque electrode

100 nm films of Al (99.99%, K. J. Lesker) was typically used as the opaque top
electrode, evaporated at a rate of 0.1 nm s™. To minimise the possibility of damage to
the photoactive layer (which creates traps) the opaque metal electrode wasn’t
deposited straight onto the photoactive layer but onto BCP or metal oxide (in case of
inverted device structure). Alternatively a Ca (99.99%, Sigma-Aldrich)/Ag bilayer
was used as an opaque electrode, both of which were evaporated at 0.1 nm s™ to

form a 20 nm/50 nm bilayer.

2.2.5 Device layout

The different device layouts used in this thesis are depicted in Figure 2.5: (a) a 6-
pixel layout, each pixel with an active area of 0.06 cm?; (b) a 3-pixel layout with an |
area of 0.16 cm? per pixel; (c) a 2-pixel layout with an active area of 0.35 cm? per

pixel; and (d) a 1-pixel device with an active area of 1.00 cm? per pixel. Device
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layouts with a higher number of pixels are more convenient for preliminary studies
giving a good statistical spread. They are also used for fundamental studies focusing
on comparative studies of devices with different properties rather than absolute
device performance. However devices with very small areas (<<1 cm?) are known to

mask the contribution of electrode resistivity*®

and exhibit higher current densities
due to the edge effects®®. Large area devices (1 cm?) were therefore used for
optimised device structures to demonstrate their practical applicability. Contacts to
external probes were improved with conductive silver paint (RS Components Ltd.) to

minimise the contact resistance with the probe apparatus (i.e. the device holder for J-

V and external quantum efficiency (EQE) analysis).

(a) (b) (c) (d)
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Figure 2.5: Schematic diagrams of; (a) 6-pixel device; (b) 3-pixel device; (c) 2-pixel
device; (d) 1-pixel device. The dimensions are given in mm. The transparent
electrode area is represented with beige. The opaque electrode area is represented
with grey and silver paint contacts with pale grey. The organic material layers are
sandwiched between two electrodes and are not specified with colour as covering
virtually whole device area. The active area is formed between the opaque and
transparent electrodes.

2.2.6 OPV current density-voltage (J-V) analysis

J-V measurements made under 1 Sun simulated solar irradiance and in the dark,
together provide crucial information about OPV performance and the potential for

application. The complexity of factors influencing OPV performance makes it
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difficult to predict the J-V characteristic. Hence, electrodes fabricated as part of this
thesis were all incorporated into OPVs to truly estimate their potential. J-V
measurements of fabricated devices were all made under N,. The testing equipment
was located next to the evaporator chamber so that devices could be tested
immediately after fabrication without exposure to the air. Devices were mounted into
holders designed for testing small (Fig. 2.5 (a) and (b)) and large (Fig. 2.5 ¢ and d)
area OPVs. The voltage sweep (typically -1 V to 1 V) was performed with a Keithley

2400 source meter and the data recorded using a LabView interface.

2.2.6.1 Solar simulator

The performance (efficiency & lifetime) of OPVs depends on the wavelength and
intensity of the radiation to which the device is subjected. While it would be ideal to
test cells under direct sunlight, changing weather conditions, altitude, latitude and
levels of atmospheric pollution cause a significant time dependent variation in the
solar power density. Hence a normalised light source mimicking the solar spectrum
is used to enable direct comparison of OPVs fabricated in different laboratories
throughout the world.

The sun radiates a great deal of energy over a broad range of wavelengths
between 300 nm and 2300 nm. The temperature at its core is estimated to be 10’ K,
although this decreases to 6000 K at its surface (the photosphere). The distribution of
wavelengths radiated from the sun can be described by that of black body at 6000 K.
The emission spectrum of a black body at 6000 K, given by the Planck equation, is a
good match to the empirically measured extra-terrestrial spectrum shape of the sun

between 340 nm — 2300 nm (see Figure 2.6);?*°
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27hc?
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where; E(A,T) is the spectral emissive power, 4 IS the wavelength, h is Planck’s

E(1,T)= (Eqgn. 2.01)

constant, kg is Boltzmann’s constant, ¢ the speed of light and T the blackbody

temperature in degrees Kelvin.

(a) (b)
—~ 2.0 — AMO <
= —— AM1.5 AMO
oS —— black body 6000 K| gl\_ﬂ }I:Z .,
E - .
S 10
s 1.0
Q
c
kS
_'g —
0.0 = \ T \ T T I T
400 800 1200 1600 2000

Wavelenth (nm)

Figure 2.6: (a) Spectral power density of sunlight; AMO (extra-terrestrial); AM1.5
(terrestrial for Japan, Europe, North America), typically used for OPV testing; (b)
AM dependence on angle 6 between actual solar radiation and zenith; AMO
measured outside the atmosphere.

While travelling through the Earth’s atmosphere - which extends to altitudes
of upwards of a thousand kilometres above the surface - the solar radiation is
partially absorbed, reflected and scattered. Collectively these effects cause
attenuation of the spectrum across the whole wavelength range, but also local
spectral minima (see Fig. 2.5 (a)) attributed to vibrational and electronic excitation of
atmospheric gases, most notably Os, H-0, O, and CH4.?*° The degree of attenuation
depends on the distance travelled through the atmosphere and hence the latitude and

time of day. The ‘thickness’ of atmosphere through which the light is attenuated is
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described in terms of the ‘air mass (AM)’. AMI1 is equivalent to the thickness of
atmosphere when the sun is at its zenith and the extra-terrestrial irradiance is
described as AMO (Figure 2.6 (b)), since there is no attenuation by the atmosphere.

When the solar radiation forms an angle 6 to the zenith, the air mass is given by;

AM = cos(8)™ (Egn. 2.02)

AML.5 corresponding to & of 48.2°, which results in a total incident light
intensity of 100 mW cm™ at the surface of the Earth and the spectrum is used as a
standard for OPV testing.

J-V curves were measured in the dark and under 1 sun simulated solar
illumination: 100 mW cm? AM1.5. LOT Oriel GmbH & Co. KG solar simulator
was used with Xenon short arc lamp and AM 1.5 filters. A PV Measurements Inc.
silicon photodiode was used to calibrate the beam intensity of 100 mWcm™. The
intensity was checked before each measurement to avoid uncertainties due to light

intensity fluctuations.

2.2.6.2 External Quantum Efficiency (EQE)

Whilst for practical purposes the performance of a PV is described by Jg, Voc, FF, 7,
measurements of the quantum efficiency (QE) are required to understand the
underlying factors contributing to the photocurrent and hence model and improve
OPV properties. The external QE is defined as the ratio of number of electrons
generated in the external circuit to the incident photon flux at a specific wavelength

impinging on the cell surface;?

78




Chapter 2.

_ jsc(’i) (Eqn. 2.03)

where; N(7) is the incident photon flux density at given wavelength and q is the
electronic charge. Js: can be calculated from the EQE(Z) and N(A) by integrating over

the whole wavelength spectrum;*
42

J. =] EEQE(&)S(l)dl (Eqn. 2.04)
o

where; S(2) is the spectral irradiance of the incident light, A, and 1; determine the
wavelength range, usually not exceeding 300 nm to 900 nm.

EQE is correlated to the absorption spectrum of the photoactive material and
allows determination of the contribution of photocurrent generated in different
materials in an OPV. It is also particularly useful in investigating optical phenomena
such as plasmonic effects, which give rise to a strongly wavelength dependent
enhancement in photocurrent and so can be easily distinguished from changes in the
charge carrier extraction efficiency or microcavity effects using EQE measurements.

EQE measurements were performed using Sciencetech solar simulator
equipped with a white light xenon arc lamp and computer controlled AM1.5
monochromatic filters. The monochromatic light intensity was calibrated with a Si
photodiode (818UV, Newport) each time the equipment was used. The current
generated in the device was measurement as a function of wavelength with a current-
voltage amplifier (Femto DHPCA-100) and lock-in amplifier (Stanford Research

SR830 DSP).
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2.3 Thin film analysis

OPVs comprise a series of thin films ranging from few nm to few hundred nm in
thickness. In this thesis the emphasis is on the development of the thin metal film
electrodes and so the remaining device components were usually used as previously
described in the literature. There are six features of the transparent electrode which
need to be carefully chosen and optimised for OPV applications: (i) morphology; (ii)
electrical conductivity; (iii) transparency; (iv) ¢; (v) surface chemical composition;
(vi) and surface structure. In this thesis tapping mode AFM was used to investigate
thin film morphology and conductive mode AFM to determine the electrical
homogeneity of the sample and to measure conductivity in the light and the dark. The
resistance of the samples was determined using four point probe for the
determination of sheet resistance. Far-field transparency measurements were
performed using ultraviolet-visible light (UV-Vis) spectroscopy. Film crystallinity,
an important factor affecting morphology, conductivity and transparency of the
samples was measured using X-ray diffraction (XRD). ¢ was measured using the
Kelvin probe technique. The density and composition of molecular monolayer was

determined using high resolution X-ray photoelectron spectroscopy (HRXPS).

2.3.1 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscope, invented in 1986 by Binning and

Quate to investigate surfaces at the atomic scale.?**

AFM is very versatile because
measurements can be performed in the air and in liquids, and on both conductive and
insulating samples; both hard (e.g. metals) and soft (organic semiconductors and

biological samples). A variety of derivative methods have also been developed
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including for the measurement of sample conductivity and surface potential. These
advantages, along with the simplicity and relatively short time of the actual
measurement make AFM a convenient tool for measuring the morphology of thin
metal films.

A schematic illustration of AFM is depicted in Figure 2.7 (a). The instrument
core comprises a cantilever probe with a sharp tip. The probe is mounted on a head,
which can be lowered mechanically to preliminary approach the sample surface. The
head is equipped with a piezoelectric crystal to control surface — tip separation with
sub-nm precision. The head is placed above the sample on a base equipped with

piezoelectric x-y scanning stage.

I controller I s - - ‘T - =
Figure 2.7: (a) Schematic of the AFM, (b) a photograph of AFM head placed above
the base.

When the tip approaches the surface it firstly experiences long range attractive
forces, such as van der Waals, capillary and electrostatic forces (Figure 2.8). When
very near to the surface the net interaction becomes repulsive due to the dominance

of repulsive electrostatic interaction between electron clouds. Tip-surface
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interactions induce bending of the flexible cantilever which is detected in a following
way: A laser beam is incident on the cantilever’s top surface - which often has a thin
layer of reflective materials such as Au or Al - and reflected onto a sensitive photo-
detector. The photo-detector is connected with the controller and monitors cantilever
deformation. A piezoelectric crystal adjusts the probe height above the investigated
surface to change cantilever deflection. This feedback loop allows either constant
cantilever deflection, or constant oscillation amplitude to be maintained during a
scan, while the information of z-piezo voltage as a function of x-y position is

recorded.??

(a) (b)
Contact d i

Non-contact mode

b, I

Force
o

Distance

Figure 2.8: Force — distance curve for AFM tip approaching sample surface. The
force regimes for tapping and contact modes are highlighted. Inset: Scanning
electron microscogy images of (a) ‘v’ shaped cantilever and (b) pyramidal tip

adapted from ref 2>,

There are two commonly used AFM working modes: (i) contact mode; (ii)
tapping mode. In this thesis contact mode was used for simultaneous surface
morphology and conductivity measurements, whilst tapping mode was used to
measure surface morphology only. In contact mode the tip comes into continuous
contact with the sample and remains in the regime of repulsive forces at all times.

This method can be performed in variable or constant force mode. In variable force
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mode the z-voltage applied to the piezo-electric remains constant and the variation in
cantilever deflection is monitored to track sample morphology. This method can only
be used for very smooth surfaces. In the constant force mode - which was used in this
study - the cantilever deflection is maintained with the feedback loop during the
scan. The changes in z-piezo voltage are monitored as a function of x-y position and
used to create a 3D image of surface morphology. For contact mode measurements
stiff ‘v’ shape AFM tips are used (see Figure 2.8 (a)) which avoids image distortion
due to tip deformation (i.e. twisting). The tip acts as an electrode to which voltage is
applied and the conductive sample is electrically grounded. The applied voltage is
constant (usually in -8 V to 8 V range) and changes in current are recorded.”®® For
surface current measurements an Au-coated (with Cr adhesion layer) contact mode
AFM probes (TR 400 PB, Budget Sensors, spring constant 0.09 Nm™, tip radius < 30
nm) were used.

The relatively large repulsive forces used in contact mode cause the risk of
sample and/or tip damage. That is why for simple morphology measurement a
tapping mode is commonly used. In this mode the cantilever remains in the attractive
force regime and oscillates at a value close to its resonant frequency (typically within
~ 5%). As the probe approaches the surface it repeatedly engages and disengages
with the surface, which restricts the amplitude of oscillation. The constant amplitude
of oscillation is maintained with the z-piezo feedback loop, which allows creating the
3D morphology map in a similar manner as in case of contact mode.

The surface topography and conductivity was studied using Asylum Research
MFP-3D. For tapping mode Si tips were used (AC240TS, Olympus, spring constant:
1 — 3.8 Ns™, resonance frequency ~70 kHz, tip radius < 10 nm). MFP-3D software

was used to analyse images. Typically 5 x 5 um or 2 x 2 um sample areas were
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scanned. For quantitative comparison of sample roughness Ryns was used, which is
defined as the a root mean square of the deviations of the surface profile from mean

height;

R = \/ii(zi i (Eqn. 2.05)
N 5
where; N — number of points, Z; —height of point i, Z,,y — average height of the
surface. For roughness measurements typically three 5 x 5 um scans per sample were
performed.

The resolution of an AFM image is limited by the shape of the tip and does
not allow for accurate measurements of the width of features with dimensions less
than the radius of curvature of the tip (while the height can be measured with sub-nm

resolution).

2.3.2 Scanning electron microscopy (SEM)

SEM was used for surface imaging. It provides higher resolution than AFM and
enables the imaging of larger areas of sample at a time. However SEM imaging
requires the sample to be conductive and doesn’t provide 3-dimensional information
about the surface. In SEM an electron beam is accelerated in a high vacuum column
and focused so a very small beam spot of few nm in diameter and energy of few keV
reaches the sample. The electrons interact with the sample, which results in
generation of back scattered electrons, secondary electrons and electromagnetic
radiation. Usually SEM is equipped with different detectors which allow collecting

complementary information about the sample. Back-scattered electrons provide high
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contrast between chemically and crystallographically different areas and have been
used in this study.
SEM imaging was performed using a ZEISS-SUPRA 55VP operating with an

accelerating voltage of 20 kV.

2.3.3 Sheet resistance measurement

Sheet resistance (Rsneet) 1S @ commonly used to describe the resistivity of electrodes.
In PV devices electrode sheet resistance is a major contributor to Rs, and so affects

FF and 5 (see section 1.4.5). The Rqpeet IS defined as:

(Eqn. 2.06)

sheet —

o x

where; p is the material resistivity and d is film thickness. Sheet resistance
measurements were performed using van der Pauw technique, which can be applied
to samples with arbitrary shape, provided the layers are homogeneous, isotropic and
have uniform thickness. To perform the measurement the sample is contacted at four
points (points 1-4 on Figure 2.9) with four probes that form ohmic contacts with the
sample. The probes must be situated at the periphery of the sample and must have a
contact area much less than the sample area to minimise measurement errors. A
schematic of the measurement setup is shown in Figure 2.9. A constant current is
applied between two neighbouring probes, and the potential difference is measured
between the remaining two probes. Van der Pauw defined two characteristic

resistances:>>*

85




Chapter 2.

R12.43 — the potential difference between points 3 and 4 divided by the current

flowing between 2 and 1,

R1432 — the potential difference between points 2 and 3 divided by the current

flowing between 4 and 1.

Ri2.43 and Ry 3, are related with Rg;**

. R

S

R R
exp(—ﬂ%j+exp[—ﬁﬂ] =1 (Eqn. 2.07)

In case of square samples R1243 = Ri432 = R S0;

R, =— (Eqn. 2.08)
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Figure 2.9: Schematic of van der Pauw method measurement.

Sheet resistance measurements were performed on 26 x 26 mm samples, with
the contact made in the corners with conductive silver paint. 1 mA was applied using

Keithley 2400 and voltage was measured using a multi-meter.
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2.3.4 Electronic absorption (ultraviolet-visible light) spectroscopy

The efficiency of OPVs depends on both the incident light intensity and the
efficiency with which incident light is absorbed. It is therefore important that the
electrode through which light enters the device is as transparent as possible. The
variety of photoactive materials used in this study with different architectures of
conjugated bonds absorb light across different parts of the 300 — 750 nm region and
so the transparency of the electrodes over this range of wavelengths had to be
scrutinised each time a new electrode was developed. The far-field transparency
depends on three factors; reflectivity, scattering and absorption.

Reflectivity is quantified as;

C(ﬁ’): | (ﬂ,) (Eqn. 2.09)

where; ¢(4) is reflectivity, lo(4) is the incident light intensity and 1.(Z) is the intensity
of light reflected from the sample. Reflectivity is a particularly strong feature of
metal films. For example thick Ag films exhibit over 90% reflectivity at A > 400 nm,
and thick Au over 90% > 700 nm.?>®

The reflectivity of metal films can be significantly reduced by deviating from
a flat film surface.®® However, light scattering is also increased and since the paths
of scattered light deviate from the surface normal scattered light cannot be recorded
using a conventional far-field UV-Vis spectrometer. Furthermore, if the scattering
features are randomly shaped and distributed light scattering is difficult to predict

quantitatively due to the complexity of the system.
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In thin metal films light absorption results from the high free electron density.
The absorption process is described by Beer-Lambert law, which for solid films takes

the following form:

T'(2)= 1,(2) —10-*(L (Eqgn. 2.10)

where; T°(4) is transmission dependent on wavelength A, lor(4) is the incident light
intensity reduced by the amount of reflected light, 1;(4) is the intensity of light
leaving the sample, a(A) is absorption coefficient, L is penetration depth. Sample

absorption can be described as A(4):
A(1)=a(A)L (Eqn. 2.11)

The far-field transparency, T, measured by the UV-Vis spectrometer is rather
complicated superposition of reflection, scattering and absorption and so can only be
used to determine how much light passes through the electrode without significantly
changing direction. It is defined as the ratio between the light intensity reaching the
detector after passing through the sample Is(4) and the intensity of light reaching the

detector after passing through the reference lres(4):

T()= () (Eqn. 2.12)

| (2)

The measurements were performed using Perkin-Elmer Lambda 25

spectrometer over the 300 nm — 900 nm range. A schematic of the instrument is
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given in Figure 2.10. The spectrometer is equipped with deuterium lamp (160 nm —
375 nm) and a tungsten-halogen lamp (350 — 2500 nm). The light is directed onto a
monochromator which selects wavelengths with a 1 nm bandwidth. Metal film
transmission was measured with the incident light shining on the substrate side, as
occurs in an OPV. The transparent supporting substrate was used as the reference.
After passing through the sample the light beam is detected and recorded as a
function of A. In the following chapters when a single percentage is given for
transparency this corresponds to the mean far-field transparency, referenced to the
transparent supporting substrate, over the range 400 nm — 750 nm, unless stated

otherwise.

computer computer
detector
/ /

reference / / sample

‘ monochromator‘
® light source ®

Figure 2.10: A schematic of UV-Vis spectrometer.

2.3.5 X-ray photoelectron spectroscopy (XPS)

XPS is a surface-sensitive technique, in which soft X-rays are used to study the
elemental composition and chemical bonding in a sample. It is based on the
photoelectric effect described by Einstein in 1905. A photon with an energy of 200-
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2000 eV ejects core-level electrons from the sample atoms as depicted in Figure
2.11. The atom is left in the excited state and relaxes to the ground state by dropping
an electron from a higher energy level into the vacant state followed by emission of
an Auger electron or X-ray photon.?*”?® Koopman’s theorem defines the binding
energy, Eg, of the emitted photoelectron as the difference between the initial energy
state and the final energy state following emission. However the final state energy is
lowered due to reduced electron screening and so the measured Eg is higher than the

orbital energy.

(a) (b) ()

N

[ \
I . v
X-ray photon Auger electron X-ray photon

Figure 2.11: A schematic diagram illustrating the processes when an X-ray interacts
with an atom: (a) An electron is ejected from a the core atomic orbital.; (b)
Relaxation of an electron from a higher lying (or valence) atomic orbital into the
vacancy.; (c) Emission of an Auger electron or an X-ray photon.

A monochromatic X-ray source generated by an Al source is incident on the
sample and the beam of ejected electrons is collected by the electron analyser, which
comprises a collection lens, energy analyser and detector. A schematic energy level

diagram of the sample and the detector is shown in Figure 2.12.
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Figure 2.12: The energy level diagram of a conductive sample and a detector.

The absolute kinetic energy (E) of the ejected photoelectron is equal to the energy of

the X-ray beam reduced by Eg and the ¢ of the solid;

E,=hv-E,—¢ (Egn. 2.13)

where; the photon energy is Av; v is the radiation frequency. However, the Ey is
measured relative to the vacuum level at the surface of the detector, since the
detector has a different work function (¢4) to the sample. The sample is in electrical

equilibrium with the detector and the measured Ex of the sample is given by:

E, =hv—E, —¢+(p—¢,)=hv—E, —¢, (Eqn. 2.14)

Since the Fermi level of the detector is aligned with that of the sample the binding
energy is measured with respect to the Fermi level.
In practice plots of binding energy rather than Ex are most commonly used, so

the zero on the binding energy scale corresponds to the energy of electrons at the
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Fermi level in the sample. If the sample is insulating a mono-energetic source of low
energy electrons is used to prevent the build-up of positive charge.

The Eg spectrum correlates with the electron configuration in the atoms of the
sample. Small shifts in the binding energy result from differences in the electron
density distribution around an atom. These changes in peak position in an XPS
spectrum provide information about the bonding environment of the atom and are
referred to as a chemical shifts.

High resolution XPS (HRXPS) measurements were made using a Kratos Axis
Ultra. Survey spectra over the binding energy range 1400 to — 10 eV were recorded
at an emission angle of 0° to the surface normal using an Al monochromatic X-ray
source operated at 15 kV and 5 mA emission. Each analysis area was approximately
700 x 300 um. The analysis conditions were 160 eV pass energy, 1eV steps, 0.2 sec
dwell per step and 1 scan. CasaXPS was used to measure the peak areas with the
U.K. National Physical Laboratory intensity calibration and commonly employed
sensitivity factors to determine the concentrations of the detectable elements present.
Narrowscan spectra of C 1s, N 1s, S 2p and S 2s were taken using 20 eV pass energy,
0.1eV steps, 0.5 sec dwell per step and 1, 1, 2 and 10 scans respectively. The S 2s
peak was used for quantification as the S 2p peak was too close to the Si 2s. The
peak energies were corrected by referencing to the C 1s hydrocarbon peak at 285 eV
and the spectra intensities corrected using a recent calibration using NPL’s XPS
Intensity Calibration Software. Two, three or four components were used in the fits

after a performing a linear background correction in CasaXPS.
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2.3.6 Contact potential measurement: The Kelvin probe technique

The Kelvin probe is a non-contact, non-destructive technique with high surface
sensitivity used to measure ¢ and changes in surface potential. It is highly surface-
sensitive since surface potential is determined by the top atomic /molecule layers.”*®
The technique is based on the measurement of potential difference between the

sample and a probe of known ¢ brought into a close proximity. A schematic diagram

of the Kelvin probe set-up is depicted in Figure 2.13 (d).

(b)
VLs

Erp

Figure 2.13: Energy level diagram of two metals in a close proximity disconnected
(a); connected (b); in a Kelvin probe arrangement (c); schematic diagram of Kelvin
probe (d); a photograph of a Kelvin probe above a grounded thin Au film sample (e).

The instrument comprises a metal probe of surface area a orientated parallel to the
sample surface and electrically connected to the sample. When the probe and the
sample are electrically connected charge flows from the one with lower ¢to that with
higher ¢, until the ¢ difference between probe and sample is compensated and the
Fermi levels are aligned. When the probe is brought into close proximity with the

sample (0.2 - 2 mm) a parallel plate capacitor is formed of capacitance C:
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c-_Q _&a (Eqn. 2.15)

Verp = Qd (Eqn. 2.16)

where; ¢ is a relative permittivity of the material between electrodes (eair ~ 1), & IS
the electric permittivity of the vacuum, d is the distance between the sample and the
probe, Q is the charge and Vcpp is the contact potential difference (CPD). The CPD
Is equal in magnitude to the difference in work function between the sample and the
probe. A counter potential is then applied, which is equal to —Vcpp When the charge
on the probe and sample is nulled. Since it is not possible to measure the electrostatic
potential directly, the probe must be oscillated with respect to sample to change the
capacitance and so induce an oscillating current in the wire connecting the probe and
sample. An oscillating Kelvin probe was first demonstrated in 1932.%%° In this setup,
which is now commonly used, a probe oscillates above the surface of the sample at a

distance d and at a frequency o such that;

d =d, +dsin(at) (Egn. 2.17)

Q &,a
C= = Eqn. 2.18
Vepp  dg +d, sin(t) (Ed )

The contact potential Vcpp is fixed, so if d is changed then Q must change. Since:

dQ d 1 o o cos(at)

1=y el Ty
dt gt d, + d,sinet) S (d, +d, sin(at))

> (Egn. 2.19)
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| (d, +d, sin(wt))’
goea  d,wcos(ot)

(Eqgn. 2.20)

VCPD =

The alternating current flowing between the sample and probe is directly
proportional to Vcpp. A backing potential equal to -Vcpp must be applied to null this
current.”®

The probe is typically made of chemically stable conductive material such as
steel or gold which, under controlled conditions, should have a stable ¢ and hence
provide a reliable reading of contact potential difference. However to make
measurements of ¢ calibration of the probe is necessary against a sample of known ¢.
This is achieved by measuring the contact potential difference between freshly
cleaved, highly oriented pyrolytic graphite (HOPG) and the probe. This material is
very inert and has a ¢ of 4.475 eV, as measured using photoelectron spectroscopy.”®*
The contact potential difference between the probe and freshly cleaved HOPG is then
used as a correction factor when measuring the ¢ of other samples.

In this thesis Kelvin probe measurements were performed in a N filled glove
box. The Kelvin probe is mounted next to the evaporation chamber, which allows

measurement of the ¢ of freshly evaporated samples minimising the impact of

ambient conditions on the sample surface.

2.3.7 X-ray diffraction (XRD)

Crystals comprise repetitive units, or building blocks, of atoms, ions or molecules.
The shape and size of the three-dimensional repeating unit can be described by six
lattice constants; three vectors: a, b and ¢ and three inter-axial angles; a, g and y

defining the crystallographic axis. Taking into account the number and distribution
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of atoms/ions in the unit cell all symmetry elements in crystals can be described by
230 space groups.

Miller indices (hkl) are used to describe crystal planes. They are defined as
reciprocals of the fractional intercepts that the crystal plane makes with
crystallographic axes (Figure 2.14); That is the plane defined by the Miller indices
(hKkl) intersects the crystal axes at distances of 1/h, 1/k and 1/l respectively. The
distance between two parallel planes with the same (hkl) index is defined as lattice

plane spacing dh.

(100) (111) (211)

Figure 2.14: Example of some (hkl) indices in cubic system.

Crystal structure can be probed using the technique of X-ray diffraction
(XRD). An X-ray beam is an electromagnetic wave which are absorbed and scattered
by the electrons that surround atom nuclei. X-rays have wavelengths in the range 10
nm to 10 nm which is comparable to the inter-planar distances in most crystals and
so can be diffracted by the crystal lattice. The intensity of the diffracted X-ray beam
depends on the arrangement of atoms/molecules in the unit cell and the angle of
incidence.?® Each crystal plane is only partially transparent to the incident X-rays,

with part of the incident beam being reflected as depicted in Figure 2.15.
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Figure 2.15: A schematic diagram of X-ray diffraction by a crystal.

If the X-rays reflected from two parallel planes at an angle 4 to the normal they will
constructively interfere when the path difference is a multiple of the incident

wavelength, as described by Bragg condition:

2dsin@ =nA (Eqn. 2.21)

where; n is an integer, A is the wavelength.

XRD spectra are collected using an X-ray diffractometer, which is

schematically illustrated in Figure 2.16.

sample X-ray source

20

detector

Figure 2.16: A schematic diagram of X-ray diffractometer.
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The sample, in a flat-plate form, is placed in the focusing circle. The X-ray
source and detector are situated on the circle perimeter. The X-ray source position is
fixed and the sample is rotated through an angle w. The detector is moved along the
circle perimeter on the 26-axis. For highly crystalline and/or thicker samples the 6-26
mode is commonly used; in this mode as the sample rotate (with increasing angle
=0) the detector rotate at double angular velocity.?® However in some cases, such as
thin polycrystalline films this method is insufficient to obtain detectable signal
strength. Thus, a grazing angle diffraction is applied; it combines Bragg condition
with X-ray total external reflection reducing the penetration depth from 1-10 um to
1-10 nm.?%

XRD measurements were made using a Siemens D5000 X-ray diffractometer
operated in grazing angle or 6-20 Bragg configuration using Cu (Ka) radiation with a
wavelength of 1.542 A. The voltage was set to 45 kV with a flux of 40 mA. Data was
collected in the 8 range 30° to 120°, with sampling interval of 0.05° and a time per

step of 4 seconds.

2.3.8 Contact angle measurement

Contact angle measurements quantify the adhesive forces between the solid and the
liquid by probing the ability of a liquid to spread on a surface. This method often
employs water as the probe liquid to estimate the surface hydrophilicity. It is also a
useful tool to investigate the wettability of heterogeneous surfaces, e. g. partially
covered with monolayers, or to calculate surface energy if several liquids are used.?*

If a drop of a liquid is placed on a solid surface the interaction between three
phases; the liquid, the solid and the vapour is described by three interfacial energies;
solid-vapour (ys), solid-liquid (ys) and liquid-vapour (y) (Figure 2.17). If the energy
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gained in replacing the solid-vapour interface by a liquid-solid interface exceeds the

energy used to form the liquid-vapour interface;

Voo =7Vst = Vi (Eqn 2.22)

complete wetting takes place.”®

Otherwise a drop is formed on the solid surface and
its shape is defined by the condition of thermodynamic equilibrium set between all
three phases. If the contact angle @ is defined by vectors yy and y,, as described in

Figure 2.17, the conditions for equilibrium is described by Young equation;

ysv = 75I +7/Iv COS(@) (Eqn 223)

Yv

\ Ysv

YsL

Figure 2.17: A schematic depiction of a drop of liquid on a solid surface with the
three interfacial energy vectors shown.

The contact angle is very sensitive to the surface roughness and can be used

26% and chemically?®® heterogeneous

to investigate composition of microscopically
surfaces.
Contact angle measurements were performed using a Kriiss Drop Shape

Analyser 100, using the sessile drop method. The HPLC grade water droplets of 0.2

pl volume were deposited on substrates supported on glass with Ryns ~ 400 pm.
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Chapter 3.

Ultra-thin Transparent Au Electrodes

The work presented in this chapter has been published in:

H. M. Stec, R. Williams, T. S. Jones, R. A. Hatton, Ultra-thin Transparent Au
Electrodes for Organic Photovoltaics fabricated using a Mixed Mono-Molecular
Nucleation Layer, Advanced Functional Materials, 2011, 21 (9), 1709-1716.

Summary

In this chapter a rapid, solvent free method for the fabrication of highly transparent
ultra-thin (~ 8 nm) Au films on glass is described. This is achieved by derivatising
the glass surface with a mixed nanolayer of 3-mercaptopropyl(trimethoxysilane)
(MPTMS) and 3-aminopropyl(trimethoxysilane) (APTMS) via co-deposition from
the vapour phase prior to Au deposition by thermal evaporation. The mixed
nanolayer modifies the growth kinetics producing highly conductive films (Rgheer ~11
Q sq*) with a remarkably low root-mean-square roughness (Ryms ~ 0.4 nm) that are
exceptionally robust towards ultra-sonic agitation in a range of common solvents. By
integrating microsphere lithography into the fabrication process a means of tuning
the transparency by incorporating a random array of circular apertures into the film is
shown. The application of these nanostructured Au electrodes is demonstrated in
efficient organic photovoltaic devices where it offers a compelling alternative to

indium-tin oxide coated glass.
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Figure 3.1: A schematic illustration of an ultra-thin Au electrode supported on an
APTMS and MPTMS mixed nanolayer derivatised glass substrate with micron-size
apertures.

3.1 Introduction

The oldest category of window electrodes is unpatterned thin metal films, which
offer the advantages of simplicity, chemical homogeneity and established
manufacturing infrastructure for large area roll-to-roll evaporation in the packaging
industry.*?®'?” The primary drawback of this class of window electrodes is the
reduced transparency across the visible and near infra-red spectrum as compared to

optimised conducting oxide electrodes.?®’

However, optical modelling by O’Connor
et al. has shown that OPVs fabricated on unpatterned thin metal films on glass have
the potential to perform as well as those on conducting oxide coated glass due to
micro-cavity effects which help to trap light in the device. *?® Transparent electrodes
based on thin metal films have also been successfully employed as the window
electrode in organic light-emitting diodes (OLEDs), with Au emerging as a
particularly promising metal for this application, 3% 268269

The properties of thin (~10 nm) evaporated noble metal films depends on the

deposition rate and the substrate material.’®* In particular noble metal films

evaporated on glass are very fragile. This is due to poor film quality which results
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from the intrinsically low energy of adhesion with the substrate.**® These films are
also prohibitively resistive, because the metal atoms aggregate at nucleation sites on
the substrate surface forming islands, which only start to coalesce at a film thickness
of ~10 nm. To realise robust and conductive films of low thickness on glass an
interfacial layer is required, which enhances metal nucleation by interacting strongly
with both the substrate and the incoming metal atoms, thereby suppressing surface
diffusion and promoting the growth of continuous metal films at low thickness. One
established class of adhesive layer for this purpose is the deposition of an ultra-thin
(1-10 nm) film of a transition metal such as Ge,** Cr or Ta™®!. However, in the
context of optically thin metal films this thickness is sufficient to contribute to the
film absorption. An alternative approach is to functionalise the substrate surface with
a single molecular adhesive layer that is transparent across the visible and near infra-
red spectrum.’®® Thiol functionalised silanes have previously been investigated for
this purpose, since thiols have a strong affinity for Au and Ag, whilst organosilanes

134135 t5 form

couple with native hydroxyl groups on a variety of substrate materials
strong siloxane bonds. Hatton et al.*** has previously reported the viability of this
approach for Au films on glass using a thiol functionalised molecular adhesive layer
and demonstrated application in OLEDs. However, that method is not amenable to
scale-up because of the requirement to use large quantities of solvent and the
tendency for methoxysilanes to polymerise when deposited from solution. 3% A
few reports have also investigated the possibility of utilising amine functionalised
silanes to promote the growth of Au films on silicon and glass, although not for the
purposes of fabricating highly transparent films and all using solvent assisted

deposition methods.*¥"**¥%° There were also no reports, to the author’s knowledge,

of the use of a mixed amine and thiol terminated organosilanes molecular adhesive
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layer for this purpose prior to this work. Interestingly, alkyl amines are not an
obvious candidate as molecular adhesives for Au films since the Au-N bond is much
weaker than the Au-S interaction.?”® The amine silane nanolayer deposition process

271

is however self-catalytic*’~ and hence can be utilised to accelerate the process of

adhesive layer formation.

3.2 Experimental

3.2.1 Preparation of ultra-thin Au films on glass

Glass substrates were cleaned according to the procedure described in Chapter 2,
UV/O; treated for 15 minutes and immediately transferred to a dessicator where they
were exposed to the vapour of APTMS, MPTMS or APTMS:MPTMS at a
background pressure of < 50 mbar for different periods of time (1 to 70 hours). The
optimised treatment times for different types of monolayers are as following:
APTMS - 1 hour, MPTMS — 20 hours, APTMS:MPTMS — 4 hours. Derivatised
substrates were then immediately transferred to the evaporator, where Au was

deposited at the rate of 0.1 nm s,

3.2.2 Preparation of ultra-thin Au films on glass with micron-sized
apertures.

For the preparation of electrodes with micron-sized apertures the above method was
modified as  follows: Cleaned slides were dipped in  1:80
poly(diallyldimethylammoniumchloride) : H,O solution, rinsed with water and blow

dried with nitrogen. The glass surface was then covered with 2.5 wt.% aqueous
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solution of 2 um diameter polystyrene beads and spin-cast at 6000 r.p.m. to form a
sub-nanolayer of the beads masking ~ 20% of the glass surface. The substrates were
then treated with oxygen plasma for 200 seconds and immediately transferred to a
dessicator for MPTMS:APTMS vapour treatment. After Au evaporation the
polystyrene beads were easily removed using scotch tape. Residual silane was
removed using a 0.2 M solution of tetrabutylammonium fluoride in tetrahydrofuran.

Finally, the substrates were rinsed with water and dried with nitrogen.

3.2.3 Substrate characterisation

HRXPS and static water contact angle measurements were employed to characterise
the nanolayer density and composition. HRXPS measurements were performed and
analysed as described in Chapter 2.

All HRXPS intensities have been corrected by the sensitivity factors. The
thickness of the silane nanolayer was estimated from the attenuation of the Si 2s
intensity. Using the attenuation length, L, for an “average polymer”; L = 3.57 nm, the

thickness t of the nanolayer on clean glass is given by Equation 3.01:

I

t=—LIn| —2— (Egn. 3.01)
Si2sRe f

where; Isiasref IS the intensity of the Si 2s peak from a clean glass substrate and Is;jps is

the intensity of the Si 2s peak from the sample. Since both molecular adhesives

incorporate a Si anchor group this method underestimates the nanolayer thickness.

On the other hand this calculation overestimates the thickness of a carbon-based
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overlayer on a substrate surface if there is any carbon-based surface contamination. It
is therefore primarily used as a relative measure of nanolayer density.

The main source of surface contamination comes from airborne
hydrocarbons, which are commonly present in the atmosphere and deposit on
surfaces even after very brief exposure to the laboratory environment. Sulphur
contamination comes from the manufacturing processing of glass substrates, as
confirmed by the supplier, and low levels of sulphur containing gases in the
atmosphere, such as H,S, OCS, SO,, and CS,.*’

To determine the contribution of APTMS, MPTMS and hydrocarbon to the
overlayer thickness the following method was used: The intensities measured on
nanolayer modified glass were corrected for background levels of carbon, sulphur

and nitrogen:

I, =1 I (Eqn. 3.02)

X Xsample xglass

where; x = N 1s, S 2s, C 1s. The APTMS:MPTMS ratio in case of sample with

mixed nanolayer was estimated using these corrected intensities:

APTMS : MPTMS = Lt (Eqn. 3.03)

S2s

It was assumed that the C:N ratio in APTMS is 3:1 and C:S ratio in MPTMS
3:1. To calculate the intensity contribution to the thickness from hydrocarbon
contamination three times the intensities of S 2s and N 1s were subtracted from the

intensity of C 1s:

105




Chapter 3.

| —3l,,, =3, (Eqn. 3.04)

hydrocarba = I Cils

The fractional contribution of hydrocarbon, APTMS and MPTMS to C 1s

peak intensity is given by Equation 3.05:

f =— (Egn. 3.05)

where; X is 3ly 15 in case of APTMS, 3ls 55 in case of MPTMS and lnydrocarbon iN Case
of hydrocarbon. The thickness contribution from APTMS, MPTMS and hydrocarbon
was then calculated by multiplying f by the total thickness estimated using Equation
3.01. Crucially, since the measured thickness is an ‘average’ the values given in the
results section are indicators of nanolayer density rather than actual thickness.

Static water contact angle measurements were also made, as described in

Chapter 2, to estimate sample surface hydrophobicity.

3.2.4 Metal films characterisation

Metal films were characterised using the techniques described in Chapter 2. The
conductance measurements were performed using contact mode AFM with a tip bias

of +3V.
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3.2.5 OPV fabrication and testing

Optimised Au and reference ITO electrodes were incorporated into the bulk
heterojunction (BHJ) OPV of structure: electrode / 7.5 nm WO, / 1:1 P3HT:PCBM
spincasted from 40 mg ml™ overall solution in dichlorobenzene / 8 nm BCP / 100 nm
Al. Al was deposited through a shadow mask to give individual devices with an area

of 0.35 cm?.

3.3 Results and Discussion

3.3.1 Ultra-thin film fabrication and characterisation

The primary aim of this work was to develop ultra-thin Au film electrodes suitable as
the transparent electrode in OPVs. For this application the transparency across the
visible and near-infrared spectrum must be maximised whilst minimising the sheet
resistance and surface roughness. In order to optimise the silanisation procedure
UV/O; treated glass substrates were exposed to the vapour of MPTMS and/or
APTMS (See Figure 3.2) at reduced pressure (<50 mbar) for different time periods

immediately prior to evaporation of Au to form films of the same effective thickness.

(@) NH, (b) SH
H,CO OCH, HyCO | OCH,
OCH, OCH,

Figure 3.2: The chemical structures of APTMS (a) and MPTMS (b).
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The sheet resistance is a key indicator of the continuity of thin metal films*?

and so it was used as an indirect method for determining the optimal silane treatment
time. Figure 3.3 shows how the sheet resistance of sub-10 nm films of Au of constant
effective thickness depends on the vapour treatment time for the two different
molecular adhesives shown in Figure 3.2. It is clear from Figure 3.3 that the
effectiveness of APTMS and MPTMS at nucleating the growth of continuous Au

films is strongly dependent on the time taken to derivatise the glass substrate.

-1

Sheet resistance (2sq )

0 APTMS 8.4 nm Au
® MPTMS 7.4 nm Au
A APTMS:MPTMS 8.4 nm Au

Fa s

= N W oA OO =
O o © 6 © © 6 o
I I I I N

10 20 30 40 50 60 70
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Figure 3.3: Sheet resistance of Au films supported on APTMS, MPTMS and
APTMS:MPTMS derivatised glass as a function of vapour treatment time. The
thickness of Au on the APTMS and the mixed nanolayer is 8.4 nm. The thickness of
Au on the MPTMS nanolayer treated glass is 7.4 nm.

3.3.1.1 MPTMS

The sheet resistance of Au films with an effective thickness of 7.4 nm on MPTMS
derivatised glass rapidly decreases with increasing MPTMS deposition time before
saturating at ~ 18 Q sq’ after times greater than 15 hours. This behaviour is
consistent with increasing MPTMS coverage of the glass substrate with time,

corresponding to an increase in the density of Au nucleation sites responsible for
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promoting uniform film growth at low thickness.*** *3' In the absence of a molecular

adhesive layer the sheet resistance was > 300 Q sq ™.

The XPS survey scans of clean glass and MPTMS derivatised glass are
shown in Figure 3.4 (a) and (b) respectively. The peak intensities determined from
high resolution XPS measurements are given in Table 3.1. Table 3.2 shows the
intensity of Si 2s for different samples, the overlayer thickness calculated on the
basis of Si peak attenuation and the absolute thickness attributed to APTMS and
MPTMS. The effective thickness of the MPTMS nanolayer after 20 hours exposure
to MPTMS vapour is estimated to be ~ 0.1 nm. Such a low thickness is indicative of
a sub-monolayer since a dense monolayer would have a thickness approaching the
height of an MPMS molecule; ~ 0.8 nm.™®" A possible explanation for the low
MPTMS surface coverage is that the density of surface hydroxyls to which the
MPTMS molecules covalently bind is low, although can’t rule out possibility that the
coverage increases with increasing time beyond 20 hours. However, as film
resistivity doesn’t improve for longer times so there is no advantage from a practical

perspective.
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Figure 3.4: XPS survey scans of: (a) clean glass; and glass derivatised with: (b)
MPTMS; (c) APTMS; (d) APTMS : MPTMS.

Table 3.1. HRXPS elemental analysis of the nanolayer composition. Peaks
intensities associated with C 1s, N 1s and S 2s on bare glass and glass derivatised
with MPTMS, APTMS and an APTMS:MPTMS nanolayers corrected by the

sensitivity factors.

Sample Cls S 2s N 1Is

x10* [CPS]

Clean glass 23.1+0.1 24+£0.1 04+0.2

MPTMS 273+0.8 3.7+£0.1 05+0.2
APTMS 66.6+04 37+0.1 9.5+0.2
APTMS:MPTMS 68.6+0.1 5.0+0.1 9.1+0.1
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Table 3.2. Si 2s peak intensity corrected by the sensitivity factor, the total overlayer
thickness estimated using the attenuation length for the ‘average polymer’ and
thickness attributed to APTMS and MPTMS.

Glass substrate Si 2s Total thickness APTMS thickness MPTMS
modification [nm] [nm] thickness [nm]
None 103.7 £ 0.1 - - i
MPTMS 100.0+£0.1 0.13+0.2 - 0.11 +£0.02
APTMS 81.8+0.1 0.85+0.1 0.53+0.05 -
APTMS:MPTMS 784 +2.2 1.00+0.1 0.58 £ 0.03 0.17 £ 0.02

The film sheet resistance of 7.4 nm Au film (~18 Q sq™) is seven fold larger
than that calculated on the basis of the resistivity of bulk Au.?’® This difference most
likely results from increased scattering: (i) at the surface of the film, since the mean
free path of electrons in bulk Au (~36 nm)?"® is a factor of four larger than the film
thickness; (ii) and at crystal boundaries, since the high density of nucleation sites at
the glass surface after treatment with a molecular adhesive promotes the formation of
crystallinites with small lateral dimensions. Notably the resistivity of 7.4 nm Au
films fabricated on MPTMS derivatised glass (<1.3 x10™ Q cm) is fractionally lower
than those of Hatton et. al. [1.4 x10™ Q cm for a 7 nm thick film]**® and much lower
than Dunaway et al. [1.6 x10® Q cm for an 8.4 nm film on MPTMS and 4.2 x10®° Q
cm on APTMS]*¥’ both of whom deposited the molecular adhesive layer with the aid
of a solvent. To test the robustness towards standard substrate cleaning procedures
films with an effective thickness of 8.4 nm Au were subject to ultra-sonic agitation in
three common solvents; namely, 2-propanol, toluene and water. Remarkably films
prepared on MPTMS derivatised glass were resistant to scotch tape test and all of the

solvent treatments with no significant change in sheet resistance (Table 3.3) or
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optical properties. Upon UV/Oj3 treatment the resistance increased consistent with the
oxidation of the uppermost 1 nm of a film of uniform thickness (Table 3.3).
Conversely 8.4 nm Au films deposited on the non-treated glass disintegrate upon

sonication in water and become insulating when UV/Ojs treated.

Table 3.3. Sheet resistance of 8.4 nm Au films supported on glass substrates
derivatised with MPTMS, APTMS and APTMS:MPTMS (for optimised times)
before and after ultra-sonic agitation in three common solvents (toluene, water and 2-
propanol) and UV/O3 oxidative treatment.

Molecular Untreated  Toluene Water 2-propanol  UV/O;
adhesive

[Qsq]
MPTMS 11.3£0.7 122+0.8 122+0.7 11.3+1.0 13.6+0.8
APTMS 104+08 11.7£0.8 127+£0.6 145+1.0

APTMS:MPTMS | 11.3+12 11.7+1.0 11.3+0.8 122+1.0 122+12

None >300 >400 ) >300 0

3.3.1.2 APTMS

Figure 3.3 is indirect evidence that derivatisation of glass with APTMS is more rapid
than its thiol analogue, since the resistivity of Au films prepared on glass substrates
exposed to APTMS for < 4 hours is comparable to that of Au films deposited onto
glass substrates exposed to MPTMS vapour for > 16 hours. The XPS spectrum
(Figure 3.4 (c)) shows a significant increase in the intensity of the C 1s and N 1s
peaks. From the attenuation of the Si 2s core level peaks in the HRXPS spectra the
effective thickness of the nanolayer after 4 hours exposure to APTMS vapour was >
0.8 nm, consistent with the formation of a dense nanolayer of upright APTMS

molecules.
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The transparency spectra of Au films deposited on different types of
nanolayer are shown in Figure 3.5. The discontinuous structure of Au films
evaporated directly onto glass without any adhesion layer results in a relatively low
mean transparency across the visible spectrum of ~54% due to the high number of
scattering centres. A sharp peak in the transparency at ~ 500 nm followed by

increased absorption at longer wavelengths is typical of Au particles.?
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Figure 3.5: Far-field transparency spectra of 8.4 nm Au films deposited onto glass
(grey dashed line) and MPTMS (grey dotted line), APTMS (grey solid line) and
mixed APTMS:MPTMS (black line) derivatised glass substrates.

The superior transparency of Au films deposited on APTMS derivatised glass
(average ~ 70% vs. ~ 68% for MPTMS) is tentatively attributed to a reduction in
light scattering due to a decrease in the average Au crystalline size resulting from the
higher density of surface nucleation sites. A plausible reason for the more rapid
derivatisation of the glass surface by APTMS and the formation of a denser layer, as
compared to MPTMS, is the previously documented catalysis of the coupling
reaction between alkoxysilanes and hydroxyl moieties tethered to solid surfaces by

primary amines:>"" 2 In the first instance the amine can hydrogen bond with native
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surface silanols helping to keep the molecular adhesive at the glass surface for long
enough for reaction to occur (Figure 3.6 (b)). The amine will also promote the
deprotonation of these surface silanol moieties thus self-catalysing the condensation
reaction between them and methoxysilanes moieties attached to the molecular
adhesive molecules as depicted in the Figure 3.6 (c). The amine moieties on adjacent
APTMS molecules may also catalyse the cross-linking reaction between adjacent

APTMS on the glass surface, helping to increase the surface number density.

SH
(a)
HsCO
OCH
Si 3
HaCO"7 R\OCHB R § \./
Hj oH I\ OH., S|\
/7 ocH, ~
OCH
ore—" _-JH\\\ OCH -—-Lﬁ:f?‘\\//f\\\// ’
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OH,
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Figure 3.6: The scheme of (a) a siloxane bond formation between MPTMS and
surface hydroxyl groups; (b) hydrogen bond between APTMS and surface hydroxyl
groups; (c) an amine-catalysed siloxane bond formation between APTMS and
surface hydroxyl groups.”™

Surprisingly the sheet resistance of Au films deposited on amine derivatised

glass is lowest for short APTMS deposition times (t < 5 hours) and gradually
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increases for longer times. To shed light on the reason for this unexpected behaviour
the surface roughness of the APTMS derivatised glass before and after deposition of
an Au film was measured using AFM. Whilst the roughness of Au films deposited
onto APTMS derivatised glass after short APTMS deposition times is initially
exceptionally low (~ 0.4 nm), it steadily increases with time, which explains the
gradual increase in sheet resistance as a result of increased scattering as shown in
Figure 3.7 (a). This increase in roughness cannot however be attributed to
polymerisation of the APTMS into aggregates, which is known to occur when glass
is derivatised with APTMS from solution,**® since the roughness of the APTMS
derivatised surface does not increase with increasing deposition time. To explain this
observation we propose that the high energy amine moieties bury themselves into the
nanolayer at high APTMS coverage, presenting the methyl group onto which Au
weakly couples to the incoming Au atoms.?’® Static contact angle measurements
support this hypothesis since the surface becomes considerably more hydrophobic
after t > 5 hours, as evident from the ~ 10° increase in water contact angle (Figure

3.7 (lower)).
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Figure 3.7: Root mean-square roughness of APTMS derivatised glass before (black
squares) and after (grey triangles) deposition of an 8.4 nm Au film as a function of
APTMS deposition time (upper); static water contact angle vs. time of exposure of
glass substrates to APTMS vapour (lower).

Unfortunately whilst ultra-thin Au films prepared on APTMS derivatised
glass are resistive towards scotch tape test and ultra-sonication in toluene and 2-
isopropanol they are not resistant to ultra-sonication in water (Table 3.3). This is
indirect evidence that the nature of the bond formed between the tethered amine and
the Au overlayer is similar to that between alkylamines adsorbed on Au substrates,
since the latter are known to be unstable in polar condensed phases.?’®?”" The
effectiveness of an APTMS nanolayer as a molecular adhesive for Au films therefore
results from the collective action of a large number of relatively weak bonding
interactions, rather than a low density of strong bonds as is the case when using

MPTMS.
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3.3.1.3 APTMS:MPTMS

In order to combine the superior robustness of ultra-thin Au films prepared on
MPTMS derivatised glass with the advantage of short derivatisation times when
using APTMS the possibility of employing a mixed molecular adhesive layer was
investigated. This approach proved to be extremely effective: The sheet resistance of
8.4 nm Au films deposited onto glass exposed to APTMS:MPTMS vapour for only 4
hours was ~ 11 Q sq™* and remained unchanged after ultra-sonic agitation in toluene,
2-propanol or water (Table 3.3). Furthermore, the transparency of Au films prepared
on a mixed nanolayer was superior to that on either single component nanolayer
(Figure 3.5), peaking at 77% with the mean value ~ 72%. The Ry of these films was
also remarkably low at ~ 0.4 nm and comparable to that of the underlying glass
substrate (Figure 3.8 (a)). Taken in conjunction with the homogeneity of the surface
conductivity measured using AFM (Figure 3.8 (b)), the conformal nature of the Au

film on glass is compelling evidence that the film is of uniform thickness.

nA

Figure 3.8: AFM images of the surface topography (a) and conductivity (b) of an
8.4 nm Au film on an MPTMS:APTMS derivatised glass substrate.
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Analysis of the cross-section of scored Au films corroborates this conclusion (Figure
3.9). Notably, the measured film thickness is ~ 1 nm thicker than the deposited film
thickness, evidence that the nanolayer is not embedded in the Au film, rather that the
Au film is supported on top of the nanolayer. From the attenuation of the Si 2s core
level peaks in the HRXPS spectra the effective thickness of the mixed nanolayer
after 4 hours exposure to the vapour of APTMS and MPTMS is ~1 nm, supporting
the conclusion that a high density nanolayer is formed. The composition of the mixed
nanolayer was 3.4 (x 0.1):1 APTMS:MPTMS as determined using HRXPS by

measuring the ratio of the surface concentration of N to S.
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Figure 3.9: AFM morphology (left) and cross-section (right) of a step edge in an 8.4
nm Au supported on APTMS:MPTMS derivatised glass, where the Au film was
partially removed by scoring the film mechanically.

The excess of APTMS is consistent with the expected difference in the
vapour pressure of these two compounds, since APTMS has the lower boiling point
(194 °C vs. 212 °C), combined with the ability of APTMS to self-catalyse its reaction
with surface hydroxyls. Notably, elemental analysis of the nanolayer composition
shown in Table 3.1 also reveals that the percentage of those elements associated with

moieties capable of binding to Au (i.e. nitrogen; amine and sulphur; thiol) in the
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mixed nanolayer is significantly higher than on substrates functionalised with either
single component nanolayer. The superior transparency of Au films prepared on
mixed nanolayers (Figure 3.5) is therefore tentatively attributed to a reduction in
light scattering due to the decrease in the average Au crystalline size that results

when the density of surface nucleation sites is higher.

3.3.2. Tuning the optical transparency using micro-sphere lithography

Films supported on all three types of nanolayer have similar transparency spectra
with a wide peak at ~ 565 nm. However, due to the high free electron density in
metals, the far-field transparency of metal films with a thickness of 7-12 nm is
typically 10 - 20% lower than of optimised conducting oxides across the wavelength
range 300-900 nm.% 3 To increase the transparency of the ultra-thin Au films, and
so make them more suitable for application in OPVs, a method for incorporating a
random array of micron-sized apertures of controlled density into the film was
developed. Using the method schematically illustrated in Figure 3.10 microsphere
lithography is integrated with the surface derivatisation process to form well defined
circular apertures of controllable size and number density (Figure 3.11 (a) and (b)).
Circular apertures with a diameter of > 1 um allow light of wavelengths less than

900 nm to pass through unhindered.
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Figure 3.10: Schematic illustration of the integrated processes of ultra-thin Au film
fabrication and microsphere lithography.
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Figure 3.11: (a) - Representative AFM images of circular apertures in an 8.4 nm Au

film; (b) - Typical profile of an aperture formed using a 2 um diameter polystyrene
bead; (c) - Far-field transparency of 8.4 nm Au films on APTMS:MPTMS without
and with apertures (the aperture area ~ 20% of the film).
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In the current context the aim was to increase the far-field transparency
across the wavelength range 400-900 nm and so apertures with diameters of 1-2 um

were required. Based on the work of Cravino et al.,?’®

who investigated the
importance of edge effects when measuring the efficiency of small area OPVs, it was
expected that apertures with diameters as large as 2 um can be introduced into the
ultra-thin Au film without adversely impacting device performance provided the
organic overlayer immediately adjacent to the Au electrode has a conductivity of >
10° S cm™. This restriction results from the requirement for charge carriers
generated over an aperture to be efficiently transported through the organic overlayer
to the Au electrode without adversely impacting device series resistance.’”® Less
conductive materials can be accommodated by reducing the aperture size closer to 1
um. The advantage of using polystyrene microspheres as masks is that they can be
easily removed either mechanically or using a solvent. It is also possible to fine-tune
the diameter of polystyrene beads prior to molecular adhesive deposition using
oxygen plasma treatment, which isotropically etches the polystyrene sphere. In this
case the diameter of apertures formed using 2 um beads is reduced to ~ 1.5 um using
oxygen plasma treatment. Importantly plasma etching retains the circular shape
which minimises the increase in the film sheet resistance resulting from loss of
material and increased scattering. The ability to reduce the diameter of the beads
post-deposition is most important for high bead densities, since it ensures that any
bead aggregates do not result in the formation of irregular very large apertures. When
~ 20% of the film was perforated with apertures formed using 2 um diameter beads
(Figure 3.11 (a) and (b)). The far-field transparency across the full range of
wavelengths between 400 - 900 nm increased to ~78%, peaking between 495-600 nm

at > 80% and with the mean value ~ 78% (Fig. 3.11 (c)). However, the sheet
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resistance of the 8.4 nm Au film increased from 11 + 1 Q sq*to 27 + 1 Q sq™, which

is at the upper limit of what is required for large area applications such as PVs.

3.3.3. Utility as the window electrode in OPVs

To demonstrate the viability of these nano-structured electrodes as a direct
replacement for ITO glass in OPVs they were incorporated into devices employing a
WO, hole-extraction layer and a P3HT:PCBM BHJ photoactive layer. The latter is a
well characterised photoactive material system for OPVs, capable of delivering
power conversion efficiencies (5) of > 4%.% 2" WO, is an efficient hole-extraction
material for OPVs?** although its lateral conductivity is significantly lower than the
archetypal hole-extraction material PEDOT:PSS.?”® This combination of hole-
extraction layer and photoactive layer is therefore well suited as a test bed to assess
the suitability of these electrodes for OPVs. In our laboratory reference OPVs
fabricated on ITO glass substrates exhibited # = 3.80 + 0.20 %.

Figure 3.12 and Table 3.4 show the J-V characteristics of devices employing
different types of electrodes; plane Au electrodes, Au electrodes with micron-sized
apertures and ITO coated glass. It is evident that OPVs employing an ultra-thin Au
film electrode with and without apertures exhibit a FF and V,. comparable to that of
OPV devices of the same structure employing an ITO glass electrode. The current
density is improved by > 10% if the plane electrode is replaced with the electrode
with micron-size apertures. The only significant difference in performance between
the latter and ITO electrode is a ~ 10% lower Js. which can be attributed to the
difference in far-field transparency. However, with optimisation of the aperture
density and diameter we believe that this relatively small difference can be
significantly reduced. Notably, the comparable V,. demonstrates that even with a
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resistive hole-extraction layer such as WO, charge carriers generated in regions of

the photoactive layer adjacent to optically large apertures in the window electrode

can be efficiently extracted to the external circuit.
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Figure 3.12: J-V characteristics and device architecture of OPV with structure:
electrode / WO3 / 1:1 P3HT:PCBM / BCP / Al.

Table 3.4. Typical device characteristics of the OPV test cells studied of structure:
Au electrode / WO3 / P3HT:PCBM / BCP / Al.

Window Au Au with ITO
electrode apertures

Jye [MA cm™] 8.75+0.20 9.90+0.20 10.70 £ 0.25
Voe [V] 0.54 +£0.01 0.53+0.01 0.55+0.02
FF 0.64 +£0.02 0.64 £0.02 0.64 £ 0.02
n [%] 3.05+0.20 3.35+0.20 3.80+£0.20

3.4 Conclusions

In this chapter the development of a rapid, solvent free method for the fabrication of

highly transparent ultra-thin (~ 8 nm) Au films on glass based on co-deposition of a

mixed molecular adhesive layer immediately prior to Au thermal evaporation is
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described. Different type of molecular adhesive were tested: APTMS, MPTMS and
mixed APTMS:MPTMS. The protocol for nanolayer preparation was optimised for
each adhesive in order to minimise the sheet resistance. The properties of Au films
on different types of nanolayer were investigated as well as the density and
composition of the nanolayer itself. APTMS:MPTMS mixed nanolayer proved to
have properties best suited for OPV application in addition to the shortest preparation
time. The resulting films are highly transparent (mean transparency > 70%) and
electrically conductive (Rgeer ~11 Q sq™) with a remarkably low surface roughness
and are exceptionally robust towards ultra-sonic agitation in a variety of solvents and
UV/O; surface treatment. As such they are potentially widely applicable for a range
of large area applications, particularly where stable, chemically well-defined, ultra-
smooth electrodes are required. By integrating microsphere lithography into the
fabrication process the transparency could be improved via the incorporation of a
random array of circular apertures in the film. The application of these nano-
structured Au electrodes is demonstrated in efficient P3HT:PCBM OPVs where it
offers a viable alternative to ITO. The difference between the performance of devices
employing a plane Au electrode and ITO coated glass; # = 3.80% vs. 3.05% is
attributed to the lower far field transparency of Au electrode. It is shown that this
efficiency gap can be reduced by introducing micron-sized apertures into the film
and so improving the far-field transparency of metal electrodes (y = 3.35%),
although the increase in transparency is at the expense of sheet resistance and so a

balance must be struck.
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Chapter 4.

Thermal stability of ultra-thin metal film electrodes

Summary

In this chapter the results of studies investigating the thermal stability of the ultra-
thin Au electrodes described in Chapter 3 are reported. The range of Au thicknesses
investigated is 3.7 nm — 8.4 nm. It is shown that the low thickness of these films
renders them amenable to rapid thermal annealing to realise highly crystalline,
transparent and electrically conductive window electrodes. By capping these films
with a very thin (~10 nm) transition metal oxide layer their thermal stability can be
dramatically improved, whilst at the same time improving their far field
transparency. This approach is shown to be equally applicable to optically thin Ag
electrodes. These electrodes are demonstrated in 1 cm? efficient OPV fabricated

using one high temperature processing step.

4.1 Introduction

As it has been shown in Chapter 3, sub-10 nm Au films supported on mixed
APTMS:MPTMS nanolayer derivatised glass are remarkably robust towards
mechanical abrasion and ultra-sonic agitation in a variety of solvents. They are also
very smooth and chemically well-defined, making them well suited as a model
electrode for fundamental scientific work. However, for many applications it is also
desirable to be able to precisely control the degree of crystallinity of the metal, since

the crystal structure determines many of its physical properties.?2*%! Crystallinity
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strongly depends on the properties of the underlayer, the film thickness, deposition
method and processing temperature.'®*?%22%3 Thermal annealing is an effective
means of obtaining a highly crystalline structure after film deposition. Apart from
changing the crystallinity of the ultra-thin films, the ability to withstand elevated
temperatures increases the number of potential applications of these electrodes, to
include applications in inorganic PVs such as copper indium gallium selenide
(CIGS)) and DSSC, where the processing temperatures can be as high as 500
°C 163284285 Eor these reasons this Chapter is dedicated to investigating the properties

of the optically thin Au films described in Chapter 3 when annealed.

Intuitively a single layer of organic molecules with a thickness less than 0.8
nm would not be expected to be stable at high temperature, particularly above the
temperature at which these molecules are known to desorb or degrade.
Encouragingly Wanunu et al. have shown that 15 nm Au films on APTMS
derivatised glass can be annealed at 200 °C for 20 hours to realise a smooth (111)
textured surface with an average transparency across the visible spectrum of 32%.%°
Ghandi et al. reported that 50 nm copper films supported on MPTMS derivatised
silicon substrates and capped with 150 nm Ta were remarkably resistant to fracture
along even after annealing to 700 °C, which resulted in toughening of copper
films.’®" In this case the interfacial toughening was shown to arise from thermally
activated interfacial siloxane bridging, which suppresses nanolayer desorption.*®” An
APTMS nanolayer has also been used as an adhesion layer between silicon capped
with SiO; layer and 35 nm Cu films and shown to withstand temperature of 220

°C.%%¢ However the thermal stability of sub-10 nm noble metal films supported on

monolayer derivatised substrates has not, to the author’s knowledge, been reported.
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More generally, ultra-thin films of Au would not be expected to be resistant
to elevated temperatures owing to the thermodynamic instability resulting from the
high surface to volume ratio, which suppresses the melting point and scales inversely
with film thickness.”®’ Indeed, Doron-Mor et al. have shown that sub 15 nm Au films
on MPTMS derivatised glass are not stable to even mild heating.?®® Without an
adhesive layer films of Au with equivalent thicknesses (<10 nm) are typically
discontinuous with an island like structure and so their properties upon annealing
have been investigated mainly in pursuit of the unusual optical properties of such
isolated particles.?®2%

Oxides of metals such as Ti, Mo and W are widely used as interfacial layers
in OPV architectures to optimise the interfacial energetics.?%02%1:202 203204 The high
refractive index of these wide band gap metal oxides make them effective as anti-
reflecting coating for thin metal film electrodes.**" ¥° 2% Whilst these oxides can be
evaporated under high vacuum onto substrates at room temperature, processing from

solution requires an annealing step and so requires that the electrode is resistant to

elevated temperature.

4.2 Experimental

4.2.1 Preparation of ultra-thin metal films on glass

In this chapter all Au films were prepared according to the optimised procedure
described in Chapter 3. Briefly, clean glass substrates were exposed to
APTMS:MPTMS vapour for at least 1 hour (or: for 1 hour to APTMS vapour; 20
hours to MPTMS vapour) at a pressure of < 50 mbar prior to Au deposition by

evaporation at 0.1 nm s™. To fabricate Ag films the procedure was modified as
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follows: After solvent cleaning the substrates were exposed to the vapour of MPTMS
for 36 hours, followed by Ag evaporation at the rate 0.1 nm s™. Rapid annealing of
metal films was performed in a N, atmosphere for 10 minutes, unless stated
otherwise, followed by rapid cooling.

In the case of bi-layer metal:metal oxide films MoOx and WOy were
evaporated immediately after metal deposition without breaking vacuum. TiOy layers
were formed from a precursor solution spin-cast at 2000 rpm for 60 seconds and
annealed at 450 °C under N,. MoOy solution precursor was also spin-cast at 2000
rpm for 60 seconds, but annealed in the air at 350 °C.

All thermal annealing of metal:metal oxide bilayer films was performed for

30 minutes.

4.2.2 Metal film characterisation

Metal films were characterised using the techniques described in Chapter 2.

4.2.3 OPV fabrication and testing

To demonstrate that these electrodes are suitable for high temperature applications
they were incorporated into BHJ OPVs requiring a high temperature processing step.
TiOy precursor was spin-cast onto 8.4 nm Au, 9 nm Ag and commercial ITO
electrodes on glass and annealed at 450 °C for 30 minutes. These bi-layered
electrodes were used as platforms to build inverted OPV devices with the structure:
electrode / ~ 20 nm TiOy / 1:3 PCDTBT:PC7BM spincasted from 16 mg ml™
overall solution in chloroform / 7.5 nm WOy / 100 nm Al. Al was deposited through

a shadow mask to give a device area of 1 cm?,
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4.3 Results

4.3.1 Properties of sub-9 nm Au films on APTMS:MPTMS derivatised

glass prior to annealing

In chapter 3 it is shown that 8.4 nm Au films deposited on a mixed nanolayer of
APTMS:MPTMS derivatised glass have a mean transparency of 72%, a sheet
resistance of ~ 11 Q sq*, smooth surface (Ryms ~ 0.4 nm) and are exceptionally robust
towards ultra-sonic agitation in a variety of solvents. In order to increase the
transparency of these films to 78%, a random array of 1.5 um circular apertures
covering ~ 20% of the surface was introduced into the film using microsphere
lithography, although this improvement was at the expense of the electrode sheet
resistance, which increased by approximately a factor of three to ~27 Q sq™*. This
increase is attributed to scattering at the aperture edges and loss of material through
which electrons can flow. It is evident from Figure 4.1 that a similar improvement in
transparency can be achieved by simply reducing the thickness of the metal film,
which has the advantage of reducing Au usage. For example, Au films with a
thickness of 5.5 nm Au films have a mean transparency of 77% and a sheet

resistance of ~ 22 Q sq™.
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Figure 4.1: The far-field transparency and sheet resistance (inset) of optically thin
Au films supported on mixed nanolayer derivatised glass.

It is clear from the inset in Figure 4.1 that whilst the transparency of such films
increases approximately linearly by a few percentage points as the film thickness is
decreased, the sheet resistance increases exponentially with decreasing thickness.
The sheet resistance of films with a thickness much less than 8.4 nm is too high for
large area, high current applications such as PVs (where sheet resistance < 15 Q sq™
is required™®), although may be sufficient for applications where higher sheet
resistances are acceptable. For example the sheet resistance of an Au film with
thickness of 3.7 nm is ~120 Qsq™* with a mean transparency of 78%. The change in
shape of the electronic absorption spectra for film thicknesses < 5 nm is indicative of
a transition in film morphology from a uniform metal slab to a continuous network of
interconnected islands.?®® Films of average thickness lower than 2 nm are not

conductive.
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4.3.2 Properties of sub-9 nm Au films as a function of annealing
temperature

The increase in roughness and loss in conductivity upon annealing is a serious
limitation for thin film processing in microelectronics and OPV fabrication where
annealing to elevated temperatures is often required.

To investigate how the properties of Au films supported on mixed nanolayer
derivatised glass change upon thermal annealing, the sheet resistance of samples was
measured as a function of annealing temperature up to 500 °C (Figure 4.2), since the

sheet resistance is very sensitive to the degree of film continuity.
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Figure 4.2: Sheet resistance as a function of temperature for Au films of different
thickness supported on mixed APTMS:MPTMS nanolayer derivatised glass.

For films with thickness between 3.7 nm and 8.4 nm the temperature at which
the films cease to conduct scales with the film thickness. This is consistent with the
expectation that as the surface to volume ratio increases, the melting point is
reduced®®’ and so film thermal stability decreases. Before the onset of film
disintegration into discrete islands the sheet resistance initially falls with increasing

temperature. This reduction can be attributed to an increase in crystal grain size
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which reduces the number of grain boundaries at which electron scattering occurs.
To verify these changes in the crystallinity as a result of annealing the Au films were

investigated using XRD (see Figure 4.3).
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Figure 4.3: XRD spectra: (a) grazing angle of unannealed 8.4 nm Au film, (b) 6-26
spectrum of 8.4 nm Au film annealed to 300 °C.

The XRD measurements show that the as-grown 8.4 nm films are
polycrystalline with reflections from a number of different crystal faces; (111), (200),
(220), (311) and (222). However, upon annealing at 300 °C for 10 minutes the peaks
associated with reflections from the (111) plane dramatically increase in intensity, so
much so that the spectra must be gathered at normal incidence. Taken in conjunction
with the very flat background this indicates a near perfect (111) textured surface.
Furthermore, the presence of the Kiessig fringes on either side of the (111) peak
confirms the uniform, defect free structure. Using theses fringes the thickness is
computed as 0.78 + 0.5 nm on the basis of the Sherrer formula.?®* Such a highly
oriented structure is unexpected for such short annealing times although is consistent
with the suppressed melting point that results from size effects. The loosely packed

293

crystal faces of Au have a lower melting point than the (111) facets,”™ which are

known to be ‘non-melting’. That is, melting of the (111) crystal faces at the surface
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only begins when the bulk (111) Au melting temperature is reached (> 1000 °C)***

When mobile Au atoms arrive at the site of (111) facet they coalesce, enlarging the
(111) crystallite?®® eventually resulting in purely (111) structure. The reduction in
sheet resistance can therefore be rationalised in terms of the degree of crystallinity in
the film upon annealing, which scales inversely with the extent to which electrons
are scattered at crystal boundaries.*®

The decrease in resistance, observed for all film thicknesses as the anneal
temperature is increased, is followed by an increase in resistance. The latter results
from the formation of apertures in the films that grow in size and density with
increasing temperature due to Ostwald ripening®® and the volume changes that occur
when the film becomes more crystalline. Notably, films with a thickness of 8.4 nm
do not fail up to the maximum temperature investigated of 500 °C, which is just
below the softening temperature of the glass substrate.?® Indeed the sheet resistance
saturates as a level comparable to that of the unannealed film (~ 11 Q sq?).
Furthermore, at the optimal annealing temperature of ~ 300 °C the sheet resistance is
as low as 6.0 £ 0.5 Q sq™ only a factor of two greater than that calculated on the

22 and a half of the resistance of unannealed films. It is

basis of the bulk resistivity
also notable that the onset of hole formation does not begin until 300 °C. Owing to
the exceptionally high thermal stability and low sheet resistance of 8.4 nm Au films,
films of this thickness were used for subsequent experiments.

In Chapter 3 it is shown that Au films prepared on mixed nanolayer
derivatised substrates have a number of advantages over films of the same thickness
prepared on single component nanolayers and so it was of interest to see if using a

mixed nanolayer also has advantages for the thermal stability. To investigate this the

comparative performance of 8.4 nm Au films supported on APTMS, MPTMS and
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mixed APTMS:MPTMS molecular adhesive layers upon annealing up to 300 °C was

investigated (Figure 4.4).
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Figure 4.4: Sheet resistance as a function of temperature for 8.4 nm Au films
supported on different types of nanolayer.

At room temperature the Au films are continuous and uniform on all three
nanolayers. It is evident from Figure 4.4 that in all three cases the sheet resistance
decreases with increasing annealing temperature up to a ~ 150 °C. At this
temperature apertures begin to form in Au films on APTMS and MPTMS
nanolayers, growing in number, density and diameter with increasing temperature
until the films disintegrate into individual islands, which result in a rapid increase in
sheet resistance. These differences in robustness can be rationalised in terms of the
nanolayer coverage and strength of the interaction between the reactive head group
and incident Au: For MPTMS modified glass incoming Au atoms bind strongly with
the thiol.2’%%®® However, in Chapter 3 it is shown that vapour deposition of MPTMS
onto glass yields a low surface coverage, since the nanolayer has a thickness well

below that expected for a dense monolayer. The results of the XPS study of
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nanolayer thickness for the different molecular adhesives are summarised in Figure

4.5.
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Figure 4.5: Thickness additional to clean glass deduced from Si 2s as a function of C
1s intensity (Experiment and calculation details are provided in Chapter 3).

As a result the low density of anchor points is not sufficient to override the
thermodynamic driver to minimise surface energy. Conversely APTMS forms a
dense monolayer on glass when deposited from the vapour phase, although the N-Au
interaction is known to be a factor of 5 weaker than the Au-S interaction.?’® Whilst
this high density of weaker surface binding sites promotes uniform film growth at
room temperature, apertures form at temperatures >150 °C resulting in an increase in
sheet resistance. The mixed nanolayer therefore offers both a high density of
moderate interaction strength Au-N bonds and sufficient density of strong Au-S
bonds, which is why Au films supported on a mixed nanolayer are the most robust

toward elevated temperature.
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4.3.2.1 Morphology of annealed Au films

The evolution of Au film morphology upon annealing was investigated using SEM
and AFM. Figures 4.7 show SEM images of the morphology of a typical 8.4 Au film
supported on a mixed nanolayer. Consistent with the results of the XRD study it is
evident that films deposited at room temperature are polycrystalline, with a very
small (< 10 nm) crystallite size, since the images are homogeneous. This is
consistent with a picture in which there is a high density of nucleation sites on the
substrate surface provided by the mixed molecular nanolayer. Upon annealing

297 s the less

‘thermal roughening’ is observed due to crystal grain enlargement,
stable crystallinites (i.e. those with the highest energy surfaces) melt and provide Au
atoms for the growth of (111) crystal faces. Figure 4.6 shows the morphology of 8.4

nm Au films supported on a mixed nanolayer before and after annealing at 300 °C.
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Figure 4.6: AFM morphology of 8.4 nm Au films supported on APTMS:MPTMS
nanolayer: Not annealed (left); annealed to 300 °C (right) for 10 minutes.

The smooth surface is transformed into a film of crystallites with diameters of up to a
few hundred of nm. This large increase in crystallinity results in a doubling of the

surface roughness from 0.4 to 0.8 nm although the absolute value is still very low.
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The changes in crystallite size can be also observed as an initial increase in

heterogeneity in the SEM images of annealed Au films in Figure 4.7.

Figure 4.7: SEM images of 8.4 Au films supported on a mixed APTMS:MPTMS
nanolayer: Not annealed (a) and annealed to 100 °C (b), 150 °C (c), 200 °C (d), 300
°C (e) and 400 °C (f) for 10 minutes.

The formation of apertures in 8.4 nm thick films supported on mixed
nanolayer derivatised glass begins at ~ 300 °C. The formation of apertures upon
annealing was also observed in Au films fabricated on APTMS:MPTMS derivatised
silicon wafer ruling out the possibility that they result from imperfections on the
glass surface (not shown). The size of apertures depends on the size of surrounding

crystallities,”® and hence bigger apertures are obtained in films annealed to higher
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temperatures (Figure 4.7) since the crystallites are larger. This indicates that
apertures form to relieve strain in the film as it reverts to a more dense crystal
structure. The surface roughness changes when the first apertures are formed and the
thermodynamic driver for crystallisation begins to override film adhesion to the
substrate. Importantly, the temperature at which the apertures start to form, is a
function of film thickness and the nanolayer density. The latter can be modified by
varying the time of exposure to vapour and the back pressure. This is exploited in

Chapter 6 where it is desirable to form sub-wavelength apertures.

4.3.2.2 The optical properties of annealed Au films

Since the size distribution and density of apertures can be controlled by the nanolayer
type and annealing temperature so can the optical properties of these films. Examples
of transparency spectra of Au films of different thickness are shown in Figure 4.8.
The transparency spectra of a 3.7 nm Au film (Figure 4.8(a)) show the discontinuous
character of this film, even before annealing. However, as the temperature rises the
spectrum undergoes significant transformation up to 200 °C, when films disintegrate
and the spectrum becomes characteristic for separated Au nanoparticles.?”* Figure
4.8 (b) shows the transparency evolution of an 8.4 nm Au film. The transparency
changes uniformly with temperature across the full wavelength range. The peak
transparency of these films increases from 75% for unannealed films to 81% for
films annealed at 300 °C and then decreases. The holes formed in 8.4 Au film
supported on dense APTMS:MPTMS nanolayer are sparse and have typically
dimensions of 0.5 — 1 micron. They don’t affect strongly the optical properties of
these films, due to the low density of holes and wide size distribution. Larger holes

do in fact play a similar role to the large circular apertures described in Chapter 3.
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The increase in transparency is comparable to that achieved by using microsphere
lithography, but the method is less time-consuming and more suitable for industrial
processes. The annealing improves the transparency, conductivity and crystal
structure of these films making them ideal model substrates, also suitable for

applications requiring high temperature processing (>300°C).
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Figure 4.8: The transparency spectra of (a) 3.7 nm Au film and (b) 8.4 nm Au film
supported on APTMS:MPTMS nanolayer.

4.3.2.3 Testing the robustness of annealed Au films

Remarkably, Au films with a thickness of 8.4 nm retain their extraordinary
robustness upon annealing up to 500 °C: Ultra-sonic agitation in common solvents
and scotch tape testing resulted in no significant change in sheet resistance for
unannealed and annealed films alike (Table 4.1). This may be explained by
interfacial toughening of the Au film/glass interface upon annealing, which has been
observed for different SiO,/nanolayer/Cu systems %" 2% and is attributed to the

formation of siloxane linkages.**> '
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Table 4.1. Robustness tests of films supported on dense APTMS:MPTMS nanolayer
before and after annealing to 500 °C.

Film type Untreated Toluene Water 2-propanol Scotch tape
[Qsq7]

Room temperature 11.0+£0.7 11.2+0.8 125+1.0 11.2+0.8 11+1.0

Annealed to 500 °C | 9.0+0.5 9.1+0.8 11.0+1.0 9.2+0.6 9.2+0.8

4.3.3 Properties of metal / metal oxide films at elevated temperatures

In the context of an OPV the transparent electrode is often coated with a 5-15 nm
thick transition metal oxide layer to optimise interfacial energy level alignment and
light coupling into the device. The most commonly used oxides are TiOy, WOk,
MoOy, ZnO although V,0s can also be used. Transition metal oxides may be

203204 and/or from solution.”?®?**?% Soplution deposition

deposited by evaporation
processing typically requires a high temperature post-deposition anneal to drive off
the solvent and decompose the organometallic sol from which they are formed. The
oxides are typically spin-cast from an alcohol solution of the precursors (e. g.
Ti[OCH(CH3)-]*® and MoO,(OH)(OOH)?****°). These compounds undergo
hydrolysis even at room temperature with the formation of TiOx and MoOy. Mild
heating (100 — 150 °C) accelerates the evaporation of the solvent which reduce the
thickness of the overlayer.?®® 3% 3% The most dramatic changes in film structure
occur below 200 °C when a film of amorphous oxide is formed. However, further
annealing is known to improve the electrical properties of these films®® and promote
crystallisation and crystallite sintering. For example, TiOy is often annealed at 450
°C in the context of DSSCs at which temperature the anatase and rutile start to

crystallise.® As shown previously, ultra-thin Au electrodes can withstand

temperatures up to 300 °C before the onset of aperture formation. To investigate if
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the continuity of these films can be preserved at higher temperatures when buried
beneath an oxide layer, 8.4 nm Au films supported on an APTMS:MPTMS
nanolayer with thin overlayers of TiOy, MoOy and WOy were tested. The layers of
TiOx and MoOy were spin-cast from solution. WO was evaporated under high
vacuum. All three oxides were deposited according to established procedures
reported in the literature with thicknesses of ~ 10 nm and annealed at 500 °C under
nitrogen together with an 8.4 nm Au reference electrodes. The morphologies of these

films before and after annealing are depicted in Figure 4.9.

pm

um

Figure 4.9: AFM morphologies of 8.4 nm Au films without an overlayer (a); and
with overlayers of: MoOy (b); WOy (c) and TiOy (d) all annealed to 500 °C for 30
minutes.
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As expected, the uncapped film shows a high density of holes of different
diameters. Conversely, films with MoOy and WOy are smooth with an Ryps ~1 nm,
whilst films with a TiOx overlayer have a very smooth surface comparable to that of
unannealed Au (Rms ~ 0.4 nm) and are defect-free. Since MoOy can also be
evaporated, the robustness of 8.4 nm Au / 10 nm MoOy with an evaporated MoOy
was also tested. Au films capped with an evaporated MoOy layer were not as robust
as those capped with the other three types of oxide layer. When annealed at

temperatures above 400 °C the film catastrophically breaks down (Figure 4.10).

Figure 4.10: AFM morphologies of 8.4 nm Au film with evaporated MoOy overlayer
annealed to 500 °C.

Collectively these results indicate that a thin oxide layers deposited from
solution are very effective at making optically thin Au films more robust towards
elevated temperature. This is attributed to the gradual hardening of these films
through solvent loss, and the mobility of the oxide particles immediately after
deposition, which helps to minimise strain in the oxide overlayer.

The sheet resistance of films with an oxide overlayer annealed to 500 °C is
~7 Q sq™. Such a low resistance is the lowest value for this thickness, and was

previously only achieved for films without an oxide overlayer when annealed at 300
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°C, where the conductivity is enhanced as a result of the increase in crystallinity
without the deleterious influence of forming apertures. To test if apertures do
actually form in Au films buried underneath the oxide overlayer when annealed to
500 °C but are obscured by the oxide, the following experiment was performed: An
8.4 nm Au film was deposited onto two APTMS:MPTMS nanolayer derivatised
glass substrates. Both films were annealed at 500 °C which resulted in aperture
formation (Figure 4.11 (a)). One of these annealed films (with apertures) along with
one previously unannealed film (without apertures) was then covered with a TiOy
overlayer. Both films were then annealed at 500 °C and their morphology was
examined using AFM. The apertures formed during the first annealing step are still
well-pronounced (Figure 4.11 (b)), indicating that the TiOy overlayer is of uniform
thickness and does not hide the apertures. If the aperture formed underneath the TiOy
they would be evident as indentations. However the film which was not annealed
prior to TiOy deposition is smooth and remains aperture free (Figure 4.11 (c)) which
indicates that 8.4 nm Au film annealed with TiOy overlayer retain intact continuity

up to 500 °C.

pm

pum pm pm

Figure 4.11: AFM morphology of: (a) 8.4 nm Au film annealed to 500 °C; (b) 8.4
nm Au film annealed to 500 °C and then again with TiOy overlayer; (c) 8.4 nm Au
films annealed to 500 °C with TiOy overlayer.
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Apart from the very low sheet resistance and ultra-smooth surface these films
show also excellent optical properties, due to the anti-reflective role played by the
oxide overlayer, which increases in the mean transparency of the metal / metal oxide
bi-layers as compared to the metal films without an oxide overlayer: MoOy - ~71%,
WO3; — ~73%, TiOx — ~76%, compared to ~ 65% before annealing (Figure 4.12).
Importantly this improvement narrows the gap between these metal electrodes and
ITO coated glass (mean transparency ~85%) without adding an extra processing step
to OPV fabrication. It is also notable that the shape of the absorption spectra with a
thin oxide layer is very similar to that of the unannealed metal film, which is further

evidence that the metal film is continuous after annealing.
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Figure 4.12: Far-field transparency spectra of 8.4 nm Au films supported on
APTMS:MPTMS with and without different oxide overlayers annealed to 500 °C;

for comparison the spectrum of a not annealed Au film and ITO on glass is also
shown.

The transparency at 600 nm of thin Au films on glass, in the air, with
different oxide overlayer has been simulated using MacLeod software. The simulated

transparencies as a function of thickness of Au and TiO,/MoO,/WOy oxide are
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presented in Figure 4.13: The results remain in good agreement with experiment and

can be used for further optimisation of the optical properties of thin metal films.
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Figure 4.13: Calculated contour plots of transmittance for metal/metal oxide bi-layer
on glass upon variation of layer thicknesses. The simulations were performed for
different oxides; (a) TiOy; (b) WOy; (C) — M0Oy.

4.3.4 Thermal stability of optically thin Ag films capped with an oxide
overlayer

Ag is another technologically important noble metal, which offers the advantage of
lower cost as compared with Au. Ag is the most widely used metal in conventional
silicon PV and is also known for strong plasmonic effect which has been investigated
in Chapter 6. It was therefore interesting to see if thin oxide overlayers could also be
used to improve the robustness of optically thin Ag films towards high temperature.
Ag films were deposited on MPTMS derivatised glass. Due to the low density
of MPTMS molecules attached to the glass surface when deposited from the vapour
phase there are few crystallite nucleation centres for the evaporated metal, and so the
film forms from large Ag islands which require more material to coalesce and form
uniform conductive films. This is manifested by a greater percolation thickness of Ag

films (>7 nm) which is evident from the change in shape of the transparency spectra
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for films with an effective thickness between 5 nm and 7 nm (Figure 4.14). Ag films
of thickness above 10 nm have a very low sheet resistance (< 10 Q sq), which

increases exponentially with reduced thickness.
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Figure 4.14: The far field transparency and sheet resistance (insets) of Ag films
supported on MPTMS derivatised glass (derivatisation time: 36 hours).

To demonstrate the versatility of the oxide overlayer approach to improving
metal film robustness towards high temperature 9 nm Ag electrodes were covered
with ~ 10 nm TiOy overlayer and annealed to 500 °C. There was no change in sheet

resistance (~6 Qsq™) and the transparency was improved (Figure 4.15).
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Figure 4.15: The far field transparency of 9 nm Ag films with and without TiOy
overlayer.

4.3.5 OPV studies

The proven stability of 8.4 nm Au films towards annealing at temperatures up to 500
°C when capped with a thin oxide overlayer opens the door to the application of
these window electrodes for optoelectronic devices requiring a high temperature
processing step in their fabrication. To demonstrate this, efficient inverted OPVs,
based on a PCDTBT:PC,BM BHJ were fabricated, employing a thin ~ 10 nm TiOy
electron extracting layer. 8.4 nm Au and 9 nm Ag film electrodes capped with TiOy
overlayer were annealed at 450 °C for 30 minutes to realise transparent, air-stable
electron-extracting electrodes that are indium free and exceptionally smooth.

Identical devices employing ITO glass as the window electrode were fabricated as a

reference.
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Figure 4.16: The J-V characteristic of devices of structure: electrode (Au, Ag or ITO
on glass) / TiOx / PCDTBT:PC7BM / WO, / Al under 1 sun solar illumination.

OPVs employing Au, Ag and ITO electrodes exhibited # of 4.4 £ 0.2%, 3.8 = 0.2%
and 4.3 £ 0.1% respectively (Figure 4.16). Notably there is no difference in Jg
between devices employing ITO and Au electrodes. Whilst the Au electrode is less
transparent on average than ITO glass, the absorption spectrum of PCDTBT:PC;,BM
BHJ is well matched to the broad transparency window in the Au/TiOy electrode
where the difference in transparency between the electrodes is small. Optical
modelling performed by O’Connor et al. has shown that OPVs employing thin metal
film transparent electrodes may outperform those with ITO due to improved light
absorption resulting from microcavity effects.*?® The lower transparency of Ag films
in the longer wavelength range results in a reduced Jsc by ~ 2 mAcm™. The steeper
gradient near to the open-circuit condition is consistent with the lower resistivity of
the metal film electrodes. Also the shunt resistance in ITO cells is lower, which may
be accounted for by the fact that the metal electrodes are smoother and so there are

likely to be fewer filamentary shorts.
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4.4 Conclusions

In this chapter the properties of thin Au films on nanolayer derivatised glass have
been studied, showing that the coalescence thickness is only 5.5 nm. The protocol for
fabricating these films has also been adapted to another technologically important
noble metal: Ag. Thin Ag films have been fabricated on MPTMS monolayer
modified glass. The coalescence thickness for Ag is between 5 and 7 nm. Ag films
showed comparable sheet resistance to Au but lower transparency due to the high
reflectivity of Ag for wavelengths above 400 nm.

The properties of Au films prepared according to the procedure reported
herein are dramatically improved as compared to those previously reported in the
literature. Moderate annealing improved the transparency and conductivity of whole
investigated range of Au film thicknesses (3.7 nm to 8.4 nm). For example the
transparency of 8.4 nm Au films increase by ~5% after annealing to 300 °C and the
sheet resistance decreases from 12 to 6 Q sq™, which is only ~ 3 Q sq™ higher than
for bulk Au. The thermal energy induces growth of (111) crystallites of size
increasing with temperature, which eventually leads to formation of apertures
surrounded by Au crystallinites. The temperature, at which the apertures start to
form, is thickness dependent and is manifested by rapid increase in sheet resistance
and deviation in the shape of transparency spectrum, caused by scattering effects.

It has been shown that the robustness of thin Au films towards elevated
temperature can be greatly improved by capping it with a thin oxide overlayer. The
properties of sub-10 nm Au films capped with a thin metal (Mo, Ti, W) oxide
overlayer were investigated, proving them to be good protective layers up to 500 °C.
Moreover, oxide overlayers improve the far-field transparency of these metal films

due to their high refractive index. This approach is better than putting micron-sized
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apertures into the film using microsphere lithography (Chapter 3), since metal oxides
are employed in OPV architectures as interfacial layers, and so this step doesn’t add
complexity to OPV fabrication and it increases transparency without compromising
sheet resistance. 9 nm Ag films have also proved to be compatible with TiOy
processing; they retain low sheet resistance and show improved transparency after
oxide deposition and annealing.

Au and Ag electrodes have been incorporated into efficient
PCDTBT:PC;BM solar cells with a TiOy electron transporting layer requiring high
temperature processing. The efficiency of devices employing Au and ITO are
comparable, which opens the door to the widespread utilisation of these window
electrodes in fundamental research and a broad range of applications including

DSSC, inorganic PVs and infra-red reflective glass.
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Chapter 5.

Metal window electrodes on flexible substrates

The work presented in this chapter has been published in:

H. M. Stec, R. A. Hatton, Widely Applicable Coinage Metal Window Electrodes on
Flexible Polyester Substrates Applied to Organic Photovoltaics, ACS Applied
Materials & Interfaces, 2012, 4 (11), 6013-6020.

Summary

In this chapter the molecular adhesive method for the fabrication of ultra-thin Au
films on glass described in Chapter 3 is translated to the technologically important
flexible substrates PET and PEN, and extended to the lower cost coinage metals Ag
and Cu. A molecular adhesive layer of APTMS and MPTMS was chosen for these
metals since the nitrogen in primary amines is known to coordinate with Cu,** Ag®®
and Au® via its lone pair, and thiols are known to bind to all coinage metals via a
strong covalent linkage.?® Since PET and PEN have no native surface hydroxyl
groups onto which these silanes can covalently bind, a method is described for
introducing them onto the surface of these plastics prior to APTMS:MPTMS
deposition, which does not increase the substrate roughness. It is shown that the
power conversion efficiency of 1 cm? OPVs employing 8 nm Ag and Au films as the
hole-extracting window electrode exhibit performance comparable to those on ITO,
with the advantage that they are resistant to repeated bending through a small radius
of curvature. These results combined with lifetime studies show the superior

properties of these metal electrodes. Unexpectedly OPVs employing Cu and bilayer

Cu:Ag electrodes exhibit inferior performance due to a lower Vo and FF.
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Measurements of the interfacial energetics made using the Kelvin probe technique

provide insight into the physical reason for this difference.

5.1 Introduction

Conducting oxides, such as ITO and fluorine doped tin oxide, are universally
employed as the transparent electrodes in the current generation of OPVs. However
conducting oxides are not relevant as a material for truly flexible organic electronics
since they are inherently brittle and so fail catastrophically upon bending. %10
Additionally, in order to achieve a low sheet resistance (i.e. < 15 Q sq)* *° |TO
must be annealed at temperatures > 300 °C,” a process that is incompatible with low
cost, highly transparent flexible plastic substrates such as PEN and PET. As a result
the sheet resistance of commercially available ITO films supported on plastic
substrates is typically > 35 Q sq*, which is 3-4 times higher than on glass.3%>3%
Further problems associated with the use of conducting oxides is the high cost of
patterning oxide films, the chemically ill-defined nature of the surface and the
relatively high surface roughness, which adversely impact the stability of the
electrode contact with the adjacent organic layer.*® *"**" The complexity of ITO and
other conducting oxides also makes it difficult to investigate the science of electrode
- organic semiconductor contacts in organic optoelectronic devices.® It is now
widely recognised that the electrode interfaces are critical determinants of the
performance of OPVs and that there is a great deal yet to be understood about
organic semiconductor / electrode contacts, particularly regarding the process of
charge carrier extraction.?® *® As a result window electrodes that bridge the gap

between model substrates required for fundamental science and truly flexible

window electrodes for practical applications are highly desirable. In the absence of a
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commercially available alternative, ITO supported on PET is however the only

benchmark against which new, flexible window electrodes can be compared.

For the full potential of OPVs to be realised they must be fabricated on
flexible substrates to enable rapid roll-to-roll fabrication, although there are very few
reports relating to the use of unpatterned metal films on flexible substrates as the
window electrode for OPV. Kim et al. have recently demonstrated OPVs fabricated
on 15 nm thick Au wrinkled electrodes on PET with a cell area of 0.18 cm” and a
power conversion efficiency of 1.8%.'*" Yambem et al. have demonstrated small
area OPV employing flexible 19 nm Ag electrodes evaporated onto PET with power
conversion efficiency of 2.3%.'* Optically thin Cu films sandwiched between oxide
layers are also emerging as a promising electrode materials for OPVs; Perez Lopez et
al. have recently demonstrated 18 nm Cu films sandwiched between the MoOy layers
in 0.22% efficient OPVs on glass,'*' although unpatterned copper films have not yet
been used as window electrodes in flexible OPV.

Another reason why optically-thin metal films on flexible substrates are not
widely used as the window electrode in OPV is that they can be extremely fragile.
For example, Wu et al. reported that 20 nm thick Cu films prepared by sputtering
onto flexible poly(dimethylsiloxane) fail catastrophically when bent through an 8
mm radius,**® which is caused by poor adhesion between the metal and the substrate.
To address this problem on rigid substrates the substrate surface can be modified
with a methoxysilane adhesive layer prior to metal deposition as described in
Chapter 3 of his thesis. This approach has not been previously used to prepare
optically thin films of other coinage metals, nor has it been applied to plastic
substrates. The reason for the latter is the absence of native surface groups onto

which silanes can covalently bind on most technologically important plastics and the
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limitation imposed by the requirement for solvent orthogonality when chemically

modifying plastics from solution.

WA RW 1S
T

Figure 5.1: Photographs of 8 nm Ag (top), Cu (middle) and Au (bottom) on
APTMS:MPTMS derivatised PET substrates.

5.2 Experimental

5.2.1 Preparation of ultra-thin metal films on plastic

PET - and PEN were cleaned using the standard procedure described in Chapter 2.
After acetone vapour treatment substrates were UV/O; treated for 4 minutes unless
stated otherwise. The substrates were immediately transferred to a dessicator where
they were exposed to the vapour of APTMS:MPTMS at 50 mbar for 4 hours before
loading into an evaporator for Au, Cu and Ag deposition. The metal deposition rate

-1
was 0.1 nms .
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5.2.2 Substrate characterisation

To characterise the chemical composition of the plastic substrate surface before and
after oxidative treatment and after chemical modification with an APTMS:MPTMS
nanolayer, high resolution X-ray photoelectron spectroscopy (HRXPS) was
employed. HRXPS measurements were performed and analysed as described in
Chapter 2.

Static water contact angle measurements were made to probe sample surface

hydrophobicity as described in Chapter 2.

5.2.3 Metal film characterisation

Metal films were characterised using the techniques described in Chapter 2.

5.2.4 OPV fabrication and testing

ITO coated PET with a sheet resistance 45 Qsq' was cleaned in the same manner as
the PEN and PET substrates. Two types of devices were fabricated: (i) solution
processed BHJ with the structure: electrode / 10 nm MoOy / 1:3 PCDTBT:PC,BM
spincasted from 16 mg ml" overall solution in chloroform / 8 nm BCP / 100 nm Al;
and (i1) small molecule bilayer OPVs with the structure: electrode / 1 nm perylene-
3.4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA) / 43 nm pentacene / 40 nm
Ceo / 8 nm BCP / 100 nm Al. Bending tests were conducted on ~1 cm? OPVs;

Devices were repeatedly bent over a 4 mm radius of curvature.
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5.3 Results and discussion

5.3.1 Electrode fabrication

PEN and PET are widely regarded as the substrates of choice for flexible organic
optoelectronics due to their high transparency, good mechanical properties and
resistance to oxygen and water vapour penetration.”?® 393% The substitution of
phenylene ring in PET with the bulkier naphthalene in PEN imparts a higher melting
point and increases absorption below 380 nm, thereby simultaneously improving
thermal stability and filtering out UV photons which are suspected of degrading
organic semiconductors.”®® The weak adhesion between coinage metal films
deposited by vacuum evaporation and these plastics results in poor film quality. For
example, Au films with an effective thickness of 8 nm on PET have a sheet
resistance of 31 Q sq!, which is a factor of 3 higher than that achieved using the
method reported herein and is arguably too high for OPV applications. Furthermore
upon 10 minutes ultra-sonic agitation in water this increases to 40 Q sq™*. When Cu
films of the same thickness on PET are subject to an identical test they fail
completely. The effect of brief ultra-sonic agitation in various solvents on 8 nm Cu
and Au films prepared by vacuum deposition directly onto PET and PEN substrates

is summarised in Table 5.1.
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Table 5.1. Sheet resistance of 8 nm Au and Cu films supported on untreated PEN
and PET substrates before and after ultra-sonic agitation in three common solvents:
toluene, water and 2-propanol.

Substrate Untreated Toluene Water 2-propanol
[Qsq]

Au/PEN 25.0£2 29+3 50+5 30+2

Au/PET 31+2 31£2 40+£5 31£2

Cu/PEN 18+2 25+2 >600 25+2

Cu/PET 16+2 21 +2 Not conductive 2342

To improve the robustness of optically thin films of these metals on plastic
substrates and promote uniform film growth at low thickness we have explored the
possibility of chemically modifying the surface of PEN and PET substrates using a
mixed monolayer of APTMS and MPTMS. Compatibility with flexible substrates is
only possible because the monolayer is deposited from the vapour phase, which
circumvents complexity that results from the frequent incompatibility of these
plastics with solvents. Whilst APTMS and MPTMS couple to glass substrates via
native surface hydroxyl groups, no such groups exist at the surface of PET or PEN
and so it is necessary to introduce surface hydroxyl moieties without undermining
the mechanical integrity of the surface. Oxidative treatments such as oxygen
plasma'! and UV/O5*** can be used to form reactive oxygen containing moieties at
the surface of plastics, although for the current purpose the latter method was found
to be most suitable since it is less aggressive than plasma oxidation and does not
increase the surface roughness, which remained unchanged at Ryms = 1.5 nm £ 0.2 nm
for treatment times of < 5 min.

The incorporation of hydrophilic moieties at the intrinsically hydrophobic

polymer surface drastically alters its hydrophilicity and so the optimal oxidation time
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was determined by measuring the static water contact angle as a function of UV/O;

treatment time. It is evident from Figure 5.2 that the increase in surface

hydrophilicity begins to saturate after 4 minutes.

80 | 80
 E——
& 70 m 0 o O — 70
P M
2 60 — 60
© = PET
g 50 PEN | 50
c
3
o 40 - e— — 40
= L]
S []
< 30 — _— — 30
20 - - 20
! | | I | |
o 1 2 3 4 5
Time (min)

Transparency (%)

Figure 5.2: Static water contact angle of PET and PEN
transparency of 8 nm Au films supported on mixed nanolayer

PEN as a function of UV/O3 treatment time.

films and average
derivatised PET and

After this period the maximum transparency of 8 nm Au films evaporated on

APTMS:MPTMS treated substrates is achieved. This change results from an increase

in the density of oxygen containing moieties at the surface, which was verified using

HRXPS (Table 5.2).
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Table 5.2. C 1s and O 1s HRXPS survey scan summaries before and after UV/O3
treatment of PET and PEN expressed as atomic percentages (Columns 2 and 3);
Column 4 (Blue): Proportion of C 1s peak assigned to C-OH, -C-O-C- and COO-C
bonding environments.

C 1s [%] O 1s [%] C Is (alcohol, ester,
ether) / Cls
PEN 78.8 £0.1 21.1+0.1 0.14
PET 72.8+0.1 27.2+0.1 0.21
PEN UV/O; treated 69.9+£0.2 29.7+0.2 0.22
PET UV/O; treated 68.1 £0.1 31.9+0.1 0.24

The proportion of the C s core level peak assigned to C-OH, -C-O-C- and COO-C
increased by ~ 3% on PET and ~ 8% on PEN. By measuring the ratio of the N 1s to
S 2s peak areas in the HRXPS spectra, the ratio of APTMS to MPTMS was
determined to be 3.52 = 0.03 on PET and 3.43 + 0.03 on PEN. Notably the optimised
derivatisation time and composition of the resulting mixed monolayer is very similar
to that reported in Chapter 3. This similarity demonstrates the versatility of this

approach for the preparation of ultra-thin Au films on very different substrates.

The requirement for both UV/O; treatment and APTMS:MPTMS vapour
treatment is evident from Figure 5.3; the far-field transparency of an 8.4 nm Au film
on PEN is highest when the substrate has been UV/O3; and APTMS:MPTMS vapour
treated. It is also clear that the optical properties of optimised Au films on PEN are

essentially identical to those on glass.
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Figure 5.3: Far-field transparency spectra of 8.4 nm Au films on derivatised and
non-derivatised PEN. An 8.4 nm Au film on glass nanolayer derivatised according to
the optimised procedure given in Chapter 3 is also shown for comparison.

Figure 5.4 shows how the sheet resistance and mean transparency of Au films
supported on nanolayer derivatised PET and PEN depends on the metal thickness. It
is evident from Figure 5.4 that the properties of Au films on PET and PEN are

essentially identical.
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Figure 5.4: Graph summarising mean optical transparency as a function of sheet
resistance for different thicknesses of Au on UV/O; treated PET and PEN derivatised
with an APTMS:MPTMS nanolayer.
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It is evident from Figure 5.5 that the roughness of 8 nm Au, Ag and Cu films
fabricated on PET is very low (< 1.6 nm) and comparable to that of the underlying
plastic, consistent with the formation of metal films of uniform thickness. Whilst the
sheet resistance is 4-5 times higher than that calculated on the basis of the bulk
resistivity of the metals in each case,”’” it is comparable to that of optimised ITO

films on glass and thus low enough for use in OPVs.

.. .
OO hNONDOD®
nm

Figure 5.5: Representative AFM images of 8 nm metal films supported on
APTMS:MPTMS derivatised PET: (a) Au ; (b) Ag ; (c) Cu; (d) Cu:Ag 3:1; and (e)
UV/O; treated PET. Typical Ryms for each substrate is given in the top right corner of
each image.

The film robustness towards standard substrate cleaning procedures was
tested by ultra-sonic agitation in three common solvents; namely, 2-propanol,
toluene, and water. Remarkably these films were resistant to all of these solvent

treatments with no significant change in sheet resistance (Table 5.3).
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Table 5.3. Sheet resistance of 8 nm Au, Cu, Ag, Cu:Ag 3:1 films supported on PEN
and PET substrates derivatised with an APTMS:MPTMS nanolayer before and after
ultra-sonic agitation in three common solvents: toluene, water and 2-propanol.

Substrate Untreated  Toluene Water 2-propanol
[Qsq7]

Au/PEN 12+2 13+3 13+£2 13+£3

Au/PET 12+2 13+£2 1442 13+£2

Cu/PET 11+£3 11+3 13+3 11+3

Ag/PET 9+2 10+£2 12+4 10£2

Cu:Ag/PET 14+3 14+3 16 £3 15+3

5.3.2 Effect of annealing

OPVs are typically annealed to 100-200 °C post-fabrication to realise optimal phase
separation and/or crystallisation of the organic semiconductor layer.”'**"* For this
reason the effect of annealing the substrate electrode at 200 °C is also reported. Due
to the low film thickness the melting point of these metals is suppressed and so
heating at 200 °C for only 10 minutes is sufficient to realise a 10 - 30% reduction in
sheet resistance, depending on the metal (Table 5.4), without significantly altering

film topography.

Table 5.4. Sheet resistance of 8 nm metal electrodes on derivatised PET before and
after annealing to 200 °C.

Au Ag Cu/Ag 3:1 Cu/Ag2:6 Cu
[Qsq"]
RT 12+2 9+2 14+3 11+2 11+3
200 °C 9+2 8+2 11+2 8+2 8+2
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These films have a lower sheet resistance than most other unpatterned metal
films of the same thickness on glass and plastic substrates reported to date.'?® 14
314315,291.316.317318 The potable exception is the 6 nm Ag films sandwiched between
MoO, layers reported by Sergeant et. al.,*®> who achieved 6.2 Q sq™ by evaporating
Ag onto MoOy coated glass substrates held at -5 °C, although MoO,/Ag/MoOy films
fabricated in our laboratory were not robust towards ultra-sonic agitation in water.
The reduction in sheet resistance upon annealing is attributed to an increase in film
crystallinity which reduces the number of grain boundaries and defects at which
electrons are scattered, since it is known that annealing much thicker Au films on
glass increases the crystal grain size.’®* Y€ Importantly, annealing reduces the sheet
resistance of all the single component films and the 2 nm Cu : 6 nm Ag bilayer films
to <9 Q sq™, which represents a significant further improvement.

Wanunu et al. have previously reported highly crystalline 15 nm Au films on
glass with a mean transparency (across the 300 nm — 700 nm range) of 32% and
demonstrated application as a versatile, chemically well-defined substrate for surface
science.*® Since the Au films fabricated here offer the advantage of; (i) flexibility;
(ii) more than twice the far-field transparency; (iii) and half the Au usage, the
possibility of achieving the high degree of crystallinity reported by Wanunu et. al. in
a much shorter time frame was investigated. Au films with thicknesses in the range
5.6 nm to 8.4 nm were annealed up to 200 °C for 10 minutes. The changes in sheet
resistance of Au films of different thicknesses upon annealing and changes in XRD
spectrum of 8 nm Au film before and after annealing to 200 °C are shown in Figure

5.6.
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Figure 5.6: (a) Graph showing changes in sheet resistance with annealing
temperature for different Au film thickness; (b) (Upper) Grazing incidence XRD
spectrum of an 8.4 nm Au film supported on APTMS:MPTMS derivatised PET;
(Lower) 6-20 XRD spectra of PET (grey) and 8.4 nm Au film supported on
APTMS:MPTMS derivatised PET (black) after annealing at 200 °C for 10 minutes.

It is evident from Figure 5.6 (a) that the largest percentage reduction in sheet
resistance upon brief thermal annealing at 200 °C is achieved for the thickest Au
films: 8.4 nm, which exhibit a 25% decrease from 12 + 2 Q sq™ t0 9 + 2 Q sq*
without any significant change in Ryms (1.5 nm £ 0.2 nm vs. 1.3 nm = 0.1 nm) or
transparency. Grazing angle XRD spectrum of Au films on PET prior to annealing
shows weak reflections from the Au (111), (200), (220) and (311) crystal planes
(Figure 5.6 (b)). Upon annealing at 200 °C for 10 minutes an intense Au (111)
reflection emerges such that it is no longer necessary to record the spectrum at
grazing angle. This dramatic change is direct evidence that the surface reverts almost
entirely to the (111) crystallographic face rendering these electrodes both chemically
and structurally well-defined. This transformation is remarkable in that it occurs so
rapidly and renders these electrodes near perfect for organic optoelectronics, bridging

the gap between model substrates required for fundamental science and truly flexible

164




Chapter 5.

window electrodes for various applications. Films with thicknesses < 6.5 nm undergo
significant transformation upon annealing with the transparency decreasing in the
middle of the visible spectrum and increasing in the red/near-infra red region (Figure
5.7). This change correlates with a change in the film morphology with the formation
of a random array of sub-micron-sized holes. This phenomenon is discussed in detail

in Chapter 6.
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Figure 5.7: Transparency spectra for 6.5 nm Au film on PEN before and after
annealing to 200°C for 10 minutes.

5.3.3 Tuning the transparency by the choice of metal

It is evident from Figure 5.8 (a) that the far-field transparency of the Ag, Cu and Au
films is significantly different, with Au films offering the highest mean transparency
(71% (Au) vs. 61% (Ag) and 62% (Cu)) across the visible spectrum. Ag and Cu films
are most transparent at opposite ends of the visible spectrum and so to realise an
electrode with broad band transparency at a lower materials cost than Au, bilayer Ag
and Cu were fabricated with the Cu layer buried beneath the Ag layer to protect it

against oxidation. It is clear from Figure 5.8 (b) that this approach works best for 1:1
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Cu:Ag films: Whilst the mean transparency of Cu (4 nm): Ag (4 nm) films (65%) is
7% lower than Au electrodes of the same thickness it is higher than that of the pure

Ag (61%) or Cu (62%) films of the same thickness with a broader band transparency.
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Figure 5.8: (a) Transparency spectra of 8 nm coinage metal on nanolayer derivatised
PET (solid line) and PEN (dashed line) (b) Transparency spectra of 8 nm Cu:Ag
bilayer films with different Cu:Ag ratios supported on APTMS:MPTMS derivatised
PET.

5.3.4 Device fabrication and testing

To demonstrate the viability of these electrodes as a drop-in replacement for ITO in
flexible OPVs they were incorporated into solution processed OPVs with the
structure: hole-extracting electrode / 10 nm MoOy / PCDTBT:PC;,,BM / 8 nm BCP /
100 nm Al. In this device structure the BCP layer serves as an exciton blocking layer
at the contact with the electron extracting electrode. MoOy is a widely used hole-
extraction material for OPVs and is doped n-type by gap states resulting from partial
filling of unoccupied 4d orbitals of Mo atoms neighbouring oxygen vacancies.? Its

functionality stems from its exceptionally high ¢,319 which results in spontaneous
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ground-state charge transfer from the HOMO of the organic semiconductor and the
Fermi level of the electrode which pins these energy levels close to one another on
either side of the oxide layer.'®® ?° Charge transport across the oxide layer is

mediated either by the gap states themselves®'?

or via electron transport in the
conduction band'*® depending on the degree of n-type doping. PCDTBT:PCBM
harvests light across almost the entire visible spectrum and so is ideally suited to

investigate the applicability of window electrodes with a strongly wavelength

dependent transparency across the visible spectrum.
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Figure 5.9: (a) J-V characteristics of OPV in the dark (dotted lines) and under 1 sun
simulated solar illumination (solid lines) with structure: 8 nm metal electrode on
APTMS:MPTMS derivatised PET (or ITO coated PET)/ 10 nm MoOy / 1:3
PCDTBT:PC+BM /8 nm BCP /100 nm Al.

Typical J-V characteristics of 1 cm? PCDTBT:PC7BM devices are shown in
Figure 5.9 (a). To a first approximation Js scales with the electrode transparency: Ag
(T =61%, Jsc = 7.7 £ 0.1 mA cm?); Cu (T = 62%, Jc = 8.1 + 0.1 mA cm?); Au (T =
71%, Jgc = 8.45 + 0.15 mA cm?); ITO (T = 81%, Jsc = 9.60 + 0.40 mA cm?). The

difference in Js between devices employing Ag and Cu electrodes, as compared to
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Au, is smaller than expected on the basis of transparency alone. This is attributed to
micro-cavity effects,®® since Ag has a higher reflectivity than Au across the visible
spectrum.”®® Crucially the efficiency () of OPVs fabricated on Ag and Au
electrodes, 3.70% = 0.15 and 4.25% = 0.20 respectively, is comparable to that of
devices using ITO electrodes, 4.10% = 0.15, due to the higher FF; (Ag) 0.55 + 0.03,
(Au) 0.60 = 0.01 and (ITO) 0.45 = 0.03. The origin of this improvement is the lower
cell series resistance, which is evident from the gradient of the J-V characteristic at J
= 0 and results from the lower sheet resistance of the metal electrodes (9-12 Q sq™)
as compared to ITO (45 Q sq™*) on PET.

To demonstrate the generality of this result, wholly vacuum deposited 1 cm?
OPVs based on a pentacene/Cgo heterojunction were also fabricated on Au and ITO

electrodes on PET and PEN (Figure 5.10 & Table 5.5).
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Figure 5.10: J-V characteristics of OPVs in the dark (dotted lines) and under 1 sun
simulated solar illumination (solid lines) with structure: 8 nm Au on
APTMS:MPTMS derivatised PET or PEN (or ITO PET) / 1 nm PTCDA / 43 nm
pentacene / 40 nm Cgo / 8 nm BCP / 100 nm Al.
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Table 5.5. Summary of the key device performance characteristics and calculated
series resistance (R;) for OPVs with a device structure; electrode (8 nm Au or ITO) /
PTCDA / pentacene / Cgo / BCP / Al.

PEN PET ITO
Jio [mA cm-2] | 5.85+0.15 5.70+0.5 5.90 + 0.20
Vo [V] 0.33+0.01 0.33+0.01 0.33+0.01
FF 0.43 + 0.04 0.46 +0.01 0.31+0.03
n [%] 0.83 +0.05 0.85+0.03 0.64 + 0.07
Ryeer [Qem?] | 8.7+0.5 9.0+0.5 455+2.0

Au electrodes were used since they exhibit the best performance of the metal
electrodes in solution processed OPVs. In molecular OPV it is well known that
relatively small differences in the nature of the substrate electrode can be critical
determinants of device performance, since the growth mode of molecular
semiconductors often exhibits a strong dependence on substrate surface energy and
morphology.**® For this reason a 1 nm layer of PTCDA was deposited onto the
substrate electrode prior to deposition of the 43 nm pentacene donor layer. A 1 nm
PTCDA interlayer is sufficiently thin to be transparent to hole transport across the
interface®*! and is known to adopt the same orientation on both ITO%* and Au®?
substrates. AFM images of 43 nm pentacene films grown on these different
electrodes with a PTCDA interlayer confirms that the pentacene film morphology is

essentially identical (Figure 5.11) and so any difference in device performance is

unlikely to result from a difference in the morphology of the pentacene layer.

169




Chapter 5.
2.0 = ; - — —

10

I

um
P

0.5

-10

0.0
0.0 0.5 1.0 15 20 0.5 1.0 1.5 20

Figure 5.11: AFM images showing topography of 43 nm pentacene films supported
on 1 nm PTCDA on ITO/PET (a) and Au/PEN (b).

The ¢ of freshly evaporated Au and freshly UV/O; treated ITO was measured using
the Kelvin probe technique to be 4.90 £ 0.05 eV and 5.40 £ 0.15 eV respectively.
After deposition of a 1 nm film of PTCDA this reduced to 4.60 + 0.05 eV and 4.9 +
0.1 eV respectively. Sharma et al. have shown that the performance of pentacene/Cg
based OPVs is not affected by differences in the ¢ of the hole-extracting electrode
over this range and so any difference in device performance cannot be attributed to
the differences in the interfacial energetics.*?* Devices on 8 nm Au on PET and PEN
exhibit = 0.85 + 0.03% and 0.83 £ 0.05% respectively. Again, the primary reason
for the increased 7 in devices fabricated on ultra-thin Au electrodes is the higher FF,
which results from the lower device series resistance (Table 5.5). This result serves
to highlight the importance of electrode sheet resistance in large area OPVs, clearly
demonstrating that increasing the transparency at the expense of the sheet resistance

is a false economy for large area applications.
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5.3.4.1 The 8 nm Cu electrode

It is evident from Figure 5.9 that the performance of OPVs on Cu electrodes is
inferior to that on Ag and Au due to the lower V. and FF. The latter results from a
lower shunt resistance as is evident from the steeper gradient of the J-V characteristic
at V = 0. The reason for the lower V. is the earlier onset of dark current injection
under forward bias which is indicative of a smaller built-in potential. Interestingly
this correlates with the ¢ of the electrodes measured immediately prior to device
fabrication using a Kelvin probe; Cu: 4.52 + 0.03eV; Ag: 4.87 £ 0.01eV; Au: 4.85 £
0.01eV, since the ¢ of the Cu electrode is 0.25 - 0.30 eV lower than the Ag or Au
electrodes. However, this simplistic explanation does not take account of the
important role played by the MoOy layer, which should align the E; of the electrode
close to the HOMO in PCDTBT so that the difference in ¢ between these electrodes
does not translate to a difference in built-in potential.

To gain further insight into the interfacial energetics, measurements of the
change in energy between the electrode E; and the vacuum level at the surface (VLs)

were made as a function of MoOy layer thickness using a Kelvin probe (See Figure

5.12). This energy difference, ¢}, corresponds to the ¢ of the oxide when the film

thickness is sufficient for E; alignment to be established across the interface.® If

thermodynamic equilibrium is not achieved then ¢ corresponds to the ¢ of the

metal electrode with a modified surface potential.*" ® This technique has been used
extensively to probe interfacial energetics at electrode — organic semiconductor
interfaces and has the advantage over photoelectron spectroscopy that it can be used
to investigate the change in potential across relatively thick films of wide band gap

materials.3 &
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Figure 5.12: The variation in g{*°across MoOx layers deposited onto Au, Ag and Cu
electrodes as function of MoOy thickness.

For the thickness of MoOy used in devices (10 nm) the change in g is

different on all three substrates indicating that E; alignment is not achieved across at
least two of the three interfaces. In those cases the thin oxide layer simply modifies

the surface potential of the substrate electrode such that it has a ¢ much greater than
the ionisation potential of PCDTBT (5.35 eV3*). Since g on the Au electrode

exhibits the largest change and remains constant with increasing layer thickness at a
value equal to the ¢ of MoO, reported in the literature; 6.9 eV,** 2 it is likely that
thermodynamic equilibrium has been achieved across this interface. This result is in
excellent agreement with measurements of the interfacial energetics between Au

substrates and MoO, by Seki et al.?*°

using photoelectron spectroscopy. Under these
circumstances E; of the Au electrode is aligned closely to the HOMO of PCDTBT,
which ensures that the built-in electric field in the diode is maximised. As a result the

onset of hole-injection under forward bias is delayed as much as possible, ensuring
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that V. is maximised. By extension, at the interface between the 10 nm MoOy layer
and Ag and Cu electrodes there is sub-optimal energy level alignment. Since it is
reasonable to assume that the HOMO of PCDTBT is always pinned to the E; of the
MoO,** the performance of OPVs employing both Ag and Cu electrodes should be
inferior to that achieved using Au electrodes due to the smaller built-in potential,
which results in an earlier onset of dark current injection. Whilst it is clear from
Figure 5.9 that this is the case for the Cu electrode it does not hold true for the Ag
electrode. The measurements of the energetics at the metal electrode / MoOy
interface cannot therefore be rationalised in terms of a well-defined interface.
Instead, it is necessary to account for the possibility that Ag and Cu diffuse into the
thin MoOy overlayer.**" 3 Indeed the very low thickness of these metal films
suppresses the temperature at which metal diffusion occurs, which is why these films
are amenable to rapid annealing at 200 °C. Ag is known to diffuse less aggressively
into oxide overlayers®®® and so it is plausible that those Ag atoms that do diffuse into
the MoOy function as n-type dopants, much like Mo atoms, moving the E; closer to

the conduction band edge and thus reducing the ¢ of the oxide. This hypothesis

offers an explanation as to why £{*°at the Ag/MoOx interface converges to a lower ¢

than MoOy on Au. It also offers a plausible explanation as to why OPVs employing
an Ag electrode have the same V. as those using an Au electrode, since the ¢ of Ag
doped MoOy (~ 6.4 eV, from Fig. 5.12) is still sufficiently high to align the electrode
E: (~4.9 eV below VLs) with the HOMO of PCDTBT (5.35 eV below VL) .
Conversely Cu is known to diffuse very aggressively into metal oxides including
MoO,**! and so it is possible that filamentary strands of metallic Cu extend along the

grain boundaries all the way through the 10 nm MoOy layer, thereby undermining it

electronic functionality. This would explain why cf*°does not saturate with
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increasing MoOy thickness, but continues to increase towards that of MoOy on Au. It
would also explain the early onset of dark current injection under forward bias, since
the ¢ of Cu is too low for the E; of the electrode to align closely with the HOMO in
PCDTBT. The deterioration in FF can also be rationalised in terms of this hypothesis
since the role of the oxide layer in reducing filamentary short circuits is

undermined.?% 32

5.3.4.2 Bilayer Cu : Ag electrodes

To explore the potential of tuning the optical properties of these metal film electrodes
bilayer Cu:Ag electrodes were fabricated with different relative thicknesses. In
principle these electrodes also offered a path to circumventing the aforementioned
problem with Cu electrodes, since the Ag forms the interface with the MoOy hole-
extraction layer. The total metal thickness was kept at 8 nm and the bilayer Cu:Ag
thickness ratio was 1:0, 3:1, 1:3 and 0:1. It is clear from the J-V characteristics,
shown in Figure 5.13, that when the Ag layer thickness is 2 nm the electrode
essentially behaves as if it were Cu only. Increasing the Ag thickness to 6 nm results
in a relatively small improvement in both V,. and FF, which falls well short of that
achieved on Ag alone. Pitts et al**’ have shown that Cu can diffuse at room
temperature through Ag overlayers as thick as 11 nm. These results can therefore
also be rationalised in terms of the diffusion of Cu into the MoOx layer and serve to

highlight the challenges associated with the using Cu electrodes in OPV.
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Figure 5.13: J-V characteristics of OPVs in the dark (dotted lines) and under 1 sun
simulated solar illumination (solid lines) with the structure: 8 nm metal electrode on
APTMS:MPTMS derivatised PET / 10 nm MoOy / 1:3 PCDTBT:PC7BM / 8 nm
BCP /100 nm Al.

5.3.4.3 OPV durability testing (bending and lifetime tests)

Device lifetime is a critical factor when considering the commercial potential of any
PV technology and it is known that the operational lifetime of OPV is limited if
chemically unstable (metastable) electrodes such as ITO are used.*?® Specifically |
the 1TO/organic semiconductor interface is known to be susceptible to photo-induced
degradation leading to a gradual deterioration in charge extraction efficiency across
the interface.>*® Figure 5.14 shows how the key characteristics of 1 cm? pentacene /
Ceo OPVs, employing Au and ITO electrodes, change under prolonged illumination.
The performance of devices with Au electrodes remains virtually unchanged after 2.5
hours, whilst identical devices employing ITO electrodes lose over 50% of their

efficiency.
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Figure 5.14: Js, Vo, FF and 5 of 1 cm? OPVs as a function of illumination time, for
the bilayer device with the structure: electrode / pentacene / Cgo/ BCP / electrode.

Finally, it is widely considered that for OPVs to realise their full commercial
potential they must be fabricated on flexible substrates. Figure 5.15 (a) and (b) shows
how the efficiency of 1 cm? solution processed and small molecule OPVs fabricated
on ITO and metal electrodes on PET perform as a function of the number of bend
cycles through a radius of curvature of 4 mm. The performance of devices with an
ITO electrode deteriorates rapidly. This is because conducting oxide electrodes such
as ITO are inherently brittle and so susceptible to cracking when bent. In contrast the
performance of both solution processed and vacuum deposited OPVs with metal
electrodes is practically unchanged even after 100 bend cycles, opening the door to

the realisation of truly flexible OPVs.
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Figure 5.15: Power conversion efficiency as a function of number of bend cycles
for; (@) - PCDTBT:PC+BM based OPV with Au/PET (yellow triangles), Cu/PET
(brown triangles), Ag/PET (grey triangles) or ITO/PET (closed circles) as the
substrate window electrode.; (b) Cso / pentacene based OPV with Au/PET (yellow
triangles) and ITO/PET (closed circles) electrodes.

5.4. Conclusions

The key findings of this Chapter are:

1. 8 nm films of the coinage metals Cu, Ag and Au can be fabricated on the
technologically important substrates PET and PEN to realise highly electrically
conductive, low Ryns and exceptionally robust window electrodes. The key to the
realisation of these electrodes is the chemical derivatisation of the plastic surface
with a mixed monolayer of thiol and amine methoxysilanes co-deposited from the
vapour phase.

2. Owing to the low thickness of these metal films their melting point is
suppressed so that brief heating at only 200 °C can be used to reduce the sheet
resistance to < 9 Q sq. Annealing Au electrodes at 200 °C for only 10 minutes
causes the surface to revert almost entirely to the (111) face rendering it ideal as a

widely applicable electrode for fundamental science and practical application alike.
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To the author’s knowledge the properties of these electrodes in terms of robustness
and sheet resistance are superior to almost all unpatterned metal film electrodes of
the same thickness on plastic substrates reported to date.

3. The performance of ~ 4% efficient 1 cm? OPVs on Ag and Au electrodes is
comparable to that on commercial ITO electrodes on flexible plastic substrates. The
disadvantage of the lower transparency of the metal electrodes, as compared to ITO,
is off-set by the advantage of much lower sheet resistance.

4. 1 cm? OPVs fabricated on 8 nm metal window electrodes are robust towards
repeated bending through a radius of curvature of 4 mm opening the door to the
realisation of truly flexible OPVs. In contrast, ITO coated plastic substrates
deteriorate rapidly upon repeated bending. Devices employing ITO electrodes
undergo fast deterioration under illumination while devices with metal electrodes
remain stable.

5. Cu offers a path to low cost transparent electrodes and can be combined with
Ag to tune the optical transparency. However, even when buried beneath a 6 nm Ag
layer and a 10 nm MoOy hole-extraction layer OPVs with Cu electrodes do not
perform as well as Ag or Au electrodes of the same thickness. On the basis of device
studies and measurements of the energetics at the metal electrode / MoOy interface
this is attributed to diffusion of Cu into the MoOyx layer which undermines it

functionality as a high work function interlayer.
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Chapter 6.

Plasmon-active nano-aperture window electrodes

The work presented in this chapter has been published in:
H. M. Stec, R. A. Hatton, Plasmon-Active Nano-Aperture Window Electrodes for
Organic Photovoltaics, Advanced Energy Materials, 2013, 3 (2), 193-199.

Summary

This chapter describes a method for the fabrication of optically thin Au and Ag films
with a high density of non-symmetric sub-wavelength apertures on glass and plastic
substrates without the complexity of a lithographic step. It is shown that these films
are remarkably robust, have a sheet resistance low enough for OPV applications and
support surface plasmon resonances, which couple strongly with visible light
concentrating it near to the electrode surface. The two key steps in the realisation of
these electrodes are: (i) Chemical modification of the substrate surface prior to metal
deposition to tune the strength of adhesion between the substrate and the metal film;
(ii) Following metal deposition of the metal the film is briefly annealed to form a
random array of nano-sized apertures with a high number density. It is shown that the
efficiency of model BHJ and bilayer OPVs is greatly increased as compared to
identical devices utilising aperture-free electrodes and these electrodes actually
outperform ITO as the window electrode in flexible OPVs. In addition to presenting
compelling evidence that this functionality results from surface plasmon mediated
light concentration effects, this work demonstrates that the sub-wavelength apertures

need not have a uniform shape or have a particularly tight size distribution and may
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have dimensions more than one order of magnitude smaller than the wavelength of

the light being collected.

Figure 6.1: 3D AFM topographs of Au electrodes (lateral scale 5 um x 5 um); flat
metal electrode (left); modified, plasmon-active electrode (right).

6.1 Introduction

To date the most efficient OPVs are based on the BHJ concept where co-deposited
electron-donor and electron-acceptor type organic semiconductors spontaneously
phase-separate into domains with dimensions comparable to the exciton diffusion
length in each material to realise a large area interpenetrating heterojunction. 84 33033
This architecture helps to address the exciton diffusion bottleneck that occurs in bi-
layer OPVs as a result of the short exciton diffusion length in organic
semiconductors.” > ' However, recombination losses during charge carrier
transport through the complex network of donor and acceptor phases can limit the
thickness of the photoactive layer to less than optimal for light absorption.” 42 By

analogy the very short mean free path of charge carriers in amorphous silicon and

guantum dot photovoltaics, resulting from the high defect density, also imposes a
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limitation on the thickness of the semiconductor layer.** **2 Conversely, more
generally it is desirable to reduce the semiconductor thickness in photovoltaics
without adversely impacting device efficiency in order to reduce material costs,
increase fabrication speed and reduce electrical losses.®

It is possible to increase light absorption without increasing the thickness of

the photoactive layer using light trapping strategies including microcavity effect,®

the use of optical spacers® and structures to scatter the incident light.®* 43 3%

Alternatively plasmonic phenomena, which has been firstly demonstrated by Ebessen
et al. in opaque Ag film with sub-wavelength apertures,™* can be exploited to

concentrate the optical field in the photoactive layer using plasmon-active metal

146, 335

nano-structures, or to increase the effective path length through the photoactive

layer either using metal nano-structures as scattering elements or to trap the incident

light in surface plasmon polaritons at the photoactive layer - metal electrode

64, 147

interface. For these purposes Au and Ag are the most widely used metals since

they support surface plasmon resonances that couple strongly with visible light and
are relatively stable towards oxidation. To date plasmonics have been exploited in

OPVs in two ways: (i) Incorporation of plasmon active metal nanoparticles with

8

diameters < 100 nm either at the electrode interfaces'*® or dispersed within the

f, 149

photoactive layer itsel (if) Utilisation of electrodes comprising networks of

plasmon-active metal nanowires**’ or metal films patterned with arrays of apertures

150,151 152

with sizes in the range 80-300 nm or gratings.™ To date, most research into the
application of plasmonics in OPV has focused on (i), although due to the low
thickness of the semiconducting layer in (< 200 nm) integrating metal nanoparticles
or nanowires into these devices increases the risk of shor‘[-circuiting.153 Approach (ii)

has the advantage that the nano-structured metal serves as both a light concentrating
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element and collector of charge carriers. The majority of studies have focused on the

154155 and so modelling can be used to predict the

use of regular periodic structures
structure — property relation as so identify optimised designs.’®***® However, the
techniques used in the research laboratory to fabricate dense ordered arrays of

154, 1
34156 cannot be cost

structures with dimensions < 300 nm, such as ion-beam milling,
effectively scaled to large areas. A random array of sub-wavelength apertures is more
amenable to scaling than a periodic array, although more difficult to model. Indeed,
the possible plasmon activity in metal films with a high density of randomly arranged
apertures becomes increasingly complex as the film becomes optically thin (i.e. < 15
nm) since efficient coupling between surface plasmon polaritons on the front and

back of the metal film can occur’®

as well as significant ordinary transmission of
light. These effects are in addition to coupling between adjacent apertures'’ and the
effect of light concentration at aperture edges,158 which are features of optically thick
metal films with a random array of sub-wavelength apertures.

The first report of plasmon-active metal film electrodes in OPVs was by
Reilly et al., who have shown that OPVs employing a Ag metal electrode with a
random arrangement of circular apertures outperform identical devices without
apertures in the electrode.™ In that work the Ag electrode was relatively thick (30
nm) and the random array of circular apertures was formed using nanosphere
lithography. Whilst the relative improvement in performance was large, 1.03% to
1.22%, the absolute performance was at least a factor of three lower than that
achieved using a conventional ITO electrode. Reilly ef al. have also shown that using
lithography to form 92 nm diameter apertures over 20% of the surface of a 40 nm

thick Ag film results in a 150% increase in sheet resistance.'” As a result, forming a

high number density of apertures using this technique in a much thinner — and thus
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more transparent - metal film would render the sheet resistance too high for OPV
applications. A further disadvantage of microsphere lithography is the need to
remove 100% of the microspheres prior to device fabrication. It is therefore clear that
this class of window electrode must firstly be shown to demonstrate the potential to
perform as well as conducting oxide electrodes in efficient OPV. Then, for practical
implementation, low cost, scalable methodologies for the fabrication of optically thin
metal electrodes with a high density of sub-wavelength apertures and low sheet
resistance must be forthcoming. Finally, to help guide the design of these electrodes
for OPV it is useful to determine whether the sub-wavelength apertures need to have

a tight size and shape distribution or whether this design principle can be relaxed.

6.2 Experimental

6.2.1 Fabrication of nano-aperture metal films on glass and plastic

substrates

Nano-aperture electrodes were fabricated by chemical modification of the substrate
surface prior to metal deposition to tune the strength of adhesion between the
substrate and the metal film. On glass substrates this was achieved using a sub-
monolayer coverage of APTMS:MPTMS. On plastic substrates this was achieved by
controlling the extent to which the surface is oxidised prior to metal deposition, since
surface oxidation introduces reactive surface groups (as discussed in Chapter 5). This
was followed by metal deposition and a thermal annealing step to form a random
array of nano-sized apertures with a high number density. The importance of
modifying the surface of the substrate with ‘sticky’ surface groups prior to metal

deposition, either by addition of a molecular adhesive layer or formation of
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‘adhesive’ moieties directly on the surface is two-fold: (i) It enables a high degree of
control over aperture formation by increasing the thermal stability of the films.; (ii) It
ensures that once the apertures are formed the resulting nano-structured electrode
adhere strongly to the substrate.

The optimised electrode fabrication procedures were: glass, PEN and PET
substrates were cleaned according to the procedure described in Chapter 2 followed
by 15 minutes UV/O3 treatment for glass and or 5 minutes UV/O3 treatment for
plastic substrates respectively. Glass slides were then immediately transferred to a
dessicator where they were exposed to the vapour of APTMS or APTMS:MPTMS at
150 mbar for 1 hour (unless stated otherwise) before transferring to the evaporator
for Au deposition. PET and PEN substrates were transferred to the evaporator for Ag
deposition immediately after UV/O; treatment. To obtain the nanostructured
morphology Au and Ag films were annealed at 350 °C and 200 °C respectively, for

10 minutes in a N, atmosphere, unless stated otherwise.

6.2.2 Substrate characterisation

The chemically modified substrates were investigated using high resolution HRXPS
and static contact angle measurements.

Static contact angle measurements were made using high purity water with a
drop size of 0.2 ul to estimate the APTMS:MPTMS monolayer coverage on glass
substrates subjected to vapour treatment under different conditions. In the case of a
heterogeneous surface composed of well-defined patches or regions of two different

materials the surface heterogeneity can be estimated using the Cassie equation:®°

cosd = f cosg, +(1—- f)cosé, (Eqn. 6.01)
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where; 6, 6, are the contact angles measured on single component surfaces of 1 and
2 respectively and f is the fractional surface coverage of component 1 on a surface of
component 2. However for materials that are heterogeneous at the molecular level

the Israelachvili-Gee equation is more appropriate:*®®

(1+c0s#)? = f(1+cosd,)* +(1— f )1+ cosé,) (Eqn. 6.02)

6.2.3 Metal film characterisation

Metal films were characterised using the techniques described in Chapter 2. AFM
images of the surface topography of films with a random array of apertures were
analysed for aperture coverage, density and size distribution using WSxM

software.’

6.2.4 OPV fabrication and testing

The ITO coated glass and PEN substrates were cleaned in the same manner as the
glass and plastic substrates. The electrodes were incorporated into two different OPV
architectures:

(1) BHJ devices with the structure: hole-extracting electrode / MoOy / 1:3
PCDTBT:PC7BM spincasted from 16 mg ml™ overall solution in chloroform / 8
nm BCP /100 nm Al;

(2) Small molecule bilayer devices with the structure: hole-extracting electrode / 5

nm MoOy / 14 nm SubPc /40 nm Cgy/ 8 nm BCP / 100 nm Al.

185




Chapter 6.

In both cases Al was deposited through a shadow mask to give a device area of 6

mm?.

6.3 Results and discussion

6.3.1 Control over aperture formation in Au and Ag films

As described in previous chapters smooth and conductive metal films of sub-10 nm
thickness can be prepared on glass and plastic surfaces derivatised with a molecular
nanolayer that binds to both the substrate and evaporated metal. In Chapter 3 an
optimised protocol for the preparation of uniform Au films on glass using a mixed
nanolayer of APTMS and MPTMS is described. This method is not suitable for the
formation of the plasmon-active electrodes reported in this chapter since the Au film
binds too strongly to the glass and so upon thermal annealing only very large
(micron-sized) and sparsely distributed apertures form (Figure 6.2 (a) and Figure
6.3(a)). This is because the nanolayer deposition protocol described in Chapter 3
forms dense nanolayers equivalent to 100 % surface coverage, as determined using
HRXPS and static contact angle measurements. However, the molecular adhesion
layer can be modified to tune the strength of adhesion between the substrate and
metal film by varying the surface coverage, since the strength of adhesion is
proportional to the density of reactive moieties at the substrate surface, to which the

metal can bhind.
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Figure 6.2: Morphology of 8.4 nm Au films on APTMS:MPTMS derivatised glass
annealed at 350 °C for 10 minutes measured using an AFM. The nanolayer
derivatisation time was 45 minutes and the vacuum pressure in the deposition
chamber was: (a) 50 mbar; (b) 100 mbar; (c) 150 mbar.
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Figure 6.3: (a-c) Morphology of 8.4 nm Au films supported on APTMS:MPTMS
nanolayer derivatised glass post-annealing at 400 °C for 10 minutes. The glass
substrates were all exposed to APTMS:MPTMS vapour for 60 minutes at different
vacuum pressures: (a) 50 mbar; (b) 100 mbar; (c) 200 mbar. (d-f) Morphology of
8.4 nm Au films supported on APTMS:MPTMS nanolayer derivatised glass post-
annealing at 300 °C for 10 minutes. The glass substrates were all exposed to
APTMS:MPTMS at 100 mbar vacuum pressure for different times: (d) 100 minutes;
(e) 60 minutes; (f) 30 minutes. f — indicates the nanolayer coverage calculated using
Israelachvili-Gee equation.

In order to realise Au films with a high number density of sub-wavelength

apertures after brief annealing, the nanolayer surface coverage must be reduced,
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either by changing the derivatisation time or vapour pressure. Figures 6.2 and 6.3
illustrate the effect of changing the pressure at which the nanolayer is deposited and
the nanolayer derivatisation time. Importantly, the former corresponds to a decrease
in APTMS:MPTMS vapour pressure since the background gas pressure is higher.
Nanolayer surface coverage under different deposition conditions was determined
from static contact angle measurements using the Cassie equation®® and
Israelachvili-Gee equation.”® The latter is more suitable whenever the size of
chemically heterogeneous patches approaches atomic dimensions®® (Table 6.1). It is
clear from Figures 6.2 — 6.4 that there is a strong correlation between aperture
coverage and nanolayer coverage, which shows that controlling the nanolayer surface
coverage is an extremely effective means of tuning the morphology of the Au film on

top.

Table 6.1. Monolayer coverage calculated using the Cassie?® and Israelachvili-
Gee?® equations from water contact angle measurements. Monolayers were prepared
according to the same protocols used in preparation of Au films depicted in Figure
6.2 and 6.3.

Nanolayer Coverage [%)]
Sample Cassie equation [+ 3%)] Israelachvili-Gee
equation [+ 3%
6.2 (a) 94 95
6.2 (b) 87 89
6.2 (c) 77 80
6.3 (a) 96 97
6.3 (b) 91 92
6.3 (c) 79 79
6.3 (d) 97 98
6.3 (e) 90 91
6.3 (f) 69 73
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Figure 6.4: Graph of APTMS:MPTMS surface coverage calculated using
Israelachvili-Gee equation and corresponding aperture coverage in Au film as a
function of the vacuum pressure in the APTMS:MPTMS deposition vessel. The
metal film is 8.4 nm Au annealed to 350 °C for 10 minutes to form apertures.

6.3.2 The influence of the annealing time of Au film structure

Whilst rapid thermal annealing is a convenient way to form apertures, the stability of

these films towards extended periods of high temperature annealing is also of

interest.?®® 33 Figure 6.5 shows the morphology of 8.4 nm Au films supported on

MPTMS:APTMS nanolayer annealed at 300 °C for different periods of time and

rapidly cooled.
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Figure 6.5: AFM morphology of 7.4 nm Au films supported on APTMS:MPTMS
nanolayer (150 mbar, 1 hour) annealed at 300 °C for 3 minutes (a), 10 minutes (b),
120 minutes (c).

The apertures start to form very soon after the sample is subjected to the high
temperature (Figure 6.5 (a)). Notably the apertures have well-defined straight edges,
consistent with the formation of crystallites of comparable dimensions to the aperture
size. On average films annealed to for 120 minutes retain the same number density
and size of apertures as annealed for 10 minutes only, although their edges become
more uniform and well-defined resulting in a Ryms close to 2 nm (as compared to ~ 3

nm after 10 minutes).

6.3.3 Au films supported on single type of nanolayer

Since in this chapter the aim was to reduce the strength of adhesion between the
metal film and the glass substrate in a controlled way, the possibility of forming a
random array of apertures in Au films supported on a nanolayer of APTMS only was
investigated. It is evident from the SEM images in Figure 6.6 that this is the case,
although the onset of aperture formation begins at a lower temperature than on films
supported on a mixed nanolayer and the nano-structured films are much less stable

towards ultra-sonic agitation.
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Figure 6.6: SEM images of 8.4 Au films supported on mixed APTMS nanolayer (50
mbar, 1 hour); not annealed film (a); film annealed to 100 °C (b); 130 °C (c); 170°C
(d); 200°C (e) and 240°C (f).

6.3.4 Ag films

In an extension of the molecular adhesive approach for the chemical derivatisation of
glass, optically thin (11 nm) films of Ag with a random array of apertures were
fabricated on the technologically important plastic substrates PET and PEN. Since in
Chapter 5 it is shown that APTMS and MPTMS bind to UV/O; treated plastic
substrates and Ag, a mixed nanolayer could also have been used for the preparation
of Ag films on plastic, as for Au on glass. However, it was found that Ag would bind
sufficiently strongly to freshly UV/Oj3 treated PET and PEN for the formation of

apertures and so this simplified protocol was used for the preparation of Ag films on
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plastic substrates in this chapter. Notably, UV/O3 treatment is not as effective as
APTMS:MPTMS monolayer treatment for the fabrication of Ag and Au films
without apertures. For example, the sheet resistance of 8 nm Ag on APTMS:MPTMS
derivatised PET and 8 nm Ag on UV/Os treated PET is9+2 Qsqland 12+ 1 Q sq
! respectively. Using UV/O; treatment the strength of adhesion between the metal
film and the substrate can be tuned by altering the UV/O3 treatment time and/or UV
light intensity. The reactive groups formed at the plastic surface and the nature of
their interaction with Ag is discussed in section 6.3.5.2 of this chapter.

9 nm Ag films supported on UV/O;3 treated PET substrates with sparse
apertures are formed upon annealing to 150 °C and film became discontinuous
around 200 °C (see Figure 6.7 (a) and (b)). Films of the same thickness supported on
MPTMS derivatised glass, described in section 4.3.4, disintegrate at only 100 °C.
This clearly indicates the importance of reactive groups formed on the surface of
UV/O; treated plastic, and absent on the surface of glass, in metal/substrate adhesion
improvement. However thicker Ag films supported on MPTMS derivatised glass

offer the possibility to tune the aperture size as shown in Figure 6.7 (c) — (f).
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Figure 6.7: (a-b) Morphology of 9 nm Ag films supported on UV/O; treated PET
post-annealing at 150 °C (a) and 200 °C (b) for 10 minutes. (c-d) Morphology of 13
nm Ag films supported on MPTMS derivatised glass post-annealed at 100 °C (c) and

°C (d) for 10 minutes. (e-f) Morphology of 15 nm Ag films supported on

MPTMS derivatised glass post-annealed at 150 °C (e) and 200 °C (f) for 10 minutes.
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6.3.5 Nanostructured Au and Ag electrodes

For further investigations nano-structured films meeting the following criteria were
chosen: (i) a high density of apertures; (ii) a large reduction in far-field transparency
— indicative of strong coupling between the incident light and the metal film; (iii) no
significant change in sheet resistance as compared with flat films. 8.4 nm Au films
were deposited on APTMS:MPTMS derivatised glass (150 mbar 1 hour ~ 80%
monolayer coverage) and annealed to 350 °C, 11 nm Ag films deposited on 5 min
UV/O; treated PET annealed to 200 °C. Prior to aperture formation by thermal
annealing the 8.4 nm Au on glass and 11 nm Ag films on plastic substrate are
continuous (Figure 6.8 (a) and (c)) and robust towards ultra-sonic agitation in a
variety of solvents (Table 6.2). Subsequent annealing for 10 minutes results in the
formation of a random array of non-uniformly shaped apertures (Figures 6.8 (b) and

(d)), which however induce only moderate increase in sheet resistance.
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Figure 6.8: AFM topographs and cross-section of: (Upper) 8.4 nm Au films
supported on APTMS:MPTMS derivatised glass before (a) and after (b) annealing at
350 °C.; (Lower) 11 nm Ag films on UV/O; treated PET before (c) and after (d)
annealing at 200 °C.

Crucially the size and number density of the apertures does not change if the
annealing time is extended beyond 10 minutes, although there is a slight decrease in
surface roughness as the aperture edges are softened, as shown in Figure 6.5. The
depth of the apertures measured using an AFM is comparable to that of the deposited
film thickness, which is evidence that the apertures extend all the way through the

metal film in both cases.
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Table 6.2. Sheet resistance of 8.4 Au films and 11 nm Ag films pre- and post-
annealing before and after ultra-sonic agitation in three common solvents (toluene,
water and 2-propanol).

Sample Untreated Toluene Water 2-propanol
[Qsq]
Au (pre- anneal) 10.5+ 1.0 11.0+1.0 125+ 1.0 11.0+ 1.0

Au (post -anneal at 350 °C) 125+2.0 125+2.0 16.0+£3.0 12.5+2.0

Ag (pre- anneal) 50+1.0 50+1.0 6.0+1.0 5.0+1.0
Ag (post-anneal at 200 °C) 6.0+ 1.0 6.0+ 1.0 7.0+1.0 6.0+ 1.0
6.3.5.1 Au

In this study the Au films are optimised to have a random array of apertures with
diameters in the range 80-250 nm peaking at ~ 100 nm since this range of symmetric

150, 151,339,340 and collection

aperture sizes have shown promise for light concentration
in OPVs.™% ! Aperture size analysis, performed using WSxM software,**" is shown
in Figure 6.9. The aperture number density and area coverage is ~ 20 per um? and ~
20% respectively. The film thickness, 8.4 nm, was selected because the sheet
resistance prior to aperture formation is ~ 10 Q sq™, which is low enough for OPV
applications. Upon brief thermal annealing to form apertures the sheet resistance
increases by only 20% from 10.5 + 0.5 Q sq* to 12.5 + 2 Q sq™". The reason for such
a small increase is two-fold: (i) The metal that forms the continuous film prior to
annealing is simply re-distributed rather than being omitted, as is the case with
lithography, so the thickness of the remaining metal is fractionally greater than that
prior to annealing.; (ii) At the same time the metal network also becomes more

crystalline and so its resistivity is reduced. The latter is evident from the straight

edges of the apertures (Figure 6.8 (a)).
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Figure 6.9: Perimeter distribution of apertures in (a) Au and (b) Ag films analysed
using WSxM 5.0 Develop 5.2.%

6.3.5.2 Ag

For the preparation of optically thin Ag films on the flexible substrates PET and
PEN, brief UV/O3 treatment was used to form reactive oxygen containing moieties
directly on the plastic surface. Core level HRXPS measurements (Figure 6.10 and
Table 6.3) show that upon UV/Oj3 treatment both hydroxyl and carboxylic acid
moieties are formed, in addition to an increase in the prevalence of esters. Since

carboxylic acids are known to bind to Ag surfaces®*

it is tentatively suggested that
they are responsible for the improvement in interfacial adhesion: 11 nm Ag films
evaporated onto untreated PET and PEN substrates have a sheet resistance of 10 + 2
Q sq™, peak transparency of ~73% in 400 — 750 nm range, and Ryms of ~ 3 nm. Upon

15 minutes ultra-sonic agitation in water the sheet resistance increased by 50%.

Conversely 11 nm Ag films evaporated onto PET and PEN pre-treated with UV/O3
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exhibit half the sheet resistance (5 = 1 Q sq), a 5% increase in peak transparency
(~78%) and one third of the surface roughness (~ 1 nm). Furthermore, the sheet
resistance remained unchanged after 15 minutes ultra-sonic agitation in water.
Apertures do not form in 11 nm films on PET below 150 °C and the upper annealing
temperature, 200 °C, is limited by the plastic substrate. This restriction on the upper
annealing temperature limited the size of the apertures formed to an order of
magnitude smaller than the wavelength of the incident light at ~ 30 nm. Aperture size
analysis is provided in Figure 6.9 (b). The aperture density and coverage area in

investigated Ag films is ~ 100 per um? and ~ 15% respectively.
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Figure 6.10: HRXPS: C 1s of PEN (a and b) and PET (c and d) before (a and c) and
after (b and d) UV/O3 treatment.

For practical application films with apertures must be mechanically robust.
Au and Ag films with apertures fabricated according the procedure described herein
are robust towards ultra-sonic agitation in a variety of solvents as shown in Table 6.2

and are stable under ambient conditions in direct sunlight. The transparency, sheet
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resistance and morphology remain unchanged after exposure to air and sunlight for

one week. Longer term durability testing was not performed.

Table 6.3. (a) HRXPS peak intensities for C 1s and O 1s on PET and PEN substrates
before and after UV/Og3 treatment; (b) Assignment of peaks.

(a)
Substrate C 1s [%] O 1Is [%]
PET 72.8+0.1 27.2+0.1
PET UV/O, 68.1 £0.1 31.9+£0.1
PEN 78.8£0.1 21.1£0.1
PEN UV/O; 69.9+0.2 29.7+0.2
(b)
Substrate Hydrocarbon [%] Alcohol, ether [%] Carbonyl [%]  Acid, ester [%]
PET 57.3 214 0.0 17.9
PET UV/O; 50.7 244 0.1 21.7
PEN 67.5 14.4 0.2 12.6
PENUV/O; | 552 22.0 0.3 20.5

6.3.3 Transparency

To demonstrate application of these nano-structured electrodes in OPVs, Au
electrodes on glass and Ag electrodes on PET with and without apertures, as shown
in Figure 6.8, were fabricated. Notably, unlike all other metal electrodes with
apertures reported to date for use in OPVs, the sub-wavelength apertures in both
electrodes have significant variance in size and shape. It is clear from Figure 6.11
that the far field transparency of the Au and Ag electrodes prior to annealing (i.e.

without apertures) is much lower than that of the ITO electrodes on glass and plastic
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across most of the range between 400-900 nm. The effect of annealing is to further
reduce the far-field transparency of both films since the nano-structured films
support surface plasmon resonances which couple strongly with the incident light

(Figure 6.11 (grey solid lines)).
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Figure 6.11: Far-field transparency spectra for: (a) 8.4 nm Au on APTMS:MPTMS
derivatised glass before and after annealing at 350 °C, and commercial ITO coated
glass.; (b) 11 nm Ag film on UV/Og treated PET before and after annealing at 200°C,
and commercial ITO coated PET. The reference material was a UV/O3 treated glass
plate or PEN/PET film.

6.3.6 Device fabrication and testing

These nano-structured electrodes were employed as a drop-in-replacement for the
ITO hole-extracting electrode in BHJ OPVs with the structure: hole-extracting
electrode / x nm MoOy / PCDTBT:PC7BM / 8 nm BCP / 100 nm Al. MoOy is an
efficient hole-extraction material for OPVs, giving best performance for 5 nm
thickness, although maintaining good performance for significantly thicker layers up
to 20 nm.>*? PCDTBT:PC7,BM harvests light across the entire visible spectrum and
so is ideally suited to investigate plasmon enhanced light harvesting effects across
the wavelength range 300-750 nm. By changing the MoOy thickness it is possible to

determine the range over which light concentration effects extend from the electrode
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surface. The Js. of devices with the optimal MoOy thickness of 5 nm on Au and Ag
electrodes without apertures was ~ 25% lower than on ITO glass, consistent with the
lower transparency of unpatterned metal electrodes. At a thickness of 5 nm the MoOy
layer is expected to be thin enough for the photoactive layer to benefit from light
concentration in the vicinity of the electrode due to plasmonic effects® whilst being
thick enough to prevent exciton quenching by the electrode.?*3%* In Table 6.4 the
performance of OPVs fabricated on Au and Ag electrodes with apertures (N —
nanostructured electrode) is compared to identical devices fabricated on electrodes
without apertures (P — planar electrode) for MoOy thickness varying from 5 to 20 nm.
To exclude the effect of changes in optical geometry brought about by changing the
MoOy thickness only devices employing MoOy layers of the same thickness are

compared directly.
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Figure 6.12: J-V characteristics (a and c) and associated EQE spectra (b and d) of
hole-extracting electrode / MoOy (5 nm) / PCDTBT:PC,BM / BCP / Al OPVs
employing Au (upper) and Ag (lower) window electrodes with (N) and without (P)
apertures.
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Table 6.4. Key OPV performance characteristics under 1 sun simulated solar
illumination with device architecture: hole-extracting electrode / x nm MoOy /
PCDTBT:PC;,BM / BCP / Al. The metal electrode is either planar (P) or nano-
structured (N). Table: (a) hole-extracting electrode = 8.4 nm Au; (b) hole-extracting
electrode = 11 nm Ag on PEN.

(@

MoO, (nm) 5N 5P 10N 10 P 20 N 20 P

Jse 8.55+0.15 7.60+0.10 790+£030 8.15+020 7.65+0.20 7.85+0.20

[mA cm™]

Voe [V] 0.85+0.01 0.85+0.02 0.86+0.01 0.85+0.02 0.87+0.01 0.87+0.01

FF 0.59+0.03 0.53+0.05 0.64+£001 0.61+£0.01 0.61+0.01 0.60+0.01

7 [%] 430+030 3.40+040 435+£030 450+030 4.10+0.15 4.05+0.15
(b)

MoO, (nm) 5N 5P 10N 10 P 20 N 20 P

Jse 10.60+0.25 8.25+0.40 835+0.20 820+0.30 7.80+£0.50 7.45+0.60

[mA cm™]

Voo [V] 0.86+0.02 0.84+0.02 0.85+0.03 0.85+001 0.85+0.02 0.85+0.02

FF 0.56+£0.03 0.55+0.03 0.57+£0.03 0.58+0.03 0.57+0.02 0.59+0.03

n [%] 5.10+£0.30 3.80+0.35 4.05+0.30 4.05+£040 3.80+£0.50 3.75+0.60

It is evident from Table 6.4 that for OPVs employing the same MoOy
thickness neither Vo nor FF are adversely affected when sub-wavelength apertures
are introduced into the hole-extracting electrode. This also holds true for the bi-layer
OPVs fabricated as part of this study (discussed below) which employ a sub-
phthalocyanine electron-donor layer and demonstrates that voltage losses associated
with extracting photo-generated holes from regions immediately above apertures are

not significant. In devices with a 5 nm MoOy layer the Jg is significantly higher in
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OPVs employing an electrode with apertures (28% higher for Ag and 13% higher for
Au) despite the far lower transparency (Figure 6.11). This result can be rationalised
in terms of strong coupling between the incident light and the photo-active layer
mediated by plasmon excitons localised on the apertures and/or surface plasmon
polaritons. For a MoOy thickness of 10 nm or more the Js; of devices with apertures
is comparable to those without apertures. This strong dependence of the
enhancement in Js; on the separation between the electrode and the photoactive layer
is consistent with the short-range over which plasmon mediated light concentration
effects operate.®*** The EQE spectra also provide evidence for plasmon enhanced
light absorption, since the photocurrent enhancement is wavelength dependent and
the EQE is enhanced at wavelengths where the electrode transparency is particularly
low: namely 675 nm and 625 nm for Au and Ag electrodes respectively. The increase
in Jsc is most pronounced in devices employing Ag electrodes. The optical constants
of Ag make it the metal of choice for the optimisation of surface plasmon polariton

mediated light-trapping®*®

which offers a plausible explanation for this result.
However, this difference could also be attributed to the much higher number density
of apertures and/or smaller mean aperture size. Importantly from a technological
perspective the 28% increase in Ji. when using the nano-structured Ag electrode,
from 8.25 + 40 mA cm™ to 10.60 + 0.25 mA cm™ is so large that it exceeds J in
identical OPVs employing an ITO electrode (10.25 + 0.15 mA cm). Notably the FF
is also improved (0.56 + 0.03 vs. 0.52 £ 0.02) due to the lower sheet resistance of the
Ag electrodes (5 + 1 Q sq™ vs. 45 Q sq’h), which translates to a large improvement in
n from 4.58% to 5.10%.

To demonstrate the wider applicability of these nano-structured window

electrodes they were incorporated into bilayer OPVs fabricated by wvacuum
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deposition based on a SubPc / Cgo heterojunction. The device structure is: hole-
extracting electrode / 5 nm MoOy / 14 nm SubPc / 40 nm Cgo/ 8 nm BCP / Al. The
SubPc layer is only 14 nm in thickness, but is located adjacent to the plasmon-active
electrode and so is well placed to benefit from light concentration and trapping
effects at the electrode surface. The J-V characteristics (Figure 6.13 and Table 6.5)
clearly show an increase in photocurrent, which is again greatest for the Ag
electrode. The EQE spectra for OPVs on nanostructured Au are consistent with those
measured for PCDTBT:PC;BM, exhibiting a broad absorption enhancement
between 400-580 nm and no enhancement at 580-620 nm. The EQE spectra for
OPVs on nanostructured Ag electrodes are also broadly consistent with those
measured for PCDTBT:PC;,,BM in that there are significant increases in

photocurrent generation between 450-600 nm.
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Figure 6.13: J-V characteristics and EQE spectra of different devices SubPc/Cg
devices on Au (a), (b) and Ag (c), (d) electrodes.
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Table 6.5. Key OPV performance characteristics under 1 sun simulated solar
illumination with device architecture: hole-extracting electrode / 5 nm MoOy / 14 nm
SubPc / 40 nm Cgo / 8 nm BCP / 100 nm Al. The metal electrode is either planar (P)
or nano-structured (N).

(@)
Electrode: Au P N
Jie [MA cm-2] 3.30+0.15 3.50+0.15
Voe [V] 1.09 +0.01 1.09 +0.01
FF 0.48 £0.01 0.48 £0.01
n [%] 1.67+0.10 1.80+0.10
(b)
Electrodes: Ag | P N

Jie [MA cm-2] 3.00+0.10 3.50+0.15

V. [V] 1.03 % 0.01 1.03 +0.01
FF 0.50 = 0.01 0.51 = 0.01
n [%] 1.55+0.10 1.80£0.10

6.4 Conclusions

In this Chapter a lithography-free approach to fabricating optically thin noble metal
electrodes with a dense array of nano-sized apertures is reported. This method has
three key advantages over lithographic methods: (i) It is inherently less complex
since there is no requirement for the positioning or removal of a mask.; (i) It is a
non-contact method and so the risk of imparting debris to the surface is minimal.;
(i) The introduction of apertures does not incur a large increase in sheet resistance
as compared to unpatterned films. These electrodes are shown to be remarkably
robust towards aggressive ultra-sonic agitation in a variety of solvents and, when
employed as the window electrode in bulk-heterojunction and bilayer OPVs, increase
11 by coupling strongly with the incident light and concentrating it in the photoactive
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layer near to the electrode surface. As a direct replacement for ITO electrode in
flexible OPV device efficiency is improved from 4.6% to 5.1% demonstrating that
these electrodes have both a mechanical and efficiency advantage over conducting
oxide window electrodes.

Finally, to help guide the design of these electrodes for OPV it is useful to
determine whether the sub-wavelength apertures need to have a tight size and shape

distribution or whether this design principle can be relaxed.
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Chapter 7.

Understanding the improvement in OPV efficiency
using a sub-1 nm Au film at the hole-extracting

electrode / organic semiconductor interface

Summary
This Chapter shows how the electrodes developed in Chapter 3 can be used to
investigate a fundamental question of importance in OPV research. It represents
work in progress and is included to illustrate the direction for future work.

The efficiency of OPVs can be dramatically improved by incorporating a sub-
1 nm Au layer at the interface between the hole-extracting electrode and the donor
layer, although it is not understood why. This chapter investigates this phenomenon
in pursuit of a complete explanation for the effectiveness of such a small amount of
Au at this interface, exploiting the model Au electrode described in Chapter 3. The
significantly different nature of thin Au electrodes, as compared to the conducting
oxide electrodes used in all previous reports on this subject also demonstrates the

versatility of this approach to non-oxide electrodes for the first time.

7.1 Introduction

It is known that an ultra-thin, typically sub-1 nm, discontinuous Au layer at the
interface between the conducting oxide transparent electrode and the organic

semiconductor in OPVs has a remarkably beneficial effect on device
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346,347,348,349

performance, without significantly changing the transparency®* or

roughness®*®

of the electrode. Cattin et al. have shown, using two separate methods
(SEM image analysis and XPS peak shape analysis), that for an Au film thickness of
0.5 nm the coverage of the oxide surface is ~ 15% with an average particle size of
4.8 — 7.5 nm?, increasing to ~ 35% coverage for a film thickness of 1.5 nm.**°
Importantly, the results were essentially the same for both ITO and ZnO substrates. It
is surprising that such a low surface coverage should be so effective as an interfacial
layer since buffer layers used in OPVs, such as TiO,, MoO3; and PEDOT:PSS are
typically continuous.

The improvement in OPV performance has been observed in small molecule
architectures and with different conducting oxides (namely, fluorine doped tin oxide,
aluminium doped zinc oxide and ITO) serving as the transparent electrode. ¢ 349 3%
347,350 However, it is achieved exclusively with Au as an interfacial layer. The same
device architectures with sub-1nm films of other metals exhibit comparable (e. g.
Ag) or inferior (e. g. Pt) efficiency as compared to the reference.®*® The efficiency
improvement when using Au results from a large improvement in Js. and FF.3*
349347 and is usually attributed to: (i) the high ¢ of Au (5.1 eV) which, it is argued,
improves the energy level alignment at the electrode — organic semiconductor
interface; 3 **° 3! (ji) and/or favourable changes in the semiconductor layer growth
mode on the Au modified oxide, resulting in an improvement in hole-extraction
efficiency.3*® However this does not explain why other high ¢ metals, such as Pt, are
not equally effective, nor does it account for the fact that when Au forms a contact
with a donor type organic semiconductor there is invariably a large negative vacuum

level shift (due to the push-back effect — see section 1.3) which has the effect of

reducing the Au ¢.
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A number of different studies have shown that absorption in the photoactive
layer can be enhanced due to plasmonic scattering or near field enhancement caused
by localised surface plasmon resonances.®* 14 %2353 However in this case the Au
nanoparticles are too small to efficiently scatter visible light and because they are
uncapped, quenching competes with any beneficial effect of enhanced light
absorption.®*

Understanding why sub-1 nm Au films are so effective in this context is made
difficult by the complex nature of the conducting oxide electrodes used in OPV
research. Ternary conducting oxides, such as ITO, are meta-stable and chemically ill-
defined with a relatively high surface roughness. The surface chemistry is also
difficult to control and depends strongly on the deposition method and applied
cleaning procedures resulting in variability in ¢ and difficulties in obtaining
reproducible electrical performance.®*>*® Furthermore, the plasma etching and
UV/O;3 treatments, that are commonly used as standard surface cleaning methods,
introduce an extra complexity since they increase the oxidation state of the upper
most surface of the electrode rendering it more insulating than the bulk.®"*® Whilst
this layer is thin enough to be transparent to the flow of electrons across the interface
(~1 nm) it is responsible for the change in surface potential that gives rise to the
increase in the ¢ of conducting oxides when treated with UV/O3; or oxygen
plasma.359'360'5
The Au electrode described in Chapter 3 is a ‘model” window electrode, with
a homogeneous smooth surface and is chemically well-defined. It therefore offers an
opportunity to study the phenomenon of improved efficiency in OPVs using sub-1
nm Au overlayer by removing the complexity associated with conducting oxide

electrodes. A brief UV/O3 treatment of Au results in the formation of an ultra-thin
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AuOy layer mimicking the surface of conducting oxide electrodes after plasma or
UV/O; treatment. Importantly this oxide layer is self-limiting at ~1 nm and the exact
thickness can be inferred from the change in film resistance as described in Chapter

|.361

3. Importantly, Rentenburger et al.*** and Cacialli et al.*** have separately shown that

the oxide nanolayer formed at the surface of Au electrodes is stable when buried

beneath an organic semiconductor.

7.2 Experimental

7.2.1 Fabrication of Au/AuQ,/sub-1nm Au electrodes

8.4 nm Au electrodes on glass were prepared according to the procedure described in
Chapter 3. The electrodes were UV/O; treated for 15 minutes immediately prior to

evaporation of an ultra-thin Au overlayer.

7.2.2 Electrode characterisation

Metal films were characterised using the techniques described in Chapter 2.

7.2.3 OPV fabrication and testing

The electrodes were incorporated into OPVs with the structure: Au / AuOx / Au
electrode / BHJ / 8 nm BCP / 100 nm Al where the BHJ was P3HT:PCBM (1:1
P3HT:PCBM spincasted from 40 mg ml™ overall solution in dichlorobenzene) or
PCDTBT:PC7BM (1:3 PCDTBT:PC;BM spincasted from 16 mg ml™ overall

solution in chloroform).
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7.3 Results and discussion

7.3.1 Electrode characterisation

8.4 nm Au electrodes supported on mixed APTMS:MPTMS derivatised glass have a
sheet resistance of 11.5 Q sq* + 1.0 Q sq*. In such thin films the resistivity is
thickness dependant and higher than in bulk Au. This is because the film thickness is
lower than the electron mean free path in the bulk and so there is scattering from the
film surfaces as discussed in Chapter 3. After 15 minutes UV/O3 treatment a thin
layer of AuOy is formed and the sheet resistance increases to 13 Q sq™. From this
increase it is possible to estimate the oxide layer thickness to be ~ 1 nm, assuming
that the AuOy layer is insulating. Ordinarily AuOy is known to be unstable and
undergoes reduction to Au.®* 330 Consistent with this after 48 hours the sheet
resistance of films stored under N, or in air returned to that before oxidation. This
process of gradual reduction is not however observed when the oxide is buried
beneath an organic semiconductor layer where the oxide remains stable for at least
few days.*®! The ultra-thin AuOy oxide layer is therefore stable enough for the
purpose of this experiment since devices were fabricated within minutes of the
oxidation step.

Figure 7.1 (a) shows SEM micrographs of 1 nm Au evaporated onto a UV/O3
treated 8.4 nm Au electrode. As previously shown in Chapter 3 these electrodes have
a very low surface roughness (Rrms <0.4 nm) and uniform polycrystalline structure,
which is why there is very little contrast in the SEM image (Figure 7.1 (a) inset).
UV/O3 treatment of the electrode renders the Au electrode surface hydrophilic, hence
the thin Au overlayer forms nanoparticles similar to those formed on conducting
oxide electrodes, which correspond to the bright patches on the SEM micrographs

(Figure 7.1 (a)). The surface coverage has been estimated with WSxM software to be
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~ 25% coverage of the electrode surface, which is in good agreement with the work
of Cattin et al.**® For comparison, Figure 1(b) — (d) shows SEM images of 1 nm Cu,
Ag and Al deposited on UV/Oj3 treated Au from which it is clear that there is a lower
density of much larger patches of metal — significantly different to those formed by

Au.

Figure 7.1: SEM micrograph of 1 nm of (a) Au; (b) Ag; (c) Cu; (d) Al on UV/O;
treated 8.4 nm Au film supported on APTMS:MPTMS derivatised glass. Inset in
(a): UV/Og3 treated 8.4 nm Au without a sub-1 nm metal overlayer.

The evolution of the ¢ as a function of Au overlayer thickness on freshly
UV/O; treated Au and ITO electrodes is shown in Figure 7.2. The reduction in ¢ of
the oxidised Au electrode with increasing Au thickness, and convergence to a value

of ~ 5 eV, is consistent with the lower ¢ of Au (5.0-5.1eV) as compared to AuOy
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(5.4-5.6 eV).**13%0 The unchanging ¢ of the ITO substrate is consistent with fact that

¢ of freshly UV/Og treated ITO is comparable to that of Au.
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Figure 7.2: The ¢ of freshly UV/Oj3 treated Au and ITO electrodes as a function of
Au overlayer thickness.

7.3.2 Device fabrication and testing

After fabrication the oxidised Au electrodes with and without a sub-1 nm Au
overlayer were immediately incorporated into OPVs with the structure: electrode /
P3HT:PCBM / BCP / Al. The OPV characteristics are summarised Figure 7.3. The
trend in OPV efficiency is in good agreement with the results presented by Bernede
et al. for CuPc :Ce bilayer OPVs using an ITO electrode:**° V. gradually decreases
with increasing Au overlayer thickness, whilst FF and J: are dramatically improved
in the presence of ultra-thin Au, reaching peak value for Au thickness of 0.3-0.6 nm

for FF and 0.8-0.9 nm for Jg.
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In the literature the main factor used to explain the improvement in efficiency

of OPVs with an ultra-thin Au interlayer is better energy alignment between the

electrode Fermi level and the HOMO of the adjacent organic semiconductor.

349, 351,348

This explanation does not however account for the following points:

The improvement in performance is not observed using metals with

comparable or higher ¢than Au, such as Pt or Ni.**°

. Whilst it is true that the ¢ of conductive oxides is typically lower than that of

349

Au prior to oxidation ~ 4.5 eV,”™ the oxygen plasma/UV/Oj3 treatment used

as a standard cleaning procedure, enrich the oxide surface with oxygen,*" %>
which increases the ¢ increase to > 5.0 eV,> which is comparable to that of

Au (Figure 7.2).

The fact that ¢ of evaporated Au is effectively reduced by as much as 0.5 — 1
eV upon contact with most donor type organic semiconductors due to the

push-back effect is not accounted for.

The optimal surface coverage of Au is very low, at only ~ 15 %.%%°

. Vo typically decreases in OPVs using a sub-1 nm Au interlayer.

It is possible to understand the reduction in Vo in terms of measurements of

the interfacial energy level alignment reported in the literature: When donor-type

organic semiconductors come in contact Au there is always a negative vacuum level

216




Chapter 7.

shift. For P3HT this means that the barrier to hole injection from the Au Fermi level
to the HOMO of P3HT is 0.35 eV. At the interface between PCBTBT there is an
0.33 eV negative vacuum level shift.*** This means that in both cases the HOMO of
the donor and the Fermi level of the electrode are poorly aligned and so the built-in
electric field is not maximised, hence V, is lower than the maximum achievable
because of the earlier onset of the dark current.

One possible explanation for the improvement in Ji and FF is that of
geometric electric field enhancement. Pegg and Hatton have recently shown that
conducting nano-protrusions at the surface of a flat conductor can facilitate the
extraction of holes in OPV via a purely geometric effects by concentrating the
electric field.>®® To see if this offers a possible explanation in this case, where there is
a thin insulating layer at the electrode surface, we have conducted the simulations

described in following section.

7.3.3 Electric Model

The electric field in the vicinity of Au nano-islands at the surface of an
otherwise smooth oxide coated electrode was simulated using the COMSOL
Multiphysics software. The electric field strength (F) between parallel plate
electrodes was simulated in 3-dimensional space, with an electrode separation of 60
nm, which is corresponding to the thickness of PCDTBT:PC,BM BHJ layer. A
potential difference of 0.5 V, which is typical of the built-in field in OPV near to the
short circuit condition, was applied between the electrodes. The structure simulated
is as following; (1) bulk metal electrode; (2) very thin resistive overlayer; (3)
hemispherical metallic island (4) conducting polymer. Two sets of simulations were

performed. The first keeps the conductivity of the oxide overlayer fixed and varies
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the layer thickness. The second keeps the oxide layer thickness fixed atl nm as in the
case of freshly UV/O; treated Au and ITO®" *® and varies the conductivity. The
permittivity of AuOy is assumed to be 16.%®° The conductivity of AuO, depends

367

strongly on the Au:O ratio®’ and changes over time due to oxide instability.**® Also

369,370,371 and

the electrical properties of ITO depends strongly on the oxygen content
so the conductivity of the thin oxide layer formed upon UV/Oj treatment is very
difficult to predict. Considering the conductivity of other metal oxides; Ag,O ~ 10™*
Sm*?, AgO ~ 4x10™* Sm™ > WO, ~ 10* Sm™, CuO, ~10 Sm™ 3 a conductivity of
10 Sm™ has been assumed for the first set of simulations. The effect of changing the
conductivity in the range 10™° to 10 Sm™ has also been investigated in the second
set. The metallic islands are assumed to have a hemispherical shape — which helps to
minimise their surface energy — with radius 1 — 1.5 nm as calculated on the basis on
results of Cattin et al. *° The permittivity of the conducting polymer is assumed to
be ~ 3.5°"*!% and its conductivity is assumed to be ~ 10® Sm™.3”® The model was

set-up so that a custom physics controlled extra-fine triangular mesh. The results of

the simulation are given in Figures 7.5 and 7.6.

2.5
I:Z.O

5
107 VIm
—1.0

Figure 7.5: The electric field distribution in the vicinity of hemispherical Au
nanoparticle of radius 1.5 nm on 3 nm (a), 0.5 nm (b), 0 nm (c) thick oxide layer with
conductivity 10 Sm™.
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It is clear from Figure 7.5 that the electric field in the region above the
nanoparticles is enhanced as compared to the bulk field and that the radius of the
enhanced field region is greater than the radius of the metal hemisphere. Due to
relatively low resistivity of the interlayer, there is a little difference between
architectures with and without oxide interlayer (Figure 7.5). This result is consistent
with the simulations of Pegg at al. for metal nanoparticles at the surface of a flat
metal electrode and means that the nano-particles should be very effective at

extracting photo-generated charge carrier to the external circuit.*®

(a) (b) ©
and
(@ @)

3nm
—

Figure 7.6: The electric field distribution for hemisphere of radius 1.5 nm without
oxide (a) and on 1 nm oxide with conductivity: (b) 10° Sm™; (c) 107 Sm™; (d) 10°®
sm™; (e) 10°Sm™; (f) 10™°sm™.

It is evident from Figure 7.6 that for more resistive oxide layers a region of
enhanced electric field above the nanoparticles is still achieved with the advantage
that the volume of reduced field at the particle sides is decreased. Notably the bulk
field is reduced when the oxide layer becomes very insulating because the built-in
potential is distributed across the polymer layer and thin oxide layer according to
their resistance.

To mimic the real structure of electrodes simulations including a number of

Au nanoparticles have been performed (Figure 7.7). Geometric field enhancement is
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known to be very sensitive to the proximity of adjacent protrusions,®® due to field

screening effects, which corroborates with experimental results, where the strongest

349, 350 350

improvement is achieved for Au layer < 1 nm, where the coverage is <30%.
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Figure 7.7: Iso-surface of electric field strength above metal electrode with 1 nm
oxide overlayer of conductivity 102 Sm™ and 1 nm radius hemispherical islands of
coverage; (a) 10%; (b) 20%;p (c) 40% (d) 60%. The scale: 10 nm x 10 nm x 10 nm.

The results of the simulation show the adverse effect of electric field
screening. The thin resistive layer plays an important role in promoting the growth of
small and separated Au islands needed for geometric electric field enhancement,

which, based on the SEM images in Figure 7.1 seems to be unique for Au among the
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investigated metals. The resistive nano-layer may also amplify the effect of field
enhancement, however this is difficult to determine due to the unknown conductivity
of the oxide interlayer. For coverage of > 30% the field enhancement is supressed
and other effects detrimental for OPV performance, such as exciton quenching and
transparency decrease, start to adversely affect OPV performance, so improvement is

observed in architectures employing only very thin ~ 1 nm Au layers.

7.3.4 Future Work

To better understand the origin of the improvement in OPV operation upon
introducing a sub-1 nm Au layer further investigations are necessary.

e The ill-defined nature of the thin oxide interlayer could be understood better
if an oxide of known properties was introduced. The application of different
materials with a range of conductivities and controllable thickness could shed
light on the importance of the insulating layer in metal island field
enhancement.

e A capping self-assembled monolayer could be introduced to avoid the
reduction in FF and V..

e Different OPV architectures and tests to determine if the Au layer indeed

affects the morphology of the organic layer and so the OPV performance.
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Chapter 8

Conclusions

The work presented in this thesis has focused on the development ultra-thin metal
film electrodes for OPVs with the aim of boosting device performance, lowering the
cost and/or extending the range of potential applications. By developing and
modifying methods of controlling adhesion between the metal and the supporting
substrate and post-deposition treatments, the properties of thin metal films have been

optimised and improved for application as the window electrode in OPVs.

8.1. Ultra-thin Au electrodes on glass

Firstly a new method for fabricating highly transparent ultra-thin (~ 8 nm) Au films
on glass has been described. The method is based on co-deposition of a mixed
molecular adhesive layer of amine and thiol terminated silanes from the vapour
phase immediately prior to Au thermal evaporation. Films supported on a mixed
nanolayer proved to have properties better suited for OPV application than those
supported on single component nanolayers (either amine or thiol terminated silanes)
in addition to the shortest preparation time. The resulting films are highly transparent
(mean transparency > 70%) and electrically conductive (Rgpeer ~11 Q sq'l) with a
remarkably low surface roughness and are exceptionally robust towards ultra-sonic
agitation in a variety of solvents and UV/O; surface treatment. By integrating
microsphere lithography into the fabrication process the transparency is improved via
the incorporation of a random array of circular apertures into the film. The
application of these nano-structured Au electrodes has been demonstrated in efficient

P3HT:PCBM OPVs where it offers a viable alternative to ITO coated glass. The
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relatively small difference between the performance of devices employing a plane
Au electrode and ITO coated glass; #n = 3.8 £ 0.2 % vs. 3.0 = 0.2 % is attributed to
the lower far field transparency of Au electrode. It has been shown that this
efficiency gap can be reduced by introducing micron-sized apertures into the film
which improve the far-field transparency of metal electrodes (n = 3.4 = 0.2 %),
although the increase in transparency is at the expense of sheet resistance and so a

balance must be struck.

8.2 Thermal stability of ultra-thin metal film electrodes

In the second results chapter the protocol for fabricating thin Au films has been
successfully adapted to another technologically important noble metal: namely, Ag.
The coalescence thickness for Ag on a molecular nanolayer is shown to be between 5
and 7 nm, which is comparable to that of Au. Ag films have comparable sheet
resistance to Au films of the same thickness, but lower transparency due to the high
reflectivity of Ag for wavelengths above 400 nm.

It is also shown that moderate annealing improves the transparency and
conductivity of Au film with thicknesses in the range: 3.7 nm to 8.4 nm. For
example, the transparency of 8.4 nm Au films increases by ~ 5% after annealing to
300 °C and the sheet resistance decreases from 12 Q sq™ to 6 Q sq*, which is only ~
3 Q sq™ higher than that expected for bulk Au. Moderate heating induces growth of
(111) crystallites of size increasing with temperature, which eventually leads to
formation of apertures surrounded by Au crystallinites. The temperature at which the
apertures start to form is thickness dependent and is manifested by a rapid increase in
sheet resistance and change in the shape of the transparency spectrum, caused by
scattering effects.
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It has been shown that the robustness of thin Au films towards elevated
temperature can be greatly improved by capping with a thin oxide overlayer. The
properties of sub-10 nm Au films capped with a thin metal (Mo, Ti, W) oxide
overlayer were investigated, proving them to be good protective layers up to 500 °C.
Moreover, oxide overlayers improve the far-field transparency of these metal films
due to their high refractive index.

Au and Ag electrodes have been incorporated into efficient
PCDTBT:PC;BM solar cells with a TiOy electron transporting layer requiring high
temperature processing (500 °C). The power conversion efficiency of OPVs
employing Au and ITO is comparable (4.4 = 0.2% and 4.3 + 0.1%), while the
efficiency of OPVs employing Ag is fractionally lower (3.8 + 0.2%) which opens the
door to the widespread utilisation of these window electrodes in fundamental
research and a broad range of applications including DSSC, inorganic PVs and infra-

red reflective glass.

8.3 Metal window electrodes on flexible substrates

The third results chapter describes how 8 nm films of the coinage metals Cu, Ag and
Au can be fabricated on the technologically important substrates PET and PEN, to
realise highly electrically conductive, low R and exceptionally robust window
electrodes. The key to the realisation of these electrodes is the chemical
derivatisation of the oxidised plastic surface with a mixed monolayer of thiol and
amine methoxysilanes co-deposited from the vapour phase.

Owing to the low thickness of these metal films their melting point is
suppressed so that brief annealing at only 200 °C can be used to reduce the sheet
resistance to < 9 Q sq™. Annealing Au electrodes at 200 °C for only 10 minutes
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causes the surface to revert almost entirely to the (111) face rendering it ideal as a
widely applicable electrode for fundamental science and practical application alike.

The performance of 1 cm® PCDTBT:PC,,BM OPVs on Ag (3.70% =+ 0.15)
and Au (4.25% = 0.20) electrodes is shown to be comparable to that on commercial
ITO coated PET (4.10% = 0.15). The disadvantage of the lower transparency of the
metal electrodes, as compared to ITO, is off-set by the advantage of much lower
sheet resistance. Importantly, 1 cm? OPVs fabricated on 8 nm metal window
electrodes are robust towards repeated bending through a radius of curvature of 4
mm opening the door to the realisation of truly flexible OPVs. In contrast, ITO
coated plastic substrates deteriorate rapidly upon repeated bending. As a result OPVs
employing ITO electrodes undergo fast deterioration upon bending whilst devices
with metal electrodes remain stable.

It is shown that Cu offers a path to low cost transparent electrodes and can be
combined with Ag to tune the optical transparency. However, even when buried
beneath a 6 nm Ag layer and a 10 nm MoOy hole-extraction layer OPVs with Cu
electrode does not perform as well as Ag or Au electrodes of the same thickness. On
the basis of device studies and measurements of the energetics at the metal electrode
/ MoOy interface this is attributed to diffusion of Cu into the MoOy layer which

undermines it functionality as a high work function interlayer.

8.4 Plasmon-active nano-aperture window electrodes

To further boost the device efficiency a lithography-free approach to fabricating
optically thin plasmon-active noble metal electrodes with a dense array of nano-sized
apertures has been developed. This method has three key advantages over
lithographic methods: (i) It is inherently less complex since there is no requirement
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for the positioning or removal of a mask.; (ii) It is a non-contact method and so the
risk of imparting debris to the surface is minimal.; (iii) The introduction of apertures
does not incur a large increase in sheet resistance as compared to unpatterned films.
These clectrodes are shown to be remarkably robust towards aggressive ultra-sonic
agitation in a variety of solvents and, when employed as the window electrode in
bulk-heterojunction and bilayer OPVs, increase 7 by coupling strongly with the
incident light and concentrating it in the photoactive layer near to the electrode
surface. As a direct replacement for ITO electrode in flexible OPV
PCTBTB:PC7BM device efficiency is improved from 4.6 + 0.1 % (ITO on PET) to
5.1% % 0.3 (plasmon-active Ag on PET) demonstrating that these electrodes have
both a mechanical and efficiency advantage over conducting oxide window

electrodes.

8.5 Transparent Au films as ‘model’ electrodes

The Au electrode described in the first results chapter (Chapter 3) of this thesis is a
‘model” window electrode, with a homogeneous smooth surface and is chemically
well-defined. It therefore offers an opportunity to study the phenomenon of improved
efficiency in OPVs using sub-1 nm Au electrode overlayer, by removing the
complexity associated with conducting oxide electrodes. A brief UV/Oj3 treatment of
Au results in the formation of an ultra-thin AuOy layer mimicking the surface of
conducting oxide electrodes after plasma or UV/O3 treatment.

The BHJ devices with PCDTBT:PC,BM and P3HT:PCBM showed similar
improvement in performance upon introducing sub-1nm Au overlayer on oxidised
Au electrode as observed in literature for conducting oxide electrodes. To investigate

this phenomenon the electric field strength in the device has been simulated using
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COMSOL Multiphysics software. The preliminary results indicate that the
improvement in device performance should be attributed to enhanced field region
above the Au nanoparticles present on the electrode surface, facilitating the
extraction of photo-generated charge carriers to the external circuit and is most

efficient when the Au coverage is less than 30 %.
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