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Abstract

The main goal of this thesis is to investigate and develop the physics of dye-based photovoltaic

physics through molecular and photonic routes. Numerous photovoltaics devices have been fab-

ricated through the course of this work to study their characteristics, performance, physical

composition and action. The relative youth of the �eld of dye-based optoelectronics provides

extensive scope for new research which provides fascinating opportunities in terms of physical

processes.This thesis is divided into two main projects; exploring the adaption of conventional

dye-sensitized solar cells via starkly di�erent routes which serendipitously culminated in striking

similarities at their conclusion. The �rst route is through incorporating spectrally complemen-

tary dye molecules with the intention of extending the range of light absorption of the �nal

devices. This initial aim was achieved and was then furthered by the realisation of an unex-

pected and unprecedented energy transfer process occurring, imparting enhanced photocurrent

generation in both the near-IR and visibile region. The second route involves investigating the

e�ect on dye-sensitized solar cell physics and performance of the inclusion of metallic nanopar-

ticles with the expectation of inducing plasmonic interactions. Novel systems were designed

and implemented, devices were made which display signi�cant performance enhancement, at-

tributed to plasmonic coupling into the dyes and thereby increasing photocapture. A number

of other investigations are documented whose current completion does not su�ciently warrant

independent chapters but whose scienti�c interest is evident.
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Chapter 1

Introduction

An introduction to, and concise summary of, the work undertaken in this thesis is given, in-

cluding a brief indication of the necessity and categorisation of photovoltaics, the function of

dye-sensitized solar cells, their limitations and the research that has been done towards investi-

gating and enhancing photoconversion e�ciency.
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1.1 Introduction

1.1 Background

1.1.1 Energy Usage and Solar Incidence

In recent years there has been a signi�cant and mounting interest in renewable energy research

and uptake, in part due to realisation of the �nite nature of fossil fuels as well as increasing

concern for the carbon footprint created by most large-scale energy production methods and the

subsequent anthropogenic warming of the climate that is discussed and debated comprehensively

and exhaustively elsewhere.[1] Even negating the topic of climate change, current global energy

usage has a very clear bias towards unsustainable fossil fuels with renewables, despite some

investment, still trailing in terms of uptake. This is illustrated in Figure 1.1, clearly showing that

the vast majority of energy is provided from sources that in the long term are unable to sustain

this demand.[2,3] This has led to extensive investment in renewable technologies of all kinds,

many of which, directly or indirectly, rely on the sun as the ultimate source of energy. The most

direct of these technologies can be found in photovoltaics, implementing the direct conversion of

sunlight into electricity. Photovoltaics (PV) already has a lengthy history, with silicon receiving

the most attention early on and consistently being the most visible and investigated aspect of

the �eld. Simply put, the global energy usage of modern civilisation far exceeds that which is

sustainable with currently used generation systems. Although other forms of renewable energy

source are available [4,5] and others such as fusion may prove vital, it is considered su�cient for

this thesis to simply note that energy is a signi�cant global consideration and that solar power

may, in some form, aid this situation.

1.1.2 Photovoltaics

The average sunlight incidence on the earth's surface equates to around 120,000 TW,[6,7] while

the current global energy requirements are estimated to be in the region of 15TW.[6] Even

neglecting the 71% of the Earth's surface that is covered in water and the 40% of the remain-

ing land which is assumed to be precluded for use due to necessary photosynthetic vegetation

coverage, the approximately remaining 20,000 TW are far in excess of the energy demands of

humanity, which currently corresponds to 15TW, but is ever-increasing. Indeed, it can be noted

that worldwide photosynthesis is estimated to generate in excess of 100TW in its own right,[7]

noted to be far greater than the energy demands of human activity. This simple estimation does

2



1.1 Introduction

Figure 1.1: Illustrating the distribution of energy sources with respect to production capacity.

Data taken from the US Energy Information Administration. Annual Energy Review 2010

not consider the e�ects of solar heating of the terrain, global albedo [8] or similar and is instead

intended to be a rudimentary indication of the lengths to which the sunlight incident to the

Earth exceeds the current and projected energy use of mankind. Despite this, it is understood

to be signi�cantly beyond the function of this thesis to discuss in any detail the ecological,

engineering and political impacts of global energy use and any prospective usage increase of

photovoltaics.

Signi�cant amounts of money and research have been injected into projects exploring further

new PV technologies, with concepts ranging from high e�ciency and cost multijunction devices

(part of the so-called "�rst generation") to low e�ciency inorganic devices whose relatively poor

energy output is compensated for by extremely competetive costs of materials and production

(comprising, variously, the second and third generation).

1.1.2.1 Semiconductor Photovoltaics

In 1839 Becquerel observed the generation of a weak electrical current with the exposure of

sunlight to a simple device of two metal plates separated by an electrolytic liquid; this was the

�rst known observation of the photovoltaic e�ect.[9] The �rst recognisable p-n junction based

solar cell was reported by Bells Labs in 1954;[10] semiconductor solar cells at their most basic

consist of a p-n junction at which the absorption of photons excites electrons into the conduc-

tion band, where the band distortion imposed by the p-n junction fascilitates the separation

3



1.1 Introduction

of electrons and holes. The �rst photovoltaics devices were developed concurrently with the

birth of transisters, exploiting some of the same fundamental physics and sharing a comparable

production method of semiconductor solar cells; the maturation of silicon transistor technology

through the late 20th century paying dividends into silcon solar cells. Solar cells were then

developed and optimised for the space programme, where cost was rendered insigni�cant com-

pared to e�ciency. In spite of the e�cacy and established nature of this technology, there are

many problems hindering semiconductor PV's widespread use. It is not unreasonable to con-

sider silicon as the most commercially viable semiconductor PV devices, due to its ubiquity,

the high cost of many alternatives and the experience of the silicon industry, which provides a

readily available area of expertise and equipment for silicon PV. The limited uptake is perhaps

caused by the high-capital silicon production method itself; indeed, the enormity of the silicon

industry as relating to processing chips for consumer electronics has resulted in frequent short-

ages of the high-grade silicon necessary to produce solar cells.[?] The uptake is further hindered

by the non-ideal response to low light conditions, which sees the output of silicon PV diminish

faster than linearly with reduction in incident �ux. Another of the limitations of conventional

semiconductor devices is posed by their very nature: the Shockley-Queisser Limit [11] de�nes

the absolute maximum e�ciency a semiconductor device can reach and is dependant upon the

bandgap of the semiconductor in question and the �xed solar spectrum itself. This is more

clearly illustrated by �gure 1.2. For example silicon, the semiconductor most commonly used in

photovoltaic applications, has a bandgap of ∼1.1eV and, as calculated by Shockley and Queisser

in their original paper, a photoconversion e�ciency limit of ∼30%. The Shockley-Queisser limit

can be exceeded by utilising the bandgaps of more than one semiconductor material; multijunc-

tion solar cells incorporating many layers of semiconductors with di�erent band gaps have been

fabricated, culminating in e�ciencies in excess of 40% under concentration.[12] Unfortunately,

despite these obviously impressive energy conversion e�ciencies, the production complexity, cost

and fragility of multijunction devices outweighs the performance for most uses other than that

where cost is not a factor such as space applications.

1.1.2.2 Thin Film PV

Although the realisation of ever-greater e�ciencies is a boon for the �eld of photovoltaics,

it may also be that the route of reducing the cost may also lead to the increased uptake of
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1.1 Introduction

Figure 1.2: Spectrum for solar irradiance showing extraterrestrial (black) and standard terres-

trial surface incidence at AM 1.5 (yellow). Also shown is an uptake spectrum for a typical

silicon photovoltaic device as a proportion of the incident. Note the sharp turn o� of the diode

at ∼1080nm, equivalent to the 1.1eV bandgap of silicon. Data for solar spectrum taken from

National Renewable Energy Laboratory database for ASTM G173-03 Reference Spectra Derived

from SMARTS v. 2.9.2. Data for silicon diode derived from known quantum e�ciency spectra

for Centrionic Series 7 OSD5.8-7 UV matched photodetector.
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1.1 Introduction

lower capital devices. Sometimes refered to as 'second generation', the �eld of thin-�lm PV

endeavours to fabricate e�ective solar cells from less materials with lower production costs

than are otherwise encountered by the production of semiconductor PV. The most sucessful

example of this technology is evidenced by CIGS solar cells (Copper-Indium-Gallium-Arsenide)

which are signi�cantly thinner than tradiational silicon solar cells but can still boast e�ciencies

approaching 15%.[13] However, due to their similar crystalline nature to silicon, the fabrication

processes and overall manufacture is still di�cult and expensive,[14] as illustrated by their limited

uptake heretofore.

1.1.2.3 Third Generation PV

The concept of "third generation PV" is one which attempts to con�ate the impressive e�ciencies

of the �rst generation with the more tenable costs of the second. This would be an extremely

advantageous state of a�airs with a signi�cant energy output for a more reasonable energy cost

than has hitherto been realised. At the time of writing no system has been developed which can

compete with the e�ciency levels of traditional semiconductor photovoltaics whilst retaining the

cost advantages of other systems. Amongst the new contenders, dye-sensitized solar cells (DSCs)

show great promise, balancing good photovoltaic conversion e�ciency whilst remaining cost

e�ective. Indeed, there has been speculation that the photoconversion e�ciency of these devices

could approach 25% in which circumstance, if the low production cost were retained, DSCs

would be rendered an extraordinarily viable energy resource.[15] To date the highest performing

DSC achieves around 11% absolute e�ciency (�gure 1.2), leaving great scope for improvement

in the �eld.

1.1.3 Dye-Sensitized Solar Cells

1.1.3.1 Electrolytes

Dye-sensitized solar cells have a long history, with a number of papers de�ning the work on zinc

oxide [16,17] and tin sulphide electrodes.[18] It was only with the implementation of a titania

(TiO2) nanoparticle �lm and more stable ruthenium dye described by O'Regan and Grätzel [19]

in 1991 that the performance of these devices began to show the performance that appeared

possible. The �eld began in earnest after the publication of the TiO2 work and, with the

6



1.1 Introduction

Figure 1.3: Progresssion of certi�ed record e�ciencies for a variety of PV technologies. Data

taken from the US National Renewable Energy Laboratory (NREL), September 2011

continuing e�orts of the group at the École Polytechnique Fédérale de Lausanne (EPFL), are

sometimes known by the moniker 'Grätzel Cells'. The �rst devices from this paper achieved

photoconversion e�ciencies of around 7.1% using a ruthenium based sensitizer and were the �rst

time that dye-sensitized devices had showed promise of their capability to compete with other

photovoltaic technologies in development. The progress made by electrolyte DSCs since their

inception is most clearly seen in the absolute performance increases that have been observed,

as shown in �gure 1.3. Although still unable to compete with the performance attained by

semiconductor PV, the promise of a relatively low cost-performance ratio for DSCs makes them

a promising commercial possibility.[20]

1.1.3.2 Solid State

There are a number of limitations of the established electrolyte devices, including the volatility

and toxicity of the electrolyte itself [20] that make the investigation of a solid state replacement
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1.2 Introduction

of the hole transport medium (HTM) worthwhile. Moreover the challenges of scaling the or-

thodox devices are not insigni�cant, mainly due to the liquid aspect; many complexities arise

in both engineering and performance areas that might preferable be avoided. Industrially, al-

though signi�cant work has been undertaken in the �eld of scaling and commercialising these

devices,[21,22] it may be more attractive to invest in research into the replacement of the liquid

phase of the system with a gel, melt or solid state electrolyte. The �rst solid-state DSC (sDSC)

were presented in 1997 by O'Regan et al. and Tennakone et al., utlizing copper-based inor-

ganic semiconductors (copper(I) thiocyanate(CuSCN) and copper(I) iodide (CuI) respectively)

[?, 23, 24] and, although promising, the stability limitations associated with copper-based solid-

replacement HTMs prevent its wider uptake.[25] Despite a number of solid phase predecessors, it

was the implementation of polymer and molecular HTMs in 1997 by Yanagida et al. and in 1998

by Bach et al. respectively [?, 26] that gave the �rst real possibility of replacing the non-ideal

liquid component of the devices.

Although it was one of the �rst molecular HTMs to be incorporated into DSCs, 2,2',7,7'-

tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobi�uorene (Spiro OMeTAD) reported by Bach

et al,[?] none have yet surpassed its versatility and performance in sDSCs. It is this HTM that

is used throughout this thesis unless otherwise stated. The introduction of entirely solid-state

devices, whilst circumventing the weaknesses inherent to liquid components, currently poses a

number of alternative limitations. Photoconversion in sDSCs is limited to a large extent by

poor light harvesting, both in extinction strength and bandwidth. This arises for a number of

reasons, the most signi�cant of which is the restriction on the thickness of the mesostructure

that is imposed by the necessity to achieve satisfactory pore �lling and limit recombination

losses.[27] The result of this is that the absorption pro�les of the dyes utilised become more

signi�cant in sDSCs. The ruthenium dyes commonly used in electrolyte DSCs [28,29] tend to

absorb broadly, but without a su�cient extinction coe�cient to approach complete light har-

vesting from the thin �lms neccessary for sDSCs. It may be noted that, even if these dyes could

be more heavily loaded or adsorbed to a thicker �lm and perform e�ciently in a sDSC, being

an exceptionally valuable metal and increasingly rare,[30] it would still be attractive to reduce

the use of ruthenium-centred dyes. On the other hand, the organic dyes increasingly used such

as the indolines or the porphyrins, tend to have narrower but stronger absorption pro�les.
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1.2 Introduction

1.2 Energetic Phenomena

This section brie�y introduces two energetic processes that are pivotal to the work done within

this thesis. The �rst is molecular energy transfer, either by dipole resonance (FRET) or electron

transfer (Dexter). The second is plasmonics, speci�cally surface plasmons occuring at metal-

dielectric interfaces. All are more comprehensively introduced within their respective chapters.

1.2.1 Energy Transfer

1.2.1.1 Förster Resonant Energy Transfer

The resonant energy transfer process, �rst de�ned by Förster[31] and so often denoted Förster

resonant energy transfer (FRET) occurs with the overlap of the donor molecule's �ourescence

pro�le with the absorption spectrum of an acceptor molecule but is a non-radiative process,

instead depending upon dipole-dipole coupling between the two molecules.

The FRET rate (kF örster), can be simply illustrated by the proportionality:

kF örster ∝
1

τd

(
J

r

)6

(1.1)

where τd is the radiative lifetime of the donor excitation, φd is the donor photoluminescence

and J is the overlap integral, de�ned as:

J =

∫
fD(λ)εA(λ)λ4dλ (1.2)

It can be noted that both Dexter electron transfer and FRET are dependant upon the

overlap integral; that is, the absolute overlap between the �ourescence pro�le of the donor

and the absorption spectra of the acceptor molecule. Figure 1.4 shows the energetic processes

associated with Förster resonant energy transfer, in contrast to the action of Dexter energy

transfer.

1.2.1.2 Dexter Electron Transfer

In contrast to the direct energetic transfer that occurs by FRET, energy can also be transferred

indirectly by electron transfer. In this case the transfer of an excited electron necessarily transfers

the associated energy to the acceptor molecule. Dexter transfer has an energy transfer rate that

follows as the exponential of the separation distance:
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1.2 Introduction

kDexter ∝ J · exp
(
−2r

L

)
(1.3)

where L is the sum of the Van der Waals radii for the donor and acceptor molecule. Figure

1.4 illustrates Dexter energy transfer in comparison to FRET. As the Dexter rate follows a

simple exponential decay unlike the sixth power associated with FRET, it may be possible to

distinguish the two processes.

1.2.2 Surface Plasmon Polaritons

Surface plasmons are a quasiparticle interpretation for the occurance of guided waves at the

inferface between a metal and dielectric. The free electonic nature of metals allows collective

response to electromagnetic �elds. This phenomena introduces an extremely high absorptive

nature to certain metal nanostructures when in the medium of a dielectric material. The nature

of plasmons can be formally derived mathematically from the Maxwell equations (section 4.1.2)

and from thence, theoretical models can be derived. Note however that the overidding function of

this thesis is the experimental application of this phenomena and as such no extensive modelling

has been undertaken.
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1.2 Introduction

Figure 1.4: FRET and Dexter Energy Transfer Schematics. The left panel shows the energetics

associated with FRET and the right shows those for Dexter electron transfer.

Förster resonant energy transfer: 1. donor excitation, 2. non-radiative donor relaxation, induced

excitation in acceptor by FRET, 3. excited acceptor.

Dexter energy transfer: 1. donor excitation, 2. electron transfer - excited electron transferred

donor to acceptor, ground state electron transferred acceptor to donor, 3. excited acceptor.
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1.3 Introduction

1.3 Thesis Outline

The primary aim of this thesis is to investigate the physics of dye-senstized solar cells (DSCs)

with a mind to improving photoconversion e�ciency and hence their possible uptake into en-

ergy provision. One of the most damaging limitations of dye-sensitized solar cells at present,

and most signi�cantly in the solid state branch of the �eld, is the light harvesting capabili-

ties of the dye molecules themselves, all constrained by the necessity of also balancing these

absorption characters with carrier handling properties. A comprehensive overview of the struc-

ture, fabrication and characterisation of a typical solid state DSC is undertaken in Chapter

2, followed by chapters 3-5 dealing with the experiments undertaken. Several routes for the

enhancement of light harvesting in DSCs have been investigated during the course of this work

and are delimited into two primary projects: Chapter 3 explores the e�ect of cosensitization

of the devices with a secondary dye molecule, initially for the spectral expansion this provided

but investigated further when an unanticipated energy transfer process was observed; Chap-

ter 4 documents the inception, investigation and realisation of plasmonic hybrid DSCs through

the incoporation of core-shell nanoparticles through a variety of routes. Chapter 5 documents

a number of secondary projects that have not been developed to the same degree of fruition

but whose preliminary �ndings or interim results suggest that further research would be well

justi�ed.

The projects undertaken are discussed and reconciled in the concluding chapter 6, where the

possible impact of this work is noted as well as the outlook for the technology as a whole.

In both solid state and electrolyte DSCs the light harvesting is of primary importance to the

e�cient performance of the devices. The primary goal of this thesis is to investigate a number

of routes by which the photouptake of complete devices can be increased without comprimising

their function in any other manner. With sDSCs requiring the most enhancement in this area,

it is therefore pragmatic to explore photoconversion enhancing methods in fully solid-phase

devices, while some consideration is given that the systems developed through the course of

this work are likely to be applicable to both solid- and electrolyte DSCs. It is hoped that this

thesis act as a testament demonstrating the state of the �eld, at the time of writing, for DSCs

incoporating plasmonic or energy transfer processes, as well as providing a brief inexhaustive

account of the fabrication and research being undertaken in the �eld of dye-sensitized solar cells
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1.3 Introduction

and, in particular, solid state DSCs.
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Chapter 2

Methods and Experimental

The fabrication and subsequent characterisation of the devices investigated in this thesis are

explored. A complete synthesis protocol for solid state dye-sensitized solar cells is given from

constituent elements to �nished device. The various methods of characterisation that will be

used throughout this work are then outlined.
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2.1 Methods and Experimental

2.1 Solid State Dye Sensitized Solar Cell Function and Schematic

Dye-sensitized solar cells (DSCs) exploit the light absorptive properties of dye molecules by

providing an architecture in which energetically excited electrons and holes in photoexcited dye

molecules can be separated and so generate photocurrent. In order to provide the greatest in-

terface area per incident area, the dye molecules are adsorbed to a high surface area 'mesostruc-

ture' of semiconducting metal oxide (usually, and throughout this thesis, titanium dioxide).

This mesostructure and charge separation of this system is illustrated in a cross sectional device

schematic of �gure 2.1.

Figure 2.1: Simpli�ed structural cross section of a typical solid-state DSC incoporating a trans-

parent FTO substrate-electrode supporting a titanium dioxide (titania) mesostructure, sensi-

tized with a photoactive dye in�litrated and capped with a solid state hole transporter (Spiro

OMeTAD) covered by a metal counter-electrode. Inset shows the charge separation in the ex-

cited dye molecule with transfer of the electron(e−) into the semiconducting titania and the hole

(h+) injected into the HTM

Typically DSCs utilise the injection of electrons into the metal oxide mesostructure and holes

are transfered into a preferential hole transporting medium; in the case of electrolyte devices

this is often a tri/iodide redox couple, whilst solid-state DSCs (sDSCs) utilise a molecular hole

transporter such as 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobi�uorene (often

referred to as Spiro OMeTAD or, simply, Spiro).[?]

18



2.2 Methods and Experimental

Figure 2.2: Energy level diagram for the junction as occuring in a functional dye-sensitized solar

cell. Injection (inj) and recombination (rec) rates are indicated in parenthesis. Adapted from

[6]. A further band diagram is shown in �gure 3.4 of chapter 3.

There has been some work done into the fabrication of electron carrying mediums immersing

a hole transporting metal oxide however, at the time of writing these investigations have not

approached the performance of the orthodox system.[1,2] Beyond titania, there have also been

investigations into other metal-oxides such as tin oxide (SnO2) [3,4] and zinc oxide (ZnO) [4,5] as

a means of controlling the energy level structure of the devices and to potentially optimise the

current and voltage balance of the devices. The energy level arrangement of a typical titania

DSC is shown in �gure 2.2.

2.2 Solid State Dye Sensitized Solar Cell Production

The techniques of sDSC production are noted in several manuscripts.[6,7] The methods outlined

here are by no means absolute but represent a typical route to solid state DSC fabrication utilised

during the preparation of this thesis; unless otherwise stated the devices realised and investigated

during the following chapters correspond broadly to the fabrication methods detailed within this

chapter.
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FTO Etch

Glass pre-treated with a layer of �ourine-doped tin oxide (FTO), is used as the transparent

substrate-electrode through which light passes to reach the active area of the complete devices.

FTO supplied at 4mm thickness by Nippon Sheet Glass at TEC-15 speci�cation, corresponding

to a resistance of 15Ω/�. To etch the FTO, the surface is simply reduced by hydrochloric acid

(2M) in the presence of zinc powder. The FTO surface is negatively charged by the electrons

of the zinc and the addition of hydrochloric acid evolves hydrogen as:

Zn+ 2HCl −→ ZnCl2 + 2H (2.1)

at this point, hydrogen atoms reduce the tin of the FTO (Sn4+) to metallic tin, etching the

FTO by breaking the structure and so allowing it to be removed by mechanical action. The

sheets are then cleaned with soap (2% halmanex in water), distilled water, ethanol and acetone.

Plasma Etch

Prior to deposition of layers, the FTO glass is plasma etched to remove any organic contaminants

on the surface of the device as well as to introduce a degree of surface roughness which improves

the compact and mesostructure layer adhesion to the otherwise pristine surface. The glass

substrates are placed into a vacuum chamber pumped down to around 0.1 mBar, repressurised

to 0.2-0.3 mBar with oxygen and subjected to 100W continuous microwave radiation, forming

an oxygen plasma, etching the organic detritus from the glass surface as well as the glass itself,

imposing a degree of roughness which later in the fabrication process facilitates the adhesion of

the metal oxide layers to the glass surface. The system used is the Diener Electronic Pico UHP

plasma etcher.

Spray Pyrolysis

Following the plasma etch of the FTO/glass surface, the substrate is heated to 400-500◦C at

which point a compact layer of TiO2 is established by spray pyrolysis on the surface from a

solution of di-iso-propoxy titanium-bis(acetylacetone) in ethanol (often termed titanium AcAc)

as previously described by Kavan et al.[8] The intermediate layer ensures the delimitation of the

conducting FTO layer from the HTM that will subsequently be in�ltrated through the metal
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oxide mesostructure. If the compact layer is neglected there results the possibility of direct

contact between the HTM and the FTO, so providing an internal short circuit and so crippling

the current generation of the �nal device. The hot plates used for heating processes in the

preparation of this thesis are 240V 10A directed by model PR 5 3T controllers with NiCr-Ni(K)

thermocouple probes produced by Detlef Gestigkeit Elektrotechnik.

Metal Oxide Mesostructure Fabrication

Two broadly equivalent mesostructure fabrication methods were utilised in the production of

consistent metal oxide substrates. Unless otherwise stated all mesostructures discussed are based

on a Dyesol produced paste of anatase TiO2 nanoparticles bu�ered with ethyl-cellulose (DSL

18NR-T). The following methods discussed for �lm production are followed by a ramped sinter

process to 500◦C for 30 minutes, removing the ethyl-cellulose and attendant solvents.

Doctor Blading

Doctor blading describes the distribution of an thin, even layer of a �lm upon a substrate prior to

sintering that will then provide a homogeneous layer. This is the method most regularly used in

the following chapters. A TiO2 nanoparticle paste is produced from the previously mentioned

Dyesol (DSL 18NR-T) paste diluted with ethanol to a proportion between 1:2 and 1:3. The

diluted paste is applied in a strip along one edge of the glass substrate and is then spread evenly

across using a blade or other smooth edge, in most cases with a thickness dependant addition

such as a height controlling micrometer for the blade edge or, more primitively, a tape of known

thickness.[9]

Screen Printing

Although the doctor blade route to mesostructure fabrication can, with experience, produce

consistent and homogeneous �lms, it is also susceptible to variation due to individual variation

in application and interpretation of form. As such, a more standardised process provides greater

capability for trustable comparison between di�erent fabrication engineers and between fabrica-

tion runs themselves. To this end a second method of mesostructure fabrication was developed

which to some extent removes the human inconsistency associated with previous doctor blading

methods.
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Figure 2.3: SEM image of a titania mesostructure prepared by screen printing. Note the thinner,

lighter band representing the compact layer, as prepared by spray pyrolysis.

The paste is prepared di�erently to that which is doctor bladed, with the initial Dyesol TiO2

paste having tepineol added as the primary solvent instead of ethanol. A �xed space mesh is

'loaded' with paste through transverse applied pressure after which the paste is then printed onto

the surface of the prepared FTO by a second application of transverse pressure. A mesostruc-

ture typifying this preparation method is illustrated by the scanning electron micrograph (SEM)

image given in �gure 2.3. The mesostructures produced by screen printing and doctor blading

are, despite the slightly di�erent fabrication routes, entirely comparable in terms of �nal struc-

ture and electronic properties, with the screen print route representing a consistent yet wasteful

method often used for larger runs while doctor blading can be more precise in terms of materials

used and proves more adaptable.
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Titanium Tetrachloride Surface Treatment

Substrates are immersed in a TiCl4 solution (20mM in H2O) for 60 minutes at 70◦C, rinsed

with deionised water and resintered to 500◦C.

Dye Fabrication and Mesostructure Dye Loading

The actual fabrication of photoactive dyes is extremely complex, generating many theses every

year in its own right, and it is therefore considered beyond the remit of this work to give more

than a cursory outline of some of the most common dyes and their properties. Dye synthesis

methods relevant to the work of this thesis will be referenced in full, except in the case that

the molecule has been received through collaborators and is as yet unpublished. In can be

noted that the appendix A.1 contains a full list of dye molecules used in the preparation of

this thesis. Since the inception of DSCs there has been vast amount of work into fabricating

dye molecules which can both absorb incoming light e�ciently as well as allow the e�ective

separation of charge carriers. The possibility of dissociating the photoabsorptive and carrier

injection properties of dye molecules into a multi-dye system is considered extensively in chapter

3. In the majority of the early dye-sensitized devices the dye molecules were centred around

a metal core that often resulted in dyes with broad absorptive properties whose absorption

coe�cients demanded relatively thick path lengths through the dye before complete (or near-

complete) light extinction could occur.[10] This was not a signi�cant barrier in the production of

electrolyte based DSCs, however the later realisation of solid state electrolytes and subsequent

requirement for thinner substrates made the relatively low absorption coe�cients a limitating

factor to overall device performance. Further to this, and perhaps more signi�cantly, the rarity

of the metals comprising the core of these molecules has led to increased interest in metal-free

organic dyes whose absorption tends to be stronger but more spectrally constrained. Dyes are

dispersed into solution, typically a 1:1 mix of acetonitril and tert-butanol, and the mesostrucured

substrates are immersed in this solution for a pre-de�ned time, often on the scale of 1 hour for

organic dyes and 18-24 hours for ruthenium dyes. Any note of dye loading within this thesis

will be accompanied by concentration and immersion times.
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Molecular Hole Transporter Synthesis and Application

Imediately after the dye loading process the devices are spin cast with Spiro OMeTAD (10-20%

by weight in chlorobenzene, dependant upon �lm thickness); the hole transport medium (HTM)

is applied to the stationary substrate with a pause before acceleration to promote in�litration.

The devices are spun at between 1200-1500rpm depending on the thickness of substrate to

provide a homogeneous top surface for the devices with a HTM cap of 50-100nm beyond the

in�ltrated mesostrucure. Substrate pore �lling by this method has been estimated at 60-65%.[11]

The molecular structure of Spiro OMeTAD is illustrated in �gure 2.4.

Figure 2.4: 2,29,7,79-tetrakis(N,Ndi-p-methoxyphenyl-amine)9,99-spirobi�uorene (Spiro

OMeTAD, often 'spiro') molecule.[?] Spiro is the HTM most regularly used in solid-state devices

and is used exclusively in this thesis for sDSCs.

Evaporative Metal Contact Fabrication

Devices in�ltrated and capped with the HTM are then appended contacts via evaporative metal

application. Typically an optically thick contact of gold or silver (depending upon necessary

stability[7]) is thermally evaporated against masked devices in a vacuum chamber at between

10−6 and 10−7 mBar. Devices produced in this thesis were contacted using an Edwards Auto

306 evaporator. At this point the devices are fully assembled and are ready for characterisation,

although the contacts are in many cases electrically reinforced with Agar silver electrodag paint.
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Figure 2.5 illustrates the �nal appearance of a fully fabricated solid state DSC, while �gure

2.6 shows a photograph of the equivalent architecture of a real device.

Figure 2.5: Graphic illustrating the appearance of a typical solid state DSC. The red, active

area represents the dyed mesostructure atop a titania compact layer on FTO glass, in�ltrated

with HTM and topped with evaporative metal contacts.

Figure 2.6: Two solid state dye sensitized solar cells fully-fabricated as outlined within this

chapter. The left device incorporates the dye D102 whilst the right incorporates TT1, the

di�erent colours arising from the contrasting absorption spectra of the dye molecules adsorped.
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2.3 Electrolyte Dye Sensitized Solar Cell Production

In addition to the solid state devices, a number of electrolyte devices were also fabricated for

this thesis and a simple outline of their synthesis method follows. The elctrolyte design utilises

opposing contacts rendering the FTO etch unnecessary. Otherwise the substrates are fabricated

and treated in an identical manner to solid-state DSCs until the stage of the hole transport

in�ltration when, immediately following the removal from dye the substrate is counterfaced with

a second conducting glass layer. Another layer of FTO glass is heat treated with chloroplatinic

acid (50µM), to platinise the surface and form a transparent Pt counter electrode. The glasses

are sealed together using a Surlyn stencil which is heat sealed to semi-permanently bind the

two layers; a liquid electrolyte (typically an iodide-triodide redox couple [12]) is vacuum injected

between the layers to in�ltrate the mesostructure and the injection point sealed. At this point

a glass microscope slide is a�xed to device surface to prevent leakage using themosetting Binar

plastic. The devices are characterised similarly to the solid state counterparts, with the di�ering

device architecture taken into account.
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Figure 2.7 illustrates the �nal appearance of a fully fabricated liquid phase DSC, while �gure

2.8 shows a photograph of the equivalent architecture of a real device.

Figure 2.7: Graphic illustrating the appearance of a typical electrolyte DSC. The red active area

represents the dyed mesostructure atop a titania compact layer on FTO glass, in�ltrated with

a liquid electrolyte, opposed and sealed with a platinized glass counter electrode.

Figure 2.8: A fully-fabricated electrolyte dye-sensitized solar cell; in this case incorporating

N719 [13] and sealed with the robust electrolyte.[12]
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2.4 Device Characterisation

This section documents the most regularly used methods of device characterisation in the prepa-

ration of this thesis. Any further routes to characterisation not found within this section will

be described at the pertinent juncture.

2.4.1 Current-Voltage and Photoconversion E�ciency Calculation

Typically a solar cell's performance is measured using a current - voltage plot (sometimes IV

or JV, from current-density), from whence the peak power output and so photoconversion ef-

�ciency can be derived. For a more comprehensive exploration of the electronics (and action

of semiconductor based solar cells) there are a number of specialised textbooks dealing with

the topic such as Nelson's Physics of Solar Cells.[14] Solar cells under dark conditions perform

electronically in an identical manner to a traditional diode, as depicted in �gure 2.9.

In the case of solar cells under light conditions, the generation of photocurrent shifts the plot

as shown in �gure 2.10, the current-voltage characteristic of a light soaked photodiode.

It is worth observing that, typically, the current-voltage characteristic of a cell can be ap-

proximated by the addition of the short circuit current (JSC) to the dark-IV response of the

device. As such, to rephrase the ideal diode equation, the current density as a function of voltage

can be denoted as:

J = JSC − J0(eqV /nkBT − 1) (2.2)

Where q is the elementary chargem kB is the Boltzmann constant, T the absolute tem-

perature and n is the diode ideality factor. The resistance losses in solar cells can usually be

categorised between series and parallel losses. Series losses occur due to the resistance of the

device materials themselves to the generated photocurrent. Parallel losses (often termed shunt

resistances) are generated by the architecture of the devices themselves, which can sometimes

house routes for dissipation of generated photocurrent. These resistances as separate entities

are more often observed in more developed solar technologies and in DSCs are often juxtaposed

to the extent of being di�cult to separate.

The maximum power point notations of �gure 2.11 are predominantly used in modular PV

arrays where the integration into a grid or other electrical system requires the consideration of
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Figure 2.9: Typical diode response upon current-voltage characterisation. This response directly

coincides with that of a solar cell under dark conditions.
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Figure 2.10: Simpli�ed solar cell current-voltage characterisation showing short circuit photocur-

rent (ISC) open circuit voltage (VOC). Typically, for the purposes of comparison the current

density (J) is plotted against voltage as this allows intepretation to be made independent of the

area of the device.
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Figure 2.11: The fourth quadrant of a hypothetical current density-voltage curve is rotated into

the traditional x-y axis format to allow ease of analysis. This arrangement is regularly used to

interpret solar cell performances and all further current-density against voltage (JV) plots can

be assumed to be arranged in this fashion unless otherwise stated.
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electrical factors such as impedance matching. Between the limits of 0 and VOC the solar cell

delivers power as:

P = JV (2.3)

The power variation and hence maximum power point can be more clearly observed by the

adaption of this curve to display power against voltage, as �gure 2.12. In this case the power

rises with the voltage as the current stays largely constant; eventually the current begins to

drop more precipitously, resulting in the power output of the device diminishing once again.

The discrepency between the JSC and VOC and the Jmpp and Vmpp respectively, gives rise to

the notion of the �ll factor (FF) de�ned as:

FF =
JmppVmpp
JSCVOC

(2.4)

and is often seen as a measurement of the 'squareness' of the JV curve. The e�ciency (η)

of the device is governed as:

η =
JmppVmpp
Pinc

(2.5)

where Pinc represents the total incident light power �ux. From this it is easily observed that

the e�ciency is also related to JSC and VOC through the Fill Factor (FF):

η =
JSCVOCFF

Pinc
(2.6)

All devices outlined in this thesis that are noted to have had current - voltage characterisation

were measured using a system designed in house illuminated by a spectrally matched ABET

Technologies, class AAB, Sun 2000 Solar Simulator, measured by a Keithley 2400 sourcemeter

and a number of bespoke Labview programs, callibrated against a NREL certi�ed, KG5 �ltered

silicon reference diode. Figure 2.13 shows a simpli�ed layout of this system. The applied voltage

is scanned while the resultant photocurrent is measured and, from the known masked area of the

devices, the photocurrent density. From these measurements the short-circuit current density

(JSC), open-circuit voltage (VOC), �ll factor (FF) and e�ciency (η) of the device can be derived.
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2.4 Methods and Experimental

Figure 2.12: Power-voltage curve in equivalence to the current-voltage curves noted in �gure

2.11. Upon derivation of the power from current and voltage, the power variation as a function

of voltage is more clearly observed.
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Figure 2.13: Simpli�ed layout of solar simulation system measuring photoconversion e�ciency.

Devices are masked to accurately control photoactive area. The lamp intensity is callibrated

against a known reference diode - an NREL certi�ed, KG5 �ltered silicon reference diode.

2.4.2 Spectral Response

The spectral response system designed and built by the author consists of a Princeton Instru-

ments Acton SP2150i monochromator powered by an attached TS428 model Princeton Instru-

ments 250W lamp which is used to illuminate devices housed in a self-made device holder array

which allows the measurement of up to 48 devices chosen by a National Instruments NI SCXI-

1000 channel selection system with a NI SCXI-1331 bolt-on; upon channel selection, the signal

of the device is measured by a Keithley 2400 sourcemeter. The whole system is controlled by a

National Instruments Labview program designed and written for this purpose. The composition

of the system is documented in �gure 2.14.
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Figure 2.14: Simpli�ed layout of spectral response system measuring external quantum e�ciency

as a function of wavelength. Devices are masked to accurately control photoactive area. The

system is callibrated against a known responsivity of a Centrionic Series 7 OSD5.8-7 UV matched

photodiode.

The external quantum e�ciency (EQE) of the devices is callibrated from the known respon-

sivity of a Centrionic Series 7 OSD5.8-7 UV matched photodetector. In direct terms the EQE

can be derived as the ratio of photoexcited electrons to the number of incident photons, as:

External Quantum E�ciency (EQE) =
number of generated photoelectrons

number of incident photons
(2.7)

or

EQE =
output current density

input light �ux
(2.8)

The ratio of generated photoelectrons to absorved photons is known as the internal quantum

e�cienct (IQE) and is often used an an indicator of the e�cacy with which the devices utilise

the generated photocurrent after absorption has occured.

Internal Quantum E�cieny (IQE) =
number of generated photoelectrons

number of absorbed photons
(2.9)

and, as such, the internal quantum e�ciency IQE can also be calculated as:

IQE =
EQE

absorptance
(2.10)
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As the absorptance will always limit between 0 and 1, the IQE must always be higher than

the EQE. The di�erence between the IQE and EQE spectra can inform the understanding of

the light uptake and use in the device. Both internal and extenal quantum e�ciency �gures

are used extensively in this thesis to illustrate and clarify the interaction of incoming light

and generated photocurrent in the devices studied. EQE is sometimes used interchangeably

with incident photon-electron conversion e�ciency (IPCE) and IQE with absorbed photon-

electron conversion e�ciency (APCE), although IPCE and APCE notation is purely a function

of wavelength, while overall EQE and IQE for complete spectra are sometimes discussed.

2.4.3 Surface Pro�lometry

A Veeco Dektak 150 surface pro�lometer was used regularly during the prepartion of this thesis

for mesostructure thickness and homogeneity measurements, HTM cap thickness measurements

and evaporative metal contact thickness calibration. More qualitative surface and cross section

pro�ling was also undertaken using scanning electron microscopy (SEM), as exampled by �gure

2.3. The SEM used for these measurements is a Hitachi S-4300 �eld emission scanning electron

microscope.

2.4.4 UV-Visible Spectrophotometry

Simple optical characterisation of both �lms and completed devices was achieved using a CARY

300 Bio UV-Visible spectrophotometer, which provides absorbance measurements as well as,

with an integrating sphere attachment,[15] re�ectance and transmission measurements. The

absorbance (optical density) can be related to the ratio of incident radiative �ux to transmitted

�ux from the Beer-Lambert law as:

Aλ = −log10
(
I0
I

)
= −log10

(
1

T

)
(2.11)

Where Aλ is the absorbance of the sample, I0 is the total incident light �ux, I is the

transmitted �ux and T is the transmission. The application of equation 2.11 assumes that all

transmitted light is detected while most real systems will measure specular transmission and

o�-specular transmission separately. The use of angled facets and the integrating sphere allows

the determination of the specular and o�-specular aspects of both re�ectance and transmission.
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2.4 Methods and Experimental

Figure 2.15: Relating absorptance (A), re�ectance (R) and transmission (T). The R and T values

are composed of specular and o�-specular elements, which correspond to direct and scattered

respectively.

Note that absorptance is subtly distinguished from absorbance as the direct ratio of radi-

ant �ux absorbed to that which is incident. This allows us to logically relate the re�ectance,

transmission and attenuation:

R+ T +A = 1 (2.12)

But, more completely, these variables can be separated into their specular and o�-specular

values and so �gure 2.15 can also be clari�ed as:

(Rspecular +Roff−specular) + (Tspecular + Toff−specular) +Absorptance = 1 (2.13)

Fully fabricated devices are typically silver contacted, providing a functional mirror backing

the device which provides unattenuated light with a second pass with which to contribute to

the photoharvesting of the device.
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Chapter 3

Molecular Coadsorption Leading to

Unprecedented Surface Energy

Transfer

This chapter discusses investigations into the extension of the spectral absorption range via the

adsorption of more than one dye molecule with spectrally complimentary absorption pro�les.

Characterisation of device performance and subsequent quantum e�ciency measurements indi-

cate a performance increase greater than that likely due to simple spectral extension. Devices

combining visible and near-infrared absorptive dyes are observed to attain photoconversion ef-

�ciencies in excess of 4.5%, with singly adsorped devices typically presenting around 3.5% and

1% respectively. An intermolecular resonant energy transfer process was speculated and pho-

toluminescence studies were undertaken that led to the con�rmation and characterisation of

this process. The energy transfer e�ciency was estimated by both theoretical and spectroscopic

means and suggest a value of ∼50%.
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3.1 Molecular Coadsorption Leading to Unprecedented Surface Energy Transfer

3.1 Spectral limitations of solid-state dye-sensitized solar

cells

Solid-state DSCs (sDSCs) using molecular hole-transporters are an attractive alternative to liq-

uid electrolyte based cells, but e�ciency is limited to a large extent by poor light harvesting, both

in extinction strength and bandwidth.[1] This is in contrast to semiconductor based photovoltaic

technologies, where the absorption pro�le is driven by the band-gap of the semiconductor. This

is most often illustrated by silicon PV, where the spectral response of silicon diodes typically

follows a �atish shape through the visible portion of the spectrum before abruptly cutting o� at

around 1060nm, equivalent to the 1.1eV bangap of silicon itself.[2] The spectral response of a typ-

ical silicon diode is displayed in �gure 1.2 of chapter 1 and illustrates this typical semiconductor

shape.

The bandgap limitations of semiconductor PV gave rise to the idea of multijunction devices

- as previously noted in Chapter 1. This use of multiple semiconducting materials allows the

absorptive properties of the devices to be extended spectrally, based on the bandgaps of the var-

ious materials used and is therefore subject to a detailed balance limit imposed by a theoretical

stacked device composed of three tandem layers of around 49% [3] although in practical terms

the limit is likely to be signi�cantly lower. Tandem devices are dependant upon the matching

of electrical characteristics as well as the spectral ranges of the absorber. In this work only the

concept of extending the spectral range through multiple absorptive materials is here applied to

DSCs and the subsequent results are outlined and analysed, no overt attempt is made to control

the electronic matching as devices are composed of only a single complete layer.

In sDSCs the �lm thickness is limited by the necessity for mesostructure in�ltration by

a molecular hole transporter, which can typically be e�ective up to substrate thicknesses of

around 2µm, beyond which the pore �lling proves ine�cient and a shorter electron di�usion

length dominates.[4] Due to the apparently ine�cient pore �lling of structures over 2-4 µm thick,

optimizing absorption is critical in sDSCs and poses a signi�cant challenge to dye chemists who

must balance (and aim to idealise) the absorptive, adsorptive and injection characteristics of

these dyes.

Some work has been done in the implementation of a nearly direct transfer of this multi-

junction concept, with layered tandem DSCs. These devices would comprise of a number of
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3.2 Molecular Coadsorption Leading to Unprecedented Surface Energy Transfer

layers (subcells), each containing a largely optimized DSC and each contributing to the current

generation, matching the voltage of each dye layer, forming a number of distinct 'subcells'.[5,6]

This would ideally be composed of a series of independent solar cells that would be required to

be electronically matched to o�er optimum e�cacy. Despite the promise that this concept holds,

no devices known to the author have been fabricated that exceed the performance capabilities

of devices fabricated in the orthodox fashion. Hybrid tandem devices incorporating a dye-

sensitized subcell with a higher performance Cu(InGa)Se (CIGS) subcell have been produced

that improve on the e�ciency of both subcells singly, but do not exceed the e�ciency of the

best CIGS devices.[7]

The more established sensitizers, usually based on a ruthenium centre such as Z907,[?] N719

[8] and N3,[9] tend to have a broad absorption pro�le with a relatively low extinction coe�cient

which su�cient for use in electrolyte devices incorporating thicker substrates, but is not ideal

for solid state devices, whose solid state HTM nature demands a thinner metal oxide. This

is in contrast to organic sensitizers such as the indoline based D012 [10] and D131 [11], the

pthalocynanine based TT1 [12] and the squaraine based SQ02.[13] Note that the structures of all

the dyes used within this work are illustrated in appendix A.1.

The coadsorption of complementary dyes has been shown to be promising for extending the

photovoltaic response in electrolyte based cells,[?] but should be considerably more advanta-

geous for sDSCs, where the limited extinction pathlength means that the optimization of light

harvesting is critical. This chapter reviews the work heretofore done on multi-dye systems and

then discusses the work undertaken on the topic in the preparation of this thesis.

3.2 Cosensitization of spectrally complementary dyes

Here, it is sought to extend the absorption spectrum of spiro-OMeTAD (spiro) based sDSCs by

the cosensitization of a visible light absorbing indoline based organic dye, termed D102,[10,14]

with a near-IR absorbing Zn-phthalocyanine dye, termed TT1.[12,15,16] SDSCs incorporating

the indoline sensitizer exhibit a full sun conversion e�ciency of 3.9%, incorporating the Zn-

phthalocyanine sensitizer they exhibit 1.1%, and remarkably this is enhanced to 4.7% with an

optimized cosensitized system. This by itself is noteworthy, but furthermore it is observed that

the improvements with cosensitization amount to more than that expected from the superior
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Figure 3.1: Absorption spectra for D102 and TT1 adsorped to 1.8µm TiO2 �lms. Spectra are

normalised for ease of spectral comparison.

light harvesting. Through photoluminescence investigations it is demonstrated that resonant

energy transfer occurs from the visible absorbing dye to the Near IR sensitizer. The previ-

ously unobserved surface energy relay reported proves to be a more e�cient channel for charge

generation in this system than direct electron transfer from the photoexcited visible dye.

The cosensitization route outlined within this chapter ultimately improves the current density

further still to 9.4 mAcm−2, with the overall powerconversion e�ciency improved to 4.7%, which

is, at the time of record, the highest reported full sun e�ciency for a SDSC incorporating an

organic sensitizer.

3.2.1 Contemporary Literature

There has been some contemporary work detailing experiments with multi-dye systems that have

illustrated spectral extension with the use of complimentary dye molecules.[?] Recently there has

been some suggestion, concurrent to this work, that energy transfer can be achieved within DSCs

with the use of a two-dye system with the energy transfering dye (referred to as the 'relay dye')

being suspended within the electrolyte.[?] This was furthered later by a documented cosensiti-

zation of a two dye system in electrolyte devices,[17], published at the same time as the work

outlined within this chapter. To the author's knowledge, the direct cosensitization of complimen-

tary dyes had not been applied e�ectively to sDSCs prior to this work. In a comparable work,

Driscoll et al have recently published work documenting an energy transfer process occuring
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Current (mA) Voltage (mV) Fill Factor (%) E�ciency (%)

D102 7.82 800 61.4 3.85

SQ02 3.56 640 46.2 1.05

Cosensitized 8.08 800 64.8 4.19

Table 3.1: Typical photovoltaic characteristics of D102, SQ02 and cosensitized devices

between an altered Spiro OMeTAD complex (2,2',7,7'-tetrakis(3-hexyl-5-(7-(4-hexylthlophen-

2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thiophen-2-yl)-9,9'-spirobi�uorene, known as spiro-TBT) and

the pthalocyanine molecule TT1.[18]

3.3 Device fabrication

3.3.1 Squaraine-Indoline cosensitization

Solid state DSCs were prepared and characterized in a manner broadly consistent with the

methods outlined in Chapter 2. Initially a number of devices were fabricated incorporating singly

sensitized indoline (D102) [10] or squaraine (SQ02).[13] The D102 sensitization was optimised for

a 1 hour immersion (0.2mM ACN:tert-Butanol 1:1) and the SQ02 for 30 minutes (20µM ethanol).

Following this optimisation both of the dyes were dispersed into the some ethanol solution at

the same molar concentration as their use singly and the resulting dual-dye solution used to

sensitize similarly thick (1.8µm) titania �lms. The resulting sensitized �lms were completed as

fully functional sDSCs and their performance characteristics were measured and are noted in

table 3.1.

The current-voltage characteristic for these devices shows a typical sDSC performance for

D102 and SQ02. Upon cosensitizing them on the same �lm a current is attained higher than

either, initially deemed to be due to the extension of the spectral range from either dye's

photoresponse individually. The enhancement in current density, with no detriment to either

the VOC or �ll-factor, subsequently confers a signi�cant increase in overall photoconversion

e�ciency, surpassing 4% and the performance of both the component dyes. The results observed

in this investigation showed the promise of coadsorption as a means of enhancing photocurrent

generation. Concurrent work with the pthalocyanine TT1 indicated that it may prove more
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Figure 3.2: Current density-voltage (J-V) characteristics of SDSCs sensitized with D102 (circles),

TT1 (triangles) and cosensitized with both D102 and TT1 (squares) measured under simulated

AM1.5 sun light of 100 mWcm−2 and in the dark (same symbols with dotted lines).

e�cient than SQ02 and, as such, further work on cosensitization was undertaken with the

pthalocyanine acting as the near-IR component of the paired dyes.

3.3.2 Pthalocyanine-Indoline cosensitization

Single sensitizations to provide controls were performed with D102 for 1 hr (0.2mM ACN:tert-

Butanol 1:1) and, on di�erent substrates, TT1 for 1 hour (50µM in EtOH + 10mM chenodeoxy-

cholic acid). For cosensitization the �lms were �rst sensitized with D102 for 48 minutes followed

by TT1 for 12 minutes. Figure 3.2 shows current-voltage curves for sDSCs and table 3.2 notes

their derived photovoltaic properties. Devices incorporating TT1 are observed to have a short-

circuit current density of 3.5mAcm−2 and an e�ciency of over 1%. Note that this performance

is comparable with that previously reported for sDSCs incorporating Zn-phthalocyanines.[12]

Devices incorporating D102 deliver a short-circuit current density of 7.6 mAcm−2 and convert

3.9% of the solar energy to electrical power, again, consistent with previous reports.[10]

In order to verify that the increased photocurrent in the cosensitized devices is due to in-

creased light harvesting in the Zn-PC dye, spectral response measurements have been performed.
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Current (mA) Voltage (mV) Fill Factor (%) E�ciency (%)

D102 7.6 840 61 3.9

TT1 3.5 660 47 1.1

Cosensitized 9.4 800 60 4.7

Table 3.2: Typical photovoltaic characteristics of D102, TT1 and cosensitized devices

Figure 3.3: Quantum E�ciency Measurements for Co- and singly sensitized SDSCs. Photo-

voltaic action spectra for the same cells as presented in �gure 3.2 showing external quantum

e�ciency (EQE - top), absorption (middle) and internal quantum e�ciency (IQE - bottom).

Note that the cosensitization dying times were optimized.
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Figure 3.4: Energy level diagram for a two dye pthalocyanine-indoline system illustrating the

apparent energy transfer route. Although no primary investigations of the energy levels of this

system have been undertaken in the preparation of this thesis, contemporary literature suggests

an energy level architecture for this system.[18�21] Blue and red lines indicate the possible routes

of electron and hole injection respectively.

The photovoltaic action, presented in �gure 3.3, does display an extension into the near IR for

the cosensitized cell, as compared to �mono-sensitization� with D102, but the actual photore-

sponse in this extra IR region from 650 to 750 nm is relatively low. However, there is also an

unexpected increase in the photo conversion e�ciency in the visible region, where D102 already

absorbs strongly. This suggests an altered energetic system, as illustrated in �gure 3.4.

In order to disentangle the in�uence of enhanced light absorption, from improved operational

processes, the absorbed photon-to-electron conversion e�ciency (APCE) has been quanti�ed.

The light absorption in the device is estimated by measuring the re�ectance spectra from silver

backed devices in an integrating sphere,[22] and subsequently divided the IPCE by the fraction

of light absorbed to determine the APCE (section 2.4.2). It is observed that the conversion
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e�ciency from the visible absorbing dye is panchromatically enhanced by the presence of the

TT1 dye. Note a few peculiarities of the absorption spectra: for the TT1 only devices one

would expect negligible absorption in the 450 to 550 nm region, however, from the re�ectance

measurements there is around 30% of the light absorbed in two passes of light through the �lm

(re�ectance). Furthermore, for the D102 only devices it would expected to see negligible absorp-

tion in the region >650nm, where actually around 20% absorption is measured in re�ectance.

This is likely to be due to partially oxidized spiro-OMeTAD, which absorbs in this region.[4]

This implies that the APCE values derived are a lower estimation of the conversion e�ciency

from light absorbed in the dye, especially in the near IR region where the absorption from the

sensitizer does not compete as strongly with the extrinsic absorptions than in the visible region

of the spectrum.

3.4 Intermolecular energy transfer

The reason for the enhanced e�ciency from D102, with the addition of the near IR absorbing

Zn-PC sensitizer is not clear. However, the indoline based dyes (such as D102) are prone to

aggregation and or formation of multi layers on the TiO2 surface, and this may render electron-

injection from photo-excited dye less than ideal.[?, 23] One possibility is that the co-sensitization

process is breaking apart aggregates or desorbing non-bound dye. The TT1 dye solution contains

approximately 2mM of chenodeoxycholic acid, speci�cally introduced to reduce aggregation of

the TT1 molecules. To probe if this was also improving the D102, the D102 sensitized �lms were

soaked in a 2 mM chenodeoxycholic acid solution for 12 minutes to mimic the e�ect under the

co-sensitization process. In this instance however, no signi�cant increase in photocurrent of the

constructed solar cells is observed, indicating that the presence of the TT1 is directly in�uencing

the photoinduced charge generation from light absorbed in the D102. It is postulated that energy

transfer from D102 to TT1 could be responsible for enhancing the charge generation e�ciency:

If electron transfer from the photoexcited D102 is heterogeneous,[23] then the slower injecting

species may not compete e�ectively with the natural decay of the excited state. If this �slow-

injecting� phase can transfer its energy to the near IR dyes prior to exciton decay then this

would, in essence, �recycle� the exciton and enable a second chance for electron transfer to the

TiO2 through the TT1 sensitizer. To probe whether surface energy transfer occurs in this system
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3.4 Molecular Coadsorption Leading to Unprecedented Surface Energy Transfer

time-resolved photo-luminescence (PL) measurements were performed on sensitized mesoporous

TiO2 and Al2O3 (the Al2O3 substrates acting as non-injecting references) substrates by time

correlated single photon counting (TCSPC). The �lms were excited at 400nm under vacuum

(further details of TCSPC are given in appendix A.2).

The photoluminescence spectra for D102, TT1 and co-sensitized �lms are shown in �gures

3.5 and 3.6. D102 has a broad visible to near IR emission. On both TiO2 and Al2O3, the

visible emission from D102 is signi�cantly quenched by cosensitization with TT1. The emission

onset for the cosensitized �lm is almost identical to pure TT1, consistent with highly e�cient

energy transfer occurring from the emissive species in D102 to TT1. The PL spectra for D102

after soaking in an equivalent solution of CDCA was also measured; which, in contrast, shows

a marginal increase in PL intensity and no change to the spectral shape. This con�rms that

CDCA does not play a signi�cant role in quenching of the luminescence, though it may further

aid energy transfer to the TT1 by increasing the PL intensity from the D102. It is noted that

the light absorption in TT1 at 400nm is very weak and the absolute emission at 700 nm has

increased ∼10 fold in the cosensitized �lms as compared to pure TT1 sensitization. The PL

tail observed in pure TT1 �lms is due to reduced sensitivity combined with very low emission

signals. This is clari�ed by �gures 3.5 and 3.6 The results on TiO2 and Al2O3 follow the same

trend though the overall PL intensity is higher on Al2O3 due to elimination of the electron

transfer channel.

The transient PL decay curves for sensitized Al2O3 are shown in �gure 3.7, while �gure 3.8

illustrates the ratios of decay of the two dyes between their singly and coadsorbed states and

the correlation between the two suggesting a direct energy transfer process. The D102 emission

(at 650nm) decays signi�cantly faster in the cosensitized �lm than in the mono-sensitized �lm.

The TT1 PL (at 705nm) decays faster in the mono-sensitized �lm than when cosensitized with

D102. This is consistent with excitation energy transferring from D102 to TT1 by dipole-dipole

interactions, �replenishing� the TT1 excitons as they undergo their natural decay, slowing down

the overall observed decay. The PL decay trends are identical, the decays are faster on TiO2 than

on Al2O3 consistent with electron transfer to the TiO2. Importantly here, the D102 emission

decays signi�cantly faster in the cosensitized �lm on TiO2, indicating that long-lived D102

excited states contributing to the emission are more e�ectively quenched via energy transfer

to TT1 than via electron transfer to TiO2 for times longer than 10ps. The decay observed in

49
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Figure 3.5: Photoluminescence spectra for relevant molecules singly and in various coadsorptive

combinations. PL spectra performed on substrates resembling functioning devices on TiO2

substrates. It can be noted that the e�ect of coadsorption of the spacer molecule with D102

only (optically matched to the spectral absorption pro�le of D102 singly at 500nm), results in

no quenching of the PL spectra and, indeed, shows minor enhancement of the photoluminescent

e�cacy. This is in contrast to the PL spectra of substrates coadsorbed with both D102 and TT1

(again, optically matched at 500nm to D102 singly) which shows a signi�cant quenching of the

PL spectra in the visible, D102, range. The TT1 response is noted to be comparatively weak on

the TiO2 substrate, which is indicative of e�cient charge injection into the metal oxide. This is

con�rmed by PL spetra observed on Al2O3 which shows a considerably enhanced response, this

is shown in �gure 3.6. The D102 panel also shows the time-resolved PL for D102 containing

Substrates containing both chenodeoxycholic acid (CDA).
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Figure 3.6: Normalised photoluminescence spectra for relevant molecules singly and in various

coadsorptive combinations. PL spectra performed on substrates resembling functioning devices

on TiO2 and Al2O3 substrates (a and b frames respectively). Further to �gure 3.5 the spectra

is normalised to highlight the quenching of the PL in the visible range. Normalisation also

clari�es the agreement of the TT1 peaks singly and under coadsorption, otherwise occluded

by the relatively poor PL response of TT1 without normalisation. PL spectra performed on

substrates resembling functioning devices.
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Figure 3.7: Normalised PL decay spectra for relevant molecules singly and in various coad-

sorptive combinations. Time-resolved photoluminescence from species at 705nm (TT1 - top,

green) and 650nm (D102 - bottom, red) is shown for the case of mono-sensitized (light line)

and cosensitized (dark line). All measurements were performed with Al2O3 as a substrate to

avoid ambiguity due to electron injection. The arrows show the trend upon cosensitization. The

D102 panel also shows the time-resolved PL for D102 containing chenodeoxycholic acid (CDA)

in equivalent concentration to a cosensitized �lm (thin line).

52



3.4 Molecular Coadsorption Leading to Unprecedented Surface Energy Transfer

Figure 3.8: Ratios of PL emission for chromophores singly- and co-sensitized, on a device equiv-

alent TiO2 substrate. The ratio of emission from the 650nm species (D102) in the cosensitized

to monosensitized �lms and, conversely, the ratio of emission of the 705nm species (TT1) in

monosensitized to consensitized �lm. The decays are indicative of energy transfer, with an

exponential life-time of 210ps (line).
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�gures 3.7 and 3.8 suggests an energy transfer lifetime of 210 ps.
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3.4.1 Förster Resonant Energy Transfer Theory

Förster resonant energy transfer is the process by which energy can be transfered between

adjacent molecules via dipole-dipole interactions. This is clari�ed by �gure 3.9 which illustrates

the energetic transitions associated with Förster and Dexter energy transfer. In these devices

it is likely that both FRET and Dexter processes are occuring, but due to the PL decay e�ects

observed in section 3.4 it is believed that the action of FRET is more signi�cant.

Figure 3.9: FRET and Dexter Energy Transfer Schematics. The left panel shows the energetics

associated with FRET and the right shows those for Dexter electron transfer.

Förster resonant energy transfer: 1. donor excitation, 2. non-radiative donor relaxation, induced

excitation in acceptor by FRET, 3. excited acceptor.

Dexter energy transfer: 1. donor excitation, 2. electron transfer - excited electron transferred

donor to acceptor, ground state electron transferred acceptor to donor, 3. excited acceptor.
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The Förster radius equation de�nes the distance at which intermolecular energy transfer is

50% e�ective.1

R0
6 =

9000(ln10)κ2φd
128π5Nn4

∫ ∞
0

εa(λ)Fd(λ)λ4dλ (3.1)

Where κ2 is the orientation parameter, typically taken to be 2/3 for random orientation; NA

is Avogadro's number; φd is the quantum yield of the donor; Fd is the normalized �uorescence

pro�le of the donor and εa is the molar extinction pro�le of the acceptor molecule. The integral in

equation 3.1 only attains any signi�cant value when there is a non-negligible degree of overlap

between the emission spectrum of the donor and the absorption spectrum of the acceptor,

therefore de�ning the e�ciency of the energy transfer process itself. Note that in this and all

further FRET discussion in this section, the subscripts d and a correspond to donor and accepter

molecules, respectively. The rate of transfer between a donor-accepter pair (kda) is dependant

upon their separation and is de�ned by:

kda =
1

τd

(
R0

r

)6

(3.2)

where τd is the radiative lifetime of the donor excitation. It must be considered that the

original theory and simple formulation of the Förster radius given in equation 3.1 simply predict

the excitation transfer for a single donor and transfer molecule in an ideal system. In the case

of our system there is a interspersed distribution of two dye molecules that is assumed to tend

toward homogeneous when scaled up. Due to the sixth power dependency of R0 however, the

FRET interaction of molecules quickly tends towards negligible. Estimates of FRET rates from

average molecular separation must therefore be understood as rough as 1
<R6> 6=

1
<R>6 .

As such, although an estimate can be made of dye coverage of each molecule using absorption

pro�ling and an estimated folding ratio for the mesostructure, the average separation derived

can only lead to a crude estimate of the FRET rate.

From the time-integrated photoluminescence spectra, the steady state absorption spectra,

an estimated �uorescence quantum yield of 2%.[?] A FRET rate of ∼7 x 1010 s−1 is calculated,

1Note that several di�erent reproductions of the Förster equation are observed to contain some degree of

inaccuracy. Lakowicz' "Principles of Fluorescence Spectroscopy" denotes the π term of equation 3.1 as having a

fourth power contribution [24] and, indeed, two of Förster's own papers cite a sixth power dependence for the π

term [25,26] leading to some confusion on the topic.
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which, taken as a rough estimate, is consistent with the measured value of ∼5 x 1010 s−1. Both

the modeled and measured FRET rate estimates suggest a FRET e�ciency of around 50%.

The energy transfer dynamic has been explored more comprehensively by Hoke et al.[27] for

the system in which the donor molecule is suspended in the hole transport medium and acts as

a somewhat abstracted relay molecule, as discussed by Hardin et al.[?]

3.5 Conclusions

In summary, cosensitization has been utilized as a tool to signi�cantly enhance the optical

bandwidth and e�ciency in solid-state DSCs with respect to the lone visible absorbing system.

E�cient energy transfer is observed to occur from the visible absorbing dye to the near IR

sensitizer, with subsequent conventional charge generation from both of the dyes described. This

novel charge generation route proves to be remarkably useful, since it gives a second chance for

charge generation to species which would have otherwise decayed prior to electron transfer.

Traditional single dye sensitization is restricted by the overall goal of realising a single

molecule in which the processes of light absorption and charge injection are both optimised.

This is not a trivial challenge of chemical engineering as, by linking these energy conversion

aspects into a single molecule, there is no way of avoiding that the energetically active com-

ponents will interact and so each a�ect the performance of the other. This is not necessarily

a detrimental situation, but likely limits the e�cacy of the performance in both �elds to some

degree. If, instead, discrete dye molecules could be used that each specialise in the area of light

harvesting and carrier injection, it is possible that a signi�cant overall performance enhancement

could be achieved.

This energy transfer mechanism broadens possibilities to enhance the performance of existing

visible sensitizers, potentially relaxes issues with aggregation of visible sensitizers, but more

excitingly opens the design criteria for visible sensitizers: With this energy relay mechanism it

should be possible to create surface tethered dyes optimized for light absorption strength and

band width, neglecting the previous requirement to maximize their electron transfer e�ciency.
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3.5 REFERENCES

Publication:

The concept, execution and results outlined in this chapter have been published in part in the

Journal of Physical Chemistry C in 2011[28] as well as presented at conference; this is detailed

further on page 118.
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Chapter 4

Plasmonic Nanostructures

Incorporated into DSCs to Enhance

Photocurrent Generation

Presenting an investigation into incorporating core-shell Au-SiO2 nanoparticles into dye-sensitized

solar cells. Plasmon enhanced light absorption is consistently observed, leading to overall in-

creases in photocurrent and e�ciency for both iodide/triiodide electrolyte based and solid-state

dye-sensitized solar cells. Spectroscopic investigation indicates that plasmon enhanced photo-

carrier generation competes well with plasmons oscillation damping within the �rst tens of fs

following light absorption.
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4.1 Plasmonics Introduction

For many hundreds of years the optical properties of various metal nanoparticles had been

unwittingly used and appreciated in many areas of culture, the most readily observable of which

is stained glass windows. For many centuries the production of coloured glasses was developed

and used while little physical comprehension of the optical properties being exploited. The

understanding of the vivid colours acheived was largely empirical until Raleigh began to de�ne

the scattering for small [1] and large particles.[2,3] The scattering from spherical nanoparticles

was formally and exactly described by Mie in 1908.[?]

In the early 1950s, during investigation of high velocity electron scattering by thin metal foils,

there was some confusion over characteristic energy losses that arose unexplained by then-current

theory.[4,5] Following Ritchie's 1957 description of how plasma oscillations (plasmons) could

be responsible for this energy loss,[6] there followed corroborating experimental observations

reported by Powell and Swan in 1960.[7] Later, Vicent and Silcox[8] and Pettit et al.[9] analyzed

the full dispersion relation of surface plasmon polaritons. Since this point, signi�cant research

began into the possible applications of plasmonics in several �elds including biosensing,[10] all-

optical integrated circuits [?, 11] and, recently, solar cells.[12�15]

4.1.1 Physical Explanation of Surface Plasmon Polaritons

Surface plasmons are a quasiparticle interpretation for the occurance of guided waves at the

inferface between a metal and dielectric. The free electonic nature of metals allows collective

response to electromagnetic �elds. This can be illustrated most simply with a �at interface,

as �gure 4.1, which illustrates the electromagnetic �eld amplitude associated with a surface

plasmon traveling along this interface. It can be observed that the �eld of the plasmon decays

exponentially from the boundary into the dielectric and into the metal and, further, that the

decay length is signi�cantly lower in the metal due to the free charges screening the �eld.[16]

Although a �at interface topography is the simplest in terms of illustration, surface plas-

mons cannot be directly generated at a �at metal-dielectric interfact by incident sunlight. This

is because the surface plasmon has a wavevector greater than that of the photon in the adjacent

dielectric, precluding coupling of the incident light to the surface plasmon.[?] The �eld genera-

tion around a spherical nanoparticle is signi�cantly more complex, as �gure 4.2 illustrates, yet
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Figure 4.1: Amplitude of surface plasmon �eld at a metal-dielectric interface for illustrative

purposes.

provides a possible architecture with which to integrate plasmonic e�ects into solar cells.

4.1.2 Mathematical treatment

The nature of plasmon appearance can be described formally from Maxwell's equations:

∆ ·D = ρext (4.1)

∆ ·B = 0 (4.2)

∆×E = −δB
δt

(4.3)

∆×H = Jext +
δD

δt
(4.4)

linking the four macroscopic electromagnetic �elds: D, the dielectric displacement; E, the

electric �eld; H, the magnetic �eld and B, the magnetic induction. In the absence of external

charge or current densities, equations 4.3 and 4.4 can be combined to form the wave equation:

∆×∆E = −µ0
δ2B

δt2
(4.5)
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when treated to have negligible variation of the dielectric pro�le ε below sub-wavelength

distances and assuming a harmonic time dependance E(r, t) = E(r)e−iωt in general, this can be

revised as the Helmholtz equation:

∆2E+ k20εE = 0 (4.6)

where k0 is the wave vector (ωc ). By solving independantly for regions of constant dielectric

pro�le and implementing appropriate boundary conditions the Helmholtz equationcan be used to

formulate models for plasmon modes, such as that illustrated in �gure 4.2.[17] The formulation

of the Helmoltz equation and the nature of plasmonics is more comprehensively outlined by

Maier.[18]

Figure 4.2: Amplitude of surface plasmon �eld at and in proximity to a silica-coated gold

nanoparticle. Model and graphic courtesy of Michael Saliba, Oxford 2011
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4.2 Plasmonic Solar Cell History and Contemporary Liter-

ature

The broad applications for controlling light at sub-wavelength dimensions in optoelectronic and

photonic devices have created a vibrant �eld of nanophotonics and plasmonics.[?, 10�19] Surface

plasmon resonance from metallic nanostructures can deliver signi�cant control over the optical

�eld and the prospective utilization of metallic nanostructures to enhance the light absorption

in thin �lm and organic based solar cells is a pursuit which is attracting mounting interest.

For some time researchers have been working towards �plasmonic solar cells� but the recent

advances in control of metal nanoparticle synthesis and self assembled metallic nanostructures

is resulting in a rapid growth of this new �eld. Although there has been much discussion of

'plasmonic solar cells', the moniker is perhaps misleading, as surface plasmonic e�ects can be

used to absorb sunlight but, with no native route to generating separated carriers, cannot form

a functioning solar cell without being integrated into another system. 'Hybrid plasmonic solar

cell' is a more accurate term but for the sake of brevity 'plasmonic solar cell' is often used to

indicate any device, theoretical or realised, that incorporates plasmonic e�ects with the intention

of enhancing light absorption with the eventual goal of improving photocurrent generation.

Perhaps the �rst plasmonic solar cell was reported by Hayashi et al in 1991;[19] however,

although some evidence of photocurrent enhancement was illustrated, this was an improvement

in the regime of nA that was only documented for a single laser-illuminated wavelength and

so does not realistically constitute an e�ective exhibition of the performance enhancements

possible. Enhancement in light absorption and photocurrent generation in thin �lm inorganic

solar cells has already been demonstrated,[20�23] and in this �eld plasmonics has the potential

to signi�cantly reduce the quantity of material required and hence the fabrication costs of thin

�lm photovoltaics. In wafer-based silicon devices anisotropic etching can be undertaken to form

pyramid like structures, enhancing scattering and recycling of incoming light, improving light

uptake by integrated means.

With relevance to dye-sensitized solar cells: enhanced light absorption in conventional dyes

employed in these devices has been demonstrated on �at TiO2 �lms when silver islands are

thermally evaporated upon the TiO2 prior to dye adsorption.[24] More recently, enhancement

of charge carrier generation and photocurrent generation in dye-sensitized solar cells (DSC)
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has also been reported for dye monolayers on �at TiO2 �lms incorporating silver islands or

sparse coatings of metal nanoparticles.[25,26] Concerning organic photovoltaics, an unexpected

enhancement in light absorption and charge generation in tandem solar cells was observed by

Rand et al. utilizing silver nanoparticle clusters as the recombination boundary between the

active layers of the tandem device.[27] They identi�ed that surface plasmon modes on the silver

clusters were responsible for enhanced photocurrent in the solar cells. More recently, Kulkarni

et al. have demonstrated enhanced charge carrier generation in optically thin polymer blend

photovoltaic �lms adjacent to silver nanoprisms via photo-induced absorption spectroscopy.[28]

4.3 Realisation of Plasmonic Dye Sensitized Solar Cells

4.3.1 Concept

Though there have been a number of demonstrations of plasmon enhanced charge generation as

noted in the previous section (4.2) to the author's best knowledge these have all been fabricated

on unconventional device structures, which will not be easily incorporated to enhance the current

state-of-the-art technologies. The architecture developed within this chapter provides a route

that appears compatible with current DSC production methods.

4.3.2 Evaporative metal island Incorporation

In the beginining stages of this work a prototype method for plasmonic hybridisation was de-

veloped wherein extremely thin �lms of gold would be thermally evaporated into the device

structure following the dye steps and preceding the HTM in�ltration. The motivation being

that the low volume of gold evaporated would consolidate into discrete metal islands whose

dimensions may induce plasmonic e�ects. The concept is entirely unguided and simply depends

upon the cohesivity of the liquid-phase metal to a�iate and form a sphere or spheroid topog-

raphy. Comparable evaporative metal-island �lms have been investigated by Westphalen et

al,[29] although the absence of characterisation implicitly suggests that no absolute performance

enhancements were achieved.

The �rst stage of this investigation involved the precise callibration of the evaporation system

by comparison of 'estimated depth' of the evaporated metal with the 'measured depth'; where

'estimate depth' is derived from the variation of the frequency of the vibrating crystal in the roof
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of the evaporation chamber; 'measured depth' is directly measured with a surface pro�lometer.

In light of the ambiguity of these results and rudimentary nature of the system itself, it must be

noted that this preliminary investigation into plasmonic structure incorporation is included only

for completeness and transparency and is not meant to be considered in any way a complete

investigation in its own right. The route is noted in the main for its early indication of the

apparent futility of incorporating a signi�cant volume of pure metal into the device architecture

due to the electrical detriment imposed by the internal incorporation of carrier recombination

sites a�orded by the free carrier nature of metals themselves.

4.3.3 Nanoparticle based Plasmonic Incorporation

In the course of this work is was proposed to integrate Au metal nanoparticles, which exhibit in-

tense absorption due to surface plasmon resonance in the visible region of the spectrum, into dye-

sensitized solar cells employing both the iodide/triiodide redox couple and the solid-state hole-

transporter 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobi�uorene (spiro-OMeTAD).[?]

Incorporating �bare� metal nanoparticles into the bulk of dye-sensitized solar cells is shown to

be detrimental due to both corrosion and the metal acting as a charge recombination centre.

It is then demonstrated that by coating the Au nanoparticles with a thin shell of silica, they

can be incorporated into the TiO2 mesoporous paste and are capable of sustaining the sintering

process of the TiO2 with negligible in�uence to the optical properties. Furthermore, they are

corrosion resistant in the iodide/triiodie electrolyte, and have no apparent detrimental electronic

consequence in the solar cells, as far as charge recombination is concerned. Beyond this, through

both an electronic and spectroscopic investigation enhanced photocurrent generation and solar

cell performance is demonstrated as a result of light harvested by the metal nanoparticles.

4.3.4 Incorporation methods

Au nanoparticles with and without a thin sodium silicate shell were prepared according to previ-

ously published methods with slight modi�cation.[30,31] A fabrication description is provided in

appendix A.3. For incorporating the Au or Au-SiO2 nanoparticles into the solar cells the water

dispersed nanoparticles were �rst precipitated by centrifugation and then redispersed in ethanol.

Two methods of incorporating nanoparticles into DSSCs were employed with the intention of

dispersing the nanoparticles in close proximity to the dye molecules whilst retaining homogene-
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ity. The �rst method involved blending a Au nanoparticle solution directly into the titania

paste and then using this altered �plasmonic paste� in an otherwise standard device fabrication

protocol. The second approach involved the direct spin coating of Au-SiO2 nanoparticles on to

dye sensitized titania prior to application of the hole transport material (HTM). These routes

are simply illustrated in �gure 4.3

Figure 4.3: Simple schematic of spin coat or doctor blade incorporation routes. Panel a (left)

illustrates the gold nanoparticles incorporated directly into the titania paste pre-sinter and then

continuing the fabrication process as normal, panel b (right) illustrates the incorporation of

nanoparticles by the spin casting of a highly concentrated nanoparticle solution directly onto

the dyed mesostrucure.

4.3.4.1 Nanoparticle Fabrication and Encapsulation

The fabrication of nanoparticles is not the focus of this thesis and, indeed, the majority of the

nanoparticles utilised during the investigations outlined were fabricated at request by collab-

orators in the Wiesner group at Cornell University. In order to electronically and chemically

insulate the metal, synthesised Au core-silica shell (Au-SiO2), nanoparticles were used. A fab-

rication outline is given in appendix A.3. In �gure 4.4 transmission electron microscopy (TEM)

images of 'bare' Au (a) and Au-SiO2 core-shell nanoparticles (b) are shown.

The presence of the silica shell encapsulating the gold core nanoparticles allows un-attenuated

propagation of the optical �eld around the nanoparticles. The core-shell architecture is consid-

ered to provide a number of potential e�ects that may be bene�cial for the �nal performance of
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Figure 4.4: TEM images showing: a) ∼15nm diameter bare gold nanoparticles, and b) Au-SiO2

core-shell nanoparticles with ∼15nm Au cores encapsulated by ∼3nm silica shells. TEM images

were obtained with a FEI Tecnai T12 Spirit microscope operated at an acceleration voltage of

120kV. Images courtesy of T. Suteewong, Cornell 2009

the fabricated hybrid DSC:

1. As a wide bad-gap insulator, and with a su�cient thickness, the SiO2 shell electronically

insulates the metal core from the surrounding device morphology and thus prevents them acting

as internal recombination centres for photogenerated charge carriers.

2. The presence of the core-encasing shell also ensures the physical separation of the metal from

the HTM, inhibiting corrosion in oxidising or corrosive media. Any optical enhancements in the

dye chromophores are likely to be sensitively dependent upon the physical separation between

them and the metal nanoparticle surface.[32]

3. The spatial separation of the nanoparticle core from the dye molecules themselves may

provide some degree of control over the interaction between the photoaction of both. If the

chromophore is too close, it is foreseeable that energy transfer from the excited dye to the plas-

mon mode of the nanoparticle may dominate; whilst,as separation increases, the generation of

near-�eld absorption enhancements in the dye becomes unlikely. The silica shell encapsulating

the metal core proveds some degree of control over this distance.

4. As will be demonstrated in section 4.3.4.2, the silica shells provide a signi�cant degree of ther-

mal and structural stability, most signi�cantly in the prevention of Ostwald ripening (whereby

over time or with input heat, small crystals and particles can change shape, distort or amal-
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gamate to form larger particles[33]), allowing use of orthodox thermal processing routes during

device fabrication.

4.3.4.2 Nanoparticle Response to Sintering

As a route to uniformly mix the nanoparticles throughout the bulk of the photo-active layer they

were redispersed in a common solvent to the TiO2 paste (ethanol) and subsequently blended with

the TiO2 paste. In order to determine if the Au nanoparticles can be mixed with the conventional

mesoporous TiO2 and sustain the standard device processing protocol, the absorption pro�le

at various stages in the thin �lm fabrication has been examined. In �gure 4.5 this is shown

for both bare Au and Au-SiO2 core-shell nanoparticles. The solution absorption maximum of

the colloidal nanoparticles was at ∼524 nm in water (where nwater = 1.33) and ∼551 nm when

redispersed in ethanol (where nethanol = 1.36). The shift in the absorption peak of the plasmon

mode is due to the increased dielectric constant of the solvent.[34] The peak absorption of the

plasmon mode on the bare Au nanoparticles incorporated into the TiO2 paste is similar to that

in the ethanol, but there is a long tail to the absorption, suggesting a signi�cant degree of

nanoparticle aggregation. Upon sintering the paste containing the bare Au nanoparticles, the

peak absorption maximum undergoes a signi�cant red shift to ∼ 600nm, and the intensity has

also signi�cantly increased. For Au nanoparticles to exhibit a surface plasmon mode with an

absorption peak at 600nm, the diameter must be greater than 100 nm if spherical,[34] whilst, if

elongated, the aspect ration must be on the order of 2:1,[35] suggesting that the original 15nm

particles have Ostwald ripened into larger objects during the heat treatment. When dyed, the

�lms containing the bare nanoparticles show two distinctive peaks, one for the sensitizer and

one for the Au nanoparticles. In contrast, there is little shift to the peak absorption position

of the �lms incorporating the core-shell nanoparticles, illustrating that the SiO2 shell stabalises

the Au nanoparticles to thermal processing. Due to the similarity of the absorption maxima for

the dye (525 nm) and Au-SiO2 nanoparticles (525 to 540 nm), the dyed �lms exhibit a single

peak around 525nm.

4.3.5 Characterisation of Nanoparticle-Incorporating DSCs

In principle metal nanoparticles could enhance the absorption in the solar cell by either scat-

tering light enabling a longer optical path-length, by a dipole-dipole interaction and resonant
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Figure 4.5: Absorption spectra of thin �lms (∼1 mm) processed with conventional mesoporous

TiO2 paste at di�erent stages in the fabrication process; directly after doctor blade coating

(open-symbols, �pre-sinter�), after two thermal sintering cycles at 500 �C and a chemical TiCl4

treatment (open-symbols with cross-through, �post-sinter�), and with �nal dye-sensitization

with Z907 ruthenium complex (solid-symbols). These are for TiO2 paste incorporating bare Au

nanoparticles (blue circles) and Au-SiO2 core shell nanoparticles (red squares). Also shown is

the absorption spectra of a standard mesoporous TiO2 �lm sensitized with Z907 (solid-line)
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energy transfer or by near-�eld coupling between the surface plasmon polariton and the dye ex-

cited state. In order to measure the fraction of scattering versus absorption from the mesoporous

TiO2 electrodes containing the Au-SiO2 nanoparticles UV-vis transmission and re�ection mea-

surements in an integrating sphere have been performed. The spectra are shown in �gure 4.6.

All light, which is either scattered from or transmitted directly through the �lm, is detected in

the total transmission. Hence the deviation from 100% transmission indicates light absorbed in

the �lm or re�ected. In this instance the total transmission (Ttot) is 36% at the peak absorbing

wavelength of the nanoparticles (525nm) and the total re�ection (Rtot) is 8% indicating total

absorption (Atot) in the �lm, Atot(%) = 100-Rtot-Ttot, of 56%. The o� specular, or scattered

transmission through the �lm, is measured by taking the transmission spectra with a di�use

re�ector absent from the exit port on the integrating sphere. For the �lm measured here, the

o� specular transmission at 525nm is only 0.47%, while the o� specular re�ected light is 2.2%.

The sum of the o� specular transmitted and re�ected light (forward and backwards scattering)

amounts to less than 3% of the incident light as compared to 56% which is absorbed in the metal

nanoparticles. This indicates that enhancements in light absorption or photocurrent generation

in the solar cells incorporating these metal nanoparticles is likely to be due to resonant energy

transfer or near �eld coupling and not scattering.

In order to incorporate metal nanoparticles as light harvesting components in dye-sensitized

solar cells, there were initial attempts to employ 'bare' gold or silver nanoparticles as a means to

generate enhanced light absorption and photocurrent generation. To incorporate the nanoparti-

cles into the devices, the metal nanoparticle colloids were dispersed in ethanol and mixed them

directly with the mesoporous TiO2 pastes, with subsequent thin �lm processing and sintering

as is usually conducted with conventional devices.

Although the light absorption was monotonically increased with incorporating increasing

amounts of metal nanoparticles into the mesoporous TiO2, at the same time the photocurrent,

photovoltage and �ll factor of the ensuing devices were signi�cantly and linearly decreased for

both solid-state and liquid electrolyte based DSCs. This is illustrated by �gure 4.7 and is also

noted to be typical of the response observed by evaporative incorporation of metal islands as

outlined in section 4.3.2. This is likely due to the nanoparticles acting as recombination centres

within the device itself, in essence creating internal short-circuits throughout the bulk of the

photoactive layer. From initial studies it was concluded that in order to integrate the metal
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Figure 4.6: Transmission and re�ection spectra for mesoporous TiO2 �lms incorporating core-

shell nanoparticles of similar concentration to those shown in 4.5
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Figure 4.7: Current-voltage characteristics for eDSCs with and without bare nanoparticle incor-

poration. It is readily observed that the all the electronic characteristics are severely impaired

with the simple inclusion of bare nanoparticles, likely by the provision of internal recombination

sites.

nanoparticles within the bulk of the active layer, it is necessary to electronically and chemically

insulate them from the semiconducting or ionic components. Standridge et al.[36] have also

come to a similar conclusion when incorporating metal nanoparticles into �at junction liquid

electrolyte based DSSCs, however, their main concern with electrolyte based DSSCs was not

the electronic consequence of the presence of the metal, but the metal being corroded by the

electrolyte.

As described above and illustrated in �gure 4.7, in all cases the inclusion of the bare Au

nanoparticles into the dye-sensitized solar cells signi�cantly deteriorated the performance. Pre-

dominantly reducing the device open-circuit voltage and �ll factor for the solid-state DSSCs and

totally inhibiting photocurrent in the electrolyte DSSCs employing the iodide/triiodide redox
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couple. To scrutinize the in�uence of the Au-SiO2 nanoparticles on solar cell performance the

metal nanoparticles were incorporated into the devices via two routes discussed in section 4.3.4.

From ablative X-ray photoelectron spectroscopy (XPS) depth pro�ling, it was identi�ed that

the 'plasmonic paste' method produced �lms uniformly distributed gold nanoparticles through-

out the depth (�gure 4.8). However, for the spin-coating method, the nanoparticles were pre-

dominantly on the top surface of the �lms (�gure 4.9). The cross sectional SEM image in �gure

4.10 is also consistent with the suggestion that the plasmonic paste method results in uniform

mixing of the components.
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Figure 4.8: Doctor blade nanoparticle incorporation: ablative XPS depth pro�le. The core-level

binding energies are noted in �gure 4.9 and, in this case, are observed at a stable signal strength

at all depths through the substrate implying a homogeneous distribution of gold nanoparticles

throughout the mesostructure. XPS data courtesy of I-K. Ding, Stanford 2010
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Figure 4.9: Spin coat nanoparticle incorporation: ablative XPS depth pro�le. The core-level

binding energy of the 4f7/2 and the 4f7/2 are at 83.9eV and 87.6eV respectively.[37] The signal

for these energies is observed to be strong at the immediate surface of the mesostructure but fade

within the �rst 300nm, implying that the nanoparticles do not in�ltrate the pores signi�cantly.

XPS data courtesy of I-K. Ding, Stanford 2010

78



4.3 Plasmonic Nanostructures Incorporated into DSCs to Enhance Photocurrent Generation

Figure 4.10: SEM of gold np integrated TiO2 mesostructure. The lighter shapes in the

mesostructure are understood to be Au-SiO2 nanoparticles, corroborating the �ndings of �gure

4.8 that imply a homogeneous distribution of gold throughout the substrate. SEM courtesy of

I-K. Ding, Stanford 2010
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Figure 4.11: Current voltage characterisation of liquid-phase HTM plasmonic hybrid devices.

The derived electronic characteristics are de�ned in table 4.1. . The disparity in Rseries is an

unrelated artifact of device variance.

In �gure 4.11 it is shown that the current voltage curves for electrolyte based DSSCs em-

ploying N719 [38] ruthenium sensitizer and �robust� iodide/triiodide based liquid electrolyte [39]

with 1.1µm thick mesoporous TiO2:Au-SiO2 electrodes. Before the photocurrent is discussed,

the �rst and striking observation is that the �ll factor of the devices incorporating the Au-SiO2

nanoparticles is exceptionally good (0.73), and the open-circuit voltage is also high (0.76V). It is

thus apparent that the metal nanoparticles are not acting as recombination centers in these solar

cells, hence the 3 nm thick silica shells are suitably thick so as to prevent signi�cant electron

or hole tunneling onto the metal core. Furthermore, though no rigorous stability measurements

have been done, the devices performance remains unaltered with ageing under ambient condi-

tions for more than one month indicating that the silica shells are also su�ciently thick and

continuous as to inhibit corrosion from the iodide/triiodide redox couple. Whilst thicker shells

were investigated, no signi�cant performance changes were observed with shells up to 8nm in

thickness, hence only 3nm thick shells were used for this study. To compare to Standridge et

al.[36] they required approximately 7nm thick titania shells deposited by atomic layer deposition

to suitably inhibit corrosion form the iodide/triiodide redox couple.
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Current (mA) Voltage (mV) Fill Factor (%) E�ciency (%)

N719 2.14 740 66 1.05

N719 w/ Au-SiO2 np 3.37 760 76 1.95

Table 4.1: Typical photovoltaic characteristics of 1.1µm thick N719 electrolyte DSCs with and

without Au-SiO2 nanoparticle incorporation, as illustrated in �gure 4.11

The photocurrent of the thin, liquid electrolyte based DSSCs is signi�cantly enhanced with

the presence of the Au-SiO2 nanoparticles, indicating that the light harvested from these 'plas-

monic' components is directly contributing to the photocurrent generation within the devices.

The devices presented had a mesoporous TiO2 �lm thickness of ∼1.1µm, signi�cantly thinner

�lms than those used in fully optimized electrolyte based DSSCs. The OD was 0.42 (62.0% abs

equivalent)for the mesoporous Au-SiO2 �lms after sintering, the OD was 0.75 (82.3% abs equiv-

alent) for a conventional TiO2 �lm sensitized with N719, and was 1.03 (90.6% abs equivalent)

for Au-SiO2 �lms sensitized with N719. For optically thick devices (∼8µm) the conventional

DSSCs generated more photocurrent than the plasmonic DSSCs, indicating that per absorbed

photon, the metal nanoparticles are not converting the photons to charge as e�ciently as light

absorbed in the dye, but nevertheless they are converting a signi�cant fraction of photons to

charge. Indeed, it is observed that, likely due to screening e�ects, the e�ciency of the overall

devices containing nanoparticles reduces as the thickness approaches a more optimised dye ab-

sorption thickness. A comparison of optically thick and thin electrolyte devices and the e�ect

of these screening e�ects, is given in �gure 4.12.

The absorption maximum of the N719 sensitized TiO2 is around 525nm, similar to the

15nm Au-SiO2 nanoparticles, making it di�cult to di�erentiate the spectral response from light

absorbed in the nanoparticles versus the dye. To circumvent this issue, liquid electrolyte based

DSSCs employing the 'black dye' termed N749,[40] which has an absorption peak beyond 600nm,

have also been fabricated. In �gure 4.13 it is shown the UV-vis absorption spectra normalized

at 630nm for ∼4 mm thick mesoporous TiO2 �lms sensitized with black dye, with and without

Au-SiO2 nanoparticles. For the dye only �lm, the absorption maximum is at ∼630nm, but for

the �lm with both dye and Au-SiO2 nanoparticles, the absorption becomes much �atter at the

top with the peak shifting to 540 nm due to the contribution from the metal nanoparticles.
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Figure 4.12: Optically thin and thick �lms with (red) and without (blue) nanoparticle incorpo-

ration. E�ciency (�lled shape) as a function of �lm thickness is illustrated. The dependence

of photocurrent density (hollow shape) on �lm thickness is also shown. It is observed that in

both control and plasmonic devices the photocurrent generation is enhanced with thicker �lms

(although more signi�cantly for the control devices), but that the e�ciency of plasmonic devices

is observed to remain or even decrease with increasing substrate thickness.
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Figure 4.13: Normalised absorption (as 1-transmission-re�ectance) and spectral response of

electrolyte DSCs sensitized with black dye, with and without Au-SiO2 nanoparticles. The

spectral response and absorption are normalized at 630nm to aid comparison

It is also shown the normalized spectral response of the solar cells incorporating such �lms.

For both with and without the Au-SiO2 nanoparticles, the spectral response is a maximum at

around 630nm, indicating superior conversion from the dye. However, the spectral response is

signi�cantly enhanced in the green region of the spectrum (500 to 575nm) indicating that there

is indeed photo-conversion from light harvested by the Au nanoparticles.

Liquid electrolyte based DSSCs are a good test-bed to probe and verify the in�uence of

plasmonic e�ects in the solar cells. However, with the conventional mesoporous �lms produced

for these devices, the dyed cells are optically dense enough to absorb most of the incident

light over the absorbing region of the dye, reducing the impact of `plasmonic' enhancements.

Though, it is noted that enhanced light harvesting in thinner cells should result in improved

open-circuit voltages and �ll factors. In contrast, the solid-state DSSCs employing molecular

hole-transporters are severely impaired by a lack of light absorption with conventional dyes,

since the performance usually diminishes when the device thickness exceeds 2µm, signi�cantly

less than the optical depth of the composite. As noted in section 4.3.4, to probe the in�uence

of the Au-SiO2 nanoparticles in solid-state DSSCs two approaches have been pursued: The �rst
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Figure 4.14: Spectral response for typical 1µm thick Z907 sDSC with and without Au-SiO2

nanoparticles

is identical to that for the electrolyte based cell where the nanoparticles were mixed into the

TiO2 paste prior to �lm fabrication. For the second approach an ethanol based nanoparticle

solution was spincoated into conventional dye-sensitized mesoporous TiO2, prior to coating with

the hole-transporter. For these experiments it was found that the second method gave superior

results and the �ndings are presented below.

Figure 4.14 shows the spectral response for typical 1µm thick solid-state DSSCs fabricated

with only Z907 sensitizer, and also with the incorporation of Au-SiO2 nanoparticles (core 15nm,

shell 3nm). The overall incident photon-to-electron conversion e�ciency (IPCE) is increased

considerably in the visible region with the presence of the Au-SiO2 nanoparticles, indicating

photocurrent generation from light harvested by the Au nanoparticles. Figure 4.15 shows the

current voltage curves measured under simulated AM1.5 sun light for cells with and without

Au-SiO2 nanoparticles, showing curves for both typical and the best performing cells from each

type. Similarly to the electrolyte cells, with the inclusion of the core-shell nanoparticles there

is no degradation, neither in �ll factor nor open-circuit voltage. More notably still there is

a signi�cant increase in short-circuit photocurrent, with the best 'plasmonic' cell exhibiting a

power conversion e�ciency of 4.0%.

These solar cells were fabricated with Z907 purchased from Dyesol, used as received. Solid-
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Figure 4.15: Current voltage characterisation of solid state plasmonic hybrid devices

state DSSCs fabricated with this speci�c dye have been found to be exceptionally variable, and

this is further compounded with the incorporation of the metal nanoparticles. To verify that the

enhancements presented in �gures 4.11 and 4.15 are a fair representation there were fabricated

extensive series of devices and �gure 4.16 shows the solar cell performance parameters for a series

of just over 60 cells for both those sensitized with Z907-only and also with the incorporation of

Au-SiO2 nanoparticles and dye. The average photocurrent is observed to increase from 3.0 ±

0.8 to 5.0 ± 2 mAcm-2. The open-circuit voltage remains unchanged but the �ll factor increases

on average from 0.51 ± 0.13 to 0.59 ± 0.06 and the overall power conversion e�ciency increases

from 1.2 ± 0.5 % to 2.2 ± 1.0%. The optical density in the �lms increases on average from

0.24 to 0.42 which represents a 46% increase in light absorption. The photocurrent increase is

approximately 67% which is more than expected, but within the margin of error. The increase

in �ll factor is unexpected, and signi�cant, indicating that the inclusion of the Au-SiO2 nanopar-

ticles may have a broader in�uence than purely enhancing the light absorption. These 'beyond

expected' observed enhancements with the inclusion of Au nanoparticles are not unprecedented.

Chen et al. observed increases in �ll factor of polymer devices with Au nanoparticles sparsely

coated on one of the electrodes[41] and Pegg et al. recently reported signi�cant increases in
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VOC in organic devices incorporating surface-oxidized Au nanocrystals.[42] Though the origin

of the improvements in �ll factor observed here are not certain, it is suspected they may be re-

lated to improvements in the spiro-OMeTAD capping layer due to the presence of the SiO2-Au

nanoparticles on top of the TiO2 �lm, reducing shorting points between the top silver electrode

and the mesoporous TiO2. To clarify this, a number of control devices were fabricated with

purely SiO2 nanoparticles coated on top (no gold within), and there were no observed system-

atic enhancements in �ll factor or voltage, nor indeed photocurrent, with respect to the normal

controls.

4.3.6 Spectroscopy

Quasi steady-state and transient photoinduced absorption spectroscopy were performed for sam-

ple characterization. Photo-induced absorption (PIA) spectroscopy is a quasi-cw pump-probe

technique sensitive to the absorption of photo-generated long-lived species (from µs to ms).

Pump excitation was provided by diode laser at 560nm. A 4mm diameter laser beam was real-

ized using a telescope in order to guarantee a good overlap with the probe beam. The probe used

was generated from a 100W halogen lamp. The changes in transmission under photoexcitation,

detected by a Si and InGaAs photodetector, were measured by a lock-in ampli�er referenced

to the modulation frequency. Changes were then normalized to the unmodulated transmission

for every wavelength (∆T/T). All samples were measured in a vacuum chamber. The ultra fast

transient absorption spectroscopy was carried out as described elsewhere.[43]

The �lm under study was photoexcited by a short �pump� pulse and its subsequent dynamic

evolution detected by measuring the transmission (T) changes of a delayed �probe� pulse as a

function of pump-probe delay time τ given by the di�erential transmission:

∆T/T =
Tpump−on − Tpump−off

Tpump−off
(4.7)

The pump pulses were centered at 555 nm with spectral width of 20 nm, time-duration

of ∼180 fs, an energy of 90nJ/pulse; the beam spot size was about 250 µm and a white-light

supercontinuum served as the probe pulse. A short-pass �lter with 760-nm cuto� wavelength

was used to �lter out the residual 800 nm pump light thus limiting the probing window to the

450-760 nm region.
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Figure 4.16: Histograms showing the number of devices versus the electrical performance pa-

rameters (a Jsc, b Voc, c FF, and d η) extracted from JV curves measured under AM1.5

simulated sun light of 100 mWcm-2 for a series of around 60 devices for both dye-only and dye

with Au-SiO2 nanoparticles. The histograms are �tted with normal distribution curves for the

purpose of interpretation. The optical density of the Au-SiO2 nanoparticles within the solid-

state DSSCs was around 0.24 and the optical density due to Z907 sensitization was around 0.18,

with an average �lm thickness of 1.2µm. All numerical errors quoted are standard deviations of

the mean.

87



4.3 Plasmonic Nanostructures Incorporated into DSCs to Enhance Photocurrent Generation

Figure 4.17 shows the results of photo-induced absorption (PIA) spectroscopy and ultra-fast

transient absorption spectroscopy on the solid-state DSSCs presented in �gure 4.15, with the

metallic electrodes peeled o� to enable probing in transmission mode. Figure 4.17a shows the in-

phase quasi-continuous wave (cw) photoinduced absorption spectra from a standard Z907-only

device and a device incorporating the Au-SiO2 nanoparticles. For both samples, at wavelengths

shorter than 600nm the tail of the photo-bleach (PB) of the dye can be observed. The band

peaking around 830nm is assigned to the oxidized dye while the broad band in the IR is assigned

to the oxidized Spiro-OMeTAD. Finally, the weak band around 620nm can arise from the overlap

of the two previous absorption species. These spectra indicate an overall enhancement of the

PIA signal from the sample with the Au-SiO2 nanoparticles as compared to the Z907-only device

in the µs-ms time window. It is worth mentioning that by estimating the charge recombination

lifetime by the ratio of the in-phase to out-of phase PIA signal, as described by Westerling et

al.,[44] a marginal increase in the signal lifetime can also be estimated, from 1.20 to 1.49 ms for

the device incorporating the Au-SiO2 nanoparticles as compared to the Z907-only device. Since

the PIA signal is �time integrated� it is proportional to the density of generated excitations and

to their lifetime, hence it is di�cult to fully disentangle the contribution of these two factors to

the measured spectra.

To look at the early time photo-induced species and to probe the charge generation in more

detail, ultrafast transient absorption spectroscopy in the fs-ps time range was performed. Figure

4.17b shows the spectra for the fractional change in transmission 400 fs after excitation from the

Z907-only device and the device incorporating the Au-SiO2 nanoparticles. For the Z907-only

device, at wavelengths shorter than 610 nm a positive fractional change is observed which is

assigned to a photobleaching (PB). At longer wavelengths a broad photo-induced absorption

(PA) band appears. For the device incorporating the Au-SiO2 nanoparticles a positive frac-

tional change is observed in the spectral range between 490nm and 600nm; two photo-induced

absorption bands can be observed at wavelengths shorter than 490nm and longer than 600nm

and the signal is generally over 3 times as intense than the dye-only sample. At 400fs after

excitation the photobleaching band for the Z907-only device can be ascribed to the presence

of singlet excited states and oxidized species on the dye where the dye has already undergone

ultrafast electron transfer into the TiO2.[45] In contrast, the sample containing both the dye

and Au-SiO2 nanoparticles could have a contribution from the photobleaching of both the dye
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Figure 4.17: Spectroscopic characterization of the Z907-only device and the device incorporating

the Au-SiO2 nanoparticles. a in-phase quasi-cw photoinduced absorption (PIA) spectra from

the dye-only device (blue line) and the device including Au nanoparticles (red line). Excitation

at 560nm, power intensity 40mW/cm2. b Fractional change in transmission from the dye-only

device (blue line) and the device including the Au nanoparticles (red line) taken 400fs and

10ps after excitation, respectively (note: 50ps response is near indistinguishable from 10ps). c

Transient absorption kinetics at 520 nm. Note that the transient absorption signals at 660nm,

where only PA bands are observed, showed identical trends to the signals at 520 nm. Excitation

was at 555nm. PIA data courtesy of A-M. Petrozza, Milano 2010
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and the Au nanoparticles. The molecular absorption coe�cient of 15nm Au nanoparticles is

on the order of 109 to 1010 M−1cm−1 as compared to the dye, in this case 1.3 104 M−1cm−1.

This implies that the photobleaching of the photoexcited Au nanoparticles is expected to be

much stronger than that of the dye alone. On top of this, the Au nanoparticles are expected to

show a photo induced absorption at wavelengths below 500nm, which is indeed observed for the

Au-SiO2 samples. Comparing the 400fs spectrum from this sample with the spectra measured

by Watanabe et al.[46] from 13nm Au nanoparticles, one can assign the photobleaching band to

the photobleaching of the plasmonic mode from the Au nanoparticles. It is very interesting to

notice in �gure 4.17c that after about 10 ps the transient absorption spectrum from the device

including the Au nanoparticles undergoes a rapid decay, becoming almost identical in shape,

but about twice as intense, as the Z907-only device. It is noted that the excitation power is the

same for the two samples. This suggests that the presence of the Au nanoparticles has increased

the dye photobleaching signal and thus enhanced the charge generation.

In �gure 4.17c the transient absorption kinetics of the photobleaching band sitting at 520

nm is probed from the same samples as above. At very early times the sample with Au-SiO2

nanoparticles shows a much more intense signal than the Z907-only sample, as expected from

the results in �gures 4.15 and 4.14. A rapid signal decay can be observed within the �rst 10 ps

after which a plateau is reached. Fitting the initial rapid decay with a simple mono-exponential

function gives a decay time of about 5 ps. It is noted that the electron-phonon relaxation time

for 13 to 15nm Au nanoparticles is in the range of 3ps which is very close to the rapid decay

time observed here. Therefore the TA features in the �rst 10 ps can be assigned to the hot

electron population relaxation.

The precise means by which charge is generated from light harvested by the nanoparticles

is still not apparent. From the UV-Vis measurements illustrated in �gure 4.6, it is known

that scattering is minimal and can therefore be neglected in this system. The two remaining

possibilities are discrete energy transfer from the plasmon mode to the dye excited state, or

direct near �eld coupling. For either of these to occur the energy must transfer prior to de-

coherence of the plasmon mode. The total plasmon resonance damping constant, T, can be

estimated by a simple model as:

2/T = πcΓ = 1/T1 + 1/T2 (4.8)
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where Γ is the plasmon absorption band width, T1 is the population relaxation time (ra-

diative and non-radiative processes) and T2 is the pure dephasing time, i.e. the time taken

to change the plasmon wave vector but not its energy. From the plasmon absorption band of

Au-SiO2 core shell nanoparticles on TiO2 (post thermal sintering and chemical treatment) one

can estimate a total plasmon resonance damping of the order of 10 fs which is much shorter

than the inelastic electron-phonon relaxation probed by transient absorption. This suggests

that plasmon enhanced photocurrent generation can be observed only if the photoexcited dye

can undergo electron transfer into the TiO2 in the �rst tens of femtoseconds; after this time

window, resonant plasmons are very likely to loose their coherence. Since there is ultra fast

electron transfer from photoexcited Z907 into TiO2
[47] and the solar cell measurements indicate

an enhancement in charge generation in the presence of Au nanoparticles, it is feasible that

e�ective charge generation does occur prior to the dephasing times in the nanoparticles.

In light of these results, further studies can be undertaken in order to fully understand and

control the nature of the damping and loss mechanisms. Speci�cally the in�uence of the metal

nanoparticles on the dye injection time can be investigated to maximize charge generation from

plasmon light harvesting antenna.

4.4 Conclusions

In summary, this work has outlined a successful strategy for incorporating metal nanoparticles

with strong surface plasmon resonance into dye-sensitized solar cells which overcomes four main

issues of introducing metal into the bulk of a solar cell: charge recombination within the metal,

thermal stability during processing, chemical stability, and control of metal nanoparticle dye

chromophore separation to inhibit non-radiative quenching. Most signi�cantly this new plas-

monic photovoltaic system has led to enhanced light absorption and photocurrent generation

in dye-sensitized solar cells. Through optical spectroscopy it has been identi�ed that for this

system, plasmon enhanced photogeneration of charge carriers can only occur when the electron

transfer from the photoexcited dye to the TiO2 is faster than around 10 fs. Speeding up electron

transfer from the dye and inhibiting possible collisions, which may change the plasmon wave

vector in the metal nanoparticles, are key issues to further e�ciency enhancements with this

concept. The readily tunable optical properties of metallic nanoparticles, through use of struc-
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tures such as nanobars,[48] nanostars,[49] or other complex shapes, provides extensive scope for

further work to fully optimise the technology and greatly develop an understanding of charge

generation in this new class of solar cells. Finally, the incorporation of thermally and chemically

stable core-shell metal nanoparticles into other forms of solar cells, such as other organic and

thin �lm technologies should be readily adopted.

92



4.4 REFERENCES

Publication:

The concept, execution and results outlined in this chapter have been published in part in Nano

Letters in 2011[50] as well as presented at conference; this is detailed further on page 118.
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Chapter 5

Ongoing projects

Describing work undertaken during the course of the preparation of this thesis that is still in

progress or has been speculated upon, but not yet completed. Some of this work is directly or

indirectly related to the research of the previous chapters.

Following from the energy transfer work of chapter 3 a system of cosensitization is investigated

of a two-dye system in which one has no charge injection characteristics, therefore depending

upon energy tranfer to function.

An ultra-fast sintering route using an infra-red pulse directly heating the titania paste is devel-

oped, investigating the feasibility of the nanostructure incorporation discussed in chapter 4 as

an antennae to focus the incoming energy.

Finally, work done on functional devices not incorporating a traditional hole transport medium

is discussed.
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5.1 Deriving current from non-injecting dyes

Following the realisation in chapter 3 of a two dye system in which the light absorption and charge

injection properties are to some degree separated, the clear follow-up work is the implementation

of a system wherein the actions of light absorption and current generation are entirely abstracted.

To this end, a non-injecting porphyrin dye was fabricated at request by a dye synthesis group

under Dr Neil Robertson at the University of Edinburgh. Previously a perylene dye has been

reported [?] as functional in DSC applications when acting as a 'relay' dye when suspended

in the electrolyte HTM; perylene-3,4,9,10-tetracarboxylic diimide (PTCDI),[1] shows a strong

visible absorption pro�le, but is unable to adsorp to a metal oxide surface or directly inject the

it's photoexcited carriers. The Robertson group has synthesised a perylene molecule containing

a functional -COOH group theoretically allowing adsorption to a titania mesostructure whilst

precluding direct charge injection. Figure 5.2 (top panel) shows this mid-visible absorption

pro�le.

The altered perylene was fabricated to be entirely unable to inject of the charge carriers

generated, as such the excitations of the molecule are simply allowed to return to their ground

state via �uorescence. This injection-limitation was purposed such that the complementary dye

molecule would be obliged to control all of the carrier injection for the system and so clearly

indicate if energy transfer were occuring from the porphyrin to the acceptor. The acceptor

molecule used in this investigation was again TT1, having previously shown its energy relay

amptitude both previously within this thesis and within contemporary literature. Devices were

fabricated consistently with the methods de�ned in chapter 2 and the TT1 preparation as

outlined in chapter 3. The altered PTCDI was found to not satisfactorily dissolve in a number

of typical solvents used in dye preparation and simply formed suspensions. The only e�ective

solvent found dimethylformamide (DMF) which led to the neccesity of the porphyrin dye being

adsorbed to the substrate before the TT1 to prevent the secondary application of the DMF

desorbing the �rst dye. Although chloroform has been used as a solvent for this dye,[?] the

apparently non-ideal nature of the functionalisation impedes the surface adsorption to the titania

substrate. The chemical structure of the fabricated perylene diimide is shown in �gure 5.1 which

illustrates the incorporated anchoring carboxylic group. Furthermore, the sensitization order

may have some e�ect on the �nal performance of a cosensitized device as, for a �nite volume dye
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Figure 5.1: Molecular structure of perylene diimide, designed to be visibly absorptive but with

minimal or no injection characteristics. Molecule synthesis and structural image courtesy of T.

E. Hewat, Edinbrugh, 2011

molecule, there can only be a �nite number of adsorption sites and the �rst dye solution applied

is assumed to �ll the majority of these (preclulding the adsorption of a spacer molecule such as

cheno-deoxycholic acid) and the second will displace sites dependant upon its solvent and dye

time. It is also theorised that, to some degree, aggregation of the dye molecules may occur,

wherein once a monolayer has been established further dye molecules may attach to the dye

molecules instead of to the substrate. As such, in this system it would be considered beni�cial

for the injection molecules to adsorp �rst to ensure direct anchoring to the substrate; however,

due to the solvent limitations and indeed the structure of perylene itself, a non-ideal system has

been implemented at present.
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Figure 5.2: Top Panel: Absorption pro�le for perylene diimide in solvent (H2O with 0.5µM

NaOH), compared with TT1 in solvent (ethanol)

Middle Panel: External quantum e�ciency spectrum for perylene coadsorped with TT1. Note

the scale break between 0.8% and 2.5%, allowing the rendition of all spectra with some clarity.

Bottom Panel: Normalised external quantum e�ciency spectrum, the featureless response of the

lone perylen device is typical of a TiO2 susbtrate in�ltrated with spiro and is simply exaggerated

by the normalisation applied to all of the spectra. The cosensitized plot shows action from

spectral areas typical of both the perylene and pthalocyanine molecules, suggesting that the

non-injecting perylene molecule may be attaining functionality via resonant energy transfer to

the TT1 molecule.
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Figure 5.2 shows the absorption pro�le of the perylene and IR dye (top panel) and the ab-

solute (middle panel) and normalised (bottom panel) spectral response for devices containing

the two dyes singly- and co-sensitized. For the singly-sensitized devices the quantum e�ciency

plots show a typical near-IR response for the pthalocyanine TT1 and a featureless slope for

the PTCDI, characteristic of an unsensitized TiO2 mesostructure in�ltrated with spiro. Upon

cosensitization the pro�le of the pthalocyanine (690nm peak) is reduced considerably, but is

joined by a mid-visible (520nm peaked) response indicative of action from the perylene, a re-

sponse seemingly inconsistent with the summation of the two dye responses. This is clari�ed

by the normalised spectra of the bottom panel of �gure 5.2. This indicates that the light being

absorbed in this wavelength regime is not being dissipated in the same fashion as when the

perylene is adsorbed singly and that, as in the FRET work of chapter 3 the second molecule, in

this case the TT1, provides a route for energy transfer that can result in generated photocurrent

in the device.

The results achieved from this system show promise for extending the system of energy

transfer via coadsorption but it has proven di�cult, likely due to the problems of dissolution and

adsorption on the part of the perylene, to fabricate highly e�cient DSCs capable of displaying

conclusively the e�cacy of the concept. As a comparable system has been fabricated by Hardin

et al in electrolyte devices wherein the perylene (PTCDI) acts as a abstracted relay dye not

adsorbed to the surface, the system indeed appears e�ective, but this route appears dependant

upon the fabrication of dye molecules with a more surface adsorptive nature. As noted in chapter

3, if the light harvesting and carrier injection aspects of current generation were seperated these

dyes could be more heavily specialised to idealise this system.

102



5.2 Ongoing projects

5.2 Incorporation of further plasmonic nanostructure ge-

ometries

Chapter 4 discusses the nascent �eld of plasmonic hybrid devices and the work accomplished via

the incorporation of gold spheres coated in silica. The system outlined in that chapter is known

to be conceptually applicable to further variations of topographies and metal-dielectric combina-

tions. This has already been investigated to some extent by Belcher et al. who have fabricated

electrolyte devices incorporating silver-titania nanospheres.[2] The system is also speculated to

be entirely adaptable to the incorporation of more complex nanoparticle geometries.

5.2.1 Ultra-fast sintering of titania substrates through near-IR pulse

techniques

Worsely et al. have recently demonstrated a method of sintering titania �lms adhered to the

surface of metallic substrates.[3] This concept is dependant upon the tranmission of IR radiation

directly into the metal substrate which acts as a built-in hot plate, sintering the titania. Signi�-

cantly, this method allows energy transmission at such a high rate that complete, e�ective sinter

of the �lms can be achieved in around 12.5 seconds, in contrast to the traditionally sintered �lms

(see section 2.2) which generally takes in excess of 4 hours when the cool down of the hot plate

is included. This system does not appear immediately transferable to standard DSCs though,

as transmission the IR pulse requires a metallic element to the devices, not present in typical

glass supported cells. The work discussed in chapter 4 provides an ready prepared system of

metal antennae incorporation that can be implemented in the investigation of this infrared pulse

sintering route. This work uses nanobars of varying lengths: R2 denoted structures indicate an

aspect ratio of 2:1, typi�ed by a main absorption peak between 600-700nm, while R4 indicates

an aspect ratio of 4:1 with a characteristic absorption further into the near IR at around 800nm.

The topography and aspect ratio of these structures is clari�ed by transmission electron mi-

croscopy (TEM) shown in the top panel of �gure 5.3 and the transmission pro�le in the bottom

panel.. Nanoparticles were incorporated directly into the paste pre-application as described in

section 4.3.4.

Following the pulse-sinter procedure, no thermal processes are applied to the devices in their

fabrciation. SEM images of the pulse-sintered �lms (R2 and R4) indicate qualitatively that the
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Figure 5.3: Top Panel: TEM graphics illustrating the aspect ratios associated with the silica-

shelled gold nanostructures termed R2 (left) and R4 (right). TEM images courtesy of S. Fair-

clough, Oxford 2011

Bottom Panel: transmission spectra for R2 and R4 nanobars in ethanol solution.
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pulsing procedure undertaken sinters �lms consistently with traditional thermal sintering routes,

apparently forming a visually comparable mesostructure. Figure 5.4 shows the tranmission

spectra for plain titania, R2-containing titania and R4-containing titania. Complete absence

of transmission below 360nm in all substrates is due to attenuation by the FTO glass. The

shift in the transmission spectra for the plain �lms between 40% and 50% and later slight

increase is likely due to the environs of the pulse chamber which independantly heats signi�cantly

thus providing some degree of orthodox thermal sintering. It is observed in both R2- and R4-

incorporating �lms that the typical absorption pro�les of the nanostructures are observable in

the unsintered �lm and for the low power pulsed �lms (40%). At 50% pulse power and above,

the nanostructures show a signi�cant and monotonic blue-shift in their absorption pro�les, likely

due to thermal distortion of the existing topography. With the extreme temperature induction

of the pulse, it is likely that the nanostructures may distort towards spherical bodies with the

power of the input IR pulse. The monotonic nature of the shift is observed most clearly in

the transmission spectra for the R4-incorporating �lms, with an apparent movement of the

absorption peak from 900nm to 650nm.
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Figure 5.4: Transmission of IR pulse-sintered ∼3µm �lms. The top panel shows the transmission

of plain TiO2, the middle shows TiO2 containing R2 nanoparticles and the bottom shows TiO2

containing R4 particles. The black line showing the transmission spectra follwing a 120◦C

drying but prior to sintering. Coloured lines indicate the varying power of sinter pulse applied.

Transmission data courtesy of T. Watson, Swansea 2011
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Figure 5.5: Current-voltage characterisation of ∼3µm �lms sintered by IR pulse. Black lines

represent orthodox TiO2 and red indicates TiO2 incorporating nanobars (2:1 aspect ratio - R2).

Dashed lines show dark JV response.

Current (mA) Voltage (mV) Fill Factor (%) E�ciency (%)

Plain TiO2 4.69 760 72 2.47

R2 - TiO2 3.84 690 66 1.69

Table 5.1: Photovoltaic characteristics of IR pulse sintered devices illustrated in �gure 5.5,

containing plain TiO2 and R2-incorporating TiO2.

Due to the uncertainty associated with the sintering procedure and speci�cally the e�ect on

FTO, no prior etching of the FTO was undertaken and therefore substrates were prepared as

electrolyte devices. Substrates optically described in �gure 5.4 were immersed in N719 [4] for 18

hours, mounted with a counter electrode and �lled with an iodide-triiodide electrolyte.[5] Figure

5.5 shows the current-voltage characterisation associated with these devices. Devices made from
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substrates incorporating the 4:1 aspect ratio nanobars have not produced functional devices at

the time of writing. Spectral response measurements of both R2 and plain TiO2 �lms show

near-identical spectra characteristic of the dye suggesting that there is no contribution from the

absorption associated with the plasmonic modes of the nanobars.

It may be that the repeated pulse procedures provide enough ambient heat through the

chamber walls that the substrates sinter thermally. Continuing shifts observed in the transmis-

sion spectra for the nanobar-incorporating �lms beyond 50% power suggest that the IR pulse

is progressively heating the nanostructures; at the time of writing it can not be con�rmed that

the functional mesostructure fabrication is a result of the IR pulse or ambient thermal genera-

tion. Regardless of the route occuring, this process shows promise for drastically reducing the

sintering time of titania �lms while retaining considerable device performance.
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5.3 Functional devices not incorporating a traditional hole

transporting medium

At some point in the preparation of this thesis a device in fabrication reached the characterisa-

tion stage having eluded the spin casting in�ltration of a HTM, but was observed to still produce

current and have non-negligible overall photoconversion e�ciency. Although charge injection

from dye molecules directly into electron and hole conductors has been observed,[6,7] to the au-

thor's knowledge there has been no observation of functional devices lacking an orthodox HTM.

Figure 5.6 illustrates the current-voltage characteristics of thin mesostructured devices with and

without HTM in�ltration. This indicates that, although the charge extraction is signi�cantly

reduced in comparison to the orthodox devices, photocurrent is still being sucessfully generated

and contributing to the device.

Figure 5.6: Current Density-Voltage characterisation for entirely solid phase DSCs produced

using a thin mesostructure (∼1µm), dyed with D102 implementing a typical HTM in�ltration

(red) and with no orthodox HTM beyond the dye molecules themselves (orange). The dotted

lines illustrate the dark IV characteristics for these devices.
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Current (mA) Voltage (mV) Fill Factor (%) E�ciency (%)

D102 3.94 830 35 1.16

D102 w/o HTM 1.04 490 33 0.16

Table 5.2: Photovoltaic characteristics of control and HTM-less devices illustrated in �gure 5.6.

Experimental devices using the HTM spiro [?] and the mid-visible absorptive dye D102 [8]

were fabricated to clarify the action of function with no apparent HTM. Spectral response of

complete DSCs was undertaken and absolute and normalised curves are illustrated in �gure

5.7. Devices discussed hereafter incorporate extremely thin (<400nm) substrates to also al-

low the investigation of transport properties. Devices containing both dye and HTM show a

peak at around 420nm, characteristic of the spiro HTM in the vicinity of a visible-spectra dye

moelecule[?, 9] and an apparently distorted D102 response. There appears to be a reduction in

the dye response at ∼500nm that may be a result of the absorptive nature of oxidised spiro.[10,11]

This may be a result of the extremely thin mesostructure (<400nm) coupled with a standard

spiro cap (∼100nm) would reduce the dye optical density with respect to the HTM's, possibly

allowing the absorptive spectra of the HTM to compete with the sensitizer.

Those containing no sensitizing molecule and only HTM show a clear response peaking at

around 350nm; in this range the HTM and TiO2 both absorp strongly and will likely provide

some photoaction. Devices containing senzitizer with no HTM show an EQE response that

mirrors almost precisely the absorption pro�le of the dye in solution, peaking at ∼500 nm with

the implication that, in the absence of the HTM there has been no oxidation or otherwise

alteration of the dye structure.

5.3.1 Carrier transport measurements

Following the observation of quasi-e�cient hole transport in the dye layer the next step was to

investigate the variation in carrier transport properties that arise from the presence or lack of

an in�ltrated HTM.

Figure 5.8 shows preliminary transport data for the short-circuit current and voltage decays

(JSC and VSC) of thin mesostrucure devices with and without HTM addition. Devices incor-

porating HTM are observed to show a stronger dependance of JSC on light intensity than those
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Figure 5.7: Absolute and normalised spectral response characterisation for entirely solid phase

DSCs produced using an extremely thin mesostructure (<400nm), dyed with D102 implementing

a typical HTM in�ltration (red), with no orthodox HTM beyond the dye molecules themselves

(orange) and for devices containing HTM with no sensitizing dye (yellow). The bottom panel

shows normalised spectra for ease of comparison.

that do not as well as being an order of magnitude slower at low light intensities. The charge

collection e�ciency can be estimated by:

η =
kcoll

kcoll + krec
(5.1)

where the charge collection rate, kcoll, can be taken from the short-circuit voltage lifetime and

recombination rate, krec, from the short circuit current lifetime. This suggests a charge collection

e�ciency of 95% for the HTMless device at 0.01sun that drops to 86% for 1sun, while the devices

incorporating an active HTM (spiro) appear to have a ηcoll of 86% at 0.01sun, increasing to 97%

at 1sun. This suggests that the dye molecules themselves may form an e�ective HTM when

photocurrent generation is low, but at typical light intensities may be victim to greater losses
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Figure 5.8: Transport measurements for solid phase DSCs using an extremely thin mesostrucure

(<400nm), dyed with D102 implementing a typical HTM (red) and with no orthodox HTM

(orange). Measured are the JSC decay and VSC decay.

as the hopping of carriers on a surface dye layer will inevitably be subject to recombination.

In conclusion, it has been observed that in the absence of an orthodox hole transport medium

signi�cant photocurrent can still be generated. Although the data presented in this section is

entirely preliminary, it may be that the circumstances outlined here can be usefully studied

to provide insight into the balance of charge transport within dye sensitized devices and the

possible action of dye molecules themselves.
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Prospective solutions to the light harvesting insu�ciencies of both weak, broad and strong,

narrow sensitizers have been outlined in this thesis. Although these are by no means ultimate

solutions, they provide ample area for further research.

In the work dealing with coadsorption (Chapter 3), the apparently simple goal of extending the

absorption spectrum via a system of complementarily-absorptive dye molecules bore unintended

interest in the form of an unprecendented energy transfer process that appears to enhance the

photoconversion e�ciency of both dyes. This was investigated both electronically and spectro-

scopically and it was demonstrated that resonant energy transfer is occuring from the visible to

the near-IR dye, providing a previously unanticipated charge generation route that apparently

works in conjunction with the direct charge injection from the dye molecule itself. The FRET

process outlined is suggested to provide an alternate charge generation mechanism and therefore

relax the design criteria for visible absorbing sensitizers. The work undertaken culminated in

some of the most e�cient organic solid state dye sensitized solar cells so far recorded.

As noted in Chapter 4, there had previously been signi�cant discussion and conjecture on the

possiblity of plasmonic hybrid solar cells whilst no devices conclusively demonstrating the con-

cept had, to the author's knowledge, been fabricated. During the course of this research the

author has fabricated functional plasmonic hybrid DSCs and has proven their e�ect through

electronic, optical and spectroscopic measurements. Clear photovoltaic e�ciency improvements

have been observed and investigations have con�rmed that the enhancements observed are of a

plasmonic nature. The work done on plasmonics in the preparation of this thesis has already

been built upon by other groups and it is believed that the research done on plasmonic integra-

tion, especially with regards to the core-shell architecture, will prove an important cornerstone

upon which much further development can be undertaken.

Chapter 5 describes a number of other projects that are either smaller or incomplete and in

some cases build on the work of other chapters. The possibility of entirely abstracting the

photon collecting and carrier injection functions of the dyes in these devices is explored with

the cosensitization of a proven carrier injecting dye with a non-injecting dye that shows good
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absorption characteristics and the in doing so utilise the energy transfer phenomenon described

extensively in chapter 3.

Further to the work done investigating nanoparticle integration, there may be some means

to either utilising these plasmonic structures as antennae for the transfer of heat in sintering

processes or by altering the topography of the nanostructures used to exploit the excellent ab-

sorptive properties that arise in more complex nanoscale strucures.

The functional hole transport properties of a dye-coated titania mesostructure have been inves-

tigated after it was observed that devices composing only a sensitizer with no hole transport

medium can generate signi�cant photocurrent.

The overriding theme of this thesis is the enhancement of the light harvesting of dye-sensitized

solar cells. Although an entirely open-ended enterprise, this thesis has outlined and proven two

control systems which, through drastically di�erent routes, acheive this goal. These investiga-

tions have utlised the physical concepts of plasmonics and resonant energy transfer that had

previously not been used to any great e�ect in dye sensitized solar cells and has proved their

viability.
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Appendix A

Appendices

A.1 Structures of dyes and hole transport molecules

Figure A.1: Z907 molecular arrangement [?]
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Figure A.2: N719 structure[1]

Figure A.3: Black Dye structure[2]
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Figure A.5: D131 structure[4]

Figure A.4: D102 structure[3]
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Figure A.6: D149 structure[?]

Figure A.7: TT1 structure[5]
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Figure A.9: PTCDI structure. [?]

Figure A.8: SQ02 structure[6]
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Figure A.10: Perylene diimide structure Molecule synthesis and structural image courtesy of

T.E. Hewat, Edinbrugh, 2011

Figure A.11: Spiro OMeTAD structure[?]
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A.2 Time correlated single photon counting

Figure A.12: Simpli�ed TCSPC optical arrangement. Figure courtesy of Patrick Parkinson,

Oxford 2009
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A.3 Nanoparticle Synthesis Proceedures

Au nanoparticles with and without a thin sodium silicate shell were prepared according to

previously published methods with slight modi�cation.[7,8] Brie�y, for the synthesis of bare Au

nanoparticles, hydrogen tetrachloroaurate (III) (HAuCl4.3H2O, 0.095 g) was dissolved in water

(500 mL). The solution was heated to boil. 1%w/w citric acid solution (citric acid trisodium

salt dihydrate, 33 mL) was added into boiling solution. The solution quickly turned colorless

then rose-black and later rose colored. After continuous boiling for 20 minutes, the solution was

removed from the heat source and allowed to cool naturally. At this point, citrate-stabilized

Au nanoparticles had formed. To replace citrate on the particle surface with 3-aminopropyl

triethoxysilane (APTES), an aqueous solution of APTES (5 mL, 1.71 mM) was added to the

Au solution under vigorously stirring over 30 minutes. The solution was allowed to sit overnight.

For Au nanoparticles with thin silica shell (Au-SiO2 nanoparticles), 0.54%w/w sodium silicate

solution (20 mL) was added 30 minutes after the addition of APTES. The solution was stirred

for 10 minutes and allowed to sit for 2 days. The pH of the sodium silicate solution was adjusted

to 10-11 by amberlite IR-120 before addition to the Au solution. The sizes of the Au core and

Au-SiO2 core-shell nanoparticle as well as the thickness of the silica shell were characterized

by transmission electron microscopy (TEM). Synthesis procedure reproduced verbatim from 2011

Nanoletters paper.
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