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Abstract

This thesis investigates novel hole extraction interfaces and series intercon-

nects for applications in organic photovoltaics, specifically in single junction

solid-state dye-sensitized solar cells (DSSCs) and tandem DSSC/polymer

bulk heterojunction solar cells. Improvements in hole extraction and device

performance by using materials compatible with scalable deposition meth-

ods are presented, including tungsten- and molybdenum-disulphide (WS2

and MoS2), and p-type doped spiro-OMeTAD (2,2’,7,7’-tetrakis-(N,N-di-

p-methoxyphenylamine)9,9’-spirobifluorene) nanoparticle dispersions. WS2

and MoS2 hole extraction layers increase averaged short circuit currents by

20% and 16% respectively, and power conversion efficiencies by 19% and 14%

respectively when compared with control devices. Similarly, doped spiro-

OMeTAD nano-particle layers improved short circuit current densities by

32% and efficiencies by 9%. Tandem device interconnects using these novel

hole extraction formats have been fabricated, but although devices did ex-

hibit rectification, overall performance was poor. Possible reasons for their

limited success have been analysed.

Dye-sensitized solar mini-modules are also reported. In order to assure

the scalability of DSSC technology, these larger area devices were constructed
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using doctor blade coating to deposit the hole transporter material. As well

as achieving a respectable maximum power conversion efficiency of 2.6%, it

has also been shown that the extent to which hole transporter infiltrates the

mesoporous photoanode of these devices may be tuned by altering substrate

temperature during deposition. It was found that an optimal coating temper-

ature of 70◦C produced the best efficiency, with a corresponding pore-filling

fraction of 41%.
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Chapter 1

Introduction

Ever more urgency is being placed on finding viable methods to utilise re-

newable energy sources. Concern over the threat of climate change induced

by greenhouse gasses released during the combustion of fossil fuels is on-

going, and resources of coal, oil and natural gas are expected to become

increasingly scarce. The future of nuclear power generation is also far from

certain.Continued public unease has been bolstered by the disastrous events

of 2011 at the Fukushima Daiichi reactors in Japan, with Germany already

committed to phasing out its nuclear infrastructure. [1] These issues are set

against a backdrop of increasing demand for energy, with recent predictions

suggesting that global annual energy consumption could exceed 800EJ by

2050. [2]

Solar energy represents a huge potential resource: estimates as to its ac-

tual realisable annual energy potential vary from 118EJ to 2592EJ (taking

factors such as available land with appropriate illumination, and environ-

mental and social considerations into account), but as of the end of 2011
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1.0 Introduction

there was only 65GW (equivalent to about 2EJ annually) of installed photo-

voltaics (PV) — a tiny fraction of current global energy demand (514EJ were

consumed in 2008). [2, 3] Traditional inorganic photovoltaic technology can

attain high power conversion efficiency, though fabrication is energy intensive

and requires high temperature and vacuum processing techniques. The high

cost associated with manufacture makes the technology uneconomical and it

is for this reason that it has had little uptake — the U.S. Energy Information

Administration has forecast electricity generated by PV installations brought

online in 2017 would cost 152.7$/MWh compared to 66.1$/MWh for gas. [4]

Using solution processable organic and inorganic semiconducting materi-

als to make photovoltaic devices presents an appealing alternative route for

harvesting solar energy. Not only do they offer potentially cheaper and less

energy intensive reel to reel manufacturing techniques that are already well

established in other industries, but the vast range of materials and combina-

tions available give the opportunity for fine tuning of optical and electronic

properties. Additionally many systems in this broad field can be made semi-

transparent. This opens up opportunities for their integration into buildings

as windows, increasing the surface area available on which to employ photo-

voltaics in an urban context. Once these technologies reach power conversion

efficiencies comparable to those of traditional inorganic PV, it is hoped a

significantly lower cost per kWh will encourage widespread uptake of solar

electricity generation.

It is within this context that this thesis is presented. A number of modi-

fications to improve the performance of current state-of-the-art organic and

hybrid photovoltaics are presented, as well as investigation into the scalabil-

2



1.1 Introduction

ity of such devices. It is hoped that these steps may contribute to achieving

an efficient, cheap and commercially viable technology that will encourage

meaningful exploitation of the solar resource.

1.1 Inorganic Photovoltaics

Much research into inorganic semiconductor solar cells has been undertaken

since their inception. The first silicon p-n junction device reported by Chapin

et al. in 1954 offered 6% power conversion efficiency — today’s crystalline

silicon photovoltaics have achieved verified efficiencies of 25%, and those

based on GaAs almost 30%. [5,6] When photons with an energy greater than

that of the band gap of the semiconductor are incident on these kinds of

device, they can be absorbed, promoting an electron from the valance to the

conduction band and leaving a positively charged hole in its place. To make

use of this phenomenon to generate electricity, the excited charges must be

removed from the device. Doping such semiconductors with impurity atoms

can add to the number of electrons (n-type) or holes (p-type) present in the

conduction band or valance band respectively at the operating temperatures

of a solar cell. This shifts the position of the Fermi levels to higher or lower

energies within the band gap relative to the intrinsic semiconductor — when

n-type and p-type doped semiconductor are brought into intimate contact

the Fermi levels either side of the junction must align. The result is that

the absolute position of the valance and conduction bands is different on

either side of the junction. [7] When integrated into a device the steps in

band potential act both as one-way barriers for electrons and holes and as

3



1.1 Introduction

a source of in-built electric field — electrons may only drift from the p- to

the n-type region and holes from n- to p-type (figure 1.1a). This separates

charge carrier species spatially, which can then be extracted through the use

of suitable electrodes. Though this system has been made to work very well, a

fundamental flaw is that both species of charge carriers are present in both n-

and p-type regions since light of suitable wavelengths can be absorbed at any

point spatially, regardless of doping. This requires that the semiconductor

must have extremely low levels of impurities — impurities commonly add

available electronic states within the band gap at their location, and act as

recombination sites for nearby electrons and holes as shown in figure 1.1b. [8]

It is this that necessitates the high levels of deposition control afforded by the

high temperature vacuum processing techniques used, and ultimately makes

them economically unattractive for large scale electricity production.

4



1.2 Introduction

(a) (b)

Figure 1.1: Inorganic photovoltaic operation. 1.1a) Demonstration of charge
generation and separation as described in the text. 1.1b) The effect of im-
purity inclusion in inorganic solar cells — charge carriers in either band of
the bulk semiconductor material may become trapped in localised sub-band
gap states due to the impurity material making recombination with carriers
of opposite charge in their bulk energy band (or in nearby trap sites) more
likely.

1.2 Organic and Hybrid Photovoltaics

Research into use of organic semiconductor materials to generate photovolt-

age began in the 1950s, though the broad range of present technologies

encompassed by the field of organic and hybrid photovoltaics has not yet

matched the achievements of inorganic PV. [6, 9] Solar cells in this classifi-

cation typically use organic molecules or polymers as the photoactive com-

ponent. One of their great attractions is the vast array of materials with

suitable properties both optically and electronically, and the option to chem-

ically design and synthesize new ones with desirable characteristics. This

allows solar cells to be finely tuned, for example they may be made active

over different sections of the solar spectrum through choice of absorber.

Organic semiconductors typically have much lower dielectric constants

5



1.2 Introduction

than their inorganic counterparts, and as such the electron and hole created

on absorption of above band gap radiation have a strong coulomb interaction

that results in them existing in a tightly bound state, or exciton, that will not

dissociate thermally at room temperature (binding energy ∝ ε−1r ). This is

different to the case of inorganic semiconductors where the dielectric constant

is higher (for silicon εr = 11.7 [10]) and charges will dissociate relatively

easily. This leads to organic and hybrid photovoltaics often being termed

“excitonic” solar cells, and they require the use of a different mechanism for

charge separation.

Of these organic technologies, one of the fore-runners in terms of power

conversion efficiency is the dye-sensitized solar cell. It employs an elegant

solution to the problem of charge separation and is compatible with many

different organic absorber materials, thus its active spectral region can be

easily modified. This system will be the primary focus of this thesis.

1.2.1 Dye-Sensitized Solar Cells

The generation of photovoltage through excitation of an inorganic absorber

material was first demonstrated over a century ago by Moser, and has since

been the focus of much research. [11] A breakthrough in the field came in the

form of the dye-sensitized solar cell (DSSC), invented in 1991 by O’Regan

and Grätzel. [12,13] These hybrid excitonic devices employ molecular organic

dyes to generate excitons, and use the interface with a transition metal oxide

to separate the charge carriers. Solar radiation of energy higher than the

dye band gap will promote electrons from the highest occupied molecular

6



1.2 Introduction

orbital of the dye (or HOMO, analogous to the valance band of inorganic

semiconductors) to the lowest unoccupied molecular orbital (LUMO, anal-

ogous to a conduction band). The excited electron is then injected into to

the metal oxide conduction band — critically the process of injection takes

place on a timescale orders of magnitude faster than the relaxation time

of the dye (femtoseconds to tens of nanoseconds, as opposed to microsec-

onds), meaning charge separation dominates over recombination on the dye

molecule. [14, 15] A medium is provided to regenerate the dye molecule now

missing an electron, and appropriate electrodes complete the device. The

most common metal oxide component in such cells, and the one used in the

DSSC experiments presented herein, is TiO2, though SnO2 and ZnO may also

be used. [16, 17] For effective charge separation to occur, any dye molecules

must be in direct contact with the TiO2 (or similar). Sensitization of the

oxide should ideally only leave a monolayer of dye adsorbed on the surface

for effective charge transfer. Since such a monolayer of organic dye molecules

has only a small absorption cross-section, the vast majority of the solar radi-

ation incident upon it will be transmitted straight through it. The solution

to generating enough charge for efficient solar cell operation is to structure

the oxide to increase the surface area of the interface with the dye. This

structure can take a variety of forms (for example nanowire or nanotube

arrays, or structures derived from block-copolymers [18–20]) but one of the

most common is the mesoporous, sponge-like structure formed by sintering

together TiO2 nanoparticles around 20nm in diameter creating films with

roughly 60% porosity, and is the type used in the experiments to follow. [14]

Structures like this can be made several microns thick, enough to allow many

7



1.2 Introduction

dyes to completely absorb all solar photons with wavelengths to which they

are sensitive.

Electrons are thought to travel through the TiO2 nanostructure to the

anode via a process of trap-limited diffusion. Electron mobility is much

slower in the nanostructure than in single crystals of TiO2, and experiment

and theory suggest this may be due to the existence of spatially localised

trap states of lower energy than the conduction band. [14, 21, 22] Injected

electrons will preferentially fill these trap states, and a thermal activation

energy is required to promote them to the conduction band in which they

are free to diffuse through the nanostructure before meeting another trap site

or the anode.

To allow photons to enter the device, at least one of the electrodes must

have high transmittance over the solar spectral range. Commonly either

indium tin oxide (ITO) or fluorine-doped tin oxide (FTO, F:SnO2) is used

(both of which are adequately transparent and conductive), coated onto the

glass substrate on which DSSC devices are fabricated. These oxides can

accept electrons from TiO2 and carry them to an external circuit. In DSSCs,

the combination of transparent anode and mesoporous metal oxide is known

as the photoanode.

To complete the device, the highest efficiency DSSCs use a liquid elec-

trolyte containing a redox couple, such as the iodide/triiodide (I−/I−3 ) system.

The reduced iodide species donates an electron to regenerate a dye molecule

leaving the resulting oxidized triiodide component to diffuse to the cathode,

where it takes an electron from the external circuit via a platinum catalyst

(this diffusion and reduction at the cathode is much faster than recombination

8



1.2 Introduction

Figure 1.2: Illustrative energy level diagram for a solid-state DSSC outlining
key processes for charge generation and transport as discussed in the text: 1.
dye excitation by above-band gap radiation; 2. electron injection into TiO2

conduction band; 3. electron transport limited by trapping and de-trapping
in TiO2 sub-band gap states; 4. hole injection into spiro-OMeTAD; 5. hole
transport via hopping mechanism.

9



1.2 Introduction

(a)

(b)

Figure 1.3: Solid-state DSSC structure. 1.3a) A cross-sectional SEM im-
age of a typical device indicating regions of fluorine-doped tin oxide (A),
TiO2/dye/hole transporter (B), hole transporter capping layer (C) and sil-
ver cathode (D) — the region below layer A is glass. 1.3b) A simplified
schematic illustrating the components seen in the SEM image.
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1.2 Introduction

Figure 1.4: Chemical structure of the organic molecular hole transporter
spiro-OMeTAD.

with the excess of electrons in the TiO2 mesostructure, and allows effective

solar cell operation). [23, 24] Unfortunately these electrolytes are often cor-

rosive and utilise volatile solvents — sealing them within a completed device

for long term practical use is difficult, and can have detrimental effects on the

lifetime of the system. [25] Because complete electrode assembly is required

before infiltrating the sealed device with the electrolyte, the practicalities of

scaling devices to large areas are more challenging than for cells that may

simply be processed layer upon layer. The inclusion of platinum is also not

ideal considering its rarity and the long term goal to keep manufacturing

costs as low as possible.

An alternative is to use a solid-state molecular hole transporter mate-

rial (HTM), such as 2,2’,7,7’-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-

spirobifluorene (spiro-OMeTAD, figure 1.4) — an organic semiconductor with

a band structure such that holes left on the excited dye molecules are trans-

11



1.2 Introduction

ferred to its HOMO. [26] They may be cast from solution onto sensitized

photoanodes, infiltrating the pores before the solvent evaporates leaving solid

material. In conductive organic molecules such as spiro-OMeTAD strong

charge carrier-phonon interactions lead to a “lattice distortion” — in order

for charge to move, the distortion must also move. This coupling of charge

and lattice distortion is termed a polaron, and requires that a characteris-

tic activation energy be overcome for holes to move between molecules —

this transport process is known as hole hopping and is somewhat analogous

to electron transport in TiO2. [14, 27] Deposition of an appropriate cathode

completes the solid-state DSSC. The use of solid HTMs clearly does not pose

the same associated stability and environmental concerns that surround the

sealing of electrolytes, and as they can be incorporated into devices before

the cathode is in place they lend themselves well to monolithic layer by layer

fabrication — potentially ideal for scaling to large areas. Figure 1.2 shows

the key charge generation and transport processes for a solid-state DSSC.

The device architecture of a solid-state dye-sensitized solar cell is shown in

figure 1.3.

Although the efficiencies of liquid electrolyte DSSCs are only now becom-

ing competitive with commercial inorganic photovoltaics (the best verified

efficiency being 11.9%), and solid-state DSSCs are still some way off (7.2%

has been reported), this new technology presents significant potential advan-

tages over traditional silicon-based PV with respect to fabrication on both

fundamental and practical levels. [6, 28] The difference that has the largest

impact on fabrication techniques and therefore cost is the fact that charge

generation and separation occurs at a single interface in DSSCs, so unlike

12



1.2 Introduction

inorganic p-n junctions, there are no minority carriers in the regions where

majority carriers are being transported. Thus they are not as sensitive to

impurities and do not require the intensive processing of inorganic PV. Any

additional localised sub-band gap states in either the TiO2 or spiro-OMeTAD

caused by impurities may become charge carrier traps, but are unlikely to

act as recombination centres.

The emphasis now is to enhance the performance of solid-state DSSCs to

make them competitive with liquid-electrolyte DSSCs, and with traditional

inorganic photovoltaics.

1.2.2 Tandem and Multiple Junction Solar Cells

The use of multiple junctions in DSSC devices presents one option for im-

proving their performance. A dye molecule can typically absorb photons with

a range of energies above that of its band gap. However much of the energy

of the absorbed photons is lost as excited electrons relax thermally to the

LUMO of the dye. A solution is to use an architecture employing multiple

absorbers with different band gaps — larger band gap absorbers can harvest

more energy from high energy photons whilst lower band gaps ensure that a

high number of photons are being absorbed over a large range of the solar

spectrum. Figure 1.5 shows the spectrum of solar radiation that reaches the

surface of the Earth. [29]

A common multiple junction architecture for a range of photovoltaic tech-

nologies is to process several sub-cells on top of one another with series

interconnects (or recombination layers) in between. [30] In such a system
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conservation of charge dictates that the current produced by each sub-cell

must be the same — if charge generation is greater in one sub-cell than the

other, space charge will accumulate in regions within the device such that

this condition is met. Assuming perfect interconnects the open circuit volt-

ages of the sub-cells will add together. The ideal interconnect must make

an ohmic contact to each adjoining sub-cell, be non-absorbing to allow the

maximum number of photons to reach the next active layer, and have an

appropriate energy level profile to allow electrons from one sub-cell to re-

combine efficiently with holes from the next. The discussion here will be

limited to tandem (i.e. two sub-cell) hybrid devices. When fabricating the

mesoporous TiO2 photoanode it is necessary to heat substrates to 500◦C (as

will be discussed in section 2.1). The organic DSSC components, namely the

dye and HTM, cannot withstand these temperatures, thus it is not currently

possible to process solid-state DSSCs on top of each other as required for

a tandem device. Instead a different system must be used as a “top” sub-

cell, one that may be processed on top of a complete solid-state DSSC. A

number of options are available, including organic bulk heterojunction (BHJ)

solar cells. Bruder et al. reported the first entirely solid-state tandem DSSC

device, using a zinc phthalocyanine:C60 BHJ cell deposited via thermal evap-

oration as the second active layer. [31] In the following discussion solution

processable bulk heterojunctions are envisaged for use as top sub-cells, and

are described below.

The primary focus of the bulk of this dissertation is in realising efficient

series interconnects using novel materials that can be applied to tandem

hybrid DSSC/BHJ solar cells. Specifically, the interface with spiro-OMeTAD
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1.2 Introduction

Figure 1.5: Standardized spectrum of solar radiation reaching the earth’s
surface accounting for absorption in the atmosphere, known as Air Mass 1.5
(Data from NREL [29]).

will be examined, and new materials used to improve hole extraction from

DSSCs. By including modifications that will both increase hole and inhibit

electron collection at the hole transporter/cathode interface not only will

gains be made in the efficiency of single junction DSSCs, but combination

with a second sub-cell and accompanying electron extraction layer should

enable effective tandem solar cell operation.

1.2.3 Bulk Heterojunction Solar Cells

The first solar cell using the junction between two different organic semi-

conductors to generate photovoltage was reported in the 1980s by Tang. [32]

This used a bilayer of photoactive molecules to generate charge — the most

efficient cells today use a primary photoactive component and a second com-

ponent to enable efficient charge separation. Often polymers that will also
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provide a good charge transport medium are used to harvest sunlight, such

as poly(3-hexylthiophene) (P3HT), which absorbs strongly over much of the

visible spectrum. As with dye-sensitized solar cells photoexcitation results

in tightly bound excitons — εr ≈ 3 in the case of P3HT — so charge disso-

ciation must be given a helping hand. [33] A junction is made with a second

semiconductor with lower HOMO and LUMO levels, such as the fullerene

derivative [6,6]-phenyl C61 butyric acid methyl ester (PCBM). Bound exci-

tons diffuse through the absorber medium until encountering an interface

between the different semiconductors, where electrons are transferred to the

lower LUMO level of the second material. Hence the two components are

known as the electron acceptor and donor. Because the HOMO level of the

acceptor is also lower than that of the donor, the hole stays on the donor

allowing for spatial separation of the charge carriers.

The exciton diffusion length in the polymers is typically on the order of

10nm (reported as 8.5±0.7nm for P3HT, [34]), yet to absorb the majority of

incident photons with wavelengths to which the polymer is sensitive the films

must be hundreds of nanometres thick. [8] If a simple bilayer junction was

made then the vast majority of excitons would recombine before encountering

the interface, resulting in very small external quantum efficiency (the ratio

of photons incident on the device per unit time to the number or electrons

extracted from the device per unit time). To reconcile these competing length

scales the two components are blended together, distributing the interface

between donor and acceptor materials throughout the bulk of the active

layer. In P3HT:PCBM bulk heterojunction cells the length scale of regions

of each material in a film hundreds of nanometres thick can be made around
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(a) (b)

Figure 1.6: BHJ solar cell operation and structure. 1.6a) Illustrative energy
level diagram for a bulk heterojunction solar cell with inverted architecture
outlining key processes for charge generation and transport as discussed in
the text: 1. Electron donor material excitation by above-band gap radiation,
resulting exciton diffuses until either recombination occurs or it encounters a
donor/acceptor interface; 2. Charge dissociation through electron injection
into acceptor material LUMO; 3. and 4. electric field due to difference in
anode and cathode work functions separates charge carriers and pushes them
towards electrodes. 1.6b) schematic showing device architecture for a typical
BHJ solar cell with inverted architecture.
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the exciton diffusion length, ensuring a high proportion of charge dissociation

and good light absorption. The disadvantage of this method is that there

are typically no guarantees that from any given point in the bulk of the

active layer a continuous path to the desired electrode will exist in either

semiconductor, increasing the likelihood of recombination before the charge

can be extracted.

Once dissociated, charge carrier separation and transport to the appro-

priate electrode is governed by an electric field between the terminals. This

is introduced by using a high work function cathode and lower work function

anode. [33] The standard device architecture has the cathode coated onto

a transparent conductive substrate, followed by the blended donor/acceptor

active layer and the anode on top. DSSCs are fabricated such that holes are

collected from the exposed top surface and electrons from the bottom surface,

covered by a glass substrate. If a BHJ sub-cell is to be processed on top of a

solid-state DSSC for use in a tandem device it must have an inverted architec-

ture, that is to say its anode must be coated first on top of the recombination

layer and then the active layer and cathode. Such cells have been reported

using fluorine-doped tin oxide (FTO)/TiO2 anodes and poly(3,4-ethylene-

dioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS)/silver cathodes. [35]

A schematic illustrating the structure and the physical processes resulting in

solar cell operation of an inverted BHJ solar cell is shown in figure 1.6.

The fabrication of such solar cells typically does not require heating steps

above 150◦C in temperature, indeed some donor/acceptor combinations re-

quire no heating above room temperature as described in chapter 2, and as

with DSSCs, the active components can be processed from solution. These
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properties, in addition to the range of donor materials and their varied ab-

sorption characteristics, make polymer bulk heterojunction solar cells real-

istic candidates for inclusion in DSSC/hybrid tandem devices. Importantly,

BHJ absorber materials exist that are able to harvest some of the many solar

photons of near infrared wavelengths (figure 1.5), a spectral region for which

efficient dye molecules do not exist.
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Chapter 2

Experimental methods

2.1 Standard Device Fabrication

Unless otherwise stated, solar cell fabrication was carried out according to

the following protocols.

2.1.1 DSSC fabrication

The transparent anode comprises of glass coated in FTO of 7Ω/� sheet re-

sistance (supplied by Pilkington). Though FTO is slightly inferior to ITO

(as is often chosen for organic photovoltaics) due in part to its high surface

roughness, it is considerably cheaper and thus more appropriate considering

the long term objective to make these devices as economical as possible. Se-

lected regions of FTO were etched away chemically using zinc powder and

2M hydrochloric acid (both from Sigma Aldrich) to produce the desired elec-

trode pattern (see figure 2.1). During characterisation gold contact pins are

pressed against the electrodes and in some instances there is a risk that the
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2.1 Experimental methods

Figure 2.1: DSSC electrode schematic, not to scale. Fluorine-doped tin oxide
is represented by blue regions, active layer (TiO2, dye and hole transporter)
by red regions. Grey represents silver contacts: three 3mm wide cathodes
contacting spiro-OMeTAD and one common anode contacting the FTO. Gold
represents pins for connection to external circuitry. Note the etched region
beneath contacts to cathodes to avoid potential shorts.

pins may push right through the cathodes into the active layer — the etched

areas are positioned directly below the points of contact to the cathode to

remove a possible shorting path through the cell. After etching, the substrate

is washed with 2% Hellmanex soap (supplied by Sigma Aldrich) by volume

in water, followed by rinsing with deionized water, then acetone and ethanol

(both from Sigma Aldrich). Substrates were then treated with oxygen plasma

for 10 minutes to remove any remaining organic residue and improve surface

wettability.

A compact layer of TiO2 to block hole transporter material coming into

contact with the FTO was deposited by aerosol spray pyrolysis — 5ml

of 9vol.% titanium diisopropoxide bis(acetylacetonate) (Sigma Aldrich) in

ethanol was sprayed from an atomiser using air as the carrier gas on 11.2cm×
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11.2cm substrates held at 250◦C on a hotplate. The mesoporous titania struc-

ture was created by depositing an anatase TiO2 nanoparticle paste (Dyesol,

18NR-T) by screen printing, and then calcining the film at 500◦C in air.

Resulting structures were around 1.8µm in thickness. It was typically at

this stage that the substrates were cut into the 1.4cm×1.4cm squares that

would become individual test devices. The substrates were then immersed

in a bath of TiCl4 (Sigma Aldrich) solution (15mM in water) at 70◦C for one

hour, then rinsed with deionized water and dried. To complete the electron

transporting component, the substrates were again heated to 500◦C for a

further 45 minutes, before being allowed to cool to 70◦C.

The default sensitizer used in the following experiments was the indoline

dye D102, supplied by Chimecrea Inc. (though this is by no means the most

efficient dye available, it provides a useful control against which to analyse

the effects of the experiments reported herein). [36] D102 was dissolved at

a concentration of 0.1mg/ml in a 1:1 mixture by volume of acetonitrile and

tert-butanol (Sigma Aldrich). Substrates at 70◦C were immersed in a bath

of dye solution for 1 hour, then rinsed with acetonitrile to wash off any dye

not adsorbed to the surface of the TiO2.

To make the hole transporter solution, spiro-OMeTAD (Lumtec) was

added to chlorobenzene and agitated until completely dissolved at 0.09M.

To increase the conductivity of the HTM standard additives were used — for

every 1ml of chlorobenzene used, 41.1µl/ml of a pre-prepared lithium salt so-

lution was added (Li-TFSI; 170mg/ml of lithium bis(trifluoromethylsulfonyl)-

imide in acetonitrile, Sigma Aldrich) and 9.59µl/ml of distilled 4-tert-butyl

pyridine (TBP, Sigma Aldrich). [37] Hole transporter was deposited via spin
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coating immediately after sensitization was complete: 25µl of solution was

deposited onto each 1.4cm×1.4cm substrate, which were then rotated at

1000RPM for 45 seconds to dry the films.

Silver contacts 150nm thick were thermally evaporated under vacuum to

complete the devices, the electrode pattern being defined by brass shadow

masks. DSSCs were left in air for one day prior to testing.

2.1.2 BHJ solar cell fabrication

FTO glass anodes and TiO2 hole blocking compact layers were prepared as

described above for DSSCs. The desired active layer was then processed on

top as described below, and 150nm thick silver electrodes were evaporated

using the same pattern and process as for DSSCs.

P3HT:[60]PCBM cells : a one to one blend of regioregular poly(3-hexylth-

iophene) (P3HT, Rieke Metals) and [6,6]-phenyl C61 butyric acid methyl ester

([60]PCBM, Solenne BV) by weight was dissolved at 50mg/ml in chloroben-

zene. This was spin cast at 1000RPM for 1 minute yielding a film approx-

imately 300nm thick, followed by annealing at 150◦C for 10 minutes to im-

prove the film morphology — this has been shown to increase nanoscale

crystallinity and phase segregation between polymer donor and fullerene ac-

ceptor, improving charge separation. [38]

PCPDTBT:[70]PCBM cells : Poly[2,1,3- benzothiadiazole-4,7-diyl[4,4-bis-

(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b’]dithiophene-2,6-diyl]] (PCPDTBT,

1-material) and [6,6]-phenyl C71 butyric acid methyl ester ([70]PCBM, Solenne

BV) were blended one part polymer to two parts PCBM by weight, and dis-
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solved at 30mg/ml in chlorobenzene. Again films cast from solution with-

out modification have a less than ideal morphology for charge separation

and transport, however for PCPDTBT thermal annealing shows no improve-

ment in device performance — instead an additional solvent can be mixed

into the casting solution that preferentially dissolves one component over the

other. [39] To this end, a stock solution of 11% octane dithiol (Sigma Aldrich)

in chlorobenzene by volume was prepared, of which 25µl were added to every

100µl of blend solution. This was then spin cast at 1000RPM for 1 minute.

The author wishes to acknowledge the work of James Edmands in optimising

PCPDTBT:[70]PCBM fabrication that resulted in this protocol, during his

time as a summer student co-supervised by the author and Dr Henry Snaith.

It should be noted that poly(3,4-ethylene-dioxythiophene):poly(styrene-

sulfonate) (PEDOT:PSS) was not used in BHJ devices, as solutions (supplied

by Clevios) would not wet the surface of the polymer blend (numerous at-

tempts were made, adjusting the solution solvent content and adding various

amounts of surfactant following Baek et al., but without success), and it is

believed that for this reason device performance for P3HT:PCBM cells is

markedly poorer than reported in reference [35].

2.1.3 Mesoporous aluminium oxide synthesis

Mesoporous films of insulating material were required for a number of uses

in the experiments described in this thesis. Aluminium oxide is one suit-

able candidate for this purpose — to make a paste suitable for doctor blade

coating the following recipe was used: 25.9ml of 20% dispersion by weight
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of 50nm Al2O3 nanoparticles (Alfa Aesar) was added slowly to 55.6ml of

butoxyethanol (Sigma Aldrich) whilst stirring at room temperature. A ro-

tary evaporator was used to remove the water, after which the mixture was

diluted two parts to one with ethanol. To this a prepared solution of hy-

droxypropyl-cellulose (2g of cellulose, Sigma Aldrich, in 25.35ml of ethanol)

was added whilst stirring. Once the components were well mixed, ethanol

was removed using a rotary evaporator until the paste started to gel. The

resulting stock was diluted to the required consistency for each purpose with

ethanol, and deposited by doctor blading. As with films of mesoporous TiO2,

the films were baked at 500◦C, burning off the solvents and cellulose binder

and sintering the nanoparticles together.

2.2 Device and Material Characterisation

2.2.1 Current-Voltage Measurements

A number of key quantities commonly used to describe the performance of

solar cells can be extracted from current density-voltage measurements taken

over the voltage range in which devices generate a net current when under

solar illumination (a generic example of such a plot is shown in figure 2.2),

namely the short-circuit current density JSC , the open-circuit voltage VOC ,

the fill factor FF , and the power conversion efficiency η (PCE). Fill factor

is a measure of the quality of rectification and relates JSC and VOC to the
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Figure 2.2: An example current density-voltage curve illustrating key values
discussed in the text.

maximum power density output of the cell, Jm × Vm:

FF =
JmVm
JSCVOC

. (2.1)

PCE is defined as

η =
JSCVOC
PS

× FF (2.2)

where PS is the power density of radiation incident on the device.

It is possible to model a solar cell with the equivalent circuit shown in

figure 2.3. [8] A series resistance Rs describes resistance to current flow in the

bulk of the cell and the contacts, a shunt resistance Rsh in parallel with the

cell is used to describe leakage current either through the device via shorting

paths or at contacts where carriers of the wrong charge can be collected. The

effects of having large Rs or small Rsh on a current-voltage curve are shown

in figure 2.4. Thus the shape of curve can hint at the electronic processes
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Rsh

Rs

V

Figure 2.3: Equivalent circuit for a solar cell. A current source and diode
in parallel provide a description of the ideal case under illumination — the
parasitic shunt Rsh and series Rs resistances model the non-ideal behaviour
seen in real systems. [8]

that may be reducing the fill factor for a given solar cell.

Given the emphasis on power conversion efficiency in the field of photo-

voltaic research, its accurate determination is of great importance. Recent

studies demonstrate that it is possible for significant error to be introduced

in the current density recorded (and hence the efficiency calculated) through

incorrect measurement. The active area of each device must be well de-

fined — in the past the overlap between electrodes and the active layer has

been used, yet charge generated outside this area may also contribute to

the current measured. To ensure that charge is only being generated over a

known area an opaque optical mask must be used to shield all other parts

of the device from illumination. [40] Gevorgyan et al. have shown that even

the lamps used to provide solar-spectrum radiation in test environments can

have a large variation in intensity over the area they illuminate, affecting

the current generated in a particular device. [41] They also point out light

produced by most solar simulators is somewhat diffuse — because photons

may enter the device at relatively oblique angles, even well masked solar cells
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(a) (b)

Figure 2.4: The effect of parasitic resistances on current density-voltage char-
acteristics: 2.4a high series resistance; 2.4b low shunt resistance (after refer-
ence [8]).

may end up with an effective active area greater than the area of the mask.

The apparatus used to perform the measurements in the following exper-

iments tries to overcome these potential sources of error. 100mWcm−2 air

mass (AM) 1.5 illumination was provided by a calibrated ABET class AAB

solar simulator. An aperture of 12.6mm in diameter fixed a short distance

above the sample stage served to help collimate the light before it reached

the devices. The devices themselves have their active areas defined by indi-

vidual brass optical masks, with apertures very similar in dimension to the

silver cathode. Calibration was carried out at the start of each measurement

run using a silicon reference diode, the sample stage ensuring that this diode

and all test devices were measured at exactly the same position beneath the

lamp. Current density as a function of applied voltage was recorded for each

cell using a Keithley 2400 sourcemeter.
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Figure 2.5: Four terminal electrode pattern for measurement of contact resis-
tance. A force voltage is applied across terminals BC, and a response sensed
across AD.

2.2.2 Contact resistance and conductivity

measurements

When comparing the effectiveness of different electrode materials or elec-

trode/charge extraction interfacial layer combinations, it can be useful to

measure the resistance between the electronic contacts and a device. Con-

tact resistance may be extracted from current-voltage curves measured in

two and four terminal experiments, and is carried out as follows. Contacts of

the desired material are deposited onto the appropriate sample according to

a pattern such as that shown in figure 2.5. A voltage Vforce is applied across

the terminals BC and the current I is measured, and from these values the

combined resistance of the sample and the contacts may be calculated for

ohmic samples. The voltage between the terminals AD, Vsense, is also mea-

sured — since negligible current flows along the wires connected to A and D
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Rcontact,B Rsample/3 Rsample/3 Rsample/3 Rcontact,C

B
Vforce

C

A Vsense
D

Figure 2.6: Equivalent circuit for contact resistance measurement using elec-
trode pattern shown in figure 2.5 when w2 = 3w1 and sense electrode channel
is parallel and centred with respect to the force channel.

to a first approximation any voltage drop due to contact resistance can be ig-

nored, thus only the resistance of the sample is measured. The configuration

used has dimensions w2 = 3w1, and may be represented by the 5 resistors in

series shown in figure 2.6. The sample resistance and total contact resistance

can then be given by

Rsample =
3Vsense
I

, (2.3)

Rcontact = Rcontact,B +Rcontact,C =
Vforce − 3Vsense

I
. (2.4)

If the thickness of the material being measured is known it is also possible

to determine the conductivity σ of the sample using Ohms law, J = σE where

J and E are the current density through the sample and electric field between

the electrodes BC respectively. In the case of a sample with uniform cross

section this becomes

σ =
w2

Rsamplelt
(2.5)

where l is the length of, and w2 the separation between the force electrodes
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BC, and t is the thickness of the sample being measured, assuming the current

density is also uniform throughout the sample.

2.2.3 Pore-filling measurement

An important quantity to measure when comparing HTM deposition tech-

niques is the pore-filling fraction (PFF), defined as the ratio of the volume

of the mesoporous network occupied by hole transporter after it has been

deposited to the total available volume in the mesoporous network. This

has been shown to be closely linked to device performance in a number of

studies. [42–46] For the experiments reported here, measurements of pore-

filling fraction follow the method described by Docampo et al. and outlined

below. [46]. This takes advantage of the fact that a layer of material with

different refractive index to its surroundings will have a characteristic in-

terference pattern in its transmission spectrum, the frequency of which is

dependent on the thickness of the layer and its refractive index. By looking

at the interference spectrum of a film of mesoporous TiO2 on glass before

and after coating with HTM a change in refractive index can be extracted,

and from this the volume of HTM in the pores can be calculated.

The refractive index n for a non-dispersive film of thickness d is related

to successive maxima in the interference pattern at wavelengths λ1 and λ2

by the standard result for light normally incident on the film [47]

1

2nd
=

1

λ1
− 1

λ2
. (2.6)

However n is wavelength dependent in dispersive media such as TiO2 and
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spiro-OMeTAD. It has been shown experimentally that even though this is

the case, the following expression for an “averaged, effective refractive index”

( nav,eff [46]) is a sufficiently accurate approximation for determining the

pore-filling fraction:

nav,eff ≈
N

2dT iO2

(
1
λ1
− 1

λN

) (2.7)

Here N is the total number of maxima observed in the spectra, λ1 and λN

are the wavelengths corresponding to the first and last maxima respectively.

Substrates without dye or HTM are first measured to determine the porosity

of the TiO2 film — as it is essentially a film of air filled with nominally spher-

ical inclusions of titania it satisfies the conditions of the Bruggeman mean

field approximation (equation 2.8), which relates the refractive indices n and

volume v fractions of constituent materials in a film of mixed composition to

the measured refractive index of the film nfilm. [48]

∑
i

vi
n2
i − n2

film

n2
i + 2n2

film

= 0 (2.8)

From this vair, that is the available space before coating for the hole trans-

porter to fill, can be calculated since nair and nT iO2 have known values for a

given wavelength. After the substrate has been coated with hole transporter,

The resulting film can no longer be described as spherical inclusions of one

or more materials inside a bulk of another. Instead a linear approximation
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provides a satisfactory approximation for this system [46]:

∑
i

v′ini = n′film (2.9)

where quantities marked with a prime indicate the value after hole trans-

porter deposition. Docampo et al. demonstrated that sensitization with dye

has negligible effect on pore-filling, so to simplify the measurements reported

here, no dye was added before depositing hole transporter, leaving just TiO2,

HTM and air components in equation 2.9. At this point the calculations are

complicated by the fact that when adding the hole transporter a layer typ-

ically forms on top of the TiO2 as well as infiltrating the pores, known as

the capping- or over-layer. This contributes to the change in the refractive

index of the sample, but typically it is not possible to separate interference

patterns due to the capping layer and those of the rest of the sample. Instead

the approximation is made that since the refractive indices of the capping

layer and the partially filled TiO2 are similar, interference between the two

can be ignored, yielding the expression

N

2nav,effdT iO2 + 2nspirodCL
≈ 1

λ1
− 1

λ2
, (2.10)

where nspiro is the refractive index of spiro-OMeTAD, and dT iO2 and dCL are

the thicknesses of the TiO2 film and hole transporter capping-layer respec-

tively. Combining this with equation 2.9 gives

n′film = nav,eff =
∑
i

v′ini +
nspirodCL
dT iO2

(2.11)
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From these expressions the volume fraction of hole transporter (v′spiro) and

thus the pore-filling fraction can be found:

PFF =
v′spiro
vair

. (2.12)

2.2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) was used in some investigations to ob-

serve device and device component morphology, and was performed with a

Hitachi S-4300 system. Where DSSC cross-section images were required, a

diamond scribe was used to score a short line on the active side of the device

to aid in cleaving it in two and leaving a clean edge to image beyond the end

of the score mark. Samples were prepared by sputtering 3nm of platinum

onto the surface being imaged to reduce accumulation of charge when under

the electron beam.
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Chapter 3

Transition metal dichalcogenide

(TMDC) charge extraction

interfaces

When compared with inorganic solar cell technologies, solid-state DSSCs

typically exhibit poor fill factors, with larger series and lower shunt resis-

tances than their more established counterparts. A variety of factors may

contribute to this, but one of particular relevance to the theme of series in-

terconnects is the less than ideal charge extraction from solid-state DSSCs

due to imperfect contact electrodes and their interfaces with the semicon-

ductor components. A contact should selectively provide a low resistance

route for the extraction of either electrons or holes from the device whilst

inhibiting carriers of the opposite charge. This chapter is the first of two

examining attempts to improve hole extraction from spiro-OMeTAD in par-

ticular, through the use of interfacial layers to alter electronic properties at
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the hole transporter/electrode interface. Such layers are envisaged for end

use in tandem interconnects when brought into contact with an appropriate

electron collection layer upon which a rear BHJ sub-cell may be processed.

The workhorse hole extraction layer for bulk heterojunction solar cells

has traditionally been the organic material PEDOT:PSS. It is however acidic

and hygroscopic, and creates serious problems with device stability due to

its tendency to etch metallic components and introduce water to neighbour-

ing organics. [49, 50] In addition it has been shown to have less than ideal

electron blocking properties. [51] The author’s own experience has been that

PEDOT:PSS is also not ideal for solid state DSSCs, with layers processed on

top of spiro-OMeTAD yielding devices that will typically give higher currents

but lower fill factors when current-voltage characteristics are scanned for the

first time, but significantly poorer currents after subsequent scans and are

outperformed by control devices. It has also been noticed that open circuit

voltage is slightly lower on average than control devices. An example of this

is shown in section 3.2.2 (figure 3.8).

In recent years much work has been done to find other hole extraction

materials that have less of an impact on stability. In particular, success has

been had using transition metal oxides. [52,53] Here investigations have been

carried out into another class of materials, namely transition metal dichalco-

genides (TMDCs). Though general research into this class of materials has

been on-going for decades, recently there has been much interest in incorpo-

rating TMDCs into electronic devices of many kinds. [54] TMDCs take the

chemical form TX2, where T is a transition metal and X is sulphur, sele-

nium or tellurium. They have a range of electronic properties, and include
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metals, semi-metals and semiconductors. [55] Many TMDCs have a structure

where a layer of metal atoms arranged in a two-dimensional hexagonal array

is covalently bonded to layers of S, Se or Te atoms above and below — suc-

cessive TX2 sheets are held together by van der Waals interactions. [55, 56]

The surfaces of these structures are chemically inert — a useful property for

incorporation in organic and hybrid electronics.

Two such TMDCs are tungsten disulphide (WS2) and molybdenum disul-

phide (MoS2). They exhibit semiconducting behaviour and could be promis-

ing candidates for use as hole extraction layers for solid-state DSSCs due to

their deep conduction and valance band edges relative to the HOMO and

LUMO levels in spiro-OMeTAD (summarised in table 3.1). Indeed they

have been used successfully for a similar purpose as hole injection layers in

organic light emitting diodes (OLEDs) by Frey et al., and more recently as

counter electrodes in liquid electrolyte DSSCs. [56–59] Figure 3.1 illustrates

the band bending hypothesised to occur when spiro-OMeTAD and either

WS2 or MoS2 are brought into contact (not to scale). The degree of band

bending will depend on the exact position of the Fermi levels and band edges

in each semiconductor. In the case of the TMDC material being p-type (fig-

ure 3.2a), a spike in potential known as a Schottky barrier is introduced in

the LUMO level for spiro-OMeTAD inhibiting electron transfer across the

junction (in a DSSC device, this would increase the shunt resistance), whilst

a corresponding drop in potential for holes in the HOMO level can make hole

extraction into the TMDC more favourable (decreasing series resistance in

a device). The situation is different if the TMDC is n-type (figure 3.2b) —

in this scenario the band bending may be such that a Schottky barrier is
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3.0 Transition metal dichalcogenide (TMDC) charge extraction interfaces

Material VB/HOMO CB/LUMO

Spiro-OMeTAD −5.11eV −2.05eV
WS2 −6.22eV −4.86eV
MoS2 −5.90eV −4.73eV

Table 3.1: Band edges/molecular orbital levels of Spiro-OMeTAD and bulk
TMDC material relative to vacuum. Data from [61] and [62] (it should be
noted however that HOMO and LUMO values can vary largely depending
on the measurement method employed).

introduced for holes at the junction, but the TMDC conduction band may

become degenerate with the Fermi level. If this occurs the TMDC at the

junction becomes metallic and the interface becomes the recombination site

with electrons from the external load. Indeed transition metal oxides op-

erating in a similar regime have been shown to be heavily n-type and yet

demonstrate good hole extraction. [60] The exact nature of the band pro-

file at the junction between spiro-OMeTAD and either WS2 or MoS2 is not

known, but in either scenario, the result should be that hole extraction from

the DSSC is improved.
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3.0 Transition metal dichalcogenide (TMDC) charge extraction interfaces

(a) (b)

Figure 3.1: Hypothetical band diagrams (not to scale) for spiro-OMeTAD
and WS2 or MoS2 in isolation (3.1a) and at a heterojunction (3.1b). Verti-
cal axis represents energy, horizontal represents distance. Note that spiro-
OMeTAD with additives will be slightly p-type, but the position of the Fermi
level within the TMDCs has been drawn arbitrarily, and need not also be
p-type.

(a) (b)

Figure 3.2: Different band bending scenarios at a spiro-OMeTAD/TMDC
junction as described in the text (not to scale). Vertical axis represents
energy, horizontal represents distance.

39



3.1 Transition metal dichalcogenide (TMDC) charge extraction interfaces

3.1 Experimental details

Device fabrication follows the protocol outlined in section 2.1, using the dye

D102. Previous work on OLEDs has used a process mixing p-xylene with

a dispersion of TMDC in water — a thin film of TMDC is formed at the

solvent/water interface, and a substrate is carefully dipped into the mixture

to pick up this layer. As the various organic components in an almost com-

plete solid-state DSSC are sensitive to contact with the solvents involved,

this method is impractical. It is also not a technique that is easy to scale

up in a commercial production scenario. Instead, dispersions of exfoliated

WS2 and MoS2 in isopropanol were provided by Valeria Nicolosi1 having been

fabricated according to reference [63]. To briefly summarise their synthesis,

mixtures of powdered bulk WS2 and MoS2 in isopropanol were placed in an

ice bath and ultra-sonicated for two hours to disperse the TMDC, left to settle

over two nights, then centrifuged for one hour at 3000 RPM. The supernatant

was collected and diluted to a final concentration of 0.1mg/ml. These disper-

sions lend themselves well to scalable deposition methods that are suitable for

use on DSSC components. It is noted that the method used to produce these

dispersions preserves the semiconducting properties of the TMDCs — those

used by others can result in a metallic transition. [56] TMDC dispersions of

0.1mg/ml concentration were agitated in an ultrasonic bath for 7 minutes

before being deposited via aerosol spraying using air as the carrier gas, with

the substrates (sensitized photoanodes already coated with hole transporter)

on a hotplate at 120◦C to evaporate the isopropanol. Though the dispersion

1Valeria Nicolosi, ERC Research Professor, Trinity College Dublin
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

synthesis should yield monolayers of TMDC crystal, it was not guaranteed

that deposition in this manner would maintain a two-dimensional form or

create regions of bulk material. After cooling, silver cathodes were thermally

evaporated onto the devices according to the standard protocol.

3.2 Results and discussion

3.2.1 TMDC film characterisation

Material Band gap (bulk) Band gap (2D)

WS2 1.4eV 1.9eV
MoS2 1.2eV 1.8eV

Table 3.2: TMDC band gaps for bulk material and for two-dimensional single
layers. Data from reference [54].

Absorbance spectra of films of WS2 and MoS2 on glass were taken from

UV to IR wavelengths (figure 3.3). The long tail off in each spectrum is

due to scattering, which is not accounted for in this measurement. The

strongest absorption takes place at higher energies in the visible spectrum in

both cases. Excitonic peaks are visible in both the spectra at higher energies

than the band gaps for the respective bulk TMDC materials, indicating the

presence of single-layer crystals with two-dimensional electronic properties

(see table 3.2). [54] The single layer band gap values are indicated on the

spectra.

The SEM images in figures 3.4 and 3.5 show top down views at various

magnifications of films of WS2 and MoS2 respectively, sprayed onto glass us-
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

(a)

(b)

Figure 3.3: Absorbance spectra of films of WS2 and MoS2 deposited on glass
according to spray protocol outlined in the text. The energies of the first
excitonic peaks are also indicated, and show the presence of single layer
TMDC crystals.

ing the protocol described above. It is immediately clear that this deposition

method does not result in the formation of smooth and continuous films.

Instead, the majority of the material forms rings tens of microns in diameter
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

(a)

(b)

(c)

Figure 3.4: SEM images of WS2 film deposited by spray pyrolysis as described
in the text.
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(a)

(b)

(c)

Figure 3.5: SEM images of MoS2 film deposited by spray pyrolysis as de-
scribed in the text.
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

comprised of TMDC structures with dimensions on the order of hundreds

of nanometres leading to a very rough and possibly discontinuous arrange-

ment of material. The implication is that in devices, areas of silver electrode

may bypass the TMDC material and contact the hole transporter directly in

places. Further images were taken to verify that films formed in the same

manner when sprayed onto spiro-OMeTAD as on glass.

3.2.2 Device performance

Performance parameters for control devices (no TMDC) and cells with WS2

and MoS2 interfacial layers are shown in figure 3.6. Current density-voltage

curves (averaged over all devices in each batch) have been plotted in fig-

ure 3.7. Both TMDCs perform well, matching the hope of obtaining higher

current and power conversion efficiency. WS2 devices exhibit higher fill fac-

tors than MoS2 but show a slightly lower average VOC .

Additionally devices using dichalcogenide hole extraction layers do not

appear to share the issue of a rapid degradation in performance with those

using PEDOT:PSS. As the applied bias was repeatedly scanned over 0-1V,

JSC , VOC , fill factor and efficiency varied very little. A comparison between

the behaviour of selected example devices using PEDOT:PSS, WS2 and MoS2

as hole extraction layers after a set number of scans is shown in figure 3.8

and table 3.3.

In an attempt to further elucidate these data, the contact resistance be-

tween silver and films of spiro-OMeTAD or TMDC/spiro-OMeTAD bilayers

was measured using the four terminal arrangement described in chapter 1.
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

Figure 3.6: Performance parameters of DSSCs with TMDC interfacial layers
extracted from current voltage measurements under simulated solar illumi-
nation. Box plots showing outlier, upper and lower quartile and median
values for short circuit current density JSC , open circuit voltage VOC , power
conversion efficiency PCE and fill factor FF. Mean values indicated by black
squares. Data set consists of 10 control devices, 8 WS2 devices and 4 MoS2

devices.

TMDCs are highly anisotropic, and show a conductivity parallel to the TX2

planes typically several orders of magnitude greater than the perpendicu-

lar direction. [55] It was hypothesised that deposition would not lead to

the TMDC crystals all having exactly the same orientation, as seems to be

supported by the SEM images in figures 3.4 and 3.5. In this scenario the

conductivity of the film is likely to be lower than the value parallel to the

TX2 planes, and could potentially be lower than that of spiro-OMeTAD with

additives (2× 10−5 Scm−1, [37]). If this were the case, a reduced contact re-
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

Figure 3.7: Averaged current-voltage curves for DSSCs with TMDC inter-
facial layers measured under simulated AM 1.5 solar illumination. Data set
consists of 10 control devices, 8 WS2 devices and 4 MoS2 devices.

Figure 3.8: Example current density-voltage curves for DSSCs using PE-
DOT:PSS, WS2 and MoS2 hole extraction layers, showing the response of
the same cells when biased from 0V to 1V for the first and seventh times.

sistance and a similar sample resistance for a spiro-OMeTAD/TMDC film

when compared to spiro-OMeTAD by itself would be indicative of improved

contact between the hole transporter and the electrodes. If however the sam-
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Hole extraction Scan JSC VOC PCE FF
layer number (mAcm−2) (V) (%)

PEDOT:PSS
1 9.70 0.56 3.10 0.57
7 4.00 0.47 0.85 0.45

WS2
1 5.73 0.75 3.31 0.74
7 7.03 0.72 3.41 0.67

MoS2
1 6.31 0.74 3.25 0.69
7 6.93 0.73 3.29 0.65

Table 3.3: Example device performance characteristics for DSSCs using PE-
DOT:PSS, WS2 and MoS2 hole extraction layers, showing values for the same
cells when biased from 0V to 1V for the first and seventh times.

ple resistance decreased significantly with the addition of a TMDC film it

would be clear that the conductivity of the hole extraction layer is higher

than that of spiro-OMeTAD. In this case the TMDC is transporting the ma-

jority of the charge and little could be said about the quality of the contact

to the hole transporter beneath.

From experience it is difficult coat spiro-OMeTAD with Li-TFSI and TBP

additives directly onto glass without the casting solution de-wetting during

spin coating. Instead, mesoporous Al2O3 600nm thick (see section 2.1) was

prepared on glass via spin coating, giving an insulating porous surface which

the hole transporter is able to wet. Spiro-OMeTAD was spin coated in the

usual way giving a configuration somewhat similar to that of an actual device.

Layers of WS2 or MoS2 were then deposited as described above and silver

electrodes in the four terminal pattern (see figure 2.5) were evaporated on

top. The sample structure described is shown in figure 3.9.

Averaged contact resistances for WS2 and MoS2 on spiro-OMeTAD are

shown in figure 3.10, along with uncoated spiro-OMeTAD on which neat
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

Figure 3.9: Cross sectional Structure of TMDC contact resistance samples.

isopropanol (IPA) was sprayed according to the same procedure as TMDC

deposition (to ensure any positive effects were indeed due to the TMDCs

themselves, and not to any possible change in HTM morphology brought

about through processing), and uncoated spiro-OMeTAD that received no

further treatment. The data are difficult to interpret however, with large

discrepancies between repeat samples resulting in significant uncertainty in

the final value. It is possible to conclude that there is no large effect when

adding the TMDC films (or upon treatment with sprayed isopropanol). This

is perhaps consistent with the knowledge that the films are very likely dis-

continuous, and at the very least have a large surface roughness that may

result in the very narrow silver electrodes used (50 µm wide) being discon-

tinuous themselves — the electrodes may be predominantly contacting spiro-

OMeTAD directly in all cases, but to different extents between samples.

Given the morphological shortcomings of these TMDC films, it is surpris-
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

ing that they should have such a clear effect on device performance. It is

not unreasonable to surmise that refinement of the deposition process could

yield more significant gains in DSSC efficiency. The obvious first step was

to vary the quantity of material laid down during spray pyrolysis. MoS2 de-

vices were made as before, but spraying down material in 20, 40, 60 and 100

separate coats (60 coats were used previously). The performance parameters

and averaged current density-voltage curves can be found in figures 3.11 and

3.12 respectively. Whilst it is clear that with thicker layers of TMDC the

current that can be obtained from a cell increases, it is at the cost of both

fill factor and open circuit voltage. The current response of the cells in the

dark shows this poor rectification is consistent with a significant decrease

in shunt resistance — this is most likely an artefact of the small area cell

configuration used and the possible occurrence of shorting paths from the

silver to the FTO via the thick layer of TMDC. It therefore seems likely that

aerosol spray deposition of this form is not ideal, and a method that allows

thinner, continuous films to form would be preferable.
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

Figure 3.10: Sample and contact resistances calculated using equations 2.3
and 2.4 for untreated spiro-OMeTAD, for WS2 and MoS2 interfacial layers on
spiro-OMeTAD, and for spiro-OMeTAD subjected to isopropanol-only spray
procedure (IPA), as measured using the four-point probe setup described in
the text.
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3.2 Transition metal dichalcogenide (TMDC) charge extraction interfaces

Figure 3.11: Device performance with changing thickness of MoS2. Box plots
for varying numbers of spray coats showing minimum, maximum, upper and
lower quartile and median values. Mean values shown as black squares. Data
set comprises 2 devices sprayed 20 times, 2 sprayed 40 times, 4 sprayed 60
times and 4 sprayed 100 times.

Figure 3.12: Averaged current density-voltage curves as a function of different
numbers of MoS2 coats. Data set comprises 2 devices sprayed 20 times, 2
sprayed 40 times, 4 sprayed 60 times and 4 sprayed 100 times.
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3.3 Conclusion

It has been demonstrated that through the addition of interfacial tungsten

or molybdenum disulphide layers, deposited using simple and scalable tech-

niques, device performance in solid-state DSSCs can be markedly improved

and is postulated to be due to better hole extraction from spiro-OMeTAD

to the cathode. These improvements come despite poor film formation by

aerosol deposition, suggesting that optimisation of coating process could sig-

nificantly improve device performance. Possible routes for achieving this

might be through developing a dispersion of TMDC with suitable properties

for spin coating or doctor blade coating (for example Li et al. have reported

doctor blade coated porous WS2 films [59]), or perhaps through ultrasonic

spray deposition.

These materials also have good potential for use as tandem interconnect

components. The combination of hole extracting/electron inhibiting prop-

erties, having chemically inert surfaces and the ability to be processed from

solution without requiring high temperatures are all ideal qualities for com-

bination with an electron extraction component to form a recombination

layer.
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Chapter 4

Doped organic semiconductor

nanoparticle dispersions

Chapter 3 discussed the use of hole extraction layers composed of semicon-

ductor materials that were completely different chemically to the bulk hole

transporter. In the case of inorganic tandem and multiple junction pho-

tovoltaics, efficient hole/electron extraction layers (and the combination of

both in the case of series interconnects) are typically achieved through spatial

changes in dopant level in the bulk semiconductor to promote the collection

of one charge carrier species whilst inhibiting the other. [8] In this second

chapter on charge extraction interfaces an alternative route to improve col-

lection of holes from a DSSC is presented, using a heavily doped layer of

spiro-OMeTAD as an interfacial layer to make an architecture analogous to

that used in inorganics. Adding highly p-type spiro-OMeTAD before the

silver electrode will have a similar effect to adding tungsten or molybdenum

disulphide — band bending will make it energetically preferable for elec-
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4.0 Doped organic semiconductor nanoparticle dispersions

(a) (b)

Figure 4.1: Band diagrams (not to scale) for spiro-OMeTAD both lightly
and heavily p-type doped in isolation (4.1a) and at a heterojunction (4.1b).
Vertical axis represents energy, horizontal represents distance.

trons to stay within the bulk and for holes to transfer to the highly p-type

interfacial layer (see figure 4.1).

In practice, such an interfacial layer is hard to achieve. A second layer

of spiro-OMeTAD cannot simply be coated on top of the first, as the solvent

carrying the additional material will re-dissolve any HTM film it comes into

contact with. It is possible however to circumvent this problem though the

use of nanoparticle dispersions. Landfester and co-workers demonstrated that

mini-emulsion processing can be used to create nanoparticles from organic

polymer semiconductors that can then be dispersed in a solvent in which the

organic material is insoluble. [64] The process is illustrated in figure 4.2 and

is carried out as follows: An organic polymer material that is highly insoluble

in water is dissolved in a solvent that is both immiscible with, and has a lower

boiling point than water. This is added to a solution of surfactant in water,

and agitated using ultrasound to create a mini-emulsion of droplets 50-500nm
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4.0 Doped organic semiconductor nanoparticle dispersions

Figure 4.2: Nanoparticle dispersion synthesis: i) aqueous solution of sur-
factant (light blue phase) added to immiscible solution containing organic
semiconductor (red phase); ii) probe providing high amplitude ultrasound
creates emulsion of nano-droplets of dissolved semiconductor; iii) heat ap-
plied to evaporate non-aqueous solvent; iv) resulting dispersion centrifuged
to separate nanoparticles.

in diameter containing the polymer suspended in the surrounding water. The

surfactant acts to stabilize the droplets, and the mixture is heated at the

boiling temperature of the organic solvent. The organic solvent evaporates

leaving a dispersion of nanoparticles in the surfactant solution.

This technique has been applied to the molecular semiconductor spiro-

OMeTAD. By re-dispersing the nanoparticles in isopropanol (a poor solvent

for many organic semiconductors, including spiro-OMeTAD) it is possible

to spin coat consecutive layers of HTM without affecting organic films un-

derneath. In an analogous way, electron extraction at the anode in organic

polymer bulk heterojunction devices can potentially be improved through

the use of a doped interfacial layer. To this end n-type dispersions of the

56
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electron acceptor [60]PCBM were also fabricated.

4.1 Experimental details

4.1.1 Synthesis

Spiro-OMeTAD nanoparticles : On addition of Li-TFSI salts when preparing

solutions of hole transporter (see section 2.1), spiro-OMeTAD becomes oxi-

dized and behaves as a p-type semiconductor. In order to form a junction as

described above it is necessary to dope the spiro-OMeTAD that is to form

the interfacial layer still further through reaction with a suitable oxidizing

agent. For this purpose nitrosyl tetrafluoroborate (NOBF4) was used. For

the nanoparticle dispersion, a solution of spiro-OMeTAD at 50mg/ml was

prepared as described in section 2.1, scaling the Li-TFSI and TBP additive

quantities according number of moles of hole transporter, though impor-

tantly using chloroform in place of chlorobenzene. NOBF4 was then added

at 100mol% concentration with respect to spiro-OMeTAD. The surfactant

sodium dodecyl sulphate (SDS) was dissolved at 3mg/ml in water. The solu-

tions were added 2.83:10 (HTM solution:surfactant solution) by volume and

stirred until well mixed, placed in an ice bath, and an ultrasonic probe used

to form the mini-emulsion. The vial containing the emulsion was raised to

70◦C inside an aluminium sheath to ensure uniform heating whilst stirring

for 3 hours, after which the chloroform had evaporated. The nanoparticles

were removed after centrifuging the mixture at 7000 RPM overnight and were

re-dispersed in isopropanol.
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PCBM nanoparticles : [60]PCBM was dissolved in chloroform at 5mg/ml.

This was n-type doped using the reducing agent 1,3-Dimethyl-2-phenyl-2,3-

dihydro-1H -benzo-imidazole (DMBI) at 100mol% concentration with respect

to the PCBM. [65] DMBI is sensitive to water, and was added to the PCBM

solution under a nitrogen atmosphere. A solution of SDS was prepared as

for p-type spiro-OMeTAD and subsequent synthesis steps were carried out

as described above.

4.1.2 Device fabrication

DSSC fabrication followed the standard protocol up to electrode evaporation

(sec. 2.1). The doped nanoparticles were spin coated from IPA dispersions

at 1500RPM for 45s, then heated at 120◦C for 10 minutes to drive off any

remaining solvent. It is noted that the glass transition temperature of spiro-

OMeTAD is 125◦C, so this heating step may also help to bond the p-spiro-

OMeTAD nanoparticles into a more robust structure. [61] In the case that

further nanoparticle layers were to be deposited, the substrates were left to

cool to room temperature before subsequent coating. After all interlayers

were complete, silver electrodes were evaporated in the usual way.

For testing n-PCBM nanoparticles as electron extraction layers, the inter-

layer was deposited as above onto an FTO-glass substrate, with the intention

that a polymer blend BHJ could be deposited on top as discussed in the next

section.
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4.2 Results and discussion

One issue encountered in synthesizing the nanoparticles as above was the

difficulty in separating spiro-OMeTAD nanoparticles from the aqueous sur-

factant solution. The density of spiro-OMeTAD has been measured as 1.02±

0.03g/cm3 — almost the same as water. [46] After centrifuging for 18 hours

the supernatant (that is, the liquid remaining above the solid material forced

to the end of the centrifuge tubes) was still visibly dark red in colour, indicat-

ing the presence of doped spiro-OMeTAD. In an effort to increase the yield,

water miscible solvents such as methanol and isopropanol were added just

prior to centrifuging to lower the overall density of the carrier liquid. Un-

fortunately each attempt was unsuccessful — the presence of the additional

solvents during centrifuging resulted in the nanoparticle material turning a

green-grey colour. The nature of this change in colour and the process caus-

ing it has not been investigated but is perhaps indicative of the breakdown of

spiro-OMeTAD molecules. Dispersions of PCBM did not share this problem

as its higher density (1.5g/cm3, [66]) allowed effective separation.

Initial experiments to incorporate doped layers of spiro-OMeTAD into

DSSCs have shown promising results. Device performance characteristics

are shown in figure 4.3. Figure 4.4 compares the current density-voltage

plots for devices with a p-spiro-OMeTAD nanoparticle layer and the con-

trols averaged over all devices. Mean values for short-circuit current are over

1mAcm−2 higher, resulting in higher efficiencies overall, though a voltage

drop of around 350mV is seen on average and fill factors are lower. The fact

that devices with the interfacial layer have lower shunt resistance appears to
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suggest that although hole extraction may have been improved, the interface

is not highly selective in the charge it lets through. Given the assumed band

structure should prevent electrons being extracted at the cathode (see fig-

ure 4.1), this is suggestive of either there being a morphological or fabrication

issue with the interface, or the band structure differing from expectation — it

is postulated that migration of dopant ions, either from the p-type nanopar-

ticles to the bulk spiro-OMeTAD or the additives from the bulk migrating

to the nanoparticles, may account for any unexpected electronic properties

at the junction causing the increased dark currents observed. Also shown in

figure 4.3 are results for DSSCs with n-PCBM between the bulk HTM and

silver, to see if the doping level was sufficiently high to allow electrons in

the fullerene LUMO to recombine directly with holes in the spiro-OMeTAD

HOMO. The cells performed slightly worse than the controls, though there

is a chance that this might have been better had a lower work function metal

such as aluminium been used as the electrode in place of silver to improve

electron injection into the n-PCBM from the external circuit.

In addition to standard devices, diodes were made to investigate the spiro-

OMeTAD/nanoparticle/silver junction. Using the protocol outlined in chap-

ter 3 mesoporous Al2O3 was coated onto FTO glass substrates to allow coat-

ing with spiro-OMeTAD. The doped nanoparticles and silver electrodes were

deposited as above, and current density-voltage measurements were made on

completed diodes under no illumination (figure 4.5). Current densities are

higher for bulk spiro-OMeTAD/p-type spiro-OMeTAD nanoparticle/silver

junctions below 1V (black triangles) than bulk spiro-OMeTAD/silver junc-

tions, showing that hole collection is more efficient in the normal device
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Figure 4.3: Performance parameters of DSSCs with spiro-OMeTAD and
PCBM nanoparticle interfacial layers added between bulk spiro-OMeTAD
and silver contacts. Extracted from current voltage measurements under
simulated solar illumination. Box plots showing outlier, upper and lower
quartile and median values for short circuit current density JSC , open circuit
voltage VOC , power conversion efficiency PCE and fill factor FF. Mean values
indicated by black squares. Data set includes 4 devices of each type.
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Figure 4.4: Averaged current density-voltage plots for DSSCs with (red tri-
angles) and without (black squares) p-spiro-OMeTAD interfacial layer, ex-
tracted under simulated AM1.5 illumination (solid symbols) and in the dark
(open symbols). Data set includes 4 devices of each type.

operating regime.

As an aside an n-p junction in the form of a layer of doped spiro-OMeTAD

nanoparticles followed by PCBM nanoparticles was cast on top of standard

DSSCs utilising D102 dye to see if they too would improve charge extraction

— a junction of this type would have potential for use as a recombination

interconnect in tandem devices. They did not compare favourably to the

control devices as can be seen in figure 4.6 with significant reductions in

open circuit voltage, fill factor and efficiency.

UV-IR absorption spectra for films of nanoparticles on glass are shown in

figures 4.7 and 4.8. The films are strongly scattering, indicated by the slow

tail off in absorbance with increasing wavelength. This masks the character-

istic peaks that indicate doping that appear at around 500nm and 700nm in

the case of oxidised spiro-OMeTAD, and at 1000-1200nm in C60 derivatives
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Figure 4.5: Averaged current density-voltage characteristics of doped
nanoparticle diodes in the dark: nanoparticle layers/bilayers deposited on
a film of spiro-OMeTAD on FTO with an Al2O3 scaffold as described in the
text. Data set includes 10 measurements on bulk spiro-OMeTAD diodes, and
11 measurements on each of the other diodes measured.

such as PCBM. [28,67]

When re-dispersing the nanoparticles in isopropanol, a rinsing step (i.e.

centrifuging the dispersion in isopropanol and re-dispersing a second time)

was deliberately not included to remove residual surfactant in the hope that

its presence would decrease nanoparticle solubility in organic solvents as re-

ported by Snaith et al. [68] Unfortunately this was not the case, and films

of PCBM nanoparticles would dissolve instantly in chlorobenzene. In order

to test the suitability of such a film for use as an electron extraction layer

in a P3HT:PCBM bulk heterojunction solar cell (the photoactive material

being processed from chlorobenzene), a protective layer of appropriate elec-

tronic properties was needed to stop the nanoparticles being washed away

during active layer deposition. A 50nm layer of TiO2 was used to achieve
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Figure 4.6: Performance of D102-sensitized DSSCs with p-spiro-OMeTAD/
n-PCBM diode coated on top as described in the text, extracted from current
voltage measurements under simulated solar illumination. Box plots showing
maximum, minimum, upper and lower quartile and median values for short
circuit current density JSC , open circuit voltage VOC , power conversion effi-
ciency PCE and fill factor FF. Mean values indicated by black squares. Data
set includes 4 devices of each type.
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4.2 Doped organic semiconductor nanoparticle dispersions

Figure 4.7: Spiro-OMeTAD nanoparticle absorption spectrum.

(a) (b)

Figure 4.8: PCBM nanoparticle dispersion absorption spectra. 4.8a)
nanoparticles coated on glass. 4.8b nanoparticles on glass (red line), coated
with a layer of TiO2 (blue line) and coated with TiO2 followed by neat
chlorobenzene (purple line).
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4.2 Doped organic semiconductor nanoparticle dispersions

this — a titania sol was created by mixing titanium isopropoxide, ethanol

and hydrochloric acid as fully described in chapter 5, and was spin coated at

1500RPM for 45s and annealed at 150◦C for 10 minutes.

Figure 4.8 shows the spectra of the same film of PCBM nanoparticles

on glass covered with protective TiO2 both before and after spin coating

neat chlorobenzene on top (blue and purple lines respectively). The data are

virtually indistinguishable, indicating that chlorobenzene cannot permeate

the TiO2 and remove material from the nanoparticle layer. P3HT:PCBM

bulk heterojunction devices were fabricated on top of such doped PCBM

nanoparticle/TiO2 bilayers on FTO electrodes, and on top of TiO2 only (pro-

cessed in the same way) on FTO. Sadly these results were poor, as demon-

strated by the example current density-voltage curves shown in figure 4.9.

The low currents and poor rectification, coupled with little change to open

circuit voltage are symptomatic of a very large series resistance being present,

most likely due to the n-PCBM/TiO2 bilayer being highly resistive and/or its

components making poor electronic contact to each other. This might arise

if the n-doping of the PCBM (band gap 2.5eV, [69]) was too low, such that

Fermi level alignment when in contact with TiO2 (band gap 3.25eV, [70])

caused its LUMO level to lie higher in energy than the conduction band of

the TiO2. It is noted that no characteristic peak in the absorption spectra for

supposedly doped PCBM is seen, though whether it is present and masked

by scattering effects is unclear.

SEM images were taken to examine the morphology of films of nanoparti-

cles spin cast on glass (figures 4.10 and 4.11). Again, films of both nanopar-

ticle types are discontinuous as coated, and as with the TMDCs it is possible
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4.2 Doped organic semiconductor nanoparticle dispersions

Figure 4.9: Example current density-voltage characteristics extracted under
simulated AM 1.5 illumination for P3HT:PCBM BHJ solar cells with and
without a PCBM nanoparticle interfacial layer between FTO anode and TiO2

hole blocking layer.

that the full benefits of the interfacial layers is being lost thanks to incomplete

coverage of the area over which charge is being extracted.

Attempts were made to determine the conductivity of doped nanoparti-

cles cast on glass using the four terminal technique described in chapter 2,

though unfortunately the discontinuity of the films made the measurement

impossible.

After casting and heating, p-doped spiro-OMeTAD forms a mesoporous

network of nanoparticles with dimensions on the order of 100nm. In con-

trast, n-PCBM structures appear less porous and are formed of nanoparticles

around 50nm in diameter. Other, larger structures are also seen.
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4.2 Doped organic semiconductor nanoparticle dispersions

(a)

(b)

Figure 4.10: SEM images of doped spiro-OMeTAD nanoparticle film de-
posited by spin coating as described in the text.
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4.2 Doped organic semiconductor nanoparticle dispersions

(a)

(b)

Figure 4.11: SEM images of doped PCBM nanoparticle film deposited by
spin coating as described in the text.
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4.3 Doped organic semiconductor nanoparticle dispersions

4.3 Conclusion

Again electronic modification of the spiro-OMeTAD/silver junction has led to

improved device performance. By adding a thin layer of heavily p-type doped

hole transporter at the interface, devices produce higher currents and thus

efficiencies. Critically, though this architecture is well known for inorganic

photovoltaic technologies, implementation in DSSCs required the relatively

novel technique of synthesizing of nanoparticle dispersions to allow the use of

orthogonal solvents, which has been successfully demonstrated here. Deposi-

tion of such interlayers requires optimisation to get continuous and uniform

film formation, and it is hoped that this may solve issues with decreased

shunt resistance seen in devices and allow further improvement to efficiency

to be made.

To the same end n-type doped PCBM dispersions were synthesized for use

as electron extraction layers in polymer blend BHJ cells, though processing

issues meant their success was limited. Presence of residual surfactant did

not make films solvent resistant, and doping levels were not sufficient to allow

TiO2 to be used as an intermediate protection layer and maintain good elec-

tron extraction properties. Further investigation into appropriate reducing

agents and protective interlayers would be necessary to achieve functioning

electron extraction layers of this format.
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Chapter 5

Tandem devices

Whilst there has been significant research into creating tandem liquid elec-

trolyte dye-sensitized solar cells, mainly focussed on creating p-type photoan-

odes, comparatively little work has been done on their solid-state counter-

parts. [71,72] This is due in part to the inability to process multiple sub-cells

on top of one another as outlined in chapter 1. Following the successful

demonstration of the novel charge extraction interfaces reported in chapters

3 and 4, they were assessed for their suitability as series interconnect com-

ponents for use in hybrid tandem devices using solid-state DSSC and BHJ

sub-cells, and compared against a well-known recombination layer format

from literature.

5.1 Sub-cells

In our device configuration, sunlight enters through the FTO-coated glass

substrate. Since a low band gap absorber can absorb the high energy pho-
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5.1 Tandem devices

tons (resulting in a portion of their kinetic energy being lost through ther-

malisation as the excited electrons relax to the absorber’s LUMO level), it is

important that light reaches the high band gap absorber in a tandem solar

cell first. Thus the first sub-cell (the DSSC in this case) can filter out photons

with energies higher than its band gap. Devices sensitized with the dye D102

as used throughout the preceding experiments absorb strongly over a large

segment of the solar spectrum, with a broad peak in absorbance roughly cen-

tred around 500nm. A more appropriate indoline dye for use in the sub cell is

D131 which has stronger absorption towards the blue, i.e. higher energy end

of the visible spectrum and weaker absorption in the red. Absorbance spec-

tra for DSSCs using D102 and D131 are shown in figure 5.1 for comparison

(the cells have no silver electrodes, but are otherwise complete). Also shown

are the spectra for both P3HT:[60]PCBM and PCPDTBT:[70]PCBM bulk

heterojunctions (in this case only showing absorbance of the active layer, not

a complete device). The low band gap photoactive polymer PCPDTBT is

a good candidate for efficient BHJ solar cells and has achieved good power

conversion efficiency when used with the C70 form of PCBM as an electron

acceptor. [39, 73] It absorbs out into the near infrared, with little spectral

overlap with a D131 DSSC, thus these two systems were chosen for tandem

devices.
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5.2 Tandem devices

(a) (b)

Figure 5.1: DSSC and BHJ absorption spectra comparison. 5.1a) DSSC
devices without silver electrodes using the indoline dyes D102 and D131
(referenced to air), fabricated as described in section 2.1 (D131 sensitiza-
tion followed same protocol as D102). 5.1b) Spectra of polymers P3HT and
PCPDTBT each blended with PCBM according to section 2.1 coated on
glass (referenced to similar glass substrate).

5.2 Recombination interfaces

As previously mentioned, the key qualities a series interconnect must pos-

sess are ohmic contacts with each sub-cell, an appropriate electronic envi-

ronment for electrons from one sub-cell to recombine with holes from the

other, and high optical transmission over the spectral range in which the

rear sub-cell is active. In the field of tandem organic photovoltaics a num-

ber of different approaches have been reported including using thin layers of

metal, transparent conductive oxides, carbon nanotubes and other organic

and inorganic semiconductors, and various combinations thereof. [30, 74–77]

Many require deposition under vacuum (e.g. thermal evaporation or sput-

ter coating) though there are some that can be processed from solution, for

example bi-layers consisting of either TiO2 or ZnO as the electron collec-

tion component and PEDOT:PSS for hole collection — for these particular
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5.2 Tandem devices

Figure 5.2: Illustrative energy bands for a generic tandem DSSC, showing
two absorber materials, the high band gap sub-cell hole transporter (p),
the low band gap sub-cell electron transporter (n), the series interconnect
and the positions of the quasi Fermi levels (EF). A tunnel junction across
which electrons and holes can recombine forms the interconnect — this may
consist of a heavily p-type doped hole transporter/heavily n-type electron
transporter interface as shown above, or use alternative materials such that
the band profile for electrons and holes is similar. For a current matched
device, the open circuit voltage is equal to the sum of those for the sub-cells.
Horizontal axis represents distance.

74



5.2 Tandem devices

examples the interlayer is thought to behave as a metallic contact to each

sub-cell. [78] Having shown in chapter 3 that TMDC layers are effective hole

extraction layers, they were compared against PEDOT:PSS in bi-layers with

TiO2. Tandem solar cells were made in the following format: DSSC sub-

cell/TMDC interlayer/TiO2/BHJ sub-cell.

Conversely, traditional inorganic photovoltaics generally achieve a good

recombination layer through the use of a highly doped p-n junction as shown

in figure 5.2. [79] The hope was that the doped nanoparticle dispersions

investigated in chapter 4 could be used to make such a junction, with a p-

spiro-OMeTAD/n-PCBM bi-layer between DSSC and BHJ sub-cells, offering

a new kind of interconnect in the context of organic photovoltaics. Unfor-

tunately as reported previously it was not possible to protect the coated

nanoparticles from the solvents from which the BHJ material is cast whilst

maintaining functioning devices. Instead a structure similar to that for the

TMDC interconnects was used: heavily doped p-spiro-OMeTAD nanoparti-

cles would coat a DSSC sub-cell, followed by a layer of TiO2 and a BHJ rear

sub-cell.

It is noted that although both films of TMDC and of cast spiro-OMeTAD

and PCBM doped nanoparticles absorb in the visible spectrum, they do so

weakly, and mostly towards the high energy region, peaking below 500nm (as

recapped in figure 5.3). As the recombination layer need only let lower energy

photons through to the rear sub-cell, both the TMDCs and nanoparticles

should be optically satisfactory for use as tandem interconnects. The possible

shortcomings of TMDC and doped nanoparticles in terms of film formation

have also been discussed, but for the purposes of use in a series interconnect a
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5.2 Tandem devices

Figure 5.3: Summary of TMDC and doped nanoparticle absorbance charac-
teristics reported in chapters 3 and 4.

discontinuous layer should be sufficient to provide ample recombination sites

(there should be little direct transfer of electrons from the TiO2 interlayer

component to the bulk spiro-OMeTAD, and little transfer of holes in the

opposite direction). [80] It is however important that the TiO2 component is

continuous — if there are gaps in the layer both the photoactive polymer and

the electron acceptor phases could contact the bulk spiro-OMeTAD and it

is possible unwanted charge transfer between the various components could

occur.

If the current produced by the DSSC and BHJ in isolation is not simi-

lar, when connected in a series tandem configuration the excess electrons and

holes from the high current sub-cell will build up in the interconnect/electrode

material at the interface with the low-current sub-cell. This reduces the elec-

tric field and thus voltage across the high-current sub-cell which in turn

reduces the extracted current. The opposite happens in the low-current sub-
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cell until the current through each cell is matched. [81] To maximise the

current output for a given pair of sub-cells it is desirable that they produce

similar currents in isolation. The current density J and voltage V (J) of

the tandem device and sub-cells 1 and 2 under operation are governed by

equations 5.1 and 5.2 respectively:

Jtandem = J1 = J2, (5.1)

Vtandem(Jtandem) = V1(J1) + V2(J2), (5.2)

when equation 5.1 is satisfied. [81] Therefore at open circuit (Jtandem = 0)

the voltage across the tandem device is equal to the sum of the open circuit

voltages of the sub-cells in isolation.

5.3 Experimental details

DSSC preparation follows section 2.1, with the exception that the indoline

dye D131 was used (dissolved in acetonitrile:tert-butanol mix, 1:1 by volume,

at 0.1mg/ml) and that the substrates coated with mesoporous TiO2 were

only placed in a dye bath for 5 minutes as explained below. A portion of

completed DSSCs were set aside for silver electrode deposition to act as sub-

cell controls. Similarly, PCPDTBT:[70]PCBM control cells were prepared

according to section 2.1.

The series interconnects were processed directly onto D131 DSSCs with-

out silver electrodes. Firstly the hole collecting component was coated; either

PEDOT:PSS (Clevios) spin coated at 2000RPM for 45s then dried at 140◦C
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for 10 minutes, or a layer of TMDC or doped organic nanoparticles deposited

as described in chapters 3 and 4 respectively. Following the chosen hole col-

lecting layer, a compact layer of TiO2 to collect electrons from the BHJ

sub-cell was added. Titatium isopropoxide was added to anhydrous ethanol

(both Sigma Aldrich) under vigorous stirring in a ratio of 1:6.86 by volume.

To this an equal volume of 28mM hydrochloric acid in ethanol was added

drop-wise, and the resulting TiO2 nanoparticle sol was passed through a

22µm filter. This was spin coated on top of the hole collecting component at

1500RPM for 45s, and heated to 150◦C to dry the film. The creation of TiO2

films in this way has been used as an alternative to the spray pyrolysis route

for use as the hole blocking compact layer in single junction DSSCs with very

similar device performance, so there was every hope that this should work

well for tandem interlayers as well. [82]

PCPDTBT:[70]PCBM devices were processed on top of the interlayers

and silver electrodes evaporated using the standard protocol. In section 2.1

stress is given to the practice of removing FTO from glass directly beneath the

point at which connection pins from external testing apparatus contact the

silver cathode to reduce the potential for short circuits. By the same token,

care must be taken when testing tandem devices that these pins are not

able to pierce through the BHJ sub-cell and contact the interlayer or DSSC

component. Before the evaporation of electrodes, all material lying above

the regions where FTO had been etched away was removed mechanically,

attempting to leave a little overlap for each successive layer (see figure 5.4).
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5.4 Tandem devices

Figure 5.4: Tandem cell cross section schematic showing removal of material
below cathode to avoid shorting paths should the contact pin pierce through
the silver (not to scale). Light enters the device through the glass side.

5.4 Results and discussion

Tandem solar cells employing D131 solid-state DSSC front and PCPDTBT:

[70]PCBM bulk heterojunction rear sub-cells with several different series in-

terconnects were fabricated. Figure 5.5 shows current density-voltage char-

acteristics averaged over all samples for the sub-cells in isolation and for

tandem devices using one of the more common interlayers described in lit-

erature, namely hole collecting PEDOT:PSS followed by TiO2 to provide a

benchmark against which to compare the new materials. The bulk hetero-

junction cells for testing in isolation were processed in an identical way to

those included in tandem devices, but on top of a substrate of FTO coated

glass and spray coated compact TiO2. All DSSC components were only dyed

for 5 minutes to sensitize a smaller fraction of the TiO2 than usual. This re-

duced the current output to match it roughly to that of the PCPDTBT:[70]
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5.4 Tandem devices

Figure 5.5: Averaged current density-voltage curves for tandem cells using
PEDOT:PSS/TiO2 interconnect (black circles) and for D131 DSSC (dark
grey squares) and PCPDTBT BHJ (light grey triangles) sub-cells. Curves
extracted under simulated AM 1.5 solar illumination (solid symbols) and in
the dark (open symbols). Data set includes 6 polymer BHJ control cells, and
8 devices of each other type.

PCBM sub-cells. Figure 5.5 shows that the currents are similar on average

at short-circuit.

Whilst it was not expected that tandem devices should outperform sin-

gle junction solar cells in terms of efficiency on the first attempt, a working

interconnect should yield higher open-circuit voltage than either sub-cell in

isolation. The fact that tandem VOC is on average lower than for either sub-

cell raises questions as to the functionality of the recombination layer. It is

also worrying that the current density at short circuit is significantly lower

than corresponding values for the sub-cells. Similarly, comparison to devices

in which PEDOT:PSS is replaced with doped spiro-OMeTAD nanoparticles

(figure 5.6) shows the same issues (box plots of VOC for these two tandem
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Figure 5.6: Averaged current density-voltage curves for tandem cells
using PEDOT:PSS/TiO2 (black circles) and doped spiro-OMeTAD
nanoparticle/TiO2 interconnects (red triangles). Curves extracted under
simulated AM 1.5 solar illumination (solid symbols) and in the dark (open
symbols). Data set includes 8 devices of each type.
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Figure 5.7: Open-circuit voltages of tandem solar cells employing
PEDOT:PSS/TiO2 and doped spiro-OMeTAD nanoparticle/TiO2 intercon-
nects, and of their sub-cells extracted under AM1.5 simulated solar illumina-
tion. Box plots show median, upper and lower quartile, and maximum and
minimum values. Black squares indicate mean value. Data set includes 6
BHJ control cells, and 8 devices of each other type.

architectures and their sub-cells can be found in figure 5.7). The dark cur-

rents for the tandem devices have a lower magnitude than the BHJ controls,

which at least indicates that the overriding problem is not one of shorting

directly between the electrodes. Preliminary data also suggested the same

problem with TMDC components.

One possibility is that the VB/HOMO in the hole extraction layer and

the CB for the TiO2 interlayer component simply lie too far apart in energy,

preventing charge carriers tunnelling across the interface and recombining —

the absence of voltage addition in tandem devices implies space charge build

up on either side of the recombination junction. [83]. However, given that

PEDOT:PSS/TiO2 interlayers have been successfully demonstrated by others

for all-polymer BHJ tandem devices (for example, [78, 84]), it is somewhat
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surprising that results should be so poor when used with a DSSC sub-cell.

Following Hadipour et al. analysis of the individual sub-cell current re-

sponses can provide the current-voltage curve of the tandem device in the

case of a perfect interlayer and no charge build-up. [81] Using equations 5.1

and 5.2, the voltage for each sub-cell at a number of different currents can

be extracted (figure 5.8, blue lines) — the sum of the voltages gives the bias

that needs to be applied to the ideal tandem cell to generate the chosen cur-

rent. Before this can be done, the response of the BHJ control devices must

be adjusted to account for the part of the solar spectrum filtered out by the

D131 top cell. The modified photocurrent (the measured current response

under illumination minus the response in the dark) was calculated using the

adjusted radiation spectrum that would reach the PCPDTBT:PCBM sub-

cell and added to the previously measured dark current to obtain the curve

shown in figure 5.8. The current density-voltage characteristics for a tan-

dem D131 DSSC and PCPDTBT:[70]PCBM cell with a perfect interlayer is

shown around open circuit in figure 5.9, and reinforces the assumption that

the interconnect is to blame for poor performance (unfortunately this curve

cannot be extended to short circuit as control device data was not collected

in reverse bias).

To ascertain whether the problem was due to the fabrication process as

opposed to the material components, SEM images were taken at various

stages of tandem cell fabrication to observe the morphology of the succes-

sive layers making up the interconnect as they are deposited. Figure 5.10a

shows the DSSC sub-cells spiro-OMeTAD surface before any interlayer pro-

cessing has been undertaken. Droplet-like structures up to several millime-
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Figure 5.8: Modelling ideal tandem cell performance using averaged sub-cell
characteristics. For a given current (blue dashed lines) the applied bias to
each sub-cell is added together to give the voltage required to generate the
same current in a tandem device with a perfect interconnect. The corrected
curve for the BHJ sub-cell was obtained by factoring in the effect of light
filtered by the D131 sub-cell as described in the text. Data set includes 8
DSSC control cells and 6 polymer BHJ cells.
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Figure 5.9: Simulated current density-voltage curve at open circuit for tan-
dem devices with perfect interconnects, calculated from the averaged re-
sponses of individual sub-cells in isolation (subject to appropriate light fil-
tering corrections as discussed in the text) shown in figure 5.8. Comparison
to actual fabricated tandem devices is shown (data set includes 8 tandem
devices for each interlayer).

tres in length are clearly seen, caused by the hole transporter solution de-

wetting to some extent during casting. The root of this problem is as yet

unknown and only appears in certain batches of spiro-OMeTAD material,

but has little effect on device performance for single junction DSSCs. Fol-

lowing spray deposition of PEDOT:PSS, the undulations can still be seen

(figure 5.10b). It is after the deposition of TiO2 nanoparticles that the ef-

fect of the “droplets” of spiro becomes clear. Figure 5.11 shows a nominally

complete PEDOT:PSS/TiO2 interconnect at a range of magnifications. The

TiO2 film quality is mostly good (though appears to be porous) where the

underlying spiro-OMeTAD film is flat, but significant cracks can be seen in

many sites above the locations of hole transporter “droplets”. When the

solution of polymer blend is cast, it is therefore able to contact the surface
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of the PEDOT:PSS directly through the cracks, and potentially through

the pores in the film. PEDOT:PSS (and quite possibly p-spiro-OMeTAD

nanoparticles and WS2/MoS2) can effectively extract holes from PCPDTBT

as well as spiro-OMeTAD. [39] If the photoactive polymer is also permitted

to contact the PEDOT:PSS, holes from both sub-cells may accumulate at

the interconnect, to the detriment of device current density and open-circuit

voltage.
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(a)

(b)

Figure 5.10: SEM image of spiro-OMeTAD surface of DSSC sub-cell be-
fore interconnect deposition (5.10a), and of PEDOT:PSS on DSSC sub-cell
deposited via aerosol spray (5.10b).
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(a)

(b)

(c)

Figure 5.11: SEM images of TiO2 nanoparticle film deposited by spin casting
on top of PEDOT:PSS-coated DSSC sub-cell as described in the text.
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5.5 Conclusion

To summarise, tandem devices have been made via an entirely solution-

processed route, utilising a DSSC front sub-cell to capture higher energy pho-

tons and a low band gap polymer bulk heterojunction sub-cell to harvest ra-

diation over much of the rest of the solar spectrum. Different series intercon-

nects have been investigated, including the well-known PEDOT:PSS/TiO2

architecture, and those using the novel transition metal dichalcogenide or

doped organic semiconductor nanoparticle hole extraction layers reported in

earlier chapters in conjunction with the same TiO2 sol component. Though

these cells did function, in that they showed rectification and some photocur-

rent generation, their performance was poor. Most importantly the open cir-

cuit voltage of devices utilising any of the aforementioned interconnects was

less than that of either of the sub-cells in isolation. Knowing that the key

components function well by themselves suggests that the issue may be one

of fabrication. Scanning electron microscopy seems to indicate that surface

roughness in the DSSC hole transporter film may be to blame. It is possible

that more success would be had if an alternative hole transporter material

with better film forming properties on dyed TiO2 and low absorbance over

the solar spectrum could be found. It is worth noting that previous reports

on OPV tandem devices have been processed on ITO coated glass, which has

a lower surface roughness than glass coated with FTO — this may be more

important in tandem solid state-DSSCs than single junction devices, given

that their architecture requires the use of multiple thin layer components.
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Chapter 6

Large area hole transporter

deposition in mini-modules

This chapter takes a departure from series interconnects designed for tandem

DSSCs of the format described thus far to look at modular DSSC designs for

large area processing. In it the viability of large area processing for solid-

state dye-sensitized solar cells is demonstrated for the first time by fabricating

‘mini-modules’ comprising two 4cm2 photoactive regions connected in series,

using the technique of doctor blade coating to deposit the hole-transporter

material. For the optimised protocol only 25% of the power conversion ef-

ficiency is lost when compared to standard test devices which have only

0.12cm2 active area. By estimating pore-filling fractions using reflectance

spectroscopy, it is shown that device performance is linked to changes in the

volume of the mesoporous TiO2 photoanode infiltrated with hole-transporter

as deposition temperature is varied.

Part of what makes organic photovoltaic technologies attractive is the
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fact that typically components may be processed from solution, making them

compatible with high through-put manufacturing techniques. [85–87] With

an aim for the commercialisation of these technologies it is important to

prove that their fabrication can be scaled up to the device sizes required for

practical power generation. Most DSSC components are already processed

using scalable methods, with the exception of hole transport/dye regener-

ation media. Electrolyte DSSCs are intrinsically not ideal for large area

manufacturing — although they can boast higher power conversion efficien-

cies than their solid-state counterparts, they require that both the sensitized

photoanode and the cathode be assembled and sealed before filling with an

electrolyte. This combined with the very careful sealing required to prevent

the corrosive liquid leaking during long term operation makes scaling up more

involved and challenging than the simple process of coating each component

monolithically in a solid-state DSSC. Presently, the laboratory-scale method

for depositing the hole-transporter is via spin coating from solution. [43] Be-

cause this method requires the substrate to be rotated at high speeds, it

is impractical for use when scaling-up production from small test devices

(typically 1 to 2cm2 [88]) to production size modules on the order of m2.

One possible solution is to use the technique of doctor-blade coating (or

doctor-blading). This has the additional benefits over spin-coating of produc-

ing films of more uniform thickness and the potential for reduced wastage of

coating solution. [85] For this specific purpose, the process involves deposit-

ing a solution containing the hole transporting material onto the sensitized

photoanode and coating it across the top of the porous film by moving a

bar or blade (held at a defined height above the substrate) across the active
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area. As the bar moves, it pushes a “reservoir” of hole-transporter solution

over the photoanode. The solution wets the mesopores below the reservoir

through capillary action, and a thin wet film of order 10µm thick is left

in the wake of the blade. Upon subsequent solvent evaporation, the hole-

transporter concentrates into the pores until the top of the film solidifies (i.e.

forms a skin), and no more hole-transporter is available from the reservoir to

fill the pores. Further solvent evaporation from within the porous film will

leave voids, and a porous dye-sensitized electrode partially filled with hole-

transporter. [42–45] From previous studies on spin-coating it is apparent that

the hole-transporter approximately uniformly fills the pores from the top of

the film to the bottom, but not completely. [42, 44] The ratio of the volume

of hole transporter occupying the pores after the carrier solvent has evapo-

rated to the total volume of the porous network is defined as the pore-filling

fraction (PFF). Typically for spin-coating, pore-filling fractions of between

60% and 80% can be readily achieved for spiro-OMeTAD. [43,46] The blade

height influences the thickness of hole-transporter left above the photoanode

for a given coating solution viscosity, but notably a meniscus behind the bar

will ensure that the as-coated wet-film is less thick than the blade height.

This has been successfully demonstrated for solid-state DSSCs on small test

devices measuring 1.5cm×2cm by Ding et al. [89] Here, this work is extended

to process larger area mini-modules, and vary coating temperature to assess

its influence on mesopore infiltration with the hole-conductor and module

performance. Schematics illustrating the structure of the modules and the

process of doctor-blade coating are shown in figure 6.1.
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Figure 6.1: a) Schematic showing the cross section of a mini-module. The
spiro-OMeTAD capping layer is defined as the material between the top of the
mesoporous metal oxides and the bottom of the silver cathode. Al2O3 was
added to block possible shorting paths between the silver and TiO2. Other
components in the solar cell are labelled. b) Diagram to illustrate the process
of doctor-blading. Spiro-OMeTAD solution is deposited onto the prepared
photoanode just in front of a bar or blade. The bar is pushed across the rest
of the mesoporous structure held at a defined height by supports either side
of the substrate (from right to left in figure above). A reservoir of solution
ahead of the bar provides material to wet and fill the mesopores, with the
bar leaving a smooth film in its wake.
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6.1 Experimental details

Device fabrication: Device manufacture differed from the standard proto-

col (see section 2.1) in the following ways. The FTO-coated glass used had

a sheet resistance of 15Ω/� (Pilkington) upon which the compact layer of

TiO2 was deposited by aerosol spray pyrolysis of titanium diisopropoxide

bis(acetylacetonate) at the higher temperature of 500◦C, using air as the

carrier gas. The deposition of the TiO2 mesostructure and subsequent treat-

ment with TiCl4 was carried out as normal, but before the second heating

step to 500◦C a home-made Al2O3 paste (nanoparticles from Alfa Aesar) was

doctor bladed onto each substrate. After sensitizing with D102 and rinsing

with acetonitrile the photoanodes were heated to the relevant temperature,

before the spiro-OMeTAD solution was deposited as described above. The

bar used for doctor blading was held at 50µm above the substrate during

deposition by scotch tape spacers.

Device characterization: During current-voltage measurements, the length

of the active area was defined by black tape acting as an optical mask, but

the width of each cell was defined by the overlap of the fluorine-doped tin

oxide and silver electrodes. It is noted that this is expected to introduce a

slight overestimation in the photocurrent due to edge effects, though by con-

siderably less in this large cell configuration than the 14% increase reported

for small area (0.12cm2) solid-state DSSCs. [40] Characterization also defined

the maximum size of the modules — the solar simulator used only provides

reasonably uniform illumination over a square area just over 5cm × 5cm in

area, thus the longest module dimension was limited to 5cm.
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6.2 Large area hole transporter deposition in mini-modules

Pore-filling substrate preparation: Mesoporous TiO2 films were prepared

on bare glass in the same way as described in section 2.1, TiCl4 was applied,

but no additional Al2O3 layer. No dye was applied after the second baking

step. Spiro-OMeTAD was deposited as described above at various substrate

temperatures.

6.2 Results and discussion

Since the sheet resistance of the fluorine-doped tin oxide anodes on which the

devices were made was high (15Ω/�), resistive losses limited the width of the

active area to approximately 1cm, for up to 20mAcm−2 photocurrent. This

poses a problem when making large area devices, but can be circumvented by

connecting multiple thin active strips in series in a modular format to reduce

current density whilst boosting voltage, as is standard practice for other

technologies. [90,91] In order to test doctor blading as a means to deposit hole

transporter materials on a better approximation to a full scale commercial

device, DSSC mini-modules comprising two active strips 0.8cm×5.0cm were

fabricated.

Figure 6.1a shows the structure of each module. The TiO2 photoanode

in this case was sensitized with the indoline dye D102, which typically is

found to give a power conversion efficiency of around 3.5% using the stan-

dard fabrication protocol (for example see [46]), with the hole transporter

spiro-OMeTAD. Each active strip has the same area in order that they gener-

ate equal currents — when multiple cells are connected in series conservation

of charge dictates that overall performance will be limited by the cell gener-
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6.2 Large area hole transporter deposition in mini-modules

ating the least current. To prevent possible shorting paths arising between

the TiO2 and the evaporated silver cathodes, a 500nm layer of insulating

mesoporous Al2O3 was added as a buffer layer on top of the standard TiO2

anodes. [16]

To optimize the pore-filling fraction, attempts were made to alter the

wettability and drying rate of the spiro-OMeTAD solution by heating the

substrates prior to and during the doctor-blading process. Figure 6.2 shows

the mini-module performance parameters extracted from current voltage

measurements under simulated AM 1.5 100mWcm−2 solar illumination as

a function of coating temperature.

A clear trend in performance with changing deposition temperature is

observed. Power conversion efficiency and short-circuit current density both

peak with values of 2.6% and 3.8mAcm−2 respectively when the substrate

is coated at 70◦C. All parameters get worse above this temperature. It is

hypothesized that this trend is due to competition between increasing wet-

tability of the spiro-OMeTAD solution, and increasing solvent evaporation

rate. As the temperature is increased up to 70◦C the decreasing solution

viscosity aids the surface wetting of the TiO2 and helps material flow into

the pores. Beyond 70◦C the increased solvent evaporation rate becomes the

dominant factor inhibiting the amount of hole-transporter infiltrating the

photoanode — possibly due to too large a concentration gradient being set

up within the drying spiro-OMeTAD film, causing an early onset of skin

formation. It is noted that the fill factor does not follow this trend: the

variation can be attributed to several factors, for example the thickness of

the spiro-OMeTAD capping layer (which typically varies between samples)
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6.2 Large area hole transporter deposition in mini-modules

and the added complications of having multiple active areas — whilst every

effort was made to make each sub-cell the same area, it is likely that there is

some degree of current mismatch since all alignment in the etching and cell

definition process was done by hand.

In order to investigate these hypotheses, pore-filling measurements using

absorption spectroscopy were performed on similar substrates to those used

in the devices (see experimental details, section 2.1). The method used is

described in detail elsewhere, and the relevant calculations are summarised

in chapter 1. [46] In brief, by looking at the frequency of Fresnel interference

fringes in the transmission spectra using below band-gap radiation, a wave-

length averaged effective refractive index, nav,eff , as defined by Docampo et

al. can be calculated (an example spectra is shown in figure 6.3a). [46] This is

done before and after coating the mesoporous TiO2 with spiro-OMeTAD, and

employing an effective medium approximation allows the fractional composi-

tion of TiO2, air and spiro-OMeTAD, and hence the pore-filling fraction to be

determined. In order to obtain the most accurate data, the substrates used

for the pore-filling measurements were coated on flat glass and had no dye

adsorbed on the TiO2. It has previously been verified that the presence of the

dye has surprisingly little influence upon the pore filling of spiro-OMeTAD

into the mesoporous TiO2. [46] The substrates did not include the additional

layer of mesoporous Al2O3 featured in the modules to avoid complicating the

interference patterns.

The results are shown in figure 6.3. The same trend in pore-filling with

respect to temperature is seen as with the mini-module performance parame-

ters, with filling fraction peaking at 70◦C. This supports the hypothesis that
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6.2 Large area hole transporter deposition in mini-modules

changes in pore-filling fraction are responsible for changes in device perfor-

mance. Though the absolute values are an estimate only (as the samples used

for pore filling measurements are a simplified version of the modules them-

selves), the relationship between PFF and PCE also match data reported by

Docampo et al. for small area spin-cast devices very well. The maximum

pore-filling fraction of 41% estimated here is still less than the minimum 60%

required for maximum device performance, though it is close to the thresh-

old. [46] It is likely that this sub-optimal pore filling is largely responsible for

the difference in efficiency between these mini-modules and standard small

test devices, fabricated with optimum pore-filling. Indeed it is expected that

a small lab scale device employing D102 as the sensitizer with around 40%

pore filling to only have around 2.5% PCE. [46] Hence, further optimisation

of the doctor-blade coating conditions, i.e. solvent, temperature and coating

rate, or moving to other more suitable large area deposition techniques are

likely to give very small losses in the scale-up of solid-state DSSCs.
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6.2 Large area hole transporter deposition in mini-modules

Figure 6.2: Solar cell performance parameters for 8cm2 two-cell mini-modules
as a function of substrate temperature during doctor blade deposition of
spiro-OMeTAD, measured under simulated AM 1.5 100mWcm−2 illumina-
tion at room temperature: a) open-circuit voltage (VOC); b) short-circuit
current density (JSC); c) power conversion efficiency (PCE); d) fill factor
(FF ); e) Current-voltage curves for the best performing mini-module under
illumination (black squares) and in the dark (grey triangles). It is noted that
the active area of the mini-modules was defined by the overlap of the metal
electrodes and FTO, and not by a non-transparent optical mask as would be
the ideal method. Edge effects are likely to introduce a slight overestimation
in the photocurrent, though considerably less in this large cell configuration
than the 14% increase reported for small area (0.12cm2) solid-state DSSCs,
but should still be considered when comparing absolute values. [40]
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6.2 Large area hole transporter deposition in mini-modules

Figure 6.3: a) Example transmission spectra for a sample of TiO2 before
coating with spiro-OMeTAD showing Fresnel interference fringes. b) Average
effective refractive index (nav,eff , as defined by Docampo et al. [46] and vol-
ume fraction of mesoporous TiO2 infiltrated by spiro-OMeTAD (pore-filling
fraction, PFF) as a function of substrate temperature during deposition.
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6.3 Large area hole transporter deposition in mini-modules

6.3 Conclusion

It has been successfully demonstrated that mini-modular fabrication of solid-

state dye-sensitized solar cells is possible, and has been shown that using the

simple and scalable technique of hole-transporter doctor-blading it is possible

to achieve efficiencies approaching those of the small area test devices typi-

cally constructed for research. By varying the substrate temperature during

deposition the extent to which the hole-transporter infiltrates the pores can

be tuned to achieve best performance. In the case of spiro-OMeTAD it was

found that the maximum pore-filling fraction to be 41% at a substrate de-

position temperature of 70◦C. If this can be increased to above 60% through

optimised coating or more suitable choice of solvents, it is reasonable to ex-

pect negligible losses when going from the less than 1cm2 laboratory-scale

devices to large area modules.
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Chapter 7

Conclusions

This thesis has focussed on the dual themes of enhancing the power con-

version efficiency of solid-state dye sensitized solar cell technology through

better electronic contact and increasing harvesting of solar radiation in single

devices using a hybrid tandem architecture, and on assuring the suitability

of DSSCs for large scale fabrication.

Chapters 3 and 4 describe two very different routes to improving DSSC

performance though modification of the hole transporter/cathode interface.

The altered energy band profile upon the addition of tungsten or molybde-

num disulphide layers to films of spiro-OMeTAD appears to facilitate better

hole extraction, observed in increased currents and power conversion efficien-

cies in solar cell devices. This work shows not only the effectiveness of these

materials, but also that they may be processed from solution in a manner that

is compatible with scalable production methods. Similarly, the addition of

a heavily p-type doped spiro-OMeTAD nanoparticle layer between the bulk

hole transporter and silver electrodes showed improved device performance.
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The novelty of this structure lies in the use of the mini-emulsion processing

technique to make a dispersion of doped hole transporter nanoparticles in an

orthogonal solvent. This is one solution to a recurring issue in organic elec-

tronics, namely how to process multiple components on top of one another

without damaging the layer underneath if they are soluble in the same cast-

ing solvents. However for both the TMDC and doped organic nanoparticle

interlayers, SEM imaging has shown present deposition methods are far from

optimal, with large areas of bulk hole transporter film left uncovered by the

interface modification materials. Given the positive results seen in the device

performance characteristics, it is perfectly possible that optimisation of the

coating processing method for each material could yield even more efficient

solar cells.

Despite the success in demonstrating the effectiveness of novel hole ex-

traction layers, attempts to incorporate them into series recombination in-

terconnects in tandem solar cells were ultimately unsuccessful. Solid-state

DSSC sub-cells using a dye sensitive towards the higher energy end of the

solar spectrum and bulk heterojunction sub-cells using a low band gap poly-

mer sensitive out into the infra-red were tested in isolation to confirm their

suitability for use together in a tandem device. Unfortunately all recombina-

tion interconnects tested, including those previously described in literature

fell short of targets to increase open circuit voltage beyond that of either

sub-cell in isolation. This is most probably due to imperfect film morphol-

ogy, and it remains to be seen whether tandem devices incorporating DSSCs

with flat spiro-OMeTAD capping layers will function more effectively.

To ensure the viability of solid-state DSSC systems as commercial tech-
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nologies, the ability to fabricate functioning devices on large areas is critically

important. With this in mind, hole transporter deposition over large areas

was successfully demonstrated using doctor blade coating, as opposed to spin

coating as used on small test cells. To do this, two strip mini-modules were

made with silver interconnects and a total 8cm2 active area. By tuning the

pore filling fraction by altering the substrate temperature during deposition,

a respectable peak efficiency of 2.6% was obtained with the dye D102, only

about 25% less than the efficiency typically obtained in small area test de-

vices.

7.1 Potential future work

There are a number of logical extensions to, and progressions from the work

described here that could be followed up in future. An obvious one that

could yield significant improvement is the optimisation of the hole extraction

interface deposition mentioned in chapters 3 and 4. In the first instance for

TMDCs it may be useful to use the same method of coating as previously

described, but use an ultrasonic spray nozzle which could perhaps distribute

material more evenly across the devices. Aerosol deposition may also prove

to have an advantage over spin coating in the case of the p-spiro-OMeTAD

nanoparticle dispersion. Another option would be to vary the surface wet-

tability, for instance by changing the dispersion solvent, through the use

of chemical surfactants, or by subjecting the DSSC to oxygen plasma before

coating the hole extraction layer — a technique commonly used to chemically

activate the surfaces of organic materials to improve wettability. [92,93] Care
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would need to be taken in the latter case however, as experience has shown

that plasma treatment can also easily damage the organic components.

The goal of achieving effective tandem solar cells incorporating a solid-

state DSSC sub-cell has not been realised. Further development of the series

interconnect components and particularly sourcing hole transporter material

that is not susceptible to intermittent issues with de-wetting and droplet

formation should go a long way to fabricating such a device. Future work

does not need to be limited to using polymer bulk heterojunction sub-cells

— an exciting alternative would be to incorporate the recently discovered

organometal halide perovskite solar cell, used with a solid-state DSSC with

complementary absorption. [94,95]

There is scope for further work on large area hole transporter deposition

as well. It may be possible to further improve pore filling fractions though

the use of different HTM solution concentrations or different carrier solvents

to achieve an optimal viscosity. In addition, it would be useful to scale up

devices to yet larger modules, with longer active strips and more of them to

reinforce confidence in solid state DSSC scalability. It should also be noted

that hole transporter coating is not the last step in making fully commercial

solid state DSSCs — in all experiments carried out in this work evaporation

under vacuum was required for silver electrode deposition. This is more

expensive to scale up than solution processing techniques and is at odds

with the often stressed desire for cheap, vacuum-free manufacture techniques.

Though beyond the scope of the work presented in this thesis, it is arguably

of significant importance to design contacts to external circuitry that are in

some way compatible with reel-to-reel or solution-based processes for solid-
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state DSSCs to be truly successful.
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leitfähigkeiten der mischkörper aus isotropen substanzen,” Annalen der
Physik, vol. 416, no. 7, pp. 636–664, 1935.

[49] E. Voroshazi, B. Verreet, A. Buri, R. Müller, D. Di Nuzzo, and P. Here-
mans, “Influence of cathode oxidation via the hole extraction layer
in polymer:fullerene solar cells,” Organic Electronics, vol. 12, no. 5,
pp. 736–744, 2011.

113



7.1 BIBLIOGRAPHY

[50] M. Jørgensen, K. Norrman, and F. C. Krebs, “Stability/degradation of
polymer solar cells,” Solar Energy Materials and Solar Cells, vol. 92,
no. 7, pp. 686–714, 2008.

[51] H. Yan, P. Lee, N. R. Armstrong, A. Graham, G. A. Evmenenko,
P. Dutta, and T. J. Marks, “High-performance hole-transport layers for
polymer light-emitting diodes. implementation of organosiloxane cross-
linking chemistry in polymeric electroluminescent devices,” Journal of
the American Chemical Society, vol. 127, no. 9, pp. 3172–3183, 2005.

[52] T. Stubhan, N. Li, N. A. Luechinger, S. C. Halim, G. J. Matt, and
C. J. Brabec, “High fill factor polymer solar cells incorporating a low
temperature solution processed wo3 hole extraction layer,” Advanced
Energy Materials, pp. 1433–1438, 2012.

[53] V. Shrotriya, G. Li, Y. Yao, C.-W. Chu, and Y. Yang, “Transition metal
oxides as the buffer layer for polymer photovoltaic cells,” Applied Physics
Letters, vol. 88, no. 7, pp. 073508–3, 2006.

[54] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S.
Strano, “Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides,” Nat Nano, vol. 7, no. 11, pp. 699–712, 2012.
10.1038/nnano.2012.193.

[55] J. A. Wilson and A. D. Yoffe, “The transition metal dichalcogenides dis-
cussion and interpretation of the observed optical, electrical and struc-
tural properties,” Advances in Physics, vol. 18, no. 73, pp. 193–335,
1969.

[56] G. L. Frey, K. J. Reynolds, and R. H. Friend, “Novel electrodes
from solution-processed layer-structure materials,” Advanced Materials,
vol. 14, no. 4, pp. 265–268, 2002.

[57] K. J. Reynolds, J. A. Barker, N. C. Greenham, R. H. Friend, and G. L.
Frey, “Inorganic solution-processed hole-injecting and electron-blocking
layers in polymer light-emitting diodes,” J. Appl. Phys., vol. 92, no. 12,
p. 7556, 2002.

[58] G. L. Frey, K. J. Reynolds, R. H. Friend, H. Cohen, and Y. Feld-
man, “Solution-processed anodes from layer-structure materials for
high-efficiency polymer light-emitting diodes,” Journal of the American
Chemical Society, vol. 125, no. 19, pp. 5998–6007, 2003.

114



7.1 BIBLIOGRAPHY

[59] S. J. Li, Z. Chen, and W. F. Zhang, “Dye-sensitized solar cells based on
ws2 counter electrodes,” Mater. Lett., vol. 72, pp. 22–24, 2012.
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