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Abstract

Solid-state dye-sensitized solar cells (ssDSCs) offer the possibility of
high power conversion efficiencies (PCEs) of over 20%. However, after
more than a decade of research, devices still barely reach over 7%
PCEs. In this thesis, limitations to device performance are studied in

detail, and solutions for future advancement are put forward.

In the first part of the thesis, factors limiting charge generation are
explored by studying the crystallization environment of mesoporous
TiO, self-assembled through block copolymers. It was found that the
density and distribution of sub band gap states are a function of the
synthesis conditions and critically affect the performance characteris-
tics of the self-assembled titania used in ssDSCs. As a result, the self-
assembled mesoporous oxide system presented in this thesis outper-
forms for the first time the conventional nanoparticle based electrodes
fabricated and tested under the same conditions, with demonstrated

PCEs of over 5%.

In chapters 6, 7 and 8, the factors limiting the diffusion length and
hence, the thickness of the fabricated devices, are carefully examined.
Previous literature points towards insufficient pore-filling of the hole
transporting material (HTM) as the main limiting factor. In chap-
ter 6 a pore-filling study is shown where a new technique to evaluate
the pore-filling fraction of the HTM in the conventional mesoporous
metal oxide electrode is also presented and conclude that sufficient
pore-filling of thick films can easily be achieved. Another usual strat-
egy to extend the electron lifetime in the devices and thus, the charge
diffusion length, involving thin film coatings of insulating metal ox-

ides is examined in chapter 7, with satisfactory results for SnOs-based



ssDSCs. The diffusion length can also be extended if the factors lim-
iting the diffusion of charges through the device are identified and

removed, as presented in chapter 8.

Finally, a study on the stability of the ssDSC is presented in chapter
9. The developments achieved enable long term stability to be ef-
fectively targeted, and represent a key milestone towards commercial

realization of ssDSCs.
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Chapter 1

Introduction

1.1 Background

The world’s current energy consumption rate has risen to nearly 15 TW, a figure
that has doubled since the late 70s, and is projected to increase in excess of
50% by 2035. At present, over 67% of the energy is produced from combusting
coal, natural gas and oil, a pattern that is likely to remain practically unchanged
by 2035.[1] Scientific consensus has been unequivocally reached in attributing the
observed climate change to the carbon dioxide emissions from combustion of fossil
fuels.[2] To avoid causing dangerous climate change, carbon dioxide emissions
must be reduced greatly in the next 20-30 years.[3]

In an effort to meet this challenge, renewable energy sources such as sunlight,
wind, tides or geothermal heat have been harnessed to produce around 6% of
the current energy demand. Among those natural sources of energy, the most
abundant is sunlight. If we were able to harvest all the energy that is incident
on the surface of the earth for 1 hour we would be able to meet the yearly
requirements of the whole planet. It is obvious that covering the whole surface
of the earth with solar cells is not an option, but with less than 0.7% coverage of
the available land mass, and the use of devices with an incident to output power
conversion efficiency of 8%, we would be able to satisfy the world’s energy needs.

All materials absorb sunlight in one way or another, however, in most systems,

this absorbed energy is usually converted into heat. This has lead to the develop-



ment of systems that make use of this property to heat up water for domestic use
or to drive a turbine and generate electrical power in that manner.[4] However, it
is also possible to directly generate an electrical current, termed “photocurrent”,
directly from sunlight incident on carefully chosen materials. This last category
of devices are known as photovoltaic solar cells.

Most of the research effort in photovoltaics has been directed at inorganic
semiconductor solar cells, which can achieve power conversion efficiencies for sin-
gle junction devices, for example crystalline silicon, of up to 25% and over 40%
in multijunction devices.[5] These cells albeit being very efficient, tend to have
quite complicated fabrication protocols that require very high temperatures and
need copious amounts of the materials used, typically hundreds of micrometers
for crystalline silicon, which make them expensive to produce. In an attempt
to reduce material cost, thin film alternatives (from nanometers to micrometers)
have been developed in the form of amorphous and nanocrystalline silicon or
other direct band-gap materials, such as gallium arsenide (GaAs) or copper in-
dium gallium selenide (CIGS). These devices have other pitfalls: in the former
case, the power conversion efficiencies are typically considerably lower, hovering
around 12% for the best laboratory devices. In the latter case, the most efficient
direct band-gap materials utilize rare elements, such as Indium, which are rela-
tively much less abundant and harder to extract than silicon. More importantly,
these materials lack the massive technical know-how of silicon industrial produc-
tion. In particular, although GaAs is as far as performance is concerned a much
better solar cell material, its associated production costs are so high that mass-
production at present is unviable. For these reasons, the uptake of photovoltaic
energy generation has not been strong.

Some low-cost alternatives have been introduced over the years, such as or-
ganic, quantum dot-based or other inorganic semiconductor-based solar cells. |6,
7, 8] A common theme across all of these types of devices is that they are com-
patible with solution processing techniques. Manufacture of these devices can be
easily implemented using existing printing and coating equipment.[9] This is a
particularly important aspect because if our goal is to not only keep up with but
to also overcome the global energy demand to be able to substitute other sources

of energy, the production rate is critical in order to cover the required hundreds



of thousands of squared kilometers.

1.2 Dye-Sensitized Solar Cells

Dye-Sensitized Solar Cells (DSC) as
introduced by O’Regan and Grétzel Counter
in 1991 offer a low-cost and mass- Glass FTO TiO, Electrolyte electrode Glass
producible system.[10] These devices
are composed of a monolayer of light
absorbing dye adsorbed to the sur-
face of a mesoporous electron trans-
porting metal oxide, usually a TiO,
film fabricated from sintered nanopar-

ticles. Photons excite electrons from hv

the highest occupied molecular or-
bital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO) of the Figure 1.1: Dye-Sensitized Solar cell
dye and is subsequently injected into, schematic.
and transported through the TiO,
mesostructure to the collection electrode, typically fluorine doped tin oxide
(FTO). The other side of the dye is contacted by a redox active electrolyte,
usually iodide/triiodide-based, which regenerates the oxidized dye molecules and
transports the holes to the counter electrode, usually platinum coated FTO.
The use of liquid electrolyte leads to significant technological challenges, as
the devices must be carefully sealed to avoid leaks. Furthermore, the archety-
pal redox couple iodide tri-iodide is corrosive. In order to address these issues,
in 1998 Bach et al replaced the liquid electrolyte with an organic solid-state al-
ternative, (2,2(7,7(- tetrakis-(N,N-di-pmethoxyphenylamine)9,9(-spirobifluorene)
Spiro-OMeTAD.[11] A schematic of the device structure is shown in figure 1.1.
Since the ionization potential of spiro-OMeTAD is deeper that the redox po-
tential of iodide/tri-iodide couple the theoretical maximum voltages attainable
with solid state devices should be higher and would result in a greater power

conversion efficiency.[12, 13] Indeed this loss limits the former devices to around



15% efficiency, while it should be possible to reach over 20% with a solid-state
hole transporter (HTM). Devices fabricated with a solid-state HTM have been
reported to surmount 7% efficiencies and large improvements are foreseeable in
the near future.[14]

To offer commercially competitive devices, several challenges must be over-
come: long-term stability; pore filling so as to maximize charge collection effi-
ciency; panchromatic absorption to ensure that the optimum amount of light is
absorbed; and efficient charge generation per absorbed photon so as to maximize

the current output from the sunlight.

1.3 Aims of the present thesis

In spite of the apparent simplicity of DSC operation, much of the underlying
physics still needs to be elucidated. Unraveling the mechanisms of charge gen-
eration in solid-state DSCs (sDSC) and the limiting factors to charge transport
and recombination is crucial in order to achieve the potential for this system and
constitutes the main goal of the present work.

Conventional approaches to studying electronic properties of DSCs usually
rely upon the preparation of nanoparticles via colloidal synthesis methods. In
this way, porosity, crystal size, surface area, crystal type etc. can be easily
modified.[15, 16, 17] However, this advantage comes at a cost: the surface area,
crystal size and porosity of the resulting films are linked and cannot be indepen-
dently modified, making the study of subtle changes in the crystallization en-
vironment practically impossible. Using materials self-assembled through block
copolymers presents a novel solution to study the charge generation and transport
mechanisms in sDSCs.

Disentangling the issues that limit the thickness of the devices to around 2
pm is the other main focus of this thesis. This is particularly important because
enabling thick films allows the use of panchromatic sensitizers that can absorb
a wider band of the solar irradiance spectrum which can lead to a doubling of
the device performance. In the past, the thickness limitations of the solid-state
dye-sensitized solar cells have been primarily blamed on poor pore filling by the

hole transporter material. For this reason, in chapter 6 I will present a study in



pore filling, which due to the thin film nature of the system, can be measured by
studying the resulting interference fringes.

In order to achieve working solid-state dye-sensitized solar cells fabricated
from thick films, the diffusion length must be extended. This parameter is a
combination of the diffusion coefficient, i.e. how quickly the charges move through
the film, and the recombination lifetime, i.e. how long will the electrons and holes
last before they annihilate one another. A typical strategy employed is based on
achieving longer electron lifetimes through coating of thin shells of insulating
metal oxides over the mesoporous photoanode. In chapter 7 I will study the
role of a thin MgO layer over SnO,-based dye-sensitized solar cells. It is usually
found that in absence of this layer, extremely poor performance (under 1%) is
generally achieved for DSCs based on these materials, and therefore studying
its role is important in order to understand what factors are limiting the device
performance.

I also present a study examining the limits to the electron transport in meso-
porous TiOy photoanodes in chapter 8. By using block copolymer assembled
photoanodes, the morphology of the films was kept more or less constant, result-
ing in mesostructures with very different particle sizes but very similar exposed
surface areas. This has allowed me to study in detail the effects of the grain
boundaries on the transport properties of the TiOs photanodes used in solid-
state dye-sensitized solar cells.

Finally, I present a study on the encapsulation of sDSCs in an inert atmo-
sphere. This is particularly important since stability over 10000 hours is a require-
ment for buildings or utility scale power applications. Un-encapsulated devices
exposed to ambient air and sunlight usually degrade to less than half the ini-
tial performance within days. Previously, every attempt to encapsulate cells in
nitrogen resulted in devices degrading within minutes of sunlight illumination.
Curiously, once exposed to air again, devices recover their initial performance.
This led to the identification of a shunting path between the mesoporous metal
oxide and the cathode that forms a Schottky barrier under ambient air. I will

discuss in detail a solution to this problem in chapter 9.
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Chapter 2

Solar cell operating principles

2.1 Conventional Photovoltaics

In their simplest incarnations, photovoltaic cells are composed of semiconductor
materials, i.e. materials where electrons require a certain energy to be able to
roam the lattice freely, termed band-gap energy. Electrons possessing this energy
(or higher) are said to be in the conduction band (CB), while electrons still bound
to their individual atoms are said to be in the valence band (VB). The band-
gap energy of the material determines the sunlight spectrum absorption onset,
shown shaded in blue for crystalline silicon in figure 2.1, since only photons with
energies above the band-gap can excite electrons into the CB. This quantity also
determines the maximum current that can be generated from the complete device.
For every electron excited into the conduction band, a hole is left behind in the
valence band where the electron used to be bound to the lattice atom. These
holes can be treated as positively charged particles, free to move in the valence
band.[1]

In complete devices, a carefully engineered junction where one side is p-doped,
i.e. has an excess of holes, and the other side is n-doped, i.e. has an excess of
electrons, is used to extract the charges from the device. This type of bilayer
structure is called a p-n junction. When the p-side and the n-side are joined,
at first, holes from the p-side tend to diffuse through to the n-side and likewise,

electrons from the n-side tend to diffuse through to the p-side where they recom-
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Figure 2.1: Irradiance against wavelength for the solar spectrum Air Mass 1.5
incident on the surface of the earth. Shaded in blue is the absorption of crystalline
silicon.[2]

bine with a charge of the opposite sign. In this manner, a depletion region is
formed, i.e. no mobile charges are present, and the net charge of the immobile
dopant ions left close to the junction on the p-side becomes negative (holes have
been lost) and in the same way, dopant ions close to the junction on the n-side
become positive. This sets up a built-in field that pushes electrons towards the
n-side and holes toward the p-side.

To quantify the magnitude of the built-in potential, the Fermi energy level of
the material must be studied. This quantity determines the occupancy of elec-
trons of the conduction band and it depends strongly on doping levels, density
of states and temperature. For instance, in heavily doped materials, the Fermi
level is approximately determined by the binding energy of the dopant. Since
the Fermi level must be situated at a constant distance from vacuum, when one

heavily doped n-type material is contacted with a heavily doped p-type material,



band bending as shown on figure 2.2 occurs. The built-in potential is thus given
by the differences between the donor energy level (Ep) and the acceptor energy
level (E4). When the p-n junction is exposed to light, more electron-hole pairs
are generated and consequently the total populations of holes and electrons are
displaced from simple thermal equilibrium. This leads to the redefinition of the
Fermi level into two quasi Fermi levels, one for each type of charge. The differ-
ence between the two quasi Fermi levels gives the magnitude of the open circuit

potential.[3]

cg —2 °— o
\ n-type
] 00000000 CB
EF-ﬁA ---------------------------------- j-E“-EF
VB “Soooooo 0 «—
p-type \

p-n junction

Figure 2.2: Energy band diagram showing band bending of a p-n junction, where
CB is the conduction band, VB is the valence band, E is the Fermi level, E 4 is
the acceptor binding energy and Ep is the donor binding energy

2.2 Solar Cell Characterization

Solar cells are generally characterized by measuring their current against voltage
curve (J-V Curve). From here, the most useful parameters can be extracted:
power conversion efficiency (), short circuit current (Js¢), open circuit voltage
(Voc) and fill factor (F'F'). The short-circuit current is the current measured
when the anode and the cathode are connected without a load, or in other words
when the applied voltage is zero. The open circuit voltage can be measured when
the anode and cathode are connected with a high load, or in other words when

the current reaches zero. The fill factor is calculated as simply as:
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where JV,,. is the maximum power point of the JV curve. The power conversion

efficiency depends on the incident power (P;) and is calculated as:

JscVocF'F
scVoc (2.2)
b
It is interesting to understand
which material factors affect the differ- L L L
I ——JV Curve i
ent photovoltaic parameters. For in- Ik Power Curve
Sisc _
stance, consider two hypothetical so- § LVmax
lar cells that have no other differences § i _
besides utilizing a wide band gap ma- E’
jm
terial to absorb light in the first case © F 7
and a narrow band gap material for
1 L | L | 1
the second case. This change would Voltage (V) Voc

be reflected in the JV curve since the
absorption onset has changed: the film
with the narrower bandgap will gener-
ate a higher Jgc because it’s absorb-
ing more photons, but it will also have
a lower Voo because the difference in
Fermi level for holes and electrons will

be smaller. Depending on how much

Figure 2.3: Ilustration of a JV curve
for a solar cell under illumination. The
power curve is used to determine JV ...
The shaded area corresponds to the max-

imum power output attainable.

the bandgap has changed and taking into account the shape of solar irradiance

spectrum, these two cells could have the exact same power conversion efficiency.

A good technique then to discriminate between solar cells with different absorp-

tion spectra is by measuring the incident photon to electron conversion efficiency

(IPCE). For this measurement, a monochromator is used to output light at a sin-

gle wavelength, with a known photon flux and simply sweep through the required

11



wavelength range.

Due to the inherent trade-off between current and voltage, an optimum ab-
sorber for the solar spectrum incident on earth can be found. If the solar cells
were operating without losses within the system, a maximum of approximately
33% power conversion efficiency with a bandgap of 1.4 ¢V can be achieved for a
single junction type of device.[3, 4] The best solar cells fabricated with monocrys-
talline silicon (~1.1 eV bandgap) currently reach around 25% power conversion
efficiency.[5, 6] Silicon, however, is a material with an indirect bandgap, i.e. the
the minimum in the conduction band energy is at a different wave vector than
the valence band maximum. In essence, in order to absorb a photon and generate
an electron-hole pair, some extra momentum must be provided simultaneously
by phonons, i.e. lattice vibration modes. This occurs relatively “rarely”, so the
films must be very thick (in the order of hundreds of micrometers to milimeters)
in order to absorb light efficiently and this affects the maximum performance
achievable. The most efficient solar cells are currently fabricated from gallium
arsenide (GaAs), with record efficiencies reaching 28% [5], mostly due to its more
favourable direct bandgap (~1.4 eV) which minimizes charge transport related

losses.

2.3 DSC and ssDSC operation

The operational principles behind dye-sensitized solar cells (DSCs) and solid-state
DSCs (ssDSCs) are a bit different from conventional photovoltaic devices. In this
instance, the functions of absorber, hole transporter and electron transporter have
been decoupled, and a p-n junction to collect the charges efficiently is no longer

used. A schematic of this process is shown in figure 2.4.

2.3.1 Photoinduced charge transfer

The first process in the working circuit of a DSC involves photoexcitation of an
electron from the HOMO to the LUMO of the dye, followed by electron transfer
into the metal oxide used and hole regeneration by the hole transporter. In order

to maximize photoinduced charge transfer from the dye into the metal oxide,

12



Spiro-MeOTAD

g

Glass FTO Y [ Ag
TiO2 CL

Figure 2.4: DSC charge transport mechanism. Green arrows represent the charge
transport paths while the red arrows represent the recombination path.

the following considerations must be taken into account: there are competing
photoexcited state decay channels that don’t result in electron-hole pairs that
must be orders of magnitude slower than photoinduced electron transfer and
it must be energetically favorable to transfer electrons from the LUMO of the
dye to the available energy states in the metal oxide and also from the HOMO
level to the ones in the hole transporter. The first requirement can be dealt
with by smart design of the sensitizers, usually incorporating a donor-acceptor
m-conjugated system, where the holes are “pulled” away from the TiO, interface
and the electrons are “pushed” towards the anchoring groups.[7] The second
requirement implies designing the dyes to place the LUMO at a potential above
the CB of the metal oxide and the HOMO below the oxidation potential of the
hole transporter. In both cases, an “over-potential” of around 0.2-0.3 eV on both
sides appears to be allowed for to drive the reactions efficiently, i.e. close to
unity.[8] In the case of DSCs with iodine/iodide-based electrolytes, a further 0.3

13



eV overpotential is necessary to convert 215 to I .[9]

2.3.2 Electron transport

Once the electrons have been transferred to the
metal oxide, simple diffusion is relied on to col-
lect the charges. When light is switched on
on the device, an electron concentration gra-
dient is established where the areas near the

electrodes are electron-depleted and charge is

Charge Density

FTO contact

being constantly pumped in at the metal ox-
ide/dye interface (see figure 2.5).[8] The elec-

tron mobility in nanocrystalline TiO, is sev-

Device Thickness

Figure 2.5:  Charge density
eral orders of magnitude smaller than in bulk,

in the order of 10~*cm?V~!s~! against 10

em?V~1s71 110, 11] as well as showing a strong

distribution under short-circuit

conditions

dependence on light intensity, suggesting that electrons undergo multiple trap-
ping events in sub bandgap states before reaching the electrodes.[8, 12, 13] The
transport mechanism is thus: electrons are transferred into the mesoporous oxide
where they become trapped at sub bandgap states. Then, they are thermally
released into the conduction band, where they are free to move until they become
trapped again. In this way, transport is governed by detrapping times, which
become longer for the deeper traps.[8, 12, 13, 14]

In its simplest form, the distribution of sub bandgap states can be considered
as a single exponential and its occupancy is given by the Fermi-Dirac distribution
function at an energy E with ny as the density of carriers at this energy and N4
as the number of available states at this energy. Transport occurs through free
electrons in the conduction band (ncg), so in order to determine conductivity of
the film which is proportional to ngpg,[14] it is necessary to calculate how this

quantity changes with the quasi Fermi level of electrons in the film.
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From equation 2.5, it can be inferred that the conductivity of the film in-
creases with increasing probability of finding electrons in the conduction band,
i.e. increasing electron quasi Fermi level, explaining the heavy dependence on

light intensity of the charge transport timescales for this type of devices.[15]

2.3.3 Hole transport

Hole transport in the hole transporter is a diffusive process. In the case of the
tri-iodide/iodide system, following reactions occur, were S* refers to the oxidized
dye and S to its ground state:[9, 16]

3 1
ST+ S = S+35l (2.6)

I3_ + 2- e;zthode — 3‘[c_athocle (27)

For reaction 2.6 to occur, an intermediate di-iodide (I3) complex must be
formed so that it then reacts with another di-iodide complex to form the result-
ing tri-iodide complex.[17] Again, as in the case of electron transport, a concen-
tration gradient where an excess of tri-iodide complexes are being generated at
the mesoporous photoanode interface and they are being depleted at the cathode
was established, which converts them to 3 iodide ions through reaction 2.7. In
order to have efficient hole diffusion in typical acetonitrile-based electrolytes, a
0.3 M concentration of iodide is sufficient, although for more viscous electrolytes,
a higher concentration is necessary.|[18]

Hole transport in solid-state hole transporters is best described as a dif-
fusive hopping process,[19, 20] where holes are generated at the photoanode

interface and are being depleted at the cathode. Typical hole mobilities of

15



10~%em?V~1s7! are measured for the current best performing solid-state hole
transporter (2,2(7,7(-tetrakis- (N,N-di- pmethoxyphenylamine) 9,9( -spirobifluorene)
(Spiro-OMeTAD) which is more or less matched to the measured electron mo-
bilities in TiO,. [21] However, to improve device performance, the solid-state
hole transporters are typically doped with ionic dopants as well as chemical
dopants.[11, 22, 23] The effects of additives are not only limited to improve
the conductivity and mobility of spiro-OMeTAD, but they also influence the
charge generation mechanism by making changes to the surface of the mesoporous
oxide.[11, 22, 24]

2.3.4 Cell operation-related losses

In DSCs, electron transfer is an extremely fast process in the femtosecond timescale,
[25, 26] and hence losses before this process is complete are usually negligible. Dye
regeneration can be quite slow, however, and hence up to 10% of the oxidized dye
molecules can be intercepted in some systems, i.e. an electron from the CB of the
mesoporous oxide returns the dye to the ground state, before being regenerated
by the electrolyte depending on the potential upon the mesoporous metal oxide,
i.e. bias.[27] The other main loss arises from recombination of holes in the elec-
trolyte and electrons in the mesoporous oxide, although since dye regeneration
requires an intermediate di-iodide complex that cannot undergo charge recombi-
nation, this process tends to be several orders of magnitude slower than transport
through the mesoporous oxide. When the electrolyte is substituted with spiro-
OMeTAD, dye regeneration is orders of magnitude faster and hence virtually no
charge is lost to interception.[28] However, the electron recombination rate is on
a much faster timescale than the liquid electrolyte counterpart, due to the fact
that it’s a single electron process. [15, 29

It is convenient to define the diffusion coefficient (D.), i.e. how quickly the
charges are traveling through the metal oxide; the recombination lifetime (7, i.e.
how long until the electrons and holes recombine; the transport lifetime (7yqns),
i.e. how quickly the charges are collected at the electrodes; the diffusion length
(D), i.e. how far can the charges travel before recombining; and the charge

collection efficiency (7.,), i.e. the fraction of charges that are being collected.[30]
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The diffusion length (Dy) is a com-
bination of all the other parameters
and it has the deepest impact on device
performance. As can be seen on fig-
ure 2.6, building a device with a thick-
ness that is as long as the diffusion
length only yields charge collection ef-
ficiencies of around 70%, whereas as
soon as this parameter is over twice
the film thickness, over 90% charge
collection efficiency can be achieved.
This means that only charges gener-
ated within an electron diffusion length
of the electron contact can be collected

efficiently. Therefore the strategy nec-

essary to design a high power conversion efficiency device is to ensure that the

electron diffusion length is long compared to the absorption length, i.e. the length

at which most of the incident light has been absorbed, thereby ensuring simul-

taneously high charge collection and light absorption efficiencies. It is important

to keep in mind that the diffusion length will vary greatly depending on the ap-

plied bias and light intensity incident on the film when optimising the constituent

materials.[31, 32]
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2.4 Measuring the electronic properties of DSCs

A technique successfully implemented for measuring the electronic properties of
DSCs is based on performing transient decay experiments where a small light per-
turbation is applied to a cell under operation and its voltage or current response
is measured. In essence, a steady-state background illumination is first applied
to the cell, filling up a fraction of the available sub bandgap states which will
scale with the light intensity applied. A schematic of this process is shown in fig
2.7. Then, a short pulse, typically under 200 us long, which is shorter than the
transport lifetimes and several orders of magnitude shorter than the recombina-
tion lifetimes, is shone on the cell and the response of the cell is recorded with an
oscilloscope. The measurement can be performed at fixed potential conditions,
i.e. potentiostatic mode, or at fixed current conditions, i.e. galvanostatic mode.
In the latter case, the current generated through the small perturbation pulse
is not allowed to exit the device and hence the response measured with oscillo-
scope is purely dependent on the recombination kinetics of the system. In the
former case, current is allowed to flow through the device and hence the recorded
dynamics reflect both the charge extraction and recombination characteristics.
To extract the transport lifetime (7y4ns) from the measured photocurrent decay
(Tmeas), the electron lifetime (7.) at short circuit conditions must be measured,

and they can be related by the following equations:

1 1 1
= +— (2.11)
Tmeas Ttrans Te
TeT,
e = elmeas 219
nt Te — Trmeas ( )

The interpretation of these transient experiments is complicated by the fact
that metal oxides are very disordered semiconductors with significant amounts
of charge trapping. Since only free (untrapped, ngp from eq. 2.5) charges in
the metal oxide can be transported, the observed dynamics are a superposition
of the “true” (free electron) dynamics and the trapping-detrapping mechanism.
For this reason, a quasi static approximation must be used.[8, 14, 33] This leads

to the redefinition of an effective diffusion coefficient (D,,) and effective electron
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REFERENCES

potential. To get around this problem, a photovoltage decay at short circuit
conditions can be acquired by sourcing a current through the device equal to
its short circuit current. In this case, no extra current is allowed to flow, and
all generated charge by the perturbation pulse must recombine. In this way, the
electron lifetime at short circuit conditions can be obtained and then it is possible
to extract the diffusion length under the same condition.[32, 34]

With this technique, it is also pos-
sible to extract the density of sub
bandgap states of the mesoporous ox-
ide. In brief, light is irradiated onto

the cell to generate a certain open-

Perturbation circuit voltage and then flash the cell

with a further light pulse, generating a

Occupied states by small voltage perturbation (AV) which
back groun d I|ght is recorded. The device is subsequently

short-circuited, exposed to the same
flash of light and the collected current
Ca pacita nce is integrated to estimate the generated

Voltage

v

charge (AQ), after correcting for the

Figure 2.8: Schematic of capacitance losses due to charge recombination as
against voltage plots AQ = 776,%7 where AQ,, is the mea-

sured generated charge and 1oy, is the
charge collection efficiency. Knowing both, the voltage perturbation (AV) and
the total amount of charge which is generated by the light pulse (AQ), the chem-
ical capacitance C' = 2—8 at a given open-circuit voltage can be derived. By
plotting the resulting differential capacitance against voltage plot, as shown in
figure 2.8 the density of states can be mapped out, since the capacitance gives

the number of electrons that can be accumulated at each applied bias.
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Chapter 3

Experimental methods and setup

3.1 Device Assembly

3.1.1 FTO glass preparation

Fluorine doped tin oxide (15Q07!, Pilkington) was used as received and cut
down to a square with a side of 11.2 cm with a diamond scribe. The cut sheet
was then selectively etched with Zn powder and a solution of 2.4 M HClL. To
achieve the required etched pattern, the areas where the FTO must be preserved
were covered with scotch tape. A schematic of this procedure is shown in Figure
3.1. Following the removal of the FTO in the required areas, the sheet was then
washed with copious amounts of de-ionized water. After this step, the sheet was
brushed with a toothbrush and a 2% solution of Hellmanex (Sigma Aldrich) and
then rinsed again with de-ionized water. After the substrates were dried, they
were rinsed with acetone, dried again, rinsed with ethanol and dried one final
time. Once the substrates were cleaned and dried, they were subjected to a 10

minute oxygen plasma treatment.

3.1.2 Metal oxide compact layer deposition

After the substrates have been plasma etched, a compact layer of the same metal
oxide as the one that will be used as the mesoporous photoanode is deposited via

spray pyrolysis. The 3 metal oxides used in this work are ZnO, SnO, and TiO:
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(a) (b)

Zn Powder

HClI2.4M

Figure 3.1: FTO Etching procedure schematic. (a) Sheet with the scotch tape
set up in the required pattern. (b) Sheet after sprinkling Zn powder and applying

a small quantity of HCL. (c) Sheet after etching.

3.1.2.1 TiO,

Firstly, 6.6 mL of a solution of Titanium diiso-
propoxide bis(acetylacetonate) 75% by weight
in Isopropanol (Sigma Aldrich) in anhydrous
ethanol was prepared in a 1:10 Ti-Acac:ethanol
volumetric ratio.[l, 2] The solution was pre-
pared fresh each time a maximum of 30 min-
utes before use. Meanwhile, the substrate was
heated on a hotplate tilted to 45°C to a tem-
perature of 250°C. Once the temperature is
reached and after a wait of 10 min, the whole
solution was sprayed by hand in a pattern

where the handpump was pressed twice while

Figure 3.2:  Spray pyrolysis

schematic.

aiming at each corner and after doing all corners, 10 seconds were left between

cycles. The height of the sprayer was kept constant by the use of a clamp, and

it was angled in such a way as to spray directly perpendicular to the substrate.

A schematic representation is shown on figure 3.2. After the whole solution has

been sprayed, the substrates were left at 250°C for 20 minutes and then it was

left to cool naturally to room temperature.
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3.1.2.2 SnO,

The setup and spraying pattern were kept as the previous section. Two 6.6 mL
solutions of Butyltin trichloride (Sigma Aldrich 95%) in anhydrous ethanol were
prepared in a 1:10 precursor:ethanol volumetric ratio. The substrates were heated
to a temperature of 450°C and left at this temperature for 20 min. After this
waiting period is completed, the first precursor solution was sprayed in the usual
pattern. After this step is done, 10 min were waited and then the hotplate was
allowed to cool down naturally to 250°C. Once this temperature is reached, the
second precursor solution was sprayed in the usual pattern. Finally, after 10 min,

the hotplate was allowed to cool naturally to room temperature.

3.1.2.3 ZnO

The setup and spraying pattern were kept as the previous section. A 6 mL, 100
mM solution of Zinc acetate dihydrate (Sigma Aldrich 99.999%) in anhydrous
methanol was prepared.[3] The substrates were heated to a temperature of 350°C
and left at this temperature for 20 min. After this waiting period is completed,
the precursor solution was sprayed in the usual pattern. After this step is done,
10 min were waited and then the hotplate was allowed to cool down naturally to

room temperature.

3.1.3 Mesoporous paste deposition

After spray pyrolysis deposition of the compact layer, the substrates were plasma
etched for 1 minute and then the mesoporous paste was screen-printed with a
stripe 8mm wide across the center of all substrates. Depending on the metal oxide
used, the procedure for preparing the paste must be tuned to achieve the correct
thickness. After the paste deposition is completed, the substrates were subjected
to an ethanol-rich atmosphere for periods between 20 and 90s to homogenize the
top layer. Once this step is completed, the substrates were placed for 5 minutes
on a hotplate at 135°C. The substrates are then calcinated at 500°C in an oven
with a slow ramp that reaches this temperature after 3 hours and then are allowed
to cool down naturally to room temperature. The substrates may be collected at

this stage and kept in the drawer indeterminably with no negative consequences.
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3.1.3.1 TiO, transparent paste

Dyesol paste 18NR-T is composed of ~20 nm anatase TiO, nanoparticles in
a mixture of ethyl cellulose and terpineol. This paste was diluted down with
terpineol to a ratio of 0.3:1 terpineol:paste by weight. The resulting mixture was
then stirred manually until it visually looked homogeneous and then was allowed
to mix for 24h in an automatic shaker. The films prepared from this paste and
with a mesh termed T120, which refers to the number of threads per inch, by
the supplier (Mascoprint) which results in thicknesses of between 1.8 and 2 pm

which are the optimum thickness for the dyes used.

3.1.3.2 TiO; block copolymer-derived paste

The powder from the calcined block copolymer-derived mesostructure was pro-
cessed into a paste in a similar way as described by Ito et al.[4] (quantities quoted
are for 1 g of TiOs powder). The TiOy powder was ground lightly in an alumina
mortar for 10 seconds dry and for a further 1 second after the addition of 167 ul of
acetic acid. 833 ul of deionized water was added and then the powder was ground
for further 30 seconds. The paste was then transferred into a vial after adding 16
ml of ethanol. This solution was stirred with a magnetic stirrer for 1 minute and
then sonicated with an ultrasonic probe 15 times with an interval of 2 seconds
on, 2 seconds off. 3.33 g of a-terpineol was added and the paste was again stirred
for 1 minute and then sonicated following the same procedure. Finally 5 g of a 10
weight-% solution of ethyl-cellulose (1:1, 10000cps:46000 cps) and ethanol were
added, stirred and sonicated. The paste was then heated to 60°C for 24 h in air
to evaporate the ethanol, and then redispersed in ethanol at a concentration of
1 ml ethanol per 1 g of paste, which was then further diluted down with ethanol

to different concentrations to obtain a range of final film thicknesses.

3.1.3.3 SnO, paste

The SnO, paste was prepared from <100 nm particle size SnOs nanopowder
(Sigma-Aldrich) in a similar way as Ito et al.[4] (amounts are for 1.6g of powder):
The powder was ground in an alumina mortar for 1 minutes dry and for a further

minute second after the addition of 167 pul of acetic acid. 833 ul of deionized
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water was added and then the powder was ground for a further 5 minutes. After
this point, ethanol was slowly added in 2 mL steps every 2 to 5 minutes to
ensure the correct paste consistency to be able to grind the macro-aggregates.
After 1 hour or until no more macro-aggregates are visible, the paste was then
transferred into a vial after adding 20-30 ml of ethanol. This solution was stirred
with a magnetic stirrer for 1 minute and then sonicated with an ultrasonic probe
30 times with an interval of 2 seconds on, 2 seconds off. 3.33 g of anhydrous
terpineol (Sigma Aldrich) was added and the paste was again stirred for 1 minute
and then sonicated following the same procedure. Finally 4 g of a 10 weight-
% solution of ethyl-cellulose (1:1, 10000cps:46000cps) and ethanol were added,
stirred and sonicated. The paste was then rotavaped to eliminate the ethanol

from the mixture.

3.1.3.4 ZnO paste

20g of a zinc oxide dispersion (Sigma-
Aldrich 40%wt in ethanol) was weighed — T

3500

out and 1.2 ml of butylamine was 3000 |
added and stirred with a magnetic bar p zzzz -
for 5 minutes. 20g of anhydrous ter- § 1500 |
pineol (Sigma-Aldrich) was added and 1222 [
stirred for another 5 minutes. 30g of a ok

10 weight-% solution of ethyl-cellulose
(1:1, 10000cps:46000cps) and ethanol

were added and stirred for a further 5
Figure 3.3: XRD data for the SnOy pow-

der used in the fabrication of the solar

minutes. The mixture was then soni-
cated with an ultrasonic probe, oper-

ated for a total sonication time of 2 cells. Scherrer analysis indicates that the

minutes, cycling 2 seconds on, 2 sec- crystallite size is ~35 nm
onds off. Finally the mixture was ro-

tavaped to remove all the ethanol.
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3.1.3.5 Al,O3 paste

An aluminum oxide dispersion was purchased from Sigma-Aldrich (10%wt in
water) and was washed in the following manner: it was centrifuged at 7500 rpm
for 6h, and redispersed in absolute ethanol 99.8%+ (Fisher Chemicals) with an
ultrasonic probe, operated for a total sonication time of 5 minutes, cycling 2
seconds on, 2 seconds off. The rinsing process was repeated 3 times. After
washing 3 times, for every 10 g of the original dispersion (1g total Al203) the
following was added: 3.33 g of a-terpineol and 5g of a 50:50 mix of ethyl-cellulose
10 ¢P and 46 cP purchased from Sigma Aldrich in ethanol, 10% by weight. After
the addition of each component, the mix was stirred for 2 minutes and sonicated
with the ultrasonic probe for 1 minute of sonication, using a 2 seconds on 2
seconds off cycle. The resulting mixture was introduced in a Rotary evaporator
to remove excess ethanol to a concentration suitable to obtain between 50 to 400

nm thick films when spin-coating or doctor blade coating.

3.1.4 Surface treatment

After calcination, the sheet is cut down with a diamond scribe to the correct
size, i.e. 1.4x1.4cm squares. Depending on the material used, different surface

treatments were performed to grow a thin layer of the following oxides.

3.1.4.1 TiO, treatment

A 2M stock solution of TiCl; was diluted down to 15 mM with de-ionized water.
The substrates were immersed in this solution for 1 hour at 70°C, then they were
submerged in clean de-ionized water for 1 minute and then left standing on their
edge to dry for 5 minutes.[5, 6] After drying the substrates, they were left on a
hotplate at 100°C for 10 minutes and subsequently were resintered at 500°C for

45 minutes then left to cool down naturally to 70°C.

3.1.4.2 MgO treatment

A 20 mM solution of magnesium acetate tetrahydrate was prepared in absolut

ethanol (Fisher Chemicals) at a 20 mM concentration. Then, a weighing bottle
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with an airtight lid was warmed in a hotplate at 100°C for 3 minutes, after which
time the Mg-acetate solution was added and the bottle was closed. The mixture
was allowed to warm up until the solution is boiling, which generally occurs within
5 minutes with the lid on. Once the mixture is boiling, the lid is removed and the
substrates are placed inside this chemical bath for exactly one minute unlidded.
Once the substrates are removed, they were left to drip on their edge, after which
they were rinsed in a cold ethanol solution for up to a minute of time. After
rinsing, the substrates were immediately dried with an air gun before placing
them on a hotplate which was left at 100°C for 10 minutes and subsequently
ramped to either 500°C for SnOs-based devices or 400°C for ZnO-based devices

for 45 minutes then left to cool down naturally to 70°C.

3.1.4.3 Hydrothermal MgO treatment

Two solutions were prepared: a 50 mM magnesium nitrate hexahydrate (99.999%
Sigma Aldrich) aqueous solution and an 80 mM sodium hydroxide (99.99 % Sigma
Aldrich) aqueous solution.[7] After stirring for 10 minutes with a magnetic stirrer,
both solutions were added at a 1:1 volume ratio and finally the substrates were
immersed.! The vessels were then placed on a hotplate at 150°C for 20 minutes,
at which point the substrates were removed and submerged in clean de-ionized
water for 1 minute, then left for 5 minutes to dry standing on their edges. After
the substrates were dried, they were left on a hotplate at 100°C for 10 minutes
and subsequently were resintered at either 500°C for SnOs-based devices or 400°C
for ZnO-based devices for 45 minutes then left to cool down naturally to 70°C.

3.1.4.4 Hydrothermal Y;03 treatment

Two solutions were prepared: a 50 mM yttrium nitrate hexahydrate (99.8 %
Sigma Aldrich) aqueous solution and an 80 mM sodium hydroxide (99.99 % Sigma
Aldrich) aqueous solution.[8] After stirring for 10 minutes with a magnetic stirrer,
both solutions were added at a 1:1 volume ratio and finally the substrates were

immersed. The vessels were then placed on a hotplate at 150°C for 20 minutes,

IThe solution is initially clear but quickly goes cloudy. After the treatment is complete,
there usually are big particulates floating on the bottomo of the vessel
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at which point the substrates were removed and submerged in clean de-ionized
water for 1 minute, then left for 5 minutes to dry standing on their edges. After
the substrates were dried, they were left on a hotplate at 100°C for 10 minutes
and subsequently were resintered at either 500°C for SnOs-based devices or 400°C

for ZnO-based devices for 45 minutes then left to cool down naturally to 70°C.

3.1.5 Dyeing

After the substrates have been resintered and left to cool down to 70°C, they
must be immediately submerged in the dye solution for 1 hour. The dyes used
in the work in this thesis are termed D102, D149[9] and C220[10]. The chemical
composition of these dyes is given in figure 3.4. To prepare these solutions, first
a 1:1 mixture of anhydrous acetonitrile (Sigma Aldrich) and tert-butanol (Sigma
Aldrich) is prepared. This solution is then added in a 1mg of dye per 10mL of
solution ratio for D102 and D149 dyes, and at a 1mg per 20mL of solution for
C220 dye. To the D149 solution, chenodeoxycholic acid (97% Sigma Aldrich) was

added in a 1:1 molar ratio, i.e. 0.53 mg per 10 mL of solution.

% >
50 QO

NII[J \

D102 D149 C220

Figure 3.4: Chemical composition of the dyes used in this study.

3.1.6 spiro-OMeTAD filling and electrode deposition

2,27, 7-tetrakis(N,N-di-p-methoxypheny-amine)-9,9’-spirobifluorene (Spiro-OMe-
TAD) [11] purchased from LumTech or Merck was dissolved in anhydrous chloroben-
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zene (Sigma Aldrich) at a typical concentration of 10% by volume, although ad-
justements were made for thinner or thicker films. After fully dissolving the hole
transporter, 4-tert-butyl pyridine (¢BP) was added with a volume to mass ratio of
1:26 1 mg~! ¢BP:spiro-OMeTAD. Lithium bis(trifluoromethylsulfonyl)imide salt
(Li-TFSI) was pre-dissolved in acetonitrile at 170 mgml~! and added to the hole
transporter solution at 1:12 Img~! of Li-TFSI solution:Spiro-OMeTAD.[12] The
dyed films were rinsed briefly in acetonitrile and dried in air for 1 minute. For
spin-coating, a small quantity of the hole transporter solution (18-25 ul) was dis-
pensed onto each substrate and left to wet the films for 20 s before spin-coating
at 700 rpm for 40 s in air. The films were left overnight in an air atmosphere
before placing them in a thermal evaporator where 150 nm thick silver electrodes

were deposited through a shadow mask under high vacuum (10~¢ mbar).

3.1.7 Liquid electrolyte filling

The home-made robust Z646 electrolyte used was composed of a mixture of 0.8M
1-propyl-3-methylimidazolium iodide, 0.15M Iodine, 0.5M 1-methylbenzimidazole,
0.1M guanadinium thiocyanate, in 3-methoxypropionitrile.[13] After being washed
by acetonitrile and dried under air flow, the sensitized electrodes were assembled
with the counter electrode by melting a 25 um thick Surlyn gasket. To prepare
the platinum coated counter electrode, first a hole was sandblasted into an FTO
slide. A drop of 5 mM (HyPtClg) ethanolic solution was then spread over the
FTO and then it was heated to 400°C during 15 min under air. The internal
space between the working and the counter electrodes was filled with Z646 elec-
trolyte using a vacuum back-filling system. The hole was finally clogged with a

melted surlyn sheet and a thin cover slide.

3.2 Dye desorption

The mesoporous films were sensitized with a Ru-based dye, termed Z907,[14]
overnight. Then, they were submerged in 4 ml of a 200 mM solution of potassium
hydroxide in methanol for over 24h. The absorption spectrum was then recorded

with a cary uv-vis spectrometer. Taking into account the Beer-Lamber law (T' =
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10<¢), and knowing the extinction coefficient of the dye (12000 Lmol lem™!),
the number of dye molecules attached to the mesoporous structure can then be

calculated.

3.3 spiro-OMeTAD density calculation

To obtain the density of Spiro-OMeTAD, films were spin cast from chloroben-
zene on glass slides. Film thicknesses were measured using a Dektak 150 surface
profiler, and the glass was cut after coating with spiro-OMeTAD in order to re-
move any edges where increased film thickness is often observed and potential
coating of the sides, or even underside of the slides. The areas of the films were
then measured using high resolution photography, allowing the volume of each
film to be calculated accurately. The Spiro-OMeTAD was then re-dissolved in a
known volume of chlorobenzene and UV-visible absorption spectra were taken for
the resulting solutions. From this the molar extinction coefficient € for a given
wavelength could be obtained via the Beer-Lambert law A = cel,[15] where A is
absorbance, ¢ solution concentration and [ the optical path length. By comparing
the spectra from the dissolved films at the same wavelength, the concentration
and hence the mass of Spiro-OMeTAD originally in the film can be attained, and

since the film volume is also known, the density can be deduced.

3.4 Block copolymer assembly

3.4.1 Diblock copolymer paste assembly

3.45 mL of 37% HCI were rapidly added to 5 mL of titanium ethoxide in a beaker
at 50 C under stirring. The resulting sol was left to age for 90 minutes. In
a separate vial, 0.1 g of PI-6-PEO copolymer (Mn=33.5 kg/mol, polydispersity
1.03, 23 wt% PEO) was dissolved in 7 mL of THF. The appropriate amount of
the sol was added into the polymer solution to adjust the ratio of final (calcined)
TiOy to added polymer by weight, to the three ratios 2:1, 1:1, and 1:3. For
example, for titania 2:1, 0.873 ml sol was mixed with 0.1g PI-6-PEO in 7 ml
THF. The solution was left to dry in air at 50°C. The dry material was then
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redissolved in a toluene and 1-butanol mixture where the ratio of the to solvents
was adjusted to match the PI:(PEO+sol) weight fraction (for example for titania
2:1, the mixture consisted of 0.81 ml toluene and 0.61 ml 1-butanol). Finally, the
solution was cast into a PTFE dish and left in air at 50°C for over 24 hours. The
resulting material was heated slowly (5 °C per minute) to 500°C, calcined for 1

hour at 500°C, and then left to cool down over 4 hours.
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Figure 3.5: Wide-angle X-ray scattering of calcined titania (a) before and (b)
after paste processing. For better comparison between titania 2:1 (top), titania
1:1 (middle) and titania 1:3 intensities were normalized. Crystal sizes of the
materials were determined by fitting the anatase (101) peak with a Voigt function
and subsequently correlating the peak broadening to nanocrystallinity via the
Debye-Scherrer equation with a K value of 0.89. I acknowledge that this data
was collected by Stefan Guldin in the University of Cambridge.

3.4.2 Diblock copolymer derived film

TiOs electrodes were fabricated as follows: 0.4 g of a poly(isoprene-b-ethylene
oxide) block-copolymer (PI-6-PEO) (molecular weight M, = 34.4 kg/mol, 28
wt% PEO) was dissolved in 8 ml of an azeotrope solvent mixture of toluene
(72.84 w%) and 1-butanol (27.16 w%). A titanium-containing sol was prepared
separately by the addition of 1.54 ml titanium(IV) isopropoxide (Sigma Aldrich,
99.999% trace metals basis) to 0.49 ml hydrochloric acid (37%) under vigorous

stirring. 5 min after addition of the titania precursor, the sol was added to the
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polymer solution and subsequently stirred for a further 30 min. Hybrid were
then deposited from solution via spin coating (1800 rpm, 20 s) or doctor blading
onto the prepared FTO substrates. Subsequently the films were exposed to an
annealing protocol on a calibrated hotplate (2000 W with programme regulator,
Harry Gestigkeit GmbH), typically for 10 min at 50°C, followed by a 45 min linear
heating ramp to 300°C and a final dwell time of 5 min at this temperature. The
procedure of film deposition and subsequent annealing was repeated several times
(typically 3-7 cycles) to match the required film thickness. Finally the stack was
calcined at 600°C (3 hours, heat ramp 5 °C/min, Cole Parmer, EW-33855-35) to

remove the organic material and crystallize the TiOs.

3.4.3 Triblock terpolymer derived film

A polymer solution was prepared by dissolving 50 mg of ISO (M,=14.63, 29.04,
and 9.77 kg/mol for I, S, and O, respectively, with a polydispersity of 1.05) in
0.61 mL of anhydrous anisole for at least 1h. In a separate vial a sol stock
solution was prepared by quickly adding 5 mL of titanium isopropoxide to 1.6
mL of concentrated 37 wt% HCl(aq) under rapid stirring. Caution must be taken
since this addition is violently exothermic and can cause splashing. The closed
vial containing the dilute sol stock solution was stirred for 5 min followed by the
addition of 10 mL of dry tetrahydrofuran and two additional minutes of stirring.
Next, 0.22 mL of the dilute sol stock solution was added to the polymer solution
followed by 30 minutes of shaking. The quantity of titania sol added was chosen
to correspond to c.a. 27.5 vol% for the combined PEO and titania volume in
order to target the network morphology window [16, 17]. Films were prepared by
doctor blading the final solution onto an FTO substrate with a preformed titania
compact layer deposited via spray-pyrolysis. The wet films were allowed to dry
on hotplates set to 30°C for 1-2 days. The dry films were aged at 100°C for 3
days to further the condensation reaction and then were calcined at 500°C with

a 1°C/min heating ramp followed by a 1 h hold and natural furnace cooling.
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Figure 3.6: Wide-angle X-ray diffraction of different photoanodes. Top: Diffrac-
tion data and fit of triblock terpolymer assembled photoanodes. Bottom: diffrac-
tion data and fit for conventional nanoparticle photoanodes. For clarity, the
expected peak position of TiOy anatase (PDF 711167, 4) and FTO (#) are in-
dicated. These are expected to be the main contribution from the mesoporous
photoanode and the transparent conductive substrate respectively. I acknowledge
that Robert Gunning in the University of Oxford collected and analyzed the data
presented in this figure.

3.5 Materials characterization

TEM samples of the block copolymer PI-b-PEO/TiO, mesostructure were pre-
pared by sectioning the bulk materials to 50nm with a Leica Ultracut UCT cryo-
ultramicrotome and transferring the slices onto copper TEM grids. These samples
were imaged in a Tecnai T12 Spirit TEM with an acceleration voltage of 120keV.
Scanning electron microscopy of processed titania films and devices was carried
out on a Leo Ultra 55 with a field emission source of 3 kV acceleration voltage.
Ellipsometric data was taken on a Nanofilm ep3se imaging ellipsometer and the
instrument software was used to analyze the data. Results by imaging ellipsom-
etry were verified with a spectroscopic ellipsometer (Woollam alpha-SE). SAXS
patterns were recorded in the G1 beamline in Cornell High Energy Synchrotron
Source (CHESS) with a Flicam 2D CCD detector, with the beam energy at 10.5
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keV and the sample-to-detector of 2.3 m. Wide-angle x-ray diffraction was carried
out on a PANalytical MPD Pro using monochromatic CuK,; radiation, using an

X’Celerator linear detector.

3.6 Transient photovoltage and photocurrent de-

cay measurement setup

To perform transient photovoltage and pho-
tocurrent decay measurements, first, three ar-
rays of diodes: white (Lumiled Model LXHL-
NWES white star), red (LXHLND98 red star)
and green (LXHL-NMO98 green star); were sol-
dered and screwed into a home-made holder.
A schematic is shown with the distribution of
the arrays in figure 3.7. To select either green

or red perturbation, a USB controllable re-

lay board was used (KMtronic), and a transis-
tor (IRF7821PbF) was used to determine the
length of the pulse. The white light array is Figure 3.7: LED array setup
connected to a PC controllable power supply schematic
(TTi TQ355TP) at a constant current setting,
while the perturbation array is connected at a constant voltage setting. In this
way, a wave generator (Agilent 33220A) connected to the transistor switches the
transistor on or off, and the light can be pulsed. The solar cell is then situated
in the center of the beam and connected to an oscilloscope (Agilent InfiniiVision
6000 Series), while it is triggered by the wave generator so the photoresponse
can be recorded. The whole system is controlled by LabView to acquire the data
automatically.

The LED response to the pulse generated by the wave generator was recorded
for different time scales in figure 3.8. As can be seen on b), the transistor has
a switching time in the order of 25 ns, and the LEDs turn on to about 70-80%

intensity within 200ns. However, the system does not reach equilibrium until 10
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us after switching the transistor on, which is several orders of magnitude faster

than the response of most solid-state dye-sensitized solar cells.
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Figure 3.8: LED response measured on a fast silicon diode to the pulse generated
by the wave generator for a) long times and b) short times. The pulse has been
turned upside down for clarity.

3.6.1 Calculations of charge density
3.6.1.1 Open circuit

Once the DOS is known, as shown in figure 2.8, the resulting points can be fit

assuming an exponential distribution of states as:

d
g o
C = AePV (3.2)
Q \% \%
_ o BV
/0 dQ = /D Cdv = /0 AePVay (3.3)
Q=5 1) (3.4)

3.6.1.2 Short circuit

There are two ways to extract the charge density of the films at short circuit

conditions: by performing complete short circuit current decays, i.e. charge ex-
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traction, or through extrapolation from small perturbation short circuit current
decays. In the first method, the complete photocurrent decay from a background
light intensity to complete darkness is measured in an oscilloscope. The total
charge in the film is then the result of calculating the area under the resulting

curve.
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Figure 3.9: Measured extracted charge against short circuit current for standard
1.8 pm thick solid-state cells. Line corresponds to the integrated charge derived
directly from the decay lifetimes of the small perturbation transient photocurrent
decay measurements and using equation 3.7.

For the second method, the small perturbation transport lifetime (7(J)) against
short circuit current (J) for a range of background light intensities was fit as a

power law:[18]
r(J) = AJP (3.5)

After establishing the relationship between short circuit current and transport

lifetime, the current density can be calculated iteratively as:
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The resulting values for the short circuit current can then be integrated to find
the charge density. To check whether this method is a good approximation to
the charge density of the films, the complete photocurrent decay from different
background light intensities to complete darkness were measured and integrated
to find the charge density, as shown in figure 3.9. The calculations almost per-
fectly follow the charge density extracted from the film via complete short circuit
decays, confirming that this is a viable technique to obtain the charge density at

short circuit conditions.
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Chapter 4

Diblock copolymer assembled

structures

This chapter has been adapted with permission from Advanced Functional Ma-
terials, 2010, 20,(11),17871796. Copyright 2010 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

4.1 Introduction

4.1.1 Block copolymers

Amphiphilic block copolymers are an excellent tool for nanotechnology.[1] They
are composed of tethered polymer blocks, one hydrophilic, the other hydropho-
bic, which results in highly incompatible blocks, and hence a high Flory-Huggins
interaction parameter[2]. Block copolymers with a high Flory-Huggins parameter
will phase separate and so can be used to assemble highly ordered nanostructures,
ranging from spherical, cylindrical and gyroidal to lamellar by simply changing
the volume fraction of each of the blocks. See figure 4.2. The tunability of shape
and scale gives unparalleled control over the resulting self-assembled morpholo-
gies. There are multiple ways of assembling structures with block copolymers.
Some strategies involve creating templates from these soft materials, where one
block is selectively removed while the other one is used as a scaffold allowing

the backfilling of very complex structures, such as the gyroid mesophase (see fig
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4.1).[3, 4]

Another approach for the synthesis of nanocom-
posites involves the selective incorporation of an inor-
ganic sol into a single block of a diblock copolymer
film. Pioneered by Templin et al in 1997,[5] access
to predicted diblock copolymer phases were achieved
through the selective swelling of an aluminosilicate
sol into the poly(ethylene oxide) (PEQO) phase of a
block copolymer. Later, Stucky et al.[6, 7] incorpo-

rated metal-oxide sols into an ABA triblock copolymer
(poly(ethylene oxide-b-propylene oxide-b-ethylene ox- Figure 4.1: Schematic of
ide), Pluronic123). The resulting transition metal ox- ,
the gyroid structure

ide containing nanocomposites were subsequently heat

treated in air to partially crystallize the metal oxide while oxidatively removing
the polymer, producing a framework of nanocrystallites which mirrors the block
copolymer directed morphology.

The use of the block copolymer P123 typically limits the pore size between 6
and 14 nm, which is too small for some applications, and may impede the complete
crystallization while maintaining structural integrity.[8] An alternative copolymer
to use as a structure directing agent is poly(isoprene-block-ethylene oxide) (PI-b-
PEQ). This block copolymer offers several advantages such as structural stability
at high annealing temperatures, enabling the complete crystallization of metal
oxides like NboOjs or TiO,.[9] Furthermore, pore sizes ranging from 20 to 80
nm[10] have been achieved by tuning the molecular weight of the polymer. As a
consequence of the high interaction parameter between the two building blocks PI
and PEO and the low glass transition temperature highly regular block copolymer
morphologies such as cylinders, lamellae and gyroids have been shown for Al,SiOs;
and NbyOs.[5, 9, 11]

High performance DSCs rely upon an extremely high interfacial area, since
charge carriers are only generated in the chemisorbed monolayer of photoactive
dye. Charge carrier recombination in ssDSCs can be up to 2 orders of magnitude
faster than in conventional liquid electrolyte devices [12, 13], so the poor electron

diffusion in these random networks [14, 15, 16] combined with poor infiltration of
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the solid-state hole transporters limit the titania electrode in ssDSCs to around
2 pm. This is not thick enough to achieve panchromatic light absorption with
the currently available sensitizers. The block copolymer directed assembly is
a particularly promising approach to photoanode architectural design since it
allows control of pore size [10], crystallinity [17] and electronic properties [18] of
the photoanode while being compatible with low cost and large scale production
methods. In principle, following this route should enable the design of ideal
photoanodes with control over both morphology and feature size provided by the
block copolymer. Indeed, block copolymer derived TiOy has been shown to lead
to enhanced electron mobilities when designed to facilitate high temperature heat
treatments.[9, 19].

4.1.2 Block copolymer self-assembly

The mechanism through which the diblock copolymer PI-0-PEO assembles the
morphology is as follows: the copolymer is formed by two blocks joined at the
center, one is hydrophilic (poly ethylene oxide, PEO) and the other is hydrophobic
(poly isoprene, PT). When dissolved in a polar solvent, the equivalent blocks from
separate copolymers tend to join in clusters and depending on the volume fraction
of each of the components, different morphologies can be achieved once the system

has been let to cast in air, see figure 4.2.

4

T

Fjgure 4.2 Diblock Copolymer mor- mer blocks. The introduced T102 sol

The driving force for the self-
assembly of block copolymers is the in-

compatibility of the covalently linked

blocks of the macromolecule. This for-
mation mechanism is then compati-
bilized with functional inorganic ma-

terials as introduced above, by tak-
o
o

ing advantage of selective interactions,

such as hydrogen bonding, to drive sol

nanoparticles into just one of the poly-

phologies particles used in this chapter are ex-
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pected to preferentially reside in the

hydrophilic PEO block due to attractive intermolecular forces.[20]

4.2 Block copolymers in ssDSCs

Previously, self-assembled block copolymer morphologies have been applied to
the solid-state DSC: For one route, films were fabricated by spin-coating a titania
sol containing diblock copolymer solution directly on the device substrate with
subsequent annealing and nanocrystalline mesoporous film formation.[10] The
second route involved replicating the double gyroid phase into titania by electro-
deposition through a nanoporous block copolymer generated template.[3, 4] Both
of these routes delivered very encouraging results, and demonstrate the range
of structures achievable through block copolymer self-assembly and replication
into active semiconductor devices. However, they both suffer from difficulties in
making the films suitably thick, since the crystallization process occurs on the
device substrate. A volume contraction during calcination induces in-plane strain
which leads to the formation of cracks in thick sintered films.

Recently an alternative approach has been presented where the material cal-
cination process was decoupled from the actual film fabrication.[21] In this case,
monolithic nanocrystalline porous TiOy is ground down and processed into a
paste to coat the substrates, forming crack-free, albeit rough, films up to many

micrometers in thickness.

4.3 Results and discussion

4.3.1 Control of the titania mesostructure through PI-b-
PEO self-assembly

Solid-state DSC devices were manufactured from mesoporous TiO, layers in the
following fashion (see sections 3.1 and 3.4.1 for details). A PI-b-PEO block
copolymer with a molecular weight Mn = 33.5 kg mol™!, polydispersity 1.03
and a PEO weight fraction of 0.23 was dissolved in anhydrous tetrahydrofuran
(THF). Ti-ethoxide in HCl was added. Following the evaporation of the solvent,
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the material was calcined to anatase TiO at 500 °C in air. The resulting meso-
porous monolith was briefly ground to a powder (60 seconds) and processed into a
paste by solvent and cellulose addition following a similar method to Tto et al.[22]
albeit with only one minute grinding and brief ultrasonification. To investigate
the influence of the crystallization environment on the solar cell performance, ti-
tania hybrid composites were synthesized using three different precursor to block
copolymer ratios. The mixing ratios of the sol to polymer solutions were adjusted
in such a way that the weight of the TiO, after calcination as compared to the
weight of the polymer in the solution had the ratios 1:3, 1:1 and 2:1. Titania
derived from the three different recipes is referred to as “titania 1:3”7, “titania
1:17, and “titania 2:1” in the reminder of the chapter. Figure 4.3a is a schematic
illustration of the sol gel self assembly process, and Figure 4.3b-d are schematics
of the block copolymer directed morphologies for titania 1:3, 1:1 and 2:1 respec-
tively.

In Figure 4.3e, 4.3f, and 4.3g TEM images are presented of the bulk hybrid
material before calcination. The 1:3 recipe yielded an array of amorphous titania
cylinders surrounded by a matrix of PI. Cylinders with a differing alignment with
respect to the image plane are discernible in Figure 4.3e. The 1:1 recipe (Figure
1f) resulted in an inverse micellar morphology containing PI spheres surrounded
by a matrix containing both PEO and amorphous titania. Although, a lamellar
morphology was expected for the 1:1 ratio, ! [23, 24] It is suspected that the use
of roughly equal portions of two selective solvents induced micellization of the
polymer which resulted in toluene and PI rich micelles surrounded by a matrix
rich in butanol, PEO and titania. Such a solvent induced morphology[25] could
become kinetically trapped by titania condensation during the casting process
resulting in an inverse micellar morphology. Finally for the 2:1 recipe in Figure
4.3g, an inverted morphology of an amorphous titania phase has formed around a
well ordered array of PI cylinders. Small angle X-ray scattering (SAXS) patterns
are consistent with the above findings (see Figure 4.4). Figures 4.3h, 4.3i, 4.3j

show the calcined materials after heat treatment in air at 500°C. The titania 1:3

LA density of 2 gcm ™3 for the TiO5 sol within the polymer can be estimated which results in
a hydrophilic volume fraction of: 0.62 for 2:1, 0.49 for 1:1 and 0.3 for 1:3 ratios; corresponding
to the expected diblock copolymer phase diagrams shown in Fig.4.3 b-d.
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Post-calcination

Figure 4.3: Morphologies of block copolymer directed titania before paste-
processing. (a) Schematic drawing of the self-assembly process of TiO, within
the block copolymer. Sol-particles are shown as small dark gray spheres, the
PEO domains as dark gray chains and the PI phase is represented as light gray
chains. The TiO, sol particles are shown to predominantly reside within the PEO
phase. Different morphologies are obtained, depending on the titania load: (b)
TiOj rich cylinders in an organic matrix for titania 1:3, (c¢) organic micelles in the
TiO; rich matrix for titania 1:1 and (d) organic cylinders in a TiO, rich matrix
for titania 3:1. (e) to (g) are bright field TEM images of the materials for the
different recipes before calcination, i.e. as hybrid material. Light areas in (b)-(g)
show the organic-rich domains and the dark areas correspond to the TiOs rich
domains. (h) to (j) are TEM images of the calcined material for all three recipes
(heated to 500°C in air). I acknowledge that all images presented in this figure
were acquired by Stefan Guldin in Cornell University.
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sample has predominantly collapsed since there is no self supporting scaffold once
the polymer is removed, though elongated features with a cylinder-like morphol-
ogy can still be seen. Samples with a higher inorganic ratio (titania 1:1 and 2:1)

maintained their previous morphology.
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Figure 4.4: Radially-integrated plots from small angle X-ray scattering patterns.
The scattering vector, q, is defined as ¢ = 47rsin§, where 6 is the scattering angle
and A is the x-ray wavelength. Plots (a) to (c) correspond to the pre-calcined
hybrid samples of titania 1:3, 1:1, and 2:1, respectively. Plots (d) to (f) correspond
to the calcined samples of titania 1:3, 1:1, and 2:1, respectively. Dotted lines in
(a) and (c) show predicted peak positions for hexagonal morphologies calculated
from the first reflection peak positions. Dotted lines in (e) are reminiscent with
a micellar arrangement of pores as described in the text for the calcined titania
1:1 sample. I acknowledge that all the data and analysis presented in this figure
was acquired and performed by Hiroaki Sai in Cornell University.

Powder X-ray diffraction was employed to probe the crystal polymorph and
size in the resulting films processed from pastes. Initially, after calcination of the
monolith at 500°C for 2 hours, the crystal phase was entirely anatase consisting
of nanocrystals with sizes of 10.1 + 0.2 nm for the 1:3 ratio, 11.2 £ 0.1 nm for
the 1:1 ratio and 12.7 + 0.1 nm for the 2:1 ratio as determined by Debye-Scherrer
analysis.

While the size of the nanocrystals varied for the three recipes after the first

calcination step, a less significant trend is discernible upon re-sintering the paste,
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and similar final sizes are reached for all three initial compositions. The SEM
images in Figure 4.5, (d) to (f) depict the final mesoscopic film morphology of all
the ratios and it is evident that all morphologies are similar after grinding, soni-
fication, paste formation and subsequent annealing. Additionally, the Brunauer-
Emmett-Teller (BET) specific surface area obtained from nitrogen physisorption
of the film processed materials are very similar for the three initial TiOs to poly-
mer ratios, ~60 m?g~! (data not shown), while any added porosity during paste
processing of the films was kept constant by the addition of ethyl-cellulose in a
1:2 (cellulose:TiO5) ratio by weight.

It is important to emphasize that the initial block copolymer-derived mor-
phologies of Figure 4.3 are predominantly lost during the grinding process uti-
lized for device manufacture: The titania layers in the three device cross-sections,
shown in Figure 4.5, are indistinguishable in terms of porosity, TiOy morphology
and crystallinity. Although this limits the control of the mesostructure in these
“processable” films, the three types of titania have a different preparation his-
tory. This provides an excellent framework to study the electronic properties of
mesoporous materials that were synthesized from different (but controlled) initial
conditions, while keeping factors such as surface area, crystal size, dye uptake,

light scattering, and hole transporter infiltration relatively constant.

4.3.2 Solar cell performance

Solid-state dye-sensitized solar cells were fabricated as described in section 3.1
using the D102 dye. After filling the pores, the hole transporter has to create a
thin and uniform capping layer on top of the electrode to introduce the necessary
electronic asymmetry of the device, establishing a selective contact of the organic
hole conductor with the metal electrode. On the other hand, a thick capping
layer increases the series resistance in the device and limits the fill factor.[13] The
herein created films were extremely rough, and, following the standard coating
protocol (15 wt% spiro-OMeTAD in chlorobenzene spin-coated at 2000 rpm)[26]
only relatively poor device performances were obtained.

The degree of pore filling and the thickness of the capping layers are important

factors influencing the device performance. This requires a careful investigation
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(a) (b) (c)

Figure 4.5: SEM images of the TiO, paste. (a) to (c) show the different steps
in the paste reconstitution process. First the annealed powder is lightly ground
for 2 minutes (a), then cellulose and a-terpineol are added and the resulting
mixture is sonicated (b), and finally the paste is doctor bladed to obtain thin
films of around 2 pm in thickness (c¢). (d) to (f) are SEM surface images of the
ensuing mesoporous TiOq after sintering the paste on the device substrates, (f)
corresponds to titania 2:1, (e) to titania 1:1 and (d) to titania 1:3. (g) to (i)
are the corresponding SEM images of device cross-sections. I acknowledge that
all the images presented in this figure were acquired by Stefan Guldin in the
University of Cambridge.
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values shown. (e) A long cross-section of the optimized titania 1:3 device where
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of the spiro-OMeTAD processing step that can be finely tuned by varying the
concentration of the casting solution and the spin-coating speed.[26, 27] The
thickness of the mesoporous layer was varied as well as the concentration of the
spiro-OMeTAD casting solution. In Figure 4.6a-d the solar cell performance pa-
rameters are shown for devices incorporating titania 2:1 paste electrodes of a range
of different thicknesses. The performance parameters are plotted against spiro-
OMeTAD concentration in the starting solution, measured under 100 mWem =2
AM 1.5 simulated sun light. The basic observation is that devices between 1 to
3 microns in thickness operate reasonably well with casting solutions containing
between 20 to 30% spiro-OMeTAD (c.f. 15% for standard devices, i.e. fabricated
from commercially available nanoparticle pastes). The evolution of the solar cell
performance parameters with spiro-OMeTAD concentration is a convolution of
the increasing film thickness, pore filling and capping layer thickness.[26, 27] For
the thin films (up to 0.5 pum), the layer roughness is comparable to the overall
film thickness, making it challenging to form an optimum composite. Figure 4.6a
shows the fill factor as a function of spiro-OMeTAD concentration, with the film
thicknesses noted in the legend. At low spiro-OMeTAD concentrations the pore
filling improves with increasing concentration resulting in an increase in fill fac-
tor. The solubility limit for spiro-OMeTAD in chlorobenzene is close to 35 %
and hence the use of high concentration solutions does not improve pore filling,
but increases the thickness of the capping layer causing a lower fill factor. Too
thick capping layers appear to limit the device performance by increased resistive
losses, though pore filling may also be inhibited by excessive concentrations of
the casting solution. The optimum combination of parameters is a TiOy film
thickness of 1.6 ym and a spiro-OMeTAD solution concentration of 25%. This
is a considerably higher concentration than the optimised concentration of 15%
required for devices manufactured from smooth films made with standard TiO,
nanoparticles. This is probably due to the requirement of having a considerably
thicker spiro-OMeTAD capping layer to completely cover the rough undulating
film.

To illustrate the roughness of the layers and the apparent difficulty of uni-
formly filling and capping these “undulating” films, a cross sectional SEM image

of a solid-state DSC incorporating a titania 1:3 film is shown in Figure 4.6e.
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Even though this is one of the roughest devices of the series, the device delivered
a power conversion efficiency of over 3%. In contrast to previous assumptions,
this clearly demonstrates that the solid-state DSC is compatible with rough non-
uniform films. Upon close inspection of the SEM image, it is apparent that both
the spiro-OMeTAD capping layer (darker region near the top), and the silver elec-
trode (bright capping material) are to a greater or lesser degree conforming to the
undulating surface. This is a likely explanation for the good fill factor of these
devices. A similar study of film thickness and pore filling as shown for titania 2:1
in Figure 4.6 was conducted for the remaining two titania ratios, and the best
performing cells from each series are characterized electronically in more depth
below. The roughness of the films is a consequence of the employed fabrication
pathway to mesoporous TiO, films. In an earlier publication it was shown that
in the presented fabrication approach the basic constituents, titania nanocrystal-
lites, typically agglomerate into building blocks on the micrometer length scale,
which has the fortunate effect of uniting scattering and a high surface area for
dye loading and ensuing light harvesting in a single, thin layer.[21]

Figure 4.7-a shows the normalized photovoltaic action spectra for the op-
timized devices based on pastes made with all three titania recipes as well as
the normalized incident photon-to-electron conversion efficiency (IPCE) for a de-
vice fabricated from standard TiO, nanoparticle paste for comparison (the curves
have been normalized for shape comparison), all cells are sensitized with the same
dye, D102. As mentioned previously, the mesoporous material fabricated from
all three titania recipes have similar surface areas, and judging by the normalized
IPCE spectra, they have similar light absorption profiles. As compared to the
reference standard nanoparticle based device, the block copolymer spectra are
narrower, suggesting a slightly lower absorption depth in the block copolymer
derived composites. A study of the variation of photovoltaic action spectra with
the cell thickness was also performed and is shown in Figure 4.8. The width of
the action spectra increases monotonically with increasing film thickness. The
“standard nanoparticle” based cells were fabricated from Dyesol 18NR-T paste
which is composed of ~20nm diameter 100% anatase nanoparticles, with a post
TiCly treated film porosity of approximately 58%, a surface area of 62 m2g~! and

a pore size of 23nm as determined by nitrogen adsorption mesurments.
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Figure 4.7: a) Normalized incident photon-to-current conversion efficiency

(IPCE) and b) current density-voltage (JV) curves of devices made from the
3 titania recipes (see legend). A reference device fabricated from a standard
nanoparticle paste is shown as gray diamonds (S in the legend). Inset in b) shows
the extracted values for the short-circuit current (J,.), open-circuit voltage (V,),
power conversion efficiency (n) and fill factor (FF) for the 4 devices.
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Figure 4.8: Thickness dependence of devices incorporating the titania 2:1 mor-
phology, parameters extracted from measurements of solid-state DSC with opti-
mized hole transporter concentrations. a-b) Solar simulator parameters, where in
a) efficiency (@) and short-circuit current (J4., W), and in b) open-circuit voltage
(Voe, M) and fill factor (@), are all plotted against mesoporous layer thickness.
Values shown are the average of 3 to 6 devices. ¢) Normalized incident photon-to-
electron conversion efficiencies (IPCE) for the different mesoporous layer thick-
nesses plotted against wavelength. A “standard” (S) nanoparticle device (#) is
shown for comparison
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In Figure 4.7b the current voltage (JV) curves for the best performing de-
vices of each paste recipe are shown, along with a standard nanoparticle based
reference cell fabricated in the same series. The short-circuit current and overall
performance improve with reduction of the titania content in the recipe. The ti-
tania 1:3 device generated a very competitive short-circuit current of 7.5 mAcm 2
and an overall efficiency of 3.2% measured under simulated AM1.5 sun light at
100mWem~2. This is a 100% improvement upon the previous best reported block
copolymer assembled solid-state DSC[10] where the assembly and crystalisation
took place directly upon the FTO glass substrate. It is also extremely close to
the standard nanoparticle based device,[28] which in this case delivered 3.4 %

power conversion efficiency.

4.3.3 Electronic properties

The primary reason for varying the composition of the metal-oxide precursor
sol over a broad range was to systematically change the material structure and
properties in order to improve our understanding of the critical factors which
limit and improve device performance. TiOy synthesis via copolymer-directed
self-assembly is a very different route compared to the traditional colloidal as-
sembly, and hence broadens the scope for optimizing TiOy properties for DSCs,
and furthermore opens up the parameter space available for detailed investiga-
tion. In order to investigate differences in electronic behavior between the various
devices fabricated in this study, small perturbation transient photovoltage and
photocurrent decay and collection measurements were performed, see section 2.4
for details. These experiments allow the derivation of the transport and recom-
bination properties in the solar cells as well as the nature and distribution of sub
bandgap states within the titania films.

The diffusion coefficient (D) is estimated from the current collection lifetime

thickness?

sgse (see section 2.4 for more details).[29] In Figure 4.9a

(Ttrans) as De =
the diffusion coefficient versus incident light intensity is presented for devices in-
corporating the three titania compositions compared to a standard nanoparticle
based solar cell. The diffusion coefficients increase weakly with light intensity,

and are similar for all four devices, signifying similarly good charge transport in
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Figure 4.9: Transient photocurrent and photovoltage decay measurements. a)
Diffusion coefficients (D.) and b) diffusion lengths (Lp) extracted from tran-
sient photocurrent and photovoltage decay measurements plotted against differ-
ent background white light intensities for the different titania recipes (see legend).
A device made from standard (S) nanoparticle paste (diamonds) is also shown for
comparison. ¢) Schematic diagram of the sub bandgap density-of-states, plotted
as voltage against capacitance. This shows persistently filled states (shaded gray
in diagonal stripes), which are populated by photo induced electron transfer from
the background white light. Also shown in solid-red are states transiently filled
from the red light pulse, which induce a small voltage perturbation. d) Data
showing open-circuit voltage versus capacitance (calculated as C' = % (injected
charge/voltage perturbation) ) where for titania 1:3, two cells of different thick-
ness, 2 pm (open center), and 0.8 um (solid center) are shown. Error bars in
panels (a) and (b) are a result of the measurement errors and are dominated by
the roughness of the films. Error bars in panel (d) are set at 10% of the value
shown since multiple measurements on a single device yield this degree of vari-
ation. The data shown in this figure is from measurements on the same devices

for which the current voltage curves in Figure 4.7b are presented.
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all compositions. For the solar cell to operate efficiently charges must be collected
much faster than they recombine within the active layer. To estimate how far
the charges travel at short-circuit before recombining, the charge lifetime (7.)
was estimated in this regime by performing constant current transient photovolt-
age decay measurements at short-circuit. The electron diffusion length (Lp) can
then be calculated as Lp = +/D.7. . For the block copolymer derived devices
the diffusion length drops slightly with increasing illumination intensity, and at
the equivalent to full sun light intensity it is almost identical for the three titania
recipes at about 3.5 um. The diffusion lengths are lower at full sun intensity as
compared to the standard nanoparticle based devices, but the current collection
efficiency (1.) at 100 mWem™2 was estimated to be very similar for all devices
at 94% for the titania 1:3, 97% for the titania 1:1, and 92% for the titania 2:1,
as compared to 96% for the standard cell. Since current collection efficiencies
are close to unity for all optimised devices, the variations observed in photo-
voltaic performance must stem from another process than from inefficient charge
collection.

For further investigation, current collection and voltage perturbation mea-
surements to probe the location and density of the sub bandgap states were used.
See section 2.4 for details. A schematic of the density-of-states (DOS) is shown
in Figure 4.9c. Figure 4.9d shows the sub bandgap density-of-states distribu-
tion, or chemical capacitance, extracted from these measurements. A clear and
significant trend between the titania synthesized in the three different ways was
observed. As the titania content is reduced, a deepening and a broadening of
the DOS is observed. This systematic trend suggests that the crystallization
environment strongly affects the electronic material properties of the copolymer
directed titania. Titania films stemming from a network in which the inorganic
component represents the majority phase (i.e. titania 2:1) lead to devices with
fewer sub bandgap states, or to sub bandgap states that lie at higher energies.
The more open monolith structures (titania 1:3, titania 1:1) lead to a deepening
and broadening of the DOS distribution, which is most distinct when the crys-
tallizing inorganic component represents the minority phase for titania 1:3. In
comparison to the diblock copolymer directed devices, the standard nanoparticle

based cell has an even deeper and broader DOS distribution. All mesoporous
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films were subject to a surface treatment with TiCly prior to re-sintering, which
grows a thin shell of titania upon the surface. This suggests that the changes
to the density-of-states observed are not due to states residing directly upon the
surface of the mesoporous material, due to the presence of the TiCl, grown ti-
tania shell. Nor are they due to a change in the interaction between the titania
and the spiro-OMeTAD phases.

The fine-tuning of the DOS distribution can be attributed to the existence of
the surrounding reducing organic component, which may be acting as an oxygen
sink during calcination. The density of sub bandgap states in Figure 4.9d is
most likely due to oxygen vacancies which increase with increasing the volume
fraction of the polymer surrounding the amorphous titania during calcination.
It is therefore intriguing to further study the interplay of sample composition
with annealing temperatures and atmosphere, to achieve full control over the sub
bandgap DOS. Carbon contamination of the TiO, by the organic components is
an unlikely explanation for the observed results given the increased efficiency of
the devices with higher organic to inorganic ratio. Studies by Lee et al. have
shown that the carbon content of the initially hybrid material is lost during the
calcination process in an oxygen rich environment.[9]

To correlate device performance with the sub bandgap DOS, a clear trend
of increasing photocurrent and reducing open-circuit voltage with increasing the
depth and width of the DOS can be observed. The open-circuit voltage is gen-
erated by the offset of the quasi-Fermi level for electrons in the TiO, with the
quasi-Fermi level for holes in the spiro-OMeTAD (or hole polaron level). The
shallower and narrower the DOS distribution, the lower (closer to vacuum) the
quasi-Fermi level for electrons will be for any given photogenerated charge den-
sity. This is in line with the findings of increasing open circuit voltage from 0.77
V for the standard nanoparticle based cell over 0.82 V for titania 1:3 up to 0.90 V
for titania 2:1, shown in Figure 4.7b. The increasing photocurrent with increasing
the depth of the density of sub bandgap states cannot be explained by considering
transport and recombination, since these are remarkably unaffected by the titania
synthesis. However, if photoinduced electron transfer from the dye to the titania
is strongly influenced by the position and density of the sub bandgap states,[30]

then the observed trend of increasing photocurrent with increasing depth of the
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DOS distribution is justifiable. If electron transfer from the photoexcited dye into
the TiOs is a tunneling process, then increasing the density-of-states into which
the electron can be transferred would be expected to increase the rate and effi-
ciency of electron transfer and charge generation. Since increased photocurrent
is observed as the density of sub bandgap states in the mesoporous titania is in-
creased, this implies that a large fraction of the electrons are not injected into the
conduction band, but directly into the sub bandgap states. Koops et al. made
a similar observation for the electron transfer from a ruthenium complex dye
termed N719 into TiO5 and conclude that intersystem crossing from the singlet
to the triplet state competes with ultra-fast electron transfer into the TiOs.[30]
Due to the lower energy of the triplet state in the N719 dye, electron injection
from this state has to proceed via the sub bandgap states and is hence dependent
upon the position and density of such states. Since an all organic dye is used in
this study, intersystem crossing is unlikely to be fast. However, dye aggregation
has also been observed to slow down electron transfer,[31] and the indoline based
organic dyes used here are prone to aggregation,[32] and specifically for D102
J-aggregates are known to form which result in a significant deepening of the dye
LUMO level. Furthermore, if dye aggregation occurs then the excited state may
delocalize over one or more dye molecules, significantly reducing both the excited
state energy of the electron and the “push-pull” orientation of the excited state,
and hence increase the requirement for a large density of sub bandgap states into
which electron transfer can occur.

The intriguing result here is that by controlling the mesoscale morphology of
the TiOs by diblock copolymer assisted self-assembly, it is possible to systemati-
cally vary the distribution of electronic sub bandgap states in the material. This
work highlights the criticality of the energetic location and distribution of sub
bandgap states, and their role in efficient photocurrent generation in solid-state
DSCs.

4.4 Conclusions

In summary, mesoporous TiO, was synthesized in different crystallization envi-

ronments through the use of the diblock copolymer PI-6-PEO. The influence of
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the crystallization environment on the electronic properties of the materials and
performance characteristics of solid-state DSCs incorporating the mesoporous
TiO, was investigated. It was found that the density and distribution of sub
bandgap states is a function of the synthesis conditions and critically affects the
performance characteristics of self-assembled titania in hybrid solar cells. This al-
lows a new degree of freedom to vary and optimize towards the goal of controlling
functional electronic hybrid interfaces. Specifically here, as the width and depth
of the density of sub bandgap states is increased, a significant enhancement in
the photocurrent generation is observed. It is postulated that this is due to the
requirement for an abundance of sub bandgap states into which efficient electron
transfer can occur from the photoexcited sensitizers. Higher photocurrent gener-
ation is accompanied by an overall drop in open-circuit voltage with increasing
density of sub bandgap states, reflected in a trade-off in terms of the overall power
conversion efficiency. These findings do not necessarily imply that a high density
of sub bandgap states are required in an ideal DSC, but rather serious losses in
the charge generation mechanism take place. Reducing the heterogeneity and
increasing the efficiency of this electron transfer and charge separation process
are likely to be central goals for dramatic efficiency improvements in solid-state
DSCs.
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Chapter 5

Triblock terpolymer assembled

structures

This chapter has been adapted with permission from Advanced Energy Materials,
2012, 2,(6),676-682. Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

5.1 Introduction

Despite their potential, DSCs incorporating self-assembled networks have still
not reached the best efficiencies of nanoparticle based films. A major difficulty is
associated with the large volume contraction of the block copolymer derived films
during processing - evaporation of residual solvent, condensation of the inorganic
network and in the later stage calcination of the polymer and crystallization.
For films exceeding several hundred nm in thickness, this typically leads to crack
formation and delamination [1]. Several concepts have been presented where
block copolymer assembled photoanodes compete well with nanoparticle films for
active layers below 1 pum [2, 3], but it proves difficult to scale with thickness.
However, a recent study has established a route for the deposition of mesoporous
block copolymer derived films beyond 2 pum , which significantly increased the
power conversion efficiency of solid-state dye-sensitized solar cells fabricated from

these films to an unprecedented over 4%.[4] This efficiency, while high, was still
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lower than what can be achieved through conventional photoanode design.

An observed drawback of the experimental approaches used to date is the
fact that the TiO, is generally assembled in the majority phase. Lateral stresses
during volume reduction are therefore sufficient to lead to catastrophic crack
formation. A further consideration is that the ratio between organic and inorganic
material in the synthesis has a strong influence on the electronic properties of
the resulting TiOs as was observed in the previous chapter. A mainly organic
matrix leads to a strongly enhanced density of sub-bandgap electronic states,
correlated to a significantly increased photocurrent in the devices. For these
reasons, it would be favorable to lower the TiOs content in the hybrid composite.
However, when reducing the TiO, content in a diblock copolymer assembled film,
as presented in the previous chapter, the metal oxide becomes a non-continuous
minority phase surrounded by the polymer. Upon calcination of the oxide and
thermal combustion of the copolymer, film integrity is almost entirely lost due
to removal of the supporting matrix. In the previous chapter, this was worked
around by performing calcination in the bulk, and subsequently incorporating
the as prepared material into a paste for film processing. However, the favorable
ordered structure of the mesoporous assembly is entirely lost through this process.
Clearly a more direct route with a 3D continuous network morphology as-made
would be preferable.

In this chapter, a new self-assembly platform is presented for the fast and
straightforward synthesis of mesoporous TiO, films, based on the triblock ter-
polymer poly(isoprene-b-styrene-b-ethylene oxide) (ISO). This polymer system
directs the co-assembly of the oxide into a gyroid-like morphology, where the

minority phase is a 3D interconnecting strut network composed of TiOs.

5.2 Results and discussion

5.2.1 Triblock terpolymer ISO as a structure directing

agent

Recently, there have been reports on the assembly of several network morpholo-

gies, including a 3D continuous alternating (single) gyroid niobia network, which
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Figure 5.1: Material system and morphology.(a) The structure-directing macro-
molecule in this work is a triblock terpolymer poly(isoprene-b-styrene-b-ethylene
oxide) with volume fractions of 31%, 53% and 16% for the isoprene (PI, red),
styrene (PS, green) and ethylene oxide block (PEO, blue) respectively. The intro-
duced sol (blue particles) are expected to preferentially reside in the hydrophilic
PEO block due to attractive intermolecular forces. Under equilibrium conditions,
the incompatibility of its covalently linked building blocks leads the block copoly-
mer and its guest to assemble into its minimal energy morphology, which is in
the present configuration an ordered network phase such as the alternating gy-
roid, where one gyroid network contains the PEO incorporating the oxide sol,
and the second gyroid network contains the PI, surrounded by a PS matrix. (b)
shows one such gyroid containing the PEO and the oxide phase. (c) Scanning
electron microscopy image of a film deposited by doctor blade coating, shown
after plasma etching to remove the polymer, which gives rise to a continuous,
highly porous TiO, network. (d) Close-up scanning electron microscopy image
of the mesostructure top surface after calcination at 500 °C exhibiting open and
accessible pores. I acknowledge that all the images presented in this figure were
acquired by Morgan Stefik in Cornell U7191V81‘Sity.



arises from the coassembly of a triblock terpolymer poly(isoprene-b-styrene-b-
ethylene oxide). In this configuration, the inorganic resides in the minority phase.
Due to the fact that network phases are 3D continuous and self-supporting, the
morphology is able to withstand removal of the polymer.[5] A similar system
is used in this chapter. Figure 5.1a illustrates the chemical configuration: The
triblock terpolymer in this work consists of a PI, PS, and PEO block with vol-
ume fractions of 31%, 53% and 16% respectively. The introduced TiO; sol (blue
particles) are expected to preferentially reside in the hydrophilic PEO block due
to attractive intermolecular forces.[6] The incompatibility of its covalently linked
building blocks leads the macromolecule and its guest to co-assemble towards its
energy minimal morphology [7, 8]. For the utilized volume fractions, an ordered
cubic network such as a single “alternating” gyroid morphology of PEO and in-
organics, surrounded by a PS matrix and a complementary gyroid network of
PI, as illustrated in Figure 5.1b [5] is expected. For experimental realization,
a PI-b-PS-b-PEO polymer (ISO) of M,, = 53.4kg/mol was dissolved in anisole.
Separately a sol stock solution was prepared by adding titanium isopropoxide to
HCl. The stock solution was then diluted and added to the polymer solution
to match the aimed phase space. After deposition by doctor blade coating onto
prepared FTO substrates, the films were annealed at 30 °C in an enclosed atmo-
sphere for 24-48h, then aged at elevated temperatures for another 3 days before
being calcined in air at 500°C to remove the organic structure directing agent and
crystallize the inorganic network. See section 3.4.3 for more details. The as-cast
films had a homogeneously networked morphology throughout the thickness as
shown in Figure 5.1c. The hybrid films were based of an oxide:polymer mass
ratio of 0.33:1.0, assuming complete condensation to TiOs. This is equivalent to
a volume uptake of 27.5% for the phase of PEO & TiO,, i.e. the TiO, being
in the minority phase. The film thickness and overall amount of TiO, deposited
for each film was controlled with the solution concentration as well as the doctor
blading height and velocity. The structural features were preserved throughout
the crystallization process resulting in the generation of 20-30 nm mesopores as
shown in Figure 5.1d. In contrast to earlier work using this triblock terpolymer
to direct the structure assembly on more equilibrated morphologies in the bulk,[5]

a specific space group cannot be identified due to the limited long-range struc-
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tural ordering for thin film deposition. This is somewhat expected since drying
kinetics in thin films lead to a quenching of the microphase separation process
by the simultaneous sol-gel reaction before reaching its equilibrium morphology.
Nevertheless, the TiOy photoanodes exhibit a continuous network of very high
porosity which arises from the co-assembly of TiO, in the minority phase.

The as-calcined photoanodes were subsequently subject to a TiCly treatment
and resintering at 500°C as is conventionally done for dye-sensitized solar cells
before being immersed in a dye solution and assembled into a solid-state DSC.
Crystallite sizes are ~12 nm for the triblock terpolymer-derived structures and
~19 nm for the standard nanoparticle films via Scherrer analysis of the [101]
anatase peak (see figure 3.6). The standard method to estimate the surface area
and porosity of mesoporous oxides is to perform nitrogen desorption measure-
ments. However, this proves difficult for thin films and furthermore a measure of
the effective accessible surface area for dye adsorption may be more relevant for
the electrode material. In order to estimate the surface roughness of the triblock
terpolymer derived films we therefore compared the accessible surface area by
a dye desorption technique (see section 3.2). Firstly, the standard nanoparticle
based films, which have been well characterized by nitrogen desorption, were used
as a standard control. From nitrogen desorption the standard nanoparticle films
have a roughness factor of 116 fold per um thickness of film. Following overnight
sensitization with a ruthenium based dye, termed Z907, and subsequent dye des-
orption, Uv-Vis absorption measurements of the desorbed dye were taken. The
dye was calculated to occupy around 1.6 nm? per dye molecule, consistent with
reports in literature.[9, 10] With the assumption that the same dye loading will
be achieved on both the anatase titania triblock terpolymer derived films and the
standard anatase nanoparticles based films, we calculate the surface roughness
to be 161 fold per pum thickness of film for the triblock terpolymer-derived films
measured via Z907 dye desorption in methanol.

In order to estimate the porosity of the films spectroscopic ellipsometry was
used to extract the optical constants for each film, and reconstructed an “effective
medium” composed of differing volume fractions of air (n ~ 1) and anatase TiOx
(n = 2.5) employing the Bruggeman effective medium approximation.[11] The

refractive indices of the films were determined to be 1.39 (triblock terpolymer-
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Porosity Surface roughness Crystallite Average pore

Film (vol%) (per pm) Size (nm) diameter (nm)
Nanoparticle  48+4 116 19 18
Triblock 61+3 161 12 21

Table 5.1: Film characteristics. Values shown correspond to films treated with

TiCly

derived films before TiCly), 1.52 (triblock terpolymer-derived films after TiCly),
1.62 (nanoparticles before TiCly), and 1.73 (nanoparticles after TiCly) respec-
tively. It is already apparent simply from these values that the porosity reduces
slightly after TiCl, treatment and that the porosity of the triblock terpolymer
films is higher than the nanoparticle films. Specifically, the porosity of the triblock
terpolymer-derived films was calculated to be 69+2 vol% before TiCl, treatment
and 61+3 vol% after this surface treatment. In comparison, standard nanoparti-
cle films before TiCl, treatment are calculated to be 5542 vol% porous and 48+4
vol% after the surface treatment. The increase in refractive index after the TiCly
surface treatment corresponds to a ~1 nm thick coating of the pore structure
for both triblock terpolymer-derived films (average pore diameter ~21 nm) and
nanoparticle films (average pore diameter ~18 nm), respectively. See ref. [12] for
details. These porosity and surface area estimations indicate that structurally,
the triblock terpolymer exhibits a higher accessible surface are for dye loading as
well as enhanced porosity compared to the standard nanoparticle based films. A

summary of all film characteristics can be found in Table 5.1.

5.2.2 Solar cell performance

Device characterization, shown in Figure 5.2 reveals the high efficiency of the pre-
sented photoanode. For comparison, the device performance of solid-state DSCs
assembled from a diblock copolymer directed photoanode was included. Solar
cells fabricated from the triblock terpolymer, where the cast hybrid mixture has a
majority component of organic material (around 70% by volume), show a compar-
atively high short-circuit current (J.) of 6.7 mAcm~2, and an open circuit voltage
(Voe) of 0.78 V. In the case of a diblock copolymer directed assembly, the TiO,

resides in the majority phase, with a much higher inorganic to organic volume
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ratio after film deposition. These photoanodes show an increased V. of 0.83V
while J, is reduced to 5.8 mAcm 2. Devices based on conventional nanoparticle
photoanodes lie in between, with V,. = 0.80V and J,. = 6.5 mAcm 2.

These findings are consistent with the observations from the previous chapter
of the role of the inorganic to organic ratio in the block copolymer assembly pro-
cess upon the device properties of the photoanode. The hybrid network within
which the TiO; resides in during the calcination plays a decisive role for the
electronic properties of the mesoporous TiO, even after the calcination step and
TiCly treatment. This has been associated to the reducing characteristic of the
organics during polymer oxidation and TiO crystallization at high temperatures.
The organic materials may act as an oxygen sink, favoring the formation of oxy-
gen vacancies which generate sub-bandgap states,[14, 15, 16, 17] broadening the
tail of the conduction band states and subsequently aiding electron transfer from
the photoexcited dye. A mainly organic matrix in the film preparation leads to a
significantly increased generation of photocurrent, accompanied by a slight drop
in V.. in the final devices. Though photoanodes made from triblock terpolymer
(highly porous continuous network), diblock copolymer (micellar arrangement)
and conventional TiOy nanoparticles (random dense packing) are all very dif-
ferent, a similar strong dependence on its “organic to inorganic history” during
materials assembly appears to be observed.

For devices incorporating one of the best performing dyes for solid-state DSCs,
a donor-pi-acceptor organic dye termed C220,[13] a striking power conversion ef-
ficiency of 5.03% is obtained for triblock terpolymer directed photoanodes, shown
in Figure 5.2b. This represents a 16% improvement in performance over standard
optimized nanoparticle devices of 1.8 um in thickness as prepared in the group’s
laboratory, demonstrating the potential of this approach for future high efficiency
devices. As somewhat of a milestone for this materials approach, on a like-to-like
comparison this is the first time the self-assembled oxides have out-performed the
conventional state-of-the art nanoparticle based photoanodes in dye-sensitized so-
lar cells. Unfortunately, the maximum current from the JV curve for the triblock
devices does not occur at short-circuit. This effect is sometimes observed, though
not fully understood, for some sensitizers when used in solid-state dye-sensitized

solar cells,[18] however investigating its exact nature is outside of the scope of
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this work.

5.2.3 Electronic properties

In the previous chapter, the effect of the film morphology was eliminated and
found no significant differences in charge transport and recombination. In con-
trast, here over two-fold increase in charge transport rate at short-circuit for
films with diblock copolymer directed structures is observed, compared to the
ones assembled with the triblock terpolymer (background bias light around 100
mWem™2). This trend is maintained over a wide span of light intensities down
to 2 mWem™2, which corresponds to a photocurrent of about 0.2 mAcm™2 in
these devices. This significant difference, shown in Figure 5.3a, probably arises
from the larger crystal size and the denser TiO, network of the diblock copoly-
mer directed structures.[19, 20] Recombination dynamics are very similar in all 3
systems, as shown in Figure 5.3b, where almost all data points overlap at similar
background bias light intensities.

Along with higher electron transport rates, increased photocurrents are ex-
pected from systems with better charge collection efficiencies. In contrast, a 15%
loss in photocurrent for the “highly diffusive” diblock directed films is observed
compared to the triblock systems. However, the charge collection efficiency, as
calculated from the balance of rates for charge collection and recombination un-
der short-circuit conditions, is over 95% for all systems. To resolve this peculiar-
ity, differential capacitance-voltage measurements were performed which directly
gives the shape of the sub-bandgap density of states (DOS) in the TiOs pho-
toanodes. Figure 5.3c clearly shows a large increase in the sub-bandgap DOS
for the triblock devices compared to the diblock solar cells. This effect is con-
sistent with the postulation from the previous chapter that the organic compo-
nents partially reduce the surface of the TiO, during thermal degradation and
calcination, with the more numerous oxygen vacancies increasing the density of
sub-bandgap states. Indeed, others have reported that oxygen vacancies induce
adjacent Ti*" ions which generate states ~1 eV below the CB.[16] This suggests
that the differences in photovoltaic parameters found in the JV curves of Fig-

ure 5.2 are dominated by the underlying shift in the distribution of sub-bandgap
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states, rather than charge collection efficiencies, again, consistent with the pre-
vious chapter. In this instance, not only must the available sub-bandgap states
lie at a low enough energy to enable efficient electron transfer, but also the en-
ergy loss must be minimized to avoid a trade-off between current and voltage and
hence marginalize performance improvements. In the case of the triblock terpoly-
mer derived structures, the sub-bandgap states are also confined in a relatively
narrow energy band, allowing the maximization of the photocurrent while still
maintaining minimal losses to open-circuit voltage. This results in higher power
conversion efficiencies than standard nanoparticle-based devices measured under
similar conditions.

Since the transport rates are around two orders of magnitude faster than
recombination rates at short-circuit for all systems studied, the improved func-
tioning of the triblock terpolymer assembled photoanodes is associated to the
fact that the metal oxide/dye/hole-transporter interface can be engineered to
maximize the availability of sub-bandgap states for electron-transfer, while still
maintaining a low enough recombination rate and high enough open-circuit volt-

age.

5.3 Conclusions

A new self-assembly platform was presented for the fast and straightforward syn-
thesis of mesoporous TiOj films, based on the triblock terpolymer poly(isoprene-
b-styrene-b-ethylene oxide). This material route has strong advantages over
the state-of-the-art photoanodes in solid-state dye-sensitized solar cells. From
a purely materials basis, the terpolymer route enables the direct assembly of a
continuous network of anatase TiO, resulting in films with extremely high poros-
ity and internal surface area. This assembled material is superior to the standard
nanoparticle based films on both dye-loading capacity (for a given thickness) and
on open pore area. Electronically, the triblock terpolymer derived TiO5 exhibits a
larger density of sub-bandgap states, than the standard nanoparticle based mate-
rial. This high availability of sub-bandgap states improves photoinduced electron
transfer from the dye-sensitizers. As a consequence, for the first time the self-

assembled mesoporous oxide system outperforms the conventional nanoparticle
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Chapter 6

Pore-filling of mesoporous TiO»

structures

This chapter has been adapted with permission from Advanced Functional Ma-
terials, 2012, 22,(23),5010-5019. Copyright 2012 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

6.1 Introduction

While issues with efficient charge generation have been extensively addressed
(though not resolved) in earlier work and in the previous chapters,[1, 2, 3, 4, 5, 6,
7] the related challenges of effective pore filling and sufficient panchromatic ab-
sorption remains unsolved. The use of novel panchromatic absorbers may extend
the absorption range from currently 425-650 nm to 425-940 nm, with a potential
gain of 60% extra in short-circuit current, thus an extra 25% in power conversion
efficiency despite the accompanied loss in voltage due to the reduced bandgap of
the absorber.[8] However, in order to utilize panchromatic absorbers efficiently,
film thickness needs to exceed the current apparent limit of 2 pm.

The pore filling mechanism in solid-state dye-sensitized solar cells has recently
been the focus of a number of research groups. Multiple studies suggest that pore
filling is the limiting factor to achieving thick cells (on the order of 5 um),[9, 10, 11,

12] and thus impeding effective light absorption by the most common sensitizers.
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It is therefore of central importance to measure this quantity as accurately as
possible, and to fully understand if the pore filling alone is really responsible for
the thickness limitation.

Several strategies have been proposed in order to measure pore-filling in solid-
state dye-sensitized solar cells. One method employs photoinduced absorption
spectroscopy, however this only allows determination of the uniformity of “pore
wetting” - the actual filling fraction cannot be quantified.[13] A second method
estimates the pore filling fraction by comparing films coated from the same solu-
tions under identical conditions on both flat and porous substrates. Accounting
for the initial solution which soaks into the mesoporous film, estimations of the
pore filling fraction can be made by measuring the film thickness in cross-sectional
SEM, and assuming that all the material which is not on top of the mesoporous
films is in the pores.[9] A third method is similar to the 2"¢, but instead of com-
paring to a film coated on a flat substrate, the quantity of hole-transporter in the
mesoporous film is quantified by redissolving the hole transporter in a chloroben-
zene solution. Knowing the amount of solvent and the absorption spectra of
the solution, the molarity of the hole transporter in the solution can be calcu-
lated. From this number and the geometry of the cell, the pore filling can be
estimated.[10]

Neither SEM microscopy nor photoinduced absorption measurements allow an
accurate measure of the pore filling fraction. The recently introduced redissolu-
tion technique has proven effective, yet this method requires making assumptions
on the porosity of the film and the occupied volume fraction of the chemisorbed
dye that lead to some ambiguity in the results. Furthermore this method requires
the destruction of the cell in order to be measured, and is critically dependent
upon the estimation of the density of the hole-transporter, which as will be dis-
cussed later is a potential source for error.

Herein, a simple, non-destructive method to determine the pore-filling of
mesoporous photoanodes by an optical method is proposed. Based on thin film
interference, the spectral reflection of the films allows the determination of the
wavelength dependent refractive index of the films with a conventional spec-
trophotometer. Following the Bruggeman effective medium approximation, the

volume fractions of all of the film components can be estimated. Furthermore, a
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simplified method whereby the pore filling fractions and the capping layer thick-
ness can be measured through the determination of the averaged effective refrac-
tive index for a range of hole transporter concentrations in the casting solution

is proposed.

6.2 Results and discussion

6.2.1 Estimating the refractive index

When a beam of light travels through
an interface between two materials AO Al A2 A3
with different indices of refraction, it
will divide into a transmitted compo-

nent and a reflected component.[14] A

diagram of such a beam is schemati-

cally represented in figure 6.1 for light

traveling to a surface at an incident an-
gle for clarity. The relative fractions of

the split beams are given by the Fres-

nel coefficients, which in the case of

light traveling parallel to the normal

of the interface reduce to: Figure 6.1: Schematic illustration of the
multiple reflections occurring at a thin

n; — ny M, film interface.
ik = ;o ik = ;
n; + ng n; + ng

(6.1)

Where rj;, and t;;, are the Fresnel coefficient for reflected and transmitted light
respectively from material j into material k£, where j and k can be any consecutive
materials in the stack, and n; is the refractive index of each of the components.
For a beam reflected from a thin film as represented in figure 6.1, there will be a
phase difference (A), for the component reflected off the back surface with respect

to component reflected from the front surface, and a subsequent phase shift of A
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for each subsequent reflection due to the fact that light has traveled increasingly
far through the thin film. The total amplitude (A,) of the electric field of the

reflected beam will be the result of adding all the individual reflections:

A = Aoror
1 _ iA
A, = Ag(tortioriz)e
A2 — Ao(t()ltw’f’é?”lo)@%A

3 _ 3 ,.2 3iA
A = Ag(t01t107’127’10)e

i 7 J—1\ _jiA
AJ = Ao(t01t107’127“10 )6]

Ay = AL+ AL+ A2+ = Ag(ror + (fortio Y rlordy 'e?™) (6.2)
j=1

Tolr = —T10 and t01t10 = \/1 - TOl\/l —Tio = 1- 7”31 <63)

Combining equations 6.2 and 6.3 gives:

To1 + leeiA

A, = Agfu iz
01 + 7“127’016ZA

(6.4)

The reflectance of the film is defined as R = |A,/Ao|?, and where ) is the
wavelength of the incident light, hence:

2 2
1o + 2r12701C0SA + 11,

R = 6.5
1 + 2ryoro1cosA + 13,13, (6.5)
Ard

A= ”A”I (6.6)

From equation 6.5, the reflectance will have a local maximum when cosA is
maximum, and with equation 6.6 the relative positions of two consecutive maxima

can be determined:[15]
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From equation 6.7 the refractive index of the film can be determined:[16]

In dispersive media, such as in TiO,, the refractive index will also depend
on the incident wavelength, but its relationship can be approximated through a

Cauchy function:[17]

B
n=A + ﬁ (69)
Thus, the wavelength-dependent refractive index of the films can be deter-
mined by measuring the reflectance of the films, identifying the local refractive
index through the positions of consecutive maxima and minima with equation 6.8.

Finally extract the refractive index can be extracted as a function of wavelength
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by fitting the resulting dispersion with the Cauchy function 6.9. figure 6.3a shows
the reflectance spectrum of typical films fabricated from mesoporous TiO, before
and after the standard TiCl, treatment, with the addition of dye-sensitization
and finally with the additional filling with the hole transporting material used
in solid-state dye-sensitized solar cells, spiro-OMeTAD. figure 6.3b shows the es-
timated refractive indices as a function of wavelength and fit with equation 6.9.
To further validate the proposed technique, thin films of mesoporous TiOy (~500
nm) were measured with an ellipsometer, shown in Figure 6.2, where the results
show excellent agreement between the two techniques with about a 5% difference
between the calculated values at all studied wavelengths. Thicker films could
not be measured in the ellipsometer due to scattering effects arising from the

roughness of the films, as was found by other researchers.[17]

6.2.2 Estimating the film composition and pore filling

The TiO5 photoanodes used in solid-state dye-sensitized solar cells are composed
of nanocrystals about 20 nm in diameter, much smaller than the wavelength of
light. For this reason, the occupied relative volume of TiOs and interstitial air

voids can be related to the effective refractive index of the film using Bruggeman’s
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mean field approximation, where v,;,. refers to the volume fraction occupied by

air, npio, to the refractive index of anatase TiOy, and ng, to the refractive

index of the film:[18, 19, 20]

2 2
(nTiOg — Nfim

2
1- Nfitm

(]- - Uair) B

Assuming a refractive index of 2.5
for anatase TiO2 at 600 nm,[19] a
porosity (vg;) of 62 £ 1% for meso-
porous films prepared with a TiO,
nanoparticle paste can be extracted,
which reduces to 49 + 1% after treat-
ment with an aqueous TiCl, solution
to improve photoanode performance in
DSCs.[21, 22] Once the porosity of the
film is known, a linear approximation
can be used to estimate the volume
fraction of the rest of the components,
where v; and n; refer to the volume
fraction and refractive index of the i**

component respectively:[23]

2
Wrio, + 250,

+ Vair (610)

20 — 2.1
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Figure 6.4: Plot of reflectance (left) and
refractive index (right) against wave-
length for a 722nm spiro-OMeTAD thick
film. Red line corresponds to the fit of
the refractive index points with a Cauchy

function.

ny = E ViNy = VairNair + V10N Ti04 + VdyeNdye + UspiroNspiro (611)

i

This linear approximation proves sufficiently accurate for multicomponent sys-

tems.

To calculate the volume fraction of the dye in the system, dye desorption was

carried out with a solution of potassium hydroxide in methanol. Measuring the

absorption spectrum of the desorbed dye solution (of controlled volume) allows

the calculation of the solution molarity and hence amount of chemisorbed dye

and thus its occupied volume in the mesoporous film (assuming that the density
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of the dye is similar to that of its main indoline constituent component which
is approximately 1 gml™!). Consequently, a refractive index of 1.734:0.02 at 600
nm was extracted from reflectance measurements of the dye-sensitized films for
the indoline based dye used in this study, termed D102. The refractive index of a
thin film of spiro-OMeTAD was determined from the reflectance spectra, shown
in Figure 6.4 where a value of 1.93+£0.03 at 600 nm was found, in reasonable
agreement with other organic semiconductors used in photovoltaic devices.[24]
Once a solution of a sufficiently high concentration of spiro-OMeTAD has
been spin-coated on the mesoporous film, a capping layer will form on top of
the infiltrated film. Once this happens, the optical system has to be extended
to account for this extra layer of spiro-OMeTAD. However, the refractive index
of the active layer with maximally filled pores without a capping layer and the
refractive index of spiro-OMeTAD are rather similar (at 600 nm, 1.93 for the
former and 2.11 for the latter), and thus reflections arising from the capping
layer and the filled mesoporous TiO, interface shall be neglected in the following
analysis. The difference in phase between two consecutive maxima at normal
incidence, where n¢y, is the contribution to the refractive index arising from the

capping layer, can be written as:

47T<tTi02nf + nspirotCL) . 47T(tTi02nf + nspirotCL)

Ay — Ay =
1 2 N "

=2r  (6.12)

where drp;0, is the thickness of the mesoporous TiO2 layer, d¢cy the thickness

of the spiro-OMeTAD capping layer, and n¢y, its contribution to the refractive

index
1 nspirotC’L
ng = — (6.13)
d 2tTi02(>\il — %2) t7i0,
Ng irot
ney, = —2roCl (6.14)
trio,

In figure 6.6.a the pore filling fractions attained for different concentrations
of the spiro-OMeTAD casting solution calculated using equation 6.11 are shown.

To extract the refractive index of the films when no capping layer is present,
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Figure 6.5: Cross-sectional SEM images of mesoporous TiOs, after TiCly treat-
ment, with dye and filled from solutions of a) 11%, b) 13%, ¢) 15% and d) 17%
of spiro-OMeTAD. Scale bars correspond to a length of 2 pm.

equation 6.8 was used, and once this layer forms, equation 6.13 was used. To
monitor the capping layer thickness, cross sectional SEMs of all concentrations
were taken, shown in Figure 6.5, and the results are summarized in figure 6.6.b.

Table 6.1 summarizes the volume fractions and refractive indices of the dif-
ferent components of an optimized photoanode.

The method presented above is a relatively straight forward route to estimat-
ing the pore filling fraction. The only assumption is that the pore filling is uni-
form from top to bottom, which is well supported by previous literature.[7, 9, 10]
However, beyond simply measuring the pore filling, it would be useful to have
a predictive tool which can enable the estimation of the pore filling for given
coating conditions. The parameters which will strongly influence the coating and
pore-filling are film porosity, coating spin-speed, environment temperature and

atmosphere, solvent viscosity, hole-transporter concentration in the solvent (c)
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n at 600 nm
N7;0, [19] 2.5
Ngye 1.73 £0.02
Ngpiro  1.93 £0.03
Nim (air/TiOo+TiCly/dye)  1.81 £0.02
Dy (air/TiOy+TiCly/dye/spiro)  2.11 £0.03
Vage 0.04 £0.03
vrio,  0.52 £0.01
Vepiro  0.33£0.05
Vair 0.10
filling fraction  0.78%0.11

Table 6.1: Summary of the refractive indices and volume fractions of each of the
components in an optimized photoanode.

and solution viscosity (if there are any changes to viscosity with increasing hole-
transporter concentration). For a given spin-speed and coating environment, the
hole-transporter concentration is the main parameter to be tuned to optimize the
pore filling. If the assumption that the solution viscosity does not change signif-
icantly with spiro-OMeTAD concentration (which appears to be true) is made,
then an expression for the filling fraction as a function of solution concentration
(¢) can be formulated.

When coating a mesoporous film of thickness ¢t and porosity p the total amount
spiro-OMeTAD available to fill the pores at the start of spin-coating is the sum
of the amount of material within the solution soaked into the mesoporous film
(t-c-p), plus the amount of material on top of the mesoporous film within the wet
solution film right at the start of spin-coating (c-t,.e;). Where the initial thickness
of the wet solution layer before solvent evaporation starts is t,.;. Once solvent
drying has occurred and complete film formation finalized, any of this available
material which does not infiltrate into the mesoporous film, forms a capping layer
on top with thickness tor. A schematic of this process to aid the reader is shown

in figure 6.7. Hence, as described elsewhere, the pore-filling fraction (PF') can be

91



excess excess

¢ Hole transporter
wet solution

TiO,

a) Start of spinning b) End of spinning

Figure 6.7: Schematic representation of the spincoating process. a) In the initial
stages of spin-coating, a large quantity of solution flows off the substrate (labeled
excess) and a wet layer of uniform thickness (¢,.;) is formed above the mesoporous
substrate prior to evaporation. b) Represents the final result after the solvent has
completely evaporated and where the hole transporter that has not infiltrated the
pores remains over the mesostructure, forming a solid capping layer of uniform
thickness (t¢r).
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written as:[9]

PF =c+

Using this equation to fit the data
in figure 6.6.a, a wet layer thickness
of 6.9+£0.5 um was extracted, consis-
tent with other reports in literature.[9,
10] Calculating the concentration of
the spiro-OMeTAD:chlorobenzene so-
lution requires knowledge of the den-
sity of spiro.  This property was
calculated by re-dissolving films of
Spiro-OMeTAD of known thickness
and area in chlorobenzene, and then
taking UV-visible absorption spec-
tra of the resulting solution to de-
duce the concentration (see section
3.3). This gave a value of 1.02£0.03

=31
gem -,

in agreement with estimations
used previously.[9]

So far, the method described re-
quires the determination of the re-
fractive index from consecutive fringes,
which is then fitted to a Cauchy func-
tion, while the capping layer thickness
has to be determined by an alternative
method. Unfortunately, this requires

access to expensive equipment such as
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Figure 6.6: a) Pore filling fraction and
b) capping layer thickness estimated by
SEM images versus the concentration
of spiro-OMeTAD in the casting solu-
tion. The underlying films constituted
of mesoporous TiOy with TiCly surface
treatment, dye and spiro-OMeTAD. Er-
ror bars were estimated from the prop-
agation of the error in the fit of the

Cauchy function.

SEM or other optical instruments, intro-

duces extra error since the capping layer estimation is highly subject to local

I This value is significantly different to 1.82 gcm ™2 obtained by Ding et al. by measuring
the mass of a silicon wafer before and after coating with Spiro-OMeTAD.[10] I believe this has
introduced an error in their concentration values leading to a significant underestimation of the

pore filling fractions reported.
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thickness variations, and is also destructive and hence not useful for inline deter-
mination of pore filling in a production setting. However, it should be possible
to monitor the capping layer thickness by its optical footprint in the UV-Vis re-
flectance. As is apparent from figure 6.6.a, the concentration at which the pores
are optimally filled corresponds to the concentration at which the capping layer
starts to form. In principle, when this layer is added, the reflectance spectrum
will exhibit secondary cosine terms arising from the interface between the cap-
ping layer and the filled mesoporous layer. From this interaction the capping layer
thickness can also be extracted. Unfortunately, the refractive indices of these lay-
ers are very similar, as mentioned previously, and the available wavelength range
is limited. For these reasons the accurate determination of the capping layer
through these means was practically impossible.

Another simpler option is to define an effective refractive index (n.rs) for a
film of fixed thickness ¢t where the contribution from the capping layer is inte-
grated with that of the filled mesoporous layer using equation 6.13. By combining
equations 6.8, 6.11 and 6.15, assuming that the pore filling fraction remains ap-
proximately constant after the formation of the capping layer and knowing from

eq. 6.13 that the contribution from the capping layer scales as n¢yp, then:

1 ) 1+twet
7fTiOQ VUpores

T if tor, #0
(6.16)

Where n.scr—o is the maximum refractive index of the film before the cap-

Upores + VTi02,MNTi04 + VdyeTdye + (nspim - UporesC if ler = 07

Neff =

ping layer forms. It is clear from this equation that the effective refractive index
of the film will scale as a function of the refractive index of spiro-OMeTAD, wet
layer thickness, thickness of TiO, and the volume of the pores with increasing
spiro-OMeTAD concentration when no capping layer is present. When this layer
is formed, the effective refractive index will have an additional component within
the sum, which scales as ngr. Finding the concentration value which results in
the maximum pore filling fraction is then a simple matter of plotting the effec-
tive refractive index against spiro-OMeTAD concentration and checking at which

point the change in slope appears.

94



Furthermore, using this simple effective refractive index approximation, ac-
curate values for the capping layer thickness can be extracted since the gradient
of the effective refractive index versus concentration after the formation of the
capping layer will be proportional to this quantity. As seen from SEM measure-
ments, the capping layer thickness can be fitted with a linear model, where A is
the equivalent solid thickness of the spiro-OMeTAD in the pores at the maximum

pore filling fraction:

tCL = A—f-BC (617)

We have found experimentally that the uncertainty in the measurements can
be considerably reduced, particularly after the formation of the capping layer, if
a wavelength averaged effective refractive index (n4y,f¢) in the region where none
of the constituent components absorb (650 to 2500 nm in the present system) is

used:

# of maxima

Naveff = (618)

2t7i0, (37 — 35)

To apply this averaged, effective refractive index, the values for the wavelength
dependent refractive index of TiOs, dye and spiro-OMeTAD also need to be
averaged between the studied interval of 650 to 2500 nm. With the value for vgye
calculated dye desorption measurements, an averaged refractive index of 1.65
for the D102 dye used was extracted. The averaged refractive index for spiro-
OMeTAD of 1.81 was calculated from reflectometry measurements on a flat film,
shown in Figure 6.4. Finally, the averaged refractive index of 2.17 for TiO, was
calculated from the experimental data for the mesoporous TiOg presented in this
chapter.

In figure 6.8.a) the averaged, effective refractive index is shown against a
range of concentrations. It is apparent that a change in slope is found when
the capping layer is formed, (points shown as red circles). The behavior of the

averaged effective refractive index can be predicted using equation 6.16, shown as
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a blue line in figure 6.8.a), with t,,.; = 6.9um (see figure 6.6.a) and the parameters
for the capping layer thickness A=-1340 and B=11740 nm 6.17 (extracted from
SEM measurements, see Figure 6.5).

The two presented methods to extract the pore filling fraction of the films,
i.e. using wavelength dependent refractive index, as shown in figure 6.6.a) and
those extracted from the averaged effective refractive index, can be checked for
consistency. Indeed, by extracting the slope of the experimental data for films
which do not exhibit a capping layer, shown in figure 6.8.a) as black squares,
a wet layer thickness (fye) of 7.240.3 pm can be calculated, which is within
experimental error to the one found by using the wavelength dependent refractive
index (6.94£0.5 pm) from figure 6.6.a.

In figure 6.8.b the pore filling fractions calculated from the averaged, effective
refractive index are shown against spiro-OMeTAD concentration. The use of
the averaged, effective refractive index has significantly reduced the pore filling
fraction error as compared to the data presented in figure 6.6.a.

By performing a linear fit with the points after the capping layer has been
formed (shown as red circles in figure 6.8.a), the capping layer thickness can be
extracted from its slope for a known spiro-OMeTAD concentration at the point of
maximally filled pores. For this system, it was determined visually as 11%. The
results are shown in figure 6.8.c), where the calculated capping layer thickness
very closely follows the measured thicknesses via SEM cross sectional images. At
the highest concentrations, a slight discrepancy between the thickness estimation
of the capping layer and SEM measurements was observed. This can be associated
with the assumption of a constant pore filling fraction after the capping layer has
formed. Indeed, the values for the pore filling fractions shown in figure 6.8.b)
seem to slightly decrease after the formation of the capping layer. However, this
is debatably constant considering the error margins.

In figure 6.8.d, the concentration of spiro-OMeTAD which results in optimally
filled pores against thickness is predicted for a range of available pore volumes of
the mesostructure In order to calculate these values, t,,.; was taken as 7.2 ym and
was assumed independent of spiro-OMeTAD concentration, available pore volume
fraction and thickness of the mesoporous TiO layer. It is very interesting to note

that reduced porosity should counter intuitively deliver improved pore filling in
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Figure 6.8: (a) Plot of averaged, effective refractive index against casting spiro-
OMeTAD solution concentration on mesoporous TiO, films after TiCl, treatment
and dye-sensitization. Data points prior to the formation of a capping layer are
shown as B, data points once the capping layer is formed are shown as @. The blue
line corresponds to the theoretical prediction by using the calculated t,,.; from
figure 6.6.a and equation 6.16. (b) Calculated pore filling fractions against spiro-
OMeTAD concentration from the averaged effective refractive index and equation
6.11, shown as B. Error bars are estimated from the typical standard deviation
found for 4 different substrates. (c) Capping layer thickness estimated from SEM
measurements () plotted against casting spiro-OMeTAD solution concentration.
The black line corresponds to the expected capping layer anticipated from (a).
d) Prediction of spiro-OMeTAD casting solution concentrations that result in
optimally filled pores against thickness of the mesostructured electrode for a
range of available pore volumes, where (black, top) approximately corresponds to
a typical mesoporous TiO, film fabricated from commercial pastes, (gray, middle)
to the same substrate after the TiCly treatment and (light gray, bottom) to the
final dye-sensitized film. To calculate these concentrations, a t,.; was taken as
7.2 pm, and a maximum pore filling fraction of 80% was assumed.
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thicker films, which represents an interesting future study.

As is apparent from figure 6.8.a, it is clearly discernible at which concen-
tration the highest pore filling is achieved; i.e.no further analysis is needed for
experimental pore filling optimization. If the viscosity of the solution did vary
considerably with increasing concentration, the relationship between wet film
thickness () and concentration would have to be determined and added to the
pore filling relation, equation 6.15. Although, equally notable, the observation
that the pore filling scales linearly with concentration indicates that there is no

significant change in this system to t,.; with the concentration range studied.

6.2.3 Device characterization

In order to relate the effects of pore

filling to the photovoltaic performance,
solid-state dye-sensitized solar cells
were fabricated from a variety of spiro-
OMeTAD, concentrations in the cast-
ing solution resulting in different pore
filling fractions. The resulting JV

curves are shown in figure 6.9, where

Current Density (mAcm'z)

- : ‘ a steady increase in short circuit cur-
0.0 0.2 0.4 0.6 0.8

Voltage (V) rent can be clearly seen as the pore fill-

ing fraction is increased until a max-

2 is reached at

Figure 6.9: Current density against volt- imum of 6.0 mAcm™
age plots for solid-state dye-sensitized the spiro-OMeTAD concentration cor-
solar cells fabricated with different vol% responding to the highest pore filling
concentrations of spiro-OMeTAD mea- fraction. As the concentration of the
sured under AM1.5 simulated sun light spiro-OMeTAD casting solution is in-
of 100mWem~2 irradiance. Lighter creased further, the short circuit cur-
shades of grey indicate higher concen- rent changes minimally, but a lower
trations (see legend). CL refers to the fill factor of the cells is observed, in-
capping layer thickness and PF to the dicating the increase of a series resis-

pore-filling fraction. tance, probably due to the increasing
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C (VOI%) JSC’ n VOC FF
1 0.2 0.1 0.73 0.36
3 3.0 1.3 087 0.5
) 3.2 16 085 0.58
7 54 25 0.78 0.59
9 5.7 3.2 081 0.71
11 6.0 3.1 0.80 0.66
13 6.0 2.7 0.80 0.57
15 5.9 24 080 0.52
17 6.0 2.0 081 0.42

Table 6.2: Photovoltaic performance parameters for a range of spiro casting so-

lution concentrations

thickness of the spiro-OMeTAD cap-

ping layer. The maximum in power conversion efficiency of 3.2% occurs at 9%

spiro-OMeTAD concentration, however the value for the optimum pore filling

fraction, 11%, is very similar at 3.1%
results are summarized in table 6.2
To further probe the charge car-
rier kinetics of the system, photovolt-
age and photocurrent decay measure-
ments at short circuit conditions were
performed for cells of a variety of
spiro-OMeTAD concentrations, shown
in figure 6.11. A trend of prolonged re-
combination lifetimes with increasing
pore filling fractions up to the high-
est pore filling fractions (after 9 vol%
spiro-OMeTAD, or equivalently 60%
pore filling fractions) can be seen. Af-
ter this point, all the cells with the
measured concentrations behave in a
similar way, with overlapping points at

all bias light intensities studied.

and well within experimental error. The
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Figure 6.10: Transmittance (left) and re-
fractive index (right) plot against wave-
length for a 5.05 pm thick film filled
with a spiro-OMeTAD concentration of
17 vol% (without dye). Red line corre-
sponds to the fit of the refractive index

points with a Cauchy function.
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Figure 6.11: Photovoltage (a) and photocurrent (b) decay measurements at short
circuit conditions against short circuit current for a range of spiro-OMeTAD
casting solution concentrations (see legend).

These results are in good agree-
ment with a study by Melas-Kyriazi et
al,where improved pore filling was found to extend the electron lifetime at short
circuit to around 10 ms.[25]

While the electron lifetime becomes longer the higher the pore-filling fraction,
no trend was observed in regards to extraction lifetimes at high light bias, as
shown in figure 6.9.b). In fact, most measurement points overlap. Longer lifetimes
are only observed once the capping layer is formed, which allows to subsequently
establish a correlation between capping layer thickness and electron extraction
time at high light biases.

Following results from the device and pore-filling study, a pore-filling frac-
tion with Spiro-OMeTAD of at least 60% is required to achieve optimized per-
formance in solid-state dye-sensitized solar cells. In order to probe the upper
limit for photoanode infiltration, 5.05 um thick TiO, films were subjected to the
TiCl, treatment and filled with a range of spiro-OMeTAD concentrations. A
pore-filling fraction of 62+11% was measured, as shown in Figure 6.10, for the
highest concentration used in this study. This proves that sufficient pore-filling of
thick structures is in fact possible, and the limitations to the device thickness are
rather due to poor charge collection issues related to the high recombination rates

exhibited by this type of solar cell.[26, 27] Further studies optimising the com-
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position of the hole-transporter and further adaptations to inhibit recombination

in thicker films may alleviate this issue.

6.3 Conclusions

In summary, an optical technique based on the thin film interference effects of
typical photoanodes used in solid-state dye-sensitized solar cells was developed to
reliably estimate the pore-filling fractions of the assembled devices. By calculating
the refractive index from the reflectance spectrum of the films and fitting the
resulting values with a Cauchy function, the volume fraction of the constituent
materials can be extracted. This non-destructive method can be used for films
at the various stages of the fabrication process and does not require any material
assumptions. Accordingly, pore-filling fractions of up to 80% were estimated for
the optimized photoanodes. A simpler analysis can be applied after defining
an “overall effective refractive index”, which allows direct determination of the
maximum pore-filling fraction for a range of hole-transporter casting solution
concentrations. The photovoltage and photocurrent decay technique was used
to determine the charge carrier transport and recombination lifetimes at short-
circuit conditions as a function of pore-filling. It was found that with increasing
pore-filling fractions, the lifetime of electrons was extended, while no trend was
found in the transport kinetics. The main result of this work is that a pore-filling
fraction of at least 60% is required to achieve optimized performance in solid-
state dye-sensitized solar cells. Since it is possible to optimally fill structures up
to 5 m in thickness, the limitations to device thickness must stem from the poor
electron diffusion exhibited by these nanocrystalline TiOy networks combined
with the high recombination rates caused by using spiro-OMeTAD as the hole

transporter.
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Chapter 7

The role of an MgO shell on
Sn0O--based dye-sensitized solar

cells

This chapter has been adapted with permission from J. Phys. Chem. C, 2012,
116 (43), pp 2284022846. Copyright 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

7.1 Introduction

Shells of metal oxides have a profound impact on the different solar cell per-
formance parameters. They affect diverse characteristics from inhibiting recom-
bination, to enabling a higher degree of dye loading depending on the isoelec-
tric point.[1, 2, 3] Of particular interest is a thin MgO layer over SnOy-based
DSCs, as it enables the efficient operation of this type of devices under normal
simulated sunlight conditions, where devices barely reach 1% power conversion
efficiencies without treatment in some cases and can reach over 7% after the ad-
dition of the MgO layer.[4, 5, 6] Although dye-sensitized solar cells fabricated
from TiOy nanoparticles reach higher power conversion efficiencies than those
fabricated from SnQO,, there is scope for large improvements in the latter sys-

tem. Indeed, the use of TiO, as the mesostructured material limits the choice
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of dyes that can transfer charge efficiently to its CB, which in state-of-the-art
devices typically means an optical band-gap of about 1.48 eV. In SnO, the CB
is located between 0.3 and 0.5 eV further from vacuum than TiOs. This enables
targeting narrower band-gap sensitizers in combination with currently available
electrolyte /hole-transport systems, which in turn opens up the possibility of aim-
ing for higher achievable power conversion once all losses have been minimized.[7]
Beyond possible efficiency motivations, concerning stability, SnO, has a band gap
of 3.8 eV and is a less effective photocatalyst than TiO, which should give less
stringent demands for UV filtration.

When the TiO5 in the mesostructure is substituted for SnO, in solid-state
based dye-sensitized solar cells, and a conformal, thin shell of MgO is deposited, a
near unity internal photon-to-electron conversion efficiency has been observed.[8]
Despite MgO having been extensively employed for SnO, based DSCs, there is
still not a clear understanding of its complete function in the solar cells. In
this chapter, the effects of the deposition of a shell of MgO over SnO, based
DSCs on their electronic properties were studied, using both a conventional low
volatile iodide/triiodide “Robust” liquid electrolyte and Spiro-OMeTAD as the

hole transporters.

7.2 Results and discussion

7.2.1 Photovoltaic characteristics

For the remainder of the chapter, solar cells incorporating a thin MgO layer
chemically deposited via a 20 mM ethanolic bath of Mg-acetate for 1 minute
under boiling conditions over the SnOy mesostructure prior to dyeing will be
referred to as “SnO,-MgO” devices. Devices where the surface was not modified
will be referred to as “bare” or “SnQOs”. In figure 7.1.a the current voltage curves
for both liquid electrolyte (7.1.a) and solid-state (7.1.b) DSCs are shown. In all
previous reports on SnOs based DSCs the introduction of a MgO interlayer results
in a significant increase in the photocurrent generated by the solar cell. In this
study however, the opposite was repeatedly observed and the bare SnO, devices

already exhibit extremely high photocurrents, as shown in Figure 7.1.a where the
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cell generates 17.1 mAcm 2. For the SnO,-MgO liquid electrolyte based solar
cells, the short-circuit current is reduced, as shown in the example of figure 7.1
where the SnO,-MgO device generates 15.7 mAcm ™2 under 100 mWem ™2 AM
1.5 simulated solar light. However, for the solid-state DSCs the expected trend
was observed, where the current increased with the addition of MgO from 2.7 to

5.2 mAcm™2. The results are summarized in table 7.1.
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Figure 7.1: Current voltage characteristics of devices incorporating a thin MgO
layer (M) and no surface treatment, labeled bare (A), where a) are liquid elec-
trolyte based devices, b) solid-state based devices. I acknowledge that Henry J.
Snaith in the University of Oxford fabricated and measured the electrolyte cells
presented in this figure.

Both solid-state and electrolyte based cells show an overall significant increase
in efficiency upon MgO treatment. However, the contrary shifts in short-circuit
photocurrent indicate that multiple competing factors may be at play. In previous
studies, increased photocurrent has been explained by the higher isoelectric point
of MgO compared to SnOy which would allow a higher dye loading. [3, 4] Higher
dye loading is indeed observed, however, absorption spectra for films with and
without the MgO surface treatment indicate that the magnitude of the increase
in light absorption, which is only a 9% difference over the solar spectrum, does
not account for the difference in short-circuit current (figure 7.2).

In addition to the changes in photocurrent, for both liquid and solid-state cells
an increase in open-circuit voltage of ~200 to 300 mV for SnO,-MgO devices is

observed, as compared to the bare devices. This has been attributed in the past
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Electrolyte Solid-State
SnOy  SnO-MgO  SnOy;  SnO,-MgO

Jse (mAcm™2) 17.1

V. (V) 0.5
FF 047
n (%) 3.65

15.7 2.72 5.28
0.67 0.28 0.57
0.61 0.42 0.48
6.40 0.33 1.40

Table 7.1: Summary of the photovoltaic parameters resulting from the JV curves

from figure 7.1.

to either a CB shift or to reduced recombination at the SnO,/hole transporter

interface.[2, 4, 5, 6, 9, 10, 11, 12, 13]

7.2.2 Electronic characteristics

To further elucidate the role of this
layer in the devices, small perturbation
transient photocurrent and photovolt-
age measurements were performed to
extract information about the trans-
port and recombination characteris-
tics. In figure 7.3 these parameters
are shown for DSCs incorporating the
MgO coating and bare devices, plotted
against charge density. All measure-
ments are taken under a background
illumination from white light diodes
with a range of light intensities ranging
from an equivalent 100mWem™2 so-
lar illumination to 2.5 mWem™2. The
transport lifetimes at short-circuit con-
ditions for the devices with and with-

out the MgO coating are overlapping

——Sn02 b
Sn02-MgO

% Abs
N
o

0 [ ! 1 ! 1 h
500 600 700
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Figure 7.2: Absorption spectrum against
wavelength for the films used in the
solid-state devices incorporating a thin
MgO layer (SnO,-MgO, red line) and
films without a surface treatment (SnOs,,

black line)

at most points studied in the electrolyte cells, as shown in figure 7.3.a. For the

solid-state cells, although slightly different, the transport lifetimes are close at
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Figure 7.3: a) and b) are the transport lifetimes (7rrans) extracted at short-
circuit conditions and b) and d) are the recombination lifetimes (Tppc) extracted
at open-circuit conditions, plotted against charge density for devices incorporat-
ing a thin MgO layer (SnOs-MgO, M) and devices with no surface treatment
(SnO2, A). a) and c) correspond to devices fabricated with a liquid electrolyte
and b) and d) to devices fabricated with a solid-state hole transporter.
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high illumination conditions indicating that the MgO treatment has had little
influence on the transport limiting trap sites. The charge collection rate in the
solid-state cells is a few times faster than the electrolyte cells, presumably due to
the thinner films employed (2 versus 8 pm).

Concerning the electron recombination lifetimes, there appears to be an up-
ward shift to longer times in the curves of recombination lifetime versus charge
density, i.e. the MgO treated cells have slower recombination under the same
charge density conditions. For liquid electrolyte devices, the change is small at
just about twice the recombination lifetime at the same charge density, whereas
the trend for the solid-state cells is much more pronounced, where a change
of almost an order of magnitude is observed. This suggests that the MgO
layer is passivating the surface states, or presenting a physical barrier inhibiting
recombination.[14] Tt is likely that the MgO is passivating recombination sites,
since this method for deposition only results in what appears to be a monolayer
coating of MgO upon the SnO, surface.[8] Although the reduction in the recom-
bination lifetime is significant (2 fold for electrolyte and 10 fold for solid-state
DSCs) it is not enough to explain the 200 to 300 mV shift of the open-circuit po-
tential. Over 100 fold increase in the recombination lifetime would be required to
induce such a shift in open-circuit voltage.[15] If the total increase in open-circuit
voltage cannot be accounted for by inhibited recombination, then it is possible
that the addition of the MgO interlayer results in a shift in the surface poten-
tial of the oxide. Indeed, such a shift has been postulated before for both SnO,
and ZnO coated with MgO or Al203.[1, 16] To probe this transient photovolt-
age and charge collection measurements were performed to extract a differential
capacitance as a function of open-circuit voltage. This capacitance-voltage data
is presented in Figure 7.4, and is representative of the location and shape of the
tail of the density of sub-band-gap states in the metal oxide with respect to the
electrolyte /hole-transporter redox potential. For both the electrolyte and solid-
state cells there is a clear positive shift in the position of the “density-of-states”
(DOS) of around 200 mV. This result, in addition to the reduction of electron-hole
recombination of about 2 fold for the electrolyte and an order of magnitude for
the solid-state cells, entirely accounts for the relative shift in open-circuit voltage

observed in the JV curves of the solar cells presented in figure 7.1.
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Figure 7.4: Voltage against capacitance plot of devices incorporating a thin MgO
layer (SnO,-MgO, M) and devices without a surface treatment (SnOs, A). a)
corresponds to liquid electrolyte based devices and b) to devices fabricated with
a solid-state hole transporter. Solid lines correspond to exponential fits of the

experimental data which were used to calculate the charge density of figures 7.3.a
and b.

To check whether the shift in short-circuit current for solid-state devices is due
to poor charge collection efficiencies, recombination lifetime at short-circuit was
estimated as a function of light intensity (in galvanostatic mode, or constant cur-
rent transient photovoltage decay). In combination with the results from figure
7.3.a and b, the charge collection efficiencies for both electrolyte and solid-state
devices was calculated, as shown in figure 7.5. With the MgO interlayer, the
solid-state cells exhibit a charge collection efficiency of over 85%, however this
drops to as low as 60% for the bare devices at full solar light intensity conditions.
Coupled with a slight reduction in dye loading, this quantitatively accounts for
the reduction in short circuit current for the bare solid-state cells. In the case
of liquid-electrolyte based devices, figure 7.5.a), the charge collection efficiencies
for both devices incorporating the MgO interlayer and bare mesostructures are
remarkably similar, at over 95% for the whole range studied. This is in contradic-
tion to most literature on this subject where usually bare devices incur extreme
recombination losses which lead to poor charge collection efficiencies, completely
limiting the device performance to under 1% power conversion efficiencies. For the

liquid electrolyte devices fabricated in this study, the main role of the thin MgO
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layer is that of a surface potential shift toward vacuum. The fact that recombi-
nation characteristics only vary by a factor of two for both treated and untreated
cells is particularly important to the viability of using SnO; as the mesoporous
metal oxide for low band-gap dyes. Comparing the overall recombination rate for
the electrolyte based cells to the solid-state cells, as shown in Figure 7.3, is helpful
to understand why a much stronger inhibition to recombination is observed for
the solid-state cells upon MgO treatment. For the bare devices under a similar
charge density of 10" cm™3, the recombination for the electrolyte cells is 300 fold
slower than the solid-state cells, and for the SnO,-MgO devices under a charge
density of 10'® cm™3 the electrolyte cells are 30 fold slower. The characteristic
slow recombination in the iodide/triiodide system is due to specific nature of the
multistep charge generation and recombination mechanism. This exceptionally
slow reaction appears to be the rate determining process, rather than changes to

the metal oxide surface.

1.0 T T T 1.0
-a)
08 |- -4 0.8
06 |- - 0.6
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Figure 7.5: Charge collection efficiencies (ncor) against charge density for elec-
trolyte cells (a) and solid-state solar cells (b), for devices incorporating a thin
MgO layer (SnO2-MgO, B) and devices without a surface treatment (SnO,, A).
The lines are the result of interpolating the experimental data.

7.2.3 Terahertz spectroscopy

Almost all the results can be explained by the influence of the MgO treatment

upon recombination and surface potential. However, the anomaly of higher
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Figure 7.6: Photoconductivity dynamics measured in mesoporous SnO, sensitized
with Z907 dye, wit (M) and without (A) MgO treatment, using optical-pump
terahertz-probe (OPTP) spectroscopy. Photoexcitation was carried out with 550
nm wavelength 90 fs pulses with 7 x 10'* photons cm~2 fluence. The curves have
been normalized at their respective maxima, for trend comparison. I acknowledge
that Priti Tiwana collected and analyzed all the data presented in this figure.

photocurrent observed in the bare electrolyte cells still requires explanation.
This has been observed every time, with a number of different SnO, pastes
over tens of experiments. To probe possible changes to charge generation time-
resolved terahertz-pump optical-probe photoconductivity spectroscopy was em-
ployed. The samples studied are dye-sensitized mesoporous SnO, in vacuum
where Z907 is used as the sensitizer. There is no electrolyte or hole-transporter
present in order to purely probe the electron transfer phenomena. 7907 was
used as the sensitizer here since D102 gave very little signal in the THz set up,
possibly due to the requirement for the presence of a polar medium to operate
effectively.[17] As the THz radiation passes through the sample it accelerates mo-
bile charge carriers and is hence attenuated. The magnitude of the change in
transmission of the THz pulse following photoexcitation of the system is pro-
portional to the photoinduced change in conductivity (Ac) and hence represen-
tative of the number of free carriers injected into the SnO; conduction band

(Ao = eAnpu ) were e is the charge of an electron, An is photoinjected electron
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density and g is its mobility).

In figure 7.6 the normalized transient photoconductivity signal is shown. Com-
plete charge injection in SnO, sensitized with Z907 takes place within the first
few hundred picoseconds, slightly slower than TiOy though still fast.[18] How-
ever, in case of MgO treated SnO,, charge injection is significantly slower and
still not complete within the nanosecond measurement window. As will be dis-
cussed elsewhere,[19] there is a light-soaking effect in sensitized SnO, films, both
with and without MgO treatment, where injection and photocurrent improve
during illumination. The data presented in figure 7.6 corresponds to the final
steady-state value in both cases. The absolute photoconductivity values cannot
be directly compared with each other, due to sample-to-sample variation, how-
ever the general trend observed is that higher photoconductivity values at 1ns are
observed for bare devices. The time-resolved photo conductivity measurements
are consistent with faster and more efficient electron transfer in the bare dye-
sensitized systems. The slower injection in the dye-sensitized SnOy-MgO films is
consistent with poorer electron transfer and at this rate of hundreds of ps to ns,
it would be expected that the injection does not compete entirely favorably with
non-radiative decay channels. Hence this spectroscopy is entirely consistent with
the slightly higher short-circuit photocurrent for the bare SnO, liquid electrolyte

cells.

7.3 Conclusions

The role of a thin MgO layer, chemically deposited over mesoporous SnOy struc-
tures in liquid electrolyte and solid-state dye-sensitized solar cells has been inves-
tigated. The treatment has 4 significant influences upon the optical and electronic
characteristics of the solar cells, and these effects have differing levels of impor-

tance for either solid-state or liquid electrolyte based solar cells:

e There is approximately a 200mV positive shift in the conduction band edge
which is the predominant factor increasing the open-circuit voltage in both

cells.

e There is an increase in the electron lifetime by approximately 2 fold for elec-
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trolyte and 10 fold for solid-state cells. This has only a small influence on the
electrolyte cells, though significantly contributes to further increased open-
circuit voltage and increased photocurrent (charge collection efficiency) for
the solid-state cells.

There is a reduction in the electron injection rate and efficiency which re-
sults in a marginal drop in photocurrent for the electrolyte cells upon MgO
treatment. Notably for the solid-state cells, the possibility of reductive
quenching of the excited dye (where hole transfer can occur prior to elec-

tron transfer) may contribute to making this aspect of lower importance.

There is a marginal increase in the dye loading upon MgO treatment, which
will contribute slightly to increasing the photocurrent in the solid-state cells,

but will have negligible influence upon the thicker electrolyte cells.

These clear finding ascertains the viability of using SnO, electrodes for DSCs

and indicate that careful choice and control of the surface coating could result

in competitive electrodes for DSCs and open new possibilities for low band gap

dyes and stability.
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Chapter 8

Limits to the electron transport

in mesoporous Ti0> photoanodes

This chapter has been adapted with permission from J. Phys. Chem. Lett., 2013,
4 (5), pp 698703. Copyright 2013 American Chemical Society.

8.1 Introduction

Although progress has been made in the last few years, the factors limiting the
charge collection length in solid-state dye-sensitized solar cells have not been
solved. While most literature link inefficient pore filling to this limitation, I have
shown in chapter 6 that this is unlikely to be the case. In order to increase
the charge collection efficiencies in the devices, the charge recombination lifetime
must be extended or the diffusion coefficient of the films must be increased or
both. In chapter 7, I have studied the effects of a thin MgO layer on SnO,
based devices and observed that this treatment extends the electron lifetimes
by an order of magnitude. However, this is accompanied by a reduction in the
charge generation efficiency when applied to TiO,. This effect is not unique to
MgO, other insulating metal oxides such as Al,O3 have been extensively used
in other research publications and a similar trade-off between current and volt-
age is generally observed. For this reason, the use of insulating metal oxide

coatings, while extending the charge collection length, is unlikely to lead to com-
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petitive power conversion efficiencies and therefore a different solution must be
sought. The other aspect limiting the diffusion length is the transport through
thenanocrystaline structure. Charge transport in DSCs based on nanocrystalline
TiO5 appears to be electron-limited,[1, 2, 3] so a good starting point is to change
the mesoporous metal oxide to another one with faster electron mobility in order
to check if this parameter is limiting the device performance. This is in principle
feasible since only free charges, i.e. charges in the conduction band, can move
freely through the films. Typical materials with faster electron mobilities and
suitable energy levels for the conduction and valence band that have been am-
ply used for DSCs are ZnO[4, 5, 6] and SnO,[7, 8]. The bulk mobility for these
two materials is around 200 cm?V~!s™! [9, 10] which is more than a full order of
magnitude above TiOs[11]. However, the electron transport dynamics are very
similar for the three systems.[12, 13, 14] In fact, changes to the diffusion coeffi-
cient are usually correlated to changes in the crystal size of the mesoporous oxide
used,[14, 15, 16, 17, 18, 19] where even photoanodes with very different morpholo-
gies, such as one dimensional nanotubes compared to typical nanoparticle based
photoanodes, still show similar diffusion coefficients due to their similar crystal
size.[20, 21] This suggests that the trapping/detrapping mechanism is dominating
the transport characteristics of solar cells fabricated from nanocrystalline mate-
rials. In order to make improvements to charge transport, the characteristics of

transport-limiting traps must be studied in further detail.

8.2 Results and discussion

8.2.1 Transport-limiting traps

The electron transport in mesoporous, nanocrystalline photoanodes is generally
described by a charge multiple-trapping model.[22, 23] First, electrons are trans-
ferred into the mesoporous oxide where they become trapped at sub bandgap
states. Then, they are thermally released into the conduction band, where they
are free to move until they become trapped again. In this way, transport is gov-
erned by detrapping times, which become longer for the deeper traps.[24, 25, 26,
27] The conductivity of the films, and hence charge transport, depends strongly
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on the occupancy of electrons in the conduction band (nggrrg), which in turn
is determined by the quasi Fermi level (Er) of the electrons in the film. The
occupancy of the conduction band can be calculated from the Fermi-Dirac dis-
tribution (F4). If an exponential distribution of sub bandgap states is assumed,
then:

1
14+ e77
nrrap = NaFy (8.2)
nrrps = Nope 7" (8.3)

The free electron charge density (nrrpr) will depend upon the trapped charge
density (nrrap), the effective density of conduction band states (Nep) and the
trap density (Na) in the film as nYppp = NN—((%ABTLTRAP.[Q,?] Clearly, if the trap
density is reduced then an increase in the free electron density at the same quasi
Fermi level should follow, and hence faster transport should be achieved. For
these reasons it is important to understand the nature and location of the trap
states, as they will be critical in determining the charge transport characteristics
of the material.

Kopidakis et al. have studied the spatial location of traps in a system where
the particle size was varied while keeping the porosity constant, leading to a range
of films with very different available surface areas.[16] By estimating the number
of traps and comparing them to the surface area of the film, they found that
the trap density scales up with the surface area. However, since the size of the
particles was changed, the internal surface area between the particle grains was
also changed due to the synthesis method utilized. An argument was put forward
then that if the number of traps is proportional to the intergrain boundaries,
a dependence on transport proportional to the number of particles in the film
should be found.[16] This is not clear since the intergrain contact area must also
change according to the size of the particle, and hence, a similar dependence with
exposed surface area would be expected.

It is very challenging to disentangle the change in exposed surface area with
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Figure 8.1: Assembly of nanocrystals within the mesoporous TiOy network. Left:
High resolution transmission electron microscopy images (HRTEM) of samples
crystallized at 450°C (a) and 650°C (c¢). For guidance, white dotted lines are
superimposed to visualize the individual crystallites. Right: Schematic of the
observed crystallite assembly at 450°C (b) and 650°C (d). Samples calcined at
temperatures between 400°C and 500°C exhibit randomly distributed crystals
that are significantly smaller than the length scale of the porous template. For
samples calcined at 650°C and beyond, the crystal size exceeds the length scale
of the BCP-dictated confinement, resulting in anisotropic growth within the net-
work. I acknowledge that the images presented in this figure were collected by
Stefan Guldin in the University of Cambridge.
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changes in interparticle contact area by using conventional colloidally synthe-
sized nanocrystalline electrodes. When the TiO, nanoparticles are synthesized,
they must be reconstituted into a paste with some kind of binder. Subsequent
calcination and sintering of the films at temperatures above 400°C results in
a TiOs network where the porosity arises from the packing of the constituent
nanoparticles. For this reason, the morphology is always random and the surface
area is governed by the particle size. The structure formation process of block
copolymer-directed inorganic films is fundamentally different and has recently
led to promising results when used as photoanodes in ss-DSCs.[28, 29] This route
makes precise morphology and crystallinity control possible.

In practice, by using this system, the surface area of the film can be tuned
by the ratio between the block copolymer and the inorganic sol introduced. The
calcination temperature then sets the particle size of the films, with minimal
changes to the exposed surface area, making this the ideal system to study the
effects of grain boundaries on the transport properties of the solid-state dye-
sensitized solar cell.

The films used in this chapter were assembled with the diblock copolymer
poly(isoprene-b-ethylene oxide) (PI-PEO). In a typical synthesis, PI-PEO is dis-
solved in tetrahydrofouran (THF) and then the titania sol from mixing Titanium
ethoxide with hydrochloric acid is added. The solution is then cast in a petri dish,
where the solvent is allowed to slowly evaporate at 50°C. After all the solvent
has been evaporated, the mixture is recovered and redissolved in an azeotrope
solvent mixture of 1-butanol and toluene. This solution is finally spincoated onto
the substrate samples, which are then calcined at a range of temperatures. In
figure 8.1.a) and b) high resolution TEM images of the formed structure for sub-
strates annealed at 400°C and 600°C are shown. The different crystal sizes can

be clearly observed. Further characterization was performed via XRD.[28]

8.2.2 Density of states distribution

Changes to the surface properties of the photoanodes are usually reflected in the
density of sub-bandgap states of the material, since these states are usually linked

to surface related defects, including oxygen vacancies.[19, 30] Here, although the
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different calcination temperatures result in very different crystal sizes, a big shift
in the sub band-gap states is not expected, since the available surface area of the

films has been kept relatively constant for all the temperatures studied as well as

the crystallization environment.
In order to study the DOS of the films,

the solar cells were measured through osk ~ T T T T T
transient photovoltage and photocur- i 4 -/
rent decay measurements. By doing _ %°T ¢ S )
these two measurements at either open z; 0l s : 328 _
or short circuit, the capacitance of the % A 500 |
system can be directly measured. A = o2 [f/® M ggg .
plot of this quantity against bias is 700 1
shown in figure 8.2. For higher biases, 0 ofz ' of4 ' 0!6 l ofs 10
there are barely any differences be- Capacitance (Fcm®)

tween the different photoanodes. This

is expected, since the surface area for Figure 8.2: Voltage against capacitance

these materials is very similar, and the plot for photoanodes which were sub-

crystallization environment, which can jected to a range of calcination temper-

have a big effect in this distribution, atures (see legend)

[30] was the same for all samples. At

lower biases, however, a small but consistent shift towards fewer available states
as the temperature is increased can be observed. The curve corresponding to
700°C clearly shows less available sub bandgap states at all measured potentials,

consistent with the reduced surface area of the film.

8.2.3 Transport and recombination kinetics

From the photovoltage decay measurements and integrating the DOS from figure
8.2, the recombination lifetime and its dependence with charge density can be
extracted. The results are shown in figure 8.3.a). In this instance, no systematic
trend is observed with temperature, where all the points are roughly on the same
line. This is again consistent with the similar surface areas of the films, since

recombination probably occurs through these surface states.[31]
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Figure 8.3: Photovoltage decay (a) and photocurrent decay (b) against charge
density plots for photoanodes which were subjected to a range of calcination
temperatures (see legend).

In order to probe the transport of the films, the charge density at short circuit
conditions was calculated iteratively as explained in section 3.6.1.2. The results
are plotted in figure 8.3. b), where a very clear trend can be seen where films
calcined at higher temperatures achieve over an order of magnitude faster trans-
port at lower charge densities. In fact, the calculated diffusion coefficient at 100
mWem~=2 AM1.5 illuminating conditions is 5.7 107¢ em?s~! for films calcined at
400°C, and 4.19 1075 cm?s~! for films calcined at 700°C. This is consistent with
a reduction of transport limiting traps located at the grain boundaries. In fact,
if transport at constant charge density (~ 10" cm™2) is compared, the difference
is over 3 orders of magnitude.

A similar analysis to the one performed by Kopidakis et al.[16] can be effectu-
ated by plotting the charge density of the films against their short circuit current,
as shown in figure 8.4.a). The curves can then be fit as: n = NporCsJg., where
Nror is the number of traps, without any assumptions on their distribution, and
Cs is a particle independent constant according to Kopidakis et al. The fitted
logarithm of Cy Nror was then plotted against the logarithm of the average parti-
cle diameter, as shown in figure 8.4.b). If the traps are situated at the intergrain
boundaries, Kopidakis et al. would expect them to scale with the number of
particles in the film [32]. This is indeed the case in this system, although the

reasoning seems suspect since a dependency with the number of particles in the
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Figure 8.4: Log - Log lot of charge density against short circuit current (a) for
photoanodes which were subjected to a range of calcination temperatures (see
legend). The lines correspond to fits of the data where n = NrorCsJg,. The
resulting fits are plotted against the average particle diameter of the films in (b).
The line corresponds to the expected slope of -3.

film does not equal a dependency with the intergrain surface area.

This result seems to be in direct opposition to the one found by Kopidakis et
al., where after doing the analysis detailed in the previous paragraph, the number
of traps was found to scale with the roughness of the film, rather than with the
number of particles in the film. These contradictory results may be explained
if the lower charge density of the films forming the solid-state dye-sensitized
solar cell system is considered. In the case of the films studied in this chapter,
for particles of similar size (~20nm) in comparison with the ones in Kopidakis’
study, almost a full order of magnitude difference in charge density at similar full
sun conditions was found. This would have the consequence that the solid-state
system is much more sensitive to deep traps within the system. There is some
evidence that suggests that traps arising from inter-grain boundaries have very
deep energies, i.e. away from vacuum,[33] and due to the lower charge density of
the solid-state films, they might not be filled. Furthermore, the model employed
limits the factors affecting the transport of electrons to the films to just traps. It
is entirely possible that other interactions are present, such as potential barriers
due to charge trapped at the intergrain boundary.[14, 34, 35, 36] Further work

is necessary to develop a new model that takes different charge interactions into
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account.

While the particular mechanism of charge transport through the film is un-
clear, it is overwhelmingly evident that reducing the number of intergrain bound-
aries has a positive effect in this parameter. This clearly suggests that to achieve
thick films which can be used in conjunction with panchromatic absorbers, films
with high enough surface area and reduced grain boundaries must be used. Fur-
ther evidence that this is the case was presented in a recent study by Xu et al.,[37]
where ~10 pm thick single crystalline wires were sequentially grown on the same
substrate to a maximum thickness of 50 pm, resulting in a structure where from
top to bottom, only 4 intergrain boundaries can be found. This system achieves
an astounding 5.65% power conversion efficiency, with a high fill factor and high
short circuit current, conclusively proving that the limits to diffusion length arise

from the nanocrystalline nature of the typical photoanodes.

8.3 Conclusions

Factors limiting the diffusion of electrons through mesoporous TiO, films were
examined through block copolymer assembled films. Here, the inorganic morphol-
ogy is confined by the organic macromolecule, leading to films where by subjecting
the photoanodes to different calcination temperatures, the exposed surface area
is kept almost constant, but a range of crystal sizes is achieved. This system is
ideal to study the effects of interparticle boundaries on transport. It is found that
by increasing the size of the particles and reducing the intergrain boundaries, at
least an order of magnitude faster transport can be achieved and up to 3 orders
of magnitude if compared at the same film charge density. However, the analysis
performed on the results does not perfectly match the results found by Kopidakis
et al. In fact, the result found in this chapter is in direct opposition to the one
found by the aforementioned authors. Although differences in charge density are
present which could potentially affect the interaction with the trap states, it is
my opinion that the model previously employed does not correctly reflect the
transport in the films. Further work is thus necessary to develop a model that
correctly incorporates the effects of the intergrain boundaries on the transport of

electrons through the films.
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Chapter 9

Oxygen-free solid-state

dye-sensitized solar cells

This chapter has been reproduced with permission from Nanotechnology, 2011,
22, 225403 DOI:10.1088/0957-4484 /22 /22 /225403. Copyright 2011 IOP Publish-
ing. All rights reserved.

9.1 Introduction

Solid-state organic based semiconductors are commercially attractive due to the
prospect of low cost solution processing of electronic devices.[1, 2] The efficiency
of solar cells incorporating these materials is increasing rapidly and within the
near future commercially viable device concepts are expected to be realized.|[3,
4, 5] Further to initial efficiency, the solar cells must last for at least 20 years
outdoor usage to be a feasible technology for large scale power generation.[6] The
combination of oxygen and sunlight is catastrophic for the stability of organic
semiconductors.[7, 8] However, with relatively cheap encapsulation techniques,
i.e. lamination between two glass sheets, the oxygen can be excluded enabling
suitable stability of many organic materials.[7]

The solid-state dye-sensitized solar cell should be an ideal concept for excel-
lent stability; unlike polymer solar cells it is composed of a preformed mesoporous

metal oxide electrode which is not susceptible to structural degradation. Follow-
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ing light absorption, the dye is completely regenerated from its oxidized state
within a few hundred picoseconds, orders of magnitude faster than in the io-
dide/triiodide based liquid electrolyte cell, where dye regeneration occurs in the
microsecond timescale.[9] The extremely rapid regeneration dynamics, as com-
pared to the liquid electrolyte alternative, may play a big role in improved long-
term stability of the solid state cell, as the dye is most likely to degrade in its
oxidized state.[10]

Despite these apparent advantages over competing concepts, until now re-
searchers have not been able to properly test the stability of solid-state DSCs.
Upon encapsulation in an inert atmosphere and operation under sunlight, the
devices lose their open-circuit voltage and fill factor within minutes due to a dra-
matic reduction in the cell shunt resistance, rendering them useless. Surprisingly,
the devices completely recover to initial performance when re-exposed to air. Al-
though Wang et al. have shown the stability of the system over a period of 1000h
in a dry air atmosphere,[11] degradation of the organic hole transporter is likely to
occur in long-term testing if oxygen is not excluded. There have only been a few
reports of this effect. A previous study by Al-Dmour et al., predominantly based
on impedance analysis, concludes that there is a dramatic increase in the recom-
bination between electrons in the metal oxide and hole in the hole-transporter
which renders the observed characteristics.[12, 13]

Here, a device study investigating mesoporous SnO, based solid-state DSCs
is performed. The oxygen-free “photo-shunting” of the cell predominantly re-
sults from direct contact of the top metallic electrode with the mesoporous ox-
ide. When exposed to oxygen, this contact forms a Schottky barrier[14] and is
relatively unnoticeable in the standard cells. However, under an anaerobic at-
mosphere and sunlight the height of the Schottky barrier diminishes and “good”
electronic contact is made between the cathode and the metal oxide. This results
in a very effective shunting path which destroys the solar cell efficiency. A simple
approach to block this contact would be to use a wide bandgap oxide such as
MgO or Al;O3 in a core-shell configuration,[15, 16, 17] however the thin layer
deposited in this manner still allows a tunneling current through the top contact
when encapsulated in an inert atmosphere. In contrast, by introducing a thin

interlayer of mesoporous alumina on top of the semiconducting metal oxide prior
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to dye loading and hole-transporter infiltration, effective electronic blocking of
this contact is made, and the rapid degradation dynamics are no longer observed.
Initial results suggest that the oxygen-free devices are stable and this opens the

possibility for long term stability tests and optimization.

9.2 Results and discussion

9.2.1 Device architecture

The issue of enabling the solid-state DSC to operate in an oxygen-free atmosphere
has perplexed researchers in this area for the last five years. In Figure 9.1 the
typical behavior devices fabricated from SnO,[18] before and after sealing in
Nitrogen under simulated sun light for a range of times are shown. After only 5
minutes measuring in nitrogen the open-circuit voltage has dropped from 0.47 to
0.22 V and the overall efficiency reduced from 1.26% in air to 0.51%.
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Figure 9.1: Current voltage characteristics for a SnOy based dye-sensitized solar
cell measured under AM1.5 simulated sun light of 100mWem ™2, in air (blue curve,
solid-M) and when encapsulated in an air free environment (1ppm oxygen) (red
curves, open-symbols). The 1%¢, 27 374 and 4" scan of the encapsulated cell were
taken at 40 second intervals.
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The cause of this strange phenomenon could either be due to increased re-
combination at the dye sensitized interface,[12] or due to the opening of a short-
circuiting path through the device. One possibility is that the hole-transporter
is becoming much more conductive by an unknown mechanism. However, since
highly conductive poly(3,4-ethylenedioxythiophene) works very well in dye-sensitized
solar cells,[19, 20] this explanation seems unlikely. Furthermore, spiro-OMeTAD
appears to be doped by air, so if any trend existed it would be expected to become
less conductive in an inert atmosphere.

Another feasible possibility is that conductivity in the metal oxide increases
considerably, resulting in either increased recombination at the heterojunction,
or short-circuiting of the function of the compact underlayer, required to block
contact of the hole-transporter to the FTO anode. This could be caused by nitro-
gen doping under light. To test whether this is the case, cells were encapsulated
in pure argon and pure nitrogen atmospheres. Similar deteriorations in cell per-
formance occurs for the cells sealed in the two gases (data not shown), suggesting
that nitrogen doping is not the main cause for the phenomenon. Though this
suggests that nitrogen doping does not occur, increased oxygen vacancy density
in the metal oxide cannot be ruled out,[21] with each oxygen vacancy liberat-
ing two free electrons to the lattice, causing an increase in conductivity,[22] and
potentially causing enhanced recombination or shunting through the compact
underlayer.

The situation is thus; a low resistance shunting path switches on under illu-
mination in an oxygen-free atmosphere, suggesting a light and oxygen sensitive
switching mechanism is present somewhere between the FTO and metal electrode,
most likely in the form of a barrier that disappears or is bypassed under these
conditions. An electronic Schottky barrier is typically created when metals con-
tact metal oxides, and Schottky barriers are extremely sensitive to charge density
and the nature of surface states, which could be induced under light illumination.
There are two possible locations of such contacts within the devices: the first one
between the metal oxide and the FTO, and the second one between the metal
oxide and the silver top electrode (cathode). In the first case, a change in the JV
curve towards an “S” shape is expected in the case of a Schottky barrier,[23, 24]

and in fact illuminating this barrier should be beneficial for the solar cell and
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have negligible influence on open-circuit voltage.[23, 24]

Researchers have always assumed that the overstanding capping layer of spiro-
OMeTAD is continuous and smooth so the contact between the mesoporous oxide
and the metallic cathode is prevented. As shown in the atomic force microscopy
images presented in figure 9.2, the over-standing layer of spiro-OMeTAD is not
completely smooth, with around 40 nm roughness. The average thickness of this
overlayer tends to be between 100 and 200 nm in optimized devices,[25] while the
roughness of typical doctor bladed TiO films as shown on figure 9.2.c¢ is around
100 nm. It is proposed here that there are regions or pinholes where contact
is made between the silver cathode and protruding peaks from the mesoporous

metal oxide.!

9.2.2 Schottky diodes

In Figure 9.3a a schematic of the structure of the standard device is shown to
aid the reader. Clearly if there is a contact between the top silver electrode
and the metal oxide, a Schottky barrier at this contact would be beneficial to
inhibit direct “shorting” between the electrodes through this metal oxide. To
test whether this potential shorting path could facilitate the observed “shunting”
of the device, simple diodes of mesoporous SnO, sandwiched between FTO and
silver electrodes were fabricated. In Figure 9.4a the current voltage curves for such
devices fabricated from SnOg are shown, measured in air and sealed in nitrogen,
measured in the dark and under simulated AM1.5 sun light of 100mWem 2.
Results for devices fabricated from mesoporous SnO, and mesoporous SnO, with
a surface coating of MgO are shown, which is required for efficient solar cell
operation.[18] The dark current through the SnO, devices in air is rather large, on
the order of 40 mAcm™2 at 0.4V (where the maximum power conversion efficiency
in solar cells is expected to be), but this is reduced considerably with the MgO

2

surface coating to around 3 mAcm™ at 0.4V. Similar curves, although slightly

higher current, are observed when the diodes are illuminated by simulated AM1.5

IThis is not conclusive evidence that pinholes exists, but it is suggestive of such. XPS
depth profiling by Ding et al on TiOy based cells also suggests that the Ti signal increases
over a thickness of ~300nm, suggestive of potential issues with pin holes through the thin
spiro-OMeTAD overstanding layer.[26]
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Figure 9.2: AFM images of the surface of (a) a spiro-OMeTAD coated mesoporous
TiO5 sample and (b) the same TiO sample without the hole transporter. On (c)
two line scans marked in (a, Spiro) and (b, TiOy) with a typical vertical offset of
120 nm are shown. I acknowledge that the images presented in this figure were
collected by Jack Alexander-Webber in the University of Oxford.

139



sun light at 100mWem 2. When encapsulated in nitrogen, the current is similar
in the dark as when they were exposed to air, but for both the SnOy and SnO,-
MgO films the current density shoots up at low voltages when the films are
illuminated in an oxygen free atmosphere, from 2 to 20mAcm=2 for the SnO,-
MgO film at 0.3V. This is consistent with the effective Schottky barrier at the
silver cathode metal oxide contact reducing considerably when encapsulated in
nitrogen and exposed to light. This is likely to be due to desorption of oxygen
from the contact interface, and to the creation of oxygen vacancies which dope
the interfacial region, an effect which has been observed in many different metal
oxides. [14, 27, 28]

In order to quantify the nature of this contact, the existence of a Schottky
barrier was assumed to exist at the silver SnO, interface, and fitted the current

voltage curves, to the Schottky diode equation,

J = Jyerr (9.1)

where J, = A*T2e 1" (9.2)
Amqmk?

and A* = % (9.3)

where J is the current density, J, is the saturation current which is extrap-
olated from the current density at 0 V, V is the applied bias, q is the electron
charge, k the Boltzmann constant, T the temperature, A* the Richardson con-
stant for thermionic emission, ®5 the Schottky barrier height, m* the effective
electron mass and h is Plank’s constant. This assumes that all the injection
current is via thermionic emission, and ignores the shape of the barrier and tun-
neling currents.[29] An approximated value of the Richardson constant® A*=36.06
Acm™?K™? was calculated from m*~0.3my for SnO,.[30, 31]

The results for the calculated Schottky barrier heights under the different
measurement conditions are summarized in Table 9.1 (these values are calcu-
lated from the linear fits shown in figure 9.4). As would be expected the barrier

heights follow the trend observed for the JV curves, and range from 0.27 eV for

LA* was not evaluated specifically for this system so the values derived for the barrier
heights are taken as approximate
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Figure 9.4: Current voltage curves for “Schottky diodes” composed of FTO-SnO,-
Ag (W), FTO-MgO coated SnO2-Ag (@) and FTO-MgO coated SnOo-mAl,O3-Ag
(A) measured in the dark (solid-symbols) and under AM1.5 simulated sun light of
100mWem™—2(open-symbols). (top) Measured in air, and (bottom) encapsulated
in a nitrogen filled glove box with ~1ppm oxygen. Dotted lines are the linear fits
used for the calculation of the barrier heights.
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Device Dark &5 (eV) Light &5 (eV)
SnO; in air 0.27 £ 0.01 0.26 £ 0.01
SnO, in Ny 0.31 &£ 0.04 0.25 £ 0.01

Sn02+MgO in air  0.39 £ 0.01 0.38 £ 0.02
SnO024+MgO in N, 0.40 £ 0.03 0.32 £ 0.02

Table 9.1: Schottky barrier heights for diodes measured under different atmospheres
estimated by fitting the JV curves in Figure 9.4 with Equation 9.2

SnQO, in nitrogen under illumination, to 0.40 eV for SnO,-MgO in air in the dark.
These values are similar to those found in literature of 0.4 eV for polycrystalline
SnOy/Pt[14] contacts and 0.5-0.6 eV for SnOs/Au contacts[32, 33]. Under illu-
mination, the barrier height for the MgO coated substrates (SnO2-MgO) in a N
atmosphere drop from 0.40 eV to 0.32 eV, which results in a ten-fold increase in
the “leakage” current. The purpose of this investigation is not to develop a com-
plete description of the nature of the electronic contact between nanostructured
SnO, and metallic contacts, but to illustrate that an oxygen and light sensitive
contact can exist at this location in the solar cell. Another possible explanation
for the increased conductivity in the air-free diodes could be the reduction of
a tunneling barrier at the grain boundaries (nanocrystal contacts). Indeed, the
presence of an oxygen sensitive Schottky barrier at intergrain boundaries in oxides
is the underlying sensing element in some metal oxide oxygen sensors. [34] How-
ever, this requires the grains to be significantly larger than the oxygen induced
depletion regions at these interfaces, which is typically on the order of hundreds
of nm. Since the samples prepared in this study consist of nanocrystalline SnO,
in the order of 35 nm in size, see figure 3.3 for details, flattening of the bands
is expected within the nanocrystals and negligible barriers are expected at the
contact between identical particles.[35, 36] Further evidence to support the no-
tion that the silver metal-oxide contact is responsible for the trends observed in
Figure 9.4, comes from looking at the transport characteristics in fully functional
solid-state dye-sensitized solar cells. [1§]

Previously, it was shown that the addition of the MgO surface treatment did
not change the electron transport properties significantly.[18] Despite this, here

up to 1 to 2 orders of magnitude suppression in the current density through the
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Schottky diodes is observed as compared to the bare SnOy diodes, suggesting

that this is due to the contact between the SnOs, and the silver, and not due

to changes in the inter-SnO, nanoparticle contact. Also, the change in Schottky

barrier height when comparing the SnO, diodes in air, to the SnO5-MgO diodes

in air is approximately 120 mV. This shift is similar to the CB shift found in

chapter 7 for devices incorporating a thing MgO layer.
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Figure 9.3: Schematic illustra-
tion of a SnO, based solid-state
dye-sensitized solar cell (a) as is
usually fabricated and (b) with
the addition of a mesoporous
inter-layer of Al;O3 on top of the

mesoporous SnOs.

A possible route to overcome the issue of
leakage through the metal oxide is to include a
thin insulating interlayer on top of the meso-
porous n-type oxide. To test this,
diodes with the addition of a 200 nm thick
layer of mesoporous Al,O3 (m-Al,O3) on top

simple

of mesoporous MgO treated SnO, were fab-
ricated. The JV curves for such SnO, based
diodes are also shown in Figure 9.4a-b. A
considerably lower current for the m-Al,O3-
SnO2-MgO devices encapsulated under illumi-
nation of 20 uAcm=2 at 0.4 V was observed,
as compared to 20 mAcm 2 for the SnO,-MgO
diodes, illustrating successful electronic block-
ing of this contact. The photocurrent in a
normal working device is only on the order of
10 mAcm—2

by the direct conductivity through the meso-

which will clearly be dominated

porous metal oxide, if a significant contact area
exists. It is also noticeable that this contact
is significantly influenced by the MgO surface
treatment to the metal oxide. Bearing this in
mind it is very likely that ourselves and others
may have previously misinterpreted changes to

this contact as apparent changes in the recom-

bination dynamics at the dye-sensitized heterojunction.
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9.2.3 Electronic properties
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Figure 9.5: a) Electron lifetime versus open circuit voltage for devices incorpo-
rating an SnOs electrode with an MgO treatment and AlyO3 buffer layer (H) and
without the Al,O3 layer (@) measured before (closed symbols) and after (open
symbols) sealing in a Ny atmosphere with <1 ppm oxygen. b) Evolution of the
current voltage curves for a SnOy based solid-state DSC incorporating an Al,O3
buffer layer against time, encapsulated in a nitrogen filled glove box with 1ppm
oxygen, measured under AM 1.5 simulated sun light of 100 mWem™2, 20 scans
are plotted with the first scan in light gray and the last scan in black, the time
between each scan was ~40 seconds. c) photovoltaic performance parameters as
a function of measuring time, extracted from the JV data in (b).

With the encouraging results of the diodes incorporating the m-Al,O3, and the
potential identification of the cause of the “oxygen-free” phenomenon, solid-state
DSCs from mesoporous SnO, electrodes with and without the addition of the
mesoporous Al,Oz interlayer were fabricated. All SnOs devices have a surface

coating of MgQO, as described in the experimental section. A schematic of the
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devices incorporating the Al,Og interlayers is shown in Figure 9.3b. The current
voltage curves for a SnO, device measured in air and when sealed in nitrogen are
shown in Figure 9.5b. For the SnO, based devices (with MgO coating and an
Al, O3 interlayer), all the photovoltaic parameters improve, even in air, with the
addition of the Al;O3 interlayer. A detailed investigation of the effect of improving
the overall efficiency of the SnO, based cells will be presented elsewhere. When
sealed in nitrogen, the Al,O3 interlayer stabilizes the devices and enables efficient
operation in an oxygen-free atmosphere. This can clearly be observed from the
open-circuit recombination lifetimes plotted in Figure 9.5a as a function of open-
circuit voltage. The encapsulated device without the insulating over-layer has
undergone a significant drop in voltage, as compared to when measured in air,
and at comparable potentials has an apparent order of magnitude reduction in
the effective electron lifetime. Initial stability results for the sealed SnO, based
cells show no degradation over the first 20 minutes of full sun operation at 50

degrees. The evolutions of the photovoltaic parameters are shown in Figure 9.5c.

9.3 Conclusions

In summary, a peculiar phenomenon of the solid-state dye-sensitized solar cell
was presented, where efficient operation can only occur in an atmosphere con-
taining oxygen. Through a device based investigation this behavior was identified
to predominantly arise from a light and oxygen sensitive Schottky barrier present
at the contact between the top of the mesoporous semiconducting metal oxide
photo-anode and the hole-collecting silver cathode. This contact is successfully
blocked by the addition of a mesoporous Al;O3 interlayer, which enables efficient
and stable operation in an oxygen-free atmosphere. This development now en-
ables long term stability to be effectively targeted, and represent a key milestone

towards commercial realization of mesoporous hybrid solar cells.
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Chapter 10

Conclusions and Outlook

A power conversion efficiency of over 20% can theoretically be achieved for solid-
state dye-sensitized solar cells, even allowing for losses involving overpotentials
to drive the required processes.[1] Currently, however, the maximum efficiency
achieved is around 7%,[2] due to thickness limitations, i.e. short diffusion lengths.
While problems with long-term stability have been dealt with in chapter 9, there
appear to be severe losses in the system and it is important to identify them in
order to make improvements.

One of the most puzzling aspects of solid-state dye-sensitized solar cells is
their low photon to electron conversion efficiencies, which lead to lower short cir-
cuit currents than expected. Factors affecting this parameter can be summarized
by equation 10.1. Here the light harvesting efficiency (74s) is simply the fraction
of absorbed light, the charge transfer efficiency (7qns) is the fraction of suc-
cessfully generated electron-hole pairs from each incident photon which are than
transferred into TiO, and spiro respectively, and 7., is the fraction of collected

charges at the electrodes:
IPCE = Nabs * Mtrans * Teol (101)

In general, the dyes used for ssDSCs have very high extinction coefficients
(in particular, for the dye most used in this work, termed D102, it’s 55800
Lmol tem™! at its peak), and hence high 74,. Through the Beer-Lambert law
the extinction coefficient (€), the transmitted light fraction (7), the path length

(1) and the concentration of the absorber (¢) can be related:[3]
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T = 109 (10.2)

From dye desorption measurements (see section 3.2), for the typical commer-
cial TiO, paste from Dyesol after TiCly treatment (see section 3.1.4.1), ~128mmoles
of dye per cm? of film can be calculated. With this concentration and equation
10.2, ~1.5um as the path length necessary to absorb around 90% of the light
can be extracted. Most optimised cells can easily achieve between 2 and 2.5 pym
without significant losses to charge collection,[4] and since these devices usually
incorporate a silver contact on the back to collect the holes, the path length is
in fact doubled since silver reflects around 98% of the incident light in the visible
range.[5] Most of the devices fabricated from organic dyes generally fall short

2 short circuit currents. Since it is theoretically

of generating around 8 mAcm™
possible to generate at least 13 mAcm~2 by integrating the absorption spectrum
of the dye-sensitized films with the incident solar spectrum shown in figure 2.1,
it can be concluded that light absorption for the common dyes used in ssDSCs is
not the main loss mechanism.

Parameters influencing 7,.4,,s include the quantum yield from the dyes, usually
dependent on the LUMO and CB level positions, and the availability of charge
transfer states. Electron transfer rates from dyes in sensitized metal oxides are
usually heterogeneous.[6] This implies that in order to maximize charge transfer
efficiency, an overpotential between the excited state energy level of the dye and
the accepting states in the TiOs must be established. In particular, the slowest
injecting states can be sped up considerably by lowering the conduction band
edge, i.e. away from vacuum.[7] This problem has been studied in great detail
in chapters 4 and 5, where it was found that crystallizing titania in an organic
rich matrix led to a distribution of sub bandgap states more favorable for charge
generation. However, the improvements were relatively minor at only around 16%
extra short circuit current for the optimized triblock terpolymer route(chapter 5).

The fact that charge generation can still be improved quite a lot further
suggests that some of the losses to the short circuit current stem from the hole

regeneration dynamics. While the dye regeneration process is very efficient at
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low light intensities,[8, 9] it is likely to be dye dependent as well as being greatly
influenced by the additives in the hole transporter. Indeed, on an indoline-based
dye similar to the one used in this thesis, the solar cells perform extremely well
under low light conditions after the addition of lithium ions (over 6% efficient),
but as the light intensity is increased, this number can drop to almost half.[10] The
crux of the matter is that hole regeneration is extremely fast, usually faster than
electron injection, leading to a system where the electron is not injected first into
the TiO5 and detrimental charge build-up at the interface can occur. The lithium
ions were found to be essential in order to extend the lifetime of the excited dye
and subsequent high charge generation efficiency. It is my opinion that further
improvements will arise from optimizing the charge generation dynamics.

To optimize the charge collection efficiency, and hence make thicker films
available, the factors limiting the diffusion length of the devices must be identi-
fied. While multiple studies suggested that pore filling is the limiting factor to
achieving thick cells (in the order of 5 pm),[11, 12, 13] and therefore complete
light absorption by the most common sensitizers, I have conclusively shown in
chapter 6 that it is possible to sufficiently fill films up to 5 pm in thickness. Since
pore filling does not seem to be the issue, other strategies must be pursued to
enhance the charge collection length.

In chapter 7, I have studied the effects of a thin MgO layer and it was observed
that this treatment extends the electron lifetimes by an order of magnitude. How-
ever, this is accompanied by a reduction in the charge generation efficiency. When
used in TiO, films, a big reduction in current is observed. For this reason, the use
of insulating metal oxide coatings, while extending the charge collection length,
is unlikely to lead to competitive power conversion efficiencies and therefore a
different solution must be sought.

In chapter 8 I have shown that the charge transport through the films can be
enhanced by an order of magnitude by simply reducing the number of intergrain
boundaries. This rather surprising result opens up the possibility of extending
the diffusion lengths in systems with large crystals. Usually this leads to reduced
surface area and consequently smaller short circuit currents. However, if strategies
can be employed where the TiO, is crystallized in a confined morphology, the

surface area does not necessarily have to be compromised. It is my opinion then
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that to fully optimize the performance of solid-state dye-sensitized solar cells,

future research efforts must be directed at enabling the formation of films where

the crystal size is decoupled from the surface area of the films. If a favorable DOS

distribution for charge transfer can be maintained, large improvements should be

possible.
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The role of a thin MgO shell on the surface of SnO,
based dye-sensitized solar cells

Pablo Docampo*, Priti Tiwana, Nobuya Sakai, Takurou N. Murakami, Henry J. Snaith
e-mail: p.docampo1@physics.ox.ac.uk
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SnO, based dye-sensitized solar cells (DSC) are a very promising
device concept. The conduction band (CB) in this material is situated
0.5 eV further from vacuum as compared to TiO,. This has a profound
influence in the device applications, since this allows us to target
narrower bandgap dyes, which may lead to overall improvements in
efficiency.! This material also benefits from improved stability, as
SnO; is less photoreactive than TiO,due to its wider bandgap.
However, fabricating efficient devices based on SnO, requires careful
tuning of the surface via a shell of MgO when used with the current
available dyes. In this study, we explore the precise function of the
thin MgO shell by fabricating and characterizing both electrolyte and
solid-state DSCs utilizing indolene based dyes. In contrast to most
reports in literature,2 we observe no change to recombination
dynamics with or without the MgO shell, for both electrolyte and
solid-state DSCs, when measured under comparative operating
conditions. Most  previous
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*For El and SS devices the recombination dynamics are the same under
comparative operating conditions, whether there is an MgO shell or not. There
is no difference in charge collection efficiency, which is almost unity in EI-DSC.

*This result is particularly important to the viability of using SnO, as the
mesoporous metal oxide for narrow band-gap dyes, since the
recombination dynamics seem to be relatively unaffected by the MgO
coating which was found to be critical in the past.
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and solid-state DSCs, as shown in the Voltage/Capacitance plots (see above).
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i Controlling the electronic states and the interplay between transport
and charge generation in self-assembled oxides for solid-state dye-
sensitized solar cells

P. Docampo®, S. Guldin, M. Stefik, U. Wiesner, U. Steiner, and H. Snaith
e-mail: p.docampo1@physics.ox.ac.uk

«In this study, TiO2 is synthesized in a well-defined morphological confinement that arises from the self-assembly of two very different systems: a diblock copolymer poly(isoprene-b-ethylene oxide) (PI-b-
PEO) and for the first time a triblock b-sty b-ethyl oxide) (1SO).

+Devices assembled through the diblock copolymer exhibit twice as fast electron transport as those assembled through the terpolymer route at similar film thicknesses and incident light intensities.

*The slower transport in the system is with a broader of sub-bandgap states, which also significantly influence charge generation. We observe improved efficiency of
electron transfer from the photoexcited state into conduction band states in the oxide, greatly ing the photocurrent in the final solar cells.

~The highest power conversion efficiency achieved for the terpolymer system was greater than 5% using an organic sensitizer and spiro-OMeTAD as the molecular hole transporter, being the first report
where a self assembled mesoporous oxide system outperforms the conventional nanoparticle based electrodes fabricated and tested under the same conditions.
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* Metal oxide sol swells the PEO block and tunes the
volume fraction of the hydrophilic phase.

« After solvent evaporation, the material phase separes
and different morphologies are achived.

= Triblock (0.9 um)
—e— Nanopartcles (1.2 um)

06 o8
Assembled in Thin Film

Current Density [mAcm?]

JscEff Voc FF %5\\

Triblock| 8.41 5.02 0.81 0.74 '\
Nanoparticles| 7.31 4.20 085 069

» Recombination occurs . 02 v ?-4 [V(;FG 08

from electrons in the CB E [l e [ oltage

and holes in the hole Y By optimizing the DOS (panel 4) via using a
transport material (HTM). f e feoe jj::: \ crystallization environment where the organic
04 06 component constitutes 70% of the volume,

Voltage we have improved charge generation.

« The trend in performance

. s can be explained by the

2 Dok ke deeper and broader DOS
for higher organic contents,

since small differences are

observed in transport

properties.

Time ()

hotocurrent decay

Kirans [s”]

e

* A high availability of sub-
band gap states appears to
be necessary for efficient
charge generation.

Valence Band TR

L ..

T () Al

*We extract e- transport and recombination
lifetimes to obtain diffusion coef. and lengths.
+Combining AQ from short circuit and AV
from open circuit decays, DOS is

« With the triblock system,
2 Soioot the DOS is flatter and
© Nanoparicies broader than standard
nanop , and it allows
us to generate more charge

Voltage [V]

Diffusion Length [um]

05 10 15 20
Current Density [mAcm] Capacitance [Fem™]

*The lizati i (set by the TiO: ratio) tunes the electronic properties!

« Deeper and broader DOS correlate well with ing Voc and i ing Jsc, ing that i electron transfer occurs mostly into sub-band gap states with the organic dyes used.
+ With the triblock terpolymer system, we achieve flatter and broader DOS than standard nanoparticle films, allowing us to improve charge generation and photovoltaic performance.

« Faster transport, as measured for the diblock system, allows over 99% charge collection efficiencies, however, the critical factor determining device performance is the DOS distribution.
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