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Nobody ever figures out what life is all about,
and it does not matter.

Explore the world.
Nearly everything is really interesting if you go into it deeply enough.

— Richard P. Feynman

To my parents.






Abstract

In the neverending race to fulfill the world’s growing energy needs, the generation of clean
renewable and low-cost energy is of crucial importance. This has stimulated the development
of third generation photovoltaic technologies such as the dye-sensitized solar cell (DSSC). The
DSSC is inspired by the natural process of photosynthesis where a light harvesting species
adopts the role of chlorophyll in the absorption of solar irradiation for the direct conversion
of sunlight into electricity. In the solid-state dye-sensitized solar cell (ssDSSC) the liquid
redox electrolyte utilized in the conventional liquid-based DSSC is replaced by a solid hole-
transporting material (HTM).

The inherent complexity of the system and the interplay between the many different com-
ponents signifies that in many ways the device operating mechanisms of this system are
still poorly and/or not fully understood. In this thesis I examine the operating processes of
mesoscopic solar cells employing the organic p-type semiconductor 2,2’,7,7’-tetrakis (N, N-di-
para-methoxyphenylamine)-9,9’-spirobifluorene (spiro-MeOTAD) with the aim to gain a more
in-depth understanding that can be implemented in the development of high performance
solid-state solar cells.

Using impedance spectroscopy (IS) I extensively examine the internal electrical processes
occurring in ssDSSCs type systems without any sensitizer present. Different device configu-
rations are used to differentiate and evaluate the individual interfaces, charge-transfer and
transport processes of ssDSSCs. The charge-transport within the HTM is uncovered and found
to contribute to the net series resistance of the system. This is further evaluated using the
Arrhenius equation to determine an activation energy for the hole-hopping transport in un-
doped spiro-MeOTAD. Photodoping — exposure to light and oxygen — and chemical p-doping
of the spiro-MeOTAD are found to improve the photovoltaic performance of the devices by
increasing the conductivity of the HTM. Subtle differences in the effect of the two doping
procedures are exposed using IS, revealing an improved contact between the HTM and the
back contact in the presence of oxygen and light.

The photovoltaic performance of ssDSSCs using different molecular sensitizers is examined
and the physical and chemical properties of the dyes are correlated with the investigated
device mechanisms. The interface between the sensitized mesoporous TiO, and the HTM
is examined, revealing the influence of the dye dipole moment and surface coverage on the
TiO, conduction band position and thus on the open-circuit potential. Furthermore the
relationship between the dye molecular structure and efficient charge separation is probed.
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Finally optical measurements reveal the beneficial de-aggregating ability of spiro-MeOTAD.

The hybrid organic-inorganic lead-iodide based perovskite CH3NH;3Pbl; is implemented
as light harvesting material in mesoscopic solid-state solar cells and analyzed by IS. Using
existing equivalent circuit models for liquid and solid-state DSSCs as a basis, a working model
is developed and validated for these perovskite type cells. Separate features corresponding to
the electronic and ionic conductivities of the perovskite material are identified. These features
are heavily dependent on the nature, crystallinity and morphology of the perovskite material
which define its transport and electrical properties. Furthermore the architecture and device
configuration also play an important role.

The solution processability of these materials present one of their major advantages. Here I
examine the deposition of the material from a mixture of its precursors in a common solvent.
The structure and shape of the perovskite film formed can be controlled by the choice of
solvent. The composition of the precursor solution determines the nature of the perovskite
formed. The conversion step is achieved by annealing the as deposited precursor solution,
which strongly influences the perovskite film morphology. At temperatures above 120°C there
is a detrimental formation of Pbl,. The Pbl; acts as a sink for charges, limiting the injection
to and from the TiO; preventing the buildup of charges. This results in a deviation from the
typical chemical capacitive behavior of the devices determined by IS.

Finally the thermal properties and behavior of CH3NH3Pbl; perovskite and its individual
components are scrutinized. Mixed halide systems led to the formation of excess organic
material, which undergoes sublimation. The enthalpy and temperature of sublimation of
the organic CH3NH3X (X=I or Cl) constituents are determined. The decomposition of the
perovskite follows the initial loss of the organic component — consecutive loss of the acid
and amine components — and the second degradation loss of the inorganic species. Subtle
differences in the crystal structure of the CH3NH;3PbI3 perovskite formed from different
precursor solutions are exposed.

The comprehensive studies presented here examine the key parameters governing the de-
vice mechanisms of solid-state mesoscopic cells. The knowledge and insight gained on the
operating processes and interfaces provide a valuable contribution to the improvement and
development of high performance solar cells.

Keywords: photovoltaics, solid-state dye-sensitized solar cells, hole-transport material, spiro-
MeOTAD, hybrid perovskite solar cell, organic-inorganic lead-iodide perovskite, organic sensi-
tizers, impedance spectroscopy, thermal properties.



Résumé

Dans la course pour répondre aux besoins énergétiques croissants de la planéte, la production
d’énergie renouvelable a bas cofit est d'une importance cruciale. Le développement des
technologies photovoltaiques de troisiéeme génération telles que la cellule solaire a colorant
(dye-sensitized solar cell ou DSSC en anglais) — également appelée <« cellule Gritzel > en
référence a son concepteur — a notamment été stimulé. Les DSSCs s’inspirent du processus
naturel de la photosyntheése : le réle de la chlorophylle dans I’absorption du rayonnement
solaire est joué par un pigment photosensible pour convertir la lumiére du soleil en électricité.
Dans la DSSC de type solide (solid-state DSSC ou ssDSSC en anglais), |’électrolyte redox de
la DSSC classique est remplacé par un conducteur de trous solide (solid hole-transporting
material ou HTM en anglais).

La complexité inhérente au systeme et I'interaction entre les nombreux composants signifient
que, dans de nombreux cas, les mécanismes de fonctionnement de ce dispositif sont encore
mal et/ou pas complétement compris. Dans cette thése, jexamine les processus de fonctionne-
ment des cellules solaires mésoscopiques employant le semiconducteur organique de type p
2,2',7,7’ -tetrakis(N,N-di- para-methoxyphenylamine)-9,9’-spirobifluorene (spiro-MeOTAD)
dans le but d’acquérir une compréhension plus profonde d'une part et de développer des
ssDSSCs a haut rendement d’autre part.

En utilisant la spectroscopie d’'impédance, j’examine les processus électriques internes qui se
produisent dans les systemes du type ssDSSC sans pigment. Les interfaces individuelles ainsi
que les processus de transfert et de transport des charges dans les ssDSSCs sont différenciés
et évalués. Le transport de charge a I'intérieur du HTM est exposé et sa contribution a la
résistance en série du systeme est présentée. Le rendement photovoltaique des ssDSSCs
est amélioré par photo-dopage — via I'action de la lumieére et de I'oxygeéne — et par dopage
chimique p en augmentant la conductivité du HTM. Les mesures d'impédance révelent de
subtiles différences dans les effets de ces deux méthodes de dopage. En outre, il est démontré
que le contact entre la contre-€électrode et le HTM est meilleur en présence d’oxygene et de
lumiere.

Le rendement photovoltaique des ssDSSCs utilisant différents pigments moléculaires est
examiné et les propriétés physiques et chimiques des colorants sont corrélées avec les mé-
canismes de fonctionnement étudiés. L'interface entre le TiO, mésoporeux couverte par le
colorant et le HTM est étudiée. L'influence du moment dipolaire et également celle de la
couverture de la surface par le colorant sur la position de la bande de conduction de TiO,,
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et donc sur le potentiel a circuit ouvert, sont révélées. De plus, la relation entre la structure
moléculaire du colorant et I'efficacité de séparation des charges est démontrée. Enfin, des
mesures optiques révelent la capacité de désagrégation bénéfique du spiro-MeOTAD.

La pérovskite hybride organique-inorganique a base de plomb iodure CH3NH3Pbl; est utilisé
en tant que matériau absorbeur de lumiére dans les cellules solaires mésoscopiques solides
et analysé par impédance. En utilisant des modeles de circuits équivalents existants pour les
DSSCs liquides et solides comme références, un modele pour ce type de cellules a pérovs-
kites est développé et validé. Les caractéristiques distinctes correspondant aux conductivités
électronique et ionique de la pérovskite sont identifiées. Ces propriétés sont fortement dé-
pendantes de la nature, de la cristallinité et de la morphologie du matériau et définissent le
transport ainsi que les propriétés électriques de la pérovskite

La facilité de traitement de ces matériaux en solution représente un de leurs avantages prin-
cipaux. Le dépot de ce matériau a partir d'un mélange de précurseurs dans un solvant com-
munément utilisé est examiné. Nos expériences montrent que la structure et la forme du
film de la pérovskite formé peuvent étre contrdlées par le choix du solvant. La composition
de la solution de précurseurs détermine la nature du cristal de la pérovskite formé. L'étape
de conversion est effectuée par un chauffage de la solution de précurseur a déposer, une
étape qui influence fortement la morphologie de la couche de pérovskite. A des températures
supérieures a 120°C, il y a une formation préjudiciable de Pbl,. Le Pbl, agit comme un puits
pour les charges, ce qui limite I'injection dans et hors du TiO, et empéche par conséquent
I’accumulation de charges. Cela se traduit par une déviation par rapport au comportement
typique de la capacité chimique.

Enfin, les propriétés thermiques et le comportement de la pérovskite CH3NH;3PbI3 et de
ses composants individuels sont analysés. Les systéemes composés d’halogénures mixtes
conduisent a la formation de matiére organique en exces qui subit une sublimation. Ensuite,
I'enthalpie et la température de sublimation des constituants organiques CH3NH3X (X=I
ou Cl) sont déterminées. La décomposition de la pérovskite suit la perte initiale d’éléments
organiques — la perte successive des composants acide et amine — puis la dégradation des
especes inorganiques. Des petites différences dans la structure cristalline de la pérovskite
formée a partir des solutions de précurseurs différents sont exposées.

Les études de cette these fournissent une enquéte approfondie sur les principaux parametre
régissant les mécanismes de fonctionnement des cellules solaires mésoscopiques solides.
Les connaissances et informations récoltées sur les processus d’exploitation et les interfaces
apportent une contribution précieuse a I’amélioration et au développement de cellules solaires
de haute efficacité.

Mots-clés : photovoltaique, cellule solaire a colorant de type solide, conducteur de trous, spiro-
MeOTAD, cellule solaire a pérovskite hybride, pérovskite organique-inorganique a base de
plomb iodure, colorant organique, spectroscopie d’ impédance, propriétés thermiques.
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Zusammenfassung

Um den wachsenden Energiebedarf der Welt zu erfiillen, ist die Erzeugung von sauberer,
erneuerbarer und kostengiinstiger Energie von entscheidender Bedeutung. Dies hat die Ent-
wicklung der Dritten Generation Photovoltaik Technologien wie die Farbstoffsolarzelle — auch
Gritzel-Zelle nach ihrem Erfinder genannt — angeregt. Das Prinzip der Farbstoffsolarzelle
wird von dem natiirlichen Prozess der Photosynthese inspiriert, wobei die Rolle des Chloro-
phylls in der Absorption von Sonnenlicht fiir die direkte Umwandlung von Sonnenenergie
in elektrischen Strom von einem lichtabsorbierendem Farbstoffmolekiil tibernommen wird.
In der Feststoff-Farbstoffsolarzelle wird das fliissige Redoxelektrolyt von der konventionellen
Farbstoffsolarzelle durch einen festen Lochleiter ersetzt.

Die inhdrent Komplexitédt des Systems und das Zusammenspiel der verschiedenen Kompo-
nenten bedeutet, dass in vielerlei Hinsicht die Betriebsmechanismen dieses Systems immer
noch schlecht und/oder nicht vollstdndig verstanden sind. In dieser Arbeit untersuche ich
die Betriebsprozesse von nanostrukturierten Solarzellen die den organischen p-Halbleiter
2,27, 7 -tetrakis(N,N-di- para-methoxyphenylamine)-9,9’-spirobifluorene (spiro-MeOTAD)
verwenden um ein vertieftes Verstdndnis zu erreichen, dass umgesetzt zu der Entwicklung
von Hochleistungs-Feststoff-Solarzellen fiihrt.

Impedanzspektroskopie (IS) wird benutzt um die internen elektrischen Prozesse von Feststoff-
Farbstoff-artigen-Solarzellen ausgiebig zu untersuchen. Verschiedene Vorrichtungskonfigu-
rationen werden verwendet um die einzelnen internen Oberflichen, Ladungstransfer und
Transportprozesse zu identifizieren und differenzieren. Der Ladungstransport innerhalb des
festen Lochleiter wird freigelegt und der Beitrag auf den Nettoserienwiderstand des Systems
festgestellt. Die Verwendung der Arrhenius-Gleichung bestimmt die Aktivierungsenergie fiir
den Lochtransport im undotierten spiro-MeOTAD. Die Photovoltaik-Leistung von Feststoff-
Solarzellen wird durch Photodotierung — die Einwirkung von Licht und Sauerstoff — und
chemische p-Dotierung verbessert in dem die Leitfdhigkeit des Lochleiters erhéht wird. IS
Messungen offenbaren feine Unterschiede in der Wirkung der zwei Dotierungsmethoden.
Zusitzlich ist erwiesen, dass in Gegenwart von Sauerstoff und Licht der Kontakt zwischen
Lochleiter und Gegenelektrode besser ist.

Weiterhin wird die Anwendung von unterschiedlichen Farbstoffmolekiilen in Feststoff-Farb-
stoffsolarzellen und die Wirkung ihrer physikalischen und chemischen Eigenschaften auf die
photovoltaische Leistung untersucht. Dieser Teil der Arbeit befasst sich mit der Erforschung
des Interface zwischen Lochleiter und farbstoffbedeckten nanostrukturierten Metalloxide
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Halbleiter. Der Einfluss der Oberflichenabdeckung des Farbstoffes und seinem Dipolmoment
auf die Lage des TiO, Leitungsband und damit auf die Leerlaufspannung wird erprobt. Des
weiteren wird die Beziehung zwischen der Farbstoffmolekiilstruktur und der effizienten La-
dungstrennung demonstriert. Schliesslich werden die vorteilhafte de-Aggregationsfihigkeit
von spiro-MeOTAD durch optische Messungen dargestellt.

Hybrid organische-anorganische Blei-lodid-basierende Perowskit CH3NH3Pbl3 wird als Licht-
sammelmaterial in mesoskopischen Feststoff-Solarzellen eingefiihrt und anhand IS unter-
sucht. Wir entwickeln ein Modell fiir diese Perowskit-Typ-Zellen durch die Nutzung von
vorhandenen Ersatzschaltbilder fiir Fliissig- und Feststoff-Farbstoffsolarzellen als Grundlage.
Getrennte Merkmale werden identifiziert fiir die entsprechenden elektronischen und ioni-
schen Leitfdhigkeiten des Perowskit-Material. Diese Eigenschaften sind stark abhéngig von
der Natur, Kristallinitdt und Morphologie des Perowskit-Materials.

Die leichte Verarbeitbarkeit dieser Materialen in Losungen umgreift eine ihrer wichtigsten
Vorteile. Der Formationprozess des Perowskit-Material aus einer Mischung, indessen Vor-
stufenkomponente in einem gemeinsamen Losungsmittel aufgeldst sind, wird untersucht.
Unsere Experimente zeigen, dass die Struktur und Form des gebildeten Perowskit-Film durch
die Wahl des Losungsmmittels gesteuert werden kann. Die Zusammensetzung der Vorstufenlo-
sung bestimmt die Natur des gebildeten Perowskits. Der Konvertierungsschritt wird durch das
Erhitzen der abgeschiedenen Losungsmischung erreicht und beeinflusst die Filmmorphologie
stark. Bei Temperaturen von iiber 120°C gibt es zusétzlich eine Bildung von Pbl,. Dies wirkt
wie ein Graben fiir Ladungen, wodurch die Injektion in und aus dem TiO, begrenzt wird. Dies
fiihrt zu einer Abweichung von dem typischen Verhalten der chemischen Kapazitit.

Schliesslich werden die thermischen Eigenschaften und das Verhalten von dem CH3NH;3Pbls
Perowskit und seinen einzelnen Komponenten {iberpriift. Die Systeme die aus gemischtem
Halogenid bestehen fiihren zur Bildung von iiberschiissigem organischem Material dass unter
Erhitzung sublimiert. Infolgedessen werden die Enthalpie und Temperatur der Sublimati-
on des organischen CH3NH3X (X=ClI oder I) Bestandteiles bestimmt. Die Zersetzung des
Perowskit folgt dem anfinglichen Verlust der organischen Komponenten - aufeinanderfolgen-
der Verlust der Sdure- und Aminekomponenten — und anschliessend dem Abbauverlust der
anorganischen Spezies. Die Bildung des Perowskit CH3NH3Pbl3 von verschiedenen Vorstufen-
lésungen fiihrt zu feinen Unterschieden in der Kristallstruktur.

Die Studien dieser Arbeit stellen eine umfassende Untersuchung der wichtigsten Parameter
der Betriebsprozesse von Feststoff-mesoskopische-Solarzellen dar. Das Wissen und der Ein-
blick in die Betriebsabldufe und internen Oberflichen bieten einen wertvollen Beitrag zur
Verbesserung und Entwicklung von Hochleistungssolarzellen.

Schliisselworter: Photovoltaik, Feststoff-Farbstoffsolarzelle, Lochleiter, spiro-MeOTAD, Hy-
brid Perowskit Solarzelle, organische-anorganische Blei-lodid Perowskit, organische Farbstoff,
Impedanzspektroskopie, thermische Eigenschaften.
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|§ Introduction

1.1 Sunlight

Sunlight is the electromagnetic radiation — denoted solar irradiance — given off by the sun and
takes approximately 8.3 minutes to reach the earth. It spans most of the electromagnetic spec-
trum, from high energy x-rays at 100 nm wavelengths to radio waves at 1 mm. Approximately
50% of solar radiation is composed of infrared light while 40% and 10% are made up of visible
and ultraviolet light respectively. Sunlight is the earth’s primary source of energy, determini ng
its warm and habitable climate, supporting and sustaining life on earth.

Solar Constants

The solar constant is a measure of the the flux density, corresponding to the solar irradiance
when the distance between the sun and the earth is 1 AU, It takes into account solar radiation
over the entire spectrum, culminating in an integrated total of approximately 1361 W m ™2
which is susceptible to small annual variations resulting from solar activity and changes in the
earth/sun distance. Solar simulators typically describe the solar irradiance in terms of ‘suns’
or % sunlight intensity where 1 sun or 100% sunlight intensity is defined as one solar constant.

Solar Spectrum

The surface temperature of the sun — the star at the centre of our solar system — is approxi-
mately 5800 K. Hence the resultant radiation spectrum is similar to a black body at the same
temperature. The spectral radiance B of a black body in thermal equilibrium at an absolute
temperature T as a function of wavelength A is given by Planck’s law, Equation 1.1:
B.(T) 2hc? 1 wn
A = 5 .
A exp (_AZI:T) -1

where kg is Boltzmann constant, # is Planck’s constant and c is the speed of light. Integrating

1 One astronomical unit — equivalent to a mean distance of 149 597 870 km.



Chapter 1. Introduction

UVé Visibleé Infrared ———»

| | | | | |
2.0 § _
g : § 5800 K Blackbody Spectrum
N : : Extraterrestrial AMO
.E 1.5+ 1 Terrestrial AM1.5 Global —
= ' \ [ Terrestrial AM1.5 Direct
® : :
(@] '
e :
g 1.0 —
S
=
8
') 0.5 I —
o
wn
0.0

500 1000 1500 2000 2500 3000 3500 4000
Wavelength (nm)

Figure 1.1. Spectral distribution of the solar irradiance above the earth’s atmosphere (extrater-
restrial spectrum — AMO) and on the earth’s surface (terrestrial - AM1.5) showing the difference
between the direct and global irradiance. Additionally the blackbody radiation spectrum at 5800 K
is displayed (black trace).

Planck’s law over all wavelengths gives the Stefan-Boltzmann law, Equation 1.2. This is a
measure of the total power P radiated per unit of time per unit of surface area A by a black
body at a temperature T

P/IA=oT* (1.2)
where ¢ is the Stefan-Boltzmann constant (o = 5.67 x 1078 Wm™2 K™4).

The solar spectrum has additional fine structure (Fraunhofer lines) due to the absorption by
the peripheral solar gas which results in the deviation from the black body radiation spectrum
shown by the extraterrestrial solar spectrum in Figure 1.1. The solar irradiance is standardized
according to the American Society for Testing and Materials (ASTM) in terms of the air mass
coefficient which defines the optical path length through the earth’s atmosphere, expressed as
a ratio relative to the path length at the zenith (vertically upwards). Hence the extraterrestrial
solar spectrum is denoted as Air Mass Zero (AM0) (meaning that the light has passed through
‘zero atmospheres’) and its integrated solar irradiance is equivalent to the solar constant.

The earth’s atmosphere acts as a filter for solar radiation, preventing the harmful wavelengths
from reaching the surface of the earth. This attenuation of the solar irradiance results from the
scattering and absorption processes of radiation by gases and chemicals in the atmosphere.
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1.2. Solar Energy

Rayleigh scattering of sunlight leads to the removal of high frequency radiation from direct
sunlight. Consequently the high frequency radiation arrives to the observer via indirect
scattered paths, resulting in the blue appearance of the sky while the direct sunlight gives the
sun a yellow appearance. Atmospheric scattering also gives rise to the red appearance of the
sun and sky at sunrise and sunset.

Ozone present in the upper atmosphere filters out ultraviolet radiation, seen in the reduction
in the short-wavelength region of the solar spectrum at the earths’s surface, the terrestrial
solar spectrum. Water vapour, nitrogen, carbon dioxide and oxygen all contribute to the
formation of absorption bands at various wavelengths, further confining the terrestrial solar
spectrum between the near ultraviolet and far infrared region. The presence of pollutants such
as aerosols, photochemical smog are also contributing factors, leading to significant amplifica-
tion of atmospheric attenuation particularly in the lower layers of the atmosphere. The solar
spectrum at sea level with the sunlight directly overhead (zenith=0°) after passing through
the atmosphere is denoted as AM1 and corresponds to the solar irradiance in equatorial and
tropical regions.

Generally the standard solar spectrum reaching the earth’s surface is defined as AM1.5, consis-
tent with an atmosphere thickness of 1.5 which coincides to a solar zenith angle of 48.2° as
described by the ASTM G-173-03 standard. The corresponding integrated spectral irradiance
calculated using Equation 1.2 is 1000.4 W m™2 for AM1.5 and gives a measure of its solar inten-
sity. This is the global (G) spectral radiation taking into account the hemispherical irradiance
consisting of direct and diffuse light reflected from the ground (‘albedo effect’) on the south
(sun) facing surface tilted at 37° from the horizontal (towards the equator).This differs from
the direct (D) normal irradiance which consists of only direct parallel radiation and excludes
the diffuse contributions resulting in the observed decrease in the solar spectrum as seen in
Figure 1.1.

The AM1.5G spectrum represents the solar irradiance for specific atmospheric conditions
which is most commonly used as the standard solar spectrum to which solar simulators are
matched.

1.2 Solar Energy

As previously mentioned, sunlight is crucial in establishing conditions in which life is pos-
sible. The earth’s atmosphere, land and water surfaces absorb solar energy, increasing their
temperature driving many of earth’s key natural processes. As a direct result of solar energy
hot air rises, creating atmospheric circulation and convection resulting in the earth’s weather
conditions. The evaporation of water, formation of clouds and subsequent cooling constitutes
the earth’s water cycle. Finally solar energy is converted to chemical energy by the process of
photosynthesis by plants.

Solar energy is by far the most abundant energy resource available and it can be harnessed and
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Figure 1.2. Basic configuration for a conventional p-n junction type silicon solar cell.

used by a wide range of ever-evolving technologies. All renewable energies (with the exception
of geothermal and tidal) derive their energy from the sun. Even the energy extracted from the
non-renewable resources of coal, oil and natural gas originally stemmed from light energy
converted into chemical energy and stored as biomass.

1.2.1 Photovoltaic Effect

One of the most prominent and direct uses of solar energy is the direct conversion into elec-
trical energy. This is achieved using a solar cell and the photovoltaic effect. A solar cell is
a photoelectric cell that, under illumination, can generate and support an electric current
without connection to an external voltage source. The photovoltaic effect was first observed by
A. E. Becquerel in 1839, through the immersion of silver chloride in an acidic solution, which
connected to platinum electrodes generated a photocurrent and photovoltage under illumina-
tion. Nowadays the most common materials used in photovoltaics are semiconductors (such
as silicon) employing a p—n junction configuration as depicted in Figure 1.2.

Conventional solar cells are composed of silicon in a p—n junction configuration, by which
p-type and n-type doped silicon are joined together. When no external bias is applied, the
materials are in thermal equilibrium, where the electrons e~ from the n region near the
junction diffuse into the pregion and vice versa for holes h* in the p-type region. The diffusion
currents are balanced such that there is no net current through the junction. As a consequence
of the majority charge carrier diffusion a space charge region is formed at the interface creating
an electric field, see Figure 1.3. The potential difference formed across the junction by the
equilibration of the Fermi levels between the p-type and n-type doped material is denoted the
built-in potential.

In the standard photovoltaic effect, when such a solar cell is exposed to illumination, this
results in the absorption of photons by the electrons in the valence band (VB) of the material

4



1.3. Dye-Sensitized Solar Cell

Drift of minority charge carriers h* J------~ --------3 »! Drift of minority charge carriers e
Diffusion of majority_i_, 4_:— Diffusion of majority
charge carriers h* : E-field X charge carriers e
A . '
1 1
: O :
1 1
: el o |
= 1 1
S ! |
4(-6 I 1
: ch :
§ p-doped : = : n-doped

S - :
g , © I

5 : : holes
electrons ] S i
{ e 1
I I
1 6 1
| |
1 1
1

Figure 1.3. A p-njunction in thermal equilibrium displaying the resultant electric field. The drift
currents as a result of the electrostatic force on the charges and the diffusion currents are shown.

within the space charge region and their subsequent promotion to the conduction band
(CB). These high-energy charge carriers are then charge separated by the built-in potential
accelerating the drift of photogenerated minority charges — excited electrons and associated
holes - in different directions leading to the conversion of light into electrical energy.

Since the first discovery of the photovoltaic effect there has been considerable advancement in
the development and manufacture of solar cells, with solar cell efficiencies varying from 6% for
amorphous silicon-based solar cells to 44% for multiple-junction concentrated devices [1]. A
wide range of different materials and device configurations are presently used for photovoltaics.
In recent years there has been significant progress in the use of abundant low-cost organic
materials in photovoltaic technologies. Included in this category is the dye-sensitized solar
cell, which imitates the natural process of photosynthesis by which plants convert solar energy
into chemical energy.

1.3 Dye-Sensitized Solar Cell

The conventional dye-sensitized solar cell (DSSC), first reported in 1991 by O’Regan and
Gritzel [2], takes its inspiration from the natural process of photosynthesis. The typical
device configuration is presented in Figure 1.4. In this type of device the role of chlorophyll
as a light harvesting material in plants is emulated by a molecular chromophore which is
chemically anchored to a wide bandgap metal oxide semiconductor by the process described
as sensitization. In addition to acting as a scaffold for the chromophore (or sensitizer), the
metal oxide semiconductor adopts the role of electron transport material. Unlike any other
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Figure 1.4. Schematic representation of the device configuration for a liquid and solid-state DSSC.
The liquid DSSC adopts a sandwich configuration while the solid-state counterpart used in the
course of this thesis has a monolithic architecture. Figure not to scale.

photovoltaic technology where one material has the dual role of light absorption and charge-
transport, separate materials adopt the individual processes of light harvesting and charge-
transport in DSSCs leading to the phenomenon of charge separation. The light harvesting
element (the sensitizer) is excited upon light absorption and injects an electron into the
conduction band (CB) of the metal oxide semiconductor resulting in the one electron oxidation
of the sensitizer. The photogenerated electron is then transported through the mesostructured
semiconductor to the transparent conductive oxide (TCO)? coated glass substrate which
constitutes the current-collecting photoanode.

Following the photoinduced electron injection leading to charge separation, the oxidized
sensitizer is regenerated by electron donation from a redox couple in the electrolyte which
infiltrates the mesoporous structure of the metal oxide semiconductor. The concentration
driven diffusion of the oxidized redox couple species away from the sensitized interface to the
counter-electrode of the device where it is regenerated, completes the circuit of photovoltaic
device.

In the solid-state counter part of the DSSC, the liquid electrolyte of the conventional liquid-
based DSSC is replaced by a solid-state hole-transport material (HTM) and as a result of there

2 The TCO used here is fluorine doped SnO» (FTO) deposited on glass —- TEC15 (Pilkington, UK).
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are some structural differences in the device design. The basic principles of device operation
remain identical, where the oxidized dye is regenerated by hole injection into the solid HTM,
which transports the holes to the back contact completing the external circuit. Unlike a liquid
DSSC which has a sandwich configuration between two separate TCO substrates as electrodes,
ssDSSCs are based on a monolithic design built on a single TCO substrate (etched to give the
correct electrode configuration) with the back contact deposited by thermal evaporation of
silver or gold directly on the solid HTM layer.

An additional advantage of separating the processes of light absorption and charge separation
from charge-transport has allowed the individual components making up the DSSC to be
optimized and improved. This has lead to significant improvement in the solar-to-electrical
power conversion efficiencies (PCE) of devices over the years as a direct result from the
implementation of new and tailored materials. For the conventional DSSC configuration, the
highest PCE of 12.3% was reported using a porphyrin dye in combination with a D-7—-A dye
and a cobalt(II/IIT) complex redox couple [3].

In an effort to improve stability and the processability of DSSCs with the aim to allow efficient
roll-to-roll manufacture, extensive research is being invested in the study of solid and quasi-
solid alternatives for the liquid electrolyte. Efforts have focused on organic [4-8], inorganic [9-
11] semiconductors and conducting polymers [12, 13] in order to meet all the requirements for
a good hole-transport material. In the field of organic semiconductors, the p-type semiconduc-
tor 2,2',7,7’-tetrakis(N,N-di- para-methoxyphenylamine)-9,9’-spirobifluorene (spiro-MeOTAD)
was first introduced by Bach et al. [14] in 1998 (Figure 1.5) as a HTM for solid-state DSSCs. This
report used a ruthenium(I1I) complex as sensitizer and the spiro-MeOTAD was chemically
p-doped with N(PhBr)3SbClg to increase its charge carrier density culminating in a PCE of
0.74%.

Since then these initial low PCEs have been steadily improved from < 1% to > 7% [15] mainly
through the use of new high molar extinction sensitizers[16, 17] and the introduction of
organic molecular sensitizers [18-21]. However for such devices spiro-MeOTAD remains the
material of choice as HTM to achieve high PCEs.

In recent years the introduction of organic-inorganic perovskite materials has led to a revolu-
tion in DSSCs. Chung et al. [10] employed the p-type CsSnls perovskite as HTM in combination
with a ruthenium(II) complex as sensitizer achieving up to 8.5%. The excellent optical prop-
erties of the lead-iodide based hybrid perovskite CH3NH3PbI3 classified it as a promising
candidate for light harvesting. However initial results implementing this material in com-
bination with a liquid electrolyte displayed low PCEs due to problems associated with the
corrosion and degradation of the perovskite material by the liquid electrolyte.

In contrast the use of solid-state HTM overcame these issues, improving the stability of the
devices and has led to record breaking efficiencies of up to 16%.
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Figure 1.5. Molecular structure of the p-type semiconductor 2,2’,7,7’-tetrakis(N,N-di-para-
methoxy-phenylamine)-9,9’-spirobifluorene (spiro-MeOTAD) used as HTM in ssDSSCs.

1.3.1 Electron-Transfer Processes

Unlike silicon solar cells where charge separation is driven by the built in electric field, in
nanostructured bulk heterojunction such as DSSCs, this process is based on the kinetic com-
petition between energy, electron transfer and charge-transport processes. As such the key
for good photovoltaic performance lies in the relative timescales between the beneficial and
unwanted electronic processes. The relevant photophysical and electron transfer processes in-
volved in the operation of a DSSC are depicted schematically in Figure 1.6. The corresponding
time-scales for the individual processes is also included.

Photoexcitation — The light absorption by the adsorbed sensitizer molecule leads to the
excitation of an electron from its highest occupied molecular orbital (HOMO) to its lowest
unoccupied molecular orbital (LUMO). As such this photoexcitation (Equation 1.3) from the
ground (S) to the excited state (S*) of the sensitizer requires the incident photon to have
an energy greater than or equal to the HOMO-LUMO gap. This process results in charge
separation.

g, g (1.3)

Electron Injection — The process of electron transfer from the photoexcited state of the sen-
sitizer to the CB of the metal oxide semiconductor occurs on the femtosecond timescale.
Consequently the excited state of the sensitizer is quenched, generating its oxidized species
(S*) according to Equation 1.4. This process is quantified by the charge injection efficiency,
ninj which is a measure of the fraction of electrons that are injected into the TiO» CB (e,p)
after photoexcitation.

S*—S"+ecp (1.4)

Dye Regeneration - Following charge separation and electron injection the oxidized sensitizer
is reduced by the electron transfer from the hole-transport mediator, thus regenerating the
sensitizer. In the case of ssDSSCs this process is referred to as hole injection as a hole is
transferred to the HTM from the oxidized sensitizer.
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Figure 1.6. Energy level schematic illustrating the electronic processes that occur in a DSSC. The
desired electron transfer processes are indicated by the blue arrows, the hole transfer processes by
purple and the unwanted recombination loss channels by dashed red. The approximate energy
levels are given with respect to vacuum (in eV) and NHE - normal hydrogen electrode (in V). The
dynamics of the electron transfer processes are presented below the schematic.

Charge-transport — The injected electron in the CB of the metal oxide, e, is transported
through the metal oxide to the current-collecting photoanode. Meanwhile in a liquid DSSC
the oxidized redox active species formed following dye regeneration diffuses to the counter-
electrode where it is reduced. In ssDSSCs the hole injected is transported through the HTM
and collected at the back contact.

In the DSSC device operation possible electron transfer processes exist that lead to the loss
of photogenerated charges. The photon-to-current conversion efficiency of the solar cell
is governed by the kinetic competition between the initial photoinduced charge separation
processes and the loss mechanisms. The following loss channels are illustrated by the red
arrows in Figure 1.6:

a. Excited State Deactivation — A possible loss mechanism is the radiative or non-radiative
relaxation of the photoexcited sensitizer back to its initial ground state instead of the electron
injection into the CB of the metal oxide. However this process is typically considerably slower
than the electron injection, ensuring quantitative charge separation.
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b. Back Electron Transfer — This loss channel involves the recombination of electrons in
the metal oxide CB with the oxidized sensitizer. This recombination pathway is in direct
competition with the hole injection into the HTM.

c. Electron-Hole Recombination — Finally charges can recombine indirectly by the transfer
of electrons from c - i the metal oxide CB and/or ¢ - ii the TCO with holes in the HTM. In
addition to process b these loss mechanisms typically occurs on a similar timescale as the
electron transport in the metal oxide semiconductor and thus to achieve high PCEs this
recombination process needs to be slower than the charge-transport. This is expressed by
the charge collection efficiency, n.,;; which is a measure of the fraction of charges that are
collected at the photoanode relative to the total number of photogenerated charges and is
determined from the relative rates of charge-transport kyans and global recombination kyec,
Equation 1.5.

kre C

ktrans

Neoll =1— (1.5)

The relative rates of the electronic processes occurring are strongly influenced by the choice
of materials employed. Molecular engineering of the sensitizer and surface treatments of the
metal oxide surface in particular are commonly used to modify the kinetics of the charge-
transfer reactions.

1.3.2 Dye-Sensitized Solar Cell Components

The following section introduces and discusses the main general components of the DSSC.
Particular emphasis is placed on the materials and property requirements necessary for appli-
cation in the solid-state configuration of the DSSC which is the focus of the work conducted in
this thesis.

1.3.2.1 Nanostructured Metal Oxide Film

The nanostructured metal oxide layer in a DSSC conventionally consists of a mesoporous
TiO; structure. Ideally the metal oxide semiconductor should be covered by a monolayer of
sensitizer molecules. The nature of the material must be such that it can transport electrons
from its sensitized surface to the conductive substrate, while its nanostructure provides a large
surface area to maximize the number of dye molecules present in the device, thus increasing
the light harvested per unit of active area. Furthermore the metal oxide needs to be transparent
in the visible region to prevent its competitive light absorption.

TiO,, with its wide bandgap of approximately 3.2 eV, is typically the material of choice to
achieve high PCEs in solid-state and liquid DSSCs3. This semiconductor is intrinsically n-

3 Other wide bandgap materials such as ZnO [22, 23] and SnO> [24, 25] have been investigated.
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1.3. Dye-Sensitized Solar Cell

doped by the presence of oxygen vacancies in its structure.

In order to harvest sufficient light to generate high photocurrents the metal oxide film is
nanostructured to be highly porous, increasing the specific surface area of the mesoporous
film. The average pore and particle size of the film need to allow for the facile infiltration of the
solid HTM in the case of ssDSSCs and the efficient diffusion of the redox species in and out of
the pores in the liquid electrolyte of liquid DSSCs. The short diffusion length of spiro-MeOTAD
and the problems associated with its incomplete pore-filling limits the mesoporous TiO»
(mTiO,) thickness to 2 — 3 um in ssDSSCs. While the highest reported efficiencies have been
achieved with mesoporous films, several different geometric configurations (i.e. nanowires
and nanotubes [26, 27]) have been examined to improve the diffusion of charges within the
nanostructured layer.

The electronic and optical modification of the metal oxide surface has been extensively ex-
amined through the implementation of surface treatments and/or application of overlayers
using a wide range of techniques and materials. The widely used surface treatment is the
TiCly procedure by which a thin layer of insulating titanium oxide is deposited on top of
the mesoporous TiO» [28-30]. Such treatments additionally influence the adsorption of the
sensitizer on the metal oxide surface [31]. Even the simple adsorption of surface water plays a
significant role in this process and must be controlled.

1.3.2.2 Hole-Transport Material: Spiro-MeOTAD

In a liquid DSSC the hole-transport material is a liquid electrolyte containing a redox couple,
such as I" /I3 necessary to regenerate dye. Liquid electrolytes have traditionally been based
on volatile solvents, but there has been significant research in the use of ionic-liquid based
electrolytes or solid-state hole-transport materials.

In this work the amorphous organic p-type semiconductor 2,2’,7,7’-tetrakis(N,N-di-para-
methoxy-phenylamine)-9,9’-spirobifluorene (spiro-MeOTAD) is used as a solid-state HTM.
Since its first report as a HTM in ssDSSCs more than 15 years ago it remains the material of
choice to achieve high PCEs [14]. The HTM is infiltrated into the sensitized mesoporous metal
oxide structure, the intimate contact with the oxidized dye molecules ensuring efficient dye
regeneration, followed by the transport of the injected holes to the back contact of the solar
cell.

For the solar cell to exhibit good photovoltaic performance the chosen material fro application
as a HTM in ssDSSC needs to fulfil the following basic property requirements:

Energetics - The HOMO level of the HTM must be above that of the sensitizer to ensure
sufficient driving force for the hole injection from the latter into the HTM. Whilst a large
driving force may increase the efficiency of hole injection this is opposed by the resulting
reduction in the open-circuit potential, Voc. The maximum possible Vo is determined by
the difference in the quasi Fermi level of the mTiO, and the redox potential of the HTM.

11
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Figure 1.7. Molecular structure of the common additives — LiTFSI and TBP — used in the prepara-
tion of the HTM solution. The FK102 cobalt(III) complex employed as p-type dopant was used in
the form of the PF; salt.

The HOMO level of spiro-MeOTAD has been reported to lie at 0.72 eV versus NHE, which is
suitable for most molecular dyes and sets the maximum theoretical V¢ at approximately 1.2 V
(assuming the CB of mTiO» lies at 0.5 eV).

Transport Properties — To allow for efficient and fast transport of holes away from the sen-
sitized mTiO» surface a suitable HTM requires good p-type conductivity and hole mobility.
The charge-transport resistance of the material is inversely proportional to its conductivity
and as such greatly depends on its charge carrier density which is heavily influenced by the
presence of dopants, additives and/or impurities. In the case of spiro-MeOTAD, it has very low
conductivity in its pristine, undoped form. It has been well established that spiro-MeOTAD
needs to be partially oxidized to decrease the intrinsic charge-transport resistance of the bulk
material. This has been achieved through the addition of chemical p-type dopants (so called
chemical doping) or through the facile oxidation of the material in the presence of oxygen
and light (photodoping). Furthermore common additives such as Li* ions have been shown
to also contribute to the oxidation and increased hole mobility of spiro-MeOTAD. The hole-
transport within organic p-type semiconductors such as spiro-MeOTAD is typically described
as a hole-hopping mechanism.

Pore Infiltration - For efficient hole injection from the dye to the the HTM, the two materials
need to be in intimate contact. This necessitates good infiltration of the HTM into the pores of
the mTiO,. This in turn depends on the processability of the material. Typically spiro-MeOTAD
is deposited from solution into the mTiO;, structure by spin-coating. This requires the choice
of a suitable solvent to ensure good wettability of the surface, in addition to good infiltration
and pore-filling of the HTM into the porous structure. Typically spiro-MeOTAD is dissolved
in chlorobenzene, which is deposited onto the substrate, allowing the solution to infiltrate
the pores by capillary action, any excess forming a reservoir on top of the mTiO,. During
the spin-coating procedure the solvent evaporates leading to reported pore-filling fractions
between 60-70% [32-36]. The pore-filling fraction is a measure which determines the extent
to which the HTM infiltrates and fills the pores of the mTiO, structure. Relative to polymeric
HTMs, spiro-MeOTAD demonstrates good pore-filling, however it remains a limitation to the
PCE:; of devices.

12
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Several additives are typically added to the HTM solution prior to its deposition. As in the
case of liquid DSSCs where they are added to the electrolyte solution, 4-tert-butylpyridine
(TBP) and lithium bis(trifluoromethylsulfonyl)amide (LiTFSI) are commonly used in the
preparation of the HTM solution, see Figure 1.7. The role of these additives on the device
mechanism of both solid-state and liquid DSSC has been extensively investigated and is
reportedly largely related to their adsorption to and subsequent electronic modification of
the porous metal oxide surface. The presence of TBP is believed to be an upward shift of the
CB of the mTiO; in addition to acting as a recombination blocking agent, thus resulting in an
increase in the Vg of the device [37-39]. The addition of LiTFSI has the opposite effect in
that it pulls the mTiO, CB downwards, increasing the driving force for the electron injection
resulting in an increase in the short-circuit current density, Jsc. In ssDSSCs the effect of
LiTFSI on the device performance is more complex as it influences the transport properties
of the bulk HTM. As previously mentioned Li* ions participate in the oxidation process of
the spiro-MeOTAD in the presence of oxygen and light [40-43]. In an attempt to control the
doping level of spiro-MeOTAD and in turn its bulk transport properties a chemical p-type
dopant is sometimes also added to the HTM solution (cf. Chapter 2) an example of which is
the cobalt(II) complex, tris(1-(pyridin-2-yl)-1H-pyrazol)cobalt(II) bis(hexafluorophosphate)
(FK102) depicted in Figure 1.7.

1.3.2.3 Sensitizer

The key component of DSSC type devices is the light absorbing species adsorbed on the metal
oxide semiconductor. To ensure this sensitization of the metal oxide by the dye and to achieve
high power conversion efficiencies certain properties of the sensitizer must fulfill specific
requirements.

Broad Absorption Spectrum - The sensitizer should ideally have a broad absorption spectrum
in the visible spectrum. Preferably extending into the red/infrared to ensure maximum overlap
with the emission spectrum of the sun to harvest the maximum possible light.

Energetics — The energy levels of the sensitizer need to be appropriately positioned relative
to the CB of the metal oxide semiconductor and the redox potential of the redox couple in
the electrolyte (or HOMO of the HTM) to ensure efficient charge separation. The level of the
excited state (LUMO) should lie above the CB of the metal oxide semiconductor to ensure
electron injection from the sensitizer while hole injection into the hole-transport medium
requires the redox potential of the ground state (HOMO) of the dye to lie lower than that of the
HTM.

Sensitization — The sensitization of the metal oxide semiconductor requires the chemical
adsorption of the sensitizer to establish the electronic connection necessary for efficient
electron injection. As such the molecular structure of the species need to contain an anchoring
group that can form a chemical bond with the semiconductor surface. Types of anchoring
groups generally employed are carboxylic or phosphoric acid functionalities.

13
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Stability — The sensitizer should be stable under illumination and in terms of electrochem-
istry (corresponding to the number of catalytic red/ox turnovers the dye can undergo under
illumination®). Furthermore the attachment of the sensitizer to the semiconductor should be
sufficiently strong to prevent desorption from its surface.

Generally DSSCs employed molecular dyes as sensitizers which can be classified into metal
complexes and organic dyes. Ru(Il)-based metal complexes were the first class of dyes that
yielded high power conversion efficiencies [2, 16, 44]. However the molar extinction coefficient
of this class of sensitizers is typically relatively low in the order of 10* M~! cm™!, requiring
thick active layers (between 10-20 um) to ensure complete light absorption.

Organic sensitizers are composed of purely organic atoms which form large conjugated 7-
systems and have much higher molar extinction coefficients relative to the metal complex. As
such they are the sensitizers of choice to achieve high PCEs in ssDSSCs which have a limited
active layer thickness [15, 19, 26, 45].

A common configuration for organic sensitizers is based on the D-7—A concept, in which the
sensitizer is composed of an electron rich donor (D) and an electron deficient acceptor (A) con-
nected by a m-conjugated bridge (i) structure. This design allows facile molecular engineering
by variation of the individual components, which has led to the large number of different
structures reported [20, 46, 47]. The use of D-n—A organic dyes in ssDSSCs is investigated
extensively in Chapter 3.

Another class of organic sensitizers include porphin-based chromophores similar to the natu-
rally occurring chlorophyll, termed porphyrins. Unlike the D-7—A sensitizers that are made
up of organic moieties that, isolated, are colorless, porphyrins are highly colored organic chro-
mophores. These species consist of a divalent metallic cation (such as Zn>*) that coordinates
to a tetradentate ligand forming a porphin macrocycle, that is attached to the semiconductor
surface by an anchoring group. Even though they contain a metallic cation porphyrins are
classified as organic dyes as the metal orbitals do not participate electronically in the light
absorption.

Extensive research has been conducted in the molecular engineering of sensitizers, adapting
their chemical and physical properties to improve the photovoltaic performance of DSSCs.

There has been a recent surge of progress in the field of thin film solar cells focusing on the
integration of three-dimensional organic-inorganic hybrid perovskites in solar cell devices.
The role of these types of material is reportedly complex; primarily as high extinction light
absorbers [48, 49], where they adopt the role of the sensitizer, with additional contributions
as hole[10] and electron transport material [50, 51]. Chapters 4 and 5 investigate the role of
organic-inorganic lead-based perovskite CH3NH3Pblz on the photovoltaic performance of
solid-state mesoscopic solar cells.

4 The calculated turnover number for dye molecules close to the illuminated front side of a DSSC is about 108
which corresponds to approximately 20 years of exposure to sunlight.
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1.4. Solar Cell Photovoltaic Characterization

1.3.2.4 Back Contact

In liquid DSSCs the devices typically adapt a sandwich device configuration where the counter-
electrode is a TCO substrate coated with a layer of catalyst (i.e. platinum, various forms of
carbon or conducting polymers) suitable for the regeneration of the redox couple.

The device configuration of ssDSSC is monolithic, where the back contact is deposited by
thermal evaporation of a high work function metal such as silver or gold. The higher reflectivity
of silver makes it a cheaper alternative to gold in devices employing thin metal oxide films
where the incident light is not completely absorbed and hence reflected at the back contact,
enhancing the Jsc by increasing the optical path length [52].

1.4 Solar Cell Photovoltaic Characterization

In this section the most common techniques used to characterize and evaluate the photo-
voltaic performance of solar cells are presented. The most general methods include current-
voltage and quantum efficiency measurements, classified as steady-state techniques. These
are time-independent measurements where the charge density within the metal oxide semi-
conductor does not vary as a function of time. Hence the processes of photogeneration and
charge-transport through the semiconductor are in equilibrium with the loss processes of
charge recombination.

Moreover impedance spectroscopy (IS) is extensively used throughout this thesis to examine
the interfaces and internal electrical process within the solar cell under operating conditions.
This is a frequency-dependent technique that provides valuable insight into the working
mechanisms of the solar cells.

1.4.1 Current-Voltage Characteristics

The most common technique used to evaluate the photovoltaic performance of solar cells is
the measurement of the current density — voltage (J-V) characteristics, by which an external
potential bias is applied and the resultant current response of the device is measured. This
measurement is conducted in the dark (to determine the so-called dark current) and under
illumination of different light intensities. Typically the measurement under 100% sunlight
intensity at standard AM1.5G illumination (100 mW cm™2) is used to classify the solar cell
photovoltaic performance.

The potential can be applied in reverse bias, such that electrons are injected from the back
contact, or forward bias, where they are injected from the photoanode into the device. Con-
ventionally solar cells are characterized using an applied forward bias.

At its most basic a solar cell can be considered as a source of current (I,1,41,) in parallel with a
diode (with a reverse saturation current of Iy) described by the ideal diode equation. Under
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Figure 1.8. (a) Equivalent circuit of a solar cell. A typical J-V curve (b) in the dark and (c) under
illumination. The maximum power point (MPP), short-circuit current density Jsc and open-circuit
potential Vpc are indicated. (d) /-V curve under illumination (red trace) and corresponding power
curve (blue trace).

illumination the total current I generated by the solar cell is described by Equation 1.6. This
takes into account the current lost due to charge recombination losses (Isj,;,,:) and the diodic
dark current (Equation 1.7) flowing through the device (I;4¢)-

The non-ideal nature of a solar cell requires the correction by the ideality factor m where the
deviation from m = 1 describes the non-ideality of the solar cell. Additionally the resistive
losses within the device is resolved by the inclusion of parasitic shunt and series resistances
(Rshunt and Rgeries respectively). This is depicted in the equivalent circuit model of a solar cell
presented in Figure 1.8 (a) and the modified diode Equation 1.8.

I= Iphoto —lLaark — Ishunt (1.6)
Lyare = I ( ev ) 1 (L.7)
=1Ip|exp|—|- )
dark 0 p kBT
e(V+ IRgeri V + IRgeri
I=Iynoro—1Io exp(w)— ]—ﬂ lsms<2 (1.8)
mkgT Rshunt

where e is an elementary charge, kg is Boltzmann’s constant and T is the temperature.

A typical J-V curve measured in the dark and under illumination is presented in Figure 1.8 (b)-
(d). In the dark, when a low potential forward bias is applied, the metal oxide semiconductor
has low charge density and thus low conductivity. As a result little or no current flows through
the device in these conditions. Increasing the applied potential increases the charge density
within the metal oxide semiconductor, raising its quasi Fermi level. Upon further increasing
the applied potential, the quasi Fermi level approaches the conduction band of the metal oxide
semiconductor. The increase in conductivity of the metal oxide semiconductor is apparent in
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1.4. Solar Cell Photovoltaic Characterization

the steep increase in the dark current as electrons freely flow to the hole mediator material
(either HTM or liquid redox electrolyte). Consequently the dark current is governed by the
recombination process between electrons in the metal oxide semiconductor and holes in the
HTM.

Under illumination (Figure 1.8 (c)), the solar cell acts as a current source and the photocurrent
generated flows in opposition to the dark current. The generation of photocurrent is based on
the charge separation of electrons and holes, which is in direct competition with the reverse
process; the recombination of electrons and holes (typically between electrons in the metal
oxide semiconductor and holes in the HTM). This recombination dominates at high forward
bias, leading to the rapid loss of photogenerated charges, visible in the steep decrease in
the J-V curve at this point. When the rates of photocurrent generation and electron-hole
recombination are equivalent, all photogenerated charges recombine and the net current is
zero. This condition is denoted as open-circuit and the associated potential is the open-circuit
potential (Vo). When the applied external potential is zero this is denoted as short-circuit
conditions and the associated photocurrent density is the short-circuit current density (Jsc).

In addition to the Vpc and Jsc several other parameters are used to characterize the photo-
voltaic performance of a solar cell.

The power conversion efficiency (PCE) is a measure of the fraction of incident solar power (Pjy)
that is converted into electrical power (Ppqax). Electrical power is determined using P =V x I
and as such can be calculated from a typical /-V measurement as illustrated by the output
power curve in Figure 1.8 (d).

The maximum of the power curve is referred to as the maximum power point (MPP), with
the corresponding voltage and current (Vypp and Jyipp respectively). PCE is accordingly
determined by Equation 1.9.

Prax _ Jmpp Vmpp _ JscVocFF

PCE = (1.9)
Pin Pin Pin
1%
g = Jyee Vipe (1.10)
JscVoc

The fill factor (FF) is a parameter describes the ‘squareness’ of the /-V curve and is defined
according to Equation 1.10. It can be depicted as the ratio between the two rectangles defined
by Jmpp and Viypp and Jsc and Vi as illustrated in Figure 1.8 (d).

Conventionally such a J-V curve is measured from high forward bias to short-circuit conditions
(at 0 V) where the applied bias is positive and the measured photocurrent response is negative.

The effect of Rs,yn: and Rgeries On the J-V characteristics of a solar cell are depicted in
Figure 1.9. In reality Ry jes is the sum of the dissipative series resistance contributions within
the solar cell, mainly originating from the sheet resistance of the TCO and from the electrical
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Figure 1.9. Influence of (a) increasing the series resistance Ryer;es and (b) decreasing the parallel
shunt resistance Ry, on the shape of the J-V curve.

connections made to the solar cell. In the case of solid-state DSSCs, the charge-transport
resistance within the HTM also contributes to the net series resistance of the device.

Rspune decreases as a result of recombinative loss processes in the device which lead to leakage
current. A possible cause of this could be through the presence of pinholes within the blocking
layer on the TCO leading to the direct contact between the TCO and the HTM. Ideally to
achieve high PCEs and reduce the losses, these parameters need to be optimized such that
Rseries — 0 and Rgpypn; — oo.

1.4.2 Quantum Efficiency Measurements

In the process of solar cell characterization, it is valuable to determine the fraction of incident
photons which are converted into electrons collected in the external circuit. This is given by
quantum efficiency of the solar cell which can be expressed as the external quantum efficiency
(EQE) or the internal quantum efficiency (IQE).

The EQE - which is also referred to as the incident photon-to-electron conversion efficiency
(IPCE) - takes into account all photons incident on the device, making no distinction between
those absorbed and those reflected or transmitted. It is determined from the ratio of the
collected charges to the photons falling on the device. Practically this is done by the mea-
surement of the photocurrent generated by the device illuminated by monochromatic light of
known photon flux (Jy). The IPCE can subsequently be calculated according to Equation 1.11
where Jsc(A) is the short-circuit photocurrent density with respect to the wavelength of the
monochromatic irradiation.

1pcEQ = 23 1.11)
ey
Af

Jsc = f eIPCEVG) dA (1.12)

i
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The resulting plot of the IPCE as a function of the wavelength provides valuable information
of the spectral response of the device and in the case of DSSCs typically is a signature of the
sensitizer used. The integrated area under the IPCE curve yields the short-current density as
specified by Equation 1.12, where ¢(]) is the incident photon flux at a given wavelength.

Equation 1.13 expresses the IPCE in terms of the internal efficiencies corresponding to the
electronic processes within the devices, where LHE is the light harvesting efficiency, and
ninj and 1.,y are the electron injection and charge collection efficiencies respectively (as
described previously in Section 1.3.1).

In contrast to the IPCE, the IQE - also referred to as the absorbed photon-to-current conversion
efficiency (APCE) - only considers the fraction of photons absorbed by the device and as such
is a measure of the efficiency of the direct generation of photoelectrons.

IPCEA) = LHEA) x0ipnj(A) X o1 (A) (1.13)
APCEW) =1inj(A) xNco11(M) (1.14)

1.4.3 Impedance Spectroscopy
1.4.3.1 Ohm’s Law: Resistance and Impedance

An electrical circuit consists of individual components through which there can be a continu-
ous flow of electrical current, I. The potential energy of the circuit to move electrons from one
point to another corresponds to the voltage, V of the system. The opposition to the motion
of electric current is a measure of its electrical resistance, R and is determined from the ratio
between the voltage and the current. This is known as Ohm’s Law:

R=— (1.15)

This law assumes an ideal resistor case, where the resistance is constant, frequency indepen-
dent, independent of the current (resulting in V « I) and finally the alternate current and
voltage are in phase with each other. As such an ideal conductor has zero resistance and an
ideal dielectric (a material that does not conduct electricity) has infinite resistance. In order
to extend this concept to alternating current (AC) circuits the voltage and current need to be
treated as complex time dependent functions to take their phases, ¢y and ¢; respectively,
into account,

V(w)=|Vl]exp [i(wt+¢y)] (1.16)
I(w) = Ilexp [i(wt+¢))] (1.17)
w=2nf (1.18)

where w is the angular frequency.
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Electrical impedance Z is a measure of the opposition to current when a voltage is applied
in an AC circuit and corresponds to the generalized resistance in AC circuits. Hence it is the
complex ratio of the voltage and the current (Equation 1.19) and takes into account both
magnitude and phase, where ¢ is the phase difference between the voltage and the current.
For a direct current (DC) circuit, the resistance of the system can be taken as impedance with
the same magnitude and zero phase angle.

_|Vlexpli(wt+¢py)]

Zw) = [Ilexpli(wt + ¢p)] = 1 Zlexp(=ig) (1.19)
=7 +iZ"(w) (1.20)
dv=¢r+¢ (1.21)

In AC circuits, in addition to the resistance present in DC circuits, two further impeding
mechanisms must be taken into account: 1) the inductance by which voltages are induced
in conductors by the magnetic fields generated by currents and 2) the capacitance, the elec-
trostatic storage of charge induced by an applied voltage between conductors. Collectively
the inductance and the capacitance form the imaginary part of the complex impedance Z”,
Equation 1.20, which is referred to as the reactance while the resistance forms the real part Z'.

Small Perturbation Measurements

Impedance spectroscopy (IS) is the measurement of the AC electrical current response of
an electrical system after the application of a small voltage perturbation as a function of
the angular frequency w. The small perturbation is necessary to maintain the linear rela-
tionship between V (w) and I(w), resulting that Z(w) is independent of the amplitude of the
perturbation.

An IS measurement is generally conducted by keeping the system in a fixed steady-state by
applying the stationary constraints within the parameters of DC current and illumination
intensity. The impedance is then measured over a range of frequencies, f = w/2x, typically
from the mHz to the MHz range. Consequently the IS data provides information of the steady-
state of the system at different frequencies, thus giving an insight into its dynamic properties.
The IS measurement can be described in terms of an equivalent circuit composed of the basic
electrical elements presented in Table 1.1.

The capacitance can be determined from the measurement of the change in the electrical
charge resulting from a small perturbation of the voltage. This frequency-dependent capaci-
tance given by Equation 1.22 and displayed in Table 1.1 is used to determine the capacitance
from the impedance measurement;

I(w) 1
Clw) = - =7
ioVw) iowZ(w)

(1.22)

This demonstrates the simplicity with which impedance data can be converted to different
electrical representations (including complex capacitance, impedance and phase angle) which
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Table 1.1. The defining relation and impedance corresponding to bulk electrical elements. Fur-
thermore the corresponding electrical equivalent circuit symbols are presented. The graphical
representation of the impedance is displayed in the Nyquist plots where Z' and Z" are the real
and imaginary components respectively.

Element Relation Impedance Symbol Nyquist
7
Resistor R V=IR Zr=R A VAYA Yo R,
~—
dav 1 / <
. i
Capacitor C I= CE Zc = =T _| |_
0 Z
Constant Phase e (a))l”Q % >_ B
Element Q = i ¢ ;
|Z] 0 Z
7"
Inductor L V= L? Z; =iwL — 00—
t (Vv

is useful in the interpretation and analysis of the IS measurements.

1.4.3.2 Equivalent Circuits

Table 1.1 presents the definition and impedance for the ideal resistor, capacitor and inductor
electrical elements. In the case of an ideal resistor, its impedance has no imaginary component
and is purely real while ideal inductors and capacitors are purely imaginary. As previously
mentioned, for an ideal resistor the V and I waveforms are proportional and in phase. The
impedance corresponding to capacitors decreases as the frequency increases while it increases
in the case of inductors. Consequently for an applied sinusoidal voltage waveform, the
generated sinusoidal current waveform is phase shifted by —90° in the case of a capacitor
where the current is leading the voltage by 90° while for an inductor it is shifted by +90°,
lagging behind the voltage.

Equivalent circuits are composed of electrical elements that are connected by low resistance
wires. When connected in series the current passing through components is the same, while
when in parallel they experience the same voltage as according to Kirchoff’s circuit laws based
on the principles of conservation of electrical charge and energy. Hence the impedance of
elements in series is additive, and for parallel elements the total impedance is the inverse of the
sum of the inverse impedances of the individual components. Consequently the impedance
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Figure 1.10. (a) Equivalent Circuit. (b) 3D representation of simulated impedance data showing
real, imaginary and frequency components. (c) Nyquist plot of imaginary as a function of real
component. The maximum of the RC-arc takes place at the characteristic angular frequency wy as
indicated. Frequency dependence of (d) real and (e) imaginary parts of impedance. Simulation
was conducted from 1 MHz to 1 mHz.

for the parallel combination of a resistor and a capacitor is given by Equation 1.23;

1 .\t R R
Zw)==+iwC = - = - (1.23)
R 1+iwRC 1+iwt
1
T=RC=— (1.24)
wo

The relaxation time 7 is given by Equation 1.24 and is a measurement of the characteristic
frequency wy. An equivalent circuit consisting of the parallel combination of a R and C
element in addition to a simple series resistance R; is shown in Figure 1.10 (a). The 3D
representation of the impedance of such a system is shown in Figure 1.10 (b) displaying the
relationship between the real and imaginary components as well as their dependence on
frequency. Figures 1.10 (c)—(e) display the perspective of the individual planes.

The complex Nyquist plot (Figure 1.10 (c)) of the imaginary impedance component as a
function of the real component manifests as an arc, often called RC-arc. The top of the arc
occurs at the characteristic frequency wy corresponding to the relaxation time 7. The intercept
of the arc on the real axis provides a measure of the magnitude of the resistance associated
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with the system.

The addition of a series resistance, R; results in the shift of the RC-arc along the real axis.
Consequently the DC resistance of this system — corresponding to the low frequency intercept
— is the sum of the individual resistors, Z(0) = Rpc = Ry + Ro, which in this case is 210 Q.
Hence the data representation in the Nyquist plot is crucial to discern information about the
contributions of various resistances within a system. Equation 1.22 demonstrates the inverse
relationship between the capacitance of the system and its impedance. The capacitance
is crucial in determining the origins of the individual resistances since different electrical
elements, while they may have similar resistances, typically can be identified by their unique
capacitive features.

The frequency dependence of the real and imaginary components presented in Figure 1.10
give first indication of the behavior of the magnitude | Z| and the phase ¢ of the impedance
as a function of the frequency. These parameters are typically presented in Bode plots as
a function of the frequency. This is useful in the identification of relaxation processes with
different time constants, which therefore manifest at different frequencies.

Deviation from Ideality

The definitions discussed above correspond to the ideal cases. To take the deviation from
ideality into account constant phase elements (CPEs) are employed in place of ideal capacitors.
The electrical symbol for a CPE is shown in Table 1.1 and Figure 1.11 (a). A CPE is typically
used to describe a capacitive process which is accompanied by a frequency dispersion. The
exponent, n accounts for the deviation from the ideal case where n = 1 describes an ideal
capacitor while n = 0 corresponds to a pure resistor. The physical meaning for this deviation
is attributed to the existence of anomalous diffusion taking place in the real systems.

In the fitting procedure of IS measurements the CPE exponent is typically fixed or left non-
restricted, constraining it between 0.8 and 1. The deviation from ideality manifests in a
suppression in the RC-arc in the Nyquist plot as depicted in Figure 1.11 (b). Furthermore
a decrease in the exponent of the CPE results in slower response times of the capacitor as
evident by the shift in the position of the 10 000 Hz mark in the Nyquist plot. This is reflected
in a decrease in the characteristic frequency with increased deviation from ideality;

1

= —(RQ)”” (1.25)

Wo
where Q is the uncorrected capacitance associated to the CPE (also denoted as CPEr) and
becomes equal to the real capacitance when the exponent 7 (also denoted CPEp) is equal to 1.
To determine the correct capacitance C of the system the CPE capacitance needs to corrected
accordingly taking into account the associated resistance R;

R x CPE7)CPE'
C= ( T)

R (1.26)
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Figure 1.11. (a) Equivalent Circuit. (b) Nyquist and Bode, (c) magnitude and (d) phase, plots from
simulation using the presented values for Ry, R, and CPE. The exponent of CPE was changed from
the ideal case when it is equal to 1 to 0.5. The red points in the Nyquist plot correspond to the
frequency 10000 Hz. Simulation was conducted from 10 MHz to 1 mHz.

1.4.3.3 1S Model of Solar Cells

In order to use IS as a tool to examine real systems it is necessary to correlate its physical
properties with electrical circuit elements. This allows the system to be represented by an
equivalent circuit model that can be used to interpret and analyze the IS response of the
system. To establish this relationship for solar cells, it is necessary to associate the potentials
of the model circuit with the electrochemical potential of the charge carriers (electrons or
holes) in the device.

The simplest IS model of a solar cell consists of the parallel combination of the recombination
resistance and the chemical capacitance corresponding to the basic configuration of a light
absorber between two selective contacts. The recombination resistance needs to be sufficiently
large to allow the accumulation of charge carriers in the capacitive element. Selective contacts
are essential to direct the flow of charges and prevent the internal short-circuiting of the
device. The chemical capacitance is a measure of the charge density and is associated with
the splitting of the Fermi levels, thus generating a photovoltage.
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1.4.3.4 Dye-Sensitized Solar Cells

DSSCs have been extensively characterized by IS. The simplest IS model for a solar cell dis-
cussed above is further complicated by the complexity of electronic and ionic processes taking
place in this system. Here the molecular dye takes the role of the absorber and the selective
contacts are formed by electron- and hole-transport materials respectively. Conventionally the
electron-transport material (ETM) is the nanostructured wide bandgap semiconductor TiO5.
The hole selective contact is formed by a HTM that easily conducts hole carriers and blocks
the transport of electrons. The associated hole-transport resistance in the HTM introduces an
additional series resistance to the system and thus a source of power loss. Typical HTMs used
are either a redox couple in a liquid electrolyte or a solid HTM such as spiro-MeOTAD.

Transmission Line Model

The configuration of DSSCs employing nanostructured TiO, requires the generated charges to
travel a certain distance to reach the external contacts. As such this transport is in competition
with the recombination process of the charges. Transmission line equivalent circuit models
are used to describe the diffusion-recombination behavior within such structures such as
nanostructured TiO,. This model takes into account the additional impedances necessary to
move carriers from one point to the next one, describing the macroscopic resistances of the
system in terms of their spatially separated distributed components.

A transmission line connects two parallel channels associated to the transport of the electrons
and holes. The general model used for a DSSC with a liquid electrolyte is illustrated in the
enclosed dashed section of Figure 1.12. The top channel is much more conductive, leading
to the short-circuit of the lower transport channel. For a DSSC the top channel describes
the diffusion of electrons within the mTiO, using the distributed transport resistance rirans
(measured per unit length per area). The transverse element describes the local recombi-
nation processes in terms of a parallel combination of the recombination resistance r and
chemical capacitance c,. The macroscopic resistances and capacitances can subsequently be
determined from the corresponding distributed components using the thickness and area of
the active layer.

Consequently the macroscopic transport resistance Ryrans and chemical capacitance C, are re-
spectively measures of the conductivity and the charge density of the nanostructured TiO; film.
The macroscopic charge-transfer (also termed recombination) resistance R.; accounts for the
recombination current at the interface between the TiO, and the hole-transport medium. As
such the charge collection efficiency, calculated from the relative rates of the charge-transport
in the metal oxide and recombination loss mechanisms (cf. Equation 1.5 Section 1.3.1), can be
determined from the resistances corresponding to these electronic processes. The rate and as-
sociated resistance of such processes are inversely proportional thus 1.,;; can be determined
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Figure 1.12. The general transmission line equivalent circuit for DSSCs using mTiO, and a liquid
electrolyte as hole-transport medium. The section of the circuit enclosed by the dashed line
corresponds to the transmission line component of the model.

using Equation 1.27.

R
Neot1 = 1— —22 (1.27)

Ret
The impedance of a diffusion-recombination transmission line (shown in enclosed section of
Figure 1.12) is simulated and presented in Figure 1.13. For an efficient DSSC it is necessary
that the rate of transport of charges is greater than their recombination, implying that the
corresponding transport resistance Ryans is smaller than the recombination resistance R:.
This generates characteristic features in the impedance spectra of the diffusion-recombination
model. The impedance is described according to Equation 1.28 and at low frequency manifests
as a typical recombination arc from the parallel combination of R.¢ and C,,.
_ Rirans Ry

Z= + - (1.28)
3 1+iw/wet

The competing processes of carrier diffusion across the active layer and the recombinative
loss of carriers are illustrated by their corresponding characteristic frequencies: wq and wc;.

In the high frequency region the transmission line displays a 45° line in the Nyquist plot
presented in Figure 1.13 (a)—(b).

This so-called Warburg impedance is further displayed in the associated phase which re-
mains at —45° in this frequency region (Figure 1.13 (d)). For systems with spatially limited
diffusions such as the DSSC this straight line behavior changes at frequencies lower than
the characteristic diffusion frequency wy. In this low frequency regime the impedance is
dominated by the recombination behavior of the active layer and the spectrum displays the
typical recombination arc.
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Figure 1.13. Simulated impedance spectra of a diffusion-recombination transmission line with
reflecting boundary conditions using the following parameters: Rirans =200 Q, R = 1000 Q and
Cu=1x 107% E (a) Nyquist plot, (b) magnification of tinted region of (a) showing the straight
line feature of the transmission line. The solid red markers show selective frequencies in Hz.
The characteristic frequency of the low frequency recombination process and the frequency
of the turnover between the straight line behavior at high frequency and the curvature of the
recombination arc at low frequency are marked by grey squares in (a) and (b) respectively. Bode
plots displaying (c) magnitude and (d) phase.

The transport resistance can be determined from the resistance at the turnover between the
45° Warburg impedance and the curvature of the capacitive element resulting from the recom-
bination process as indicated by Figure 1.13 (b), from which the conductivity can subsequently
be calculated. The recombination resistance is determined from the low frequency intercept
of the recombination arc as shown in Figure 1.13 (a).

The transmission line model describes the diffusion-recombination behavior within the
mesoporous TiO, structure and at the interface with the hole selective contact. The various
other interfaces within the liquid-based DSSC are accounted by additional electrical elements
as shown in the complete equivalent circuit in Figure 1.12.

Counter-electrode/Electrolyte Interface — Rc and C¢ represent the charge-transfer resistance
and the associated interfacial capacitance at the interface between the counter-electrode and
the electrolyte, corresponding to the process of the regeneration of the oxidized electrolyte
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species at the counter-electrode. This process occurs on a faster timescale relative to the other
processes taking place in the solar cell operation and thus manifests in the highest frequency
region of the IS spectra.

TCO and/or Blocking Layer/Electrolyte Interface — The resistance at the substrate needs
to be sufficiently high to prevent current leakage through this interface. In contrast to the
conventional liquid DSSC where the electron transfer from the TCO to the oxidized redox
couple species is relatively slow, in the case of the ssDSSC this direct contact needs to be
avoided. Hence the TCO substrate is generally covered by a blocking layer (BL) — typically
TiO, - to increase this ‘shunt’ resistance. Ry, and Cgp, represent the charge-transfer resistance
and capacitance for the interface between the blocking layer and the hole-transport mediator.
The time constant for this process is similar to the charge-transfer at the interface between
the metal oxide and the hole-transport mediator and thus the associated RC-arc manifests
in the same low frequency range. The sheet resistance of the TCO contributes as a simple
series resistance to the system given by Rs and corresponds to the displacement of the spectral
features from the origin.

Diffusion of Redox Species — The diffusion of the redox species within the liquid electrolyte
is given by the element Zg, described as a Warburg diffusion element. The timescale of this
process is typically relatively slow, thus it manifests at low frequencies.

As outlined the individual processes within this system have characteristic time constants and
as a result the associated impedance spectral features manifest in specific frequency regions.
Hence for this system the distribution of the spectral features in the frequency domain from
high to low frequency corresponds to:

¢ Series resistance of wires/contacts and sheet resistance of TCO

Counter-electrode/electrolyte interface RC-arc

Metal oxide/hole-transport mediator diffusion-recombination transmission line —
TCO and/or BL/electrolyte interface RC-arc

* Redox species Warburg diffusion element

which is used to identify and subsequently interpret the resulting IS response.
Role of Applied Potential

The IS response of aliquid-based DSSC is greatly dependent on the externally applied potential
as this defines the position of the Fermi level and conductivity within the mTiO,. Taking into
account the changes in behavior of the IS, the general model presented in Figure 1.12 for a
liquid DSSC can be simplified depending on the applied potential.

The charge-transfer at the counter-electrode/electrolyte interface occurs on a fast timescale,
manifesting in the high frequency region. The corresponding RC-arc of this interface is
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generally apparent across the entire potential range. The impedance of diffusion within the
electrolyte (Zy) is a slow process and thus appears at the lowest frequencies as a deformation
in the Nyquist plot or even as a separate arc (at high forward bias).

Low Potential — At low applied forward bias, the TiO, acts as an insulator, thus both Ryans and
R are very large and the behavior is dominated by the interface between the electrolyte and
the BL. The contribution from the mTiO; is negligible and the transmission line section of the
equivalent circuit can be disregarded.

Intermediate Potential — At intermediate potentials, the Fermi level in the TiO, increases and
therefore the electron density and thus the conductivity of the TiO, increases. This latter aspect
is reflected in the exponential increase in the chemical capacitance with increasing applied
potential [53]. This is accompanied by an exponential decrease in the charge-transfer resis-
tance at the mTiO, interface with the hole mediator. In this region the complete unsimplified
transmission line model is necessary to fit the data.

High Potential - Finally for high forward bias, the Fermi level in the mTiO, approaches its CB,
resulting in negligible Ryans. As a consequence the 45° transmission line feature disappears
and the equivalent circuit reduces to a single RC contribution of the parallel coupling of the
Rt and C,.

Effect of Series Resistance

The effect of the series resistance Rserjqs On the J-V curve have been presented in Section 1.4.1.
Increasing Rgeries results in a decrease in the FF and hence in the PCE of the solar cell device.

1
Rgeries = Rs + Rc + §Rtrans + Wy (1.29)
Vc= Vapp _fRseries dl (1.30)

The total series resistance of the device is related to the sum of the individual dissipative resis-
tance contributions according to Equation 1.29 for a liquid DSSC where Wy is the resistance
associated with the redox species Warburg diffusion element.

When a current passes through a solar cell, the potential is decreased due to the power losses
resulting from the internal series resistance of the system. Consequently the applied potential
Vapp is not the same as that experienced at the interfaces within the device and needs to
be corrected for this ohmic drop - the so-called IR drop. This is achieved by subtracting
the integrated internal series resistance with respect to the current from Vap,, to give the
corrected potential V¢ (Equation 1.30). Consequently the larger R, .5 is, the larger the IR
drop and associated drops in FF and PCE. As such evaluating Rries Of a system provides
valuable information on a critical limiting factor in solar cell performance and understanding
its origins and effects can be utilized to ultimately improve the systems PCE.

Note that although the definition of the net series resistance (Equation 1.29) includes the
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contribution from Ry, this often leads to over estimation of the subsequently derived IR
drop. Hence in the course of this thesis this element was not included in the calculation of the
IR drop. This is justified by the treatment of the metal oxide semiconductor (here TiO,) and its
associated Ryans as a separate entity.

1.5 Motivations

Since the first reports of the conventional DSSC, there has been extensive research and de-
velopment in the area of the liquid electrolyte version, leading to PCEs of up to 13% at the
time of the start of this thesis. In comparison to the liquid DSSC, the operating mechanisms
and the limiting parameters of the solid-state analogue was poorly understood, resulting in
poor reproducibility and low PCEs in the range of 3-6%. This was partly due to the direct
application of results and knowledge pertaining to liquid DSSCs to ssDSSCs disregarding the
different device mechanisms of the systems.

In this thesis I address the device mechanisms of solid-state mesoscopic solar cells using spiro-
MeOTAD as HTM. The factors contributing to the photovoltaic performance are investigated
and analyzed to gain a more complete fundamental understanding of the phenomena within
the working solar cells.

Impedance spectroscopy, while it has become a toolbox technique in the characterization of
liquid DSSCs, has been less popular in the case of ssDSSCs. This characterization method
presents a good example where the procedures and knowledge from the liquid case have been
generalized to the solid-state analogue without fully adapting for the inconsistencies and
differences between the systems leading to poor understanding of the operating mechanisms
of ssDSSCs. These issues are addressed through the course of this thesis where impedance
spectroscopy (IS) is extensively utilized to carefully characterize solid-state mesoscopic solar
cells and examine the internal electronic processes and interfaces of the devices under work-
ing conditions. New equivalent circuit models are developed and adapted to interpret and
analyze the IS response. These investigations have been supported through the analysis of key
operating parameters by a wide range of characterization techniques.

Chapter 2 investigates the transport properties of the key component of ssDSSCs — the HTM —
by IS. Different device configurations were investigated to differentiate the individual transport
processes and interfaces of ssDSSCs. To simplify the complexity of the system no sensitizer
was used in this investigation. An equivalent circuit model is developed to characterize such
devices and gain better understanding of their internal working mechanisms. The influence
of temperature on the IS response was investigated and the charge-transport within the HTM
was further analyzed using the Arrhenius equation. Additionally increasing the conductivity
of spiro-MeOTAD through doping procedures was investigated and correlated with a decrease
in the transport resistance of the HTM by IS. Subsequently the method of photodoping in the
presence of atmospheric oxygen and illumination was compared to chemical doping using
a p-type dopant. Observed trends in device PCEs as a result of the doping methods were
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associated to changes in the extracted IS parameters. This study highlights key components
and parameters that can be used to understand and improve the photovoltaic performance of
ssDSSC revealed through the development of a powerful characterization method.

Chapter 3 presents individual studies on the photovoltaic performance of ssDSSC using
molecular sensitizers. The physical and chemical properties of molecular dyes are investigated
and correlated with the device mechanisms using various characterization techniques. The
importance of the molecular structure of the dyes is highlighted and directly related to the
photovoltaic device performance. Optical absorption studies revealed the de-aggregating
ability of spiro-MeOTAD in reducing the aggregation of a squaraine dye adsorbed on TiO,.
IS and transient measurements were used to examine the induced CB shift of the mTiO,
resulting from the so-called surface dipole effect arising from the individual dipole moments
of the adsorbed dye molecules. This was consequently related to the molecular structure
of the individual dye components contributing to the dye-loading properties and dipole
moment of the sensitizer. Furthermore IS in combination with photoinduced absorption (PIA)
measurements were used to examine the charge-transfer mechanisms of ssDSSCs employing
different sensitizers. This chapter presents the photovoltaic performance of ssDSSCs using
different molecular sensitizers in addition to thorough, in depth investigations of the device
working mechanisms.

Chapters 4 and 5 are based on the use of the organic-inorganic hybrid perovskite CHsNH3Pbl;
instead of a molecular dye as sensitizer in conjunction with the amorphous organic semicon-
ductor spiro-MeOTAD as HTM in the application for mesoscopic solid-state solar cells.

Chapter 4 investigates the perovskite-sensitized solar cells using IS. The existing models used
for liquid and solid-state DSSCs are expanded and elaborated to establish a model to interpret
the frequency response of these type of devices. A similar approach is adopted as in Chapter 2.
The influence of the additive concentrations of 4- fert-butylpyridine and LiTFSI in the HTM
solution and varying the HTM overlayer thickness on top of the submicrometer thick TiO, on
the extracted IS parameters are investigated. These studies tested and validated the developed
IS model, allowing the in depth characterization of these devices and examination of pertinent
factors affecting their photovoltaic performance. The IS response of these perovskite devices
displays unique behavior — particularly under illumination. The complex nature of this
behavior can be identified and separated by the presented model into individual features
corresponding to the electronic and ionic conductivities of the lead-iodide perovskite material.
The manifestation of the individual features were found to greatly depend on the morphology
and nature of the perovskite material which define the electrical and transport properties.

Chapter 5 follows on from the previous Chapter 4 presenting a morphological study of the
organic-inorganic hybrid perovskite CHsNH3Pbls. The photovoltaic performance of lead-
iodide based perovskite-sensitized mesoscopic solid-state solar cells is greatly dependent
on the film morphology, which in turn is dependent on the deposition techniques and sub-
sequent treatments employed. In this chapter parameters influencing the perovskite film
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formation, morphology and composition are investigated and correlated with the photovoltaic
performance and device working mechanisms. The role of the chosen solvent, the effect of the
annealing temperature used in the conversion process and the composition of the perovskite
precursor solution are examined. Increasing the annealing temperature of the perovskite
material was found to lead to significant morphological changes in the film structure in addi-
tion to the increased formation of pure Pbl,. IS measurements reveal a deviation from the
typical chemical capacitive behavior of these types of devices when the Pbl, content within
the material is increased (either by high annealing temperatures or increased Pbl, content in
the precursor solution).

Chapter 6 examines the thermal properties of the hybrid perovskite CHsNH3PbI3 using ther-
mal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). The individual
components and precursor materials are analyzed in order to correctly identify their con-
tributions to the thermal behavior of the perovskite material. The sublimation behavior of
the isolated organic components is examined. Subsequently the formation of the perovskite
material with the general formula CH3NH3PbX3 (where X=I or Cl) from mixed precursor solu-
tions of PbX; and CH3NH3X (where X can be I or Cl) is investigated to gain insight about the
formation mechanisms of the perovskite. When a mixed halide solution is used (i.e. the inor-
ganic and organic component contain different halide atoms) the resulting mixture contains
an excess of organic material in addition to the perovskite formed. The role of the forma-
tion and presence of the excess organic component on the thermal behavior is examined
through the comparison of TGA measurements of perovskite powder and solution. This study
highlights the importance of the molar ratio between the organic and inorganic components
in the perovskite precursor solution and the identity of the chosen halide for the respective
constituents.
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4 Transport Properties of Spiro-
MeOTAD in Solid-State DSSCs

The first section of this chapter is based on the publication Dualeh et al. ACS Nano, 2013, vol. 7,
2292-2301.

2.1 Introduction

In this chapter impedance spectroscopy is used to study the transport properties of the organic
p-type semiconductor, spiro-MeOTAD, and its dependence on temperature [54]. The effect of
temperature on the transport of spiro-MeOTAD and thus the overall device performance has
significant importance. This is due to the large range of temperatures devices are subjected to
in real-life application.

Previous studies [55, 56] have examined the effect of varying the temperature on the electrical
parameters of liquid DSSCs and observed decreases in the electron lifetimes as a function of
temperature. Furthermore temperature variations were found to have restoring effects [57] on
the device performance of DSSCs with liquid and semi-solid electrolytes. In the case of DSSCs
using solid-state electrolytes, the influence of environmental factors such as temperature on
the electrical parameters of the device performance have been studied infrequently so far and
are not fully understood.

IS has been used extensively to study liquid DSSCs [58-61] and the physical mechanisms of
charge-transfer in this system are well understood. In the case where the liquid electrolyte
is replaced by a solid-state hole-transport material the model used to fit liquid DSSCs is no
longer completely sufficient and requires adjustment. Previous work [62—64] report the use
of a two-channel transmission line model in order to consider the electron- and the hole-
transport characteristics that appear when a more resistive electrolyte (such as a solid HTM)
is employed. In this case the two channels correspond to the transport of electrons and holes
respectively within the composite of HTM infiltrated into the mesostructured metal oxide.

In order to better understand the processes occurring within ssDSSCs, three different systems
were investigated: compact TiO, with 1) spiro-MeOTAD deposited directly on top, and 2)
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Figure 2.1. Schematic illustration of the device structures for compact TiO, with (a) spiro-MeOTAD
deposited directly and (b) mesoporous TiO; or (c) ZrO» infiltrated with spiro-MeOTAD. Fluorine
doped tin oxide (FTO) glass substrates and silver back contacts (Ag BC) were used to complete the
devices. Figure not to scale.

mesoporous TiO, or 3) mesoporous ZrO, infiltrated with the HTM, as depicted in Figure 2.1.
The first-case scenario models the direct interface between the HTM and the semiconductor
material (here TiO2). However in the case of real devices this simplistic model is further com-
plicated due to the convoluted mesoporous structure of the nanocrystalline semiconductor.
To simulate a three-dimensional HTM matrix, mesoporous ZrO, was chosen because of its
insulating character which prevents current flowing over the mesoporous matrix and thus
simply acting as a scaffold for the HTM. Finally case 2) represents the real case scenario within
working ssDSSCs where the HTM infiltrates a mesoporous TiO, film. No sensitizer was used
in these devices to simplify the interfaces being considered.

In its pristine state, spiro-MeOTAD has low conductivity and thus in order to achieve high
efficiencies in ssDSSCs, the material needs to be p-doped to increase the charge carrier density.
Whilst this occurs naturally during exposure to oxygen and light (so-called photodoping), a
range of chemical dopants have been investigated to controllably oxidize the spiro-MeOTAD
making it sufficiently conductive to achieve good power conversion efficiency [41, 65, 66].

Li(CF3S03),N (LiTFESI) is conventionally used as an additive to the HTM to increase its con-
ductivity [41]. Recent studies have found that it further plays a significant role in the doping
process of the spiro-MeOTAD [40, 42] where the Li* is believed to be consumed during the
oxidation process which may compromise the long-term stability of the device. In this work to
achieve high PCEsunder controlled conditions, in addition to the LiTFSI a cobalt(III) complex,
coded FK102 (cf. Figure 1.7 Chapter 1) [15] was used to chemically p-dope the HTM during the
manufacture of the devices. The effect of chemically doping spiro-MeOTAD on its transport
properties was investigated.

34



2.2. Establishing IS Equivalent Circuits

a b o
- T
6000 00l 3. 1ot
- u 3
C <10
__-4000 -600 48,2
a i F
= -400 fr 94~
N -2000 g 1L 60
9[-200 F 4 g -40 .
- 12820 -
0 Of-c+o 14 % o0 1
0 200400 0 100 10°

Frequency (Hz)

Figure 2.2. (a) Nyquist plots measured under dark at 0.65 V for devices using mesoporous TiO;
infiltrated with doped (solid) and undoped (dashed) spiro-MeOTAD. (b) Detail of high frequency
range of Nyquist plot. (c) Corresponding bode plots displaying the magnitude (black) and phase
(blue). This measurement was conducted at 0°C.

2.2 Establishing IS Equivalent Circuits

Normally the general equivalent circuit used to model ssDSSCs uses an adapted transmission
line to describe the diffusion-recombination limited transport within the mesoporous semi-
conductor and the transport within the HTM [63]. The model used in the work of Fabregat et
al. [63] is the two-channel transmission line with both channels open, corresponding to the
transport in the wide bandgap semiconductor and in the HTM respectively. These samples
were not sealed and therefore the properties of the device components, especially the HTM
can change rapidly during the IS measurement. In this study the channel for the HTM was not
used and the transport of the HTM is simply modelled by a resistor. This is a very similar model
as used by Boix et al. [67] for organic/inorganic hybrid solar cells using TiO»/Sb,S3/P3HT. The
reasoning for this change in the fitting model is discussed in further detail below.

A representative example of the Nyquist plots is shown in Figure 2.2. The spectral features can
be categorized into different frequency ranges (cf. Section 1.4.3.3 Chapter 1). The resistance
of the conducting glass, contacts and wires — Rs — can be determined from the intersection
of the first arc at high frequency, labeled region I (see high frequency detail in Figure 2.2 (b)).
The arc at high frequency was independent of applied bias regardless of the system under
consideration and is associated to the charge-transfer resistance Rpc and the interfacial
capacitance at the back contact (BC)/HTM interface. This is the solid-state DSSC analogue
to the counter-electrode/electrolyte interface in the liquid DSSC (cf. Section 1.4.3.4). As in
liquid-state the time constant for the charge-transfer at this interface is faster than the other
processes occurring in the system, thus manifesting in the high frequency region.

The RC-arc at low frequency - region I1I — was identified as the recombination resistance R of
electrons in the TiO; and holes in the HTM and the corresponding chemical capacitance C,.
The arc at intermediate frequency — region II — was observed to merge with the low frequency
arc as well as overlapping slightly with the high frequency arc. This feature has been ascribed
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Figure 2.3. Equivalent circuit models used to fit the IS data for systems using the (a) mesoporous
TiO; and (b) mesoporous ZrO,. BL = compact TiO» blocking layer, BC = Ag back contact used as
counter electrode.

to the charge-transport resistance Ryrty and capacitance of the HTM. This phenomena is
clearly visible down to low potentials and as such it is not an artefact resulting from the fitting
procedure, see Figure 2.4.

In the case of the mesoporous TiO, samples, there is a straight line feature at the intersection
between region II and III, which is attributed to the transmission line (see section IIla in
Figure 2.3 (a)) and appearing at high forward bias. The transport resistance of electrons
in the TiO, can be determined from this element. This feature was often observed to be
partially hidden beneath the high degree of overlap between the arc corresponding to Rytm
(see Figure 2.2) and the recombination arc, making it difficult to fit the transport resistance of
the TiO; reliably. The section IIIb of the equivalent circuit model in Figure 2.3 (a) was used to
fit the low forward bias region when the TiO, is not conductive and the current flows over the
compact TiO, layer/HTM interface. Hence in this region the characteristic 45° transmission
line is not present. At high forward bias only the capacitive element of the feature IIIb is still
active.

In the case where devices were fabricated using mesoporous ZrO- this straight line feature
is not present at all due to the insulating character of the ZrO,, see Figure 2.4. However the
continued presence of an intermediate frequency arc indicates that the charge-transport
resistance of the HTM can be modelled as a characteristic feature separate from the trans-
mission line, validating the use of an additional RC-element in series to the transmission line
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Figure 2.4. Nyquist plots measured at 0.05 V steps from 0 V (yellow) to 0.85 V (black) in the dark
for a sample using mesoporous ZrO, infiltrated with undoped spiro-MeOTAD. This measurement
was conducted at 20°C.

for this parameter similar to the IS analysis of Boix et al. [67, 68], see section II Figure 2.3.
The equivalent circuit presented in Figure 2.3 (b) also applies to the model used to fit the low
forward bias region of devices with mesoporous TiO,. This is based on the fact that under
these conditions the TiO, is insulating. This model is used for the entire potential range when
the insulating scaffold of mZrO, is used instead of mTiO,.

Furthermore in this work the transport resistance of the electrons in the TiO, — as a property
that is associated with the material of the metal oxide semiconductor and not the HTM —is
not of primary interest. Due to the deviation from ideality of these devices, constant phase
elements were used instead of ideal capacitances to fit the data with the proposed model.

It was observed that upon p-doping the spiro-MeOTAD, the intermediate arc illustrated in
region II of Figure 2.2 (a), decreased significantly in magnitude, indicating that the corre-
sponding resistance decreased. This confirms the association of this feature with the transport
within the HTM as the process of chemical p-doping leads to the creation of additional holes,
increasing the doping inside the HTM. Hence its conductivity is enhanced accounting for the
observed decrease of Ryt to such degree that it is no longer visible.
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2.3 Interpretation of IS Spectra: Temperature Effects

Using this developed model to analyze the IS spectra, the effect of temperature! on the
individual processes was examined in order to gain a better understanding of the mechanisms
within the working devices. The responses are examined according to their frequency region,
which is used in the identification of the individual components.

2.3.1 High Frequency IS Response

The trend observed for the charge-transfer resistance at the BC/HTM interface Rgc and the
corresponding capacitance was found to be similar for the different systems, regardless if the
film consisted of solely flat TiO, or had an additional layer of mesoporous TiO; or ZrO, as
illustrated in Figure 2.5. As previously stated Rpc was found to be mainly independent of the
applied bias (with the exception of the high forward bias region), indicating that it does not
depend on the Fermi level position. As such taking into account the potential drop due to
the series resistance does not change the observed trends. Furthermore the magnitude of the
resistance decreased with increasing temperature whilst the magnitude of the corresponding
capacitance was found to increase as expected (see Figure 2.5).

In the region of high forward bias the IS parameters are no longer completely independent
of the applied potential. While at low temperatures the resistance and capacitance are in-
dependent of the applied bias, where the resistance may display a slight decrease, at high
temperature the resistance shows a slight increase at high applied potentials whilst a decrease
in the capacitance is observed. The exception to this trend is the mTiO, with doped spiro-
MeOTAD where the resistance at displays a decrease at high forward bias, regardless of the
temperature and the capacitance remains independent of applied potential at low temper-
atures and only at 40°C presents an increase at high forward bias. However note that these
changes at high forward bias are relatively small in magnitude.

2.3.2 Contribution to Series Resistance by HTM

The second arc, found at intermediate frequency (region II in Figure 2.2 (a)), representing the
charge-transport resistance Ryy and capacitance of the HTM, was found to substantially de-
crease and even disappear upon chemically p-doping the HTM, see Figure 2.2. The resistance
corresponding to the hole-transport in spiro-MeOTAD contributes to the total series resistance
of the devices, and hence greatly influences the fill factor (FF) of ssDSSCs. The decrease in
Rytm upon doping spiro-MeOTAD is a major factor in the observed increase in the FF upon
doping the HTM [15]. Consequently it was not possible to determine the Ryyym for samples
prepared with doped spiro-MeOTAD. In the cases of undoped samples, the magnitude of the
resistance was found to remain relatively constant with applied potential, and decrease with
increasing temperature, see Figure 2.6. Hence similarly to the case of the charge-transfer

1 The temperature was controlled by placing the samples in a sealed oven in the dark.
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Figure 2.5. The charge-transfer resistance and the corresponding capacitance at the BC/HTM
interface for the different systems as a function of potential.

resistance at the BC/HTM interface, the observed trends do not change when the ohmic drop
is taken into account and the corrected potential is used in place of the applied potential.

The associated capacitance was found to decrease slightly at high potentials (Figure 2.6), this
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Figure 2.6. The charge-transport resistance, Ryty and capacitance of the HTM for systems using
mesoporous ZrO» and TiO» as a function of potential.

effect being more pronounced in the case of the mesoporous ZrO, samples compared to
the mesoporous TiO,. Previous studies [19, 36] measuring the transport time of ssDSSCs by
transient photovoltage and photocurrent decay showed this parameter to increase at high
forward bias when conducted under high light intensities. A similar observation is made here,
where Ry is seen to increase at high forward bias for measurements at higher temperatures.
Whilst not fully understood, this effect appears only when the HTM is already very conductive,
either due to increased temperatures or at higher light intensities, suggesting that in these
conditions the transport resistance of the HTM increases at increased applied potential.

2.3.3 Activation Energy for Hole-Transport in Spiro-MeOTAD

The conductivity x of materials is determined according to Equation 2.1;
K=eun (2.1)

where e is the elementary charge, u is the mobility and 7 is the concentration of the charge
carriers. Hence to achieve high PCEs, a good HTM requires good conductivity to minimize the
charge-transport resistance, and high hole mobility to rapidly move the holes away from the
sensitized metal oxide surface.

The charge-transport within organic semiconductors such as spiro-MeOTAD has been de-
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scribed in terms of the Gaussian disorder model within the Béssler formalism. This model
considers that charge-transport occurs via hopping through localized states, randomly dis-
tributed in space and energy coordinates [69, 70]. The positional Gaussian disorder arises
from fluctuations of the mutual orientation of neighbouring molecules or intermolecular
distances (i.e. adjacent hopping sites) while the energetic disorder results from fluctuations of
the energy levels. The Béssler model proposes an expression (Equation 2.2) that predicts a
dependence of the charge-carrier mobility on the on temperature T and the electric field E:

=
3kgT

where g is the mobility prefactor, o and X are parameters describing the degree of energetic

u(T,E) = ypexp exp (2.2)

w2

ksT

and spatial disorder, Cy is an empirical constant and kg is the Boltzmann factor.

The hole-transport in spiro-linked triarylamine compounds, including spiro-MeOTAD, has
been characterized as non-dispersive [70, 71]. For such disordered organic semiconductor
systems the charge mobility is only weakly dependent on the electric field [69, 72] and has been
treated as field independent [41]. Furthermore in this work the range of the applied potential
is very small and hence it is justifiable to assume that for such low fields the conductivity is
can be assumed to be approximately constant as has been reported by Li et al. [72].

Here the frequency of hole-hopping transport in the HTM is considered to be proportional
to its conductivity. Assuming that the concentration of the charge carriers is constant, this
frequency of hole-hopping k is inversely proportional to the charge-transport resistance
of the HTM, which was determined by IS above. Hence the activation energy Ea, for the
hole-hopping transport in spiro-MeOTAD can be determined using the Arrhenius equation:

1

k= Aexp R

ks T

oS (2.3)

where A is the pre-exponential factor and T is the temperature.

In order to gain a better understanding of the transport properties of spiro-MeOTAD within
ssDSSCs, the Ryt values extracted from the IS measurements were used to produce an
Arrhenius plot as shown in Figure 2.7. Both systems consisting of mesoporous TiO, and
ZrO, show a clear linear trend between 1/RytM and 1/ T (see Figure 2.7) indicating that the
Arrhenius relationship holds true and allowing Ex to be determined. Consequently 0.34 +0.02
and 0.40 + 0.02 eV were determined as Ea for the hole-transport within spiro-MeOTAD for
the mesoporous TiO, and ZrO, systems respectively. These are in relatively good agreement
with each other further indicating that the measured Ry extracted from the intermediate
frequency arc originates from the same component — the HTM. Additionally these values are
consistent with the reported value (0.315 eV) obtained by Rana et al. [73] through the study of
the charge-transport properties of thermally evaporated thin films of spiro-MeOTAD.
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Figure 2.7. Arrhenius plot using Ryty determined from IS for devices using mesoporous TiO;
(red) or ZrO; (blue) infiltrated with undoped spiro-MeOTAD. The measurements made at different
potentials for each temperature are represented by the color scale.

2.3.4 Low Frequency IS Response

Finally the recombination resistance and the corresponding capacitance was determined from
the low frequency arc in the IS Nyquist plots — section III in Figure 2.2 (a). The recombination
resistance R is the charge-transfer resistance related to the recombination of electrons at the
TiO2/HTM interface. At low potentials the TiO» is an insulator and hence R is high. As the
applied potential increases, the electron density within the TiO, increases, shifting its Fermi
level closer to the lower edge of the conduction band, thus resulting in a decrease in R;. This
behavior was observed for the different systems (mesoporous ZrO,, flat and mesoporous TiO>)
in Figure 2.8. Furthermore R decreased as a function of the applied temperature. This same
trend is reflected in the observed increase in the dark current as a function of temperature
(Figure 2.8).

Taking into account the voltage drop due to the overall series resistance, a greater correction
for samples with undoped HTM is observed since for these samples the Ryty contribution to
the series resistance is larger. The region of high forward bias presents the largest potential
correction due to the higher current passing. This is visible in the change of the slope of the
measured dark current in this potential region as shown in Figure 2.8.

Qualitatively the dark current and R.; determined are in good agreement. Quantitatively the
recombination current I ; of the devices can be calculated from the extracted IS R.; parameter
according to Equation 2.4;

1
I = f —dv 2.4)

ct

Figure 2.9 shows the comparison of the experimentally measured dark current with the cal-
culated current determined from R. The calculated current coincides excellently with the
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Figure 2.8. Dark current measurement, recombination resistance and the corresponding capaci-
tance extracted from IS conducted in the dark for the different systems as a function of potential.

experimentally measured dark current. The small deviations observed, particularly at high
forward bias (as visible for the undoped mTiO, samples), correspond to the contribution of
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Figure 2.9. Dark current measurement (solid circles) and current calculated from R from IS
conducted in the dark (open circles) at 20°C for all systems under consideration. The results
presented here correspond to undoped (black) and doped (red) spiro-MeOTAD.

the series resistances to the overall current that have not been included in this calculation
here.

Doping the spiro-MeOTAD samples resulted in only a small reduction in R;. This is further
highlighted when the electron lifetime 7, is considered in comparison to the chemical capaci-
tance C, (see Figure 2.10) which shows only a small difference. This indicates that the electron
lifetime, which is calculated from the chemical capacitance and the recombination resistance
according to Equation 2.5, and hence the recombination kinetics within the TiO, are mainly
unaffected by the p-doping of the spiro-MeOTAD.

Tn = Ret X C/t (2.5)

The capacitance associated with this resistance has been interpreted as the chemical capaci-
tance C, of the nanostructured materials [53] and has been characterized by an exponential
dependence on the applied potential bias. This behavior has been observed experimentally
for nanostructured semiconductors and DSSCs [61, 74, 75]. The chemical capacitance has
been related to the total electron density n within the semiconductor by,

eZ

C,=——=n
H™ kT

(2.6)
where e is the elementary electron charge. The chemical capacitance is a critical parameter
necessary to understand the underlying mechanisms in DSSCs describing the storage of free
energy by photogenerated carriers and the resulting production of current and voltage [53].

Considering the case of the mesoporous TiO,, the experimentally determined capacitance
is found to increase exponentially with potential as expected, displaying a small increase
with temperature, see Figure 2.8. Hence this parameter can be interpreted as the chemical
capacitance of the nanostructured TiO,. C,, is proportional to the density of trap states (DOS)
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Figure 2.10. Calculated electron lifetime as a function of the chemical capacitance, C, for devices
using mesoporous TiO; infiltrated with doped (solid line) or undoped (dashed line) spiro-MeOTAD.
This set of data corresponds to measurements made at 20°C. Similar behavior was observed for
measurements conducted at other temperatures.

according to the following Equation 2.7:

1 C

DOS=—-———
ed(l-p)

(2.7)

where d is the thickness of the mesoporous TiO» film and p is its porosity.

In previous studies on liquid DSSCs C,, did not show a dependence on temperature [58].
In contrast a temperature dependence of the chemical capacitance is observed similar to
the reported results from O’Regan et al. [76] and Wang et al. [77]. Thereby the depth of the
DOS also depends on the temperature. However this effect is comparatively small in the
temperature domain investigated, as visible by the small change in shape of the Cy,. According
to O’Regan et al. [76] the main reason for the change of C;, with temperature is the change in
the ionic surrounding of the TiO, at elevated temperatures leading to a displacement of the
conduction band edge.

In the case of the mZrO,, the capacitance corresponding to R;; was observed to decrease
with potential, while it still increased with temperature. At low temperatures samples using
flat TiO, showed a similar behavior, where the capacitance displayed a decrease at high
potentials. Conversely, at higher temperatures the capacitance demonstrated an increase at
high potentials. It is important to note that the change in magnitude of the capacitance as a
function of potential for this system is small in comparison to the mesoporous systems.

This conflicting behavior can be attributed to the fact that the capacitance measured here is not
the chemical capacitance. The interface between the compact TiO», and HTM may lead to the
formation of a p—njunction which results in an additional capacitance [78, 79]. This is visible in
all systems as a small increase followed by a drop in the capacitance at approximately 400 mV.
This underlayer capacitance dominates at short-circuit conditions. At high forward bias this
type of p—n junction lets charge flow out, preventing further accumulation of charge and thus
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Figure 2.11. (a) Recombination, R, (solid circles), transport resistance, Rians, (dashed open
squares) and (b) associated capacitance extracted using the transmission line model. These
measurements correspond to a mesoporous TiO, sample with undoped spiro-MeOTAD conducted
at 60°C.

leading to a decrease in the capacitance. In the case of devices using mesoporous TiOj, this
underlayer capacitance is visible only at lower temperatures, otherwise it is overlayed by the
several orders of magnitude larger chemical capacitance (density of states) of the mesoporous
TiO,, which increases exponentially as a function of the applied potential.

The transport of electrons within the nanostructured metal-oxide semiconductor in DSSCs
has been expressed in terms of the diffusion-recombination transmission line model [61,
62, 80]. The transport resistance Ry ans can be determined from the turnover between the
diffusion feature, observed as a 45° line at high frequency, to the curvature of the low frequency
recombination arc [61]. It has been observed that the intermediate arc, corresponding to the
hole-transport in spiro-MeOTAD, merges with the recombination resistance feature at low
frequency (region III in Figure 2.2 (a)) for the samples considered here. This suggests that the
timescales for these processes are relatively close, consequently frequently partially hiding the
straight line feature corresponding to the electron transport.

An example of the electron transport resistance determined using the transmission line model
is presented in Figure 2.11. The transmission line is often clearly visible only at one or two
potentials and therefore the error associated with Ryaps is large. As previously described,
section IIIb of the equivalent circuit model in Figure 2.2 (c) was used to fit the low forward
bias region when the TiO; is not conductive and recombination occurs via the compact
TiO, blocking layer/HTM interface. At high forward bias recombination occurs across the
transmission line as shown in section IIla. In the case of ZrO,, the conduction band position is
assumed to be sufficiently high that there is no injection of electrons from the spiro-MeOTAD.

46



2.4. Photo- versus Chemical Doping of HTM

2.4 Photo- versus Chemical Doping of HTM

To achieve high PCE:s it is necessary to oxidize the HTM, as spiro-MeOTAD in its intrinsic
state has very low conductivity. While there have been reports of the use of various chemical
p-dopants, several publications of high efficiency ssDSSCs tend to improve the conductivity
of the undoped spiro-MeOTAD through the facile oxidation of the material in the presence of
molecular oxygen and under illumination - so-called photodoping [6, 19, 26, 42].

As observed in the previous Section 2.3, when the HTM is chemically p-doped the intrinsic
resistance of the HTM is drastically decreased, reducing the IS response of the HTM to such
an extent that it can not be accurately resolved. Here this effect is examined in more detail
and compared to the effects resulting from the photodoping process where spiro-MeOTAD is
oxidized in the presence of oxygen and light.

In order to reduce the complexity of the system, mZrO, is again used in place of mTiO; to
ensure that the mesoporous film is electronically inactive in the device working mechanisms
and hence only acts as a scaffold for the HTM. The devices were prepared in the absence
of oxygen under an inert atmosphere and red light? and the HTM was doped following two
procedures: 1) After fabrication under inert atmosphere the complete devices were exposed to
1 sun illumination in the presence of oxygen (dry conditions) for varying amounts of time and
2) Increasing aliquots of a cobalt complex p-type dopant® were added to the HTM solution in
the preparation process to give between 0 to 2.2%%. Only very small doping concentrations
are necessary to increase the conductivity of spiro-MeOTAD sufficiently as has been reported
by the use of only 0.16% of an antimony salt as dopant [41]. For both doping procedures
considered here, the assembled devices were sealed after the completion of fabrication and
doping procedures.

2.4.1 Back Contact and Spiro-MeOTAD

The complete devices were characterized by IS measurements conducted in the dark and
fitted according to the model developed in the previous Section 2.3. Figure 2.12 presents
the resistance and associated capacitance extracted from fitting the high frequency region
of the IS measurements, corresponding to the interface between the BC and the HTM. Both
the resistance and the capacitance are independent of the applied potential and the trends
observed as a function of the doping level in the HTM are similar regardless of the doping
procedure applied.

As the doping level of the HTM is increased (either by increased exposure to light and oxygen
or by addition of larger amounts of chemical dopant) the resistance is observed to decrease
in magnitude as seen in Figure 2.12 (a)-(b). In the case of photodoping the capacitance is

2 To minimize the amount of light exposure. Red light was provided by an array of LEDs.
3 Code name FK102 - cf. Figurel.7 Chapter 1.
4 Percentile of molar ratio between dopant and spiro-MeOTAD.
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Figure 2.12. (a)-(b) The charge-transfer resistance and the (c)-(d) corresponding capacitance at
the BC/HTM interface devices exposed to controlled photo- or chemical doping.

observed to increase with increased exposure, while the magnitude remains relatively similar
for all chemically doped devices (Figure 2.12 (d)) lying between 3.3 and 4.8 x 1072 F for the
entire potential range. This implies an inherent difference between the effect of the doping
procedures. When the system is photodoped, it is clear that the interface between the BC
and the HTM is much more affected, resulting in a strong dependence of the capacitance on
the time of exposure to oxygen and light. On the other hand when the system is chemically
doped, the capacitance of this interface is relatively insensible to the level of chemical dopant
added. From this it is possible to conclude that there is a considerable change in the electronic
environment at this interface when the system is exposed to illumination in the presence of
oxygen, which does not take place in the same manner when the HTM is chemically p-doped.

Similarly while the observed trends in the resistance are identical for the different doping
methods, their associated magnitudes interestingly show significant difference. In both cases
the blank devices which have not been exposed to oxygen or light and contain no chemical
dopant, display similar resistances between 180 and 195 Q. This value is decreased to 7-8 Q
after 30 minutes of photodoping and becomes too small to resolve upon further exposure
to oxygen and light. In the case of the devices where the HTM has been chemically doped,
this same resistance decreases from approximately 185 Q (blank device) to 88-90 Q when
2.2% of dopant has been added to the HTM solution. This resistance is more than an order of
magnitude larger relative to the devices that have been photodoped.
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Figure 2.13. (a) The charge-transfer resistance, Ryrym and the (b) capacitance of the HTM for
devices with different levels of photodoping.

The back contact used here was silver which has been suggested to lead to the formation of
a silver oxide interlayer between the pure Ag back contact and the HTM when exposed to
oxygen [52]. This may act as an efficient hole collection layer due to the p-type conductivity of
the silver oxide semiconductor, resulting in the observed decrease in the associated charge-
transfer resistance at this interface for photodoped devices exposed to oxygen and light.
Similarly time-evolution measurements of ssDSSCs have been reported to suggest that the
exposure to oxygen improves the ohmic contact between undoped spiro-MeOTAD and the
silver back contact [81]. The improved contact between the HTM and the back contact would
result in effectively reducing the charge-transfer resistance at this interface as seen here.

As was observed in the previous section, when the HTM is chemically p-doped, its associated
resistance Ryrym is reduced to such an extent that it is not possible to accurately resolve it in
the Nyquist plots (cf. Figure 2.2). This is not the case when photodoping is used to oxidize the
HTM. The charge-transport resistance of the HTM Ryry is observed to decrease from 230-
290 Q (blank device) to 25-28 Q after 70 minutes exposure to oxygen and light (Figure 2.13).
Similar to the capacitance associated with the BC/HTM interface the capacitance associated
with the HTM is observed to increase with longer photodoping exposure.

2.4.2 Distribution of Oxidized Spiro-MeOTAD

The differences observed in the magnitudes of the resistances associated with the individual
components and interfaces of the devices as a result of the two HTM doping procedures pro-
vide valuable insight to their working mechanisms. The HTM is deposited on the mesoporous
scaffold by spin-coating, leading to the infiltration of the material into the pores and the
formation of a dense overlayer on top of the mesoporous layer as illustrated in Figure 2.14 (a).
The two doping methods examined here will most likely result in different distribution and
concentration of oxidized spiro-MeOTAD within the active layer.

The typical procedure to chemically dope the HTM is the addition of the dopant to the HTM
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Figure 2.14. Schematic illustration of device configuration consisting of (a) a blank device with
undoped spiro-MeOTAD, (b) a photodoped device (oxidized spiro concentration gradient from
red to yellow) and (c) a device with spiro-MeOTAD chemically doped using a cobalt(III) complex.
These representations correspond to the situation when no sensitizer is present.

solution prior to deposition. As such it is assumed that this leads to a uniform distribution
of oxidized HTM throughout the deposited HTM layer as depicted in Figure 2.14 (b). This is
supported by the observed color change of the HTM solution upon addition of the chemical
dopant from pale yellow to deep red as the spiro-MeOTAD™ species is formed. As a result the
conductivity of the HTM is inferred to increase homogeneously throughout the deposited film,
which is reflected in the considerable decrease of Ryry. This resistance rapidly becomes in-
discernible at low doping levels indicating that the HTM is sufficiently oxidized and highlights
the importance of increasing the conductivity of the bulk material. It is important to note here
that it is unlikely that the doping level of the solution after addition of the chemical dopant is
the same in the HTM film formed after processing within the device.

When the samples are exposed to illumination in the presence of oxygen, the distribution
of the oxidized spiro-MeOTAD is not as straightforward. Considering first the simplified
case when the HTM is infiltrated into the electronically inactive mZrO; scaffold without the
presence of any adsorbed sensitizer. In this situation it is probable that the doping of the HTM
takes place mainly at the surface of the HTM which is exposed to air. Due to the presence of
the dense HTM overlayer, it is possible to assume that the material deep in the pores does
not undergo the same extent of oxidation, thus resulting in a distribution profile, where the
concentration of oxidized HTM is highest at the interface to the BC (Figure 2.14 (c)).

Including a molecular sensitizer in the system significantly increases the complexity as in this
case light is absorbed by both the HTM and the dye species. Consequently in addition to the
direct photoxidation of the HTM by molecular oxygen, the photoexcited dye molecules are
believed to participate in the photodoping process. This is expected to result in changes in
the distribution profile of the oxidized HTM depicted in Figure 2.14 (c) which most probably
depend on the properties of the sensitizer and its interaction with the HTM.
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2.4.3 Low Frequency IS Response

The dark current measurements, recombination resistance and associated capacitance ex-
tracted from the IS conducted in the dark for the devices under investigation are presented in
Figure 2.15. Considering the devices exposed to photodoping, the dark current is observed
to decrease for low doping levels (15 minutes exposure) relative to the blank device while
it increases for high doping levels (30-70 min). Furthermore the dark current measured for
highly doped devices was similar. No such clear trend is observable for the chemically doped
devices. However in the high forward bias region, with the exception of the devices containing
1.6% dopant, the dark current is relatively similar for all doping levels.

The trends observed in the dark current measurements are clearly reflected in the extracted
recombination resistance (see Figure 2.15 (c¢)-(d)). The associated capacitance displayed
in Figure 2.15 (e)-(f), show the same decrease at high forward bias as observed for similar
devices utilizing mZrO, presented in Section 2.3.4 which has been attributed to the underlayer
capacitance. This decrease in capacitance at high forward bias is greater for low doping levels.
Samples with higher doping levels and thus increased conductivity display capacitances that
are relatively independent of the applied bias, showing only a small peak at approximately
400-600 mV.

2.4.4 Photovoltaic Performance

In order to correlate the observed trends in the impedance parameters with the photovoltaic
performance, ssDSSCs were fabricated using the D-7-A organic dye Y123° as sensitizer and
mTiO,. The three extreme cases are presented here; 1) a blank device where the spiro-MeOTAD
has not been chemically p-doped or exposed to controlled photodoping, 2) a device which has
been exposed to 1 sun illumination in the presence of dry air for 15 minutes prior to sealing
and 3) a device where the HTM solution was chemically p-doped through the addition of 1.5%
cobalt(IIT) complex. The photovoltaic performance measured under simulated AM1.5G solar
irradiance (10 and 100 mW cm™? light intensity) is presented in Figure 2.16 with the relevant
parameters summarized in Table 2.1.

The J-V behavior of the devices demonstrate a clear improvement in the PCE when the HTM
is doped in comparison to the blank device. The ‘blank’ device displays a very poor FF arising
from a large series resistance, as evident in the shallow slope of the J-V curve. These are
attributed to the high series resistance contributions from the unoxidized HTM and the poor
contact between the BC and HTM.

The IS measurements revealed the reduction in the charge-transport resistance of the spiro-
MeOTAD in addition to improving the ohmic contact at the BC/HTM interface when the HTM
is doped. Regardless of the doping method used, the reduction of these resistances manifest
as an improvement in the photovoltaic performance. In particular the FF is seen to improve

5 ¢f. Section 3.3 Chapter 3 for molecular structure.
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Figure 2.15. (a)-(b) Dark current measurements, (c)-(d) recombination resistance and the (e)—(f)
corresponding capacitance for devices exposed to controlled photo- or chemical doping.

from 0.4 for a blank device to over 0.7 for both cases when the HTM is doped. Moreover
the poor FF of the blank device is light dependent, displaying a FF of 0.73 at a lower light
intensity of 10 mW cm 2 (Figure 2.16 (b)) indicating the presence of a photoshunt limiting the
photovoltaic performance.

The PCE of the doped devices is found to be similar for the two different doping techniques
(6.74 and 6.77% for photo- and chemical doping respectively). Nevertheless small differences
in the individual photovoltaic characteristics are observed. Photodoped devices generally
display slightly higher Jsc while chemical doping leads to slightly higher V. This is attributed
to a lower Fermi level for the spiro-MeOTAD when the p-dopant is added, thus allowing higher
Voc to be achieved. The observed reduction in Jsc when the HTM is chemically doped is most
likely due to the parasitic light absorption of the oxidized spiro-MeOTAD species at 520 nm,
thus acting as a filter, reducing the amount of light harvested by the molecular sensitizer.
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Table 2.1. Photovoltaic parameters extracted from /-V measurements of ssDSSC devices under
simulated AM1.5G solar irradiance at 10 and 100 mW cm~? intensity.

Dye Sun Intensity  Vpc Jsc FF  PCE
MWcecm™2) (mV) (mAcm™) (%)
No doping 10 757 0.94 0.73 5.55
100 816 10.6 0.40 3.45
Photodoping 10 819 1.00 0.80 7.05
100 910 10.0 0.72 6.74
Chemical doping 10 851 0.93 0.77 6.42
100 948 9.4 0.76 6.77
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Figure 2.16. J-V characteristics measured under simulated AM1.5G solar irradiance with an
intensity of (a) 100 mW cm™2, (b) 10 mW cm~2 and in the dark. (c) Logarithmic representation of
the dark current measurements. All devices were masked to achieve an illuminated active area of
0.2025 cm 2.

Finally the higher V¢ is accompanied by a higher FF (0.76 relative to 0.72 for the photodoped
procedure).

2.5 Conclusions

This chapter examines the working device mechanisms of ssDSSCs employing spiro-MeOTAD
as HTM. Using IS the transport properties of the HTM were investigated in addition to the role
of doping the HTM wherein the effect of two procedures, photo- versus chemical doping, on
the IS response and photovoltaic performance are compared. Particular emphasis was placed
upon understanding the transport properties of the HTM within such devices and the role of
doping the organic semiconductor.

2.5.1 Temperature Dependence of Transport Properties

The charge-transport resistance of spiro-MeOTAD was found to decrease significantly upon
chemically p-doping the material. Using the Arrhenius relationship a value for the activa-
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tion energy corresponding to the hole-hopping transport in undoped spiro-MeOTAD was
determined. These were found to be in good agreement with values found in literature, thus
demonstrating the validity of the chosen model used to fit the IS data for these types of systems.

The charge-transport resistance of the HTM Ryrym contributes to the overall series resistance
of the devices and consequently to their fill factor. Gaining further understanding of the
transport properties of the HTM and methods of its characterization allows more targeted
approaches to improve device performance of such ssDSSCs. IS analysis provides a valuable
tool with which the properties of individual components of ssDSSCs and their impact on the
photovoltaic performance can be investigated. In order to isolate the transport properties of
spiro-MeOTAD as a HTM in ssDSSCs, the analyzed devices did not contain any sensitizer.

The choice of mesoporous ZrO, as a scaffold for the HTM further allowed the interface be-
tween the compact TiO, underlayer and the HTM to be scrutinized in a setup identical to
nearly working device conditions employing a mesoporous structure. The overall chemical
capacitance of the devices was found to show a small increase at approximately 0.4 V origi-
nating from the interface between the compact TiO, underlayer and the HTM. This is further
confirmed by similar behavior observed for the devices utilizing flat TiO,. These findings
suggest the formation of a p—n junction between the compact TiO, underlayer and the HTM
which contributes to the overall device capacitance but is frequently masked by the exponen-
tial increase in the chemical capacitance arising from the DOS of the mesoporous TiO, in
convention working ssDSSCs.

2.5.2 Photo- versus Chemical Doping

Finally the technique of chemically doping the HTM was compared to the method of photodop-
ing the HTM by oxidation in the presence of oxygen and light. The methods of doping the HTM
demonstrate similar effects on decreasing the resistance of the HTM through the formation of
oxidized spiro-MeOTAD species. However this effect is enhanced significantly when a chemi-
cal dopant is employed as this most likely leads to a relatively uniform distribution of oxidized
material throughout the film, increasing the conductivity of the bulk HTM and thus decreasing
its contribution to the net series resistance. When the HTM is photodoped, the exposure to
oxygen and light is assumed to lead to the formation of the oxidized spiro-MeOTAD species
mainly at the BC/HTM interface. Consequently while the bulk resistance is not as greatly
reduced as in the case of chemical doping, the exposure to oxygen improves the ohmic contact
between the BC and the HTM, leading to a reduction in the charge-transfer resistance at this
interface. This is further reduced by the possible formation of a silver oxide layer.

Furthermore the effect of the doping methods on the photovoltaic performance was investi-
gated. High PCEs were achieved for both procedures, stemming mainly from an improvement
in the FF resulting from overall reduction in series resistance of the system. This demon-
strates that photodoping can successfully be implemented to achieve high PCEs, however
this technique is susceptible to changes in the atmospheric conditions and thus may lead to

54



2.5. Conclusions

problems with the reproducibility and stability of the devices. Moreover the overall doping
level of the HTM is unknown following this procedure. Chemically p-doping the organic
HTM has been found to allow better control over the conductivity in the HTM, improving
the reproducibility of the photovoltaic results and the stability. The role of this chemical
p-doping of spiro-MeOTAD using this cobalt(Ill) complex has been studied more extensively
elsewhere [15].

2.5.3 Perspectives

This chapter probed the behavior of the organic semiconductor spiro-MeOTAD used as HTM in
ssDSSCs by IS, establishing a working model that can be applied to such systems. Furthermore
the IS analysis revealed subtle differences between the doping procedures, thus providing
valuable insight into the working mechanism of ssDSSCs employing spiro-MeOTAD as a HTM
and its doping requirements.

The investigations conducted within this chapter mostly considered the simplified system
without any sensitizer. However as outlined, the process of photodoping is believed to not
be insensible to the presence of a molecular light harvesting species. Future work should
elucidate the possible role of the sensitizing species on the doping mechanism of the HTM
and its impact on the efficiency of the process.

The following chapters will examine the role and effect of different sensitizing systems on the
IS response of solid-state mesoscopic solar cells and correlate the results with the measured
photovoltaic performance.
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Solar Cells

This chapter is based on the following published works:

Shi et al. Angewandte Chemie, 2011, vol. 123, 6749-6751;

Dualeh et al. Applied Physics Letters, 2012, vol. 100, 173512;

Dualeh et al. Journal of Physical Chemistry C, 2012, vol. 116, 1572-1578;
Dualeh et al. Advanced Energy Materials, 2013, vol. 3, 496-504.

3.1 Introduction

Since the pioneering report in 1991 [2], dye-sensitized solar cells (DSSCs) have been the focus
of extensive research as an attractive alternative in the efficient generation of low-cost power
from solar energy. Recently, power conversion efficiencies (PCEs) as high as 12.3% have been
reported using a liquid cobalt(II/III)-based redox electrolyte and a porphyrin sensitizer [3].
In solid-state dye-sensitized solar cells, the liquid electrolyte is replaced by a solid hole-
transport material (HTM) to overcome the leakage problems associated with volatile solvents
and corrosive electrolytes. The aim is to improve the longevity and stability of the devices
while offering the advantage of large-scale processability. Despite the many different HTMs
reported [4, 34, 82-84], the amorphous organic semiconductor spiro-MeOTAD [14] remains
the material of choice to achieve desirable, high PCEs [15, 19]. In combination with an organic
donor-7 bridge—acceptor dye (coded Y123) and spiro-MeOTAD as HTM, PCEs of 7.2% were
reported for ssDSSCs [15].

A major drawback which limits the device performance is the short electron diffusion length
and the poor pore-filling of the mesoporous TiO, layer with the HTM [34]. Consequently, TiO»
thicknesses are restricted to around 2-3 um. To overcome the limitation imposed by the thin
titania layer and achieve sufficient light absorption for high PCEjs, sensitizers with high molar
extinction coefficients and broad absorption over a wide range of wavelengths are of great
interest [20].

D-7n—A sensitizers consists of individual organic moieties that can be engineered and adapted
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(‘32H5 JD10

Figure 3.1. Molecular structures of squaraine-based sensitizers

changing the physical and chemical properties of the species. They are designed such that
following light absorption an intramolecular charge-transfer state is created by the transfer
of electron density from the HOMO, which is dominantly located on the donor unit, to the
LUMO, mainly localized on the acceptor unit. Thus the electron flow is vectorial from the
light harvesting donor moiety to the surface of the semiconductor via the acceptor moiety
which typically is also the anchoring group. To further facilitate this electron flow, a strong
conjugation should exist across the entire structure and there should be good electronic
coupling between the LUMO of the dye and the CB of the TiO, semiconductor surface.

Ideally the adsorption of the sensitizer on the mesoporous metal oxide semiconductor should
result in a monolayer of neatly aligned dye molecules. In reality the detrimental formation
of aggregates takes place on the surface and dye molecules are not uniformly aligned. The
individual functional components of dyes are engineered taking into account the necessary
criteria for their application as sensitizers in DSSCs, resulting in vast numbers of different dyes
being reported.

This chapter explores several different classes of molecular sensitizers and examines their
influence on the photovoltaic performance in ssDSSCs using spiro-MeOTAD as HTM. The
physical and chemical properties of the dyes are subsequently correlated with the investigated
device mechanisms.

3.2 Squaraine Sensitizers: Near-Infrared Light Absorption

To date, the most successful sensitizers for ssDSSCs have fulfilled the necessary requirement
of high molar absorptivity, but in general light absorption has been restricted to the visible
region (< 600 nm). As such, sensitizers with increased light harvesting in the near-infrared
(NIR) are of great interest in achieving the ideal panchromatic light-absorber. Squaraine-
based sensitizers [85-87] are thus good candidates due to their characteristic strong ab-
sorption in the long-wavelength visible and NIR region of the spectrum. The unsymmet-
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rical squaraine dye 5-carboxy-2-[[3[(1,3-dihydro-3,3-dimethyl-1-ethyl-2 H-indol-2-ylidene)-
methyl]-2-hydroxy-4-oxo-2-cyclobuten-1-ylidene]methyl]-3,3-trimethyl-1octyl-3 H-indolium
was developed — code named SQ1, the molecular structure of which is presented in Figure 3.1.
In order to increase the PCEs when employed as sensitizer in DSSCs, the physical and chemical
properties of SQ1 were tuned by further molecular engineering. The targeted modifications
included a bathochromic shift of the absorption maximum to longer wavelengths, increasing
the molar extinction coefficient and the formation of a narrower optical bandgap to improve
the photon harvesting. Furthermore new structures were developed to increase the electronic
coupling between the excited state of the dye and the TiO, CB and thus electron injection,
reducing the non-radiative recombination losses.

As aresult of these molecular optimizations, the molecular sensitizers coded YR6 and JD10 (see
Figure 3.1) were developed. In this section the photovoltaic performance of these sensitizers
in ssDSSCs is investigated and correlated with their properties and behavior as molecular
sensitizers [88].

3.2.1 Optical Characterization of Squaraine Sensitizers

The squaraine dye SQ1 has a narrow, intense absorption band at 647 nm with a corresponding
molar extinction coefficient € of 292000 M~! cm™! [85]. This absorption maximum is red-
shifted for the subsequently designed dyes YR6 and JD10 due to the extended 7-system of
the molecular structures. Further molecular engineering increased the light absorption in
the visible spectrum range between 400 and 550 nm in which SQ1 displays no absorption.
JD10 was designed based on the record efficient squaraine dye YR6, replacing the thiophene
unit by a di-n-hexyl substituted cyclopentyldithiophene (CPDT) bridge to aid in absorbing
in the visible part of the spectrum and in reducing dye aggregation [86]. The solution ab-
sorption spectrum of JD10 shows a strong maximum at 672 nm with € =250000 M~ cm™!
(see Figure 3.2). In addition, the ultraviolet-visible (UV-vis) absorption spectrum displays a
high-energy absorbance with a higher molar extinction coefficient when compared to the
analogous squaraine sensitizer YR6 [86]. The increased absorbance strength at 474 nm has
been attributed to the inclusion of the CPDT bridge [89].

3.2.1.1 Dye Aggregation

With regard to DSSC devices, the dye properties on sensitized TiO, films are of greater im-
portance to the photovoltaic performance than the dye properties measured in solution. As
such, the optical density of JD10 on 2 um TiO;-sensitized films was determined (Figure 3.3).
As previously noted, a secondary prominent peak near 620 nm appears upon adsorption of
the dye onto the mesoporous metal oxide [87, 89]. This characteristic development of a higher
energy charge-transfer band with respect to the maximum absorbance is often attributed
to the formation of undesirable H-aggregates [7, 85, 87]. The high-energy absorbance peak
resulting from aggregation decreases in intensity upon addition of the deaggregating agent
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Figure 3.2. UV-Vis spectra of (a) JD10, D35 and a 1:1 molar mixture of JD10:D35 solutions in
ethanol. Effect of CDCA addition (dashed) on absorption spectra of (b) JD10 and (c) 1:1 molar
mixture of JD10:D35 solution in ethanol.

chenodeoxycholic acid (CDCA)! [7, 86]. Furthermore, the addition of CDCA to the dye solu-
tion prior to the adsorption onto the mesoporous film leads to a narrowing of the absorption
spectra peaks as observed in Figure 3.3 (a). This deaggregating agent has no significant effect
on the absorption spectra of the dye in solution (Figure 3.2 (b)-(c)).

Aggregation is a common phenomenon associated with squaraine dyes and influences the
device performance. In addition to accelerating the rate of electron-hole recombination, the
formation of dye aggregates results in the self-quenching of the photoexcited state of the dye
thus reducing the efficiency of electron injection into the mTiO; [90]. The adverse effects
of aggregation are even more pronounced in the case of ssDSSCs where the presence of dye
aggregates hinder the infiltration of the HTM into mTiO, pores. Accordingly, many regions
within the mTiO» film contain dye molecules that are not in contact with the HTM and are
consequently not effectively regenerated by the HTM.

Interestingly, the addition of spiro-MeOTAD has a similar effect to CDCA on the absorption
spectra (Figure 3.3 (b)). The aggregation peak at 620 nm is decreased and the absorption peaks
are slightly red-shifted. The process of depositing the HTM by spin-coating may lead to 1) the
removal of aggregates not firmly attached to the mTiO surface, or 2) the disruption of dye
aggregates by the HTM [7].

Figures 3.3 (e)—(f) shows that there is no significant decrease in the aggregation peak when
the pure solvent (chlorobenzene) is spin-coated onto films, sensitized with either pure JD10
(Figure 3.3 (e)) or the mixture of JD10 and CDCA (Figure 3.3 (f)) in ethanol. This indicates that
the observed effect of aggregation suppression likely arises due to interaction between the
dye sensitized-TiO, surface and the spiro-MeOTAD molecules. Significantly, CDCA and spiro-
MeOTAD work synergistically to almost completely dissipate the high-energy aggregation
peak as displayed in Figure 3.3 (b) (red dashed trace).

L ¢f. Appendix Figure A.1 for molecular structure.
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Figure 3.3. Normalized optical density spectrum of sensitized 2 ym TiO, films prepared by
immersion in an ethanol solution of: (a) 0.05 mM JD10 with and without 20 mM CDCA, (b)
0.05 mM JD10 with spin-coated spiro-MeOTAD. Background reference of only mTiO, and spin-
coated spiro-MeOTAD is displayed (dot-dash blue). (c) Films sensitized with 0.05 mM JD10,
0.1 mM D35 and 0.05:0.05 mM JD10:D35 mixture. (d) Normalized spectra for sensitized films
with spin-coated spiro-MeOTAD. (e) Films sensitized with 0.05 mM JD10 without and (f) with the
addition of 20 mM CDCA to the dye solution. Dashed traces correspond to sensitized mTiO, films
treated with spin-coated chlorobenzene (CB).

3.2.2 Photovoltaic Performance

The J-V performance of ssDSSCs measured under 100% sunlight intensity (100 mW cm ™2
standard AM1.5G illumination) using the squaraine sensitizers, YR6 and JD10, are presentgil
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Table 3.1. Photovoltaic parameters determined from /-V measurements of ssDSSC devices under
simulated AM1.5G solar irradiance (100 mW cm~2). All devices were masked to achieve an
illuminated active area of 0.2025 cm 2. Integrated current densities determined from the overlap
of the IPCE spectrum with the AM1.5G solar photon flux.

Dye Integrated Current Vo Jsc FF  PCE
Density (mAcm™2) (mV) (mAcm?) (%)
YR6 6.9 706 6.61 0.58 2.69
JD10 7.8 712 7.32 0.61 3.16
D35 6.4 906 6.44 0.72 4.23
JD10:D35 9.9 741 9.94 0.59 4.42
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Figure 3.4. (a) Photovoltaic performance of YR6 (red) and JD10 (black) sensitized ssDSSC mea-
sured in the dark and under 100 mW cm™2 AM1.5G solar irradiation and (b) corresponding IPCE
spectra.

and summarized in Figure 3.4 and Table 3.1 respectively. At full sunlight intensity JD10
sensitized devices gave a PCE of 3.16%. This higher value relative to the 2.69% achieved by YR6
is mainly due to an increase in Jsc (7.32 and 6.61 mA cm 2 respectively), which is reflected
in the slightly broader IPCE spectrum and the significantly stronger signal between 400 and
550 nm (Figure 3.4 (b)) for JD10.

The relatively low FF displayed by all the ssDSSCs employing a squaraine sensitizer arises due
to the high series resistance within the device resulting from the presence of dye aggregates
hindering the infiltration of the HTM into the TiO, pores.

3.2.2.1 Co-sensitization

Co-sensitization involving dyes with complementary spectral responses is an effective strategy
to broaden and intensify the light absorption spectra [3, 91, 92]. The high-energy absorbance
of JD10 has been improved compared to previous squaraines; however, to further increase
the light harvested in this region, devices were fabricated using JD10 co-sensitized with the
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co-sensitized with CDCA ssDSSCs measured in the dark and under 100 mW cm™2 AM1.5G solar
irradiation. (b) Dark current displayed on logarithmic scale. (c) IPCE spectra.

organic dye D352 [93, 94]. D35 exhibits a strong complementary high-energy absorption
with a maximum at 442 nm and corresponding extinction coefficient of 31800 M~! cm™! in
ethanol (Figure 3.2 (a)). As a result, the cocktail dye solution containing a 1:1 molar ratio of the
two sensitizers — JD10 and D35 — in ethanol, shows a doubling in absorption strength in the
high-energy visible region of 400-550 nm. A similar effect is observed during optical density
measurements for TiO,-sensitized films (Figure 3.3 (c)-(d)).

The photovoltaic characteristics of JD10, D35 and JD10:D35 co-sensitized ssDSSC devices are
shown in Figure 3.5 (a)-(b) and the corresponding parameters are summarized in Table 3.1.
From the IPCE (Figure 3.5 (c)), it is clear that D35 contributes strongly to the light harvested
in the 400-550 nm visible region. The increased light absorption consequently leads to
a considerable increase in the photocurrent of the co-sensitized devices, which is higher
than that of devices sensitized with JD10 or D35 individually. The IPCE of the co-sensitized
photovoltaic devices approaches the ideal panchromatic shape with peak efficiencies of
52% and 48% at 450 and 670 nm respectively. The IPCE peaks correspond to the maximum
absorption of D35 and JD10.

Finally, the co-sensitized ssDSSC gave a PCE of 4.42% which is the highest value reported to
date for a squaraine dye co-sensitized with an organic dye. Similar to the other squaraine-
sensitized devices, the co-sensitized device, containing the sensitizer JD10, has a significantly
lower FF as is typical for squaraine sensitized solar cells.

3.2.3 Transient and Impedance Characterization

Photocurrent and photovoltage transient decay measurements were conducted to study the
internal electrical parameters of these ssDSSC devices [95, 96]. The devices were held at
steady-state open-circuit conditions (where the Vg is determined by the light intensity). The

2 ¢f. Appendix Figure A.3 for molecular structure.
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Figure 3.6. (a) Voc dependence on the capacitance determined from transient measurements.
(b) Chemical capacitance, (c) recombination resistance and (d)-(e) calculated electron lifetime
extracted from IS measurements conducted on devices in the dark.

system was perturbed using a short red pulse (cf. Experimental Methods Chapter 8) leading to
a small increase in the Vpc. This response was monitored at different light intensities and the
transient photovoltage data were used to determine the capacitance C, at Voc, from which
the DOS can be calculated using Equation 2.7.

The results depicted in Figure 3.6 (a) exhibit a shift of about 50 mV between the JD10 and
JD10:D35 co-sensitized devices. Additionally, there is an approximate shift of 160 mV in
the capacitances for the D35 sensitized device relative to the JD10 sensitized device. This
shift in the CB is in good agreement with the differences in Vo determined from the J-V
measurements.

To further examine this phenomenon, impedance spectroscopy (IS) measurements were
conducted for complete devices in the dark. The fits determined from the measurements are
presented in Figure 3.6 (b)—(c) and reveal that the chemical capacitance extracted indicate
an upward shifts of the CB by approximately 170 mV and 30 mV respectively for D35 and
JD10:D35 co-sensitized devices relative to the JD10 device, which is in excellent agreement
with the transient and -V measurements. The relative shifts in the CB for the different systems
are shown schematically in Figure 3.7.

The bulky alkoxyl groups of the organic D-n—A sensitizer D35 have been reported to efficiently
reduce the rate of recombination [47] in liquid-based DSSCs employing cobalt-based redox
mediators. These constituents of the D35 dye molecules prevent the formation of dye aggre-
gates and inhibit electron-hole recombination by protecting the TiO, surface. It is possible
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Figure 3.7. Schematic displaying the differences in the CB potentials reflecting the shifts in the
CB band found by IS and transient photovoltage decay measurements. The CB potential of D35
sensitized TiO, was taken at -0.5 V for comparison purposes. The maximum Vo is represented
as the difference between the relative CB potential and the first oxidation potential of spiro-
MeOTAD [15] for films sensitized with D35 (red), JD10 (black), and JD10:D35 (blue).

that the adsorption of this species effectively prevents the direct contact between HTM and
the TiO,, thus reducing the amount of adsorbed species (i.e. Li* ions) that may shift the
TiO, CB downwards. This results in the observed relative upward shift of the CB of D35 with
respect to the pure JD10. In the latter case the readily aggregating sensitizer results in ‘exposed’
TiO, surface, allowing the direct contact between the HTM and the TiO,, facilitating charge
recombination.

It can be inferred that while the use of JD10 greatly improves the photocurrent of the devices
due to the extended light absorption in the NIR region of the visible spectrum, there are still
extensive loss mechanisms that adversely influence the V. The calculated electron lifetime
determined from the recombination resistance and the chemical capacitance display a slightly
longer lifetime for the devices using pure JD10 or D35 at high forward bias, Figure 3.6 (e).
Devices where CDCA was added exhibit shorter lifetimes for similar DOS.

3.3 D-7-A Sensitizers: Effect of the Donor Group

Although the squaraine class of sensitizers examined in the section above have strong absorp-
tion in the NIR, problems associated with dye aggregation and poor light absorption in the
visible region of the spectrum result in relatively low PCEs. Their characteristic narrow, intense
light absorption cause them to be very selective photon absorbers, and thus inappropriate for
the mono-sensitization of DSSCs using a single dye. The record PCEs have been achieved with
high molar extinction coefficient organic dyes with strong light absorption across the entire
visible spectrum [3, 15].
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Figure 3.8. Molecular structures of C218, C220, JK2 and Y123.

This section examines the use of different organic D-n—A dyes with high molar extinction
coefficients and their role on the photovoltaic performance of ssDSSCs and in particular on the
Voc. Furthermore the differences in the molecular structure of the donor group is correlated
with the PCE and device mechanism through IS analysis [45].

The Vo of ssDSSCs is determined by the difference between the quasi Fermi level in the
semiconductor (TiO,) under illumination and the oxidation potential of the HTM. The value
of the oxidation potential of spiro-MeOTAD in solution has been found to be 0.72 V versus
NHE [15]. Assuming a value of —0.5 V versus NHE for the TiO, CB edge, one is limited to the
theoretical value for the Vo of about 1.2 V.

Variations in the V¢ can be caused by an increased concentration of holes (e.g. due to doping),
resulting in a lower Fermi level in the HTM. Alternatively it can be affected by an upward shift
in of the CB edge of the semiconductor. In this study the devices were all fabricated following
the same procedure hence it is assumed that any shift there may be in the HTM Fermi level is
the same for all the constructed devices.

Solid-state dye-sensitized solar cells were fabricated using spiro-MeOTAD as a hole conductor
and high molar extinction coefficient organic D-n—A dyes, coded C218, C220, JK2 and Y123,
the molecular structures of which are presented in Figure 3.8.

In combination with a Co(III)/Co(II) redox electrolyte, PCEs of 9.6% have been achieved
with Y123 in liquid DSSC [97]. Y123 and its analogue, C220, have been reported as record
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Figure 3.9. (a) Normalized UV-vis spectra of C218, C220, JK2 and Y123 in a 1:1 solvent mixture
of acetonitrile and tert-butanol. (b) UV-vis spectra for different concentrations of C220 in a 1:1
solvent mixture of acetonitrile and tert-butanol. (c) Normalized UV-vis spectra from (b).

performing dyes in ssDSSCs, achieving 7.2% [15] and 6.1% [19] respectively. Finally the highest
Voc of over 1 Vin ssDSSCs was reached using the JK2 sensitizer [18].

In addition to the conventional additives — LiTFSI and TBP — a cobalt(I1I) complex3 [15]
was added to the HTM solution as a p-type dopant prior to deposition. As discussed in the
previous chapter, pure spiro-MeOTAD has low conductivity and thus in its intrinsic form is an
unsuitable hole conductor. The conductivity of the HTM is dependent on the charge carrier
density and their mobility, which can be easily controlled through the addition of dopants.

3.3.1 Optical Characterization of D-7-A Dyes

The UV-vis spectra of C218, C220, JK2 and Y123 in a 1:1 solvent mixture of acetonitrile
(MeCN) and fert-butanol (z-BuOH) exhibit similar absorption maxima and ¢ of 45, 34, 35
and 29x103 M~! cm™! at 471, 481, 440 and 472 nm respectively (Figure 3.9). These values are
blue-shifted due to the influence of the polar solvent, which results in the deprotonation of
the dye, when compared to the values found in chloroform (55x 103M~! cm~! at 521 nm for
C220 [19]).

This blue-shift in the absorption spectra as a result of the deprotonation of the dye molecules is
similarly observed when the concentration of the dye solution is decreased in Figure 3.9 (b)—-(c).
As the concentration of the dye solution is decreased from 0.1 mM to 0.01 mM the absorption
maxima is shifted from 513 to 470 nm. This is clearly displayed in the normalized absorbance
spectra depicted in Figure 3.9 (c). Similar observations were made upon the formation of the
deprotonated species by reductive electrolysis [98] and simulated step-wise deprotonation [99]
of Ru(IT) metal complex dyes.

At lower dye concentrations the deprotonated species and the associated proton are more

3 Code name FK102 - cf. Figurel.7 Chapter 1.
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Table 3.2. Photovoltaic parameters determined from J-V measurements for ssDSSCs using C218,
€220, JK2 and Y123 measured under simulated AM1.5G solar irradiance (100 mW cm~2). Integrated
current density determined from overlap of the IPCE and solar spectrum.

Dye Integrated Current Vpc Jsc FF  PCE
Density (mAcm™) (mV) (mAcm™?) (%)
C218 11.9 796 11.6 0.61 5.6
C220 11.7 781 11.5 064 5.7
JK2 9.2 914 8.9 060 4.9
Y123 10.1 934 9.8 0.75 6.9
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Figure 3.10. (a) -V characteristics of C218, C220, JK2 and Y123 sensitized ssDSSCs. (b) Dark
current displayed on logarithmic scale. (c) Corresponding IPCE spectra as a function of monochro-
matic wavelength.

readily stabilized by the polar solvent, thus resulting in the observed blue-shift of the absorp-
tion spectra. Furthermore the lower concentration of dye directly correlates with a lower
concentration of available protons, which drives the formation of the deprotonated species.

3.3.2 Photovoltaic Performance

The J-V characteristics of ssDSSCs fabricated using the sensitizers JK2, C218, C220 and Y123
measured at 1 sun illumination under standard global AM1.5G conditions (100 mW cm~2) and
in the dark are shown in Figure 3.10 (a)—(b) with the corresponding photovoltaic parameters
summarized in Table 3.2. The ssDSSC device using the Y123 dye gave an impressive PCE of
6.9%, which can be attributed to the high voltage of 934 mV and FF of 0.75. Devices made with
JK2 and C220 yielded PCEs of 4.9 and 5.7% respectively. The performance of devices with C218
is similar to C220.

The increase in Jsc in the order JK2 < Y123 < C220 < C218 arises from improved light harvest-
ing which is further evident in the IPCE spectra shown in Figure 3.10 (c). The similarities in the
spectra reflect comparable light absorption qualities of the dyes and lie between 70-80% from
450 to 570 nm, with the maximum achieved at the plateau for C218 and C220 followed by Y123
and JK2. Additionally the IPCE spectra are enhanced most in the red regions for C218/C220
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and the least for JK2. The projected current density values calculated by integration of the
IPCE spectra over the AM1.5G standard solar emission spectra are presented in Table 3.2 and
are in good agreement with the Jgc values obtained from the standard photovoltaic characteri-
zations. In the case of JK2, the lower light harvesting abilities of the dye leads to lower Jsc and
thus PCE.

3.3.3 Transient and Impedance Characterization: TiO, Conduction Band Shift

The DOS was determined from the capacitance extracted from transient photovoltage decay
measurements at Voc [95, 96] using Equation 2.7. The results presented in Figure 3.11 (a)
show a shift of 150 and 130 mV in the DOS for Y123 and JK2 respectively relative to C220
sensitized devices. These values are in good agreement with the differences in V¢ observed
for these devices. Figure 3.11 (b) shows a plot of the Vg as a function of the logarithm of
the light intensity for the different devices. The diode ideality factor m obtained from the
slope was found to be 86, 72, 90 and 80 mV dec™! for C218, C220, JK2 and Y123 respectively,
indicating that these devices show similar deviation from ideal diode behavior. Consequently
recombination takes place mainly between electrons in the titania layer and holes in the
spiro-MeOTAD, and any back reaction via the FTO substrate is negligible due to the diode
properties of the compact TiO, underlayer [100].

To further investigate the internal electrical characteristics of the ssDSSCs IS measurements
were conducted in the dark. The transmission line model [62] was used to analyze the low
frequency region of the IS spectra, the results of which are presented in Figure 3.11 (c)—(e). The
devices made with C218, C220 and Y123 display superimposable trends in the IS spectra. The
displacement between the recombination R and transport Ryans resistances relative to the
potential corresponds to 170 and 150 mV between Y123 and C220 (Figure 3.11 (d)—(e)). C218
only shows a significant negative shift of 50 mV in Rians and is otherwise indistinguishable
from C220. In the case of JK2 the resistances, Rt and Ryans are displaced by 100 mV relative
to C220. However a faster decrease in R with applied potential suggests a faster rate of
recombination.

The DOS is directly proportional to the chemical capacitance, hence the latter can be used
as an indirect measure of the former. The chemical capacitance presented in Figure 3.11 (c)
shows an upward shift in the CB of the TiO, of approximately 150 and 130 mV for devices using
Y123 and JK2 relative to C220 respectively. This is in good agreement with the shift observed in
the DOS determined from the transient decay measurements.

From the extracted IS fit results the electron lifetime 7, within the TiO, was calculated [62] and
displayed in Figure 3.11 (f)-(g). The electron lifetime results from the amount of electrons in
the CB, which in turn depends on the rate of trapping and detrapping of electrons in localized
states within the bandgap of the TiO,. Thus the electron lifetime strongly depends on the
applied voltage. In the high forward bias regime (Figure 3.11 (g)) the electron lifetime at similar
electron density is longest for ssDSSCs with Y123 which is reflected in its high Vpc.
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Figure 3.11. (a) DOS as a function of the Vp¢ and (b) Vo dependence on light intensity deter-
mined from transient measurements of C218, C220, JK2 and Y123 sensitized ssDSSCs. (c) Chemical
capacitance, (d) recombination resistance and (e) transport resistances for C218, C220, JK2 and
Y123 sensitized ssDSSCs extracted from IS measurements conducted in the dark. (f) Calculated
electron lifetime as a function of the DOS calculated from the chemical capacitance. (g) High
forward bias region.

3.3.4 Computational Calculations

DFT/TDDFT* calculations were performed on C220 and Y123 to gain insight into their elec-
tronic and optical properties. For simplicity the alkyl chains on the CPDT moiety were replaced
by methyl groups.

4 All calculations were carried out using a 6-31G* basis set.
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Figure 3.12. Optimized geometries of (a) C220 and (b) Y123 dye molecules. (c) Adsorption
geometry of JK2 on TiOs.

The optimized geometries of the C220 and Y123 dyes in their ground states® are reported
in Figure 3.12. The two dyes show a planar arrangement of the conjugated phenyl-CPDT-
cyanoacrylic acid moiety, while the two aromatic moieties bound to the nitrogen donor are
displaced out of plane to minimize steric repulsion.

From the isodensity plot of the HOMOs and LUMOs for C220 and Y123 shown in Figure 3.13 it
is clear that they share a common electronic structure. They display the typical HOMO-LUMO
pattern characteristic of these push-pull dyes, whereby the HOMO is mainly localized on the
donor and bridge portion of the molecules, while the LUMO is mainly localized on the bridge
and on the anchoring/acceptor moiety. The lowest TDDFT transition wavelengths for the
protonated C220 and Y123 dyes are calculated at 521 and 519 nm. Both transitions originate
from HOMO-LUMO excitations.

Taking into account the expected blue-shift of the absorption as a result of the deprotonation
of the terminal carboxylic group [102] this is in good agreement with the corresponding
experimental data presented above.

3.3.4.1 Dipole Moment Phenomenon

The adsorption of dipolar molecules onto the TiO, surface has been shown to influence
the position of the CB edge [103] — the so-called net dipole effect. Studies examining such
surface modification techniques have lead to improvement of the V¢ of liquid DSSCs [104].
Furthermore the presence of dipoles on the surface have been shown to act as surface blocking
layers, suppressing the dark current in ssDSSCs and leading to a change in the band alignment
at the sensitized semiconductor/HTM interface [105]. Hence it is clear that the dipole moment

5 Carried out in vacuo using the B3LYP exchange-correlation functional [101]
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Figure 3.13. Isodensity plots of the HOMOs and LUMOs for the C220 and Y123 dyes.

of the adsorbed dye molecules has a strong effect on the charge distribution and consequently
influences the position of the semiconductor CB. The total dipole moments for C220 and Y123
calculated from the optimized geometries are 10.6 and 11.5 D respectively and are found to be
oriented along the main push-pull molecular axis, pointing from the cyanoacrylic acceptor to
the N-substituted donor.

As previously mentioned the dipole moment of the adsorbed molecule at the TiO, surface is
possibly responsible for the observed shifts in TiO, CB. To evaluate the dipole component of
the adsorbed molecule normal to the TiO, semiconductor surface, the geometry of Y123 and
C220 adsorbed on the (TiO»)3g cluster® was optimized. A similar adsorption geometry was
found for Y123 and C220 as previously reported for the JK2 dye [18] consisting of a dissociative
bidentate adsorption mode and a proton transferred to the TiO, surface, Figure 3.12 (c).

From the calculated adsorption geometry, the dipole component normal to the TiO, surface
for Y123 and C220 was determined to be 8.8 and 8.6 D respectively. The similarity of the dipole
moments in addition to the same adsorption mode determined for the two dyes indicates
that if a dipole shift of the TiO, CB is at work, it has to be related to different extents of dye

6 The TiO, semiconductor was modelled using a neutral stoichiometric anatase (TiO2)3g cluster exposing the
majority (101) surfaces [106, 107].
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Figure 3.14. Optimized geometries of the C220 and Y123 adducts with spiro-MeOTAD. Carbon
atoms belonging to the spiro-MeOTAD molecule are displayed in grey for clarity.

coverage. In the case of Y123 the dye coverage was found to be 23% higher in comparison to
€220 (2.80 and 3.45x10~% mol m~2 for C220 and Y123 respectively)’. The longer dodecyl alkyl
chains of C220 reduce the close packing of the molecules on the surface as well as increase
the solubility in solution. Employing the calculated dipole moments and the experimentally
available dye coverages, a TiO, CB upshift of approximately 100 mV for Y123 with respect to
C220 was calculated which is comparable to the experimental values. Considering the similar
adsorption mode and dipole moment calculated for JK2 (previously reported as 7.7 D [18]),
along with the measured dye coverage (21% higher relative to C220) a similar shift for JK2 is
predicted, in line with the experimental findings.

3.3.4.2 Calculated Interaction Geometries

In addition to the dipole moment effect, the influence of the different donor groups in
C220/C218 and Y123 must be considered. Since the dye donor group is mainly responsi-
ble for the dye interaction with the spiro-MeOTAD hole conductor - the acceptor being firmly
anchored to the TiO, surface - the interaction of the C220 (or C218) and Y123 dyes with a spiro-
MeOTAD molecule was investigated® and the corresponding dye/spiro-MeOTAD adducts
presented in Figure 3.14.

7 Dye was desorbed from sensitized mTiO» films by immersion in 0.01 M solution of tetrabutylammonium
hydroxide in N,N-dimethylformamide (DMF). Subsequently dye coverage was calculated from the UV-vis spectrum
of the solution using Beer-Lambert law cf. Chapter 8 Experimental Methods.

8 The interaction between the dye and the spiro-MeOTAD molecule were evaluated using second order (MP2)
Mpller-Plesset single point calculations using the DFT optimized geometries.
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The calculated interaction geometries between C220 and Y123 with spiro-MeOTAD are rather
similar, with a calculated distance between the dye N-donor and the spiro-MeOTAD carbon of
8.74 and 8.80 A respectively. However the calculated interaction energies® are substantially
different for the two dyes, with C220 showing an adduct formation energy of 14.1 kcal mol™!,
while this quantity reduces to 9.5 kcal mol ™! for Y123. Thus, by virtue of the more bulky donor
group of Y123, a reduced interaction energy with spiro-MeOTAD is computed for this dye
compared to C220.

A reported analysis of solid-state DSSC devices [35] has shown that a reduced filling of the
TiO, pores by spiro-MeOTAD is a major limiting factor towards the achievement of high
photovoltaic efficiencies in solid-state devices. At low pore-filling fraction (PFF) parasitic
recombination between the oxidized hole-transporter and injected electrons into TiO; is
responsible of considerable photovoltaic losses, while at high PFF improved hole-injection
efficiency, reduced recombination and increased diffusion are observed. These results lead
to the speculation that a strong dye/spiro-MeOTAD interaction might be responsible for
incomplete pore-filling, whereby the spiro-MeOTAD molecules would prefer to strongly bind
to the dye donor groups rather than binding among themselves to form a well-dispersed film.
This might be the case for the increased recombination observed experimentally for C220
dye-sensitized solar cells compared to those based on the Y123 dye. Furthermore the addition
of hexyloxy groups in Y123 are likely to also play a role in limiting the direct contact between
spiro-MeOTAD and TiO, thus hindering the back reaction of electrons in the TiO, with holes
in the HTM.

3.4 Ullazine Sensitizers: Role of Molecular Structure

This section presents a class of dyes that are reported for the first time as sensitizers in
ssDSSCs using spiro-MeOTAD [108]. These ullazine molecules, presented in Figure 3.15,
are a type of heteroarene based on an indolizino([6,5,4,3-aijlquinoline core [109, 110]. Four
3,9-disubstituted derivatives were examined to study the influence of the donor group on the
device performance. In addition the position of the cyanoacrylic acid anchoring group for two
of the derivatives was investigated.

Altering the donor group allows the modest tuning of the spectral response of the dyes and
furthermore plays a critical role in determining the type of interaction with the HTM and
consequently on the device performance. In this study ssDSSCs using the ullazine dyes have
been extensively characterized, correlating the dye structures with the device performance.

3.4.1 Optical Characterization of Ullazine Sensitizers

The absorption spectra of the dyes in 1:4 v/v tetrahydrofuran:ethanol (THF:EtOH) solution
are shown in Figure 3.16 (a) and the corresponding parameters are listed in Table 3.3.

9 Calculated using MP2 perturbation method.
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Figure 3.16. UV-vis spectra of dyes in (a) 1:4 v/v THF:EtOH solution with (b) the corresponding
integrated absorption curve area and (c) adsorbed onto mTiO; films. The spectra have been nor-
malized with respect to the film thickness. (d) Normalized emission spectra in 1:4 v/v THF:EtOH
solution.

For this series of sensitizers the absorption spectra of JD25 is furthest red-shifted with the high-
est molar extinction coefficient € of 21 260 M~'cm™! at 572 nm. While e for JD29 (12108 M~'cm™!
at 537 nm) is considerably lower, it shows increased absorption in the 400-500 nm region
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Table 3.3. Experimental data for optical properties and bandgap energies for dyes JD21, 25, 26, 27,
29 and 30.

Dye Aabs—max MM €max (M_lcm_l) Aem-max Mm)? Eg (eV)b

JD21 555 (517) 15070 580 (720) 2.17
JD25 572 (544) 21260 592 (710) 2.12
JD26 516 (514) 4700 630 (710) 2.17
JD27 525 (555) 5670 638 (700) 2.12
JD29 537 (517) 12110 588 (706) 2.14
JD30 491 (505) 13770 575 (687) 2.26

2 Absorption and emission maxima measured in 1:4 v/v THF:EtOH and (in
parenthesis) measured on 2 ym TiO» films.

b Measured at the intersection of the absorbance and emission spectra in
solution.

and a broader absorption peak. This is reflected in the integrated absorption curve area
(Figure 3.16 (b)) which shows JD29 and 25 reaching similar maximum values, followed by JD21,
30 and finally JD27 and 26.

Changing the position of the anchoring group of JD21 and 25 from the 5-position to the 4-
position on the ullazine core gave the analogue structures coded JD26 and 27 respectively. JD26
and 27 show similar absorption spectra with the latter displaying a slight red-shift of 10 nm and
an increased relative €, consistent with the difference between JD21 and 25. Comparing the two
pairs of sensitizers, the absorption spectra of JD26 and 27 show a blue-shift of approximately
40 nm relative to JD21 and 25. Additionally JD26 and 27 display a drastic reduction in € (from
15067 M~ 'cm™! for JD21 to 4700 M~ 'cm™! for JD26) suggesting that changing the position
of the anchoring group results in a decrease in the light harvesting capabilities in the visible
region. The 4-position anchor results in a loss in planarity of dye molecule structure, where the
anchoring group is twisted perpendicular to the ullazine core. This decreases the coordination,
hence depressing the intramolecular charge-transfer (ICT) and culminating in the observed
reduction of the molar absorptivity. Finally, the spectrum for JD30 is most blue-shifted of the
series, with an absorption maxima at 491 nm (¢ = 13770 M~'cm™1).

The absorption spectra and corresponding € of the sensitizers were determined in a 1:4 v/v
THF:EtOH solvent mixture and the peak maxima are blue-shifted by approximately 20 nm
with respect to the case when measured in chloroform [110]. Furthermore, when compared
to chloroform, the spectra measured in THF:EtOH solvent mixture displayed depressed ¢
and appear more broad by extending further into the blue region. The change in the solvent
polarity results in a higher proportion of sensitizer molecules in the basic form relative to
the acidic form in the polar THF:EtOH solvent mixture, leading to greater absorption in the
blue-region of the spectrum. This phenomenon was examined in more detail in Section 3.3.1.
Upon the adsorption of the dyes onto the TiO, surface the blue-shifts of the peak maxima are
further enhanced and have been attributed to the deprotonation of the terminal carboxylic

group.
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Table 3.4. Experimental and relative dye coverage for dyes JD21, 25, 26, 27, 29 and 30.

Dye [ (1071%mol cm™2) Iy r,b
JD21 1.65 0.93 0.70
JD25 0.82 0.46 0.46
JD26 1.40 0.79 0.85
JD27 0.77 0.44 0.58
JD29 1.77 1.00 1.00
JD30 1.41 0.80 0.63
2 Dye coverage determined from desorption and normal-
ized relative to JD29.

b Dye coverage calculated from the measured € and ab-
sorbance measurements on TiO, and normalized relative
to JD29.

The bandgap energy E; of the ullazine dyes were determined from the intersection of the
absorbance and emission curves measured in solution and presented in Table 3.3. The
values found are in good agreement with those determined in dichloromethane previously
reported [110].

With regards to their application in DSSCs, it is important to consider the optical properties of
the dyes when adsorbed onto TiO, in addition to the case in solution. The UV-vis spectra of
these sensitizers adsorbed onto mTiO» films are presented in Figure 3.16 (c) and show distinct
blue-shifts of the absorption maxima relative to the spectra measured in solution. The small
feature visible between 650 and 700 nm is attributed to interference effects of such thin film
samples. Furthermore these optical measurements reflect the extent of dye loading which
strongly influences the device performance.

In order to gain a better understanding of the light harvesting properties of the completed
devices, the extent of dye coverage I' on the sensitized TiO, films was determined by dye
desorption (cf. Chapter 8 Experimental Methods), the results of which are presented in Ta-
ble 3.4. It is interesting to note that JD29, with the bulkiest donor group, showed the highest
amount of dye uptake. In the case of JD25 and JD27, these sensitizers indicated the lowest
dye uptake. The relative dye coverage of the ullazine sensitizers calculated from € and the
absorbance measurements on TiO» (see Figure 3.16 (c)) are in good agreement with the dye
loading determined by desorption as presented in Table 3.4.

JD25 shows only 46% of dye coverage relative to JD29. Excluding JD29, this can be explained
by increased steric hindrance close to the TiO, surface introduced by the presence of the
additional alkoxy chains on the ortho position of the phenyl group of the donor structure,
resulting in relative I" values of JD21 > JD25 and JD26 > JD27. In the case of JD29, while it
does have a bulky donor structure, there is a greater distance between the alkoxy chains of
the group and the TiO, surface. Furthermore it is possible that the structure of the tripheny-
lamine (TPA) donor group directs the sterically blocking alkoxy groups away from the TiO»
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Figure 3.17. Excitation spectra determined at 750 and (a) at 525 nm for JD26 or (b) at 550 nm for
JD27. The absorption spectra have been added for comparison purposes (red dashed)

surface. Consequently the JD29 molecules may pack more homogeneously and efficiently on
the TiO, surface leading to better dye adsorption and hence higher surface coverage relative
to the sensitizers where the alkoxy groups are closer and/or directed towards the TiO; surface.

The Stokes shift (difference between position of the maxima of the absorption and emission
spectra corresponding to the same electronic transition) of JD29 and 30 were determined to
be 51 and 50 nm respectively which are considerably greater than JD21 and 25 (25 and 20 nm
respectively). This suggests that there is significantly more structural reorganization upon
photoexcitation for the former pair. This can be attributed to the extended donor group of
JD29 which results in greater structural rearrangement upon emission. JD30 is not expected
to have any significant electronic rearrangement energy based on the donor group. However
unlike the other ullazine dyes, which, upon excitation, have some delocalization of the HOMO
orbital across the aryl components of the donor groups, for JD30 the orbital exists only upon
the ullazine core [110] leading to a lot of bond length changes on the ullazine core.

The unusual emission profile of dyes JD26 and 27 displayed in Figure 3.16 (d) suggest the
degradation of the dye molecules in the solution. Consequently it is not possible to clearly
determine the Stokes shift for JD26 and 27 due to the combined contribution from decom-
position product and the dye molecules present in the dye solution to the emission profile.
The presence of an aldehyde precursor resulting from a possible decomposition pathway for
electron rich, sterically hindered aryl substituted cyano acrylic acids such as JD26 and 27 [111]

was confirmed by thin layer chromatography (TLC).!°

Figure 3.17 displays the excitation spectra of JD26 and JD27 respectively probed at 525 or

10 1y addition to the bands associated with the ullazine dyes the TLC measurement revealed the formation of less
polar, orange bands which had retardation factors (R ) corresponding to the starting aldehyde of the ullazine dyes.
Furthermore these bands displayed the same color and fluorescence under long wave UV illumination (365 nm) as
the starting aldehyde materials on silica gel. The decomposition product was not formed in large enough quantity
to be observed by NMR.
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Figure 3.18. (a) J-V characteristics measured under dark and 100 mW cm~2 AM1.5G solar intensity
and the corresponding (b) IPCE spectra of ssDSSCs using ullazine dyes as sensitizers.

550 nm emission wavelength. The spectra show significant differences relative to those probed
at 750 nm emission wavelength. This confirms the presence of a decomposition product in
addition to the dye molecules, each species exhibiting different fluorescence profiles. The
excitation spectra determined at 750 nm are similar to the absorption spectra for JD26 and 27,
indicating that this species corresponds to the original sensitizer molecules, assuming that
the dye dominates the absorption spectra. The excitation profile determined at 525 or 550 nm
for JD26 and 27 respectively show similar features, suggesting that this is the same species for
either dye, believed to be the aldehyde precursor resulting from the dye degradation.

3.4.2 Photovoltaic Performance

The J-V characteristics measured under standard AM1.5G illumination (100 mW cm™2) of
ssDSSCs made using these ullazine dyes as sensitizers are presented in Figure 3.18 (a). The
corresponding photovoltaic performance parameters are summarized in Table 3.5.

JD29 displays the highest PCE of 4.95% which can be attributed to its significantly higher Vpc
of 797 mV. In the previous Section 3.3 the effect of the donor group of D-7-A sensitizers on
the Vpc was examined. One of the factors contributing to the Vo was determined to be the
extent of dye coverage which is confirmed here.

With the exception of JD25, which suffers from poor dye loading, a direct relationship between
the surface coverage and the V¢ was observed. JD29 not only displays the highest V¢, but
also the highest dye coverage. In contrast the lowest V¢ and surface coverage were observed
for JD27. While JD25 has a lower Vg, it has similarly high Jsc of 9.7 mA cm™2, leading to
a marginally lower PCE of 4.88%. The low dye coverage is compensated by the higher ¢
resulting in a high Jsc. The contrary is observed in the case of JD27, where its low € and dye
coverage produce a lower Jsc of 5.2 mA cm™2, which together with a Vpc of 694 mV and a FF
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Table 3.5. Photovoltaic performance parameters extracted from J-V measurements of ssDSSC
devices using JD21, 25, 26, 27, 29 and 30 as sensitizers. InteAll devices were masked to achieve an
illuminated area of 0.2025 cm?. Integrated current densities determined from the overlap of the
IPCE spectrum with the AM1.5G solar photon flux.

Dye Integrated Current  Vpc Jsc FF PCE
Density (mAcm™2) (mV) (mAcm™?) (%)
JD21 7.8 743 8.5 0.66 4.19
JD25 8.8 752 9.7 0.66 4.88
JD26 4.8 723 4.7 0.62 2.11
JD27 5.0 694 5.2 0.61 2.19
JD29 8.7 797 9.7 0.64 4.95
JD30 6.8 733 7.5 0.68 3.78
JD29:D352 10.2 801 10.6 0.64 5.40

8 7:5 v/vratio of JD29 and D35 in 0.1 mM dye solutions in THF:EtOH 1:4
v/v solvent mix.

of 0.61 generate a PCE of 2.19%. In the case of JD26, which shows higher dye coverage, a net
surface dipole effect could explain the higher Vo of 723 mV. The lower € and blue-shift of
the UV-vis spectrum of JD26 suggest that it has the poorest light harvesting ability which is in
good agreement with the low Jsc of 4.7 mA cm™ from the J-V and IPCE measurements, see
Figure 3.18 (b).

In comparison to JD25 and 29, the performance of JD21 and 30 are inferior at 4.19 and 3.78%
due to slightly lower current densities of 8.5 and 7.5 mA cm ™2 and V¢ of 743 and 733 mV,
respectively. The FF showed some variation between 0.61 (JD27) and 0.68 (JD30) for the
different devices.

The Jsc increased in the order JD26 < 27 < 30 < 21 < 25 = 29 which is dependent on the light
harvesting and adsorption properties of the dyes, and is further reflected in the IPCE spectra
shown in Figure 3.18 (b). As previously observed the poor light absorption qualities of JD26
and 27 (discernible in their low €) account for their low current densities. In the case of JD30,
its UV-vis spectra is considerably shifted to the blue compared to JD21. The IPCE spectra
is strongest in the red region and achieves the highest maxima of 70% at 560 nm for JD25.
Subsequently, excluding JD26 and 27, the spectra decrease in intensity and are increasingly
blue-shifted for JD29, 21 and finally 30 with a maximum of 57% at 510 nm. For JD26 and 27
the IPCE does not reach a maximum above 40% at 550 nm.

The projected current density values calculated by integration of the IPCE spectra over the
AM1.5G standard solar emission spectra are presented in Table 3.5 and are found to be in
good agreement with the current density values determined from the J-V characterization
and furthermore reflect the differences observed in the IPCE spectra.

As clearly evident from the IPCE spectra, the light harvesting abilities of the ullazines is lower
in the 400-500 nm range. In order to increase the amount of photons harvested, devices were
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fabricated using the organic D-7-A sensitizer D35!! as a co-sensitizer. D35 has been shown
to absorb well in this region of the visible spectrum [94] and thus is a suitable candidate to
increase the amount of light harvested. The J-V characteristics of such a device is shown in
Figure 3.18 (a) and the corresponding parameters are included in Table 3.5. Solid-state DSSCs
made using a cocktail solution containing 7:5 v/vratio of 0.1 mM JD29 and D35 each, provided
an overall PCE of 5.40%.

JD29 was selected as the best performing ullazine sensitizer and its high Vpc. The increase in
PCE of the co-sensitized device can be attributed to an increase in Jsc due to increased light
harvesting which is reflected in the IPCE spectra (see Figure 3.18 (b)). This co-sensitized device
has a peak IPCE value of above 67% from 440-560 nm, which is a considerable improvement
in comparison to the JD29 sensitized device which reaches a maximum of approximately 64%
at 540-560 nm.

3.4.3 Ullazine Dye Adsorption Mode

The anchoring properties of the dyes were examined using fourier transform infrared spec-
troscopy (FTIR) measurements carried out on sensitized TiO; films. In the region corre-
sponding to the signals arising from the anchoring groups, the spectra (Figure 3.19) are

~land

similar for all the samples. In particular they all show peaks at approximately 1 607 cm
1385 cm ™! which are associated to the asymmetric and symmetric stretch of the carboxylate
group [94, 112], indicating similar binding to the titania surface. Thus it appears that the
change of the position of the anchoring group between JD21/25 and JD26/27 does not result
in any change in the binding mode of the dyes. No peak was observed at 1 700-1750 cm™!
associated with the carbonyl group, indicating that the dyes coordinate to the TiO, surface

using a bidentate binding mode [113].

3.4.4 Photoinduced Absorption Spectroscopy

To gain further understanding of the processes governing the photovoltaic performance, the
role of the various donor groups and the position of the anchoring group in these ssDSSC,
photoinduced absorption (PIA) spectroscopy [114, 115] measurements'? were conducted
(Figure 3.20). Here the transmission T through the samples was monitored in addition to any
small changes in the transmission AT induced by the application of a frequency-modulated
monochromatic light beam. From this the change in absorbance A A can be determined using
—AT/T=1In10x AA.

Figure 3.20 (e) shows the PIA spectrum of the nanostructured TiO» film sensitized with JD29
in the presence and absence of spiro-MeOTAD. In the absence of the HTM (blue dashed trace)

11 ¢f. Appendix Figure A.3 for molecular structure.

12 Measurements employed the same device structure as for the photovoltaic experiments, without the silver
counter electrode to allow the transmission of light and using a glass microscopic slide substrate instead of
FTO-coated glass.
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Figure 3.19. FTIR spectra of ullazine dyes on TiO5.

the absorption peak is clearly visible at 780 nm and a strong negative signal — corresponding
to a bleach of the main absorption band — appears below 700 nm. Thus the PIA spectrum is
believed to reflect the differential spectrum of the sensitizer upon the formation of its oxidized
form.

Upon the addition of the HTM (red trace), the strong peak at 780 nm is quenched, accompanied
by a broad absorption around 1400 nm. This broad feature is attributed mainly to the electrons
in the TiO, and the formation of the oxidized spiro-MeOTAD (spiro-MeOTAD™) species which
is known to have an absorption at approximately 1 300 nm. This indicates that the oxidized
dye is reduced in the presence of the spiro-MeOTAD, which is itself oxidized giving rise to the
formation of spiro-MeOTAD™.

TiO, films infiltrated with spiro-MeOTAD in the absence of any sensitizer (black trace) showed
little change in absorbance at A > 600 nm. Below 600 nm there is a bleach which originates
from the absorbance of the unoxidized spiro-MeOTAD which has a very strong absorption
band at 350 nm. This suggests that in the absence of dye molecules, the HTM does not inject
any electrons directly into the TiO, which would lead to a change in the oxidation state of the
spiro-MeOTAD.

Similar PIA spectra were observed for JD26 (Figure 3.20 (c)), however in this case the peak
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Figure 3.20. PIA spectra for the TiO, sensitized films in the presence (red solid) and the absence
of spiro-MeOTAD (blue dashed). PIA spectra of TiO, infiltrated with spiro-MeOTAD without any
sensitizer (black solid). Magnification of 680-1600 nm region. The excitation wavelength used was
470 nm.

for the oxidized dye species is not as distinct as for JD29. In the presence of spiro-MeOTAD
the broad absorption feature present for the sensitized film disappeared with the appearance
of the broad signal at 1400 nm as in the case of JD29. In the case of JD21 (Figure 3.20 (a)) no
difference was seen between the PIA spectra in the presence or absence of spiro-MeOTAD,
implying that the regeneration of the dye taking place is not detected as this would lead
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to a change in the spectrum arising from the spiro-MeOTAD. JD27 (Figure 3.20 (d)) shows a
disappearance of a broad absorption feature in the presence of spiro-MeOTAD, but no increase
in the spectrum at long wavelengths characteristic of the formation of spiro-MeOTAD* upon
dye regeneration. In the cases of JD25 and 30 (Figures 3.20 (b) and 3.20 (f)) there is even a
decrease in the PIA to give rise to negative peaks in this region.

Possible explanations for the lack of a clear peak that can be identified as the dye cation are
1) there is poor electron injection into the TiO; from the dye, thus any excited dye molecules
immediately relax back to their ground state, 2) after electron injection, there is rapid re-
combination between the electrons in the TiO, and the oxidized dye and/or 3) with the
spiro-MeOTAD on a timescale that is not detected by the experimental set up. Previous stud-
ies [110] determined that the cation generated for JD21, 25 and 30 is localized on the ullazine
core.

In the case of JD29, it was found that it has the same affinity for a cation on the TPA donor
group as on the ullazine core. This may account for the difference in the PIA spectra for the
dyes adsorbed onto TiO, where the cation located on the ullazine core has a broad absorbance
and no characteristic peak. The signature PIA behavior, characterized by a distinct oxidization
peak is only detectable for JD29 where the cation can be localized on the TPA donor group.
This may further account for better charge separation and reduced recombination upon
photoexcitation, contributing to the superior device performance of JD29. For the other dyes
this signal may not be distinguishable or too low in intensity.

The spiro-MeOTAD is p-doped prior to deposition on the sensitized films during the sample
preparation. Consequently, the unexpected negative signal at long wavelength for JD25 and 30
could be a result of a fast rate of recombination between holes in the oxidized spiro-MeOTAD
already present in the sample and the electrons in the TiO» or even from the excited dye,
relative to the rate of dye regeneration. To a lesser extent this could also pertain to JD21 and
27 where the rates of dye regeneration and recombination of electrons with spiro-MeOTAD™"
are similar thus resulting in no apparent change in the PIA spectrum due to the formation of
oxidized HTM.

As a result, the PIA measurements indicate different extents of electron regeneration and
recombination depending on the sensitizer used. Furthermore the amount of dye loading
on the surface will also influence the PIA spectra. JD29, with the highest dye loading, has PIA
spectra exhibiting the expected behavior. Lower dye loading allows spiro-MeOTAD to come in
direct contact with TiO, increasing the rate of recombination between electrons in the TiO»
and holes in the HTM. This is in agreement with the PIA spectra observed for JD21, 25, 27 and
30, where fast recombination explains the lack of a clear dye cation peak and lack or decrease
of the features attributed to the spiro-MeOTAD™ species. This reveals that the dye molecules
also act as a blocking layer, reducing the channel of recombination between the TiO, and the
HTM.
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Table 3.6. Fluorescence lifetimes calculated from TCSPC measurements of JD21, 25, 26, 27, 29
and 30 in solution (THF:EtOH 1:4 v/v solvent mix) and adsorbed onto TiO,. Injection yields were
calculated using Equation 3.1.

Dye 75 (nS) Trio, (pS) Ninj (%)

JD21 3.2 142 >95.5

JD25 3.6 127 >96.5

JD26 4.4 126 >97.1

JD27 3.5 90 >97.4

JD29 0.9 105 > 86.4

JD30 2.6 181 >95.1
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Figure 3.21. TCSPC fluorescence histograms of ullazine dyes (a) in solution (THF:EtOH 1:4 v/v
solvent mix) and (b) adsorbed onto TiO».

3.4.5 Time-Correlated Single Photon Counting: Injection Dynamics

Time-correlated single photon counting (TCSPC) measurements were conducted to study the
excited state lifetimes of the ullazine dyes in solution and adsorbed onto TiO; films. Lifetimes
in solution 74, reflect the fluorescence lifetime of the molecules and are typically found to
be on the nanosecond timescale. Once adsorbed onto the TiO,, the excited dye molecules
can inject an electron into the conduction band of the semiconductor providing an alternate
relaxation pathway, thus quenching the fluorescence measured and significantly decreasing

the lifetime 77;0,. Consequently a limit for the injection efficiency 7;,; can be determined
from the relationship,

TTiO,

Ninj=1- (3.1)

Tsol

Injection efficiency is a crucial element in the characterization of the cell performance. For
efficient device performance this process must be faster than the decay of the excited state to
the ground state. The reverse reaction, the recombination of injected electrons in the TiO»
and the dye cation, presents one of the major loss mechanisms to this system. Both injection
and recombination kinetics have been found to depend strongly on the relative energy levels
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of the conduction band of the semiconductor and the oxidation potentials of the ground and
excited state dye [116-118].

Lifetimes of the excited species in solution were found to be around 3-4 ns for the ullazine dyes,
with the exception of JD29, which had a considerably shorter lifetime of 0.9 ns, see Table 3.6.
The fluorescence decay was found to be monoexponential for JD21, 25, 29 and 30 which is
expected for such organic sensitizers in solution as is displayed in Figure 3.21 (a). However
in the cases of JD26 and 27, they exhibited biexponential decay, which strongly suggests the
presence of additional species with different excited state lifetimes. This further confirms the
degradation of JD26 and 27 leading to the presence of a decomposition product in addition to
the dye molecules as previously observed in the emission spectra.

From the excitation profiles measured at high (550 nm) and low (750 nm) energy (Figure 3.17)
it is deduced that the short-lived species, dominating at high energies, is ascribed to the
aldehyde precursor — identified as the decomposition product — whilst the long lived species is
attributed to the original sensitizer molecules. This degradation of the dye molecules was only
observed for the ullazine sensitizers with the anchor group in the 4-position of the ullazine
core.

As a result of the electron injection into the semiconductor the lifetimes decreased signifi-
cantly in the case where the dye molecules are adsorbed onto the TiO, surface as shown in
Figure 3.21 (b). For JD21, 25, 26 and 30 this parameter was found to range between 130 and
180 ps, whilst 77;0, for JD27 and 29 was considerably shorter at 90 and 105 ps respectively.
The resulting injection efficiency calculated using Equation 3.1 varied between 95 and over
97% for all ullazine dyes with the exception of JD29. This suggests that after excitation almost
all electrons are injected into the TiO, rather than following the radiative decay pathway.

In the case of JD29, due to the inherent short-lived fluorescence lifetime of the dye molecules
in solution, a smaller value for n;,; of 86.4% was found. The similarity of the results for the
remaining dyes suggest the differences in the device performance may be explained by the
recombination processes or the charge collection efficiency. This is in agreement with the
results previously found with the PIA measurements suggesting that the rates and modes of
charge recombination vary greatly depending on the sensitizer used and the extent of dye
coverage.

3.4.6 Transient and Impedance Characterization: Charge-Transfer Mechanisms

IS measurements carried out in the dark reveal that the charge-transfer resistance R¢; of
devices employing JD29 as sensitizer is approximately an order of magnitude higher than JD21
(Figure 3.22 (a)). Relative to JD21, JD30 shows slightly lower resistance, whilst JD26 displays a
R shifted to slightly higher values.

The observed behavior of R appears indistinguishable between JD21 and JD25. In order to
correlate these observations with the photovoltaic performances, the cell chemical capaci-
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Figure 3.22. (a) Recombination resistance and (b) chemical capacitance obtained from IS mea-
surements in the dark. (c) Calculated electron lifetime as a function of the capacitance and (d)
high forward bias region.

tance C,, of the devices needs to be taken into account. As seen in Figure 3.22 (b), there is a
clear shift in the capacitances indicating an upward shift of the CB of 40 mV for JD29 and a
downward shift of 30 mV for JD30 relative to JD21. JD25 and 26 show similar cell capacitances
as JD21. In the case of JD30 the shift in the conduction band relative to JD21 is reflected by
a 20 mV shift in R.;. This is in good agreement with the photovoltaic data which shows a
difference of 10 mV in V¢ between devices using JD21 and 30, suggesting that this arises from
a shift in the conduction band.

The shifts in the CB can be correlated with the extent of dye coverage, where the upward shift
of JD29 is reflected by higher dye coverage and the downward shift for JD30 is seen in a lower
dye coverage relative to JD21. Previous studies [104] and the work presented in Section 3.3
have shown the influence of the dipole moment of adsorbed molecules on the V¢ of DSSCs.

The devices were further characterized using transient photovoltage and photocurrents decay
measurements, which demonstrated similar shifts in the CB of the TiO, (Figure 3.23) as
observed in the IS measurements.

JD29 shows a shift of approximately 90 mV in R, with respect to JD21, which when taking
the CB shift of 40 mV into account leaves a difference of 50 mV which is in good agreement

87



Chapter 3. Molecular Sensitization for Solid-State Solar Cells

d
10-3 _L @ b0-01 IIIHI T llllllll T T lllllll_-:
D 2 6F R\ 1 |- Jp21
C —
g 10 = | 1 |-e- Jp26
8 S 0.001 - JD29
& 10° 4 5 F —5— JD30
(&} 3 6r
l LI_J 4—1 lllllll 1 llllllll 1 1 1
0.5 0.6 0.7 0.8 0.9 46 2 46 2 46
10 10 10
Voe (V) Capacitance (F)

Figure 3.23. (a) Capacitance as a function of open circuit potential and (b) electron lifetime as a
function of the cell capacitance measured by transient photovoltage decay measurements.

with the difference in Vg for JD21 and 29 sensitized devices. This suggests that the rate of
recombination for devices using JD29 is lower in comparison to the other ullazine dyes. A
similar phenomena is observed for JD26, which shows similar CB position as JD21, but a
shift in R of 20 mV. However in this case this is not reflected in the photovoltaic data, where
the Vpc of JD26 is 20 mV lower than that of JD21. In the case of JD29, the upward shift of
the CB in tandem with the increased recombination resistance, leads to the higher observed
Voc, consequently resulting in a decrease in driving force for the electron injection into the
TiO; from the excited state of the dye, contributing to the lower 1;,; observed. In the case
of JD29 the hole h™ is stabilized by to the localization of the cation on the TPA donor unit as
previously determined by PIA measurements. This results in the improved charge separation
and reduced recombination observed here.

In order to take into account the differences in the CB position of the devices, the electron
lifetime calculated from the recombination resistance and chemical capacitance extracted
from the IS measurement is plotted as a function of the chemical capacitance depicted in
Figure 3.22 (c). At similar DOS, which is directly proportional to the capacitance, the electron
lifetime is longest for devices using JD29 and 26 due to lower rates of recombination which
is translated to a higher Vpc for JD29. The same trends are observed in the electron lifetime
determined from the transient photovoltage decay measurements, see Figure 3.23. The reasons
for the unexpectedly low V¢ of JD26 remain unclear, however it is possible to correlate its
lower dye loading with a lower net surface dipole moment.

3.5 Conclusions

In this chapter the device mechanisms of complete solid-state DSSCs were investigated using
different types and classes of molecular sensitizers. The photovoltaic performance of the
devices was examined and correlated with the chemical and physical properties of the dyes
utilized.
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3.5.1 Squaraine Sensitizers

The dye self-assembled aggregation for the squaraine dye JD10 on mTiO; films was examined
in conjunction with different additives. Both the de-aggregating agent, CDCA and the HTM,
spiro-MeOTAD were found to decrease the absorption band attributed to the presence of
dye aggregates. The two de-aggregating components were found to work synergistically in
reducing the aggregation of JD10 on TiO; films.

Within the class of squaraine sensitizers, JD10 displays an outstanding PCE of 3.16% in ssDSSC
devices. The performance was further improved to 4.42% in combination with a metal-free
dye, D35. The increase in efficiency was achieved predominately through an increase in the
photocurrent, which is the result of greater light absorption in the 400-550 nm visible region.
The IPCE of the co-sensitized photovoltaic devices clearly displays the contributions from the
individual sensitizers.

Independent measurements techniques (IS and transient photovoltage decay) showed a
downward shift in the CB for the co-sensitized device relative to the D35 device, which is in
agreement with the -V measurements. Furthermore, the increased charge-transfer resistance
determined for the D35 and co-sensitized devices in comparison to the JD10 sensitized device
suggest that D35 has a lower recombination rate and its incorporation into the JD10 devices
retards this process slightly.

3.5.2 D-n-A Sensitizers

The photovoltaic performance of organic D-7—A dyes in ssDSSCs and the influence of the
donor group on the V¢ was explored. The DOS derived from photovoltage transient decay
and impedance spectroscopy measurements are in good agreement with the photovoltaic
performance and show that the increase in V¢ can be attributed to an upward shift of the
CB of the TiO, for Y123 and JK2 relative to C220 or C218. The presence and length of the alkyl
substituents on the bridge segment of the dye molecules plays an important role in dye surface
coverage, which influences the net surface dipole effect and contributes to the observed CB
shift.

The different donor groups, having different extents of interaction with the HTM, lead to
different charge-transfer rates at the spiro-MeOTAD/dye interface. It is further believed that
the different donor groups influence the pore-filling of the solid HTM and its interconnectivity
when it is deposited out of solution by spin-coating, thus affecting the transport properties
of the spiro-MeOTAD. The upward CB shift of Y123 relative to C220 or C218 is believed to
originate from a contribution of the higher net surface dipole moment effect arising from
higher dye coverage and a higher surface blocking effect resulting from a lower spiro/dye
interaction energy due to its donor group which is believed to lead to reduced recombination.
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3.5.3 Ullazine Sensitizers

Ullazine dyes are presented as sensitizers in ssDSSCs with PCEs of up to 5%. It was found that
the rates of recombination was greatly influenced by the dye donor molecular structure. The
localization of the cation on the TPA unit and the extended structure of the donor group of
JD29 improved charge-separation and hindered the direct recombination of electrons from
the excited dye species with the ground state. Furthermore the dye structure also hinders
the recombination of electrons from the TiO;, and the oxidized dye or the oxidized HTM. The
reduction in recombination is reflected in a high Vp¢. Additionally the dye coverage for JD29
is highest of this series of ullazine sensitizers, which could lead to higher net surface dipole
effect, leading to an upward shift in the CB. Consequently JD29 was reported with the highest
PCE of 4.95% for this series of sensitizers, which can be mainly attributed to its high V.
The Jsc was further improved by increasing the light harvested through the use of D35 as a
cosensitizer, leading to a PCE of 5.40%.

The donor groups and the position of the anchoring groups, which is also the acceptor, not
only influenced the rates of recombination, but greatly effected the optical properties of
the dyes, which play a crucial role in the device performance. Changing the position of the
anchoring group for the dyes JD21 and 25 from the 5-position to the 4-position to give the
analogue structures JD26 and 27, introduced considerable steric hindrance and additionally
resulted in the group being twisted perpendicular to the ullazine core. Their low performance
can thus be attributed to their extremely low molar extinction coefficients, and in the case of
JD27, the low dye coverage resulting from the steric hindrance originating from the additional
alkyl chain. This latter effect is also observed in the case of JD25 which has shows a low dye
coverage which contributes to a lower recombination resistance and hence Vpc.

3.5.4 Perspectives

This chapter highlights the importance of careful and targeted design of the individual compo-
nents to optimize the physical and chemical properties of the molecular sensitizers used in
ssDSSC. The light-harvesting, dye-loading properties and the stability of the sensitizers play a
critical role for the photovoltaic performance.

Furthermore as has been shown here each sensitizer has unique properties that may be
beneficial or detrimental to the photovoltaic performance in ssDSSCs. High molar extinction
coefficient dyes absorbing light across a wide spectral range in the visible region are crucial to
generate the high Jsc necessary to achieve high PCEs. ‘Black dyes’ have been developed in
an attempt to achieve these requirements, displaying near panchromatic absorption across
the visible region, but due to their inherently low molar extinction coefficients they require
thick mTiO; layers to harvest sufficient light. As such they are inappropriate for the use in
ssDSSC, where the mTiO» thickness is limited due to the poor pore infiltration of the HTM.
The technique of co-sensitization is a noteworthy alternative to circumvent the need of a
singular dye that has this ideal absorption profile.
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The near-infrared light absorption of squaraine dyes classifies them as good candidates for
co-sensitization with complimentary absorption profiles. Furthermore their characteristic
narrow and intense light absorption makes them valuable as selective photon absorbers as
might be the case for tandem cells or in conjunction with energy relay dyes.

IS was used to successfully analyse the internal workings of the ssDSSCs and correlate the
photovoltaic performance with the molecular structure of the dye sensitizers.
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Impedance Spectroscopic Analysis of
Perovskite Solid-State Solar Cells

The chapter is based on the publication Dualeh et al. ACS Nano, 2014, vol. 8, 362-373.

4.1 Introduction

One of the main limitations of the solid-state mesoscopic solar cell system is the fast electron-
hole recombination. As the recombination resistance scales inversely with film thickness, the
nanostructured metal oxide layer is typically restricted to less than 3 um to ensure the maxi-
mum possible charge collection. Similarly problems arising from incomplete pore infiltration
of the mTiO, by the HTM limit the film thickness. However reducing the film thickness also
limits the amount of light harvested by the system and thus the photocurrent generated.

High molar extinction coefficient molecular sensitizers have been implemented to overcome
this problem (cf. Chapter 3), but even for the best performing ssDSSCs there is still room for
improvement to achieve complete light absorption.

As such there has been considerable interest in the development and implementation of
materials with higher light absorption abilities such as inorganic semiconductor quantum
dots [119-122]. More recently organic-inorganic hybrid perovskites have gained significant
interest, leading to a paradigm shift in the field of solid-state nanostructured solar cells and
for the first time since its conception, the solid-state analogue out performs its liquid-state
counterpart.

4.1.1 Organic-Inorganic Hybrid Perovskite

Perovskite is a calcium titanium oxide mineral — specifically calcium titanate, CaTiO3 - named
after the Russian mineralogist Lev Perovski. This name is now used to describe the class of
compounds that have the same crystal structure, characterized by the general formula ABX3
where A and B are cations (the ionic radius of A is larger than B) and X is an anion that bonds
to both cations. The ideal perovskite structure has cubic-symmetry, where the A cation is
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Figure 4.1. (a) Perspective and (b) projected view of the 3D ABX3 perovskite structure.

12-fold coordinated by the X anion in a cuboctahedral arrangement and the B cation is 6-fold
coordinated by X in an octahedral configuration as depicted in Figure 4.1. Hence the A cation
is positioned in the corner positions of the unit cell (0, 0, 0), B is at the body centred position
(1/2,1/2, 1/2) and the X anions sit in the face centered positions (1/2, 1/2, 0). The result is
corner sharing BXs octahedra with the A cation placed at the centre of the cube formed.

The organic-inorganic hybrid perovskite materials have long been of interest due to their
unique optical, electronic and magnetic properties which can be further tailored by manipula-
tion of the individual organic and inorganic components [123-125]. The general formula of
the class of organic-inorganic hybrid perovskite material of interest here is RNH3MX3, where
RNHj3 (R = C,Hz,41) is the organic component and MX3 (M = metal such as Pb or Sn, X =1, Br
or Cl) is the inorganic component [126]. The small monovalent organic component adopts
the role of the A cation in the general perovskite structure. The divalent group 14 metal ion of
the inorganic component constitutes the B cation and the X anion are the associated halides.
The relative size requirements of the individual ionic components determines the stability
of the cubic structure of the material, where deviation from the ideal structure produces
lower-symmetry versions and phases.

Depending on the relative size of the two cationic species, the three-dimensional (3D) ideal
cubic structure is distorted generating the tetragonal and orthorhombic phases or even the
two-dimensional (2D) layered structure. For the latter case the 3D structure is broken into
2D layers of corner sharing BXg octahedra separated by a double layer of organic cations with
the general formula A,BX,. For the hybrid organic-inorganic perovskites discussed here this
occurs when the relative size of the monovalent organic cation is increased [126-129].

The properties of the methyl ammonium lead-iodide perovskite CH3NH;3PblIj; fulfill the neces-
sary requirements that make it an attractive light absorbing material for application in photo-
voltaics. It has a direct bandgap of 1.54 eV with its valence and conduction bands positioned
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Figure 4.2. Energy schematic illustrating the relative position of the conduction and valence bands
of CH3NH3PblIs with respect to the CB of TiO, and the HOMO level of spiro-MeOTAD.

respectively at —5.4 eV and —3.9 eV versus vacuum [49, 130]. These energetics provide suitable
driving force for electron injection into the TiO, CB (approximately 0.1 eV) and hole injection
into the HOMO level of the spiro-MeOTAD (approximately 0.3 eV) as illustrated in Figure 4.2.
Furthermore it is relatively air stable, however due to the presence of the hygroscopic organic
cation it is moisture sensitivity and thus undergoes degradation in humid conditions. Finally
its good solubility makes this material very attractive for solution-processing techniques.

While Lee et al. [50] showed that a mixed-halide perovskite on a mesoporous Al,O3 photoanode
acts both as light absorber and electron conductor, Etgar et al. [131] demonstrate that the pure
iodide perovskite can act as a hole conductor. Similar to Etgar et al., Chung et al. [10] showed
that the perovskite material, CsSnls, also functions as a hole conductor.

This demonstrates the interesting property of perovskites in that they do not only act as light
absorbers but also participate in charge conduction. Furthermore the perovskite halides show
another interesting effect since they do not only possess electronic charge conduction but
additionally exhibit ionic charge conduction. Perovskite-type oxide materials are important
ionic conductors in the field of lithium ion batteries and in solid oxide fuel cells as fast ion
conductors [132], in lead zirconium titanate (PZT) applications [133] or as ferroelectrics
(i.e. BaTiOs3 [134]). In the case of a perovskite-type oxide Lay;3TiOs, lithium ion conduction
has been observed when lithium is partially substituted for lanthanum and the measured
conductivity was one of the highest for lithium ion conductors chemically stable at ambient
atmospheric conditions [135]. In this structure 1/3 of the A-sites of the perovskite structure
are vacant, allowing the Li ions (which are substituted for La in A-sites) to move through the
vacancies.

Ionic conduction has also been reported for perovskite-type halides such as CsPbCls, CsPbBr3
and KMnCl3 [136] and believed to be a result of the migration of halide-ion vacancies. The ionic
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conductivity of the halide ions can be significantly enhanced through doping as demonstrated
by increasing fluoride ion conductivity resulting from the partial replacement of F in KCaF3 by
oxygen [137, 138].

The ease with which these organic-inorganic hybrid perovskite materials can be prepared
and processed from solution [124, 139] whilst simultaneously providing desired device char-
acteristics have made them an attractive alternative to amorphous silicon in the field of
semiconductors. The relationship between the organic and the inorganic components and its
impact on the material structure and properties can be exploited to design and develop mate-
rials for targeted applications [140-142]. Generally the relatively simple organic component in
these hybrid structures has been found to play a secondary role in determining the physical
properties and serve more to define the crystal structure of the material. This is the case for
the conducting tin(II)-halide based perovskite where the high conductivity arises due to the
high mobility of the tin-iodide layers while the organic component define the structure [129].
Alternatively the use of oligothiophene chromophores as the organic component in combi-
nation with lead(II) halide layers allowed charge-transfer between the separate components
and thus not only defined the dimensionality of the lead(II) halide layers, but determined
the photoluminescent properties of the material [141]. Chang et al. [143] examined not only
the electronic and structural properties of the lead-halide based organic-inorganic perovskite
CH3NH3PbX3 (X=Cl, Br, I) but determined that the physical coupling between the organic and
inorganic components is weak, allowing easy rotation of the organic CH3NH; constituent.
Unlike other composite materials where inorganic and organic components are often either
randomly arranged or any order is only short-ranged, this hybrid perovskite class of materials
display long-range order in the crystal structure [129, 141].

At elevated temperatures above 56°C the crystal structure of CH3NH3Pblz adopts the ideal
cubic perovskite phase. In this phase the organic CH3NHJ constituent undergoes rapid
reorientation and can occupy up to 24 different disordered states due to the weak physical
coupling between the organic cation and the inorganic framework [144]. Distortion of the
inorganic framework at lower temperatures leads to phase transitions to the common non-
cubic variants. Between 54 and —121°C the degree of symmetry of the structure is reduced
assuming the tetragonal crystal phase, decreasing the number of disordered states available for
the organic cation to 8. At temperatures below —121°C the perovskite crystal phase becomes
orthorhombic, fixing the CH3NHj in place.

A further advantage of these materials is the possibility to tune their light harvesting capabili-
ties by chemical management as shown by Noh et al. [145]. This further allows more freedom
and improved matching between the perovskite and the HTM used [146-148].

The system investigated in this chapter uses the lead-iodide based perovskite CH3sNH3Pbl; as
light absorbing material in a solid-state mesoscopic heterojunction style solar cell employing
the amorphous organic p-type semiconductor spiro-MeOTAD as the hole-transport material.
The lead-iodide perovskite used here is deposited by spin-coating from a 1:1 molar ratio
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solution of Pbl, and CH3NHj3I in y-butyrolactone (GBL) directly onto the mesoporous TiO»
films following the procedure reported by Kim et al. [49]. These films are subsequently an-
nealed at 100°C for 10 minutes, leading to the formation of crystallites of the organic-inorganic
lead-iodide based perovskite, CH3NH3PbI3.

The versatility of this organic-inorganic hybrid perovskite materials and the multitude of
deposition methods, treatments and device architectures reported for CH3NH3Pbl3 alone have
resulted in the rapid improvement of the photovoltaic performance of corresponding solar
cells and multiple record breaking PCEs of up to 16% [149, 150]. This incredible development
is mainly a result of optimized and improved perovskite material films. The importance of
the material composition, crystal structure and film morphology will be discussed in further
detail in Chapters 5 and 6.

4.2 Considerations of the Systems and Impedance Spectroscopy

Impedance spectroscopy measurements are conducted in order to investigate the internal
electrical processes and to quantitatively and qualitatively analyze the associated parameters
of perovskite-based solid-state solar cells. This study aims to interpret the IS measurements of
these devices, using the established equivalent circuits used for DSSCs as a starting point and
basis for the development of a well-defined model.

In general IS is nowadays one of the most utilized techniques to analyze liquid DSSC devices.
Although it is a relative long procedure from performing the initial measurement, fitting of the
resulting impedance spectra to the analysis of the extracted data, this technique rewards the
investigator with deep insights about the fabricated devices.

The equivalent circuit model employed for a liquid DSSC in the dark consists of a one channel
transmission line model (describing the chemical capacitance and the recombination and
transport resistance in the TiO;) in series with an RC element for the counter electrode and,
depending on the applied potential, a Warburg diffusion resistance for the ionic transport in
the electrolyte (cf. Figure 1.12 Chapter 1) at intermediate and higher forward biases. At low
forward bias when the mesoporous TiO» is insulating, an RC element for the FTO or compact
TiO, underlayer of the photoanode in contact with the electrolyte has to be employed instead
of the transmission line branch for the mTiO,. A modified but similar model is used to simulate
the impedance response of ssDSSCs [54, 68] (cf. Chapter 2). In the ssDSSC equivalent circuit
an additional RC element has to be implemented instead of the Warburg impedance element.
The additional RC — Ryrym and Cyrym — represents the transport of charges inside the HTM if
the hole conductor is not doped sufficiently or the hole mobility is too low.

At the time when this work was conducted there was only one investigation of perovskite-based
solar cells by IS reported [151]. It provides valuable information on the capacitive behavior
inside these devices though the behavior of parameters like recombination resistance or
transport resistance still remains unclear. In this chapter a thorough analysis is presented
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from which all the resulting information and subsequent conclusions can be drawn [152].

The device configuration of the perovskite-based solid-state solar cell shares similarities with
the well-known liquid electrolyte-based DSSC as is depicted in Figure 4.3. Instead of a layer of
dye molecules adsorbed on the surface of the mTiO; as in the liquid and solid-state DSSCs, the
perovskite material will cover major areas of the mTiO, with several nanometer thick layers or
crystallites. The impact of the degree of mTiO; coverage by the perovskite material is unclear
and a point of major interest for several reasons. The recombination of electrons from the
mTiO, with holes in the HTM may involve an additional step through the perovskite layer.
Furthermore the conduction band position and/or the charge-transport in the mTiO, can be
affected either due to the hindered accessibility for TBP or Li* ions, normally crucial for the
performance of especially the ssDSSCs, or due to the change of the ionic environment by the
perovskite coverage.

In the case of its solid-state analogue — the ssDSSC - the thickness of the mTiO, layer is
limited by the pore infiltration of the organic hole-transport material and its short diffusion
length of charge carriers. Consequently ssDSSCs generally use thinner mTiO, films of 2-3 ym
compared with the liquid-state alternative, which use up to 15 or even 20 um. In the case of
the perovskite-based solar cells, 300-600 nm of mTiO, film thickness is generally employed,
representing a further reduction of 10 to 30 times relative to the solid-state and liquid DSSC
systems. The pore-filling of the mTiO, with the HTM is expected to be higher and thus is
expected to not be a limiting or irreproducible step.

Due to the reduction of the mTiO, film thickness to the submicrometer scale the relation
between the interface of the compact blocking layer/mTiO, and the surface area of the latter is
considerably altered. Consequently the influence of the underlayer is much more pronounced
for this system using such thin film thicknesses. The complexity of this system is underlined
by its various capacitances; 1) the space-charge capacitance of the blocking layer, 2) ionic
capacitances in the HTM/blocking layer and HTM/mTiO, interfaces and 3) the chemical
capacitance of the mTiO, which is relatively small due to the low active film thickness. As a
result of the change in the active layer thickness the interplay of these capacitances will differ
from the conventional ssDSSC.

In order to build an equivalent model for this system it is necessary to determine the DC
current and IS characteristics for devices utilizing such small active layer thicknesses. The
typical photoanode for a standard perovskite device consists of 300-600 nm thick mTiO, film
deposited on a compact TiO, blocking layer on FTO coated glass substrate. To elucidate the
behavior of these thin active layers, liquid and solid-state DSSC type devices using an iodine
electrolyte and spiro-MeOTAD were fabricated (without any perovskite or dye adsorbed) using
the same type of submicrometer photoanode. These devices were subsequently analyzed using
the well established existing equivalent models described above and compared to a standard
perovskite device. The device configuration of the different systems under consideration are
depicted in Figure 4.3.
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Figure 4.3. Device configuration for the different systems under consideration, not drawn to
scale. (a) liquid iodine device; (b) solid-state device without perovskite, (c) solid-state device with
perovskite, (d) solid-state device with perovskite using mAl,O3 in place of mTiO». Figure not to
scale.

In the conventional DSSC, the role of the dye sensitizer is to absorb the light and then separate
the charges by injecting the electron into the mTiO, and transferring the hole to the reduced
species of the redox couple in the electrolyte which is then regenerated at the counter electrode.
The corresponding situation in the perovskite solar cell is not as straightforward, where
electron injection into the mTiO; is seemingly not essential to achieve high PCEs due to the
perovskite’s ability to transport charges itself, demonstrated by the reported use of mAl, O3 [50].

To clarify the role of the mTiO,, perovskite devices using mAl,0O3 instead of mTiO, (Fig-
ure 4.3 (d)) were built and similarly analyzed. The DC current response of the different device
architectures is presented in Figure 4.5 (a). In the low forward bias region the current voltage
characteristic is dominated by the interface between the photoanode blocking layer (BL) (here
a compact TiO; layer) and the electrolyte or HTM. The blocking character of this interface
with respect to the iodine or triiodide reduction is apparent in the lower observed dark current
response in this potential region. Furthermore the importance and necessity of the blocking
layer for the solid-state devices is emphasized. At higher forward bias from about 400 mV
onwards the dark current curve is governed by the current flow over the now conducting
mTiO,. However it is necessary to note that in this case the magnitude of the currents cannot
be compared directly since the Fermi level Er at 0 V differs in between the different devices. As
stated above, this parameter is affected by the ionic environment and hence will be different
for the iodine liquid electrolyte compared to the solid-state HTM spiro-MeOTAD or when
perovskite is present.

In the simplest case the low forward bias region can be fitted by an RC element for the back
contact (BC) or counter electrode in series with another simple RC accounting for the interface
of the compact TiO, blocking layer with the hole-transporting agent. Due to the similar
time scales for the charge-transfer at these two interfaces, their IS response manifests in the
same frequency range, leading to significant overlap in the Nyquist plot making it difficult to
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Figure 4.4. (a) Full equivalent circuit model of the BL/HTM interface with a mesoporous non-
conducting metal-oxide at low forward bias. Rgy./Cp], — charge-transfer resistance and capacitance
at the FTO or BL; Cipnic — the ionic capacitance at the BL interface (ionicl) and at the mesoporous
metal oxide interface (ionic2). (b) Full model of a solid-state device with perovskite. Rians =
L x rrans — transport resistance; Rt = L x r¢¢ — charge-transfer/recombination resistance, where L
is the thickness of the active layer; Ry /Cx — resistance and capacitance associated with perovskite;
Rutm/ CuarMm — charge-transport resistance and capacitance of the HTM; Rpc/ Cpc — charge-transfer
resistance and capacitance at BC/HTM. Depending on applied bias the model has to be changed
accordingly, see text.

differentiate between them.

The capacitance at the underlayer/hole-transport agent interface is, in the liquid DSSC, in
reality set together out of two capacitances in series; the space-charge capacitance in the BL
and the Helmholtz capacitance in the electrolyte. The Helmholtz capacitance is about 10 to
100 times higher and is hence usually disregarded. This simplification of the capacitance at the
interface BL/hole-transport (HT) media in the case of the liquid DSSC can not be generalized
to the situation in the solid-state counterpart. While the capacitance of the underlayer for the
solid-state devices can also be split into two parts, since there is no liquid electrolyte present,
there is no ‘Helmholtz’ capacitance. Instead the presence of ions (mainly Li* from the LiTFSI
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additive) in the HTM may lead to the formation of a capacitance at this interface. This ionic
capacitance is probably in the same order of magnitude as the space-charge capacitance of
the BL, consequently its contribution cannot be considered negligible and it cannot be simply
discarded in a similar fashion to the Helmholtz capacitance in the liquid DSSC case. Also, even
though the mTiO; is still insulating in this potential region, and its chemical capacitance C,, is
thus still very low, the interplay between C, and the capacitance at the interface photoanode
blocking underlayer/electrolyte or HTM might play a role. This fact is normally discarded
in the equivalent circuit description of a liquid DSSC (cf. Figure 1.12 Chapter 1) due to its
minor influence on the final results. However in the perovskite solar cells using a solid HTM,
this contribution may be significant and thus needs to be considered in the analysis of the IS
measurements.

The full equivalent model for the BL/HTM interface is presented in Figure 4.4 (a), taking into
account all the components for a perovskite solid-state device. Additionally the considerations
regarding capacitances at the BL/HTM interface can also be applied to the mTiO,/HTM
interface. Here too it is questionable if the ionic capacitance in the HTM is high enough
to justify discarding it. However while Figure 4.4 (a) might be the accurate model it tends
to over parameterize the fitting region for this interface. Consequently this easily leads to
physically meaningless fits of the impedance data. To avoid these complications it is more
practical to adopt a simpler model where the individual capacitances in series are not treated
separately but fitted by a single capacitor. The extracted parameter is subsequently analyzed
and interpreted taking into account that in reality it is the combination of two capacitances in
series.

The transport resistance within the mTiO» increases proportionally with the thickness of the
active layer while the recombination resistance scales inversely. Hence in comparison to the
liquid and solid-state DSSC devices, the use of the submicrometer thin mTiO, layers in the
perovskite solar cells results in substantial reduction in the associated transport resistance.

The first simplified system to be investigated by IS is the liquid electrolyte-based device
with a similar photoanode used for the perovskite devices. In the low forward bias region
(black trace in Figure 4.6 (a)-(b)) two semicircles can be identified — the high frequency one
attributed to the counter electrode and the low frequency arc relating to the charge-transfer
through the BL/electrolyte contact. At higher forward bias the transport resistance is visible
as the 45° straight-line characteristic of the transmission line as seen for the measurement
conducted at 560 mV, green trace in Figure 4.6 (a)-(b). The transmission line merges towards
lower frequencies into the arc representing the recombination resistance and the chemical
capacitance of the mTiO,. At even higher forward bias (red trace in Figure 4.6 (b)) the Warburg
diffusion impedance for the diffusion of the ions in the electrolyte appears at low frequencies.
Though the thickness of the mTiO; is changed by a factor of about 30 relative to the standard
liquid DSSC, the general equivalent circuit model applied for this system is observed to keep
its validity.
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Figure 4.5. (a) Dark current plotted in log scale against the potential, (b) transport Rians (Open
squares) and recombination resistance R (solid circles), (c) chemical capacitance (dashed circles)
and (d) calculated electron lifetime as a function of the capacitance of a liquid device (red) and
solid-state devices with (black) and without (blue) perovskite with a similar photoanode and
(green) a perovskite solid-state device with mesoporous Al,O3 instead of mesoporous TiO,.

When considering the Nyquist plots of the solid-state devices (Figures 4.7 and 4.8, here for the
case with perovskite and spiro-MeOTAD as HTM) a similar transmission line behavior at inter-
mediate potentials is observed (Nyquist plot measured at 550 mV in Figure 4.7). Consequently
as in the case of the liquid DSSC, it can be concluded that the transmission line model can
also be applied as a basic skeleton for an equivalent circuit model for the solid-state device.
Naturally the underlying model has to be adjusted according to the bias applied.

In the high frequency region, the solid-state devices display the response from the back
contact (BC) at the gold/HTM interface, which is similar to the counter electrode interface in
the liquid electrolyte device (Figures 4.7 and 4.8 (c)). This BC element is visible over the whole
potential range, with its associated resistance staying mainly unchanged in the low forward
bias region until it begins to decrease in magnitude around the maximum power point MPP.

At lower forward bias, the samples with the perovskite absorber showed an additional RC
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Figure 4.6. (a) Nyquist plot of the liquid device measured at 700 (black), 560 (green) and 1 mV
(red). (b) Inset of Nyquist in high frequency region. Corresponding Bode plots displaying the (c)
magnitude and (d) phase as a function of the frequency.

element in between the low and high frequency semicircles (Nyquist plot measured at 150 mV
Figure 4.8 (b)). Such an effect could originate from a poor contact between the compact
underlayer and the mTiO,, which would lead to an additional RC element in series to the
chemical capacitance in Figure 4.4 (a). Since this element at intermediate frequencies was not
visible in the case of the liquid and, more importantly, in case of the solid-state devices without
the perovskite, it is possible to exclude a poor contact between the substrate and the mTiO,
and deduce its direct relation to the perovskite material. The evolution of this intermediate
resistance with potential is normally constant as long as the current flows over the BL/HTM
contact. At higher forward bias when dark current start to flow over the mTiO, the resistance
decreases steeply and normally vanishes.

Three maxima are visible in the Bode plot in Figure 4.8 (e) clearly indicating the individual
features contributing to the IS response at this applied bias; 1) the high frequency response
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Figure 4.7. (a) Nyquist and Bode plot, (b) magnitude and (c) phase, of a standard solid-state
perovskite-based device at 550 mV forward bias. The fit was performed with all parameters non-
restricted with the exception of the exponent of the CPE of the BL. This was fixed to 1 as long as
the transmission line was used since no parallel resistance exists for this element and hence no
‘real’ capacitance can be calculated.

from the BC/HTM interface, 2) the intermediate frequency response from the perovskite
material and finally 3) the low frequency recombination component.

The deposition technique of the perovskite from a solution mixture of Pbl, and CH3NH3I
precursors in GBL used here shows the formation of distributed crystallites of the absorber on
the TiO,. As such the control over the perovskite crystallization, stoichiometry and morphology
is poor. However contrary to Ball ef al. [51] no conformal film on top of the mTiO, film is
present though coverage is believed to be high with a high fraction of pore-filling. As a result
charge-transport can flow via the ‘known’ mechanism from ssDSSC, via the perovskite itself or
via a combination of both pathways. In the case when the pure triiodide perovskite material
CH3NH3PblI; is formed from the direct deposition of a precursor mixture in solution in the
device configuration described here, the hole-transport is believed to be directed mainly by
the hole conductor, spiro-MeOTAD. This is not the case when the mixed halide perovskite
is prepared using PbCl, [50, 51] in place of Pbl, or when the device architecture is changed,
resulting in significant charge-transport within the perovskite material itself.

In the potential region with forward biases near Vpc, when the mTiO; is in its conductive state
and the transmission line has vanished, a two RC response is expected for the different device
types. The high frequency response represents the BC interface and the second RC response —
at low frequencies — corresponds to the mTiO,/HTM interface.

A known discrepancy between the liquid and solid-state type devices manifests in the low
frequency region at high forward bias. For liquid type devices, there is a Warburg element
representing the diffusion of the ions in the electrolyte. For solid-state devices — lacking a
liquid electrolyte — this feature is absent, and instead a slow time constant phenomenon is
observed at high forward bias in the low frequency range. This feature can appear as a so-
called ‘negative capacitance’ or as an additional small semicircle at frequencies in the low Hz
or mHz range (see Figure 4.7 (b)) which may have a similar origin as the negative capacitance.
The origin of such a negative capacitance is normally assumed to be based on an imbalance
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Figure 4.8. (a) Nyquist plot, (b)-(c) showing intermediate and high frequency range, and Bode
plots, (d) magnitude and (e) phase, of a standard solid-state perovskite-based device measured
at 150 mV forward bias. The green line represents the fit by 3 RC elements in series. All elements
have been fitted with non-restricted numbers. The exponent of the CPEs was for all the devices
clearly above 0.8. For the perovskite solid-state devices in the case of the mid frequency RC-arc the
exponent was 0.78, hence still acceptable. If this value was fixed to 0.8 it did not obviously change
the other parameters.

(or anon-ohmic behavior) at one of the extracting contacts [153, 154]. It sometimes leads to
cross-over or roll-over effects in the J-V curves [155]. In most of the cases this feature appears
at high electron density in the semiconductor. Since it is associated with a slow time constant
it might be related to the reorganization of mobile ions at one of the interface.

In case of the devices with perovskite, at higher applied potential, an additional intermediate
semicircle is sometimes visible in the mid frequency region, between the BC and the recombi-
nation RC features (similar to the case of low forward bias). Since there is no clear indication if
and how these two elements in the mid frequency range are related, they were treated simply
as an additional RC element in series (R, and Cy in Figure 4.4 (b)). Further observation on
how these two elements behave may elucidate their origin and thus require modification of
the model.

To further study the samples and their IS response the proposed models were applied for the
fitting procedure, omitting the ionic capacitances and the element related to the HTM unless
stated otherwise.

Returning to the examination of the three model systems - liquid device without perovskite
and solid-state devices with and without perovskite — as implied by the current characteristics,
there is similarity in the IS behavior of all three samples. The main feature observed to change
is the behavior of the chemical capacitance (see Figure 4.5 (c)). Initially at low forward bias

105



Chapter 4. Impedance Spectroscopic Analysis of Perovskite Solid-State Solar Cells

the determined low frequency resistance (the charge-transfer at the BL/HT media interface)
clearly resembles the tendencies of the dark current, Figure 4.5 (a-b). The capacitance in
this potential region (low forward bias) is dominated by the capacitance at the BL/HT media
interface. The extracted values for this parameter for the different device systems are all in
the same order of magnitude. The capacitance of the liquid device increases slightly with
increasing forward bias as long as the dark current is channeled over the BL. In the case of
the solid-state devices the capacitance first increases before it suddenly drops. The drop
in capacitance near 400 mV forward bias for the two types of solid-state devices was also
observed for solid-state dye-sensitized solar cells (cf. Chapter 2) and can be explained by
a drop of the capacitance at the BL/HTM interface. For comparison the low frequency arc
capacitance for a device with mAl, O3 instead of mTiO, (see green trace in Figure 4.5) was also
determined. In this case the capacitance decreased with increasing forward bias exhibiting
the plane evolution of the capacitance at this interface without the overlaid increase of the
chemical capacitance of the mTiO,.

As the chemical capacitance in the mTiO, increases — at an applied forward bias > 400mV -
and the transport resistance becomes visible. The chemical capacitances of the three devices
display distinctly different behavior relative to the increase in potential. The increase of
the capacitance observed at higher forward bias is most pronounced in the liquid device
type. In the case of the solid-state devices, for the system with perovskite, the increase in the
capacitance is steeper relative to the system without perovskite. This is a clear indication that
the ionic environment of the mTiO, is different for each device type. This can lead to changes
in the shape of the density of trap states (DOS) inside the mTiO, and therefore of the chemical
capacitance. This chemical capacitance C,, is directly proportional to the DOS, dependent
on the dimension specifications of the mesoporous TiO; film (cf. Equation 2.7 Chapter 2). In
this context, the difference of C,, between the two solid-state devices is particularly interesting
indicating that the perovskite obviously has an influence on the shape and population of the
DOS.

The electron lifetime 7,, can be determined from the recombination resistance and the chem-
ical capacitance using 7, = Rt x Cy,. Electron lifetimes for the different types of devices are
presented in Figure 4.5 (d). The lifetimes are plotted against chemical capacitance of the
mTiO; since the direct comparison of the lifetimes against the applied voltage is not suitable
under such conditions. The conduction band position and the redox potential of the HT
media differ for the different systems under consideration. Normally, under the assumption
of a similar distribution of bulk traps inside the TiO,, the chemical capacitance of the mTiO,
or the DOS can be used as an indirect measure of the Fermi level Er or more precisely as
a measure of the distance between Er to the conduction band. However this assumption
is not valid for the systems investigated in Figure 4.5. The perovskite and the presence of
additives such as lithium ions or TBP change the CB position and the ionic surroundings of
the mTiO, and can therefore also change the distribution of the DOS as shown in Figure 4.5 (c).
Alternatively the conductivity of the mTiO; can be used to compare different samples since
(under certain conditions) it represents the same number of mobile charge carriers in the CB.
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The conductivity is calculated from the transport resistance of charges within the mTiO, which
is also greatly influenced by the ionic surrounding (screening) of the mTiO, and can only be
determined in a small potential range, which results in a very small window to compare the
properties of the investigated samples. As such the chemical capacitance is the best approach
to determine an approximation of the relation between the electron lifetime and Ef, taking
into account the described restrictions discussed here.

In the low forward bias region all four samples (including the mAl,O3 sample) possess very
similar electron lifetimes since the current flows over the BL which is more or less similar for
all devices. Considering the region in which the mTiO, is active, the lifetime is the longest
for the devices with the liquid electrolyte in combination with the iodine redox system. It is
followed by the lifetime in solid-state devices with perovskite and finally the lowest lifetime for
the solid-state device with only spiro-MeOTAD/TiO, interface (without perovskite). The data
presented in green is the electron lifetime with a device with mAl,Os3 instead of the mTiO»
where all the dark current can only be driven over the compact TiO, BL/HTM interface.

The mAl, O3 sample clearly shows no increase of the capacitance with higher forward bias (see
Figure 4.5 (c)). On the contrary the capacitance drops at higher potential. Such behavior was
already observed for ssDSSC type devices using ZrO, in place of mTiO,, however in this case
the mesoporous films were considerably thicker [54, 153, 154].

On the basis of these results it is possible to conclude that charge (electron) transport is chan-
neled over the mesoporous oxide as evidenced by the observation of the chemical capacitance
of the mesoporous TiO,. This capacitance belongs to the low frequency arc in the Nyquist
plot and the relation between this RC element and the mTiO; is further substantiated by the
fact that its resistance scales with the TiO, thickness as previously shown in the publication
of Kim et al. [49]. This is further confirmed by charge extraction measurements presented by
Abrusci et al. [156] which indicate the capacitance is much smaller for the case in which the
electrons are not injected into a mTiO» but a fullerene layer.

One can also observe that the BL dominates the observed lifetimes to different extents (Fig-
ure 4.5 (d)). The easier the recombination over the BL at lower potential the more current
is driven over this interface and the more forward bias has to be applied to ‘activate’ the
mesoporous oxide (see the case of the solid-state device without perovskite where the increase
in chemical capacitance is at a higher forward bias compared to the sample with perovskite).

The investigation of these model systems allowed the identification and analysis of the indi-
vidual components contributing to the IS response. A procedure and appropriate models were
developed that can be used to fit the data generated with perovskite samples (cf. Appendix A.2
for a full description of this fitting procedure).
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4.3 Validation of Impedance Model

In the previous section, model systems were investigated to examine the behavior and re-
sponse of the individual solar cell components from which an equivalent model was developed
and established. In order to assess and validate the suggested procedure to fit the impedance
data the influence of various factors were investigated. These include the impact of the vari-
ation of the additive LiTFSI salt and TBP concentration in the HTM solution as well as the
spiro-MeOTAD overlayer thickness on top of the perovskite-sensitized mesoporous TiO.

4.3.1 Effect of Spiro-MeOTAD Overlayer Thickness

Previous studies [32, 33, 35, 157] have investigated the mechanism of pore-filling of mTiO,
films with spiro-MeOTAD and its influence on the power conversion efficiency (PCE) of
ssDSSCs. It is believed that during the initial soak time after deposition of the HTM, the spiro-
MeOTAD solution rapidly infiltrates the mTiO, by capillary force, with excess solution forming
areservoir on top of the film. During the spin-coating procedure the excess solvent evaporates,
increasing the concentration of spiro-MeOTAD inside the pores until the molecules become
immobile [36]. Similar to the pore-filling fraction of the HTM, the formation of an overlayer
of spiro-MeOTAD is dependent on the deposition conditions and has been found to have
considerable influence on the performance of ssDSSCs [158]. However both these aspects
have not been explored for the case using submicrometer perovskite-sensitized mesoporous
films, where the device mechanisms are not yet fully understood.

Herein, the overlayer thickness was controlled by varying the concentration of the spiro-
MeOTAD solution used in the deposition stage from approximately 30 mM to 73 mM (the
latter of which corresponds to 50% of the standard spiro-MeOTAD solution concentration
used for ssDSSCs'). Additionally the spinning speed utilized in the deposition of the HTM
on the perovskite-sensitized mTiO, was varied for each concentration of HTM solution used.
Using scanning electron microscopy (SEM) to accurately determine the overlayer thickness
(cf. Figure 4.9 and summarized in Table 4.1) it was found that varying these critical parameters
in the deposition of the HTM allowed the overlayer thickness to be tuned between 0 and
271+15nm. Hence the overlayer thickness was correlated with the power conversion efficiency
of the devices, increasing from a PCE of 4.41% when there is no visible overlayer to a maximum
at 7.55% attained for an overlayer thickness of 136 + 6 nm.

The J-V characteristics of devices with different overlayer thicknesses depending on the spin-
coating speed and the concentration of the HTM solution were measured under standard
AM1.5G illumination (100 mW cm™2), see Figure 4.10 (a). The corresponding parameters are
summarized in Table 4.2. The pore-filling of the mTiO, and the thickness of the overlayer
is known to depend on the viscosity of the HTM solution and the spin-coating conditions.
Previous studies have shown that the overlayer thickness increases linearly with increasing

1 The standard spiro-MeOTAD solution concentration used for conventional ssDSSC is 147 mM which corre-
sponds to 180 mg in 1 ml of chlorobenzene
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Table 4.1. Overlayer thickness (in nm) determined from SEM images and their dependence on spin-
coating speed (in rpm) and HTM solution concentration.?

HTM concentration (mM) 2000 4000 5200

29 8745 5145 0

44 94+15 8248  76%5
59 160+10 136+6  99+17
73 271+15 239+9 198+£16

2 Associated error determined from standard deviation of the
average of measurements made at three different points of
samples.

the soaking time of the HTM solution [158] prior to spin-coating, which is a consequence
of the solvent evaporation increasing the viscosity of the solution. For the conventional
ssDSSC, the concentration of the spiro-MeOTAD solution used is 147 mM (180 mg in 1 ml
of chlorobenzene) and is deposited at a spin-coating rate of 2000 rpm. However in the case
of CH3NHj3Pbl3 as sensitizer, the mTiO» film used is considerably thinner at approximately
400-500 nm compared to the 2 um films used for ssDSSCs. Consequently the same conditions
result in a HTM overlayer thickness of more than 800 nm and very poor performance.

There is a clear correlation between the device performance and the overlayer thickness. Both
the Jsc and the V¢ display a gradual increase as the HTM overlayer increases from 0 nm,

2

reaching a maximum at approximately 87 nm for the Jsc with a value of 15.0 mA cm™ and

at 136 nm for a Vpc 0of 819 mV. As the overlayer thickness increases further the Vo decreases
and the Js¢ stabilizes following a small drop in magnitude at approximately 13.6 mA cm™2.
The FF was observed to be low between (0.59 and 0.61) for overlayer thicknesses up to 87 nm
as well as for overlayers greater than 160 nm (FF between 0.56 and 0.57). For the range in
between 87 and 136 nm the FF increased to lie between 0.63 and 0.66. As a result the overall
PCE shows an increase from 4.41% to 7.55% at 136 nm overlayer thickness before dropping
down to 5.20% at 271 nm. The peak performance at 136 nm is largely due to the high V¢ but
PCE:s of approximately 6% and greater are displayed for devices with overlayer thicknesses
between 82 and 160 nm. These trends are depicted graphically in Figure 4.10 (b). The drop in
FF towards higher thicknesses of the HTM overlayer can be readily explained by the increase
in path length for the charge carriers. This should result in an increased resistance for the
charge-transport within the HTM and in an overall higher series resistance. For no or very thin
HTM overlayers a more slanted J-V curve resulting in lower FF is observed and is indicative of
partial but not complete device shunting. This is contrary to what would be observed with
ssDSSCs sensitized with a molecular dye.

The trends of the Jsc and the V¢ against overlayer thickness are clearly related. Below 80 nm
HTM overlayer the gold will be, in major areas, directly on the uncovered mesoporous surface
and consequently be quite similar to the device structure of Etgar et al. [131], albeit with lower
photocurrent. Still the small influence of the shunt is another indication that the perovskite
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Figure 4.9. Cross sectional SEM images of devices made following different HTM deposition
conditions to give (a) no visible overlayer, approximately (b) 100 nm and (c) 200 nm thick over
layers. When no overlayer was present the Au counter electrode frequently flaked off the surface
during sample fracturing for SEM imaging. (d) Low magnification SEM image showing long-range
uniformity of the film structure. Arrows indicate the HTM overlayer. Black scale bars indicate (a—c)
500 nm and (d) 2 pm.

forms a relatively conformal layer around the mTiO; preventing the direct contact with the
gold BC. Especially in the case where no visible overlayer of the HTM is observed in SEM, the
evaporated gold can penetrate deeply in the thin mesoporous film. This could lead to a more
Schottky type device with a primarily active gold/perovskite interface. This would explain
the different current and voltage behavior for the thin HTM overlayers and could result in an
inactive mTiO, where there is no charge injection.

In previous work (cf. Chapter 2) [54] the transport properties of spiro-MeOTAD as HTM for
solid-state dye-sensitized solar cells was investigated. The charge-transport resistance of the
spiro-MeOTAD was shown to manifest itself as a RC-arc at high to intermediate frequencies
in the Nyquist plots. Furthermore it was observed to decrease significantly in magnitude
upon chemically p-doping the spiro-MeOTAD. In this study using CHsNH3PbIs in place of a
molecular dye sensitizer and submicrometer thick mTiO, the spiro-MeOTAD was chemically
p-doped to a lesser extent. As a consequence the charge-transport resistance of the spiro-
MeOTAD could be resolved for the devices with large spiro-MeOTAD overlayers and was found
to be smaller than previously reported for the pristine, undoped spiro-MeOTAD [54].

The established model described above is used to analyze the IS Nyquist spectra for these
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Figure 4.10. (a) J-V characteristics of devices with varying overlayer thicknesses measured under
standard AM1.5G illumination (100 mW cm~2) (solid) and in the dark (dotted). Insets show the
short- and open-circuit regions in detail. (b) Dependence of V¢, Jsc and PCE on HTM overlayer
thickness.

devices. The first arc at high frequency appears deformed which is consistent with the RC-arc
for the charge-transfer resistance at the BC/HTM interface overlapping partially with the RC-
arc for the charge-transport resistance of the HTM Ryrm. The transport in the HTM is modelled
by a resistor (see Chapter 2) [54]. The intersection of this high frequency arc corresponds to
the resistance of the conducting glass, contacts and wires, Rs. The magnitude of the following
RC-arc at high to intermediate frequencies was observed to be strongly influenced by changes
in the spiro-MeOTAD overlayer thickness. Hence this feature is attributed to the transport
resistance of the HTM Ryrm.

The resistance and associated capacitance extracted from the first high frequency RC element
as a function of potential for devices with overlayer thicknesses from 0 to 271 nm is shown
in Figure 4.11 (a) and (b). This resistance was found to remain relatively constant for low to
intermediate forward bias and then to decrease at high potentials. As the overlayer thickness
increases, the resistance displays an increase in magnitude from 50 to 2000 Q as shown in
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Table 4.2. Photovoltaic performance parameters extracted from J-V measurements of devices
with different overlayer thicknesses. All devices were masked to achieve an illuminated area of
0.285 cm?.

Overlayer [HTM] Spin-coating Vpc Jsc FF PCE
thickness (nm) (mM) speed rpm) (mV) (mAcm™2) (%)
0 29 5200 636 11.4 0.61 4.41

51 29 4000 639 11.7 0.60 4.47

76 44 5200 657 11.6 0.59 4.55

82 44 4000 665 14.7 0.61 5.99

87 29 2000 671 15.0 0.66 6.69

94 44 2000 752 14.9 0.65 6.89

99 59 5200 798 14.9 0.63 7.40
136 59 4000 819 14.9 0.63 7.55
160 59 2000 753 14.4 0.56 5.98
198 73 5200 725 13.8 0.56 5.62
239 73 4000 673 13.5 0.57 5.25
271 73 2000 667 13.6 0.56 5.20

Figure 4.11 (c). For devices with overlayers less or equal than 140 nm, the magnitude of
this resistance is similar and is thus mostly attributed to the charge-transport resistance
at the BC/HTM interface, the charge-transport resistance of the HTM being too small to
resolve for such thin overlayers. For overlayers greater than 140 nm the high frequency
resistance shows considerable increase in magnitude, its main contribution arising from the
hole-transport within the HTM, Ryrym. Consequently for thin spiro-MeOTAD overlayers up to
140 nm the BC/HTM interface dominates, while for devices with greater overlayer thickness
the magnitude of Ryty increases sufficiently to become the main contribution to the high
frequency resistance. This high frequency resistance, comprising these two components,
ultimately contributes to the total series resistance of the devices and thus affects their fill
factor. This is reflected in the slight drop in FF observed for devices with overlayers greater
than the optimum 136 nm. Further increasing the HTM overlayer thickness leads to drastic
decreases in the FF, greatly reducing the PCE.

Devices with overlayers less than the optimum 136 nm show a slight shunt in their /-V charac-
teristics, which is similarly reflected in the lower FF values. While the HTM overlayer appears
to be homogeneous across the mTiO; surface in the SEM images (Figure 4.9), this may not
universally be the case due to irregularities and defects on the top of the mesoporous film or
regions that are not completely covered by HTM and are thus exposed to the back contact
directly. As such, the optimum HTM overlayer thickness is achieved at the minimum HTM
thickness that forms a continuous, uniform film on top of the perovskite sensitized TiO,.

In addition to the increase in Ryty, the recombination resistance R which manifests in the
lower frequency region is also influenced by the increasing overlayer thickness (Figure 4.12 (c)).
In the potential range when the TiO» is conductive and the recombination resistance decreases
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Figure 4.11. (a) High frequency resistance and (b) associated capacitance as a function of the
corrected potential determined from IS measurements conducted on complete devices in the
dark. (c) Magnitude of high frequency resistance determined at a corrected potential of 0.2 Vas a
function of the HTM overlayer thickness.

rapidly, the shift in R was found to be relatively constant between devices with different
overlayer thicknesses. However there is a similar shift observed in the corresponding chem-
ical capacitance C, of R (Figure 4.12 (d)). This shift is also observed in the dark current
measurements for the devices (see Figure 4.12 (b)), which exhibit the same tendencies as the
recombination resistance with applied potential.

The chemical capacitance is observed to behave similarly for all devices at low forward bias,
when the current flows over the BL. At approximately 400 mV it displays the typical decrease
associated with the BL/HTM interface that has been described in more details above. Sub-
sequently it increases at high forward bias as expected for mesoporous semiconductors. In
the case of devices with thin spiro-MeOTAD overlayers, this increase is seemingly reduced,
or even nearly completely suppressed. This suggests that in these instances the system can-
not increase the charge density within the mesoporous film and as a result the DOS is not
increased. Another possibility would be that in these instances the charges flow through the
perovskite rather than the mTiO,. In this case the mTiO, would act more as a simple scaffold
for the perovskite material, and not participate electronically.
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Figure 4.12. (a) Dark current measurement of devices with varying spiro-MeOTAD overlayer
on top of the mTiO,, (b) inset showing variation in current response between 0.6 and 0.8 V.
(c) Recombination resistance R and (d) corresponding chemical capacitance C,, as a function
of potential determined from IS measurements conducted in the dark. (e) Electron lifetime
calculated from IS measurements.

In the case of the transport resistance Ryans (Figure 4.13 (a)), there is an inherent large error
associated with extracting this parameter, as such the magnitude of the relative shift for
different devices may result in misrepresentation. However in this case, as suggested by
the decreasing chemical capacitance for the device with no visible overlayer, the mTiO»
participation is small. Similarly, no transmission line was visible when no spiro-MeOTAD
overlayer was present, further emphasizing this point. As a HTM overlayer forms, the transport
resistance within the mTiO; increases, which may explain the apparent shift observed in the
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Figure 4.13. (a) Transport resistance, Ryans and (b) resistance associated with the perovskite as
a function of potential determined from IS measurements conducted on complete devices with
different HTM overlayer thickness in the dark.

transport resistances.

The relative shifts in C,, has been directly associated with the shift in the conduction band
position of the TiO, [53, 79, 159]. In order to better compare these parameters the electron
lifetime is presented. As outlined above, the electron lifetime, when presented against the
chemical capacitance, provides a comparison as a function of the rise of the Fermi level, taking
any shifts in the conduction band into account. This comparison introduces the restriction of
a similar DOS for the different devices, which may not necessarily be the case as evident by
the variations in the shape of the chemical capacitance. However this assumption still allows
an approximate comparison of the electron lifetime for the system under consideration. For
the devices with very thin spiro-MeOTAD overlayer, the electron lifetime is observed to be
lower, becoming longer for thicker overlayers, Figure 4.12 (e). This can explain the increase in
voltage for the thin to medium thicknesses but the reasons for the decrease observe for thicker
overlayers stays unclear. This unexpected behavior in the Vpoc shows that the dark analysis
by IS in this case does not lead to conclusive results since the lifetime for the devices with
overlayers from around 90 nm onwards stays mainly unchanged.

At low forward bias up to 400 mV the intermediate resistance, attributed to the perovskite
material, appears independent of the applied potential. Its absolute size varies over one order
of magnitude for the different devices. This could be a result of differences in the coverage of
the mTiO, surface by the perovskite and the amount of perovskite material present. In this
region of low forward bias the high transport resistance is due to the inherent low conductivity
of the material in the dark. Once the applied potential is sufficiently high, the conductivity of
the perovskite greatly increases and the resistance drops. This decrease is comparable for all
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devices investigated, independent of the HTM overlayer thickness, Figure 4.13 (b).

To summarize the variation of the thickness of the spiro-MeOTAD overlayer on top of the
mTiO; was investigated using IS. The suggested equivalent circuit model was used to fit the
data, verifying the physical meaning of the individual IS parameters. This analysis was then
used to correlate and explain the changes in the device performance as a function of the
overlayer thickness. Between 0 and 136 nm, the HTM forms a conformal overlayer, blocking
the direct contact between the perovskite and the gold back contact, thus leading to an increase
in the Vpc and the Jsc. As the HTM overlayer is increased above this value, the increase in
series resistance arising from the large Ryry values leads to a decrease in the FF and thus in
the overall cell PCE, reflected in the drop in Jsc and Vpc.

4.3.2 Influence and Role of LiTFSI as Additive

LiTFSI is a common additive to the spiro-MeOTAD HTM solution in solid-state DSSCs. In
this section the influence of the variation of the LiTFSI concentration in the HTM solution
employed in solid-state devices using perovskite sensitized mTiO; was investigated. The Li*
concentration has been varied between 0, 1 and 10 times the standard [33, 54] concentration
(corresponding to 0, 0.009 and 0.090 M Li* respectively). The spiro-MeOTAD concentration
used here was 0.059 M in chlorobenzene?. One has to note here that the mechanism for the
spiro-MeOTAD doping is accelerated or catalyzed by the presence of Li* ions [40]. A lower
doping level of the HTM manifests in an increased transport resistance. This resistance may
be evolve visibly in the impedance response even though the overlayer thickness if the spiro-
MeOTAD is thin and a cobalt(IIT) complex® is added as chemical p-dopant. In addition to its
role on the doping of the HTM, the Li* ions also participate in the screening of the negative
charge of the electrons inside the mTiO,, enabling a facilitated charge-transport [160] and
induce a downward shift of the conduction band of the mTiO» in liquid and ssDSSCs.

In Figure 4.14 (a) the dark current characteristics of solid-state perovskite devices with different
Li* content are presented. In the low forward bias region the interface between the BL and
HTM dominates and all devices display low dark current, the lowest currents measured for
samples with high LiTFSI content. At higher forward bias the current is higher for the device
with standard Li* content (0.009 M) followed by the one with the highest Li* content. The
lowest dark current is observed for the solid-state device without any Li*. Furthermore a
slower rate of increase in the current characteristics when there is no Li* indicates a higher
series resistance relative to the devices containing Li*.

Figure 4.14 (b) presents the photovoltaic performance parameters exhibiting the following
trends: The Vo is reduced if the solid-state devices contain Li* ions while the Js¢ is increased,
indicating that more charges are extracted. These effects are both related since the addition of
Li* ions results in a downward shift of the conduction band, leading to lower overall Voc. The

2 This corresponds to 40% of the standard spiro-MeOTAD solution concentration used for conventional ssDSSCs.
3 Denoted FK209 — cf. Appendix Figure A.2 for molecular structure.
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Figure 4.14. (a) Dark current measurement of the samples with different Li* concentration; 0
(red), 0.009 (black) and 0.09 M (green) LiTFSI. (b) Photovoltaic performance parameters extracted
from J-V measurements under standard AM1.5G illumination (100 mW cm™2). All devices were
masked to achieve an illuminated area of 0.285 cm?.

FF increases upon addition of Li* ions, which is a result of the previously mentioned higher
doping of the HTM - increasing its conductivity — and/or a facilitated charge-transport due to
the better screening at the perovskite/mTiO, interface.

The impedance spectra were fitted according to the model proposed in the previous section
(and in more detail in Appendix Section A.2). In several regards the sample without any added
lithium salt displayed strong deviation from the expected behavior. The devices without Li*
exhibited — at low potential and in the low frequency domain - in addition to the expected 3 RC
features, a feature resembling a 45° diffusion line as generally observed in the case of an open
Warburg impedance (explained in further detail below). This component could not be fitted
with sufficient accuracy and was therefore omitted. This additional low frequency response is
related to the diffusion of the ions through the perovskite to the BL. Possible origins of these
ions are from the additives such as the cobalt(III) complex used for doping the HTM or even
iodide ions liberated from the perovskite structure.

In the high frequency domain at higher forward bias when the potential is greater than 600 mV
another semicircle clearly evolves. The transmission line for the charge-transport inside the
mTiO; is no longer clearly visible since it is partially concealed by this additional feature.
Furthermore this semicircle at higher potentials represents the series resistance revealed in
the dark current characteristics.

The absence of Li* ions facilitates the charge-transfer at the interface between the BC and the
HTM at low forward bias as visible by the reduced resistance in this region, see Figure 4.15 (a).
Furthermore the associated capacitance of the BC showed a lower magnitude when no LiTFSI
is present (Figure 4.15 (b)). This indicates that this interface is not the origin of the additional
series resistance leading to the observed reduction in the dark current. Hence logically it
represents the HTM since it will be less oxidized and therefore the bulk transport resistance in
this material will be higher.
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Figure 4.15. (a) Charge-transfer resistance at the BC/HTM interface, (b) the associated capacitance
extracted by IS measurements in the dark for devices with 0 (red), 0.009 (black) and 0.09 M (green)
LiTFSI. (c) Resistance (solid) extracted from the RC feature at intermediate frequencies. At high
forward bias the additional resistance is given in case of the 0 M Li* ion content (red dotted open
diamonds).

The samples with LiTFSI content show similar values of capacitance at the BC interface
(Figure 4.15 (b)) across the entire the potential range. Moreover the charge-transfer resistances
of these devices are similar, implying that after sufficient addition of ions this interface does
not undergo any further change.

The Nyquist spectra (see Figure 4.16) for the device without any Li* ions show an additional
resistive element (see dotted trace in Figure 4.15 (c)). This semicircle represents a pure series
resistance which contributes to the observed low FF in the J-V characteristics. It is believed
to be related to the transport resistance in the HTM Rytym. It has been demonstrated that
in the case of thick overlayers of doped HTM (see Section 4.3.1) the response from the hole
conductor overlays with that of the BC at high frequencies. However in this case the absence
of Li* ions affects the mobility as well as the doping density of the HTM. This consequently
culminates in a slower reaction time for the charge carriers inside the HTM and thus shifts
the impedance element associated with the HTM to lower frequencies. This is revealed in the
different characteristic frequencies for the individual processes.

The resistance assigned to the perovskite is extracted at intermediate frequencies and dis-
played in Figure 4.15 (c). While this resistance is in the same order of magnitude in the low
forward bias regime for all devices regardless of LITFSI concentration, it is observed to decrease
more rapidly with applied bias for devices containing Li* ions.

Figure 4.17 (a)-(b) presents the influence of the Li* content on the recombination resistance
and the chemical capacitance. At 0 V the capacitances — which is related to the BL and the
mTiO, - of the samples with Li* show similar values while that for the case without Li* is
clearly lower (Figure 4.17 (b)). This implies that the simplest model — a simple RC element for
the BL/HTM interface — has to be treated with care since there is an obvious influence of the
Li* ions on this interface, increasing its complexity. In case of samples with Li* there is a slight
decline of the capacitance with increasing forward bias while the current flows over the BL.
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Figure 4.16. (a) Nyquist plot, (b) high frequency region, and Bode plots, (c) magnitude and
(d) phase, for a solid-state perovskite device with no LiTFSI measured at an applied potential of
500 mV.

All of the samples show the expected drop of the capacitance at around 400 mV before the
current starts to be channeled over the mTiO,.

Above 400 mV the mTiO, starts to become conductive and its chemical capacitance increases.
As has been observed for the liquid DSSCs or ssDSSCs, the chemical capacitance shifts to
lower forward biases with increasing content of lithium salt for the perovskite solid-state
devices. However it is important to recall that a lower doping level of the spiro-MeOTAD is
expected for devices without any Li* content. The shape of the capacitance is dependent on
the presence/absence of Li*, exhibiting a steeper rise for the sample without Li* ions as a
function of applied forward bias. At approximately 700 mV bias the capacitance decreases
again for the devices with 0 and 0.009 M Li*. This effect does not appear in the case of high Li*
content (0.090 M), suggesting that this response is related to the two capacitances in series at
the mesostructured surface; the chemical capacitance of the mTiO, and the ionic capacitance
at its surface. This latter parameter is strongly dependent on the presence and concentration
of ionic species such as Li*. In the case of devices with low or no content of Li* in the HTM,
the chemical capacitance in the mTiO, equilibrates more rapidly with the capacitance in the
surrounding medjia.

The recombination resistances reflect the shape of the dark current characteristics (see Fig-
ures 4.14 (a) and 4.17 (a)). There are no major differences visible in the behavior of this
extracted IS parameter for the three different device types. However while the recombination
resistance for the system with high Li* content (0.090 M) displays a similar value relative to
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Figure 4.17. (a) Recombination resistance, R (solid circles), transport resitance, Rians (Open
circles) and (b) the chemical capacitance, C,, of the mTiO determined from IS measurements.
(c)-(d) Calculated electron (solid) and transport (dotted) lifetimes as a function of the chemical
capacitance of the mTiO,. Measurements were conducted in the dark on complete devices with
different LiTFSI content; 0 (red), 0.009 (black) and 0.090 M (green) LiTFSIL.

the case with standard Li* concentration (0.009 M), its chemical capacitance is shifted to
lower forward bias. This indicates a longer lifetime for the devices with higher concentration,
0.090 M, of LiTFSI.

The transport resistance could not be reliably determined for the case without Li*. For samples
containing any quantity of Li*, Ryans shows nearly no shift. This is unexpected since this
parameter depends on the electrons in the conduction band, and consequently should be
similar in magnitude only at the same chemical capacitance or DOS. Such a situation could
arise due to similar screening by the charges in the surrounding media of the nanoparticles.
Obviously this condition is not fulfilled in this comparison where varying Li* concentrations
are expected to result to different extents of charge screening.

The electron lifetime — determined from the recombination resistance R, —and represented
against the chemical capacitance (Figure 4.17 (c)-(d)) normally shows the dependence of the
lifetime against the rise in the Fermi level. However this direct comparison requires a similar
DOS which is not necessarily the case as revealed here by the different shape of the chemical
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capacitance for samples without Li* (Figure 4.17 (b)). Nevertheless such a representation
still provides a better comparison than when 1, is represented versus the applied potential
since this latter situation omits to account for the shift caused by different doping levels of
the HTM. At low forward bias when the current flows over the BL, the lifetime is dominated
mainly by the change in recombination resistance exhibiting a strong electron lifetime change
with nearly similar capacitance.

Generally the electron lifetime and the transport time for electrons inside the mTiO, increase
with increasing Li* content. The Vo for the devices with Li* displayed a nearly similar value
though a shift in the chemical capacitance to lower forward bias is visible for the higher Li*
content samples due to the increased electron lifetime. The transport time is observed to
increase to a smaller extent leading to a mutual cancellation of the two effects and hence
similar V¢ values.

This investigation demonstrated the multiple effects of lithium ions on the device working
mechanisms and performance of solid-state perovskite solar cells. These effects are already
known from the study of ssDSSCs and liquid DSSCs thus confirming the validity of this
characterization technique. Increasing the concentration of Li* ions shifts the conduction
band to lower forward bias. It further influences the shape of the DOS, and increases the
transport time and the lifetime of the electrons within the mTiO,. Perovskite solid-state
devices without any Li* exhibit an additional series resistance at high forward bias related
to the transport inside the HTM. The resistance at intermediate frequencies related to the
perovskite material displays values within the same range for all cases at 0 V and for system
without Li*, this resistance is detectable over the whole potential range.

4.3.3 Influence and Role of 4-tert-butylpyridine as Additive

Following the analysis of the effect of concentration variation of the LiTFSI additive in the
HTM solution on the device mechanisms of perovskite-based solid-state cells, a similar study
examining the effect of the other common additive - TBP — was carried out. As before, the com-
plete devices were characterized using IS conducted in the dark. Using the model described in
detail above the IS plots where interpreted and fitted accordingly.

The role of TBP in DSSCs has been investigated [38, 161-164] to some extent and has been
determined to contribute to a conduction band shift of the mTiO,. It has also been found to
play a role as a recombination blocking layer, as it attaches to the TiO, surface, preventing
electrons recombining with the redox couple or solid HTM. The dark current characteristics
and photovoltaic performance parameters extracted from /-V measurements under 10 and
100% sunlight intensity of perovskite devices with different TBP concentrations are presented
in Figure 4.18.

Figure 4.19 presents a graphical representation of the evolution of the photovoltaic perfor-
mance parameters (adapted from Figure 4.18 (b)). As the concentration of TBP is increased
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Figure 4.18. (a) Dark current measurement of devices with different TBP concentrations: 0 (red),
0.05 (black), 0.24 (blue) and 0.48 M (green). (b) Photovoltaic performance parameters extracted
from J-V measurements of devices with varying TBP concentration used in the HTM. All devices
were masked to achieve an illuminated area of 0.285 cm?.
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Figure 4.19. Graphical representation of the trends in the photovoltaic performance parameters
as a function of TBP concentration measured at 100% (solid trace) and 10% (dashed trace) sun
intensity. The Jsc determined at 10% sun intensity have been normalised to 100% sun intensity.

a clear, continuous increase of the V¢ is observed. The addition of the TBP shows first an
increase in Js¢ to a maximum of 15.1 mA cm~2 and upon further addition the Jsc is observed to
decrease again. The latter decrease surely relies on the fact that the driving force for injection
of electrons into the mTiO; is reduced with the increasing conduction band position.

The FF is greatly reduced for the two samples with higher TBP content (0.24 and 0.48 M)
especially for the measurements under 1 sun illumination while the ones with no TBP or the
standard concentration of 0.05 M show similar values.

Starting with the analysis of the high frequency features, the magnitude of the resistance cor-
responding to the BC/HTM interface was found to remain largely independent of the applied
potential at low forward bias and decrease at higher forward bias values (Figure 4.20 (a)). As
the concentration of TBP used is increased, the overall magnitude of the resistance increases.
Pyridine compounds are known to adsorb onto gold electrodes [165] and therefore could
function as a blocking layer for the charge-transfer at the interface between the HTM and gold.
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Figure 4.20. (a) High frequency resistance, (b) corresponding capacitance and (c) intermediate
frequency resistance attributed to the perovskite material extracted by IS measurements in the
dark for devices with 0 (red), 0.05 (black), 0.24 (blue) and 0.48 M (green) of TBP used in the HTM
solution.

This would result in the observed increase in the magnitude of the high frequency resistance
feature as the concentration of TBP is increased in the device fabrication.

Additionally previous studies [40, 41] have shown that the inclusion of Li* ions to the HTM
solution act as a p-type dopant of the spiro-MeOTAD. However due to the high binding strength
of the Li* ions, a certain proportion is certain to bind to the TBP molecules, resulting in an
overall lower doping level of the HTM. Consequently the transport resistance of the HTM
Ryrm will increase as the concentration of TBP increases as there is a lower proportion of Li*
ions available to p-dope the HTM. As such this suggests that the high frequency feature may
initially be dominated by the BC/HTM interface for 0 M TBP and as the TBP concentration is
increased the contribution from the transport resistance of the HTM or the increased blocking
of the adsorbed TBP becomes more significant (see Figure 4.20 (a)).

The associated capacitance for this resistance, presented in Figure 4.20 (b) was found to
remain independent of the applied potential up to approximately 600 mV, after which it is
observed to increase in a similar fashion as the associated resistance decreases. In the case
of devices with TBP concentrations exceeding 0.24 M, this increase is preceded by a small
decrease in magnitude.

The resistance extracted from the additional RC feature at intermediate frequency attributed
to the perovskite material (Figure 4.20 (c)) was found to be considerably lower for devices with
no TBP content. For devices containing any quantity of TBB the resistance of this intermediate
frequency feature was an order of magnitude larger than in the case of devices containing
no TBP. The observed increase in the resistance of the perovskite component, suggests that
this feature is influenced by the presence and concentration of TBP. This could be due to an
indirect effect of the TBP binding with the Li* ions decreasing the concentration of ‘free’ Li*
ions, thus leading to an increase in the transport resistance of the perovskite and the HTM (as
previously stipulated).
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Figure 4.21. (a) Transport (dashed circles), recombination (solid circles) resistance and (b) cor-
responding chemical capacitance extracted from IS measurements. (c)—(d) Calculated electron
lifetimes, 7, (solid) and transport lifetimes, Tans (dotted) as a function of the chemical capaci-
tance of the mTiO,. Measurements conducted in the dark for devices with 0 (red), 0.05 (black),
0.24 (blue) and 0.48 M (green) of TBP used in the HTM solution.

The dark current measurements (Figure 4.18 (a)) show a clear difference for the different
devices. As the TBP content increases the resultant formation of a blocking layer hinders the
charge-transfer at the BL as well as at the mTiO, interfaces and consequently the current
decreases for devices with higher TBP content. This is reflected in the observed change of the
charge-transfer/recombination resistance of the mTiO; (Figure 4.21 (a)). The transport resis-
tance of the electrons inside the mTiO, shows a shift to higher forward potentials according to
the increased concentration of the pyridine additive.

As the concentration of TBP increases, C;, is observed to shift to higher forward bias (Fig-
ure 4.21 (b)). This demonstrates an upward shift in the conduction band of the mTiO, as
has been observed for DSSCs. This is also reflected in the mentioned shift in transport resis-
tance. The shift in the conduction band as a result of increasing TBP concentration is further
apparent in the increasing V¢ of the devices as seen in Figure 4.18 (b).

The electron lifetime and transport times are calculated and when represented against chemi-
cal capacitance as shown, allow a comparison at similar Fermi level, see Figure 4.21 (c)-(d).
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As in the case when the Li* content was changed, in the region of low forward bias the life-
time undergoes a large change at similar capacitances. At higher forward bias the increasing
lifetime with increasing TBP concentration is expected, as TBP is known to block the recom-
bination of electrons. The case where no TBP is added does not fall into this trend in that it
exhibits a higher electron lifetime than the device with 0.05 M TBP. This may be a result of the
contradictory effect due to the high amount of ‘free’ Li" ions that improve the conductivity
and thus the lifetime.

It was found that the TBP added to the HTM solution acts as a recombination blocking agent,
increasing the recombination resistance for the electrons at high TBP content. Additionally,
as in the case of conventional DSSCs, the TBP leads to a shift in the conduction band of the
mTiO,, which is observed in the chemical capacitance. This directly influences the V¢ of
the devices, leading to an increase in Vp¢ as the CB is shifted upwards with increasing TBP
concentration. Additionally the poorer FF of devices as the concentration of TBP is increased
results from increasing series resistance due to greater transport resistance of the less p-doped
HTM, Ryrm. This highlights the additional indirect effects of increasing the TBP concentration.
Its high binding strength results in a decreased concentration of ‘free’ Li ions, which greatly
influences the device mechanism and thus photovoltaic performance. Additionally the higher
series resistance is also a result of the increased adsorption of TBP at the gold back contact,
hindering the charge-transfer at the HTM/BC interface.

4.4 Standard Devices Under Illumination

The previous investigations outlined in this chapter were conducted under dark conditions.
The impedance measurements revealed that most of the basic concepts from the related liquid
and solid-state DSSC devices remain valid. However there exist differences between these
and the perovskite solid-state based system, such as the additional RC feature at intermediate
frequencies and e.g. the behavior of Jsc and V¢ with increasing HTM overlayer observed in
previous sections.

When the current-voltage characteristics of these perovskite-based solid-state solar cells
are measured under illumination a strong hysteresis in the /-V curves becomes apparent
(Figure 4.22 (a)) and is observed to manifest predominantly in the forward scan (from low to
high forward bias). This phenomenon is not detectable in the dark current measurements.
Figure 4.22 (b) displays the PCE values of a perovskite-based solid-state solar cell determined
using different scan velocities. The PCE determined from the forward scan from low to
high forward bias is strongly dependent on the scan velocity employed in the data acquisition
procedure while the backward scan from high to low forward bias shows nearly no dependence
on scan velocity. This indicates the existence of some slow charge carriers involved in the
current and voltage generation resulting in the observed hysteresis in the J-V characteristics.

Similar slow reaction times are observed in the transient photocurrent and photovoltage
dynamics of the perovskite devices shown in Figure 4.23. The rise and decay of the pho-
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Figure 4.22. (a) J-V curves of a standard perovskite solid-state device measured in the forward
(black) and backward (red) scan direction at a scan velocity of 100 mV s~!. (b) PCE values for
a device scanned with different velocities. Here from 0 V to V¢ and back, F= forward scan, B=
backward scan. The results presented in (a) and (b) correspond to different devices.

tocurrent and the photovoltage were fitted according to the least squares method using a
double exponential fit, from which the associated time constants presented in Table 4.3 were
determined.* The time constants extracted from the fitting procedure correspond to the fast
and slow rise/decay components.

After the red light LED pulse the current dynamics reveal an initial steep rise of the current
(where 7, is the associated time constant determined for this rise) which is observed to decay
rapidly. Following this initial fast decay the photocurrent undergoes a slow rise (slow rise
time constant 7). After the red light pulse is stopped the fast initial decay (fast decay time
constant 1) of the photocurrent is followed by a slow decay (slow decay times constant 7).
Similar observations can be made for the photovoltage rise and decay after the light pulse.
The time constants determined for the slow component of the photocurrent yielded values of
about 16 ms and 15 ms for the rise and decay respectively (see 7, extracted from the fitting in
Table 4.3). Similarly the time constants associated with the photovoltage rise and decay were
found to be 33 ms and 25 ms respectively.

This slow time constant phenomenon manifests itself in the IS measurements under illumina-
tion as a response in the very low frequency regime (between 10 and 0.05 Hz in the Nyquist
plot displayed in Figure 4.24). There exist several possible origins for this slow process, which
clearly has an influence on the PCE of these types of devices. It is clear that this feature is pre-

4 The photovoltage and photocurrent transient decays presented in Figure 4.23 were fitted using the least
squares method to the following double exponential decay, Equation 4.1.

—(x—xp) }
T2

—(x— xp)

Yo+ A1 exp{ }+A2 exp{ (4.1)

T1

where yy is the offset, A} and A are the first and second amplitude, 7] and 7 are the time constants for the
lifetimes of the fast and slow rise/decay processes respectively. xg is a constant corresponding to the time the red
light pulse was switched on and off. The extracted time constants are summarized in Table 4.3.
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Table 4.3. Lifetime time constants for the fast and slow rise/decay processes extracted from
photocurrent and photovoltage transient decay measurements.

Time Constants (s) Photocurrent Photovoltage
Rise Decay Rise Decay
T 0.000118(3) 0.000122(2) 0.00016(2) 0.00025(1)
T 0.0163(6) 0.0153(5) 0.033(7) 0.025(3)
a Light Pulse On  Light Pulse Off b Light Pulse On Light Pulse Off
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Figure 4.23. (a) Transient current dynamics at Jsc and (b) transient photovoltage dynamics at
Voc.

dominantly a light induced effect, as it does not appear to the same extent for measurements
conducted under dark conditions. Origins of this phenomenon are possibly ion intercalation,
ionic charge-transport and/or a ferroelectric effect.

The intercalation of Li* ions into the TiO; electrode has been reported to increase the pho-
tovoltaic performance of DSSCs [166-168]. When Li* are present in the electrolyte or the
hole-transport material lithium is photointercalated into the TiO, under illumination and
applied forward bias. The inclusion of lithium into anatase TiO; leads to the phase transition
from tetragonal TiO, to orthorhombic Li;/»TiO; [169] and increases the conductivity of the
TiO, photoanode [170].

To further examine the observed slow process, a perovskite device without HTM — hence
without any lithium ions present — was fabricated and measured under illumination to verify if
such a slow phenomenon is still observable. The slow time constant feature remained visible
in the IS response even in the absence of the HTM, hence excluding a photointercalation
phenomenon as a possible origin and indicating its relationship to the perovskite material.
As described in Section 4.2, an additional resistive element was observed at low forward bias
for IS measurements conducted in the dark and attributed to a charge-transport through
the perovskite material. This feature was observed to vanish when the IS measurement was
conducted under illumination. This demonstrates that the ability of this perovskite interfacial
layer to transport electronic charges is strongly increased under illumination. Consequently
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Figure 4.24. (a) Nyquist plot of a device measured under illumination at 0 V. Plots (b)—(c) show the
high frequency range from MHz down to about 10 Hz. Corresponding Bode plots displaying (d)
magnitude and (e) phase as a function of the frequency.

the electronic conductivity of the perovskite layer between the mTiO, and the HTM will be
high under illumination.

In addition to the electronic conductivity of this perovskite material it is most likely also an
ionic conductor where some charge carriers may be transported by the diffusion of ions. The
ionic conduction within the perovskite material is probably resulting from the migration of
halide ions, in this case iodide ions or the associated vacancies. This ionic conduction by
diffusion in the perovskite material is assumed to occur on a considerably slower timescale
than its electronic conduction and hence is believed to be associated with a comparatively
slow time constant, thus manifesting in the very low frequency region as a Warburg type
diffusion. Furthermore it is likely that the ionic conduction only manifests when the electronic
conductivity is limited (i.e. at low electron density at around 0 V applied bias) and/or when the
ions within the material become mobile (i.e. under light or increased temperature). If these
assumptions are valid the origin of the unique IS response of perovskite-based solar cells can
be separated into two chief contributions. Firstly its electronic conduction of charges which
manifests at intermediate frequencies and secondly its ionic conduction which appears at very
low frequencies. Both these processes are clearly strongly dependent on the light intensity,
drastically increasing in magnitude when exposed to light. Hence under illumination the
conduction of electronic charges is enhanced and the related charge-transport resistance
(visible under dark conditions) is greatly reduced. Similarly assuming that under illumination
the mobility of ions and hence their diffusion within the perovskite material is increased, this
explains the appearance of the slow time constant process at very low frequencies in the IS
response.
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From these observations it appears that this perovskite materials is a mixed conductor with
separate ionic and electrical conductivities. While I believe that the observed slow compo-
nent in the IS response is a result of the ionic conduction of the perovskite material, other
possible contributions such as the previously mentioned ferroelectric effect [171] can not
be excluded. Frost et al. demonstrate that organic-inorganic hybrid perovskite materials
such as CH3NH3Pbl; show instantaneous electrical polarization [172]. This is a result of the
orientational disorder of the polar CH3NHJ cation within the perovskite cage which can lead
to the formation of ferroelectric domains within the material. This photoferroic property may
account for the observed hysteresis in the J-V curves, which manifests predominantly in one
scan direction (from low to high forward bias). The orientation of the ferroelectric domains
will be influenced by the applied potential and the scan direction, hence giving rise to the
hysteresis. The origin of this hysteresis has also been attributed to the slow filling of traps
resulting due to defects within the perovskite absorber material [173] but this seems unlikely
as this does not fully account for the differences observed here when devices are measured at
different scan speeds.

Apart from the slow component visible in the Nyquist plot the following elements can be
observed under illumination for perovskite-based solar cells. As in the case for the measure-
ments conducted in the dark, a high frequency RC-arc for the BC/HTM interface and the
feature associated with the chemical capacitance and the recombination resistance of the
mTiO, are detectable. At lower light intensities (less than 50%) a transmission line for the
transport inside the TiO is also visible.

To further clarify the role of illumination on this system, the J-V characteristics and the IS
fitting results determined in the dark and under illumination are presented in Figure 4.25 (a)-
(b) and (c)-(d) respectively. Here the light intensity used is only 40% using an LED array.
At high forward bias the behavior of the increasing chemical capacitance is observed to be
similar when measured in the dark or under illumination. Alternatively the recombination
resistance as well as the transport resistance for the electrons are greatly reduced when under
illumination. The charge collection efficiency 1.,;; which can be calculated according to;

Ttrans !
Ncoll = (1 + _) (4.2)
Tn

and is hence greatly dependent on the recombination and transport resistances, shows about
80 to 85% (see Figure 4.25 (e)). As already observed in the relationship between the transport
and recombination resistance in the dark, see Figure 4.25 (c), the charge collection efficiency is
a critical parameter to achieve high photocurrents in such devices. In the case of a typical liquid
DSSC, the charge collection efficiency is generally over 95%, even at full sunlight intensity.
In comparison, 1.,;; determined for perovskite-based devices using Equation 4.2 is already
considerably lower (80 to 85%) at only 40% light intensity. Further increasing the light intensity
to 100% leads to further reduction in 1.4;; to below 80%. Hence the application of this fitting
procedure enables the identification of a key parameter, the charge collection efficiency,
that can be utilized to further optimize these type of devices. From this investigation it is
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Figure 4.25. (a) J-V characteristic in the dark (black) and under illumination at 40% sunlight
intensity by LED (red). (b) Dark current displayed on logarithmic scale. Extracted impedance
result of (c) the recombination resistance (solid circles), the transport resistance (open squares)
and (d) the chemical capacitance. (e) Charge collection efficiency calculated from R¢; and Ryrans
determined from IS measurement conducted under 40% light intensity.

clear that the Jsc can be further improved in these perovskite-based devices by e.g. reducing
the recombination while maintaining a similar transport resistance. This would lead to an
increased Jsc and V¢ and finally to an overall increased device efficiency.

4.5 Additional Discussion

The IS response associated with the perovskite material, manifesting at intermediate frequen-
cies needs to be addressed in further detail. Injection of charge carriers from and to the
perovskite with the TiO, is clearly demonstrated by the change of the capacitance associated
with the recombination arc generating the current (Figure 4.5) and in the publications of
Abrusci et al. [156]. When no mTiO; is present in the device structure no real increase in
the capacitance is visible (with the simplification mentioned for the fitting procedure from
Figure 4.4 (a)-(b)) showing that the capacitance can be used as a clear indicator for the active
part of the mTiO; in the charge-transfer processes. The origin of the RC element at intermedi-
ate frequencies at low forward bias in the dark is, as already mentioned above, related to the
electronic charge-transport within the perovskite. This feature is strongly dependent on the
material and structural properties. The role of the nature and morphology of the perovskite
material on its IS response will be examined in further detail in the Chapter 5. In the investiga-
tions of the effect of the spiro-MeOTAD overlayer thickness or the variation of the content of
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the TBP and LiTFSI additives this element appeared relatively unaffected with the exception
of the low TBP concentration case. This is attributed to the indirect effect of TBP binding
with Li* ions decreasing the concentration of ‘free’ Li* ions, thus leading to an increase in
the transport resistance of the perovskite and the HTM. It is assumed that there is a relatively
conformal film of the perovskite on top of the BL and on the mTiO,, hence charges have to
be channeled via this perovskite film. As such it acts like an intermediate layer between the
mTiO; and the HTM. This is further validated by the disappearance of this feature when the
devices are under illumination and the perovskite is very conductive.

4.6 Conclusions

In this chapter solid-state mesoscopic solar cells using lead-iodide based perovskite deposited
onto submicrometer thick mesoporous TiO, in combination with spiro-MeOTAD as a HTM
are investigated using IS. Through comparison with the well-known liquid and solid-state
DSSC systems, these devices are analyzed and interpreted, systematically establishing an
equivalent circuit model that can be applied to the IS analysis of this type of devices. This
is the first complete model reported for these type of devices. This model is then employed
to explore the effect of the concentration variation of the common HTM solution additives,
TBP and LiTFSI on the device parameter. Additionally the influence of the overlayer thickness
of the HTM on top of the mTiO, was investigated. From these experiments the working
mechanisms of these perovskite devices are explored and the presented model used for the IS
interpretation is validated. The complex nature of this system is exposed and the interplay of
various components, i.e. additive ratios, is highlighted. The experimental results show the
multiple roles and effects of the Li* ion and TBP concentrations in the HTM on the internal
electrical parameters, and consequently on the overall device performance.

The model presented further identifies the separate features corresponding to the electronic
and ionic conductivities of the lead-iodide based perovskite material. These features are
unique to this system and are believed to greatly depend on the morphology and nature of the
perovskite material as these define its transport and electrical properties.

4.6.1 Perspectives

This study describes the systematic development of an equivalent model to analyze perovskite-
sensitized solar cells. As such this investigation shows that IS is a useful tool for characterizing
this type of system and the developed IS model can be applied to examine the perovskite
material in working device configurations to identify the limiting processes reducing the
overall efficiency of the solar cells. It exposes the complex nature of this system and the
interplay between the various components at the interfaces within the device.

Furthermore it was demonstrated to be a valuable tool in the research of factors that influence
the device performance (such as the influence of additives) exposing their role and contribu-
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tion to the device operating mechanisms. The following Chapter 5 uses the model established
in this chapter to examine the role of the perovskite nature, composition and morphology on
the device photovoltaic performance.
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Morphological Studies of CH;NH;PbI;
Perovskite

Section 5.4 is based on the publication Dualeh et al. Advanced Functional Materials, 2014.

5.1 Introduction

The solution processability of the organic-inorganic perovskite material CH3NH3Pblj is one of
its major advantages. The simplest method of deposition requires only a simple heating step to
convert the deposited precursor solution (consisting of the organic and inorganic components
in an appropriate solvent) to the crystalline perovskite form. In this deposition method the
molar ratio of the precursors is critical and its influence on the power conversion efficiency has
been reported [174]. The morphology, stoichiometry and crystallinity of the material greatly
influences the overall photovoltaic device performance and as such the deposition technique
of the material is of crucial importance, as demonstrated by Burschka et al. [175] and Bi et
al. [176]. In just over two years the reported efficiencies for the solid-state CH3NH3Pbl3
hybrid perovskite-based solar cells using spiro-MeOTAD have increased from 9% [49] to
over 15% [150] mainly through changes and improvements in the deposition methods and
treatments. Hence all the treatments and conditions the material is exposed to as part of
and/or following the conversion to the final perovskite have a non-negligible impact on the
quality and nature of the perovskite layer. Recent reports in 2013 have demonstrated PCEs
of 15% from a planar heterojunction perovskite solar cell [177] which is attributed to the
formation of extremely uniform flat films of the mixed halide perovskite CHsNH3PbI;_,Cl, by
vapor deposition. This indicates that the perovskite absorbers can result in highly efficient
solar cells in the simplest planar device configuration, but is heavily dependent on the nature
of the perovskite film formed.

5.2 Perovskite Formation: Morphology, Structure and Composition

The nature and morphology of the perovskite film deposited on the mesoporous scaffold is
critical for the photovoltaic performance of the solar cell devices. Unfortunately this property
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is heavily dependent on the processing conditions of the material and consequently difficult
to control. In this chapter the morphological structure of the perovskite film is examined using
scanning electron microscopy (SEM), using X-ray diffraction (XRD) and UV-vis absorption
spectroscopy to expose the nature and composition of the material. Impedance spectroscopy
(IS) measurements are used to interpret and understand the role of these properties of the
perovskite material on the working device mechanisms and photovoltaic performance of
perovskite-sensitized solid-state solar cells. While many different procedures and recipes have
been reported the work presented here focused on the simplest deposition technique where
the perovskite is processed by spin-coating from a precursor solution containing all of its
components and subsequently annealed to remove excess solvent and drive the crystal growth
of the perovskite. This chapter will examine the role of various individual components used in
different perovskite precursor solution recipes in addition to examining specific parameters
influencing the formation mechanism.

5.3 Solvent Effects

As previously discussed one of the major advantages of this type of perovskite material is the
ease with which it can be processed from solution. The simplest deposition techniques involve
spin-coating a solution containing the precursor materials — the inorganic PbX, (where X =1,
Br or Cl) and organic CH3NH3I species — from a common solvent, i.e. y-butyrolactone (GBL) or
N,N-dimethylformamide (DMF). This leads to the formation of a film of deposited material on
the substrate which is typically heated at approximately 100°C to remove the solvent and drive
the crystallization of the material. Figure 5.1 shows SEM images of mTiO, films onto which
such precursor solutions were deposited and heat treated. As can be observed, depending on
the choice of solvent and precursor mixture used in the deposition process, there are large
variations in the resultant film morphology. The perovskite crystallization is dependent on
multiple factors including the volatility of the solvent, the degree of wetting of the substrate
and the solubility of the precursor materials. Figure 5.1 illustrates the differences in crystal
morphology of the perovskite material when deposited from (a) GBL or (b) DMF using Pbl,
and CH3NH3I (1 to 1 molar ratio) as precursors. In both these cases after deposition by spin-
coating the as-deposited films are annealed at 100°C for 10 minutes during which they are
observed to undergo a rapid color change from yellow! to dark brown, indicating the complete
conversion to the perovskite material (Equation 5.1).

Pbl, + CH3NH;3I — CH3NH;3Pbl; (5.1)

In the case of GBL, the perovskite forms circular islands and rings of material varying in size,
displaying internal structuring of the islands from the centre outwards. In contrast when DMF
is used instead of GBL, the perovskite crystals adopt hexagonal-based needle like shapes.

1 The perovskite precursor mixture in solution used here, containing PbX, (where X=I or Cl) and CH3NH3I in
GBL or DME appears clear yellow in color. In contrast the color of CH3NH3PbI3 perovskite crystal material is dark
brown.
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Figure 5.1. SEM images of mTiO, films with perovskite material formed from (a) Pbl, : CH3NH3l
in GBL, (b) Pbl, : CH3NH3I in DMF and (c) PbCl, : 3 CH3NH3I in DME Black scale bars correspond

to (i)—(ii) 5 pm and (iii) 1 pm.

Considering the case where the inorganic precursor Pbl; is replaced by PbCl, as reported by
Lee et al. [50] and Ball et al. [51], results in a further different film morphology as visible in
Figure 5.1 (c). The resultant film morphology of the PbCl, based solution consists of smaller
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crystal structures, which form an interconnected network across the mTiO; substrate.

To ensure a 1:3 ratio of Pb to I, a 1 to 3 molar ratio of PbCl, to CH3NH3I is used, which results in
the formation of 2 molar equivalents of CH3NH3Cl as according to Equation 5.2. Furthermore
due to the poor solubility of PbCl, in GBL, DMF is used as a common solvent for the perovskite
precursors.

PbClg +3 CH3NH31 —_— CHgNHngIg +2 CHgNHgCl (5.2)

The replacement of Pbl, by PbCl, leads to a noteworthy difference in the perovskite deposition
procedure. When PbCl, is employed the as-deposited spin-coated film requires a significantly
longer annealing time (at 100°C) to form the perovskite material. As mentioned above, the
perovskite is formed after less than 10 minutes when Pbl is used as a precursor observed
in an almost immediate color change to dark brown. Replacing Pbl, by PbCl, increases the
conversion time to 45 minutes, apparent in the very slow color change of the perovskite
film from yellow, through orange/red, to dark brown. This indicates that when Pbl, is used
the tendency to form the hybrid perovskite crystal is greater than in the case of PbCl,. The
simple mixing of Pbl, and CH3NH3I will lead to the formation of the perovskite in a solid-state
reaction. Hence during the solution processing approach examined here, the short annealing
time reflects the facilitated perovskite crystallization by driving the evaporation of the organic
solvent which is visible in the rapid color change to dark brown. On the other hand the long
annealing time required when the precursor solution mixture uses PbCl, suggests that in
addition to the removal of solvent there is an energetic requirement necessary to drive the
crystallization and subsequent formation of the perovskite.

For all three different precursor solution mixtures described there appear to exist large areas
where the structure of the mTiO; can be distinguished. It is important to note that these
‘exposed mTiO,’ areas may still be covered by a thin layer of perovskite material, allowing the
structure of the mTiO, underneath to be discerned. While there are large variations in the
crystal morphology of the perovskite film formed, depending on the solvent and precursors
used, these measurements indicate that the nature of the material is the same regardless.

XRD measurements (Figure 5.22) illustrate the similarity of the nature of the perovskite formed.
In the case when Pbl; is used, changing the solvent from GBL to DMF leads to no change in
the position of the XRD peaks observed. However when GBL is used the peaks are narrower,
suggesting that the individual crystallites formed are bigger than when DMF is used as a
solvent. This appears contradictory to the relative sizes of the structures displayed in the SEM
images in Figure 5.1, which suggest that the hexagonal-needle shapes formed from DMF are
larger than the perovskite islands formed from GBL. However it is possible that these shapes
actually consist of individual smaller crystallites whose size contributes to the width of the
XRD peaks. If this is the case, the XRD measurement suggests that these individual crystallites

2 The perovskite sample prepared from 1:1 molar ratio of Pbl, : CH3NH3I in DMF was deposited on mTiOy
directly on a glass substrate and thus lacks the FTO peaks.

136



5.3. Solvent Effects

20 30 40 50

T T 1T L B B | LU 1T L L T 1T LI B B |
V! I L v : T (L I : !

: (1:1)
! Pbl, : CHyNH;|
GBL

AL BRI VL UL B L L L LS I UL TR B B

Po(1)

} Pbl, : CH3NH,|
DMF

Intensity (a.u.)

20 30 40 50
2 theta (°)

Figure 5.2. XRD diffractograms of mTiO, films with perovskite material formed from
Pbl, : CH3NH3I in GBL (black), Pbl, : CH3NH3I in DMF (red) and PbCl, : 3 CH3NH31 in DMF (yel-
low). The vertical lines indicate the peaks associated with Pbl, (orange), CH3NH3Pbl; perovskite
(blue) and the FTO/mTiO, substrate (dot/dash black).

are bigger when GBL is used in relative to when DMF is used. Additionally the appearance of
the peak at 12.7° (dashed orange line) indicates the presence of pure Pbl, when DMF is used
as a solvent.

For the perovskite formed from PbCly, the position of the CH3sNH3Pbls perovskite peaks
are the same, confirming that the chemical nature of the material is identical regardless of
the solvent or precursor used. However the higher relative intensities of the peaks at 14.17,
28.49 and 43.27° corresponding to the (110), (220) and (330) reflections respectively, imply
that this perovskite is more orientated. The preferential orientation of the perovskite when
PbCl; is used as a the inorganic precursor component has been previously observed in XRD
diffractograms of perovskite deposited on glass substrates [178]. It has been stipulated that
this preferential orientation of the perovskite crystal may be beneficial for efficient and fast
charge-transport through the material.

As shown the perovskite crystal growth and the resulting film morphology is strongly de-
pendent on the choice of solvent used in the precursor solution as well as the nature of the
precursor species. Moreover these parameters influence the amount of perovskite that is
formed on the substrate — the material loading — which is reflected in the absorbance of the
film (Figure 5.3) and consequently on the current density of the corresponding photovoltaic
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Table 5.1. Photovoltaic performance parameters extracted from J-V measurements under stan-
dard AM1.5G illumination (100 mW cm~2) of devices using different solvents. All devices were
masked to achieve an illuminated area of 0.285 cm?. Integrated current density determined from
the IPCE spectra.

Precursors Solvent Integrated Current Vpc Jsc FF  PCE
Density (mAcm™2) (mV) (mAcm™?) (%)
Pbl, : CH3NHj3I GBL 13.28 813 14.37 0.63 7.33
Pbl, : CH3NH;3I DMF 11.10 792 10.50 0.75 6.33
PbCl, : 3 CH3NH3l DMF 17.49 957 17.41 0.68 11.20
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Figure 5.3. (a) UV-vis absorption spectra of mTiO, films with perovskite material formed from
Pbl, : CH3NH;3I in GBL (black), Pbl, : CH3NH3I in DMF (red) and PbCl, : 3 CH3NHsI in DMF
(yellow). (b) IPCE spectra of devices fabricated under the same conditions.

devices. The photovoltaic performance parameters extracted from /-V measurements are
shown in Table 5.1. The solvent effect on the light harvesting ability of the perovskite film are
small, with the film deposited from GBL displaying slightly higher absorbance, culminating in
aincrease in the Jgc.

On the other hand significant enhancement in the absorbance of the film across the entire
spectrum is observed when the inorganic precursor is changed from PbI, to PbCl, (Figure 5.3)
which is reflected in the increase in current density from 10-14 mA cm ™2 to > 17 mA cm ™2
(Table 5.1).

5.3.1 Perovskite Infiltration and Transport Mechanisms

The perovskite film morphology influences the device working mechanisms as the structure
of the film defines the device configuration. As described in the Chapter 1, in addition to
its role as light harvesting material the perovskite material can also transport charges. In
the case when there are large ‘exposed’ mTiO, areas (as observed when Pbl, is used), this
allows easy infiltration of the HTM (spiro-MeOTAD) deep into the pores of the mTiO; scaffold,
Figure 5.4 (a). As a result the effective area of the charge separation interface between the
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Figure 5.4. Schematic of device configuration when (a) areas of exposed mTiO, allows infiltration
of the HTM into the pores and (b) when the perovskite forms a dense capping layer on top of the
mTiO;.

perovskite and spiro-MeOTAD is larger. Consequently following its primary role as efficient
light absorber, the secondary role of the perovskite is predominantly in the charge separation
where electrons and holes are transported in the mTiO, and HTM respectively. When the
amount of perovskite material deposited is greater and there is a more uniform capping layer
of material covering the mTiO- film (as in the case when PbCl; is used), the infiltration of
HTM into the pores is hindered and it forms only a separation layer between the perovskite
capping layer and the back contact, Figure 5.4 (b). Consequently in this device configuration it
is conceivable that charge-transport within the perovskite plays a more important role within
the devices in addition to charge separation.

In Chapter 4 perovskite-based solid-state solar cells are analyzed by IS, from which a working
equivalent circuit model is developed and validated to interpret the frequency response of
these devices. The IS response associated with the perovskite material was found to manifest
at intermediate frequencies at low forward bias when measured in the dark. This feature
was observed to disappear when the devices were measured under illumination and the
conductivity of the perovskite material is greatly enhanced.The perovskite material used to
fabricate the samples in these investigations was deposited by spin-coating a 1 to 1 molar ratio
solution of PbI; and CH3NHj3I in GBL. As outlined above the extent of perovskite infiltration
into the mTiO; scaffold is greatly dependent on the deposition technique and the precursor
solution recipe. The use of PbCl, instead of Pbl, as a precursor material has considerable
impact on the perovskite film morphology, amount of material deposited on the mTiO, and
on the photovoltaic performance of solid-state devices as is evident from the measurements
conducted.

In this section the IS response of perovskite solid-state devices are examined to determine the
role of the chosen precursor used on the internal electrical processes of the device working
mechanisms. The previously studied system using a 1 to 1 molar ratio solution of Pbl, and
CH3NH;slI in GBL is compared to the case when a precursor solution of 1 to 3 molar ratio
solution of PbCl, and CH3NH3I in DMF is used. These two systems represent the optimized
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conditions for a one-step deposition method by spin-coating a precursor solution using
CH3NH3I for Pbl, or PbCl, respectively.

In the region of low forward bias, the dark current characteristics presented in Figure 5.5 (a)®
show a lower current for the samples prepared using the PbCl, precursor suggesting better
blocking properties at the blocking layer (BL)/HTM interface for this system. Recalling the
differences in film morphology and material deposited, when PbCl, is used as a precursor
instead of Pbl, the amount of perovskite material deposited is greater (as seen in the higher
light absorption of the film) and a more uniform capping layer on top of the mTiO, is created.
As suggested the perovskite material is expected to have a higher fraction of pore-filling, greatly
reducing (even eliminating) the interface between the HTM and the BL. Consequently this is
reflected in the lower measured dark current relative to the case when Pbl, is used, where a
higher degree of pore infiltration by the HTM is expected due to the absence of a conformal
and dense capping layer of perovskite material.

Similar reasoning can be applied to the more rapid increase in dark current at high forward
bias for the PbCl, system. Considering the schematics of perovskite infiltration in Figure 5.4
the formation of a more dense perovskite film, limiting and/or preventing HTM infiltration,
will result in a smaller contribution from the HTM to the overall series resistance. This is
reflected in a faster increase in the current with increasing forward bias and a higher FF (0.63
and 0.68 respectively, Table 5.1) determined from the photovoltaic performance. In such a
device configuration the perovskite is assumed to play a more prominent role in the charge-
transport process, which in light of the high diffusion coefficients it is believed to have, further
supports these observations as it too will contribute to a lower series resistance and improved
FF.

As observed in Chapter 4, when Pbl; is used as a precursor the IS response shows a feature
at low forward bias in the intermediate frequencies region which has been attributed to the
IS response of the perovskite material. For the system using a solution of 1 to 3 molar ratio
mixture of PbCl, and CH3NH3I in DMF in the perovskite deposition this feature is no longer
observed. This suggests that in this latter case the electronic conductivity of the perovskite
material is enhanced, resulting in a decrease in the associated resistance observed for such
devices (cf. Chapter 4). Taking into account this exception the IS response is interpreted
following a similar procedure as presented in the previous chapter. The charge-transfer
processes at the back contact (BC)/HTM interface and within the HTM material manifest in
the high frequency region. The recombination characteristics at the BL/HTM interface at
low forward bias and at higher forward bias — when the mTiO, is conductive — the transport
and recombination responses at the mTiO,/HTM interface take place in the low frequency
domain.

The parameters extracted from the IS measurements conducted on these type of devices in the

3 The measurement data for the system consisting of 1 to 1 molar ratio solution of Pbl, and CH3NHs]I in GBL is
adapted from Section 4.3.3 Chapter 4.
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Figure 5.5. (a) Dark current measurement of devices made with different perovskite precursor
solutions plotted in log scale against the potential. (b) High frequency resistance and associated
capacitance, (c) recombination (solid circles), transport (dashed squares) and perovskite asso-
ciated (open circles) resistance and (d) chemical capacitance extracted from IS measurements
conducted in the dark. (e)-(f) Calculated electron lifetimes, 7, as a function of the chemical
capacitance of the mTiO,.

dark are presented in Figure 5.5 (b)-(f) with respect to applied forward bias. The magnitude
of the resistance manifesting at high frequency related to the BC/HTM response was found
to be lower for the sample prepared with PbCl, (Figure 5.5 (b)). This is in good agreement
with the previous observations, reasoning that the higher perovskite infiltration and material
loading reduces the amount of HTM infiltration into the pores as well as the HTM overlayer,
resulting in a diminished contribution to the HTM IS response. This lower resistance gives
rise to the higher FF achieved for this system when PbCl; is used. Furthermore regardless
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of the precursor used in the perovskite deposition, the samples show similar values for the
associated capacitance of this interface across the entire potential range.

The intermediate frequency response assigned directly to the perovskite material is only
observed for the case when Pbl; is used as a precursor as outlined above (see black trace
with open circles in Figure 5.5 (c)). This proves the origin of this feature as the perovskite
material and further indicates that it is greatly dependent on the nature of deposition of the
material. The XRD measurements presented in Figure 5.2 indicate that there is no detectable
difference in the chemical composition of the resultant perovskite formed using either Pbl, or
PbCl,. This is further validated by the similar UV-vis absorption spectra measured displayed in
Figure 5.3 (a). The deposition method using PbCl, has been reported to lead to a more oriented
growth of the perovskite crystal leading to improved charge-transport within the perovskite
layer [178]. This is in good agreement with the observation of the disappearance of the
perovskite IS response at intermediate frequencies here, reflecting the increased conductivity
of the perovskite film following its formation using the PbCl, precursor.

The recombination resistance of the mTiO, depicted in Figure 5.5 (c) reflects the same trends
observed in the dark current measurements. The associated chemical capacitance shown in
Figure 5.5 (d) displays distinct differences for the two samples. In the low forward bias regime,
the capacitance is dominated by the BL/HTM interface and generally is relatively independent
of the applied forward bias. In the case of the system using PbCly,, this capacitance is observed
to increase slightly with increasing forward bias in this region. This behavior partially hides
the characteristic drop in capacitance at a forward bias of approximately 400 mV typically seen
for such solid-state devices and clearly observed for the PbI; case. This drop in capacitance
at the BL/HTM interface is only very weakly visible for the PbCl, system, providing further
evidence for the hindered HTM infiltration and thus reduced interfacial contact between the
BL and the HTM. At an applied forward bias > 400 mV the mTiO, becomes conductive and its
chemical capacitance increases exponentially. This behavior is similar for the devices using
Pbl, and PbCl,. At very high forward bias, the chemical capacitance is observed to level off
slightly for the case using Pbl, and even decrease for PbCl,. This phenomena is explained in
further detail in Section 5.4.

The electron lifetime, Figure 5.5 (e)—(f), is calculated from the recombination resistances
and represented against the chemical capacitance. At a similar DOS this clearly reveals a
longer lifetime for the samples prepared using PbCl, and is reflected in the higher V¢ of
957 mV relative to 813 mV when Pbl, is employed. This is attributed to a decrease in the
recombination losses between the mTiO, and the HTM by improved perovskite coverage
increasing the spatial separation between the mTiO, and the HTM.

The IS model developed in the previous chapter was successfully applied to the interpretation
of perovskite solar cells fabricated following a different precursor solution recipe. The IS
analysis presented here clearly reveals differences in the internal electrical processes when
different precursor solutions (Pbl, versus PbCl,) are used in the deposition step leading to very
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different perovskite film morphology and structure. This measurement technique is hence
useful in the characterization of the perovskite material, its properties and film morphology
and the resultant effects on the device working mechanisms.

5.3.2 Solvent properties

As is evident from the results presented, the perovskite formation from solution is heavily
dependent on the chosen solvent and its interactions with the precursor components. Hence
the properties of the solvent chosen plays a crucial role in the conversion process and thus
on the resultant film morphology. The affinity between the perovskite components and
the solvent, the volatility of the latter and the wettability of the mTiO, by the solvent all
determine the rate of perovskite conversion. The primary factor to consider is the solubility of
the perovskite precursor materials in the solvent, which is dependent on the balance of the
existing intermolecular forces between the components, and as a result controls the perovskite
conversion. Consequently the polarity of the solvent and its volatility are important properties
to consider.

The polarity of a solvent is generally determined by its dielectric constant (€), broadly classify-
ing solvents as polar (e > 15) and non-polar (¢ < 15). The dielectric constant is a measure of
the solvent’s ability to reduce the electric field strength surrounding a charged particle when
this is immersed in the solvent, hence decreasing the effective internal charge of the added
solute. These properties are listed in Table 5.2 for the solvents used.

While GBL and DMF both have high boiling points (204 and 152°C) and dielectric constants
(41.8 and 36.7 [179]), the individual intermolecular interactions these solvents have with the
perovskite precursors lead to considerable differences in the film morphology formed as
observed above (Figure 5.1). In addition the large dipole moments (3.97 and 3.86 Debye [180])
classify GBL and DMF as polar aprotic solvents, indicating their ability to solvate positively
charged species via their negatively charged dipole. This property has particular importance
when precursor components are changed, thus leading to changes in the solvation strength.

The formation of the different perovskite polymorphic phases observed is solvent-controlled,
dependent on the solubility and hence polarity of the solvent. Recent reports [181] suggest
that the use less polar solvents such as ethanol leads to supersaturation and precipitation of
the nucleation seeds. The low solubility of the CH3NH3PblI3 in this solvent locks the crystallites
in their specific structures which grow further as more material is deposited. However in the
case of higher polarity solvents such as DMF or GBL, the solvent can redissolve the perovskite
CH3NH3Pbls formed, leading to the formation of different perovskite polymorphic structures.
This accounts for the difference observed between DMF and GBL here, where the higher polar
GBL can dissolve more CH3NH;3Pblj; in the precursor solution confirming solubility-controlled
nucleation as the origin for the different crystal morphology.

It is also important to consider the solvent-surface interaction between the mTiO, substrate
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Table 5.2. Solvent molecular structures and properties.

Solvent Structure bp? Db uc ed
(°C) (gml™}) (Debye)
° O
y-butyrolactone GBL (_/v/ 204 1.130 397 4178
o
. . )
N,N-dimethylformamide DMF ~y 152 0.945 3.86 36.7
\S/
Dimethylsulfoxide DMSO I 189 1.096 3.9 46.7
(6]
o
N,N-dimethylacetamide =~ DMAc \N)J\ 166  0.937 3.72 37.8

2 Boiling point (bp) under a pressure of 1 bar
b Density (D) in g ml~! at 20°C

¢ Dipole moment (i) measured at 20°C

d Dielectric constant (e)

and the solvent. A strong interaction can hinder the crystal growth of the perovskite and
preferential adsorption can direct the growth, defining the structure of the film morphology
formed.

The interplay of the entirety of these properties in tandem with the material characteristics of
the precursor materials, defines the nature and strength of the intermolecular interactions
between the species and hence governs the conversion reaction. This is clearly evident in
the vastly different perovskite crystal film morphologies resulting from the use of different
solvents.

Solvents with similar properties marking them as possible candidates for the deposition of the
perovskite precursors are dimethylsulfoxide (DMSO) and N,N-dimethylacetamide (DMAc)
which are more polar than GBL and DMF respectively.

5.4 Perovskite Annealing Temperature

In this section the CH3NH3Pbls perovskite used as light absorber is deposited onto to the
mTiO, by spin-coating from a 1:3 molar ratio solution of PbCl, and CH3NH3I in DMF following
the procedure reported by Lee et al. [50]. In the standard case these films are subsequently
annealed at 100°C for 45 minutes leading to the formation of the lead-iodide based perovskite
material. Here the effect and importance of the annealing temperature during the final
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Table 5.3. Conversion temperature and associated time taken.

Temperature (°C) Time Taken (hours)

ambient? 20
60 20
80 3
100 0.75
120 0.25
150 0.25
175 0.17
200 0.17

4 ambient temperature consisted of room
temperature at approximately 20°C

conversion step is investigated, relating it to the perovskite film morphology and its influence
on the device working mechanisms [182]. These perovskite films formed are analyzed using
UV-vis absorption spectroscopy, SEM and XRD measurements. This exposes the role of
the annealing temperature of the perovskite on its film composition and morphology. The
variation of the annealing temperature during the perovskite conversion step was correlated
with the photovoltaic performance of solid-state solar cells using spiro-MeOTAD as HTM
and further examined by IS to gain better understanding of the internal electrical parameters
under working conditions.

For most of the techniques where the perovskite material is deposited from solution, a sub-
sequent heat treatment of the film is required. This has the dual purpose of removing any
excess solvent remaining in the film as well as facilitating the formation of the perovskite
crystal structure. Contrary to the case when Pbl; is used as a precursor as reported by Kim et
al. [49] which requires only 10 minutes of heating at 100°C to complete the conversion to the
final perovskite form, when PbCl, is used the conversion is complete only after annealing the
material for 45 minutes like reported by Lee et al. [50].

In the work presented here the annealing temperature of the perovskite film after deposition
by spin-coating was varied. The conversion to the final perovskite was regarded as complete
once the film showed a stable absorption profile resulting in a uniform dark brown color.
For low temperatures this conversion took considerably longer, 3 hours at 80°C relative to
45 minutes at 100°C. At 60°C, even when left for more than 20 hours the conversion was not
complete as indicated by poorer film coloration. In the case of high annealing temperatures
(> 150°C) the conversion was observed to occur almost instantaneously and in the case for
temperatures above 200°C to quickly convert to yellow. This yellow color is attributed to the
formation of Pbl, as elucidated in further detail in the subsequent sections. The amount of
time used for the annealing of the perovskite films at different temperatures is presented in
Table 5.3.
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Figure 5.6. (a) UV-vis absorption spectra for mTiO; films with perovskite annealed at different
temperatures. (b) UV-vis absorption spectra for mTiO; films with pure Pbl, (black) and perovskite
annealed at 200°C (red). The sample annealed at 200°C has higher absorption between 500 and
800 nm due to the contribution from the perovskite in this region.

5.4.1 Optical Characterization

The ultraviolet-visible absorption spectra of the perovskite material deposited on mTiO, and
annealed at different temperatures are presented in Figure 5.6 (a).

The samples annealed at 80 to 150°C show the typical absorption spectrum of the perovskite
CH;3NH3PbI; as reported [48, 50, 131, 183]. Increasing the annealing temperature of the
perovskite from 60 to 100°C shows an increase in the absorbance across the entire spectral
range, indicating that the extent of conversion is lower at such low annealing temperatures.
This is further highlighted by the extremely low absorbance of samples that were simply dried
at ambient room temperatures without further heat treatment. This latter case demonstrates
that removal of the solvent from the film is insufficient to form the perovskite from these
precursors and that energy is required to drive this conversion. This is confirmed by the lack
of the features associated with the absorbance of Pbl, corresponding to a peak at 500 nm
or perovskite absorption onset at 770 nm, which indicates that these dried precursor films
contain only PbCl, and CH3NHj3l1.

The samples annealed at 80°C show an additional absorption shoulder at 590 nm. The origin
of this feature remains unclear. However it could be related to the broad absorption observed
for the samples dried at 60°C between 570 and 640 nm. Taking this exception into account the
samples annealed at 100°C showed the highest absorbance. Further increasing the annealing
temperature leads not only to a decrease in absorbance but also the additional appearance of
PbI, absorption feature at 500 nm. A spectrum of pure Pbl, deposited on mTiO, is shown in
Figure 5.6 (b). For samples heated at 200°C the perovskite characteristics are almost no longer
discernible and the spectra resembles that of pure PbI, with slightly higher light absorption
between 600 and 800 nm. This confirms that the yellow color of these films is due to the
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formation of Pbl, at these high temperatures. This is in agreement with surface photovoltage
spectroscopy measurements made by Supasai et al. [184] where the appearance of the Pbl,
bandgap after heating CH3NH3Pbl3 samples above 140°C was observed. The absorption onset
of the perovskite remains constant for samples annealed between 60 and 175°C, indicating
that the optical bandgap of the perovskite is unaffected by the annealing temperatures. This
further confirms that the nature of the perovskite formed is unchanged by the annealing
temperature and is found to be in good agreement with the CH3NH3Pbls perovskite. For the
samples treated at ambient temperatures (where there is no formation of perovskite) or at very
high temperatures (where the formation of Pbl, is dominant), the bandgap absorption onset
is not visible.

5.4.2 Scanning Electron Microscopy: Film Morphology

The influence of the annealing temperature on the morphology and structure of the perovskite
layer formed on the mTiO, were examined by scanning electron microscopy. For samples
annealed at 60°C no homogeneous film was formed, rather large islands of precursor material
(PbCl, and CH3NHj3]I) are seen (Figure 5.8 (a)). This is validated as the islands lack the clear
crystalline structure typically observed for such perovskite materials and the large areas of
exposed TiO; visible in Figure 5.8 (a)-iii.

The use of annealing temperatures of 80°C results in a drastic change in the appearance of the
film formed. The typical structure of the perovskite is visible. The coverage of the mTiO is
much higher and the shape of the individual crystallites is much better defined. This is clearly
evident in the layer of perovskite material formed on top of the mTiO; as seen in Figure 5.7 (a).
The film formed upon annealing at 100°C is relatively similar in appearance to that formed
at 80°C (Figure 5.8 (b)—(c)) even though the time for the conversion process is longer at 80°C.
Furthermore the gaps between the perovskite crystallites is slightly larger in the case of 100°C.

Increasing the annealing temperature to 120°C the morphology of the perovskite adopts a
larger individual size for the islands of material (Figure 5.8 (d)). They no longer form a densely
interconnected network, but rather larger islands with larger gaps in between, resulting in

¥ Perovskite/
% mTiO2

...........

Figure 5.7. Cross sectional images of samples annealed at (a) 80°C and (b) 150°C. The black scale
bars correspond to 500 nm.
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a- 60°C

b- 80°C

c-100°C

d-120°C

e—-150°C

f-175°C

g—-200°C

Figure 5.8. SEM images of mTiO, films with deposited perovskite solution heat treated at (a) 60°C,
(b) 80°C, (c) 100°C, (d) 120°C, (e) 150°C, (f) 175°C and (g) 200°C. Black scale bars correspond to
(D)—-(@i) 5 pm, (iii) 1 pm.

seemingly larger uncovered mTiO, areas. Here it is important to note that it is believed that
these ‘exposed mTiO,’ areas are still covered by a thin layer of perovskite material, hence
revealing the structure of the mTiO, underneath (see cross sectional image in Figure 5.7 (b)).
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As the annealing temperature is further increased the size of perovskite islands is increased
and furthermore internal structuring becomes discernable (Figure 5.8 (e)—(g)). This is most
extreme at the highest annealing temperature investigated (200°C).

It can be assumed that the rate of perovskite crystallization is similarly enhanced as the
annealing temperature is increased. High temperatures resulted in the rapid growth of large
crystalline islands from a few nucleation sites and the associated large gaps in between. Lower
temperatures on the other hand allowed the formation and subsequent crystal growth from a
large number of nucleation sites, leading to the formation of smaller islands.

5.4.3 X-ray Diffraction: Perovskite Conversion and Composition

X-ray diffraction measurements were conducted to investigate the nature of the material
formed following the annealing process. As expected, low annealing temperatures result in
incomplete conversion to the perovskite (Figure 5.9). The XRD diffractrograms for samples
dried at ambient temperature for > 20 hours show a large number of peaks that are mainly
attributed to the precursor materials. The presence of PbCl, peaks (indicated by dashed
green vertical lines in Figures 5.9 and in 5.10) indicate that simply drying the films to remove
the excess solvent is insufficient to convert the precursor solution to the desired perovskite
material. In addition to the PbCl, peaks there are several peaks that remain unidentified. These
could be attributed to the possible formation of products such as lead(II) oxychloride [185]
arising as a result of the slow drying in the presence of water. Heating at 60°C for > 20 hours
also still shows strong evidence of the presence of these precursor materials. However, in this
case, a set of additional peaks appears (indicated by blue lines), matching those reported for
the CH3NH3Pbl; crystallized in the tetragonal perovskite structure [131, 186, 187]. The peaks
at 14.17, 28.49 and 43.27° are respectively assigned to the (110), (220) and (330) planes. The
presence of these peaks indicates that the conversion, while incomplete, does take place to a
small extent at these low annealing temperatures.

Hence recalling the SEM image for the corresponding sample prepared at 60°C, the islands of
material observed can be confirmed to consist largely of dried precursors, with only a small
proportion being converted to perovskite material (clearly visible in large areas of exposed
mTiO; in Figure 5.8 (a)) Once the annealing temperature is increased to 80°C, the peaks for
the precursors are no longer present and only the peaks for the perovskite material remain.
As in the case of the SEM images, the XRD diffractograms for the sample annealed at 100°C
shows little difference to the 80°C sample. As the annealing temperature is increased to
175°C, the intensity of the perovskite (110), (220) and (330) peaks increases due to an increased
conversion rate. From previous work it is known that this perovskite material shows a tendency
for preferential orientation with the a-axis [50, 144, 178] parallel to the film plane. Hence this
implies that the c-axis is normal to the film plane.

The observed increase in intensity of the reflections from the row of reciprocal lattice normal
to the film plane suggests increased orientation of the perovskite crystalline domains with
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Figure 5.9. X-ray diffraction patterns of perovskite samples annealed at different temperatures.

The perovskite was deposited on mesoporous TiO, coated onto FTO substrates. The vertical lines
indicate the peaks associated with CH3NH3Pbl; perovskite (blue)

and the FTO/mTiO, substrate (dot/dash black).

PbI, (orange), PbCl, (green)

’

increases in annealing temperature. Similar observations were made for AIN films [188], ZnO
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Figure 5.10. X-ray diffraction patterns of perovskite samples dried at ambient temperature for
20 hours (blue) and pure PbCl, (black). The perovskite was deposited on mesoporous TiO, coated
onto FTO substrates. The vertical lines indicate the peaks associated with PbCl, (green) and the
FTO/mTiO; substrate (dot/dash black).

films prepared by sol-gel techniques and then exposed to different heat treatments [189]
and FePt thin films with face-centered-tetragonal (001) texture [190]. Another origin of the
observed increased intensity of the peak intensity may arise from the phenomenon of mi-
croabsorption, where larger crystallite phases preferentially interact with the diffracting beam,
thus leading to a distortion of the diffraction intensities. For heat treatments at 200°C the
intensity of the perovskite is decreased and is explained by the decrease in material formed at
these high temperatures.

In addition, for annealing temperatures above 120°C a set of peaks that have been identified
as belonging to Pbl, appear [175, 191]. Moreover at lower temperatures the conversion to the
perovskite dominates the reaction (Reaction 5.3), however at higher annealing temperatures,
there is the additional formation of Pbl, (Reaction 5.4) [184].

PbC12 +3 CH3NH3I — CH3NH3PbIg +2 CH3NH3CI (5.3)
PbCl, + 3 CH3NH3I — Pbl, + CH3NH3I+2 CH3NH3Cl (5.4)
CH;NH;3Pbl; — Pbl, + CH3NH, + HI (5.5)

The perovskite crystal material has been reported to be stable up to 300°C, at which point
the organic component decomposes, leaving behind the inorganic Pbl, following Reac-
tion 5.5 [147, 171]. However recent studies [184] show that the CH3NH3Pbls perovskite begins
to transform to Pbl, at temperatures significantly below 300°C (at approximately 140°C). In
this study the perovskite material is not formed and then heated at a higher temperature
but formed directly at different annealing temperatures, hence there are additional factors
to consider. The excess organic CH3NH;3Cl formed in this reaction is believed to sublime,
thus leaving only the CH3NH3PbI3 perovskite on the mTiO, film as observed in the XRD
measurements. The rate of sublimation of the organic species CH3NH3Cl will increase with
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Table 5.4. Photovoltaic performance parameters extracted from J-V measurements under stan-
dard AM1.5G illumination (100 mW cm~?) of devices using different annealing temperatures. All
devices were masked to achieve an illuminated area of 0.285 cm?.

Temperature (°C) Voc (mV) Jsc (mA cm™?) FF PCE (%)

60 779 3.35 0.68 1.78
80 905 16.89 0.70 10.64
100 938 18.37 0.68 11.66
150 807 17.96 0.64 9.66
175 755 15.66 0.70 8.52
200 589 1.38 0.67 0.56
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Figure 5.11. J-V characteristics taken under standard AM1.5G illumination at (a) 100 mW cm 2
(solid) and in the dark (dashed) and at (b) 10 mW cm™2 for devices made using different annealing
temperatures for the perovskite. (c) IPCE spectra for perovskite solar cell devices measured without
light bias. As such the intensity of the response is slightly underestimated in comparison to the
Jsc values determined from the /-V measurements.

temperature, as will that of the precursor CH3NH3], thus driving Reaction 5.4 in addition to
Reaction 5.3. From these measurements it becomes evident that formation of the perovskite
films is composed of multiple processes; solvent vaporization, perovskite crystallization and
the sublimation of excess organic CH3NH3Cl need to take place. These processes occur simul-
taneously and their relative rates determine the composition of the final film and contribute
to the different film morphologies observed in the SEM images above.

5.4.4 Photovoltaic Performance

Solid-state solar cells were fabricated using the perovskite as sensitizer and spiro-MeOTAD as
hole-transport material. The perovskite material was deposited as described from solution
containing a 1:3 molar ratio of PbCl, and CH3NH3l in DMF and annealed at different tempera-
tures followed by the subsequent deposition of the HTM by spin-coating. The current-voltage
(J-V) characteristics measured under standard AM1.5G illumination (100 mW cm~2) of these
devices are presented in Figure 5.11, the corresponding photovoltaic parameters of which are
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summarized in Table 5.4.

A clear correlation is observed between the annealing temperature of the perovskite and
the photovoltaic performance of the devices. Samples that were annealed at 100°C gave the
highest power conversion efficiency at 11.66% as a result of the high V¢ and Jsc, 938 mV and
18.37 mA cm ™2 respectively. At low annealing temperatures (60°C) both of these parameters
are decreased as a consequence of incomplete conversion to the perovskite material, leading to
lower light harvesting as there is insufficient perovskite pigment present. The devices annealed
at 80°C displayed high PCE, and generally their parameters were only slightly lower than the
maximum values observed at 100°C. This is in agreement with the previous measurements
that showed a large degree of similarity between samples prepared at 80 and 100°C.

As the annealing temperature is increased further above 100°C, the V¢ is observed to decrease
significantly, leading to a fall in PCE. The Jsc remains high up to an annealing temperature of
150°C (17.96 mA cm™~?) before it too decreases. This trend can be explained by the formation
of Pbl, at these high temperatures instead of perovskite as seen in the UV-vis and the XRD
measurements. As a consequence the light harvesting abilities of the material is reduced,
resulting in the decrease in Jsc and Vpc. The trend in the Jsc is reflected in the UV-vis
absorption and the IPCE spectra measured for the samples and presented in Figure 5.11. The
IPCE spectral shape is similar for samples annealed at 60 to 100°C, and in good agreement
to that reported for the CH3NH3PbI; perovskite [175]. The intensity of the IPCE response
reflects the amount of perovskite formed and hence is a measure of the extent of perovskite
conversion, lowest for devices annealed at 60°C and highest for 100°C. Higher annealing
temperatures not only lead to a decrease in the IPCE intensity but also to a change in the
spectral shape, displaying a decrease in the region between 400 and 650 nm. This is attributed
to the competitive light absorption from the additional formation of Pbl,.

5.4.5 Impedance Spectroscopy: Deviation from Chemical Capacitive Behavior

In order to determine the origin for the decrease in the Vo of the devices as the temperature
for the perovskite annealing is increased above 100°C, impedance spectroscopy measurements
were conducted on the completed devices in the dark and under illumination.

The impedance response under dark conditions is examined and the data fitted using the
model developed in the previous chapter (cf. Chapter 4). The high frequency feature corre-
sponding to the charge-transfer resistance between the back contact and the HTM, as well as
any charge-transport resistance within the HTM (if insufficiently doped) was found to remain
more or less unchanged regardless of the annealing temperature used. This work focused on
the intermediate to low frequency region in which the transport and recombination of charges
manifests. Figure 5.12 shows the recombination resistance R and associated chemical ca-
pacitance C, determined from the impedance measurements conducted on devices in the
dark. As can be seen the behavior of the recombination resistance remains relatively similar
for all devices, no matter the annealing temperature used. This however is not the case for the
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Figure 5.12. (a) Recombination resistance and (b)—(i) associated chemical capacitance determined
from impedance spectroscopy measurements conducted on devices in the dark.

chemical capacitance.

In the case where the perovskite was heated at 80°C the chemical capacitance shows the
typical behavior expected of such devices. At low forward bias, where the mTiO» is insulating
and the charges flow through the compact TiO, underlayer, the associated capacitance at this
interface is low. As the applied bias increases and the mTiO, becomes conductive (usually at
an applied bias > 400 mV), the chemical capacitance increases exponentially. This exponential
behavior of the chemical capacitance is characteristic for such nanostructured materials and
has been extensively reported [53, 58, 60, 78].

In the region of low forward bias, where the current flows over the blocking underlayer, the
behavior of the chemical capacitance is similar for all devices, exhibiting a small increase in
capacitance with increasing forward bias. As in the other measurements, the samples prepared
at 100°C and 80°C behave relatively similar, with the exception that at very high forward bias,
the chemical capacitance for the device annealed at 100°C does not continue to increase, but
instead shows a levelling off. Increasing the temperature further shows that the chemical
capacitance deviates from its exponential increase at progressively lower forward bias. While
for samples heated at 175°C the chemical capacitance still shows some initial increase before
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Figure 5.13. (a) Recombination resistance and (b) associated capacitance extracted from impe-
dance spectroscopy measurements conducted under 100% sun light intensity.

remaining constant, annealing the perovskite at 200°C resulted in the chemical capacitance
displaying no considerable increase at all.

In the case of bulk heterojunctions devices, the capacitance has been observed to behave sim-
ilarly, here the decrease of the capacitance at high forward applied bias was attributed to the
formation of an injection limitation [192, 193]. These types of devices display Schottky diode
behavior at the metal-semiconductor contact. For Schottky diodes, the barrier height of this
junction can limit the injection of the minority carrier under moderate to large forward bias
thus determining the minority carrier concentration in the bulk semiconductor material [194].
Due to this injection limitation the charge collection is reduced and leads to the formation
of a peak in the capacitance instead of increasing indefinitely with increasing forward bias.
Furthermore this might evolve into a strong negative capacitive component [194].

In the systems under consideration here injection of electrons from and to the mTiO is
dependent on the energy level alignment between the conduction bands of the mTiO, and
the perovskite material. The conduction band energy for the perovskite material has been
reported to be only slightly higher than that of mTiO, (-3.93 eV and —4.00 eV below vacuum
level for the perovskite and TiO, respectively (cf. Figure 4.2 Chapter 4) [49]). Hence any
upward shift of the CB of TiO» or downward shift of the CB of the perovskite would result in an
injection barrier and thus prevent charge build up in the mTiO,.

When high forward bias is applied in the dark, the CB in the mTiO, is unpinned. The upward
shift of the CB of the mTiO; at high forward bias will lead to a misalignment of the energy levels.
While the recombination resistance showed the expected decrease in magnitude (see Fig-
ure 5.13 (a)) with increasing annealing temperature, the behavior of the chemical capacitance
under illumination was observed to be similar to the situation in the dark (Figure 5.13 (b)).
However the magnitude of the capacitance decreases with increasing annealing temperature.
The effect of the increasing content of Pbl,, acting as a sink for charges, is magnified under
illumination. The presence of Pbl, reduces the concentration of photogenerated charges, thus
reducing the charge density within the film.
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A misalignment of the bands could possibly arise due to the increasing proportion of PbI,
that forms with increasing annealing temperature. It is possible that the Pbl, acts as a sink for
charges injected from the perovskite, preventing the buildup within the mTiO, and accounting
for the energy level misalignment. This is clearly shown in the case for samples annealed at
200°C which contain a high proportion of Pbl,. The capacitance does not show any significant
increase indicating that there is no injection from and into the mTiO; and thus no buildup of
charges in the mTiO,. The peak in the chemical capacitance, before the observed decrease
at high forward bias occurs at lower applied potential as the annealing temperature of the
perovskite is increased. This indicates that the misalignment of the energy levels and the
formation of a barrier at the mTiO, occur at lower applied forward bias.

As can be seen from Figure 5.14 the electron lifetime, calculated from the extracted IS parame-
ters, decreases as the annealing temperature is increased from 80 to 200°C. This clearly reflects
the evolution of the open-circuit potential extracted from the J-V characteristics for devices
made using increasing annealing temperatures. These displayed an initial increase in V¢ as
the annealing temperature increased up to 100°C corresponding to incomplete conversion to
the perovskite material at low temperatures. This was subsequently followed by a decrease in
Voc as the annealing temperature is further increased. The electron lifetime of the devices
was observed to be longest for devices annealed at 80 and 100°C, steadily decreasing as tem-
peratures increase to 200°C. Similarly devices treated at 60°C also showed a lower electron
lifetime, arising from the incomplete conversion of the precursors to the perovskite material.

From the observations made from the IS measurements it is possible to deduce that the heat
treatment of the perovskite precursors at too high temperatures changes the energy levels
within the formed perovskite material in such a way as to hinder the electron injection from
and into the mTiO; at high forward bias. It remains unclear whether this is due to the change
in morphology of the formed perovskite film or due to the increasing proportion of Pbl,
formed.

5.5 Pbl, Compositional Effects

When the CH3NH3Pbls perovskite is formed or treated at temperatures > 140°C, Pbl, starts
to form as shown in the previous Section 5.4 which is detrimental to the photovoltaic per-
formance of the perovskite solar cells. In order to further explore the observations made,
the effect of the Pbl, content on the perovskite film morphology, its properties and on the
resultant device performance was investigated.

Typically the precursor solution is prepared using a 1 to 1 molar ratio of Pbl, and CH3NH3I
dissolved in GBL at 30-40 wt% (which corresponds to a concentration of 0.8-1.2 M Pbl,).
CH3NHsl helps to solubilize Pbl, in the solution. Solutions of varying molar ratio of the
precursor components were prepared by mixing different proportions of 1 M solutions of
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Figure 5.14. Electron lifetime calculated as described from the impedance spectroscopic mea-
surements.

Pbl, and CH3NH;3I in DMF*. DMF was chosen due to the poor solubility of Pbl, in GBL. The
proportion of Pbl, in the sample solutions was increased from an equimolar solution of 1:1
ratio of Pbl, and CH3NH3I to a 1:0 ratio consisting of pure 0.5 M solution of PbI, by decreasing
the aliquots of CH3NH3I added to the mixture.

4 The total volume of the solutions was kept constant by completing with DMF solvent to ensure that the Pbl,
concentration was constant at 0.5 M for all mixtures.
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Table 5.5. Photovoltaic performance parameters extracted from J-V measurements under stan-
dard AM1.5G illumination (100 mW cm~2) of devices prepared using different Pbl, content. All
devices were masked to achieve an illuminated area of 0.285 cm?.

Pbl, : CH3NH3l Voc (mV) Jsc (mAcm™2) FF  PCE (%)

1:1 788 9.92 0.76 6.04
1:0.8 759 9.68 0.74 5.55
1:0.5 747 7.39 0.63 3.50
1:0.2 749 2.99 0.58 1.31

1:0 585 0.53 0.66 0.21

5.5.1 Scanning Electron Microscopy: Film Morphology

As is illustrated in Figure 5.15 when deposited from a 1 to 1 molar ratio solution of Pbl,
to CH3NH3I in DME the perovskite film formed after annealing is cone-like in structure as
previously shown in Section 5.3. The structure appears to be partially hollow, hexagonal in
shape and 1-2 ym in diameter. As the proportion of Pbl, is increased to 1:0.8 the perovskite
crystal structure becomes less defined, slightly smaller and more needle like in appearance.

Further increasing the content of Pbl, leads to an observed interconnection of the needle-like
structure, a reduction in the size of the needles and finally forming a relatively flat film of
material on top of the mTiO,. Additionally as the proportion of Pbl;, is increased the internal
structuring of the perovskite crystals becomes more apparent which is similar to the changes
observed in the perovskite film morphology when it is annealed at higher temperatures (Fig-
ure 5.8). Hence this can be correlated with the increasing Pbl, content within the perovskite
film.

5.5.2 X-ray Diffraction: Perovskite Composition

The XRD measurements, presented in Figure 5.16, allow the changes in the composition
of the perovskite film formed to be monitored. As the proportion of Pbl, in the precursor
solution increases the peaks corresponding to the CH3NH;3PbI3 (indicated by dashed blue
lines) decrease and completely disappear at a molar ratio of 1 to 0.2 of Pbl, to CH3NH3I.
Interestingly the presence of pure Pbl, is confirmed by the associated XRD peaks at 12.7 and
39.5° (dashed orange lines) even in the sample with 1 to 1 molar ratio. These peaks become
more intense and narrow as the Pbl; fraction of the precursor solution increases.

5.5.3 Optical and Photovoltaic Characterization

The trends observed in the XRD measurements (Figure 5.16) account for the changes visible in
the UV-vis absorption measurements displayed in Figure 5.17 (a). These indicate a decrease in
the absorption of the mTiO,/perovskite across the entire visible spectrum as the proportion of
Pbl;, increases. Furthermore for samples with a molar ratio of 1:0.5 to 1:0 the Pbl, absorption
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Figure 5.15. SEM images of mTiO films with deposited perovskite solution containing different
Pbl, content from (a) 1:1 equimolar ratio of Pbl, and CH3NHj3I to (e) pure Pbl, (1:0 ratio of Pbl,
to CH3NHj3]I). Black scale bars correspond to (i)—(ii) 5 pm, (iii) 1 pm
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Figure 5.16. XRD diffractrograms of mTiO, films with deposited perovskite solution containing
different Pbl, content. The vertical lines indicate the peaks associated with PbI, (dashed orange),
perovskite (dashed blue) and mTiO» (black dot/dash).

feature at 500 nm is apparent. The decrease in absorption with increasing Pbl, content is
reflected in the decrease in the IPCE of the solar cells (Figure 5.17 (b) and (d)) which is further
represented by the decrease in Jsc (Figure 5.17 (a) and Table 5.5).

When the shape of the IPCE spectrum is considered, the response for samples with molar
ratios of 1:1 to 1:0.5 is similar as clearly illustrated in the normalized IPCE spectrum shown in
Figure 5.17 (d). Devices prepared using a high Pbl, proportion of 1:0.2 relative to the CH3NH3I
display a lower response between 500 and 800 nm, which is attributed to the higher Pbl,
composition of the film, has no absorbance in this wavelength range (as seen in Figure 5.17 (a)).
It was not possible to accurately measure the IPCE spectra for devices prepared with pure Pbl,
(corresponding to a molar ratio of 1:0) due to the extremely low signal intensity detected arising
from the low currents generated. Incidentally from the similar shape of the UV-vis absorption
spectra and the XRD measurements, it is evident that the perovskite films prepared with a
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Figure 5.17. (a) UV-vis absorption spectra, (b) photovoltaic performance, (c) IPCE spectra and (d)
normalized IPCE spectra of mTiO, films with deposited perovskite solution containing different
PbI, content.

molar ratio of 1:0.2 are almost indistinguishable from the pure Pbl, films. Therefore these films
consist of largely pure Pbl, and the slight differences (higher Jsc, Voc and absorbance) can be
attributed to the contribution of the small proportion of CH3NH3Pbl3 perovskite formed.

The photovoltaic performance, presented in Figure 5.17 and summarized in Table 5.5, of the
solar cells show clear dependency on the proportion of Pbl, present in the perovskite precursor
solution®. In particular the Jsc decreases significantly due to the lower light harvesting abilities
of the film as with proportion of Pb, increases. Additionally a decrease in the Vpc and a
tendency to lower FF is observed. The behavior of the photovoltaic parameters as a function of
the Pbl, content are similar to those observed in Section 5.4 when the annealing temperature
is increased to above 140°C leading to the formation of PbI,.

5 The PCEs presented here are low due to the necessary change in solvent from GBL (for which the highest
efficiencies are reported) to DMF and the lower weight percent in solution resulting from the poor solubility of PbI,.
These changes were made to accurately prepare precursor solutions with varying molar ratios by mixing different
aliquots of predissolved 1 M solutions of Pbl, and CH3NH3I in DME Consequently the 1:1 mixture contained only
0.5 M Pbly, which is considerably less than the standard concentrations used for high efficiency solar cells.
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5.5.4 Impedance Spectroscopy: Confirmation of Chemical Capacitive Behavior

While apparent that the contribution of Pbl, is detrimental to the photovoltaic performance
of perovskite solar cells, impedance spectroscopy was used to further investigate its effect on
the internal electrical processes and device mechanismes.

In Figure 5.12 of Section 5.4 the behavior of the chemical capacitance of the perovskite solar
cells was shown to be strongly influenced by the annealing temperature used in the formation
process of the perovskite. At high annealing temperatures the chemical capacitance deviated
from its characteristic exponential increase, levelling off and even decreasing at high forward
bias.

The recombination resistance and the associated capacitance determined from the IS mea-
surement of perovskite devices with varying Pbl, content is presented in Figure 5.18. The
behavior and magnitude of the recombination resistance is similar regardless of the Pbl,
content within the perovskite film. This was also the case for perovskite devices prepared
using different annealing temperatures presented in Section 5.4. However the response of the
capacitance at high forward bias was different with relation to the increasing Pbl, content.
Devices prepared using a 1:1 molar ratio of Pbl, and CH3NH3I showed the characteristic
exponential increase at high forward bias. As the proportion of Pbl, increases the chemical
capacitance deviates from this typical exponential reaching a plateau and even decreasing.
The deviation from the typical response of the capacitance was found to be similar to the
behavior observed when the annealing temperature is increased. As the proportion of Pbl,
becomes greater the increase in the capacitance is significantly reduced, as observed for
devices with 1:0.5 molar ratio. In the case of devices containing a high proportion of Pbl,,
prepared from a 1:0.2 molar ratio, and pure Pbl,, no significant increase is observed. This is
similar to the case described above for annealing temperatures of 200°C, which was shown to
largely form pure Pbl.

One of the suggested explanations for this behavior was that formation of an energy level
misalignment where the Pbl, acts as a sink for charges injected from the perovskite, as a result
preventing the buildup of charges within the mTiO,. This is in good agreement with the results
presented here and further confirms those previously showing the effects of changing the
annealing temperature of the perovskite material. For such devices, where the material is
predominantly Pbl,, the chemical capacitance exhibits no significant increase as a function
of the applied potential, indicating that there is no buildup of charges inside the mTiO, and
consequently no injection of charges into and from the mTiO,. The presence of Pbl, is hence
clearly detrimental to the photovoltaic performance of the perovskite solar cells, not only due
to the decreased light harvesting abilities, but additionally due to the PbI, acting as a sink for
charges. The latter resulting in a decrease of the electron lifetime of charges which is generally
reflected in a decrease in the V¢ of the devices.

Moreover it is interesting to note that for the devices with high Pbl, content there is a dis-
cernible drop in the chemical capacitance at 400-450 mV. This feature has been attributed
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Figure 5.18. Recombination resistance and chemical capacitance determined from IS measure-
ments conducted in the dark for perovskite solar cells with different Pbl, content.

to the contribution of the capacitance at the interface between the blocking underlayer and
the HTM (cf. Chapter 4). The presence of high quantities of Pbl, may disrupt the formation
of a continuous perovskite film, allowing the direct contact between the underlayer and the
HTM, thus decreasing the transport of charges via the perovskite film. This is supported by the
appearance of the deposited material on the mTiO, as seen in the SEM images in Figure 5.15.
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Figure 5.19. Change in photovoltaic parameters extracted from /-V measurements as a function
of (a) the annealing temperature of the perovskite and (b) as a function of the excess Pbl, content.
Tinted area in (a) corresponds to temperature range where additionally Pbl, is formed.

5.6 PbI, Content

The photovoltaic parameters extracted from the /-V measurements presented in Figure 5.17
and in Section 5.4 Figure 5.11 are presented as a function of the associated (a) annealing
temperature® and (b) Pbl, content’ in Figure 5.19. From the XRD measurements conducted
on perovskite films annealed at different temperatures, it was shown that Pbl, is addition-
ally formed at temperatures above 120°C, indicated by the shaded region in Figure 5.19 (a).
The trends in the photovoltaic parameters in this region are almost identical to those as a
function of increasing Pbl, content, displaying a decrease in Voc, Jsc and PCE. Major factors
contributing to these trends are the decrease in electron lifetime, leading to the falling V¢
and the lower light harvesting abilities, reflected in the decrease in Jsc, as the content of Pbl,
in the active layer of the perovskite devices increases. The investigation of the effect of the
annealing temperature was based on the one step deposition of a 1 to 3 molar ration solution
of PbCl, and CH3NH;3I in DMF while the second investigation employed solutions of varying
ratios of Pbl, and CH3NH3I in DME Consideration of only the photovoltaic parameters as
either a function of annealing temperature (when T > 120°C, see tinted area of Figure 5.19 (a))
or of increasing Pbl, content while disregarding the absolute magnitude of the individual
parameters, shows great similarity in the observed trends. This demonstrates that irrespective
of the deposition technique or the precursors used, the effect of increasing Pbl, within the

6 Adapted from Section 5.4.

7 The excess (xs.) Pbl, proportion is determined from the molar ratio of Pbl, and CH3NHj31 is solution. As such
the 1:1 solution corresponds to an xs. Pbly proportion of 0 and the 1:0 solution mixture corresponds to an xs. Pblp
proportion of 1.
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matrix of the active layer is the same.

5.7 Conclusions

The film morphology and composition are shown to be crucial for the photovoltaic device per-
formance of solid-state perovskite solar cells. In this chapter the effect of various parameters
such as the chosen solvent and the annealing temperature on the perovskite film formation
are investigated. Furthermore the nature of the inorganic precursor, Pbl, versus PbCl,, and
its role in the conversion process from the as-deposited solution to the perovskite crystal is
examined.

5.7.1 Solvent Effects

In Section 5.3 the film structure and morphology of the perovskite crystal formed from a 1:1
molar ratio solution of Pbl, and CH3NHj3I is shown to change from circular islands when GBL
is used as a solvent to cone/needle like for DME The importance of the choice of solvent is
highlighted as the associated solubility, volatility and wettability properties are crucial in the
perovskite film formation, determining the film morphology and composition.

Furthermore the difference between the use of Pbl; and PbCl;, as inorganic precursor was
examined. The use of PbCl, in place of Pbl, greatly increases the time required to convert
the as-deposited material to the perovskite crystal when it is annealed at 100°C (from less
than 10 to 45 minutes). This suggests some major rearrangement of the components and/or
the presence of an energy barrier when PbCl, is used. Moreover the film morphology adopts
amore dense, interconnected network of crystallites rather than the large cone/needle like
structure adopted when Pbl; is used, leading to higher PCEs.

5.7.2 Perovskite Annealing Temperature

In Section 5.4 the role of the annealing temperature used in the conversion process to form
the perovskite material from the deposited precursor solution of PbCl, and CH3NH3I in DMF
(1:3 molar ratio) was investigated. This parameter was found to have critical impact on the
formed perovskite film morphology and thus the power conversion efficiency of the solar cells
fabricated. The film morphology was examined by UV-vis spectroscopy, SEM imaging and
XRD, which all indicate that a minimum temperature of 80°C is required to sufficiently form
the CH3NH3PbI; perovskite. Using lower temperatures or simply drying the mTiO, film after
the perovskite precursor solution is deposited leads to incomplete conversion. These low
temperatures remove the solvent from the solution, leaving the dried precursors on the film,
but are insufficient to lead to the perovskite formation, thus indicating that there is an energy
requirement (endothermic reaction) to the formation of the perovskite. On the other hand
as the perovskite annealing temperature is increased, the film morphology undergoes clear
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changes forming distinct islands of materials on the surface of the film that display internal
structuring as the temperature is increased further. This is accompanied by an increased
amount of Pbl, content in the film, as seen in the XRD measurements and in the UV-vis
spectra.

These changes in film morphology are correlated with the photovoltaic performance of solid-
state solar cells. The highest performance was achieved for devices fabricated using an
annealing temperature between 80 and 100°C. This corresponds to samples that showed
complete conversion of the precursors to the perovskite, no additional Pbl, formation, as well
as a film morphology consisting of a type of interconnected network of perovskite crystallites.
Furthermore these conditions showed the highest absorbance (a direct result of the extent of
perovskite conversion) leading to the highest short-current density.

IS spectroscopy was used to further examine the internal electrical processes within these
devices and gain a better understanding of the role of the film morphology and perovskite
conversion mechanism on the device performance. A clear trend in the chemical capacitance
was observed. Increasing the annealing temperature of the perovskite led to deviation from
the typical exponential behavior of the chemical capacitance at high forward bias. This is
believed to be due to a misalignment of the energy levels and the formation of a barrier at the
mTiO, at high forward bias. This effect becomes more dominant and occurs at lower forward
applied bias as the annealing temperature is increased, until the capacitance is observed to
not increase at all for the devices with the perovskite annealed at 200°C. This can be correlated
with the increasing Pbl, content within the perovskite material and the increasing size of
the perovskite crystallite islands formed on the mTiO, film. The formation of Pbl, at higher
annealing temperatures may moreover act as a sink for the charges, thus limiting the injection
of charges to and from the mTiO,.

5.7.3 Pbl, Compositional Effects

The role of the PbI, content in the perovskite film was studied in Section 5.5. The increasing
content of Pbl, was monitored by UV-vis spectroscopy and XRD and a clear influence on the
film morphology was observed. Similar trends in the photovoltaic performance and the IS
response were observed with respect to the Pbl, content as in the case for devices annealed at
temperatures above 120°C in Section 5.4.

In this chapter the importance of the perovskite formation mechanism on the film morphol-
ogy and consequently on the solar cell device performance is highlighted through intensive
characterization of the perovskite film formed and of the solar cells fabricated. The choice of
solvent and precursor mixture is crucial to achieve high PCEs. The detrimental effect of the
formation and/or addition of PbI, was investigated and the associated trends observed in the
device photovoltaic performance and working mechanisms are believed to be general for the
CH3NHj3PbI; perovskite, regardless of the deposition process. Thus to achieve high PCEs the
formation/conversion procedure of the perovskite material is critical. Several parameters that
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influence the morphology and composition of the formed perovskite film have been explored,
revealing several strategies that can be adopted to control the formation of the perovskite film
and thus the resultant device PCE.

5.7.4 Perspectives

Future studies should investigate the effects of different solvents in greater depth. Dimethoxy-
ethane and dimethyl sulfoxide are possible candidates that could be considered. The choice
of solvent was shown to strongly influence and direct the growth of the perovskite film. Grain
boundaries in the perovskite material are believed to act as recombination centres and thus
detrimental to the charge collection efficiency of the devices. Examining the relationship
between the growth of the perovskite and the formation of grain boundaries between crystal
domains in the material would provide valuable knowledge that can be implemented to
improve the device performance. Similarly formation of larger perovskite crystallites that can
scatter light and hence increase the optical path length within the material can be explored.

The crystal structure of organic-inorganic based hybrid perovskite has been engineered
through the implementation of ammonium carboxylic acid as the organic component by
Mercier et al. [195]. This demonstrates that the assembly of these perovskite materials can be
predicted and controlled through the use of templating agents and/or careful selection of the
structure and functionality of the organic cationic species. The presence and/or absence of
additives to the perovskite precursor solution is likely to also influence the perovskite crystal
formation. These strategies offer a multitude of possible avenues of research by which the
crystal structure and morphology can be tuned that to this date have not been explored in any
considerable depth.

While the simplicity of solution processing of the perovskite material is one of its advantages,
the formation of highly uniform films by thin film evaporation techniques have resulted in
high PCEs. This further confirms that the film morphology is of critical importance for good
photovoltaic performance. The use of such materials as light absorbers in solar cells is still a
relatively new concept thus not only are the device mechanisms still not completely under-
stood, but the optimum film morphology, thickness and composition parameters have not
yet been isolated. New perovskite film morphologies and structures, processing techniques,
treatments and recipes are continually being discovered. This, in addition to the optimization
of the deposition parameters and device configuration has resulted in the rapid increase in
reported PCEs approaching 16%.
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Thermal Analysis of Methyl Ammo-
nium Lead-Trihalide Perovskite

6.1 Introduction

In the previous chapter (Section 5.4 Chapter 5) the role of the annealing temperature on the
formation of the perovskite film from the as-deposited precursor solution was investigated.
Significant differences in film morphology, composition and overall device performance were
observed as a function of the annealing temperature. These parameters have proven to be
critical to the photovoltaic performance of such perovskite solar cells [147, 196, 197].

In this chapter the thermal properties of the perovskite material are examined. The individual
components and precursors are analyzed in order to correctly identify their contributions to
the thermodynamic behavior of the perovskite material formed. Additionally the formation
of the perovskite material of the general form CH3NH3PbX3 (where X=I or Cl) from mixed
precursor solutions of PbX; and CH3NH;3X (where X can be I or Cl) is considered in order to
gain insight into the effect of the formation of the excess organic component.

This study helps to clarify the role of the precursors’ composition used in the perovskite
solution mixture, highlighting the importance of the molar ratio between the inorganic and
organic components.

6.2 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a method of thermal analysis that involves the character-
ization of physical and chemical properties of materials that exhibit mass loss as a function of
increasing temperature.

It is used here to determine the behavior of the individual organic and inorganic components
that make up the building blocks for the CH3NH3Pbl; perovskite in question. The sublima-
tion behavior of the isolated organic component is examined in depth and correlated with
its behavior in the direct thermogravimetric measurement of various perovskite precursor
solutions and of the CH3NH3Pbl; perovskite powder.
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Figure 6.1. TGA heating curves of individual precursor powders expressed as weight % as a
function of applied temperature and the corresponding 1st derivatives.

6.2.1 Precursor Materials

The quality of the perovskite film is strongly dependent on the conditions of the conversion/-
formation step. As this typically involves a heat treatment, a thermal analysis of the individual
components is necessary to provide valuable insight into the thermal stability and properties
of the precursors and of the final product.

TGA follows the mass loss of the materials when subjected to controlled heating under Nj
atmosphere. The thermal stability of the precursor materials is investigated by heating at a
steady rate of 10°C min~! from 30 to 800°C. The TGA curves are presented in Figure 6.1 and
the relevant extracted parameters are summarized in Table 6.1.

The organic components — CHz3NH;3I and CH3NH3Cl — undergo 100% weight loss in one step
suggesting that these materials undergo sublimation, the onset of which occur at 234 and 185°C
respectively (see Table 6.1). This is further validated by the sharpness of the transition step in
the differential TGA curves. In contrast the inorganic components, Pbl, and PbCl, undergo
90 and 95% weight loss at considerably higher temperatures of 646 and 714°C respectively.
The broad weight loss profile, reflected in the broad peaks seen in the 1st derivative TGA
curve imply that these inorganic materials undergo thermal decomposition. This is further
highlighted by the tail in the weight % after the material has undergone the majority of its
weight loss. The fact that the weight loss is not 100% indicates that some residue remain which
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Table 6.1. Quantitative TGA for the precursor materials used, indicating the temperature of the
onset of weight loss, and at which 20% and 100% weight loss has occurred. Samples were heated
at 10°C min~! from 30 to 800°C under a 20 ml min~! N gas flow.

Precursors Onset weightloss 20% weightloss 100% weight loss

°C) ) °C)
CH3NH;Cl 185 267 315
CH;3NH;I 234 300 345
PbCl, 500 612 714
Pbl, 444 546 646

may be some decomposition products and/or impurities present in the material®.

The direct phase transition from solid to gas — sublimation — occurs for materials that have
an appreciable vapor pressure and thus when provided with sufficient energy will undergo
this endothermic change. Ideally this transition involves no compound decomposition. Such
thermodynamic processes follow zero-order kinetics resulting in a constant rate of mass
loss dm/dt by sublimation, at a constant temperature. Consequently the mass loss of the
material is linear under isothermal conditions. As such TGA can be applied to determine the
enthalpy A Hy,, and temperature T, of sublimation [198]. From the initial TGA heat curves
for CH3NH3I and CH3NH3Cl the temperature range for sublimation is found lie between 200
and 350°C. The temperature of sublimation T5,,; has been defined as the point at which 20%
of mass loss has occurred [199].

The enthalpy of sublimation AHj,; can be related to the vapor pressure p and temper-
ature T of the solid using the Clausius-Clapeyron relation, where R is the gas constant
(8.3145 JK~'mol™') according to Equation 6.1;

dlnp  AHgyyp

= 6.1
dt RT? ©.1)

The vapor pressure of a material can in turn be related to the mass loss due to sublimation
using an expression presented by Langmuir [199, 200];

1 (2nRT\"?
p= Z M Msub (6.2)
w

where A is the exposed sublimation surface area (here we take the area calculated from the
diameter of the crucible containing the samples during the measurements) and M, is the
molecular mass of the material. The instantaneous rate of mass loss by sublimation m,; at a
temperature T can be derived from the TGA 1st derivative.

dm _Amass

= 6.3
dat At (63)

Mgyp =

1 The Pbl, is purchased from Sigma Aldrich with a 99% purity. It thus contains 1% impurities that may or may
not undergo thermal decomposition or evaporation up to 800°C under N atmosphere.
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Table 6.2. Sublimation enthalpy and temperature of CH3NH;3Cl determined from a linear least-
squares fitting of the thermogravimetry data obtained at using different heating rates.

Heat rate Slope y-intercept Regression coefficient AHg,p Tsub
(CCmin™1) ® R (kW mol™)  (°C)

10 —10201+41 22.91+0.07 0.994934 84.8+0.3 172+1

5 -9643+47 21.79+0.09 0.986347 80.2+0.4 170+1

2.5 -9575+54  21.6+0.1 0.980173 79.6+£0.4 171+1
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Figure 6.2. (a) TGA heating curves of the CH3NH;3Cl precursor and (b) corresponding 1st deriva-
tives measured at different heating rates; 10 (blue), 5 (green) and 2.5°C min~! (red). (c) Calculated
Inp versus1/T.

Integrating Equation 6.1 yields Equation 6.4 which allows the determination of the enthalpy
and temperature of sublimation from the slope and y-intercept of the linear plot of In p versus
1/T, see Figure 6.2:

Inp=-—242 W (6.4)

The assumption is made that the heat of sublimation is independent of temperature in the
temperature range considered here. Additionally the observation of a linear trend of In p
versus 1/ T confirms that sublimation is the only process leading to mass loss and that there is
no additional thermal decomposition taking place.

Here it is important to consider the influence of the heating rate used for the data acquisition.
I have performed thermogravimetric measurements of the organic precursor CH3NH3Cl
heating at 10, 5 and 2.5°C min~! from 30 to 450°C under a 20 ml min~!' N, gas flow, the
results of which are presented in Figure 6.2. The standard reported procedure is most often
10°C min~!, but using different heating rates will lead to differences in the TGA heat curve
obtained for the material as clearly visible in Figure 6.2 (a). The onset of mass loss appears to
remain more or less the same regardless of the heat rate used. However this is not the case for
the temperature at which the material has undergone 100% mass loss.
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Figure 6.3. (a) Program (dashed) and sample (solid) temperature profiles for determination of the
isothermal mass loss rate for CH3NH3Cl and CH3NH3sI. (b) Isothermal mass loss of CH3NH3Cl
(blue) and CH3NH;3lI (red) determined from TGA. (c) Calculated In (g, TY2) versus 1/T for
CH3NHj3Cl (blue) and CH3NH3I (red) used to determine the heat and temperature of sublimation.
(d) Corresponding vapor pressure for the materials.

The heat and temperature of sublimation was calculated for each heating rate using the
approach described above using Figure 6.2 (c), the values of which are summarized in Table 6.2.
As the heating rate is decreased the calculated value of the heat of sublimation decreases,
indicating that employing too fast heating rates leads to overestimation of this parameter.
The temperature of sublimation was found to be relatively independent of the heating rate at
approximately 171°C. Hence a more accurate determination of the enthalpy is to consider the
isothermal mass loss of the materials [199].

In order to determine the isothermal mass loss of the materials, thermogravimetric measure-
ments are run using temperature profiles with multiple isothermal regions of 10 minutes,
see Figure 6.3 (a). Figure 6.3 (b) shows the mass loss as a function of time for the different
isothermal regions, the linear mass loss at each temperature confirming that no additional
decomposition is occurring. As expected, the slope of the mass loss increases with increasing
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Table 6.3. Sublimation enthalpy and temperature of CH3NH3Cl and CH3NH3I determined from a
linear least-squares fitting of the thermogravimetry data.

Precursor Slope y-intercept Regression coefficient AHg,, Tsub
(K) R (kmol™") (0

CH3NH3Cl  —-9339+184  8.6+0.4 0.999227 7842 195+9

CH3NH3l —12722+659 13.5+1.3 0.994670 105+5 247+26

temperature exhibiting the relationship between the temperature and the rate of mass loss.
For each isotherm, the slope of the mass loss is determined and can be associated with the
rate of mass loss by sublimation m,;, following Equation 6.3 [199].

Substituting Equation 6.2 into Equation 6.4 the following relationship (Equation 6.5) is ob-
tained:

ln(msubT“Z) =

AHgp AHgp 1. ( 27R
_Asub S”b—zn( z ) (6.5)

RT  RTw A2M,

Consequently AHg,;, can be determined from the linear slope of In (m,; TV 2) versus 1/ T
(Figure 6.3 (c)) where the y-intercept yields a value for Ts,;. The extracted parameters are
presented in Table 6.3.

The values determined for AH,;, were 78 and 105 kJ mol~! for CH3NH;3Cl and CH3NH3I
respectively. The lower A Hy,, for CH3NH;3Cl illustrates that the CI containing organic com-
ponent requires less energy to undergo the direct phase transition from solid to gas. This
is further reflected in its lower Ty, 195°C versus 247°C for CH3NH3sl. As such, CH3NH3Cl
undergoes sublimation more readily than CH3NH3I and is expected to have a more substantial
vapor pressure. Furthermore the value determined for A Hy,,j, by this isothermal method is in
good agreement with that determined from the constant heating technique when the slowest
heating rate is employed (79.6 + 0.4 k] mol ™). This suggests that this first method can be used
to determine this parameter, but to prevent overestimation a very slow heating rate must be
employed. There is a discrepancy between the T§,,;, values determined by the two methods;
171 £ 2°C and 195 + 9°C for the constant heating and isothermal methods respectively. Unlike
AHgy,p, which is overestimated by the constant heating technique, T, is more accurately
determined by this method from the more precisely resolved y-intercept.

Using the data from the TGA it is straightforward to calculate an approximate vapor pressure
for the materials using Equation 6.2 (the results of which are depicted in Figure 6.3 (d)) which
clearly demonstrates the higher vapor pressure for CH3NH3Cl as predicted. However it is
important to note that the exposed surface area of the materials from which sublimation
occurs was calculated from the area of the crucible within which the samples were placed.
This area was assumed to be equal for both materials. Furthermore the masses of material used
within the measurement was treated as equivalent for the two samples. In reality the material
are powders and hence the effective surface area from which sublimation is significantly
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6.2. Thermogravimetric Analysis

Table 6.4. Possible combinations of perovskite precursors and products formed

Solution Precursor Molar ratio Expected Excess
Inorganic Organic inorganic : organic perovskite

1 Pbl, CH3NH;3Cl1 1:3 CH3NH3PbCl3 2 CH3NH3l

2 Pbl, CH3NH3I 1:1 CH3NH3Pbl; -

3 PbCl, CH3NH3I 1:3 CH3NH3Pbl; 2 CH3NH;3Cl

4 PbC12 CH3NH3C1 1:1 CH3NH3PbC13 -

different. As a result of these assumptions, the calculation of the vapor pressure provide
approximative and not exact values.

6.2.2 Perovskite Mixtures

Investigating the thermal behavior of the individual precursor components has provided the
necessary knowledge to analyze the thermogravimetric behavior of the complete system. As
previously described the deposition technique applied here is from a solution containing the
precursor materials. The possible combinations of the precursors investigated are expected
to form a pervoskite material of the general formula CH3NH;3PbX3 (where X=Cl or I) are
summarized in Table 6.4. Here we consider the two cases; the formation of the perovskite
from 1) a 1:1 molar ratio of precursors based on the same halide (Equation 6.6) or 2) a 1:3
molar ratio mixture where the inorganic and organic components contain different halides
(Equation 6.7). The molar ratio in the mixtures was determined to maintain the relationship
between the Pb atom and the halide atom in the perovskite material at 1 to 3. As a result, when
the identity of the halide material in the inorganic and organic components are different, a 2
molar quotient of organic material is formed as excess. This is based on the assumption that
unlike the iodide-bromide mixed-halide perovskite system [145], for iodide-chloride mixtures
the mixed-halide perovskites of the form CH3NH3PbI,Cl or CH3NH3PbICl, do not exist [201].
These mixtures are expected to lead to the formation of CH3NH3Pbls when CH3NH3] is used
as a precursor and similarly form CH3NH3PbCl3 when CH3NH3Cl is used (see Table 6.4).

PbX, + CH3NH3X — CH3NH3PbX3 (6.6)
PbY, +3 CH3NH3X — CH3NH3PbX3 + 2 CH3NH3Y (6.7)

In order to determine the role of the different precursor components on the thermal behavior
and properties of the perovskite material formed, the systems using PbX; and CH3NH3X
(where X can be Cl or I) as the precursor components are compared. The perovskite solutions,
contain 0.7 M of the inorganic component and use DMF or DMSO as solvent. DMSO was used
for the perovskite mixtures 1 and 4, expected to form CH3NH;3PbCls, due to the poor solubility
of CH3NH;Cl in DME

Thermogravimetric analysis was carried out on the solutions heated at 10°C min~! from 30
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Figure 6.4. TGA heating curves and corresponding 1st derivatives for the perovskite solutions
heated at 10°C min~! under a constant gas flow of N, (20 ml min~!) from 30 to 800°C; solution
1 — 1:3 molar ratio of Pbl, and CH3NH3Cl in DMSO (blue), solution 2 — 1:1 molar ratio of Pbl,
and CH3NHj3I in DMF (red), solution 3 — 1:3 molar ratio of PbCl, and CH3NH3I in DMF (black),
solution 4 — 1:1 molar ratio of PbCl, and CH3NH3Cl in DMSO (green).

to 800°C under a constant gas flow of N,. Figure 6.4 shows the heat curve from the TGA
measurement for the four solutions. The initial large decrease corresponding to over 60%

mass loss observed for all samples arises due to the loss of solvent. Once this is achieved it is
believed that the material formed corresponds to the CH3sNH3PbX3 perovskite and — in the
case of solutions 1 and 3 — any excess organic CH3NH3Y.

The calculated contributions of the various possible components to the overall weight % of the
perovskite are presented in Table 6.5, displaying the weight % of the solid perovskite products

and in a 35 wt% solution.

Following this initial mass loss from the solvent vaporization, the solutions containing only
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6.2. Thermogravimetric Analysis

Table 6.5. Calculated weight % contributions of expected components to total mass for the
different perovskite mixtures

Component Perovskite Mixture
(%) 1 2 3 4
1 Pbl, 1 Pbl, 1 PbCl, 1 PbCl,
3 CH3NH3Cl 1 CH3NH3I 3 CH3NH3l 1 CH3NH3Cl
Solid Sol. Solid Sol. Solid Sol. Solid Sol.
Total material®> 100 359 - - 100 35 - -
CH3NH3Pblz - - 100 35 82.11 28.74 - -
CH3NH3PbCl3 52.09 18.23 - - - - 100 35
“Pbl, - 7436 26.03 61.06 2137 - -
PbCl, 41.91 14.67 - - - - 80.46  28.16
CH3NH;3I 4791°¢ 16.77¢  25.64 8.97 21.06 7.37 - -
CH3NH3Cl 10.18 3.56 - - 17.89¢ 6.26°¢ 19.53 6.84
" CH3NH, 468 164 501 175 411 144 899 315
HI - - 20.63 7.22 16.94 5.93 - -
HCI 5.50 1.92 - - - - 10.50 3.69

2 Total material weight % when excess organic material is formed in addition to the perovskite.
b For ease of comparison all solutions were calculated based on a total of 35 wt%.
¢ Excess organic component formed.

one type of halide and a 1 to 1 molar ratio of inorganic to organic component (solutions 2 and
4) undergo two further distinct steps of weight loss.

Solution 2, the pure iodide system, containing 35% by weight, displays a 9-10% weight loss
between 300 and 350°C and a 26-30% mass loss between 450 and 550°C. The first step, corre-
sponding to 10% mass lost originates due to the liberation of the organic component of the
perovskite material formed (CH3NH3I), which has been suggested to be in the form of the
free amine, CH3NH>, and HI [171]. The total amount of mass lost in this step corresponds
to approximately 25% of the perovskite material mass, which is in good agreement with the
calculated amount of the organic component, see Table 6.5. Furthermore the temperature
range of this mass loss step corresponds to that determined for the CH3NH31 precursor in
Section 6.2.1 Table 6.1. The remaining material can be deduced to be mainly PbI, which
undergoes thermal decomposition at 500°C as seen previously, Figure 6.1. Any remaining
mass is a metallic residue and/or impurity.

The pure chloride mixture (solution 4) when prepared to contain 0.7 M of the inorganic
component, PbCly, correlates to weight % of 17.5%. This solution displayed a mass loss
of 3-3.5% between 220 and 300°C, which is in agreement with the calculated mass loss of
6.84% from a 35 wt% solution (Table 6.5) corresponding to the loss of the organic CH3NH3Cl
component. The temperature range of this mass loss step is slightly lower than in the case for
solution 2, which corresponds well to the shift in the 100% weight loss step observed between
the organic precursors, CH3sNH3Cl at 315°C and CH3NH3I at 345°C (Table 6.1).
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After the liberation of its organic component, solution 4 undergoes a mass loss of 13% between
500 and 650°C, corresponding to the decomposition of the inorganic PbCl, constituent. This
mass loss step is shifted by approximately 50-100°C relative to the inorganic decomposition
step of the pure iodide system, reflecting the shift observed in the weight loss step of the
thermal decomposition of the pure inorganic precursors (cf. Figure 6.1), hence confirming
the nature of the inorganic component as Pbl, and PbCl, for solutions 2 and 4 respectively.
This is further supported by the magnitude of the mass loss step, which is within error of the
calculated 28% PbCl, contribution in a 35 wt% solution (Table 6.5).

In the case of the mixed halide systems (solution 1 and 3) the TGA curves become more
complicated, in particular regarding the loss of the organic component. The formation of
perovskite from the mixed halide precursors results in the additional byproduct of 2 molar
equivalents of organic material. Where the pure halide systems undergo a simple, single step
for the loss of the organic component, the mixed halide systems show two distinct stages
in this weight loss step, which is clearly seen as two minima in the region between 200 and
300°C in the 1st derivative of the TGA curve. As previously mentioned these mixed halide
systems lead to the formation of excess organic material which undergoes sublimation as the
perovskite material is heated, manifesting as an additional mass loss step in the TGA curve.

Solution 3, a 1 to 3 molar mixture of PbCl, and CH3NH3I at 35 wt% in DME displays sequential
mass losses of approximately 6-7%, 5% and 1-2% between 200 and 400°C. From Table 6.5
it is possible to identify these processes and correlated them with the initial sublimation of
the 2 molar equivalents of CH3sNH3Cl (6.26% weight loss), followed by the liberation of the
organic component of the perovskite in the form of HI and CH3NH> (5.93 and 1.44% weight
loss respectively). This implies that the loss of the organic component of the perovskite follows
the initial liberation of HI followed subsequently by the CH3NH>. Finally the mass loss of 22%
between 450 and 550°C matches the decomposition of the inorganic Pbl, component.

While similar features are observed for the other mixed halide system (solution 1) the temper-
ature range of the mass loss step corresponding to the inorganic component decomposition is
attributed to the decomposition of Pbl, and not PbCl,. As a result it is possible to infer that
the perovskite formed from this mixture is not the pure CH3sNH3PbCls, but likely is a mixture
of the trichloride perovskite CH3NH3PbCls, the triiodide perovskite CH3sNH3Pbl3 and the Pbl,
precursor. Additionally the concerned mass loss step corresponds to 20% which is equal to
the mass of the Pbl, in the solution mixture, consisting of a 29 wt% mixture with 0.7 M of Pbl,
and 1:3 molar ratio with CH3NH3Cl. The mass loss between 200 and 300°C associated with
the loss of the organic component corresponds to 8-9% which coincides with the loss of 3
molar equivalents of CH3NH3Cl. This might suggest that this mixture does not form any type
of perovskite and heating the mixture simply dries the precursor components. However the
presence of the features in the organic mass loss step imply that the organic component is not
lost in a single sublimation step, as would be the case if the materials were simply dried. This
indicates that the organic component is somehow incorporated into the material matrix and
subsequently stepwise liberated in the form of any excess organic material, HCl and CH3NH,.
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Figure 6.5. XRD measurements of perovskite films deposited from mixed precursor solutions;
solution 1 - 1:3 molar ratio of Pbl, and CH3NHj3Cl in DMSO (blue), solution 2 — 1:1 molar ratio
of Pbl, and CH3NH3I in DMF (red), solution 3 — 1:3 molar ratio of PbCl, and CH3NH3I in DMF
(black), solution 4 — 1:1 molar ratio of PbCl, and CH3NH3Cl in DMSO (green). The vertical lines
indicate the peaks associated with triiodide perovskite CH3NH3Pbls (blue), trichloride perovskite
CH3NH;3PbCl3 (red) and the FTO/mTiO, substrate (dotted black line).

XRD measurements were conducted to confirm the nature of the perovskite formed from the
different perovskite precursor solution mixtures and are presented in Figure 6.5. Solutions 2
and 3, corresponding to the 1:1 Pbl, and CH3NH;3I and 1:3 PbCl, and CHzNH3I mixtures, are
observed to show the peaks associated with the expected triiodide perovskite CH3NH3Pbls.
Solution 4, the pure chloride system (1:1 molar ratio of PbCl, and CH3NH3Cl) clearly displays
the XRD diffraction peaks in good agreement to those reported for the trichloride perovskite
CH3NH;3PbCls [178]. Interestingly in the case of solution 1, the 1:3 mixture of Pbl, and
CH3NHj3Cl, only a small peak at 15.7° is visible. This peak is attributed to the (110) reflection
for CH3NH3PbCls. Hence from the XRD diffractogram it is apparent that this mixture does lead
to the formation of the CH3NH3PbCls perovskite, while the TGA measurement suggests the
formation of a Pbl, component (which is however not detected by XRD). Hence it is possible
that some mixed-halide perovskite forms, which is predominantly based on the trichloride
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Chapter 6. Thermal Analysis of Methyl Ammonium Lead-Trihalide Perovskite

form (as evident from the XRD data), but which undergoes thermal decomposition to Pbl, at
high temperatures.

These results clearly portray the liberation of the excess organic material as additional features
in the TGA curves of the mixed halide systems (solutions 1 and 3) while the pure halide system
display this mass loss in a single step. Furthermore only the pure chloride system (solution 4)
leads to the clear formation of the trichloride perovskite CH3NH3PbCls, evident in the shift
of the inorganic decomposition to higher temperatures. For all other mixtures it is clear that
the main inorganic component is Pbl, regardless of the initial inorganic precursor used in
the perovskite solution. It has been suggested that there may be small non-negligible doping
effects from the presence of CI [178] that may result in the small differences in the onset of
the thermal decomposition. This however is outside the scope of this work. Solution 1, the
1:3 mixture of Pbl, and CH3NHj3Cl, seems to lead to the formation of a mixture of formed
perovskite and unreacted precursors.

6.2.3 Perovskite Powder

In addition to the TGA analysis of the perovskite material as it forms from solution (either
DMF or DMSO), thermal analysis was conducted on perovskite powders. This investigation
was carried out only on the perovskite mixtures that lead to the formation of the triiodide
perovskite CH3NH3Pbls, solutions 2 and 3 corresponding to a 1 to 1 molar ratio mixture of
Pbl, and CH3NH3I and a 1 to 3 molar ratio of PbCl, and CH3NH3I in DMF respectively. The
formation of this perovskite was confirmed by the XRD diffractograms presented in Figure 6.5.
The perovskite precursor solution was drop cast onto glass substrates and annealed at 100°C
until the as-deposited yellow film changed colour to dark brown. This took approximately
10 minutes for solution 2 (based on Pbl,) and 45 minutes for solution 3 (based on PbCl,). The
perovskite powder was scratched off the substrate and used directly for the thermal analysis.

The direct TGA measurements of the perovskite solution mixtures presented in Section 6.2.2
provided useful information on the thermal behavior of the perovskite products. However it is
necessary to compare these results with the perovskite powders to account for any differences
that might arise due to the different perovskite formation procedures. The perovskite solution
is typically deposited and annealed under dry conditions, hence in the presence of oxygen.
However the direct TGA measurements were conducted under an inert atmosphere consisting
of a constant N, gas flow. The TGA curves of the CH3NH;3Pbls perovskite formed from the two
perovskite mixtures are presented in Figure 6.6.

The first major difference in the direct TGA measurement of the perovskite solution mixtures
and the powder is the absence of the 60% mass loss corresponding to the vaporization of the
solvent. Two small mass losses take place for the solution-based on the Pbl, precursor at 85
and 125°C, clearly visible as two small minima in the 1st derivative, which were previously
hidden under the large change in mass arising from the removal of solvent. These are most
likely due to the removal of absorbed H,O from the perovskite material as has been previously
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Figure 6.6. (a) TGA heating curves, (b) magnification of region for organic mass loss and corre-
sponding (c) 1st derivatives for the perovskite powders heated at 10°C min~! under a constant gas
flow of N, (20 ml min~!) from 30 to 800°C; 1:1 molar ratio of Pbl, and CH3NH;I in DMF (red), 1:3
molar ratio of PbCl, and CH3NH3I in DMF (black).

reported [187].

The mass loss step between 550 and 600°C for both solutions is in good agreement with the
thermal decomposition of the inorganic Pbl, proportion of the perovskite formed. As was the
case for the TGA curves of the perovskite solutions, the differences between the samples are
mostly in the liberation of the organic material. For the sample prepared from PbI; (solution
2), the material undergoes 20% mass loss followed by approximately 5-6% mass loss. This is in
excellent agreement with the calculated (Table 6.5) consecutive loss of the HI species followed
by the CH3NH, component. In the case of the direct TGA measurement of the corresponding
perovskite solution it was not possible to differentiate these two mass losses, appearing as a
single mass loss step. The mass loss step corresponding to the CH3NH, component is not
as clearly defined, resulting in a broader feature in the 1st derivative. This suggests that this
species is not as readily lost as the HI and more tightly bound into the perovskite matrix, likely
by hydrogen bonding.
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For the perovskite using the PbCl, precursor (solution 3) apart from the absence of the loss
of solvent, the TGA curve is very similar to that determined from the direct measurement of
the solution mixture. The loss of the organic material occurs in three stages between 250 and
400°C, with mass losses of 16, 12 and 5%, which is in relatively good agreement of the loss of the
excess 2 molar equivalents of CH3NH3Cl formed, followed by the loss of Hl and CH3NH;. This
suggests that the excess CH3NH3Cl formed remains incorporated in the perovskite matrix even
after heating the sample at 100°C for 45 minutes. This was confirmed by isothermal heating
of the material at 125°C for 60 minutes which exhibited only approximately 2% mass loss.
Similar to solution 2, the final mass loss of 5% attributed to the loss of the amine constituent
is apparent as a slope in the TGA curve between 350 and 400°C rather than an abrupt mass
loss step further confirming the theory that this species is more firmly fixed in the perovskite
matrix than the HI component.

6.3 Differential Scanning Calorimetry

Differential Scanning Calorimetry is a technique often used complementary to TGA. Unlike
TGA where characteristics of a material are determined as a function increasing temperature
due to the associated mass loss, DSC measures the difference in the heat flow necessary to
increase the temperature of the sample and a reference as a function of temperature. Hence
while TGA provides information about the materials’ decomposition/degradation pathways,
oxidation, combustion and thermal stability or loss of volatiles, DSC is more sensitive to any
phase transitions taking place, resulting in a difference in the amount of heat flow between
the sample and reference, indicating an endothermic or exothermic process.

The DSC thermograms of the CH3NH3PbI3 perovskite powder prepared from solution 2 (1:1
molar ratio mixture of Pbl, and CH3NHj3I) and from solution 3 (1:3 molar ratio mixture of PbCl,
and CH3NH3]I) as described previously are displayed in Figure 6.7. The heating (solid line) and
cooling (dashed line) thermograms were recorded consecutively by heating the sample from
30 to 200°C and cooling down again two times. The same features at low temperature were
reproduced during the second heating/cooling cycle. Additional measurements were made
to examine the behavior at higher temperatures by conducting a thermogram from 30 and
400°C and cooling down. In this case the second heating/cooling cycle did not reproduce the
same thermal features due to the associated sublimation and decomposition of the organic
component of the perovskite when it was heated to 400°C in the first cycle.

The heating curve of the perovskite-based on the Pbl, precursor shows a large endothermic
feature that begins at 300°C and has a peak at 350°C. This process corresponds to the liberation
of the organic component of the perovskite. The broadness of this feature indicates that this
process is not straightforward and has multiple stages, pointing to the separate loss of the
HI and the CH3NH, species. Additionally there are endothermic features between 65 and
100°C and at 125°C which are believed to correspond to the loss of absorbed H,O and/or
excess solvent still present in the material. This is further validated by the absence of these
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Figure 6.7. (a) DSC heating (solid trace) and cooling (dashed trace) curves, (b) magnification of
low temperature features, for the perovskite powders heated at 10°C min~" from 30 to 400°C; 1:1
molar ratio of Pbl, and CH3NH3I in DMF (red), 1:3 molar ratio of PbCl, and CH3NH;3I in DMF
(black). The DSC scans have been corrected to account for the baseline drift.

peaks in the second cycle as any absorbed H,O and/or solvent will have been removed from
the material in the first cycle. The tetragonal to cubic phase transition of this perovskite has
been reported to occur between 54-57°C [187] and similarly observed in DSC measurements.
In Figure 6.7 (b) the DSC thermogram for the region of this transition is shown for the two
perovskite powders. In the case of the Pbl,-based perovskite the thermograms shows peaks
at 57.3°C and 55.2°C for the heating and cooling cycles respectively and reproduced in the
second cycle. These are in very good agreement for the reported tetragonal to cubic phase
transition of CH3NH3Pbls [187]. The asymmetry of the DSC peaks has been suggested to
indicate the presence of a transient intermediate phase but remains relatively unclear [187].

Considering the case for the PbCl, precursor-based perovskite powder (from solution 3), the
DSC thermogram shows significant differences. In contrast to the Pbl, case, no features for
the tetragonal to cubic phase transition are distinguishable in the temperature range between
55 and 58°C for the perovskite formed from PbCl, within the limit of the experiment. This
insinuates that subtle structural differences exist between the perovskite materials formed
depending on the precursor solution used, culminating in the differences in the crystal phase
while the general crystal structure and perovskite composition is the same.

However the heating curve shows two peaks at 68.8 and 106.1°C, see Figure 6.7. The lack
of these features in subsequent second cycles indicates that they arise most likely from the
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removal of excess solvent or absorbed H,O from the perovskite powder. The transition at
106°C has been attributed to the melting of the amorphous phase (CH3NH3)5PbClyI3 resulting
from excess CH3NH3Cl [202]. Its loss at higher temperatures results in the disappearance of
this feature in the second heating cycle. This process can be related to the different perovskite
film morphologies observed when CH3NH3Cl is present [203].

The onset of the high temperature endothermic peak in the heating curve begins at approxi-
mately 190°C before there is a sudden competitive exothermic process at 250°C, resulting in a
positive peak in the DSC thermogram. This suggests that the endothermic process of sublima-
tion of the organic species is in competition with some exothermic process. This exothermic
process is believed to be associated with the removal of the excess 2 molar equivalents of
CH3NHj53Cl from the perovskite crystal structure as this feature is not present for the Pbl,
precursor-based perovskite powder. This removal may result in an energetically favourable
rearrangement of the perovskite crystal lattice. This is followed by an intense endothermic
peak at 267.2°C caused by the complete loss of all organic components.

Interestingly the cooling curve from 400°C is almost identical for the two samples, regardless
of the inorganic precursor used, displaying a similar sharp peak between 323 and 327°C. As
previously stated, following the heating step to 400°C, the organic component of the perovskite
has been liberated, leaving behind only the inorganic Pbl,. This is confirmed by the similar
behavior of the cooling curve for the two samples. In both cases, once the organic material has
been removed, what remains is Pbl,, which appears to undergo some phase transition at these
elevated temperatures. This is most likely due to the change in the crystalline structure of the
Pbl,, the most common consisting of the 2H, 4H and 12R polytypes. It is known that the 12R
Pbl, polytype structure is stable at high temperatures (reportedly from approximately 420 K
(147°C) to the boiling point of Pbl,, approximately 675 K (402°C) [204]), whilst the 2H Pbl,
polytype is stable for crystals formed at room temperature [204-208]. Hence the observed
peak in the cooling thermogram of the perovskite is probably due to the reversible transition
from the 12R to 2H polytype.

6.4 Conclusions

In this chapter the thermal behavior of the perovskite material was explored using TGA
and DSC measurements. The thermal properties of the individual organic, CH3NH3I and
CH3NHj3Cl, and inorganic components, Pbl, and PbCly, was used to gain knowledge of
possible sublimation and/or decomposition mechanisms. Furthermore the sublimation of the
organic component was studied in depth as this process plays a critical role in the formation
of the perovskite film during the heat treatment of the deposited perovskite solution. These
results were used to correctly interpret the TGA curves of perovskite material formed directly
from solution using different mixtures of precursors in solution.

The perovskite material of interest, CH3NH3PbX3 (where X =1 or Cl) was formed by mixing
different molar ratios of the precursors PbX; and CH3NH3X using DMF or DMSO as solvent.
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It was found that only the pure chloride system (1:1 molar ratio of PbCl, and CH3NH3Cl)
led to the complete formation of the trichloride perovskite CHsNH3PbCls, as confirmed by
the shift of the TGA mass loss step corresponding to the decomposition of the inorganic
species and by XRD. The sublimation of the excess organic product formed was observed as
a separated process in the TGA curves and further confirmed in DSC measurements. The
organic component of the perovskite decomposes by the subsequent loss of HI and CH3NH»
where the latter species is more tightly incorporated into the perovskite matrix. The phase
transition from tetragonal to cubic structure was observed only for the Pbl, precursor-based
perovskite. The structural transition of Pbl, from the 12R to the 2H polytype when cooling
down from high temperature were observed from the DSC thermograms.

6.4.1 Perspectives

In this chapter I examined the thermal properties and deduced the underlying principles driv-
ing the formation of the perovskite material from solution-based precursor mixtures. Subtle
differences in the conversion process of the material were revealed and it is highly likely that
these will influence the photovoltaic performance of the material in solid-state mesoscopic
solar cells. The indicated flexibility in the recipe to form desired triiodide perovskite endorses
us to fine turn the crystallization procession by mixing proper ratios of organic to inorganic
compounds. Furthermore it provides insight into the thermal behavior and stability of the
material, a useful parameter that needs to be considered for its application in solar cells.

Further research should be conducted to unravel the difference in crystal structure and phase
of the perovskite material depending on the treatments and formation techniques employed.
In situ variable temperature X-ray diffraction measurements would provide valuable infor-
mation about the temperature dependence of the crystal structure. In addition to exposing
the phase transitions of the material this technique could be used to monitor the formation
process of the perovskite in a similar fashion to the TGA experiments presented herein.
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4 General Conclusions and Summary

The main focus of the studies conducted within the framework of this thesis aimed to achieve
a more fundamental understanding of the device mechanisms of solid-state mesoscopic
solar cells. The operating processes of these devices are greatly dependent on the individual
component properties and the interplay between them, requiring systematic analysis to gain
insight into the inherent complexity of the system. As evident from the work presented here,
it is necessary to consider the system as a whole unit, where specific factors and parameters
effect the photovoltaic performance differently depending on the device configuration and
composition.

The key component of dye-sensitized solar cells is the light harvesting unit, thus it is un-
surprising that this is the area that has been most extensively developed. It is this feature
that encompasses the uniqueness of the DSSC, allowing the color and transparency of the
solar cell to be tuned by the implementation of different types of sensitizers. This has a clear
relation with the light harvesting ability of the device, however to achieve good photovoltaic
performance the interface between the sensitized metal oxide semiconductor and the hole
mediator (either liquid electrolyte or solid-state hole-transport material) is critical. In this
thesis, particular emphasis is placed upon the examination of this interface and the associated
interaction with the solid-state HTM spiro-MeOTAD.

To improve the understanding of the device mechanisms and contribute to the development
of highly efficient and stable photovoltaic devices impedance spectroscopy is used extensively.
This technique is used to examine the internal electrical processes and the relevant interfaces
within the devices under operating conditions. Additionally diverse characterization tech-
niques are used to analyze key optical and structural parameters that are instrumental to the
photovoltaic performance of solid-state mesoscopic solar cells.

* Chapter 2 presents a comprehensive investigation using impedance spectroscopy of
the charge-transport and transfer mechanisms in solid-state DSSCs employing spiro-
MeOTAD as HTM. In contrast to the multitude of sensitizers that have led to steadily
increasing PCEs, spiro-MeOTAD is still the main material of choice for solid-state meso-
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scopic solar cells since it was first reported as a HTM more than 15 years ago. However
the operating processes of this system were still poorly understood, in part because
characterization techniques were optimized and targeted for the traditional counter-
part using a liquid electrolyte. The differences in the electronic processes occurring
in ssDSSCs and their associated timescales require measurement procedures to be
reevaluated and adapted.

In this chapter I investigated the electronic processes and interfacial contribution of ss-
DSSCs type devices using IS. To simplify the complexity of the system, no light harvesting
sensitizer was employed. Different device configurations are employed to differentiate
between the transport process within the individual components making up the ssDSSC.
Consequently the transport properties of spiro-MeOTAD as a HTM were examined and
the contribution to the IS response was isolated. From these observations a model was
developed to interpret the impedance frequency response. Using the established model
the influence of temperature on the IS parameters was exposed. Subsequent analysis
using the Arrhenius equation determined the activation energy of hole-hopping trans-
port in undoped spiro-MeOTAD. This value was found to be in good agreement with
similar organic amorphous materials in literature validating the proposed procedure
and IS equivalent model.

Undoped, pristine spiro-MeOTAD has low conductivity. To achieve high PCEs in solar
cells the conductivity of the HTM is increased by various doping methods. Here the
procedure of chemically p-doping spiro-MeOTAD through the addition of a chemical
p-type Co(Ill) complex dopant is compared with the commonly employed method of
photodoping, taking place under exposure to atmospheric oxygen and light. From IS
analysis it was determined that both doping procedures increase the conductivity of
the spiro-MeOTAD, observed in a decrease in its transport resistance. The IS analysis
revealed subtle differences in the effect of the different doping methods. In addition to
decreasing the charge-transport resistance of the HTM, the process of photodoping was
observed to improved the ohmic contact between the HTM and back contact.

Using the developed model, the internal electrical processes within ssDSSCs in working
conditions can be probed and explored. As has been demonstrated in this chapter this
approach provides valuable insight into the device mechanics which can be adopted in
the quest to achieve high performance photovoltaic devices. While future work should
involve the development on device fabrication methods that eliminate the need for
oxygen, it is apparent that the role of oxygen is complex and multifold.

Chapter 3 presents the use of different series of organic molecular sensitizers as light
harvesting species in ssDSSCs. The individual properties of the dye molecules were
evaluated, attributed to their molecular structure and correlated with their photovoltaic
performance in ssDSSCs using spiro-MeOTAD. Focus was placed on the interface be-
tween the sensitized mTiO, surface and the HTM. Optical measurements exposed
the beneficial de-aggregating properties of spiro-MeOTAD when employing a highly



aggregating near-infrared squaraine sensitizer.

IS and transient photovoltage decay measurements were used to systematically examine
the influence of the molecular sensitizers on the recombination and transport processes
within the working devices. This method exposed the influence of dye surface coverage
and dipole moment on the position of the mTiO, conduction band and thus on the
Voc. These observations were confirmed by various other characterization methods.
Furthermore the importance of efficient charge separation to achieve good photovoltaic
performance and its relation to the molecular structure for a series of ullazine based
sensitizers was exposed using photoinduced absorption measurements and IS.

In this chapter I presented thorough studies of ssDSSCs using different molecular sensi-
tizers, demonstrating the importance of systematic analysis of the systems to determine
the factors affecting the photovoltaic performance and correlate them to the molecular
structure. This highlights the need for the careful and targeted design of sensitizers to
fulfill the necessary requirements to achieve high PCE and long-term stability. Crucially
the nature of the mesoscopic solar cells requires the system in its entirety to be consid-
ered, as has been demonstrated here, examining the interfaces and interplay between
the elements.

Chapter 4 introduces the use of the hybrid organic-inorganic lead-iodide based per-
ovskite material CH3NH;3PbI3 instead of a molecular dye as light harvesting material
in solid-state mesoscopic solar cells using spiro-MeOTAD. Despite the record breaking
PCEs achieved with this relatively recent approach, the fundamental operating mech-
anisms of these type of devices remain unclear. In this chapter I investigate the IS
response of these type of devices. Unique features associated to the ionic and electronic
transport properties of the perovskite material are identified and analyzed, exposing the
contribution to the transport processes within the solar cell. Using a similar approach
as in Chapter 2 an equivalent circuit model is developed and consequently tested and
validated. The effect of varying common parameters such as the additive concentration
in the HTM solution and the HTM overlayer thickness on top of the mTiO; on the ex-
tracted IS parameters was investigated. The results from these systematic studies were
used in our laboratory to optimize the device performance and achieve high PCEs.

This study developed a valuable tool that can be used in the characterization of these
type of systems, thus improving the understanding of their basic functioning. It was
additionally found that the IS response attributed to the perovskite is greatly dependent
on the nature and composition of the perovskite film. Hence this method can also be
used to probe the perovskite material within devices under working conditions.

Chapter 5 follows on from Chapter 4 where the role of the perovskite morphology on
the device photovoltaic performance is investigated. The film morphology and nature
was found to be dependent on the deposition procedure and subsequent treatments.
In this chapter I examined the influence of specific factors and parameters on the

189



Chapter 7. General Conclusions and Summary

formation of the perovskite film. The solvent properties are crucial in the deposition
step; determining the wetting and infiltration of the mTiO; by the precursor solution
and the rate of solvent evaporation and hence perovskite growth.

I present an in-depth investigation of the effect of the annealing temperature used to
treat the as-deposited perovskite precursor solution and drive the conversion process.
The film morphology of the perovskite formed is determined by the temperature at
which it is annealed as revealed by the results obtained by scanning electron microscopy.
From optical and X-ray diffraction measurements it was found that the conversion of the
perovskite is temperature dependent and that the additional formation of Pbl, occurs
at high temperatures. This detrimental formation of Pbl, results in a misalignment
of the energy levels, preventing the injection from and into the mTiO, and thus the
consequent buildup of charges. This is revealed by IS measurement as a deviation from
the typical exponential increase in the extracted chemical capacitance. The same trends
were observed when the proportion of Pbl, in the precursor solution was increased.

Future work needs to further investigate the multitude of parameters influencing the
formation of the perovskite film and thus contributing to its morphology, composition
and crystallinity. To further improve upon the already excellent photovoltaic perfor-
mances, the nature of the perovskite film can still be further optimized. Particularly
in order to achieve better reproducibility of results, the formation process needs to be
better understood and controlled.

¢ Chapter 6 builds on the concept of the formation of the perovskite material from a
precursor solution containing a mixture of the organic and inorganic components
presented in Chapter 5. The thermal properties of the individual components are
investigated, identifying the contributions to the thermal behavior of the perovskite
material. The approach presented in this chapter permits the formation mechanism of
the perovskite material to be monitored. When mixed halide solutions are employed
where the organic and inorganic components contain different halide atoms, an excess
of organic material is formed as is revealed by thermogravimetric analysis.

Differential scanning calorimetry measurements reveal phase transitions of the crystal
structure that the CH3NH3Pbls perovskite undergoes at specific temperatures. Small
differences are observed for the perovskite material formed from different precursor
solutions. It is conceivable that such subtle differences in crystal structure and/or
phase affect the transport properties of the material and thus the resultant photovoltaic
performance. Hence this study conveys the need to conduct systematic material char-
acterization for the perovskite material to elucidate the origins for variations in device
operating processes.

The field of solid-state mesoscopic solar cells using spiro-MeOTAD as HTM has witnessed
incredible development in recent years, leading to record breaking efficiencies. While excel-
lent PCEs have been achieved, the rapid and continual evolution is an indication that this
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technology still has room for improvement. With each new discovery, new questions arise
concerning the functioning of this system opening new avenues for research.

As is evident from the scope of this thesis, the main area of development is the light har-
vesting unit of the device. While this unit is the key element of this system, to achieve good
photovoltaic performance, the HTM and its interaction with the sensitized metal oxide semi-
conductor is of crucial importance. The strategies I have presented focus on understanding
the interfacial properties within the device, essential to understanding its operating mech-
anisms. I believe that the IS models and characterization procedures presented herein are
valuable tools in gaining knowledge of the internal electrical workings and interfaces within
these devices. The complexity of this system supplies it with a richness and seemingly endless
potential for further research and development. I hope that our work contributes in the ad-
vancement and improvement of high performance solar cells with the aim to generate clean,
renewable and low-cost energy to meet the world’s future needs.
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Experimental Methods

8.1 Materials and Synthesis

All chemicals were purchased from Sigma-Aldrich and used as received. The hole-transport
material, 2,2’,7,7’-tetrakis(N,N-di- para-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
MeOTAD), was purchased from Merck KGaA and used as received. The CH3NHj3I precursor
used in the fabrication of perovskite-based solar cells was synthesized in our laboratory as
reported [49]. The molecular sensitizers were synthesized according to reported procedures.

8.2 Characterization Methods

8.2.1 Optical Spectroscopy
UV-vis Absorption

The steady-state UV-vis absorption spectra were recorded using a Varian Cary 5 spectropho-
tometer in transmission mode. A 10 mm path length quartz cell was used to measure the
spectra of dye solutions. The dye solvent was typically used as a blank reference. The absorp-
tion spectra of sensitized TiO, films was recorded using mTiO, films deposited on microscopic
glass slides. Blank TiO, was used as a reference.

Dye Loading

Dye loading was determined using optical measurements. Sensitized TiO, were immersed
in a known volume of tetrabutylammonium hydroxide (TBAOH) in a respective solvent at a
known concentration to desorb the dye molecules. The UV-vis spectrum of the resulting dye
solution was measured. The Beer-Lambert law (Equation 8.1) relates the absorbance A of the
solution with its concentration c;

A=excxl 8.1)
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where € — the molar extinction coefficient, ¢ — concentration of the absorbing species and [ —
the optical path length. From this the number of dye molecules can be calculated. With the
additional knowledge of the TiO, film thickness, area, pore size and porosity, the concentration
of dye molecules on the surface of the mTiO, - its surface coverage — can be estimated as
follows. The TiO, particles are treated as uniform spheres that are connected without overlap.
The effective surface area is calculated by determining the number of TiO, particles that
occupy the mTiO, layer and — assuming that no area is lost at the points of connection
between the individual TiO, particles — multiplying by the area of a perfect sphere with a
diameter corresponding to the particle size of the TiO». With the knowledge of the number
of desorbed dye molecules previously calculated the corresponding surface coverage can be
determined.

Emission Spectroscopy

The emission spectra were recorded on a Horiba Jobin Yvon Fluorolog spectrofluorometer
using a 450 W xenon arc lamp, double-grating excitation and emission monochromators.
Time-correlated single photon counting experiments were conducted using an emission
photomultiplier in front-face mode allowing photon-counting detection. A pulsed laser diode
provided the excitation beam at 406 nm using a 515 nm filter to eliminate scatter from the
laser. For sensitized TiO; films a 460 nm laser was used to prevent the direct excitation of the
TiO,.

8.2.2 X-ray Diffraction

Samples were deposited on glass or FTO substrates (as specified). X-ray powder diagrams
were recorded on a X’Pert MPD PRO (Panalytical) operated in BRAGG-BRENTANO geometry,
using a RTMS X’Celerator detector, a ceramic tube (Cu anode, A = 1.54060 A) and a secondary
graphite (002) monochromator. No further modification was made to mount to the samples
and adjustments were made to the automatic divergence slit and the beam mask to account
for the dimensions of the sample films. An acquisition time of 7.5 min deg~! was employed
with a step size of 0.008°.

8.2.3 Fourier Transformed Infrared Spectroscopy

Attenuated total reflection FTIR (ATR-FTIR) was used to examine the adsorption mode of the
sensitizers on the TiO, surface. A FTS 7000 FTIR spectrophotometer (Digilab, USA) employing
a diamond anvil (‘golden gate’ ) was used to conduct the measurements. The samples were
placed in intimate contact with the anvil throughout the duration of the measurement and
the spectra were generated from 64 individual scans at a resolution of 2 cm™!. The data was
processed through the subtraction of the spectra corresponding to TiOy, carbon dioxide and
surface water molecules. No ATR corrections were made.

194
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8.2.4 Photoinduced Absorbance

The photoinduced absorbance spectra of samples were recorded across a wavelength range
from 500 to 1600 nm following excitation by a photomodulated 9 Hz square wave generated
by a blue LED. The illumination probe source was provided by a halogen lamp. After passing
through the sample the beam is refocused through the slits of a double monochromator
(Gemini-180, Jobin Yvon Ltd., UK) coupled to a diode (dual color solid-state detector — Si/In-
GaAs) for detection. Data acquisition was made by a dual phase lock-in amplifier (SR 830,
Stanford Research System, USA) locked at the light modulation frequency, recording the mea-
sured signal as the change in transmission as a function of the wavelength (AT/T(A)). Samples
were prepared using TiO, deposited on microscopic glass as substrates.

8.2.5 Thermal Analysis

Thermogravimetric analysis (TGA) was performed using a TGA 4000 (Perkin Elmer), heating at
steady constant rates as specified (typically between 2.5 and 10°C min~!) under a constant
20 ml min~! N gas flow. The investigated temperature intervals were between a minimum
of 30°C to a maximum of 800°C. Ceramic crucibles and approximately 5-15 mg of sample
material were employed for each measurement.

Differential scanning calorimetry (DSC) measurements were conducted using a DSC8000
(Perkin Elmer) calorimeter at a rate of 10°C min~! from 30 to 400°C under N». Approximately
2-5 mg of sample powder was used in each experiment using aluminium pans and lids.

The data was recorded and analyzed using Pyris — Instrument Managing Software (Perkin
Elmer).

8.3 Crystal Structure

The 3D representation of the perovskite crystal structure in Chapter 4 was produced using
VESTA Version 3 ©2006 — 2014 Koichi Momma and Fujio Izumi.

8.4 Solar Cell Fabrication

8.4.1 Solid-State Dye-Sensitized Solar Cells

Fluorine-doped tin-oxide (FTO) glass substrates (TEC 15, Pilkington) were etched using hy-
drochloric acid and zinc powder to achieve the correct electrode configuration prior to clean-
ing by ultrasonication in water and ozone treatment. A compact TiO; layer (approximately
30-50 nm) by spray pyrolysis was deposited using titanium diisopropoxide bis(acetylacetonate)
(TAA) solution in ethanol (EtOH) at a 1:10 volume ratio as a precursor and oxygen as a car-
rier gas at 450°C. Before and after preparation of mesoporous TiO, layers of 2.0-2.2 ym by
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Table 8.1. Dye solution specifications

Dye Series Solvent Composition Concentration Additive Sensitization time

(mM) (mM) (minutes)
Squaraine? EtOH 0.05 CDCA 60
20
D-7-AP t-BuOH/MeCN¢ 0.1 - 60
1:1v/v
Ullazine THF/EtOHY 0.1 - 60
1:4v/v
aJ1D10/YR6
b (218/C220/JK2/Y123

¢ tert-butanol/acetonitrile
d tetrahydrofuran/ethanol

screen-printing, the substrates were treated with 20 mM titanium tetrachloride (TiCls) so-
lution at 70°C for 30 minutes and sintered for 30 minutes at 500°C. The dye solutions used
to sensitize the mTiO; films were prepared according to the specifications given in Table 8.1.
The hole-transport material was prepared by dissolving spiro-MeOTAD in chlorobenzene to
give a 0.15 M solution. The cobalt(III) complex, tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-
cobalt(III)-tris(bis(trifluoro-methylsulfonyl)-imide)) coded FK209! was added to the HTM
solution as a p-type dopant to give 1.5% doping of spiro-MeOTAD. Furthermore 0.12 M 4-tert-
butylpyridine (TBP) and 0.2 M lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) were added
to the HTM solution. Both the cobalt(IlI) complex FK209 and the LiTFSI salt were predissolved
in acetonitrile (MeCN). 40 ul of this solution was deposited onto the sensitized TiO; films and
allowed to infiltrate for 30 seconds prior to spin-coating for 30 seconds at 2000 rpm. Finally
200 nm thick silver counter electrodes were thermally evaporated onto the films completing
the cell fabrication. The devices were fabricated and sealed under red light and controlled dry
conditions with less than 5% humidity levels. The encapsulation of the devices was achieved
using a 25 pm thick hot-melting polymer spacer (Surlyn, DuPont) and a microscope coverslip.

8.4.2 Perovskite Based Solid-State Mesoscopic Solar Cells

FTO glass substrates were patterned by laser etching to give the desired electrode config-
uration. After undergoing thorough cleaning by mechanical scrubbing using Hellmanex,
ultra-sonication and finally ozone cleaning, a TiO, compact layer was deposited on the sub-
strates by spray pyrolysis at 450°C using the TAA precursor diluted in ethanol (1:20 volume
ratio) and oxygen as the carrier gas. The substrates were subsequently immersed in a 0.02 M
aqueous solution of TiCly for 30 minutes at 70°C, after which they were rinsed with water
and heated at 500°C for 20 minutes. The submicron mesoporous TiO; layer was deposited by
spin-coating TiO, paste (Dyesol 18NR-T) diluted in ethanol at 1:2.5 by weight at 2000 rpm. The

L ¢f. Appendix Figure A.2 for molecular structure.
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films were heated step-wise to 500°C at which they were sintered for 15 minutes. While still hot,
the substrates were transferred into a dry box. All subsequent deposition steps were carried
out under dry conditions. The perovskite precursor solution was prepared and deposited as
described in the text. Precursor solutions were prepared at 30 wt% and dissolved by by heating
at 60°C overnight. In Chapter 4 the HTM solution was prepared by dissolving 0.059 M spiro-
MeOTAD in chlorobenzene, to which 1% molar ratio of cobalt(IlI) dopant FK209, 0.05 M TBP
and 0.009 M LiTFSI were added. In Chapter 5 the HTM solution was prepared by dissolving
0.05 M spiro-MeOTAD in chlorobenzene, to which 5% molar ratio of cobalt(III) dopant FK209,
0.2 M TBP and 0.03 M LiTFSI were added. The HTM solution was deposited on the perovskite
sensitized films by spin-coating at 4000 rpm for 30 seconds unless specified otherwise. The
devices were completed by thermal evaporation of 60 nm of Au counter electrode. Cells were
not sealed, but stored in the dark under dry conditions and measured in normal ambient
atmosphere.

8.5 Solar Cell Characterization

8.5.1 Photovoltaic Characterization

The current-voltage characteristics were determined using a digital source meter (Keithley
Model 2400) to apply an external potential bias to the solar cells and measuring the generated
photocurrent. The emission spectrum from a 450 W xenon lamp (Oriel) was matched to
the standard AM1.5G using a Schott K113 Tempax sunlight filter (Praezisions Glas & Optik
GmbH). The exact light intensities of the measurements were determined using a calibrated Si
diode as reference. The IPCE spectra were recorded as a function of the wavelength using a
Model SR830 DSP lock-in amplifier (Stanford Research Systems). The excitation beam was
provided by a 300 W xenon lamp (ILC technology), focused through a Gemini-180 double
monochromator (Jobin Yvon Ltd.) and chopped at approximately 2 Hz.

8.5.2 Impedance Spectroscopy

The impedance measurements were performed using a Bio-Logic SP300 potentiostat. A DC
potential bias was applied and overlaid by a sinusoidal AC potential perturbation of 15 mV
over a frequency range of 7 MHz to 0.1 Hz (for the measurements under illumination the
lowest frequency is 0.01 Hz). The applied DC potential bias was changed by approximately
50 mV steps from 850 mV to 0 mV. Measurements were conducted in the dark and under
illumination using an LED light source. The resulting impedance spectra were fitted using the
ZView software (Scribner Associates Inc.)
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8.5.3 Transient Photocurrent and Photovoltage Measurements

The transient photovoltage and photocurrent measurement setup is similar to the description
by O’Regan et al. [82, 209]. White bias light was provided by an array of diodes (Lumiled model
LXHL-NWES white star). For the small perturbation red light pulsed diodes (LXHL-ND98
redstar, 0.2 s square pulse width, 100 ns rise and fall time) were used, controlled by a fast solid-
state switch. The voltage dynamics were recorded via a Keithley 2602 sourcemeter. The voltage
decay measurements were performed from zero current (at Voc). Small perturbation transient
photocurrent measurements were performed in a similar way to the open-circuit voltage
decay measurements but here holding a fixed potential while measuring the photocurrent
transients. The decays were fitted with a double exponential decay.
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A.1 Molecular Structures
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Figure A.1. Molecular structure of chenodeoxycholic acid (CDCA).
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Figure A.2. Molecular structure of cobalt(III) complex FK209. The salt used the TFSI™ anion.
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Figure A.3. Molecular structure of D-7-A dye D35.
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A.2 Impedance Fitting Procedure for Perovskite Solar Cells

In this work I have identified and analyzed the behavior of the individual components con-
tributing to the IS Nyquist spectra. As outlined the chemical capacitance of the mTiO; is a
feature with characteristic behavior. As such it is best to commence fitting data by consider-
ing the low frequency recombination arc in isolation. This feature can be fitted by a simple
RC element from which the recombination resistance and associated capacitance are easily
extracted and their behavior as a function of applied potential can be used as a guideline
to identify specific potential regions. As observed in Chapter 4 at low forward bias both the
capacitance and the resistance are more or less constant, identifying this region as where the
mTiO; is non-conducting and the current is driven via the underlayer/HTM interface. This
region can thus be fitted using the model shown in Figure 4.4 (a) plus two RC elements in series
representing the BC/HTM interface at high frequency and the transport feature associated
with the perovskite.

Returning to the capacitance of the recombination arc, the observed sudden drop is followed
by a rapid increase as the applied potential moves to higher forward bias. This indicates the
region where the mTiO, becomes conducting, and Nyquist plots are typically complicated
by the appearance of a 45° line at intermediate frequencies. This typically applies for only a
few potentials and the data can be fitted using the transmission line model. Furthermore in
this potential region the transport resistance of the perovskite, manifesting at intermediate
frequencies, is observed to drastically decrease as the mTiO, becomes conductive and usually
even disappears. Upon its disappearance the data can be fitted well using only a transmission
line model and an RC element in series for the BC/HTM interface.

Finally at high forward bias, with the disappearance of the 45° line, it is generally possible
to identify the three separate RC elements which can be fitted in series. Unfortunately these
do not always appear as distinct arcs, rather they tend to merge due to the similarity of their
time constants. The intermediate and low frequency arcs representing the perovskite and
the recombination features respectively sometimes appear to merge, thus manifesting as a
deformed arc, which clearly originates from two individual processes. Here it is important
to note that the feature for the perovskite transport is sometimes not apparent at very high
forward bias. In the case of devices where the HTM overlayer is very thick or it is insufficiently
doped, the high frequency arc may also consist of two individual processes, corresponding to
the BC/HTM interface and the charge-transport within the HTM. This usually becomes evident
as a deformation at high frequency. To check the validity of the fit using this approach, it is
useful to compare the values of recombination resistance and associated capacitance extracted
from this complete fit and initial isolated fit. Additionally it is also possible to separately fit
the high frequency region related to the BC/HTM interface and (if only moderately doped
or with a thick overlayer) the charge-transport of the HTM prior to employing the complete
model incorporating all elements. This provides further verification of the accurateness of the
conducted data fit. In all cases constant phase elements are used in place of ideal capacitors
to fit the data, taking into account the deviation from ideality of such nanostructured devices.
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Nomenclature

List of Abbreviations

2D

3D
APCE
AC
AM
AM1.5G
ASTM
AU
BC

BL

bp
C218
C220
CB
CDCA
CPDT
CPE
D-n-A
D35
DC
DFT
DMF
DMSO
DOS
DSC
DSSC
EQE
ETM
FF
FK102
FK209

Two-dimensional

Three-dimensional

Absorbed-to-current conversion efficiency
Alternating current

Air Mass

Reference solar spectral irradiance according to ASTM G-173-03 standard
American Society for Testing and Materials
Astronomical unit of distance

Back contact

Compact TiO; blocking layer

Boiling point

A D-n-A sensitizer - cf. Figure 3.8, page 66

A D-n—-A sensitizer - cf. Figure 3.8, page 66
Conduction band

Chenodeoxycholic acid - cf. Appendix Figure A.1
Cyclopentyldithiophene bridge unit

Constant phase element
Donor-n-bridge-Acceptor

A D-n-A sensitizer - cf. Appendix Figure A.3
Direct current

Discrete Fourier Transform
N,N-dimethylformamide - cf. Table 5.2, page 143
Dimethylsulfoxide - cf. Table 5.2, page 143
Density of trap states

Differential scanning calorimetry
dye-sensitized solar cell

External quantum efficiency
Electron-transport material

Fill factor

A cobalt(IIl) complex - cf. Figure 1.7, page 13
A cobalt(IIl) complex - cf. Appendix Figure A.2
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FTIR Fourier transform infrared

FTO Fluorine-doped tin oxide

GBL Y-butyrolactone - cf. Table 5.2, page 143
HOMO Highest occupied molecular orbital

HT Hole-transport

HTM Hole-transport material

ICT Intramolecular charge-transfer

IPCE Incident photon-to-electron conversion efficiency
IQE Internal quantum efficiency

IR Infrared

IS Impedance spectroscopy

JD10 A squaraine sensitizer - cf. Figure 3.1, page 59
JD21 A ullazine sensitizer - cf. Figure 3.15, page 74
JD25 A ullazine sensitizer - cf. Figure 3.15, page 74
JD26 A ullazine sensitizer - cf. Figure 3.15, page 74
JD27 A ullazine sensitizer - cf. Figure 3.15, page 74
JD29 A ullazine sensitizer - cf. Figure 3.15, page 74
JD30 A ullazine sensitizer - cf. Figure 3.15, page 74
JK2 A D-n-A sensitizer - cf. Figure 3.8, page 66
LHE Light harvesting efficiency

LED Light emitting diode

LiTFSI Lithium bis(trifluoromethylsulfonyl)amide - cf. Figure 1.7, page 13
LUMO Lowest unoccupied molecular orbital

MPP Maximum power point

mTiO, Mesoporous titanium dioxide, TiO,

NHE Normal hydrogen electrode

NIR Near-infrared

NMR Nuclear magnetic resonance

PCE Solar-to-electrical power conversion efficiency
PFF Pore-filling fraction

PIA Photoinduced absorption

rpm Revolutions per minute

S Sensitizer

SEM Scanning Electron Microscopy
spiro-MeOTAD A hole-transporting material - cf. Figure 1.5, page 7
SQ1 A squaraine sensitizer - cf. Figure 3.1, page 59
ssDSSC Solid-state dye-sensitized solar cell

TBP 4-tert-butylpyridine - cf. Figure 1.7, page 13
TCO Transparent conducting oxide

TCSPC Time-correlated single photon counting
TDDFT Time-dependent density functional theory
TGA Thermogravimetric analysis
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THF Tetrehydrofuran
TLC Thin layer chromatography
TPA Triphenylamine
uv Ultraviolet
VB Valence band
vis Visible
XRD X-ray diffraction
Y123 A D-n—A sensitizer - cf. Figure 3.8, page 66
YR6 A squaraine sensitizer - cf. Figure 3.1, page 59
List of Symbols
AHg,p Enthalpy of sublimation - cf. Equation 6.1, page 171
€ Molar extinction coefficient/Dielectric constant
Neoll Charge collection efficiency
Ninj Charge injection efficiency
Surface dye coverage
K Conductivity
A Wavelength
u Charge-carrier mobility/Dipole moment
) Angular frequency
Wet Characteristic recombination frequency
wq Characteristic carrier diffusion frequency
z Positional disorder parameter - Bassler model
Stefan-Boltzmann constant/Energy disorder parameter - Bidssler model
T Lifetime
Tn Electron lifetime
Tsol Lifetime of the excited state dye species in solution
TTi0, Lifetime of the excited state dye species adsorbed onto TiO»
A Surface area/Absorbance/Pre-exponential factor
c Speed of light/Concentration
Cgc Capacitance at BC/HTM interface
CiL Capacitance at BL/hole-transport mediator interface
Cc Capacitance at interface between counter-electrode and liquid electrolyte
CHTM Capacitance of the HTM
Cu Chemical capacitance
Cu Distributed chemical capacitance, measured per unit length per area
d Thickness of mesoporous metal oxide layer
E Electric field
e Elementary charge
e Electron
ecp TiO, CB electrons
Ep Activation Energy
Eg Position of the Fermi level
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Eg

h

h+

1

Iy
Iphoto
J

Jo
Jmpp
Jsc

Rgc
Rgr,
Rt

et
Rc

Rut™m
Rirans
T'trans
Rseries

Rshunt
T

t

Tsub
\%4

Vapp
Ve
Vapp
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Bandgap energy

Planck’s constant

Electron hole

Current

Diode reverse saturation current

Photocurrent

Current density

Photon flux

Current density at maximum power point

Short-circuit current density

Rate constant

Boltzmann constant

Recombination rate constant

Charge-transport rate constant

Optical path length

Diode ideality factor/Mass

Molecular mass

Mass lost by sublimation - cf. Equation 6.3, page 171
CPE exponent/Total electron density

Porosity/Vapor pressure

Incident solar power

Electrical power

Electrical resistance

Gas constant

Charge-transfer resistance at BC/HTM interface
Charge-transfer resistance at BL/hole-transport mediator interface
Macroscopic charge-transfer (recombination) resistance
Distributed recombination resistance, measured per unit length per area
Charge-transfer resistance at interface between counter-electrode and liquid
electrolyte

Charge-transport resistance of the HTM

Macroscopic transport resistance

Distributed transport resistance, measured per unit length per area
Series resistance

Parallel (shunt) resistance

Temperature/Transmission

Time

Temperature of sublimation

Voltage

Applied potential

Corrected potential from IR drop calculation

Voltage at maximum power point
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Open-circuit potential

Warburg diffusion resistance of redox species
Electrical impedance

Warburg diffusion element
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