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Abstract

In order to bridge the gap between traditional sources of electricity and the increas-
ing global demand for it, as a society we must move towards renewable sources of
energy such as solar radiation. Photovoltaic devices (PVs) harness solar power and
convert it to electrical power. In order to be commercially viable, they need to be
efficient, cost effective, simple to fabricate and environmentally friendly. To address
these requirements, the class of emerging PVs arose, which includes dye sensitised
solar cells (DSSCs) and perovskite solar cells. Femtosecond transient absorption spec-
troscopy (TAS) is an experimental technique which allows us to follow the ultrafast
photoinduced charge dynamics in real time in light harvesting thin films and PVs. By
assigning time and rate constants to various processes governing the charge genera-
tion and extraction in solar cells, we construct charge dynamics models, and therefore
learn the fundamental photophysics reasons behind what makes the power conver-
sion efficiencies (PCEs) of some solar cells superior. In particular, this study focused
on the charge transfer processes in indoline dye (DN216) sensitised electrodeposited
ZnO solar cells, and the charge recombination dynamics in FA0.85MA0.15PbI2.55Br0.45
perovskite thin films. To construct the simplest fully consistent charge dynamics mod-
els, we match the visible and near-infrared spectroscopic signals of our samples to
the allowed electronic transitions, and follow their temporal evolutions on the fem-
tosecond and picosecond time scales. From our measured time and rate constants we
observed that ZnO based DSSCs are less efficient than their TiO2 counterparts because
the electron injection from the photoexcited indoline dye into the ZnO CB doesn’t just
occur directly (< 200 fs), but also stepwise via neutral (∼ 2 ps) and ionic (∼ 10 ps)
intermediate charge transfer states, resulting from surface trap states characteristic of
electrodeposited ZnO. Moreover, FA0.85MA0.15PbI2.55Br0.45 is an excellent hybrid pho-
toabsorber in record efficiency perovskite solar cells because even at high charge carrier
densities of 1019 cm−3, the third order non-radiative Auger recombination mechanism
is not dominant. Furthermore we determined the associated geminate, non-geminate
and Auger recombination rate constants as A = 5× 109 s−1, B = 10−10 s−1cm3 and
C = 50× 10−32 s−1cm6.
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Opsomming

Die gaping tussen tradisionele bronne van elektrisiteit en die aanvraag daarvoor moet
oorbrug word, as ’n wêreld gemeenskap moet ons beweeg in die rigting van herwin-
bare energie bronne soos son krag. Fotovoltaı̈se toestelle (PVs) omskep son krag na
elektriese krag. Om ekonomies vatbaar te wees, moet hulle effektief, koste effektief en
eenvoudig wees om te vervaardig in ’n omgewings vriendelike manier. Om hierdie
vereistes aan te spreek het ’n klas PVs ontstaan waaronder kleursel-gesensiteerde-
sonselle (DSSCs) en perovskiet son-selle val. Femtosekonde leeftyd absorpsie spek-
troskopie (TAS) is ’n eksperimentele tegniek wat ons toelaat om die super vinnige foto-
geinduseerde dinamika soos dit plaas vind in lig opnemende dun film materiaal waar
te neem. Deur leeftyds konstante waardes toe te ken vir die verskillende prosesse wat
by dra tot ladings generasie en ekstraksie in son-selle kan ons dinamiese modelle saam
te stel om sodoende iets te leer oor die fundamentele fotofisika agter die sonsel kragop-
wekking effektiwiteit (PCEs). In hierdie studie het ons meer spesifiek gefokus op die
ladings-oordrag prosesse van indolien kleursel (DN216) gesensiteerde sink elektroli-
ties gedeponeerde son-selle sowel as die ladings herkombinasie dinamika in FA0.85-
MA0.15PbI2.55Br0.45 perofskiet dun films. Om sodanig die eenvoudigste heeltemal kon-
sistente ladings dinamika modelle op te stel vind ons die ooreenkomstige sigbare en
naby-infrarooi spektroskopiese seine van ons monsters wat korrek vir die toelaatbare
elektroniese transisies is en volg hulle evolusie in tyd op ’n femtosekonde tydskaal.
Vanaf ons gemete tyd konstantes neem ons waar dat ZnO gebaseerde DSSCs minder
effektief is as TiO2 omdat die elektron inspuiting vanaf die foto-opgewekte indolien
kleursel na die ZnO CB nie net direk plaas vind (< 200 fs), maar ook stapsgewys via
natuurlike (∼ 2 ps) en ioniese (∼ 10 ps) interim ladings oordrag toestande as gevolg
van die oppervlak vasvang toestand eienskappe van elektronies gedeponeerde ZnO.
Verder ook, FA0.85MA0.15PbI2.55Br0.45 is ’n uitstekende hibriede fotoabsorbeerder in
rekord effektiwiteit perovskiet son-selle omdat selfs by hoër ladingsdraer digthede van
1019 cm−3 is die nie-stralende Auger herkombinasie meganisme dominant. Verder het
ons ook vasgestel dat die geassosieerde geminatus, nie-geminatus en Auger herkom-
binasie tyd konstantes A = 5× 109 s−1, B = 10−10 s−1cm3 en C = 50× 10−32 s−1cm6

is.
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1. Motivation

As time progresses, mankind’s dependence on technology continues to grow, result-
ing in an increased energy consumption. Our current heavy reliance on the limited
availability of fossil fuels to meet our energy needs, is having a negative effect on the
planet as a whole. Their regeneration timescales are unrealistic for human demand and
the byproducts produced upon the consumption of fossil fuels for energy have been
shown to play a dominant role in climate change and global warming. As an increasing
number of facets of our lives rely on interaction with the digital world, it is unreason-
able to expect that our overall energy consumption would decrease or even plateau. We
must therefore adapt to the demand and instead seek alternate energy sources which
are naturally replenished on a reasonable timescale, environmentally friendly as well
as abundant and simple to implement.

Some examples of renewable energy sources include wind, waves and tides, geother-
mal heat and the sun. Of these examples, solar energy is mostly independent of the
geographical location where it can be harnessed and its abundance far surpasses our
current energy requirements. Photovoltaic devices are employed to harness the solar
energy available to us and convert it to electrical energy. Currently, silicon based solar
cells dominate the commercial photovoltaic market, however their high costs and diffi-
culty of manufacturing have opened the way for a class of emerging photovoltaics such
as dye sensitised, organic, inorganic, perovskite and quantum dot solar cells. These de-
vices, although not as efficient, are cost effective and simple to fabricate on large scales
without requiring large energies to do so.

The development of photovoltaic devices towards higher power conversion effi-
ciencies and lower costs has been at the focus of many research institutes and laborato-
ries, and includes synthesising new materials or bettering the ones which are currently
in use and altering the device architectures. The approach of material scientists and
engineers is to permutate the chemical composition of the various materials employed
and optimise the cells which show the greatest promise in terms of long term stability
and efficiency.

In parallel, spectroscopic measurement techniques allow us to observe the behaviour
of these materials from a microscopic point of view and learn about the physics and
chemistry processes responsible for their response to illumination. We are therefore
able to follow the charge generation and dynamics occurring on an ultrafast timescale
and identify the mechanism behind the conversion of solar energy to electrical energy.
Knowing the fundamental physics which underpins the charge extraction process is
of great value towards the improvement of photovoltaic materials and thus solar cell
devices.

However, spectroscopic measurements are extremely time consuming in compar-
ison to electrochemical characterisation of the devices and therefore cannot be em-
ployed in real time during the synthesis of new materials. With that said, the fun-
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damental limit to power conversion efficiencies is determined through these measure-
ments, and therefore an understanding of the reasons behind a given material’s per-
formance in a photovoltaic device. This knowledge can then be employed toward the
synthesis of novel photovoltaic materials and device architectures.

Therefore, our basis for selecting a material to investigate spectroscopically, either
lies with its high efficiency and stability within a solar cell device or rather due to its
interesting electronic properties and unique fundamental physics processes.

In particular, we employed femtosecond transient absorption spectroscopy (TAS) to
investigate the photoinduced charge dynamics of photoabsorbing materials and solar
cell devices. Our attention was focused on the electron transfer processes which are
characteristic to fully operational indoline dye sensitised electrodeposited ZnO solar
cells due to its versatility and ease of fabrication. Furthermore we studied, in detail,
the recombination dynamics occurring in formamidinium methylammonium mixed
halide perovskite thin films, due to the high efficiencies obtained when employed as a
photoabsorber in solar cells.

This measurement technique enables us to monitor the population and depopu-
lation dynamics of electronic states in a material upon illumination, as long as the
material in question has spectroscopic signatures in the visible and infrared spectral
regions. These signatures include excited state absorption, ground state bleaching, or
fluorescence and correspond to electronic transitions within the material. By following
the temporal evolution of the aforementioned spectroscopic signals, we were able to
observe the ultrafast changes in transmission in real time and assign rate constants to
well known and previously unknown processes. We achieved this through the com-
parison of the lifetimes of states among themselves, as well as with respect to known
spectroscopic signatures associated to the transitions.

Additionally, with the use of femtosecond transient absorption spectroscopy, we
identified new electronic states from their transient behaviours which were not previ-
ously known prior to this work, and were able to directly determine their role in charge
transfer dynamics.

Although TAS is a small window into the particulars of charge generation, recom-
bination and extraction, the technique provides valuable information about the charge
dynamics dominating early times following illumination of photoabsorbing materials
and complete solar cells. With this information, better suited materials and more effi-
cient devices can potentially be engineered.

In this work, emerging solar cell technologies are introduced together with the ma-
terials which constitute them and their associated electronic characteristics. Using TAS
in an optical ultrashort pump – broadband probe architecture, the initial photophysics
occurring in the above mentioned materials was investigated and is discussed together
with kinetic models pertaining to the flow of charge carries in the perovskite pho-
toabsorbers and the indoline dye sensitised solar cells. The photophysics knowledge
presented aims to serve as a scientific contribution towards the development of more
efficient solar cells in order to provide cheaper clean energy with a minimal footprint
on planet.

2
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2. Introduction to Emerging Solar Cells

The average rate at which the Sun’s electromagnetic radiation falls incident on the
plane perpendicular to the direction of the light propagation is 1.37 kilowatts per
square meter [1]. This value is conventionally referred to as the solar constant, how-
ever fluctuating with the Earth’s distance from the Sun as well as atmospheric condi-
tions. Photovoltaic devices were developed to harness the Sun’s abundant radiation
(solar radiation spectrum shown in Figure 2.1) and convert it to electrical energy. With
a back of an envelope calculation, Hagfeldt et al. estimated an approximate 60 TW of
power which can be generated with the use of solar farms, assuming 10% efficiency
[2]. Therefore, with the implementation of photovoltaics on a large scale, the majority
of the world’s electricity needs could be met. Theoretically, solar farms operating at
below 20% efficiency and covering less than 10% of the total area of the Sahara dessert
could supply the Earth’s primary electricity demand [3].

Figure 2.1: A graph of the solar irradiation spectrum plotted as spectral irradiance (Wm−2nm−1) as a
function of the associated wavelength of the incident photons. The line in black shows the extraterrestrial
radiation, while the direct and circumsolar radiation is depicted in blue. The data was obtained from
the National Renewable Energy Laboratory website [4]. We therefore need to develop absorbers for
photovoltaics with absorption maxima in the visible and near infrared spectral regions.

2.1 Power conversion efficiency

To date, a large number of photovoltaic technologies have been established and can be
subclassed as first, second and third generation solar cells depending on their device
architectures and introduction into the commercial photovoltaic market. First gener-
ation solar cells are fully commercialised and are based on either single crystalline
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or multicrystalline silicon wafers. The second generation solar cells are identified by
thin film technologies and are not yet fully integrated into the photovoltaic market. Fi-
nally, the emerging solar cell technologies are novel, not yet fully commercialised, and
are classified as third generation photovoltaics, including concentrator and organic-
inorganic solar cells [5].

Photovoltaic devices are constantly being developed to further increase their power
conversion efficiencies (PCEs) as well as long term stabilities in ambient conditions [6].
The PCE (η) of a device is calculated as the ratio of generated electrical power (Pmax)
to incident light power (Pin). It is determined from the curve of extracted photocur-
rent density versus applied voltage of a solar cell device under constant illumination
(I-V curve), according to η = JSC×VOC×ff

Pin
where JSC is the short circuit current density

(maximum current produced by the cell), VOC is the open circuit voltage (maximum
voltage extracted from the cell) and ff is the fill factor [2]. Please refer to Figure 2.2 for
a graphical representation of the solar cell efficiency measurement. The fundamental
restriction to solar cell efficiency is determined by the Shockley-Queisser limit [5, 7].
This limit considers that the absorption of a single photon yields one electron hole pair
with a given energy separation, characteristic to the photoabsorbing material bandgap
or absorption maximum. All excess photon energy with respect to this energy sepa-
ration is assumed to be lost thermally, while photons with insufficient energy are not
absorbed at all. To overcome this quantum defect, third generation multi junction solar
cell devices were developed, such as tandem and multi-band photovoltaics [8].

Record research-cell efficiencies are reported regularly by Progress in Photovoltaics
and the National Renewable Energy Laboratory [9, 10]. While this includes all cate-
gories of solar cell devices of a 1 cm2 area which are illuminated under one sun con-
ditions (AM1.5 global solar radiation, 1 kWm−2), this work will only introduce some
of these state of the art devices and focus primarily on dye sensitised and perovskite
solar cells.

Voltage

C
u
rr

e
n
t 
d
e

n
s
it
y

JSC

VOC

PMAX

bArea

aArea

JSC VOC

ff = 
Area b
Area a

   = 
PMAX

JSC VOC

Figure 2.2: A schematic depicting a typical I-V curve associated to a solar cell as obtained under one sun
conditions (AM1.5 global solar radiation, 1 kWm−2). The current density is plotted as a function of the
applied voltage. The short circuit current (JSC) and open circuit voltage (VOC) points are marked on the
sketch together with their product, as well as the maximum power (PMAX). The graphical calculation of
the fill factor is shown as the ratio between the areas b and a, as depicted in the sketch, equivalent to the
ratio of the generated electrical power to the product of maximum current and voltage.

Although the attention of the scientific community is shifting towards emerging
photovoltaic devices, crystalline silicon solar cells are to date the market dominating
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photovoltaics. Their success can be attributed to high PCEs exceeding 25%, abundance
of silicon and long term device stabilities [9, 11]. Furthermore, multijunction solar cells
with and without concentrators currently provide the best research-cell efficiencies
(Figure 2.3) [10].

single crystal concentrator Si

Si heterostructures

single crystal non-concentrator Si

perovskite solar cell

dye sensitised solar cell

organic solar cell

Figure 2.3: An excerpt of the best research-cell efficiencies table published by the National Renewable
Energy Laboratory [10]. The graph depicts the record power conversion efficiencies obtained for vari-
ous emerging solar cells versus the year in which the records were achieved. The emerging solar cell
devices introduced in this work are pointed out together with the commercially available silicon solar
cell technologies, for comparison.

2.2 Silicon solar cells

In general, the working principle of solar cells consists of the absorption of light, fol-
lowed by efficient charge separation and transport within the photoabsorbing material.
Alternatively, charge separation may require a physical interface between two mate-
rials, in which case charge transport occurs within either an electron (ETM) or hole
(HTM) transport material. The extraction of charges is then facilitated by two elec-
trodes thus producing a current in the external circuit, see Figure 2.4. In the case of fully
inorganic silicon based solar cells, an electron hole pair is generated in the depletion
zone upon illumination (panel a). Due to the difference in potential energy, the elec-
tron and hole diffuse to the n- and p-type materials respectively, from which they are
extracted into the external circuit [12]. The maximum voltage which can be obtained
from these devices is determined by the energetic separation between the conduction
band (CB) of the n-type material and the valence band (VB) of the p-type material, and
is approximately 0.7 V for crystalline silicon solar cells, to be compared with the Si
bandgap of 1.1 eV, demonstrating the intrinsic unavoidable loss of efficiency [9].

Although silicon based solar cells are currently the most common commercially,
their drawbacks include high energy and monetary cost of manufacturing. This re-
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sults in long energy payback times of approximately 2 years [2]. Additionally, rigid
substrates are required to support the single crystals, further increasing the cost and
reducing the versatility and portability of the devices. The category of emerging pho-
tovoltaic devices arose to address these drawbacks as well as open up the absorption
of solar cells further into the infrared spectral region [12]. Some examples of emerging
photovoltaics include fully organic, organic-inorganic and hybrid solar cells. An ad-
vantage is that they can be solution deposited, vapour deposited, electrodeposited and
even roll-to-roll printed at low temperatures on flexible substrates such as polymers or
fabrics. The energy payback times of these devices are considerably shorter than that of
their silicon based counterparts, and are often less than 1 year [2]. Moreover, their light
weights together with the ability to deposit these photovoltaics as sandwich cells onto
flexible plastic surfaces has opened a wide range of applications in terms of portable
and integrated electricity generating devices.

2.3 Organic solar cells

Fully organic solar cells were not investigated in this work, however they form a large
portion of emerging photovoltaics and were a building block towards the develop-
ment of perovskite solar cells. They will therefore be introduced, although only briefly.
The working principle of organic solar cells requires two materials: an electron donor,
usually a low bandgap polymer or dye, and an electron acceptor, which is most often
a fullerene derivative [13, 14]. Conventionally the donor material is employed as the
photoabsorber, and its absorption maximum is chemically tuned towards the near in-
frared spectral region through the introduction of various ligands. Although this facil-
itates the harvesting of lower energy photons, the tradeoff lies with a higher quantum
defect and therefore a lower maximum photocurrent density [12].

Upon illumination, an exciton (Coulombically bound electron hole pair) with a typ-
ical binding energy of 0.3− 1 eV, is generated within the donor [15], see Figure 2.4 panel b.
This exciton is free to propagate in the material until it reaches a donor|acceptor inter-
face, barring that it is first scattered in the photoabsorbing material and relaxes. Unfor-
tunately, in planar devices, this is often the case as the exciton diffusion length within
an organic semiconductor is in the order of 1− 10 nm [16]. To address the issue, or-
ganic solar cells are fabricated employing a mixture of donor and acceptor materials.
This is referred to as a bulk heterojunction (BHJ) architecture, and allows for a large
donor|acceptor interface, while maintaining sufficient active material. Due to the po-
tential difference at this interface, the exciton dissociates via a charge transfer state
and the electron is injected into the acceptor. The lowest unoccupied molecular orbital
(LUMO) of both donor and acceptor materials is selected and chemically tuned to en-
sure an energetically favourable electron transfer. Traditionally, the hole will diffuse
within the photoabsorber to be extracted at an electrode, however an additional hole
transport material can also be contacted to the donor. The maximum voltage which
is extracted from fully organic solar cells, is determined by the potential energy sepa-
ration between the LUMO of the electron accepting material and the HOMO (highest
occupied molecular orbital) of the electron donor material or hole conductor [12, 13].
Currently, it is 0.78 V for the best performing organic research solar cells [9].

The benefits of fully organic solar cells include their very simple and energy effi-
cient manufacturing techniques which have low production costs, such as roll-to-roll
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printing. The materials employed for their fabrication are abundant and environmen-
tally friendly and result in lightweight flexible devices [12, 17]. However, the current
drawback of mainstreaming these photovoltaic devices for commercial use lies with
the low power conversion efficiencies obtained, caused by the high quantum defect
and losses during exciton propagation and charge separation.

2.4 Dye sensitised solar cells

In addition to organic solar cells, the category of emerging photovoltaic devices in-
cludes dye sensitised solar cells (DSSCs). The working principle of these devices is sim-
ilar to that of the fully organic solar cells introduced above, however the organic elec-
tron acceptor is replaced by an inorganic semiconductor. They were developed as low
cost alternatives to inorganic solar cells, and boast advantages over silicon solar cells
in their many design opportunities brought upon by their transparency and colour
variations, mechanical flexibility and light weight. Their enhanced performance in dif-
fuse light and at elevated temperatures results in their excellent suitability in realistic
outdoor conditions and indoor applications [2]. Inorganic metal oxide semiconduc-
tors such as TiO2, ZnO, SnO2 and Nb2O5 are commonly employed in DSSCs, however
TiO2 and ZnO are most popular as they are widely available, cheap and easy to de-
posit [18, 19]. Their use as photoabsorbers is however limited by their large bandgaps
corresponding to absorptions in the ultraviolet spectral region. Therefore through the
inclusion of a coupled light harvesting material, a dye characterised by an absorption
maximum in the visible spectral region, the absorption of these semiconductors is sen-
sitised towards longer wavelengths [20, 21].

Charge extraction

The DSSC device architecture comprises of a photoanode consisting of a highly porous
semiconductor nanostructure which is sensitised with a monolayer of dye to avoid
losses in exciton propagation before charge separation, see Figure 2.4 panel c. Upon
illumination, the dye molecules are photoexcited thus generating electron hole pairs.
Charge separation occurs at the dye|semiconductor interface where electrons are in-
jected, on an ultrafast timescale, into the conduction band of the neighbouring semi-
conductor thus resulting in oxidised dye molecules. From within the semiconductor,
the injected electrons can then be extracted to the external circuit and towards the cath-
ode. The circuit of the cell is traditionally closed with a liquid electrolyte solution util-
ising iodide/triiodide as the redox couple, however many variations including solid
hole conductors have since been employed [22]. In the event that the former is used, the
oxidised dye is reduced through electron transfer from the redox couple, itself reduced
at the cathode. Conversely, in the event that the latter is employed, the reduction of the
oxidised dye occurs via hole transfer to the solid hole conductor, and hole diffusion
to the cathode [21]. The maximum voltage which can be extracted from these devices
is typically 0.75 V [9]. It is determined by the potential difference between the quasi-
Fermi level of the semiconductor under illumination and the redox potential, and is
therefore independent of the dye used.

7
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Pioneering devices

Employing a bulk dye layer in a DSSC is beneficial in increasing the absolute amount
of absorbed light. However, the charge diffusion length within a compact dye layer is
not sufficiently long, and recombination is likely to take place before the electron can
be transported out of a dye aggregate. A solution to this problem was first presented in
1991 by Grätzel and O’Regan through the introduction of a highly porous semiconduc-
tor nanostructure sensitised with a monolayer of dye. Their solar cells were fabricated
by sensitising TiO2 nanoparticles with an organometallic ruthenium complex. By mak-
ing this change to the device architecture, they increased the efficiency of the DSSC
devices at the time from 1% to above 7% [23]. To date, the highest efficiency dye sensi-
tised solar cells were fabricated by sensitising nanoporous TiO2 with a porphyrin dye
and closing the circuit with a cobalt electrolyte [24]. Even though efficiencies of up to
13% were reported for these devices, they were not officially recognised in the record
research-cell efficiency tables.

Photoelectrode

Although the TiO2 – ruthenium dye combination is the most common DSSC pho-
toanode, the deposition of a highly porous TiO2 nanostructure requires high temper-
ature annealing (450◦C) and therefore a rigid glass substrate. In contrast, ZnO can
be electrodeposited at low temperatures (70◦C). The low energy deposition of ZnO
thus allows for the usage of flexible substrates resulting in a lower cost of fabrica-
tion and increased device versatility. Moreover, both semiconductors are stable in con-
tact with other chemical compounds, more so TiO2 than ZnO [25], and have compara-
ble bandgaps (approximately 3.2 eV) as well as very similar conduction and valence
band energies. The electron mobility of ZnO is superior to that of TiO2 approximately
200− 300 cm2V−1s−1 versus 0.1− 4 cm2V−1s−1 [18]. Additionally, more cost effective
and easily available organic dyes, such as the indoline dye D149, are used together
with ZnO resulting in reasonable power conversion efficiencies [26]. The introduction
of organic dyes as a replacement for the expensive organometallic metal complex dyes
(due to their rare earth metal centres), further decreased the cost of DSSCs in com-
parison to their silicon counterparts. Over the last 26 years, a multitude of variations
of semiconductors and dyes have been developed for implementation in DSSCs and
have been studied in great detail [19].

Charge dynamics

The injection of photoexcited electrons from the organic dye into the ZnO conduction
band is an important process with respect to cell optimisation and has been well stud-
ied [27–37], including by us [38–42]. It has been found that this electron transfer occurs
on a femtosecond to picosecond timescale, slower than measured for TiO2. Further-
more the role of ZnO surface states in the electron injection process has been deter-
mined to be non-negligible, however the exact mechanism has, prior to this work, not
yet been observed.
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Our approach

Throughout this work, novel indoline dye sensitised electrodeposited ZnO solar cells
were investigated with the use of transient absorption spectroscopy (TAS). The devices
were either closed with the traditional iodide/triiodide liquid electrolyte solution or
with a solid hole conductor. TAS enables us to follow the charge transfer mechanisms
occurring within the fully operational devices in real time. By extending our measure-
ment window from the visible spectral region further into the infrared (IR), we were
able to probe the population dynamics of the ZnO conduction band (CB) and deter-
mine the exact electron injection pathway from the photoexcited dye into ZnO. Fur-
thermore this gave us access to observe new spectral features in the near IR spectral
region with 200 fs temporal resolution.

As will be explained in more detail in the chapters to follow, the injection of elec-
trons from the photoexcited indoline dye into the ZnO CB can take place directly on
an ultrafast timescale. With our measurements, we discovered that electron injection
can also occur in a slower stepwise manner via intermediate charge transfer states.
Moreover, this phenomenon is a direct result of the surface electronic structure of elec-
trodeposited ZnO and chemistry which occurs at the dye|ZnO interface. It is thus not
observed in cells prepared with TiO2, but similar charge transfer via surface trap states
has also been suggested for hole injection into NiO [43].

By developing our TAS setup to probe further into the near IR spectral region, we
directly observed the broad absorption of these intermediate charge transfer states and
determined their lifetimes. Prior to this study the stepwise injection of electrons into
the ZnO CB was not directly observed. By systematically comparing the temporal evo-
lution of a multitude of temporal traces throughout our entire probed spectral region,
we could assign time constants to the charge transfer processes directly and not just
infer the processes from the population dynamics of the ZnO CB. Please refer to Chap-
ters 4 and 5 for further details regarding the DSSC solar cell devices as well as our
spectroscopic measurements.

By learning the charge transfer dynamics which occur in these novel indoline dye
sensitised electrodeposited ZnO solar cells, we hope to provide valuable fundamen-
tal physics and chemistry reasons pertaining to the stability and efficiency of indo-
line DSSCs. Based on our results, new better materials can be synthesised by chemists
and material scientists for use in dye sensitised solar cell devices. As this technique is
time consuming, it is not possible to apply it to all new materials as a characterisation
method, but we rather strive to complement and explain the macroscopic properties
of photovoltaic devices, and try to draw general conclusions valid beyond the specific
material combination.

2.5 Perovskite solar cells

As a natural progression in the development of DSSCs and organic solar cells, we in-
vestigated perovskite solar cells. Perovskite materials were first introduced as sensi-
tisers for traditional DSSCs by Kojima et al. in 2009, however only resulting in an effi-
ciency of 3.8% [44]. Through the improvement of device architectures and fine-tuning
of the material chemical composition, there has been a meteoric rise in perovskite so-
lar cell efficiencies over the last 8 years, thus sparking much interest in the scientific
community, see Figure 2.3.
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Perovskite materials

The class of perovskite materials obtained their name from sharing a crystal structure
with the chemical compound calcium titanate (CaTiO3) named after Lev Perovski, a
Russian mineralogist [45]. In the context of photoabsorbers, perovskites are hybrid
organic-inorganic materials with the cubic crystal structure ABX3 where A is most
commonly a large organic cation such as methylammonium (MA+) or formamidinium
(FA+) or a monovalent metal such as caesium (Cs+) and is surrounded by BX6 octa-
hedra. To date, only these three cations have been found to stabilise the 3D perovskite
crystal structure. B is a divalent metal cation such as lead (Pb2+), tin (Sn2+) or ger-
manium (Ge2+), and X is a halide anion (I−, Cl−, Br−), refer to Figure 2.5 [46]. The
variation in sizes of ions leads to a distortion of the ideal cubic crystal structure of their
namesake calcium titanate, thus resulting in the more stable orthorhombic or tetrago-
nal crystal structures as the common perovskite crystal structures at room temperature
[13, 45].

The electronic nature of halide perovskites in general, is qualitatively very simi-
lar, barring a few minor differences which arise from crystal symmetry. The electronic
structure of the highest valence and lowest conduction bands is determined by the di-
valent metal cation and halide anion. The valence band maximum is generated through
the hybridisation of the metal ion s and halogen ion p orbitals, while the conduction
band minimum is mostly generated from the empty metal ion p orbital. The electronic
states of the cation are not close to the highest valence and lowest conduction bands of
the perovskite, therefore they do not contribute to the bandgap, however the permuta-
tion of divalent metal and halogen ions do contribute [46, 47].

The traditionally used perovskite photoabsorber is MAPbI3 with an associated op-
tical bandgap of 1.55 eV. Substituting the iodide ion by lighter halides increases the
optical bandgap to 2.24 eV for Br− and 2.97 for Cl− [48–51]. The presence of chlo-
rine was additionally found to increase the photovoltaic performance of the solar cells
[52], however a large increase in device stability was rather achieved by mixing iodine
and bromine ions into the perovskite structure [51]. The increased stability occurs due
to the smaller size of Br− with respect to I−, therefore favouring the more stable cu-
bic crystal structure as opposed to the tetragonal MAPbI3 room temperature structure
[13]. By mixing the organic cations, the perovskite absorption is broadened spectrally
and it’s chemical stability is improved leading to larger photocurrents and therefore
higher device efficiencies [53–58]. The currently best performing solar cells employ a
lead iodide based perovskite fabricated with a mixture of MA+, FA+, Cs+ and Rb+

cations, and I−; or a mixture of MA+, FA+ and Cs+ cations, and a mixture of I− and
Br− anions [59, 60].

Preceding and in parallel to their use as photoabsorbers, perovskites materials were
studied in the context of light emitting diodes [61–63], within devices for stimulated
emission [64], as well as in the field of transistor technology as field-effect transistors
[65–67]. Reports have also been published of their use as hard radiation detectors as
well as in photocatalytic water splitting cells [68, 69].

The versatility of these materials lies within their optical and electronic proper-
ties. High absorbance coefficients (in the order of 105 cm−1 [48]) are complimented
with broad absorption spectra thus resulting in efficient harvesting of solar electro-
magnetic radiation. Low exciton binding energies (< 0.05 eV [70]) eliminate the need
for an interface to mediate charge separation, while high electron and hole mobilities
(2 − 10 cm2V−1s−1 and 5 − 12 cm2V−1s−1 respectively [71]) and long charge carrier
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diffusion lengths (> 1 µm [68, 72]) ensure that charges can be harvested efficiently
[13, 45].

Moreover, perovskites exhibit multiple phase transitions at various temperatures.
For example, the well studied, MAPbI3 crystal is orthorhombic below 160 K (low tem-
perature phase), tetragonal in the range between 160 K – 330 K (room temperature
phase), and cubic above 330 K (high temperature phase) [47]. As these phase transi-
tions alter the electronic band structure of the perovskite, they in turn affect the associ-
ated optoelectronic properties of the perovskite materials, and must therefore be taken
into account when investigating the photoinduced charge dynamics processes [73].

What makes perovskite solar cells so groundbreaking is the combination of the
aforementioned optical and electronic properties of the photoabsorber together with
the simplicity of device preparation, as well as the low cost and wide availability of
the materials required.

Pioneering devices

The device architecture of perovskite solar cells has evolved over the years mirroring
the rise in efficiencies. As mentioned above, perovskites were first introduced into the
mesoscopic DSSC structure to replace the photoabsorbing dye [44]. However, a direct
contact to the liquid electrolyte solution lead to degradation of the perovskite mate-
rial (MaPbI3) to produce the PbI2 precursor, resulting in poor device stabilities. It was
therefore replaced with the solid hole transport material Spiro-OMeTAD, leading to a
sandwich planar cell architecture. This is referred to as the normal device structure in
the perovskite community and inverted device structure in the organic solar cell com-
munity [13, 45]. This, although simple change, resulted in the first notable increase in
the efficiency of perovskite solar cells toward 10% [74, 75].

Charge transport materials

The function of electron and hole transport materials in the context of perovskite pho-
tovoltaic devices, is to facilitate single directional charge transport towards the elec-
trodes, whereby it can be extracted into the external circuit. Common electron trans-
port materials include TiO2, ZnO and PCBM, while frequently used hole transport
materials may be organic (Spiro-OMeTAD), polymers (P3HT, PEDOT:PSS) and even
inorganic materials (NiO, CuI). Currently, the highest efficiency perovskite solar cell
device is contacted to Li-doped mesoporous TiO2 and Spiro-OMeTAD electron and
hole transport materials respectively [60]. The perovskite and charge transport mate-
rials have been well studied and carefully selected resulting in state of the art pho-
tovoltaic devices. However, in reality, the journey toward higher efficiencies is rather
characterised by a multitude of permutations [45, 76–78]. For a summary of additional
charge transport materials, refer to the work of Chueh et al. [79].

Charge extraction

The charge generation and extraction processes which occur in perovskite solar cells
are somewhat a mixture of those introduced for DSSCs and organic solar cells above
and are outlined in Figure 2.4 panel d. Excitons are generated in the perovskite pho-
toabsorber upon illumination, whereby they dissociate into free charge carriers due
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to the low exciton binding energies and high mobilities [70, 80–82]. Although the low
binding energies suggest the generation of free charge carriers in these materials im-
mediately following photoexcitation, these photogenerated excitons have been found
to be stable in perovskites at room temperature and above [46]. This is especially true
for perovskites with a large concentration of bromine ions as the substitution of iodide
by lighter halides was found to increase the excitonic nature of the perovskite materials
[49]. Following the dissociation of excitons, the charges are extracted into the external
circuit by means of the aforementioned contacted electron and transport materials. The
maximum voltage which can be extracted from these photovoltaic devices is given by
the potential difference between the conduction band of the electron transport mate-
rial and the valence band of the hole transport material and is approximately 1.3 V
if just radiative recombination processes are taken into account [13, 83]. However, as
will become more evident in the chapters to follow, the recombination mechanisms
dominant in perovskites are also non-radiative and can depend nonlinearly on charge
carrier density, therefore decreasing the maximum extractable voltage to roughly 1.1 V
[57, 84, 85].

Device fabrication

The fabrication of perovskite thin films is carried out predominately with the use of
two methods: spin coating and vapour deposition. The spin coating method can either
be followed in one or two steps. It is advantageous in its simplicity and low cost. It en-
tails the preparation of a stoichiometrically predetermined precursor solution which is
spin coated onto a substrate, and subsequently heated to remove excess solvent. For
better control of the film morphology, the vapour deposition method produces more
uniform and reproducible results. Its shortfall however, appears in terms of monetary
and energy cost of perovskite fabrication, therefore reducing its commercial scalability.
The most common deposition method for highly efficient perovskite solar cells is the
anti-solvent assisted crystallisation spin coating approach (ASAC). This method entails
the addition of a second solvent, the so called anti-solvent, in which the perovskite is
insoluble. The presence of this non-dissolving solvent is believed to cause supersatu-
ration and aid in the formation of a highly uniform, densely packed perovskite layer
free of pinholes [13, 45, 73, 86, 87].

The photovoltaic device performance is highly reliant on the crystallisation of the
perovskite layer in terms of both grain size and morphology. Even though large grain
domains are favourable in terms of improving cell efficiencies due to increased light
scattering, the grain boundaries present in perovskite materials are electrically indis-
tinguishable from the bulk, in contrast to Si and GaAs photovoltaic devices. In the
deposition of perovskite layers, pinholes must be reduced to avoid the device short cir-
cuiting. Although not necessary due to its high absorption coefficient, the active layer
thickness can be increased in perovskite solar cells, without a tradeoff in the extracted
photocurrent density [13, 45]. In addition, it has been found that the charge carrier
mobilities are dependent on the perovskite fabrication procedure [46]. Preparation de-
tails of the perovskite thin films which were investigated in this work are available in
Chapter 6.
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Shortfalls of perovskite solar cells

As mentioned above, the immense interest in perovskite solar cells over the last 8 years
arose from their unmatched rise in power conversion efficiencies. However as they re-
main an emerging photovoltaic technology, and since the focus of the scientific com-
munity has mostly been on improving their efficiencies, there continue to be a number
of drawbacks which must be addressed before these devices can compete with state of
the art silicon solar cells and are ready for mainstream commercial production.

The first and most pressing issue is that of their low long term stabilities in ambient
conditions. It has been reported that in the presence of water, even in small quantities,
the perovskite structure degrades, somewhat reversibly, back into its precursors. In the
case of MAPbI3, the crystal breaks down into PBI2 and the volatile MAI compound [49,
88–90]. Furthermore, it has also been reported that the aforementioned degradation
process is accelerated in the presence of heat (above 100◦C) [45]. Towards a possible
solution, a phosphonic acid ammonium compound was added during the deposition
of a MAPbI3 thin film, resulting in a considerable increased stability of the perovskite in
the presence of moisture [91]. Furthermore, perovskite layers which contain a mixture
of MA+, FA+ and Cs+ cations have been reported to be most resilient to degradation.
This is due to the increased stability of the actual crystal structure, and even resulted
in improved device efficiencies [60]. Alternatively, the low stability of the perovskite
crystals has most commonly been addressed through the complete encapsulation of the
device with glass or a polymer sealant such as PMMA. The instability of perovskite
solar cells under UV illumination has also been reported and assigned to TiO2 trap
states rather than the perovskite material itself [13].

Moreover, the commercial scalability of perovskite solar cells proves to be a chal-
lenge. While state of the art research-cells with high efficiencies have been prepared,
the surface area of these devices is often less than 1 cm2. A high efficiency, stable per-
ovskite photovoltaic module with surface area of a commercially acceptable size has
yet to be developed [45].

Another notable drawback of perovskite solar cells lies with the toxicity of lead, the
most common divalent metal cation employed in the best efficiency generating per-
ovskite solar cells. Many studies have focussed on replacing the lead ion with a non-
toxic alternative such as tin or germanium, however these perovskite analogues are not
stable in ambient air due to the oxidation of the metal ions [46]. Lee et al. succeeded in
developing a Sn4+ metal salt (Cs2SnI6) which is stable in ambient conditions, and em-
ployed it as a hole conductor in porphyrin dye sensitised TiO2 solar cells. Even though
the fabricated solar cells were stable in the presence of moisture, they did not match
the efficiencies obtained from their lead based perovskite counterparts [92]. Studies
have thus instead focused their attention on quantifying the environmental impact of
the lead, should it be used in large scale solar farms. The possible lead pollution was
found to be vastly less significant in comparison to that caused by the fossil fuel and
mining industries, as well as through the manufacturing and incorrect disposal of bat-
teries [45, 93–98].

Spectroscopic measurements

Even though these aforementioned macroscopic alterations have proved to aid with
increasing the stability and efficiency of perovskite solar cells considerably, and ad-
dress the issue of the toxicity of lead, the changes have most often not been as a result
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of detailed spectroscopic studies, but rather as hands-on solutions. Therefore, to better
understand the material as well as its optoelectronic characteristics, one must study
the electronic nature of the perovskite itself, together with the fundamental physics
and chemistry processes responsible for the generation and extraction of free charges.

Due to the multi-band electronic nature of perovskites, the exact conduction and
valence bands contributing to the initial photophysics processes, have yet to be agreed
upon within the scientific community. Furthermore as a result of the many degrees of
freedom, especially in perovskites containing a mixture of organic cations and halide
atoms, the computation of the exact energies and momentum distributions of the many
valence and conduction bands becomes progressively difficult and thus increases the
charge dynamics channels available within the material.

Figure 2.6 consists of a simplified sketch of the band structure (panel a) alongside
the steady state absorption spectrum of MAPbI3 (panel b), as shown in the review
paper of L. M. Herz [47]. The band structure diagram of MAPbI3 was drawn as a sum-
mary of the calculated band structures of Even et al. [99, 100] and serves as a general
sketch of the lowest energy conduction and highest energy valence bands present in
lead based perovskite materials. As depicted in the sketch, the lowest energy conduc-
tion band (CB1) is a spin orbit split-off band (marked as SO in the figure), while CB2
comprises of heavy and light electron states (depicted as HE and LE). Furthermore,
the inclusion of spin orbit coupling in the calculations for the electronic band structure
of perovskite materials, has shown to lift band degeneracy, therefore the mixed cation
lead halide perovskites are known to have fewer degenerate conduction and valence
bands [101–103]. As mentioned above, the electronic character of the conduction and
valence bands, is determined mostly by the metal cation and somewhat by the halo-
gen anion orbitals, and is thus very similar for all lead based perovskite materials.
The strong connection between the M- and R- points in reciprocal space allows for the
generation of electron hole pairs in the entire spectral region between these two points,
upon photoexcitation [104–106]. This feature can be directly observed in the very broad
absorption spectra of perovskite materials, and is depicted with the various colour ar-
rows in Figure 2.6 panels a and b.

In general, the ultrafast transient spectroscopic data of perovskite materials is char-
acterised by two ground state bleaching signals corresponding to electronic transitions
in the visible spectroscopic region: corresponding to the optical bandgap at the R-point
(1.6 eV, λ = 775 nm) as well as at the higher resonant energy of approximately 2.6 eV
(λ = 480 nm), the origin of which is not yet well understood and agreed upon. Some
studies suggest the higher energy bleaching signal arises from the depopulation of a
lower energy valence band (VB2) and assign it to the VB2 – CB1 transition [107]. Alter-
natively it is thought to correspond to the depopulation of the highest energy valence
band at the R-point, and therefore assign it to the VB1 – CB2 transition. While both
these R-point transitions (shown as dashed arrows in Figure 2.6 panel a) are dipole-
allowed, their associated oscillator strengths were determined to be much weaker than
the VB1 – CB1 transition away from the optical bandgap[108]. Therefore the higher
energy bleaching signal is most often assigned to the VB1 – CB1 electronic transition
away from the R-point [99]. Moreover, suggestions for the origin of this signal cen-
tred about 2.6 eV (λ = 480 nm) have also included the presence of a charge transfer
state inferring the possible spectroscopic contribution from electronic states of ionic
lead halide complexes, also known to be present in perovskite thin films [109–111]. It
is possible to interpret the latter of the two as equivalent to the contribution assigned to
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the electronic band structure of the perovskite material as the conduction and valence
bands are created from the lead halide orbital hybridisation [47, 107, 108, 112–114].

As an additional note, upon photoexcitation of the ionic compound, PbI2, a broad
associated ground state bleaching signal centred around 510 nm is evident in spectro-
scopic measurements. The presence of this signal is employed as an indication that the
perovskite thin film has partially degraded back into its precursor solutions [115].

A further discussion point within the field of spectroscopy applied to perovskite
materials, is that of the spectral wing of the optical bandgap bleaching signal (1.6 eV,
λ = 775 nm) [107, 109, 116–118]. The photoinduced features which occur slightly above
the bandgap (as observed at approximately 760 nm) are believed to be a mixture of ex-
citonic and free charge carrier effects and the associated dynamics at the band edge are
assigned to the hot charge carriers in the conduction band [116, 118]. Furthermore at
high charge carrier densities, these excitonic features are broadened through scattering
[47].

In order to better our knowledge of the physics and chemistry occurring in per-
ovskites immediately following photoexcitation, we must learn how charges are gen-
erated and the processes through which they can be extracted, or recombine, and the
reasons underlying their dynamics. While this is not the complete picture behind the
high efficiencies achieved with perovskites as photoabsorbers in photovoltaic devices,
it does give us insight into the internal mechanism responsible for their versatility and
determines the ultimate limits of efficiency.

Femtosecond transient absorption spectroscopy (TAS) follows the change in ab-
sorption of a sample upon photoexcitation on an ultrafast timescale. It provides a di-
rect measure of the population and depopulation dynamics of various electronic states,
in real time. This method has been employed together with similar spectroscopic tech-
niques such as photoluminescence, optical pump terahertz probe, time delayed collec-
tion field and microwave photoconductivity spectroscopy, in numerous investigations,
to study the charge dynamics and transfer processes within perovskite materials upon
optical excitation [47, 107, 109, 116–118].

Charge dynamics

Charge generation, ultrafast cooling upon high energy non-resonant excitation and
nonlinear recombination processes have been observed for perovskites and modelled
similar to other inorganic semiconductors.

Initial charge carrier relaxation

The initial charge carrier relaxation processes which occur in perovskites upon high
energy photoexcitation, have been studied extensively, especially within the MAPbI3
system, and are shown using dashed arrows in Figure 2.6 panel a [107–110, 112–118]. A
hot charge carrier distribution is generated upon non-resonant photoexcitation, which
thermalises on an ultrafast timescale to the band edges, via carrier-carrier scattering.
Subsequently, charge carrier cooling takes place via charge carrier interactions with the
crystal lattice [47]. Experimentally, an associated time constant of approximately 500 fs
was determined, and is generally agreed upon for the charge carrier cooling process,
and is supported by density functional theory (DFT) calculations [108].
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High charge carrier densities

Furthermore, the cooling of hot charge carriers has been found to slow down upon high
intensity photoexcitation due to a hot phonon bottleneck occurring at the conduction
band edge. In this case, phonon reabsorption results in a high phonon occupancy thus
extending the time for which the charge carriers remain hot [119, 120]. In addition to
the aforementioned bottleneck, other many-body effects have also been reported for
the behaviour of perovskites considering a large charge carrier density, including state
filling effects as well as bandgap renormalisation. In the case of bandgap renormal-
isation, the band edge corresponding to the optical bandgap bleaching signal, shifts
towards lower energies. This is caused by the fact that no two electrons with the same
spin may fill the same unit cells (Pauli principle). Conversely, state filling effects re-
fer to a higher energy shift of the optical bandgap bleaching signal band edge. This
shift, also referred to as the Burstein-Moss effect, is caused by the fact that there are a
finite number of states available near the bandgap, which can be occupied by electrons
(Fermi particles) [47, 109].

Charge recombination processes

From reported time resolved terahertz photoconductivity combined with photolumi-
nescence measurements, it has been shown that in the event that the perovskite ma-
terial is optically excited with a varied photon flux, the electron hole recombination
dynamics depend on the generated charge carrier densities (n) in the conduction and
valence bands [70]. This dependence on excitation photon fluence was found to be non-
linear and described mathematically as per dn(t)

dt = −An(t)−Bn(t)2−Cn(t)3. The rate
constants A and B correspond to the monomolecular and bimolecular recombination
processes respectively due to the number of charged species required, while C corre-
sponds to the trimolecular or many-body recombination. A more detailed explanation
of the rate constants and their characteristics is given in Chapter 7.

Our approach

Our goal in this study was to observe the processes through which charge carriers
are generated and extracted in methylammonium formamidinium mixed halide per-
ovskite materials, specifically FA0.85MA0.15PbI2.55Br0.45. We were interested in distin-
guishing the possible recombination channels and assigning rates to them respectively
and therefore learning about their associated probabilities, especially under the influ-
ence of varying pump pulse fluence. With the use of this knowledge we aimed at build-
ing the simplest consistent model describing the photoinduced charge carrier dynam-
ics in FA0.85MA0.15PbI2.55Br0.45. This was done in order to learn why charge transport
is so good within mixed perovskite materials in general, while more specifically the
potential reasons behind the high efficiencies achieved when these materials are em-
ployed as photoabsorbers in photovoltaic devices. Based on our findings, mixed per-
ovskites can be chemically tuned to further improve device stabilities and efficiencies.

In order to achieve the aforementioned goals, we employed femtosecond transient
absorption spectroscopy in the visible and near infrared spectral regimes, the details of
which are outlined in Chapter 3. By linking the spectral signatures of the FA0.85MA0.15-
PbI2.55Br0.45 thin films to their approximate electronic band structure, and thus con-
necting the temporal evolutions of the many spectroscopic signatures, we were able to
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model the photoinduced charge dynamics which occur together with the lifetimes of
the associated states.

As will be discussed in great detail in Chapter 7, we selected a perovskite ma-
terial which yields high power conversion efficiencies when employed in solar cell
devices and observed how it behaves microscopically upon illumination. This was
done by photoexciting the thin film with different photon energies and comparing
the temporal evolution of its associated transient absorption signals. A multitude of
temporal traces spanning the entire probed spectral region were mathematically fitted
with the analytic solution of the the recombination rate equation presented above and
linked to obtain the simplest consistent charge dynamics model possible. Addition-
ally, by varying the pump pulse fluence, we were able to directly obtain values for the
rate constants A, B and C corresponding to the monomolecular, bimolecular and tri-
molecular recombination mechanisms in perovskites, for a given crystal domain of the
FA0.85MA0.15PbI2.55Br0.45 thin film. Furthermore, the spectral features observed in the
transient absorption spectra of FA0.85MA0.15PbI2.55Br0.45 thin films, are unique to this
particular chemical stoichiometry.

Finally, as will be evident in the chapters to follow, the use of a spectroscopic tech-
nique such as femtosecond transient absorption spectroscopy in the visible and near
infrared spectral regions, enables us to follow the microscopic charge dynamics and
transfer process which occur in photoabsorbing materials. From the results, we are
able to learn the fundamental physics and chemistry reasons pertaining to the macro-
scopic spectroelectrochemical characteristics of fully operational solar cells and pho-
toabsorbing materials to be used in photovoltaic devices. While device engineering is
an important tool into bettering the solar cells used to harvest solar energy and convert
it to electrical energy, the results obtained using TAS serve to aid, in parallel, with the
development of new better photovoltaic materials for green energy.
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Figure 2.4: Diagrams of the processes which are responsible for the conversion of solar energy into elec-
trical energy in typical solar cell devices, are shown together with a schematic of the associated energy
levels of the various materials employed. Si solar cells (panel a): an electron hole pair is generated in
the depletion zone upon photoexcitation, the electron is extracted to the n-type material and the hole to
the p-type material due to the favourable potential energy minimisation. Organic solar cells (panel b):
an exciton is generated in the donor material upon photoexcitation, barring recombination it diffuses
to the material interface with the acceptor material where it dissociates into free charge carriers. The
electron is extracted into the acceptor material and the hole remains in the donor material due to the
energetic separation between the respective highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs). Dye sensitised solar cells (panel c): photoexcitation of the dye
monolayer results in the generation of electron hole pairs on the surface of the highly porous semicon-
ductor material, the electrons are injected into the conduction band (CB) of the semiconductor leaving
behind oxidised dye molecules which are reduced with the use of the redox couple present in the elec-
trolyte solution. Perovskite solar cells (panel d): excitons are generated in the perovskite photoabsorber
upon illumination which mostly dissociate into free charge carriers immediately. The electrons are in-
jected into an electron transport material, while the holes are harvested with the use of a hole transport
material.
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MA+, FA+, Cs+
Pb2+, Sn2+, Ge2+
I-, Br-, Cl-

Figure 2.5: A diagram of the cubic crystal structure of hybrid organic-inorganic perovskite photoab-
sorbing materials. The central ion (shown in red) is most commonly a large organic cation such as
methylammonium (MA+) or formamidinium (FA+) or a monovalent metal such as caesium (Cs+). It
is surrounded by eight divalent metal cations (shown in blue) such as lead (Pb2+), tin (Sn2+) or germa-
nium (Ge2+) which sit at the centre of octahedra, coordinated to halide anions (shown in green) such as
I−, Cl−, Br−. While perovskite materials can be fabricated with one ion from each of the three categories,
they can also be prepared with most mixtures and combinations thereof.

Figure 2.6: Panel a: A diagram depicting a summary sketch of the electronic band structure of MAPbI3
which was drawn with the help of density functional theory calculations. The lowest energy conduc-
tion bands, CB1 (spin-orbit split off band, SO) and CB2 (showing both heavy electron and light electron
states, HE and LE), and highest energy valence bands, VB1 and VB2, are marked in the sketch together
with the allowed electronic transitions which are depicted with the use of the vertical colourful arrows.
The dashed horizontal arrows depict the hot charge carrier cooling to the band edges. Panel b: The
steady state absorption spectrum of MAPbI3 depicting the absorption coefficient as a function of both
photon energy (bottom axis) and photon wavelength (top axis). The colour arrows correspond to the al-
lowed electronic transitions depicted in panel a, and serve as indication that the continuum of allowed
transitions between the M- and R-points result in the very broadband absorption of perovskites. Fur-
thermore the bandgap energies corresponding to the M- and R-points are shown on the graph as EM

g

and ER
g respectively. The figure presented above was obtained from the review article of L. Herz [47].
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3. Femtosecond Transient Absorption
Spectroscopy

In order to observe the charge dynamics which occur in photoabsorbing materials as
well as fully operational solar cells, we utilise femtosecond transient absorption spec-
troscopy (TAS). With the use of this measurement technique in a pump-probe archi-
tecture we are able to follow, in real time, the population and depopulation dynamics
of electronic states from their spectroscopic signatures in the visible and infrared spec-
tral regimes. By linking the absorption signals of the material to its electronic band
structure we can follow electronic excitations in time. This in turn enables us to link
the electronic structure of the material to possible photoinduced charge dynamics pro-
cesses which occur. Of course, to be able to do this effectively, we must be looking on
the correct timescale, therefore we employ TAS in the femtosecond regime.

This chapter will serve as an introduction to the pump-probe measurement tech-
nique, as well as give a detailed explanation of our experimental setup together with
a description of how we acquire our data. Finally, an example transient absorption
spectrum is presented below with an introduction into our analysis approach, to aid
with the interpretation of the experimental results in the chapters to follow. For fur-
ther physics and mathematical details which underpin the processes described in this
chapter as part of our experimental setup, a detailed description is presented as a part
of my MSc work [39].

3.1 Pump-probe measurement technique

The population and depopulation dynamics of electronic states in photoabsorbing ma-
terials often occur on femtosecond and picosecond timescales. In order to observe these
processes in real time, an appropriate measurement technique of comparable magni-
tude and dimension must be employed. However, these charge dynamics are too fast
to be measured using an electronic detector as 1 fs is equivalent to 1 PHz repetition rate.
Electronic circuits cannot be made small enough to provide these readout frequencies,
therefore requiring an alternative approach for the use of conventional spectroscopic
cameras. As a solution, we employ an optical pump – optical probe measurement tech-
nique.

Stroboscopic photography

Pump-probe spectroscopy can be likened to the stroboscopic photography of a par-
ticular dynamic which reveals information about its associated structure and velocity,
refer to Figure 3.1. In the photograph, a gymnast is performing a Giant. The dynamic
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is initiated by telling the gymnast to begin his acrobatic manoeuvre. This verbal com-
mand can be compared to the optical pump pulse of pump-probe transient absorption
spectroscopy, and needs to be temporally shorter than the dynamic itself.

Figure 3.1: A stroboscopic photograph of a gymnast performing a giant. Used with permission from the
photographer, Tom Hegen, please refer to reference [121] for copyright information.

The structure and dynamics of the gymnast performing a Giant, cannot be recorded
with the use of a conventional photography camera in one go. Even though the cam-
era’s shutter speed is perhaps fast enough to capture a well resolved image of the
gymnast at a given moment, the time the camera takes to reset itself in order to take a
new photograph is too long to capture the dynamics. Therefore with the use of a con-
ventional photography camera, both the structure and dynamics of the gymnast per-
forming the Giant cannot be acquired in one measurement. What is done to address
this issue, in the case of stroboscopic photography, is the following: the photograph
is acquired in a dark room with a ’slow’ photography camera and with the help of a
stroboscope. The photographer sets the camera up with an open shutter and acquires
an image every time the stroboscope flashes a light pulse.

Once the gymnast is told to begin the Giant, the dynamics are initiated and can
be probed, through photography, at regular temporal intervals determined by the fre-
quency at which the stroboscope operates. The resolution of each image is then given
by the temporal duration of the light pulses of the stroboscope. As may seem obvi-
ous, the temporal duration of the acrobatic manoeuvre needs to be substantially longer
than the duration of the probe pulses, and the frequency at which the stroboscope is
run should be high enough that sufficient photos are acquired of the dynamic in order
to determine the gymnast’s change in velocity around the bar. This stroboscope probe
can be likened to the optical probe pulse employed in pump-probe transient absorp-
tion spectroscopy, and the different signals can be separated by the slow detector, in
this case spatially. Of course this is equivalent to employing many cameras to each take
one photograph and delaying the time between when each photo is acquired. However
this is not financially and experimentally feasible.
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In the event that a stroboscope with a high enough frequency is not available, or
in the case that the fast train of light flashes affects the ability of the gymnast to per-
form the Giant correctly, an alternative second solution is employed. The gymnast is
asked to perform the Giant multiple times. Each time he performs the move he is pho-
tographed once, but at a different time during his acrobatic manoeuvre, following the
verbal instruction to begin. The collection of photographs is then combined and one
image is presented of the gymnast performing a Giant, providing us with information
about both his orientation and velocity during his acrobatic manoeuvre. This method
assumes that the gymnast can perform a Giant in an identical manner for each photo
which is acquired, which of course is unrealistic.

The link to pump-probe TAS

In order to probe the sub picosecond dynamics which occur within photoabsorbing
materials, we employ a pump-probe experimental technique which can be compared
directly to the stroboscopic photography example introduced above. In order to access
the ultrafast dynamics, we employ a commercially available femtosecond pulsed laser
source.

As mentioned above, in an equivalent way to the verbal command, the photoin-
duced dynamics which occur within photoabsorbing materials are initiated with an
optical pump pulse. This pulse is tuned to match electronic transitions of the material
that are of interest to us. It is referred to as the ’pump’ as it deposits energy into the
sample, and it must be temporally much shorter than the dynamics which we would
like to observe. The photoexcited material then decays via different mechanisms back
to its ground state. This can be compared to the gymnast performing the Giant. At
a given time following the excitation, the absorption of the photoexcited material is
probed with the use of a second optical pulse – the ’probe’, similar to the photograph
which is acquired with the use of the stroboscope pulse. Once again, this laser pulse
is required to be much shorter in duration than the kinetics which we would like to
observe.

As we probe the absorption of the material with a second light pulse, we also de-
posit energy into the sample during the probing procedure. Therefore if we were to
probe too many times during one relaxation cycle of the excited material, we would
deposit too much energy into it and produce undesired nonlinear effects. For this rea-
son, we rather employ a repetitive procedure similar to the second approach outlined
in the explanation above: where we measure the absorption of the sample only once
following its photoexcitation. After allowing enough time for the material to equili-
brate fully and relax back to its ground state, we photoexcite it once again, and probe
its absorption after a different temporal delay. By combining the many acquired ab-
sorption spectra we can determine the structure of the sample’s spectral features and
temporal evolution of the dynamics which occur during its relaxation. This is similar
to how the final photograph of the gymnast, gives us information of both his orien-
tation and velocity. In the case of pump-probe TAS however, the assumption that the
system behaves in an identical manner for each photoexcitation is more realistic, given
that we probe a large ensemble of molecules. Furthermore to increase the sensitivity of
the measurement technique, we average over 3000 absorption measurements for each
time step.

The temporal resolution achieved by pump-probe transient absorption spectroscopy
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is determined by the cross correlation of the pump and the probe laser pulses, and is
therefore on the femtosecond timescale, sub 200 fs in our experimental setup. With the
use of transient absorption spectroscopy in a pump-probe architecture we are able to
follow, in real time, the population and depopulation dynamics of electronic states per-
taining to a photoabsorbing material, as our measurement technique is of comparable
magnitude and correct dimension.

3.2 Our experimental setup

Our experimental pump-probe transient absorption setup is depicted in Figure 3.2. As
can be seen from the sketch the setup comprises of a femtosecond laser source which
is used to generate both the pump and the probe pulses. The pump pulse generation is
achieved with the use of a non-collinear parametric amplifier (NOPA) which allows us
to tune the central wavelength of the pump pulse, and contains a pulse compression
component as well as a mechanical delay stage which is used to adjust the absolute
temporal delay between the pump and probe pulses. The probe pulse is obtained ei-
ther through white light generation thus producing broadband white light continua
(WLC) or through the use of a second NOPA system for the generation of near in-
frared probe pulses. The acquisition of absorption spectra is achieved with the use of
either a visible or an infrared spectrometer with attached CCD (charge coupled device)
linescan cameras [122, 123].

Our femtosecond source is a ClarkMXR CPA2101 amplified femtosecond Titani-
um:Sapphire laser system. This chirped pulse amplifier (CPA) generates polarised broad-
band pulses (∆λ = 8 nm) centred around λ = 775 nm with a temporal duration of
150 fs and pulse energy of approximately 0.8 mJ. The fundamental laser beam has a
pulse train frequency of 1 kHz and is split into two portions by means of a beam split-
ter, which are employed in the generation of pump and probe laser pulses.

Pump pulses

Approximately 30% of the fundamental pulse energy is directed to be employed in
the generation of pump pulses. As mentioned above, the central wavelength of the
pump laser pulses is selected to correspond to interesting electronic transitions of the
photoabsorbing materials, with the use of a NOPA.

The NOPA setup consists of a 2 mm thick β-barium borate (BBO) crystal cut at an
angle with respect to the optical axis for maximum seed pulse amplification. A hori-
zontally propagating pump pulse centred about 387.5 nm is seeded by a chirped WLC
in the BBO crystal, which is aligned at a vertical angle to respect the phase matching
conditions for optical parametric amplification. The 387.5 nm pump pulse is generated
by frequency doubling 90% of the fundamental laser pulse energy which enters the
NOPA with the use of an additional BBO crystal, while the WLC is produced by means
of focusing the remaining 10% of the pulse energy in a sapphire crystal. By employing
the aforementioned non-collinear geometry, we achieve efficient phase matching be-
tween the various spectral components of the WLC seed pulse and the 387.5 nm pump
pulse for the entire length of the BBO crystal, thus producing an amplified signal in
the visible spectral regime. To achieve maximum parametric amplification, the k vec-
tor component of the WLC seed pulse along the pump pulse axis must be equal to the
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Figure 3.2: A sketch of our pump-probe transient absorption spectroscopy experimental setup in the
laboratory. Both the optical pump and optical probe pulses are generated from a common femtosecond
chirped pulse amplifier (CPA) laser source. The central wavelength of the pump pulses is tuned with
the use of a non-collinear parametric amplifier (NOPA), before they are temporally compressed to be-
low 50 fs. The probe pulses are either broadband white light continua (WLC) or near infrared pulses
extracted from the idler signal of a second NOPA setup. The pump and probe pulses are temporally and
spatially overlapped in the sample, and the temporal delay between them is adjusted with a mechanical
delay stage. Light transmission is recorded with the use of either a visible or an infrared spectrometer
and attached charge coupled device (CCD) linescan cameras. This is done for photoexcited samples and
referenced against ground state samples with the use of an optical chopper in the pump beam path.
In this way, change in optical density ∆OD(λ, t) spectra similar to the one presented in Figure 3.5 are
obtained.

k vector of the 387.5 nm pump pulse.
Therefore, as a result of the conservation of energy and momentum with respect

to the group velocity of the photons in the 387.5 nm pump pulse, the amplified sig-
nal propagates along the same axis as the WLC seed pulse and an additional infrared
signal is generated at a vertical angle with regards to the amplified visible signal. This
is referred to as the idler signal and its spatial separation from the amplified signal is
advantage of the non-collinear geometry employed. These broadband signal and idler
pulses, with central wavelengths spanning from λ = 450 nm to λ = 2500 nm, are
selected out by means of a mechanical aperture to be used as pump or, as will be ex-
plained below, probe pulses in the transient absorption experiment. The typical signal
pulse energy is approximately 10 µJ, however if two amplification stages are employed,
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signal pulse energies of 20− 30 µJ are obtained. Please refer to Figure 3.3 for examples
of signal and idler pulses which have been generated with the use of our NOPA setup.
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Figure 3.3: Example normalised spectra of pulses generated with the use of a non-collinear parametric
amplifier (NOPA) are shown in the figure at the top. The spectra shown in green were obtained from the
visible signal produced and their central wavelengths can be tuned from 450 nm – 730 nm. These visible
pulses are often employed as pump pulses in our setup. The remaining spectra shown in blue and red
correspond to the near infrared idler pulses, and are usually employed as probe pulses. Their central
wavelength can be tuned to span the 830 nm – 2500 nm spectral region. The graph below corresponds
to an autocorrelation signal of a compressed NOPA pulse centred about 530 nm. From the full width at
half maximum (FWHM) of the autocorrelation signal (48 fs), a pulse duration of 34 fs can be calculated.

As an additional note, with the use of this non-collinear parametric amplification
technique, the resulting signal pulses are spectrally broad (spectral width of 5% –
7% of central wavelength) and span the spectral region 450 nm – 730 nm. Therefore
through the use of a two-prism compressor, the NOPA signal pulses are temporally
compressed to a sub 50 fs duration. The corresponding compression limit for a pulse
centred around 460 nm is 50 fs, while a 580 nm pulse can be compressed to sub 30 fs.

25

Stellenbosch University  https://scholar.sun.ac.za



Please refer to Figure 3.3 for an example autocorrelation signal of a NOPA pulse cen-
tred at λ = 530 nm. The full width at half maximum (FWHM) of the autocorrelation
signal is 48 fs, corresponding to a pulse duration of 34 fs.

The pump pulse fluence plays an important role when investigating materials whose
dynamics depend on the charge carrier density in a nonlinear manner. This value is
presented as an energy per area and is calculated as a ratio of the pump pulse en-
ergy to the pump beam focus area. Typical pump fluences which we employ in our
experimental setup are in the order of 50 µJcm−2 thus relating to a pump pulse en-
ergy of 100 nJ and a pump beam focus diameter of 500 µm. The fluence is selected to
achieve a large enough absorption change in the spectroscopic signals which we mea-
sure (approximately 5 − 10%) without inducing additional nonlinear effects such as
two photon absorption or stimulated emission within the duration of the pump pulse.

Probe pulses

Approximately 10% of the fundamental pulse energy is directed to be employed in
the generation of spectrally broad WLC probe pulses, or 30% in the case of near in-
frared NOPA probe pulses. The two sections that follow, outline the characteristics of
these two types of probe pulses. In addition, for an improved temporal resolution,
compressed visible NOPA probe pulses generated in a second NOPA setup are also
employed as probe pulses in our laboratory. Although this limits the broadness of the
spectrum which can be measured simultaneously (in comparison to a WLC), the tem-
poral resolution which we can achieve is below 100 fs.

White light continua

Spectrally broad, uncompressed white light continuum probe pulses are produced by
focusing the fundamental laser beam into one of three nonlinear crystals: 3 mm thick
yttrium aluminium garnet (YAG), 3 mm sapphire or 5 mm calcium fluoride (CaF2). The
remainder of the 775 nm fundamental beam is removed from the resulting WLC pulses
by means of one of the following dielectric filters: longpass (transmitting λ > 900 nm),
shortpass (transmitting 350 < λ < 750 nm) or notch (centred around λ = 785 nm). The
sapphire crystal is often preferred as the probe pulse in the visible spectral region as
the white light supercontinuum generated in this crystal is most stable and therefore
results in the best measurement sensitivity.

The spectra of the WLC probe pulse are plotted in Figure 3.4 together with the
crystals and filters which were employed in their generation. From the figure, it can
be noticed that the use of WLC probe pulses gives us access to spectroscopic signals
which appear in the 350 nm – 1300 nm spectral window. Even though the WLC above
1200 nm appears weak, its stability allows excellent TAS measurements, even up to
1400 nm. This, of course, is if the sample does not scatter too much light, but mainly
absorbs. However, in order to probe further into the infrared spectral region, spectrally
narrower near infrared probe pulses are generated as idler signals with the use of a
NOPA as described above.

As a result of the group velocity dispersion (GVD) which takes place following the
generation of the WLC in the nonlinear crystals, the white light supercontinuum is
positively chirped at the sample. Due to the chirp, the temporal duration of the un-
compressed WLC probe pulse is approximately 1 ps, with the temporal duration of its
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Figure 3.4: Normalised spectra corresponding to white light supercontinuum probe pulses spanning
the spectral region of 350 nm – 1300 nm. The spectrum plotted in magenta was obtained from white
light generation (WLG) in a CaF2 crystal and remnant fundamental photons removed with the use of a
shortpass dielectric filter (transmitting 350 < λ < 750 nm). The spectrum plotted in red was obtained
from WLG in a sapphire crystal and filtered with the use of a shortpass dielectric filter (transmitting
350 < λ < 750 nm). The spectrum plotted in blue was obtained from WLG in a YAG crystal and filtered
with the use of a notch dielectric filter (centred around λ = 785 nm). The spectrum plotted in green
was also obtained from WLG in a YAG crystal and filtered with the use of a longpass dielectric filter
(transmitting λ > 900 nm).

spectral components being 150 fs as determined by the duration of the fundamental
CPA laser pulses. This chirp can be observed in the TAS measurements and is cor-
rected for manually by shifting the resulting transient absorption spectrum such that
the zero time points of all wavelengths coincide. As previously mentioned, the tem-
poral resolution of our experimental technique is below 200 fs for a NOPA pump –
WLC probe measurement, as determined by the convolution of the pump and spectral
components of the probe pulses in the sample at time zero. It can therefore be observed
directly as the temporal width of the time zero coherent artefact present in the transient
absorption spectrum.

Near infrared NOPA pulses

The extension of our measurement window further into the infrared spectral region
was driven by our experiments on operational dye sensitised solar cells, and the de-
sire to probe the electrons in the conduction band (CB) of ZnO. As introduced in the
preceding chapter, these electrons were transferred from the adsorbed photoexcited
indoline dye, and are known to have an associated absorption signal above 2000 nm.
Our goal was to follow the population dynamics of the ZnO conduction band and learn
about the mechanisms underpinning the charge transfer processes from the dye into
the ZnO CB.

Initially we attempted to generate a WLC in a YAG nonlinear crystal which could
potentially span to beyond 2000 nm, however unsuccessfully. The idea rested on the
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fact that this WLC could either be employed directly as a near infrared broadband
probe pulse, or as a seed pulse in an additional NOPA, thus producing near infrared
amplified signal pulses. The procedure which in the end was most feasible in our lab-
oratory setup, was to employ a visible NOPA and extract the near infrared idler signal
to be used as the probe pulse.

As introduced above, the idler signal is generated as a result of the conservation
of energy and momentum in the amplification process and therefore contains a distri-
bution of photon energies and momenta. This results in an untidy idler beam mode,
which is corrected for with the use of a mechanical aperture. Selecting only a portion
of the beam causes a drop in the idler pulse energy, however the amplitude remains
sufficiently high to employ the pulse as a probe in our TAS setup. If we optimise the
angle and temporal delay between the 387.5 nm pump and WLC seed pulses in the
NOPA for stability of the idler signal rather than the visible signal, very stable near
infrared pulses are generated tuneable in range of 830 nm – 2500 nm, Figure 3.3. With
the use of this manual optimisation, we ensure that we don’t sacrifice the sensitivity of
our measurement technique. Lastly, the temporal duration of these idler pulses is be-
low 150 fs, therefore we continue to achieve sub 200 fs temporal resolution, even when
probing in the near infrared spectral region.

In order to determine the temporal duration of the near infrared idler pulses at
the sample position, we employed cross correlation frequency resolved optical gat-
ing (XFROG). This procedure entails the frequency mixing of the idler pulse, with un-
known amplitude and phase, with a pre-characterised pulse in a 3 mm thick BBO crys-
tal. Varying the temporal delay between the two pulses results in a delay scan, from
which we were able to retrieve both the phase and temporal width of the idler pulse.
These measurements formed part of the MSc work of E. Ahmed and are presented in
great detail in her thesis [124].

3.3 Acquiring transient absorption spectra

Central to the pump-probe architecture in transient absorption spectroscopy, is the
temporal delay between the pump and probe laser pulses, which must be very well
controlled. In our experimental setup, this is a mechanical delay stage (Newport) which
is located in the beam path of the pump laser pulse, refer to Figure 3.2. By taking ad-
vantage of the fixed speed of light in air (cair = δx/δτ), we mechanically vary the time
(δτ) between the pump and probe pulses at the sample, to a maximum of 600 ps. The
step accuracy of the mechanical delay stage is approximately 2 µm translating into an
accuracy of 13 fs as the stage is operated in reflection. Moreover the reproducibility
of the delay stage is absolute and approximately 2 µm. Therefore neither the accuracy
nor the reproducibility of the delay stage are of any limitation to the experimental tech-
nique’s temporal resolution as the duration of both the pump and probe laser pulses is
much larger.

In order to measure the absorption of a photoexcited material as a function of time,
the pump and probe beams are focused and overlapped in the sample, both spatially
and temporally. To obtain a better sensitivity in the measurement technique, the probe
beam focus is considerable smaller than the pump beam focus. This procedure ensures
that the entire probed area has been photoexcited by the pump pulse, and allows us di-
rect access to an absolute measure of the percentage of molecules within the ensemble
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which are excited upon illumination. After the sample, the transmitted pump beam is
directed to a beam dump and the probe beam is focused into one of two grating spec-
trometers, sensitive to either the visible or the near infrared spectral regions. Data is
collected by means of an attached visible or infrared CCD linescan camera with 1 kHz
readout rates (Entwicklungsbüro Stresing Gmbh), which provide a combined spectral
window from below λ = 350 nm to λ = 2500 nm. As the readout rate of both CCD
cameras matches the frequency of the pulse train produced by the CPA, the light trans-
mission can be recorded for every probe pulse individually.

To avoid any nonlinear multiphoton absorption and sample heating effects, it is im-
portant to ensure that the material which is being measured relaxes back to the ground
state with the period of the laser pulse train. If this relaxation is in the order of, or longer
than 1 ms, a fresh sample must be used for each laser shot. This is achieved through the
use of a flow cell in the case of a liquid state sample, or a mechanical rotating sample
mount in the case of a solid state sample.

In order to separate the dynamic absorption spectrum of the photoexcited sample,
from the static absorption spectrum of the sample in its ground state, a simple referenc-
ing technique is employed. Before being focused onto the sample, the pump beam is
aligned through an optical chopper which blocks out every second pump pulse. This
is achieved by setting the operating frequency of the chopper to 500 Hz, half of the
operating frequency of the CPA. We therefore detect the transmission spectrum of a
pumped sample (Ipump), immediately followed by a reference transmission spectrum
of a sample in its ground state (Iunpump). The change in absorbance (optical density) as
a function of wavelength ∆OD(λ) is calculated from the ratio of these two spectra as
per Equation 3.1.

∆OD(λ) = OD(λ)pump −OD(λ)unpump

= −log
(

Ipump

I0

)
+ log

(
Iunpump

I0

)
= −log

(
Ipump

Iunpump

) (3.1)

Through this procedure, we record the change in absorbance as a function of wave-
length for a given temporal delay (δτ) between the pump and probe laser pulses. The
resulting ∆OD(λ, τ) spectrum is generated by combining these change in absorbance
temporal slices.

By employing a sufficiently intense and very stable probe pulse, and averaging over
6000 laser shots we obtain a measurement sensitivity in the order of 10−4. This sensi-
tivity is routinely achieved for liquid samples as well as non light scattering thin films,
however such high sensitivities are not obtained for highly light scattering greatly ab-
sorbing samples such as multicrystalline perovskite thin films.

3.4 A typical transient absorption spectrum

An example transient absorption spectrum, acquired through the experimental proce-
dures outlined above, is shown in Figure 3.5. The change in optical density ∆OD(λ, t)
is plotted using a colourmap as a function of wavelength and temporal delay between
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the pump and probe laser pulses. Red and blue are used to indicate positive and neg-
ative changes in optical density respectively, while green indicates no change in opti-
cal density, as can be seen in the spectral region preceding time zero. As a reminder,
the change in optical density is determined by subtracting the reference ground state
absorbance spectrum of a sample from the excited state absorbance spectrum of the
photoexcited sample. With that in mind, a red spectroscopic signal thus indicates an
increased absorption (decreased light transmission detected) upon illumination, while
a blue signal indicates a decreased absorption (increased light transmission detected).
These changes in detected light transmission can be caused by one of the following
three processes.

Excited state absorption (ESA) refers to the increased light absorption of the excited
sample. These signals correspond to newly populated electronic states upon photoex-
citation and are therefore associated with positive spectroscopic signatures (red).

The absorption of newly generated photoproducts (for example isomers) will also
lead to a decrease in light transmission at the wavelengths associated with the elec-
tronic transitions of these materials. These signals correspond to the electronic states
of newly produced molecules upon photoexcitation and are therefore also associated
with positive spectroscopic signatures (red).

In contrast, ground state bleaching (GSB) refers to the decreased light absorption
of the sample in its ground state. Upon photoexcitation, fewer molecules are present in
the ground state with respect to the reference measurement. Therefore a decrease in ab-
sorption is observed at the photon energies corresponding to the ground state absorp-
tion bands. In other words, these signals correspond to newly depopulated electronic
states upon photoexcitation and are therefore associated with negative spectroscopic
signatures (blue).

As our detector simply measures light transmission, fluorescence by stimulated
emission is also observed as a spectroscopic signal. Fluorescence refers to the radia-
tive relaxation of a molecule from its excited state to the ground state. Our probe pulse
stimulates this process in the direction of the detector, thereby an increase transmission
is recorded at those particular wavelengths, with respect to the reference measurement.
This produces a negative spectroscopic signature (blue) in the transient absorption
spectrum. Theoretically, this could also be observed for phosphorescence. However,
the yield of phosphorescent photons is too low and their lifetimes too long to be de-
tected using femtosecond TAS. Additionally, while fluorescence signals are often de-
tected for liquid samples, they are not usually observed for our solid state solar cell
samples.

The amplitudes of our spectroscopic signals, depend on the relative population of
molecules in the various associated states. By following their temporal evolution, we
are able to link the observed absorption signals to a kinetic model and learn about the
photoinduced charge dynamics which occur in the material under investigation. The
oscillator strengths and thus transition probabilities of the transient states are gener-
ally unknown, therefore the respective amplitudes obtained from their spectroscopic
signatures are not necessarily directly comparable. With that said however, the ground
state bleaching signal provides a quantitative measure of the absolute percentage of
molecules within our probed measurement area which were excited upon illumina-
tion due to the pump pulse (typically 1-2%). This value is directly extracted from
the change in optical density ∆OD which relates to the molar concentration of pho-
toexcited molecules in the ensemble (c) via the Beer-Lambert law for transmission
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Figure 3.5: An example transient absorption spectrum depicting the change in optical density ∆OD(λ, t)
as a function of wavelength and temporal delay between the pump and probe laser pulses, using a
colourmap. Red is used to indicate a positive change in optical density (decreased transmission upon
photoexcitation) and is characteristic of excited state absorption (ESA) and photoproduct absorption sig-
nals. Blue is used to indicate a negative change in optical density (increased transmission upon photoex-
citation) and is characteristic of ground state bleaching (GSB) and fluorescence signals. Green indicates
no change in optical density and thus no change in transmission.

T = 10−εlc, where OD = −εlc. ε is the molar extinction coefficient which is deter-
mined by the absorption cross section of the material, and l is the length (thickness) of
the sample through which light propagates. So at least for the initially excited state, we
are able to determine the oscillator strength.

The temporal dependence of the spectroscopic signatures corresponding to various
electronic transitions is visible in the example transient absorption spectrum depicted
in Figure 3.5. In order to characterise this temporal behaviour we take a multitude of
horizontal traces throughout the entire measured spectral region, and analyse them
as a complete system. These lineouts offer us information about the change in optical
density as a function of time ∆OD(t) for a fixed wavelength range. We typically select
a 10 nm wavelength range over which we average the data when extracting horizontal
traces.

Furthermore, the lineouts, can be related to the charge population and depopula-
tion dynamics of the electronic states to which the associated TAS signatures belong. If
these dynamics depend linearly on the charge carrier densities of the electronic states,
we fit them with a sum of exponential growth and decay functions of a minimal or-
der of free parameters. In this way, we obtain decay constants and relative amplitudes
which are linked via a kinetic model. However, if the processes are characterised by a
nonlinear dependence on charge carrier density, a more detailed analysis procedure is
required, as is explained in detail in Chapter 7.

To complicate matters further, transient absorption signals often overlap spectrally
or shift along the wavelength axis within the duration of our experimental window.
Furthermore, the spectral span of one complete measurement often comprises of more
than three transient absorption spectra, each acquired using either WLC or near in-
frared NOPA probe pulses. This, together with the aforementioned nonlinear depen-
dancies observed in some materials, makes the use of an automatic global analysis
procedure that simultaneously allows for the deconvolution of the transient absorp-
tion spectrum and fits the temporal traces to a kinetic model, virtually impossible. We
therefore apply the time consuming manual analogue analysis procedure, which leads
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us to developing a charge transfer model as described below.
We first assign all of the spectral signatures in the transient absorption spectrum to

allowed, and perhaps already known, electronic transitions in the sample. By fitting
their temporal evolutions to a kinetic model, we directly gain information about the
photoinduced charge dynamics processes. In this way, we employ TAS to construct
the simplest possible fully consistent charge transfer models for perovskite photoab-
sorbing materials and fully operational dye sensitised solar cells. In the event that the
spectral signatures in the transient absorption spectrum were not previously observed,
our resulting kinetic model enables us to assign them to electronic transitions in the
sample. This was in fact the case for the indoline dye sensitised ZnO solar cells inves-
tigated in this work and presented in Chapter 5.

The pump-probe TAS experimental setup described in this chapter was employed to-
gether with the analysis procedure detailed above to study the photoinduced ultrafast
charge dynamics processes which take place in dye sensitised and perovskite solar
cells during the conversion of solar energy to electrical energy. From our charge trans-
fer models, one can learn about the underlying mechanisms and fundamental physics
processes responsible for, as well as limiting the generation of an electrical current
with the use of these photovoltaic devices. The chapters which follow first introduce
the samples which were investigated in this study, together with some of their macro-
scopic electrochemical characteristics. Immediately following, our results are directly
presented in the form of charge dynamics models, and are succeeded by a detailed
discussion of our analysis.
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4. Dye Sensitised Solar Cells

We investigated two different types of fully operational dye sensitised solar cells (DSSCs)
in this study, containing either a liquid electrolyte solution or a solid hole conductor.
Two example cells are presented in the photographs of Figure 4.1. Both types of cells
contain the same photoanode: a highly porous ZnO nanostructure electrodeposited
onto a fluorine-doped tin oxide (FTO) coated glass slide, sensitised with the organic
indoline dye DN216. As is evident in the photos, the indoline pigment is bright pink in
colour and therefore has a strong absorption in the green spectral region. The sample
shown on the left hand side was fabricated as a sandwich cell with an additional FTO
coated glass slide as the cathode, and a liquid electrolyte solution. The sample shown
on the right hand side of the photograph, contains a solid hole conducting material
layer which was spin coated over the photoanode as well as four silver fingers which
form the cathode.

This chapter serves to introduce the chemical composition of the different samples
together with their fabrication methods. The samples were all made in the material
science group of Prof. D. Schlettwein at Justus-Liebig Universität in Giessen, Germany.
Some spectroelectrochemical measurements will also be presented in this chapter, fol-
lowed by previous transient absorption spectroscopy results obtained by myself and
our research group [38, 39].

DSSC closed with

electrolyte solution
DSSC closed with

solid hole conductor

Figure 4.1: Photographs of example fully operational DSSCs which were investigated in this work.
Both cells were fabricated with a highly porous ZnO electrode sensitised with the organic indoline dye
DN216. The device on the left was closed with the iodide/triiodide redox couple in electrolyte solution
and sealed as a sandwich cell with a fluorine-doped tin oxide (FTO) coated class slide as the cathode.
The device on the right was closed with the solid hole conductor Spiro-OMeTAD and four silver fingers
as the counter electrode. The transparency of the cells was not optimised to maximise the photocurrent
conversion efficiency of the cells, but rather for transient absorption spectroscopy in transmission.
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4.1 The possible charge transfer processes

The basic working principle of DSSC solar cells was already introduced in the intro-
ductory chapter (Chapter 2). It will therefore only be repeated here briefly. The sketch
shown in Figure 4.2 depicts the basic charge transfer processes which occur in DSSCs
in the conversion of solar energy to electrical energy with blue arrows. Upon photoex-
citation (process 1), an electron hole pair is generated in each excited dye molecule
adsorbed to the surface of the ZnO. The electrons are injected out of the dye’s lowest
unoccupied molecular orbital (LUMO) and into the ZnO conduction band (CB) thereby
generating oxidised dye molecules (process 2). These electrons in the ZnO CB are then
free to be extracted into the external circuit towards the cathode in order to produce
an electrical current (process 3). The circuit of the cells is traditionally closed with an
electrolyte solution containing a redox couple. The purpose of the redox couple is to
reduce the oxidised dye molecules (process 4). It is itself reduced at the cathode (pro-
cess 5). The maximum voltage extractable from the cell, also referred to as the open
circuit voltage in an I-V measurement, is determined by the potential difference be-
tween the quasi-Fermi energy of the ZnO under illumination and the Nernst potential
of the redox couple and is typically 0.6− 0.7 V for indoline dye sensitised ZnO solar
cells.

In the event that a solid hole transport material is rather used to close the circuit
of the cell, the oxidised dye molecules are reduced through hole injection from the
highest occupied molecular orbital of the dye (HOMO) into the HOMO or valence
band (VB) of the hole conducting material. The maximum voltage extractable from
the cell is then given by the potential difference of the quasi-Fermi energy of the ZnO
under illumination and the HOMO or VB energy of the hole transport material.

Unfortunately the conversion of solar to electrical energy with the use of DSSCs
is not 100% efficient, even after taking into account the inherent fundamental losses
due to the Shockley-Queisser limit. Counter charge transfer process are also present
in these devices and are depicted in Figure 4.2 with red arrows. The photoexcited dye
molecule can relax back into its ground state (process 6). This monomolecular recombi-
nation process is also referred to as geminate recombination. Additionally, the electrons
which have already been injected into the ZnO CB can recombine to reduce oxidised
dye molecules (process 7), or even with the redox couple in the electrolyte solution
(process 8). Both these channels are bimolecular and can also be referred to as non-
geminate recombination processes.

An additional counter process which is not depicted in the sketch, but must also be
accounted for when striving to improve DSSC device efficiencies, is the trap mediated
recombination of electrons in the ZnO CB. It is known that electrodeposited ZnO con-
tains shallow band gap trap states due to impurities as well as additional surface trap
states. The presence of these states can cause the trapping of electrons before they are
extracted to the external circuit and adds a possible recombination path between the
trap state and the oxidised dye molecules or the redox couple. As will be expanded on
in detail in the chapter to follow, the presence of trap states on the ZnO surface plays
an important role in the electron injection from photoexcited dye molecules into the
ZnO CB.

The charge transfer pathways presented above and in Figure 4.2 occur with differ-
ent characteristic time constants, ranging from the femtosecond injection of photoex-
cited electrons into the ZnO CB (process 2), all the way to the microsecond regeneration
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Figure 4.2: Exaggerated sketch of a typical DSSC sample closed with electrolyte solution (above) together
with a simplified energy diagram (below), depicting the processes which take place in DSSCs in the con-
version of solar energy to electrical energy. In the sketch, the highly porous ZnO is shown together with
the monolayer of indoline dye DN216 as well as the volume filled by electrolyte solution, sandwiched
between the fluorine-doped tin oxide (FTO) coated class slides. The energy diagram is drawn to depict
the conduction (CB) and valence band (VB) energies of the ZnO and the lowest unoccupied molecu-
lar orbital (LUMO) and highest occupied molecular orbital (HOMO) of the DN216 dye. The maximum
voltage extractable from the cell is shown above as the potential difference between the quasi-Fermi
energy of the ZnO under illumination and the Nernst potential of the redox couple. The desired pro-
cesses are shown on the sketch and in blue on the energy diagram and include: 1 photoexcitation of the
dye generating an electron hole pair, 2 electron injection from the dye’s LUMO into the ZnO CB, 3 the
extraction of electrons into the external circuit, 4 reduction of the oxidised dye molecules, 5 reduction
of the redox couple at the cathode. The counter processes are not shown on the sketch, and depicted in
red on the energy diagram and include: 6 relaxation of the photoexcited dye back to its ground state, 7
recombination of electrons in the ZnO CB with oxidised dye molecules, 8 recombination of electrons in
the ZnO CB with the redox couple.

of redox couple at the cathode (process 5). Therefore these lifetimes must be investi-
gated with different measurement techniques. As explained in Chapter 3, femtosecond
transient absorption spectroscopy (TAS) allows us to follow the processes which occur
on the femtosecond and picosecond time scales. These include the electron injection
from the dye into ZnO (process 2) and the relaxation of the photoexcited dye back to
its ground state (process 6). The reduction of oxidised dye molecules (process 4) takes
place on the nanosecond timescale and is therefore only observed as a baseline in our
measurement window (600 ps).

The aforementioned cycle, is theoretically infinitely repeatable without a chemical
alteration to the dye molecules. In reality however, a limited number of turnovers can
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take place due to the dye’s chemical and photo stability. For a DSSC lifetime of ap-
proximately 20 years in average outdoor conditions, the turnover of the dye employed
needs to be in the order of 108 cycles – a number easily achieved by the traditional
ruthenium based organometallic complexes [2].

4.2 The fabrication of our DSSC samples

As mentioned above the fabrication of the dye sensitised solar cell samples which we
investigated in our laboratory as part of this work was carried out by our project col-
laborators in Giessen, Germany. The following subsections detail the fabrication pro-
cedure briefly. The fabrication of DSSCs together with our collaborators formed a sub-
stantial part of my MSc research. Therefore a comprehensive, stepwise explanation of
the solar cell devices I fabricated is given as part of my MSc thesis [39].

Working electrode

In general, the working electrode of our DSSC samples comprises of a highly porous
ZnO nanostructure which was electrodeposited onto an FTO coated glass slide. The
glass slide requires the fluorine-doped tin oxide coating for conductivity. The photoan-
ode’s absorption is sensitised towards lower photon energies through the adsorption
of a monolayer of indoline dye to the surface of the ZnO. As pointed out above, the
characteristic absorption of the dye is in the green spectral region, see Figure 4.3 for a
steady state absorption spectrum.
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Figure 4.3: The steady state absorption spectrum of a photoanode consisting of an electrodeposited
highly porous ZnO nanostructure sensitised with the organic indoline dye DN216. As is evident in the
photos of Figure 4.1, the indoline pigment is bright pink in colour and therefore has a strong absorption
in the green spectral region at λ = 530 nm. The high energy absorption edge is caused by the ZnO
absorption maximum centred at λ = 387 nm.

Dye aggregates hamper the transfer of charge, as the excitonic energy transfer within
these dye networks is not efficient . Furthermore, it has been shown that for efficient
electron injection to take place between the photoexcited dye and ZnO, the LUMO of
the dye must overlap with the ZnO CB [125]. Additionally, the oxidised dye molecules
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need to be in contact with the electrolyte solution in order to be reduced. Therefore the
dye must be adsorbed to the surface of the ZnO as a monolayer. If the semiconductor
was to be deposited as a bulk thin film, the surface area which is available to be loaded
with dye is extremely small. This is the primary reason why the efficiencies of DSSCs
were restricted to approximately 1% before the revolutionary paper of O’Regan and
Grätzel [23]. Their introduction of a highly porous semiconductor nanostructure lead
to a surface enhancement of 2000 fold and a resulting increase of power conversion
efficiency (PCE) to above 7%.

The electrodeposition of ZnO is well established and has been reported in great de-
tail, including as part of my MSc work [38, 39, 41, 126–128]. It is achieved by means
of a three electrode setup in 70◦C KCl aqueous solution with the help of the structure
directing agent EosinY, which is subsequently desorbed. The resulting films are ap-
proximately 5 µm thick, with a 10 nm pore size (determined by the agglomerate size
of EosinY).

The indoline dye is subsequently adsorbed to the ZnO surface by immersion of the
pre-treated electrode in a dye solution. The solution is made up in a 1:1 acetonitrile
and tert-butyl alchohol solvent, and consists of 0.5 mM DN216 indoline dye in 1 mM
lithocholic acid. The presence of the acid has been shown to aid against the formation of
dye aggregates. Optimal dye loading time in terms of producing cells with a maximum
short circuit current density (exceeding 12 mAcm−2) and thus highest PCEs, is approx-
imately 10 minutes. However, the resulting films are too light absorbing and scattering
to be used in TAS measurements in transmission as the change in optical density sen-
sitivity is reduced to above 10−1. So for the purpose of our experiments, we measured
samples which were only submerged in the dye solution for 1 minute. Although this
results in a noticeable drop in the short circuit current density, and therefore in poor
efficiencies compared to state of the art DSSCs, the ultrafast charge dynamics respon-
sible for light to electrical energy conversion are unaffected. Ideally, an absorption of
80− 90 % is preferred in order to avoid nonlinear excitation. This is achieved in the
sample measured in Figure 4.3.

Please refer to Figure 4.4 for the chemical structure of the organic indoline dye
DN216 which was employed in all the DSSC samples studies in this work. The absorb-
ing chromophore contains the indoline moiety as depicted in the image. Furthermore,
two carboxyl anchor groups are present, which allow for the dye to adsorb to the ZnO
surface. The traditional indoline dye (D149) which was used with ZnO only contains
one carboxyl anchor group. It would therefore desorb from the ZnO surface in the pres-
ence of the electrolyte solution after a few weeks. The addition of the second anchor
was done to increase the dye’s adsorption to the ZnO surface and thus the lifetime of
the solar cells to approximately 2 years. As will be explained in more detail below, the
distance of the carboxyl group anchors with respect to the absorbing chromophore of
indoline dyes influences the lifetime of the electron injection from the photoexcited dye
into the ZnO CB. On the other hand, the absorbing chromophore of both dyes is the
same, thus resulting in an identical absorption maximum and therefore very similar
spectroscopic signatures.

To date, thousands of different dyes and dye derivatives have been investigated as
possible sensitisers in the context of DSSCs. Perhaps the future success of DSSCs lies
with the diversity which can be achieved in terms of working electrodes, electrolyte
solutions, and hole transporting materials.
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Figure 4.4: The chemical structure of the organic indoline dye DN216. The absorbing chromophore is
shown in the diagram together with the chemical structure of the indoline moiety it contains. The two
carboxyl anchor groups which bind the dye to the ZnO surface are also pointed out together with the
carboxyl functional group chemical structure.

Completing the cell

Traditionally, DSSCs are closed with a liquid electrolyte solution which contains the
idodide/triiodide redox couple. A portion of our DSSC samples were closed with
this electrolyte solution, in particular 0.5 M 1-methyl-3-propylimidazolium iodide and
50 mM I2 in acetonitrile. As mentioned above, it has been observed that the liquid elec-
trolyte solution is corrosive thus causing the indoline dye molecules to desorb from the
surface of the ZnO. Once in solution, the photoexcited dye can no longer inject elec-
trons into the ZnO and the overall PCE of the solar cell drops drastically. In addition
to the inclusion of another carboxyl anchor group in the synthesis of the dye to coun-
teract this problem, the liquid electrolyte solution can also be replaced with a more
chemically inert material, such as a solid hole conductor.

The DSSC samples which contain the liquid electrolyte solution, were made as
sandwich cells between two FTO coated glass slides. While the fabrication of the pho-
toanode was described above, the cathode was simply made by sputter depositing
platinum over the FTO coating of the glass. This platinum layer is approximately 50 nm
thick and it functions as a catalyst to speed up the reduction of the redox couple at
the cathode. Once the counter electrode is sealed onto the working electrode with the
use of a spacer film, the electrolyte solution is added by means of vacuum backfilling
through two pre-drilled holes in the cathode.

For the remaining portion of our DSSC samples, the organic solid hole conductor
Spiro-OMeTAD was employed in the fabrication procedure. The chemical structure of
2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene, more commonly
known as Spiro-OMeTAD is presented in Figure 4.5. To deposit the hole transport layer,
40 µL of a solution containing Spiro-OMeTAD was spin coated onto the working elec-
trode at 3000 rpm for 30 s. The solution consists of 180 mg/mL Spiro-OMeTAD (Borun
Chemicals, 99.75%), 6.4 mg/mL lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI,
Sigma-Aldrich, 99.5%), 30 mg/mL acetonitrile (Roth, 99.9%) and 16 mg/mL tert-butyl-
pyridine (Sigma-Aldrich, 99%) in chlorobenzene (Roth, 99.5%). For counter electrodes,
four silver fingers (100 nm thick) were evaporated over the hole transport layer. The
DSSC samples studied in this work, which were fabricated with the double anchor
dye (DN216) and closed with Spiro-OMeTAD, continue to be fully operational thus
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suggesting that cell lifetimes exceeding 3 years are attainable in this way.

Figure 4.5: The chemical structure of the organic hole transport material Spiro-OMeTAD. When pro-
duced as a thin film, the way it is employed in our solar cell samples, this organic solid has an associated
hole mobility of 1.69× 106 cm2V−1s−1 [129]. Furthermore, in dichloromethane solution, Spiro-OMeTAD
has two absorption maxima centred at λ = 306 nm and λ = 385 nm.

In terms of the TAS measurements which we carried out in this work, we observed
that the shapes of the spectral signatures of the DSSCs closed with the liquid electrolyte
solution were the same as those of the cells made with Spiro-OMeTAD, in the visible
spectral region. Furthermore the associated temporal evolutions of these spectroscopic
signatures was the same within our temporal measurement window, irrespective of
whether the cell was closed with the iodide/triiodide redox couple in solution or Spiro-
OMeTAD. This is not surprising as the spectral and temporal changes brought upon by
regeneration are much slower than attainable through our ultrafast measurement tech-
nique. It is however not always the case. Previous measurements which were carried
out in our research group, found that the time constant associated with the injection of
photoexcited electrons into ZnO depends on the size of supplementary ions added to
the iodide/triiodide electrolyte solution [38].

As will be relied on in Chapter 5, two differences were observed between the two
sets of transient absorption spectroscopy measurements. The first is that the iodide/tri-
iodide liquid electrolyte solution absorbed heavily in the near infrared spectral region
and spectra could thus not be acquired at wavelengths larger than 1400 nm. The second
is that the data collected from the cells closed with Spiro-OMeTAD was not as clean
in the visible spectral range due to the overlapping absorption background caused
by oxidised Spiro-OMeTAD with associated absorption maxima at λ = 420 nm, λ =
510 nm and a very broad absorption peak centred at λ = 700 nm [130]. For these
reasons, the data acquired from all the measurements was combined and the neatest
examples are presented in Chapter 5.

4.3 Our previous measurements on indoline DSSCs

In previous work, we carried out spectroelectrochemical and transient absorption spec-
troscopy measurements on a series of DSSCs sensitised with one of the three novel
indoline dyes DN91, DN216 and DN285 and compared the results to our first investi-
gations of D149 in solution and operational sensitised ZnO solar cells. Please refer to
Figure 4.6 for the chemical structures of these indoline dyes. DN91, DN216 and DN285
were synthesised with an additional carboxyl anchor group in comparison to D149. As
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mentioned above, this was done in order to decrease the desorption of the sensitiser
with time, and in turn increase the stability of the cells from a few weeks to a couple of
years.

Figure 4.6: The chemical structure of the organic indoline dyes D149, DN91, DN216 and DN285. They
all contain the same absorbing chromophore and initial carboxyl anchor group. The R group on the
sketch is different for the four molecules: D149 contains an alkyl chain, while DN91, DN216 and DN285
contain a second carboxyl anchoring group attached to an alkyl chain of varying length. This figure was
obtained from one of our previous studies [41].

As this second anchor is attached to an alkyl chain of increasing length for DN91,
DN216 and DN285, it is assumed that the three respective dyes’ spatial orientation
on the ZnO surface differs, and thus so does the orbital coupling between the dye
molecules and the ZnO. While the open circuit voltage (VOC) of these devices is inde-
pendent of the sensitiser employed, we observed a noticeable difference in the short
circuit current densities (JSC ): the shorter the alkyl chain connected to the second car-
boxyl anchor, the higher the JSC measured for the devices. As a result, this trend was
also observed in the measured power conversion efficiencies of the devices. Please refer
to Figure 4.7 for example I-V curves obtained from cells sensitised with either DN91,
DN216 and DN285.

Transient absorption spectroscopy enabled us to investigate a microscopic reason
responsible for the link between the alkyl chain length of the dye and the PCE obtained
from the device sensitised with that respective dye. We noted that the ultrafast direct
electron (approximately 200 fs) out of the indoline dye’s LUMO and presumably into
the ZnO CB was fastest for the best performing dye (DN91) and slowest for the dye
containing the largest alkyl chain (DN285). Furthermore, we observed that the electron
injection measured for the devices sensitised with DN285 was comparable to that of
devices sensitised with the traditional D149 indoline dye. This therefore suggested that
the addition of a second anchor group greatly increases the cell stability, but only aids
with electron injection if the anchor is close enough to the absorbing chromophore.

Furthermore, from the decay of the dye’s excited state absorption, we observed that
electrons are injected out of the dye’s LUMO on two distinct timescales (approximately
200 fs and 2 ps). This lead us to believe that the injection of electrons may occur directly,
but also via an intermediate charge transfer state. Prior to the measurements presented
in this work, see Chapter 5, we were however unable to probe the ZnO CB population
and depopulation dynamics. The spectroscopic signature related to the absorption of
CB electrons is in the near infrared spectral region above 200 nm[32, 34, 131], and our
experimental setup did not allow for probing beyond 1300 nm. Following the devel-
opment of a near infrared probe pulse source, we could therefore investigate the ZnO
CB filling and learn more about the intermediate charge transfer states previously un-
detected.
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Figure 4.7: Three example I-V curves obtained for DSSCs sensitised with either DN91(short alkyl chain
to second anchor), DN216 (medium alkyl chain to second anchor) or DN285 (long alkyl chain to second
anchor). The short circuit current density (JSC) for these cells is marked off together with the open circuit
voltage (VOC). The JSCs obtained for these devices are lower that the typical expected value of approx-
imately 12 mAcm−2 as the dye loading time was reduced to 1 minute versus the usual 10 minutes to
optimise the cells for TAS in transmission. Moreover, while the VOCs are very similar for these cells, the
trend in JSCs follows the trend in alkyl chain lengths: the lower the JSC, the longer the alkyl chain length
connected to the second carboxyl anchor. This figure was obtained from one of our previous studies [39].

4.4 Expected spectroscopic signatures

From our previous work on indoline dyes (D149, DN285, DN216, DN91), both in solu-
tion and as sensitisers in fully operational solar cells, we are able to build a sketch of the
expected spectroscopic signatures of the DN216 dye sensitised solar cells in the visible
regime, refer to Figure 4.8. The assignment of the ground state bleaching (GSB) signal
was directly inferred from the absorption maximum of the indoline dyes (530 nm) (Fig-
ure 4.3), while the assignment of the excited state absorption (ESA) centred at 675 nm
was as a result of transient absorption measurements carried out on the indoline dye
D149 in solution [38, 40]. The oxidised dye absorption signal (OX) was observed at
480 nm, and a wing of its broad absorption at 675 nm, as expected from the absorption
spectrum of chemically oxidised D149 dye molecules in solution. This measurement
was carried out by our project collaborators in Giessen, Germany [132].

The chapter which follows will explain, in detail, the simplest consistent charge
transfer model obtained from the transient absorption measurements of the fully oper-
ational DSSCs introduced above. From measurements in the visible and near infrared
spectral regions, we were able to describe the kinetics which occur upon photoexcita-
tion, specifically in indoline dye sensitised electrodeposited ZnO solar cells.
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Figure 4.8: A simple energy level diagram indicating the TAS spectroscopic signatures which are ex-
pected upon photoexcitation of a DN216 sensitised ZnO solar cell device. The conduction (CB) and
valence (VB) bands of the ZnO are plotted together with the lowest unoccupied (LUMO) and highest
occupied (HOMO) molecular orbitals of the dye and oxidised dye. The ground state bleaching (GSB)
of the neutral dye corresponds to its absorption maximum (530 nm), the excited state absorption (ESA)
of the neutral dye is observed at 675 nm, the absorption of the oxidised dye (OX) is observed at 480 nm
as well as overlapping with the ESA signal at 675 nm, and the absorption of electrons in the ZnO CB is
expected above 2000 nm.
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5. Transient Absorption Spectroscopy of
Dye Sensitised Solar Cells

We followed the charge transfer processes which occur in organic dye sensitised so-
lar cells (DSSCs) immediately following photoexcitation, in real time, with the use of
transient absorption spectroscopy (TAS), as described in Chapter 3. In particular, our
samples consisted of an indoline dye sensitised electrodeposited ZnO photoanode in
contact to either the iodide/triiodide redox couple in liquid electrolyte solution or the
solid hole conductor Spiro-OMeTAD. For further details about the working electrode,
the electrolyte solution and solid hole conductor as well as the fabrication of these solar
cells, please refer to Chapter 4.

In order to build a simplest possible and consistent charge transfer model, we
linked the visible and infrared spectral signatures, related to the allowed electronic
transitions of the sample, to a kinetic model. This chapter serves to show the charge
transfer model together with our TAS results and the detailed analysis procedure that
lead us to that particular model. Although unconventional, I will first present the
charge transfer model, and save the results, reasoning and detailed analysis to follow
for interested parties.

5.1 Charge transfer model

The diagram in Figure 5.1 is a schematic representation of the energy levels of the
ZnO, indoline dye DN216 and the iodide/triiodide redox couple or Spiro-OMeTAD
taking part in photoinduced charge generation within the DSSC devices investigated
in this work. In addition to the conduction (CB) and valence (VB) bands, the surface
of electrodeposited ZnO is known to be electronically characterised by surface states,
from which the intermediate charge transfer states depicted in the diagram originate.
They are differentiated into two categories depending on their electronic nature: ionic
charge transfer states (ICT) shown in purple, and neutral charge transfer states (NCT)
drawn in orange, and explained in more detail in the subsection bellow.

The maximum voltage extractable from the cell (VOC, typically 0.6− 0.7 V) is also
shown and is given by the potential difference between the quasi-Fermi energy of the
ZnO under illumination and the Nernst potential of the redox couple or highest occu-
pied molecular orbital (HOMO) of the Spiro-OMeTAD. Favourable processes in terms
of charge generation and extraction are shown in blue, while counter processes are
depicted in red. All processes which do not occur on our timescale are shown in grey.

The charge transfer process explained below are depicted with arrows in Figure 5.1
and occur in indoline dye sensitised electrodeposited ZnO solar cells in the conversion
of solar energy to electrical energy.
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Figure 5.1: A sketch of the conduction (CB) and valence (VB) bands of ZnO and quasi-Fermi level under
illumination, together with the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals of the indoline dye DN216 which take part in the initial photophysics governing DSSCs. The
bonding and anti-bonding orbitals of the intermediate neutral (NCT) and ionic (ICT) charge transfer
states are also depicted, as well as the Nernst potential of the iodide/triiodide redox couple. In the case
of all-solid DSSCs, this level is rather representative of the HOMO energy of Spiro-OMeTAD. The open
circuit voltage VOC can also be seen on the diagram, as well as the charge transfer processes which occur
upon photoexcitation: aiding towards charge generation (blue), counter processes (red) and kinetics
which don’t occur on our fs-ps timescale (grey).

Upon illumination with a laser pulse centred around λ = 530 nm (2.3 eV), thus
corresponding to the absorption maximum of the indoline dye DN216, an electron is
photoexcited from the neutral dye’s highest occupied molecular orbital (HOMO) into
its lowest unoccupied molecular orbital (LUMO). The photoexcited electron is either
directly injected into the ZnO CB with a time constant of 200 fs, or it is injected into one
of the two types of charge transfer states with an associated time constant smaller than
100 fs. While the direct injection into the ZnO CB or into the ICT state immediately
generates an oxidised dye molecule, the injection into the NCT state does not. The
subsequent injection from one of the two possible charge transfer states into the ZnO
CB occurs with two distinct time constants of 2 ps for the higher lying NCT state and
10 ps for the lower energy ICT state. In the case of electron injection from the NCT
state into the ZnO CB, an oxidised dye molecule is generated. Once in the ZnO CB, the
electrons can be extracted into the external circuit, thus generating an electrical current.
The oxidised dye molecules are reduced by the redox couple in the electrolyte solution
or the solid hole conductor on a nanosecond timescale, which are themselves reduced
at the cathode to close the external circuit on a microsecond timescale.

In addition to the aforementioned processes, some charge transfer pathways counter
to cell optimisation occur on ultrafast timescales and cannot be excluded. The most
prominent of which, in this temporal regime, is the relaxation of the photoexcited dye
back to its ground state with a characteristic time constant of 30 ps. Moreover, the re-
combination of electrons from within the ZnO CB or from a charge transfer state, with
either the redox couple in the electrolyte solution or with oxidised dye molecules is also
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found to occur, although on much longer timescales than our measurement window.

Intermediate charge transfer states

As mentioned above, surface trap states are characteristic of electrodeposited ZnO [32,
34]. In the context of the charge kinetics discussed here, these can be differentiated into
two categories depending on their energy relative to the LUMO of the neutral indoline
dye: high energy surface trap states and low energy surface trap states.

Since the dye is adsorbed to the surface of the electrodeposited ZnO nanostructure
as a monolayer, almost all excited DN216 dye molecules are attached to the ZnO sur-
face via two carboxyl group anchors, therefore resulting in distinct orbital molecular
configurations and various possible overlap geometries. According to previous charge
transfer measurements on coumarin dyes adsorbed to ZnO, hybrid orbitals are gener-
ated at the ZnO | dye molecule interface resulting from the overlap of the LUMO and
either a higher or a lower lying surface trap orbital. In this way two separate sets of
bonding and anti-bonding orbitals are generated, see Figure 5.2.

Figure 5.2: The hybrid bonding and anti-bonding orbitals which form due to the overlap of the neu-
tral dye’s lowest unoccupied molecular orbital (LUMO) and the trap states present on the surface of
electrodeposited ZnO. The resulting intermediate charge transfer states, which take part in electron in-
jection, are either more neutral in nature – resulting bonding orbital is electronically more similar to the
LUMO of the dye (NCT, drawn in orange), or ionic – the resulting bonding orbital is electronically more
similar to the ZnO surface state (ICT, drawn in purple).

As can be seen in the schematics of Figures 5.1 and 5.2, in the case of overlap be-
tween the LUMO and a higher energy surface trap, the resulting bonding hybrid or-
bital is most alike in energy and thus electronic character to the neutral dye’s LUMO.
The resulting intermediate charge transfer state (shown in orange) is referred to as a
neutral charge transfer state (NCT) as it is electronically very similar to the excited
state of the neutral dye. In contrast, the bonding hybrid orbital generated from overlap
between the LUMO and a lower energy surface trap, is closer in energy and thus elec-
tronic character to the lower energy surface trap. The population of the resulting inter-
mediate charge transfer state (shown in purple) causes the electron density to favour
the ZnO surface rather than the neutral dye and is therefore referred to as an ionic
charge transfer state (ICT).
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5.2 Detailed analysis

As already outlined in Chapter 3, our analysis procedure is as follows: We first acquire
transient absorption spectra in the visible and near infrared spectral regions with the
various probe pulses available. The observed spectral signatures are then assigned to
known allowed electronic transitions in the sample, and a multitude of temporal line-
outs covering the entire spectral region are obtained. By comparing our kinetic model
with the temporal evolution of the spectroscopic signals, we learn about the photoin-
duced charge dynamics processes and construct the simplest possible charge transfer
model which is fully consistent. Additional spectral signatures, which were not previ-
ously known or expected, are then analysed in parallel with the charge transfer model
to assign new electronic states in the sample.

The following subsections depict the step for step analysis procedure outlined above
together with additional control measurements.

The transient absorption spectrum

The transient absorption spectrum presented in Figure 5.3 comprises of a selection of
measurements taken, together with their respective probe pulse spectra. As explained
in Chapter 3, the change in optical density of the sample is plotted using a colourmap
as a function of both wavelength and temporal delay between the pump and probe
laser pulses. Sections a and b were recorded with the use of narrowband infrared
NOPA probe pulses centred at λ = 2150± 20 nm and λ = 1600± 20 nm, therefore
only a limited portion of the entire spectral signature is observed. On the other hand,
sections c to f were recorded with broadband white light continua (WLC) probe pulses
generated in either a sapphire or a YAG crystal (900 − 1300 nm and 450 − 750 nm),
therefore multiple spectral signatures are present in one measurement. The small spec-
tral region between 700 nm and 900 nm was probed with a YAG crystal WLC and a
notch dielectric filter (centred around λ = 785 nm). Some of these spectral signatures
have been well studied, while others were not yet assigned prior to this work.

The potion of the absorption signal observed around 2150 nm corresponds to the
absorption of electrons in the conduction band of the ZnO as they are known to absorb
in the infrared spectral region above 2000 nm (section a) [32, 34, 131]. The excited state
absorption (ESA) of the neutral indoline dye DN216 has a characteristic absorption
centred about 675 nm, superimposed with a side band of the oxidised dye absorption
signal (OX) as seen in section d and measured in our previous TAS experiments. The
ground state bleaching signal (GSB) of the neutral dye is observed at 530 nm as ex-
pected from its steady state absorption maximum (section e), while the two wings of
the oxidised dye absorption signal centred about 440 nm are observed at 480 nm (sec-
tion f) and overlapping with the ESA signal at 675 nm, as introduced in Chapter 4.
In addition, two spectrally broad transient absorption features in the region spanning
800 nm to 1800 nm (sections b and c) were not assigned prior to this work. From their
temporal behaviour, we were attributed these absorption signals directly to the popu-
lation and subsequent depopulation of the neural and ionic charge transfer states.

In order to investigate the temporal behaviour of the spectroscopic signals, we took
horizontal lineouts of change in optical density as a function of time across the entire
probed spectral region. These traces are integrated over a spectral range of 20 nm, and
are discussed in the following section.
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Figure 5.3: A collection of five ultrafast transient absorption spectra of a DN216 sensitised electrode-
posited ZnO solar cells contacted to Spiro-OMeTAD (sections a to c) or electrolyte solution (sec-
tions d to f), plotted together with the associated probe pulse spectra. Sections a and b were recorded
with NOPA probe pulses and thus only display a portion of the spectroscopic signals, and sections c to f
were recorded with white light continua probe pulses. We plot the change in optical density (∆OD) as
a function of wavelength and time, on three separate timescales: red indicates an increase in absorption
and blue a decrease in absorption upon photoexcitation. The spectral signatures or portions thereof are
labeled in the figure and correspond to the: a) absorption of electrons in the ZnO conduction band (ZnO
CB), b) neutral charge transfer state (NCT), c) ionic charge transfer state (ICT), d) excited state absorption
of the neutral dye overlapping with a wing of the oxidised dye absorption signal (ESA+OX), e) ground
state bleaching of the neutral dye (GSB) and f) oxidised dye absorption (OX).

In reality, many measurements were acquired in the spectral region spanning from
400 nm to 2400 nm, especially beyond 1300 nm to compensate for the narrow band-
width of the NOPA probe pulse in comparison to the WLC. All these transient spectra
were analysed manually as one system to compile the complete charge transfer model
presented above. The selection of measurements in Figure 5.3 as well as the example
temporal lineouts, are representative of the spectral signatures which we observed in
the full set of measurements. They were selected at wavelengths with least spectral
overlap between different signals, to help explain our reasoning behind the charge
transfer model presented above.

Temporal traces

Figure 5.4 is a collection of selected temporal traces corresponding to the transient
signals in the absorption spectrum of Figure 5.3. The charge dynamics which occur in
DSSCs upon photoexcitation depend on charge carrier density linearly. The temporal
evolutions of the transient signals were thus followed mathematically by fitting the
traces with a sum of exponential growth and decay functions. From the time constants
we obtained lifetimes for the different states which take part in charge generation,
separation and extraction in these DSSCs.

Additionally, because many separate measurements were combined, we cannot
compare amplitudes throughout the spectral region, but rather just within each WLC
probe measurement. And even in that case, the only absolute number of molecules
contributing to the signal, is the one obtained in the ground state bleaching (further
details are given in Chapter 3). To easier observe the relative amplitude contributions
in the various traces, they have all been normalised.
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Figure 5.4: A collection of six example normalised lineouts corresponding to the spectral signatures
of Figure 5.3: a) absorption of ZnO conduction band electrons, b) neutral charge transfer state, c) ionic
charge transfer state, d) excited state absorption of the neutral dye and overlapping wing of the oxidised
dye absorption, e) ground state bleaching of the neutral dye and f) absorption of the oxidised dye. The
temporal evolution of these lineouts is fitted with a sum of exponential growth and decay functions (red
line) and the resulting time constants are presented for each trace.

Link to kinetic model

Electrons in the ZnO conduction band

The line out taken at λ = 2150± 20nm (section a, Figure 5.4) will be used as the starting
point of the analysis and interpretation of all of the spectral components present. It cor-
responds to the spectroscopic signature assigned to the absorption of free electrons in
the ZnO conduction band as measured with an infrared NOPA probe pulse (section a,
Figure 5.3). These free electrons were injected into the ZnO CB from the excited neutral
dye molecules rather than originating from the direct resonant excitation of ZnO by
virtue of the energy of the pump laser pulse (2.3 eV, λ = 530nm) being smaller than
the ZnO optical band gap energy (3.2 eV, λ = 387nm).

From the multi-exponential growth fit function of this line out (section a, Figure 5.4),
three distinct time constants were obtained for the population of the ZnO CB with free
electrons thus suggesting three separate charge transfer processes: an ultrafast channel
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with a characteristic time of 200 fs, and two slower stepwise channels with character-
istic times of 2 ps and 10 ps. These three times are shown with arrows in the kinetic
model of Figure 5.5, where the state labelled B is the ZnO conduction band.

(excited DN216 dye) A

D

C B (ZnO CB)

200 fs

< 100 fs

< 100 fs 10 ps

2 ps

Figure 5.5: The kinetic model of electron injection in indoline dye sensitised electrodeposited ZnO solar
cells, which was employed together with the temporal evolution of the spectroscopic signals to generate
a simplest fully consistent charge transfer model. A represents the photoexcited dye and B the ZnO
conduction band. With our ultrafast TAS measurements, we assigned C and D to the neutral and ionic
intermediate charge transfer states respectively.

The decay of this signal cannot be observed within our 600 ps measurement win-
dow. It corresponds to the extraction of electrons into the external circuit which occurs
on a longer timescale.

The ultrafast injection channel

The direct unhindered injection of electrons from the vibrationally cold LUMO of the
photoexcited neutral dye into the conduction band of the ZnO, was assigned the time
constant of 200 fs. The ultrafast charge transfer process can be likened to the well
studied direct injection of electrons from a photoexcited ruthenium based dye into
nanoporous TiO2. Moreover, this interpretation is supported by the ultrafast decay of
the neutral dye’s ESA signal (section d, Figure 5.4) corresponding to the depopulation
of its excited state, together with a mirrored rise in the absorption signal of the oxidised
dye molecules (OX), as generated directly through the injection of electrons out of the
neural dye’s LUMO, see section f of Figure 5.4.

This ultrafast direct electron injection from the photoexcited dye into the ZnO CB is
depicted in the kinetic model of Figure 5.5, where the state labelled A is the photoex-
cited dye.

The stepwise injection channels

The two remaining stepwise processes shown in Figure 5.5, with associated time con-
stants of 2 ps and 10 ps were assigned to the injection of electrons out of the neutral
(state C) and ionic (state D) charge transfer states respectively and explained as follows.

The faster of these two processes, with a characteristic time of 2 ps, was interpreted
as the two step electron injection from the neutral dye’s LUMO into the ZnO CB via
the NCT state. The fist step comprises of photoexcited electrons being injected into the
NCT state with a time constant smaller than 100 fs, at the limit of our temporal reso-
lution. Subsequently, these electrons are injected into the ZnO CB with a characteristic
time of 2 ps. Due to the similar electronic character of the bonding orbital of the NCT
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state and the LUMO of the neutral dye, as described above, the ultrafast < 100 fs injec-
tion into the NCT state does not have an influence on the population of photoexcited
molecules, and as a result also not on the population of oxidised dye molecules. There-
fore this time constant is not observed in the traces assigned to the excited state absorp-
tion of the neutral dye, nor to the absorption of the oxidised dye. However, the 2 ps
injection from the NCT into the ZnO CB was observed as a decay in the neutral dye’s
ESA signal (section d, Figure 5.4), as well as a complimentary rise in the absorption
signal (OX) of the oxidised dye molecules (section f, Figure 5.4). Therefore indicating
that oxidised dye molecules are only generated through the second 2 ps step of the two
stepwise process.

In contrast, the slower 10 ps process was assigned to the two step injection of elec-
trons from the neutral dye’s LUMO into the ZnO CB via the lower lying ICT state. The
fist step was once again assigned to the injection of photoexcited electrons out of the
neutral dye’s LUMO and into the ICT state with a time constant smaller than 100 fs, at
the limit of our temporal resolution. While the succeeding injection of these electrons
into the ZnO CB was allocated the slower 10 ps characteristic time. Unlike the injection
via the NCT state, the ultrafast < 100 fs time constant is observed as a decay in the neu-
tral dye’s ESA signal (section d, Figure 5.4), as well as a mirrored rise in the OX trace
(section f, Figure 5.4), while the slower 10 ps second step injection time constant is not
present in either of the two ESA or OX signals. The lack of the 10 ps decay in both the
ESA and OX traces, confirms the explanation that oxidised dye molecules are already
generated through the injection of electrons out of the neutral dye’s LUMO and into
the bonding orbital of the ICT state, which is most similar in electronic character to the
ZnO surface traps.

Moreover, the kinetic model employed (Figure 5.5) can be simplified and used to-
gether with sum of exponential rise and decay functions for two reasons. Firstly, the
charge transfer processes which we follow in DSSCs using TAS don’t depend on the
charge carrier density in a nonlinear manner. Secondly, and perhaps more importantly,
the time constants associated to the stepwise processes are one to two orders of magni-
tude different from one another. Therefore the A–B, A–C and A–D processes are mostly
complete before, the C–B and D–B processes dominate. This independence between the
first and the second set of processes, thus allows for the simplification of the dynamics
employed in tis analysis.

In this way, all three time constants causing the rise of the ZnO CB signal (section a)
and mirrored as decays in the ESA and OX signals (sections d and f, Figure 5.4) could
consequently be assigned.

Relaxation of the photoexcited dye

From the temporal trace corresponding to the excited state absorption of the neutral
dye (section d, Figure 5.4) an additional decay time constant of 30 ps was extracted.
This time was assigned to the relaxation of photoexcited neutral dye molecules back
into their ground state, as it was also observed as a repopulation time of the wing of
the ground state bleaching (GSB) signal centred around 530 nm, shown in section e
of Figures 5.3 and 5.4. The centre of this transient feature is unfortunately covered
due to pump light scattered into the spectrometer off the solid state samples, therefore
the wing at 570 nm was used to determine its temporal evolution. By comparing the
relative amplitudes of the decay times, we were further able to infer that while 80% of
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the photoexcited electrons are injected into the ZnO conduction band, the remaining
20% account for the undesirable relaxation.

Reduction of the oxidised dye

Finally the oxidised dye is in turn reduced via the iodide/triiodide redox couple or
Spiro-OMeTAD on a timescale larger than 1 ns. This time constant can be seen in
the repopulation of the GSB signal (section e, Figure 5.4) together with the decay of
both wings of the oxidised dye absorption signal, at 480 nm (section f, Figure 5.4)
and overlapping with the ESA signal at 675 nm (section d, Figure 5.4). It appears as
though the reduction of the oxidised dye occurs on similar timescales irrespective of
the contact used – iodide/triiodide redox couple in liquid electrolyte solution versus
Spiro-OMeTAD, however we were not able to measure any time constants due to the
termination of our measurement window at 600 ps.

Spectral signatures of charge transfer states

Furthermore, the existence of the neutral and ionic charge transfer states has so far
only been deduced indirectly from the charge dynamics observed in the neutral dye’s
excited state, the oxidised dye and the ZnO conduction band absorption signals. With
the use of our transient absorption measurements, we were able to directly assign the
absorption of these suggested charge transfer states to two new spectrally broad posi-
tive signatures observed in the spectral region spanning from 1000 nm to 2000 nm, and
therefore monitor the population and depopulation thereof, see sections b and c, Fig-
ures 5.3 and 5.4. As a reminder, Figure 5.3 only contains a selection of probed regions,
although the full range between 900 nm and 2400 nm was probed by gradually tuning
the central wavelengths of the infrared NOPA probe pulses and subsequently studied.

By analysing the temporal traces corresponding to the two distinct charge transfer
states, we observed an instantaneous rise (< 100 fs) in both signals, corresponding to
the ultrafast injection of photoexcited electrons from the neutral dye’s LUMO into both
types of intermediate charge transfer states. Moreover, the trace shown in section b
of Figure 5.4 corresponding to the spectral signature between 1500 nm and 2000 nm
(section b, Figure 5.3) was found to decay with a characteristic time of 2 ps and its
associated transient signal was therefore attributed to the absorption of electrons in
the bonding orbital of the NCT. On the other hand, the line out corresponding to the
spectral signature between 1000 nm and 1400 nm (section c, Figures 5.4 and 5.3) was
observed to decay with a time constant of 10 ps and its corresponding transient signal
was assigned to the absorption of electrons in the bonding orbital of the ICT.

Absorption of oxidised Spiro-OMeTAD

Upon further investigation, it was also noted that the two aforementioned signals do
not decay to zero within our measurement timeframe of 600 ps. This apparent baseline
was found to be caused by the spectral overlap with the slowly decaying positive ab-
sorption signal of the oxidised Spiro-OMeTAD present in the all-solid DSSC samples.
In addition to the two absorption peaks of oxidised Spiro-OMeTAD in the visible spec-
tral region, it is also known to have a broad absorption centred at λ = 1400 nm [133].
To confirm our assignment, we compared the results of the measurements taken on
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the DSSC samples in contact with the liquid electrolyte solution, and observed that the
NCT absorption signal (section c, Figure 5.4) decayed to zero, while the ICT absorption
signal (section b, Figure 5.4) could not be measured due to the high absorbance of the
iodide/triiodide redox couple in the near infrared spectral region.

The fully consistent charge transfer model

The final step of our analysis procedure consists of the combination of our kinetic
model with the temporal evolution of the spectroscopic signals. A schematic depict-
ing this process is shown in Figure 5.6. The electronic states of ZnO, the indoline dye
DN216 and the redox couple or Spiro-OMeTAD, which take part in the initial photo-
physics are shown together with the spectroscopic signatures observed in the transient
absorption spectra. The ZnO CB (pink), ESA (red), OX (blue) and GSB (green) sig-
nals corresponding to known electronic transitions are all marked off in the diagram,
as well as the newly observed NCT (orange) and ICT (purple) signatures. Further-
more the time constants associated with the filling of a state are labelled as (+) in the
sketch and the depopulation time constants observed are marked with a (-). However,
the times obtained from the temporal decay of the negative amplitude GSB are rather
marked as (+), as they refer to the repopulation of the ground state. Furthermore, only
the charge transfer processes which can be observed in our TAS measurements are
shown in the diagram, using black arrows.

By linking the (-) time constant from the origin of an arrow, to the (+) time constant
at the arrowhead, we assigned times to the various photoinduced charge dynamics
processes and constructed the simplest possible charge transfer model which is fully
consistent, as presented in Figure 5.1 at the beginning of this chapter.

Aluminium oxide control measurements

We carried out an additional control measurement in order to confirm that the neutral
and ionic charge transfer states arise from molecular and surface dominated hybrid
orbitals at the dye|ZnO interface, rather than the signals corresponding to triplet states
of the DN216 dye. In other words, as a consequence of the orbital overlap between the
neutral dye’s LUMO and surface traps present on the surface of the electrodeposited
nanoporous ZnO film and is not a characteristic of the DN216 dye itself. This was
done by preparing thin films of a DN216 monolayer adsorbed onto an aluminium ox-
ide (Al2O3) structure. As the energy of the Al2O3 conduction band lies above that of
the neutral DN216 dye’s LUMO, very limited electron injection was expected to occur
following photoexcitation of the DN216 dye with a pump laser pulse centred around
530 nm.

No positive absorption signal was detected in the near infrared spectral region
spanning from 1000 nm to 2000 nm, thus confirming the presence of the neutral and
ionic charge transfer states were generated as a result of the surface traps at the ZnO|dye
boundary and are not merely an intrinsic characteristic of the indoline dye DN216.
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Figure 5.6: A sketch of the conduction (CB) and valence (VB) bands of ZnO and quasi-Fermi level under
illumination, together with the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals of the indoline dye DN216 which take part in the initial photophysics governing DSSCs. The
bonding and anti-bonding orbitals of the intermediate neutral (NCT) and ionic (ICT) charge transfer
states are also depicted, as well as the Nernst potential of the iodide/triiodide redox couple. In the
case of all-solid DSSCs, this level is rather representative of the HOMO energy of Spiro-OMeTAD. The
black arrows depict the charge transfer processes which can be observed with our measurement tech-
nique. The diagram also depicts the known spectroscopic signatures corresponding to: ZnO CB (pink),
ESA (red), OX (blue) and GSB (green), as well as the newly observed NCT (orange) and ICT (purple)
signatures. The time constants associated with the filling of a state are labelled as (+) and the depopula-
tion time constants are marked with a (-). The temporal decay of the negative amplitude GSB is rather
marked as (+), corresponding to the repopulation of the ground state. To construct our charge transfer
model, we link the (-) time constant from the origin of an arrow, to the (+) time constant at the arrow-
head, and assign the time constant to the charge transfer channel.
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6. Perovskite Thin Films

In the second part of this study, we investigated the photoinduced charge dynamics
which take place in mixed perovskite photoabsorbing materials. The samples comprise
of a perovskite thin film which was spin coated onto a glass slide and encapsulated to
protect it from moisture in the air. A photograph of a typical sample is shown in Fig-
ure 6.1. The samples were all made in the material science group of Prof. D. Schlettwein
at Justus-Liebig Universität in Giessen, Germany. This chapter aims to present the thin
film samples which we employed for our measurements, together with their chemi-
cal compositions, deposition methods as well as typical macroscopic characterisation
results.

Figure 6.1: A photograph of a typical FA0.85MA0.15PbI2.55Br0.45 thin film sample. The brown microcrys-
talline mixed perovskite was spin coated onto a glass slide and encapsulated with the use of a second
glass slide sealed with epoxy. The area of the samples was typically 1 cm2 and the thickness approxi-
mately 200 nm to ensure enough light transmission for transient absorption spectroscopy in transmis-
sion.

6.1 The perovskite photoabsorber

As previously introduced, a perovskite photoabsorber is identified by the cubic crystal
structure shown in Figure 6.2. The monovalent cation is typically organic as in the
case of methylammonium (MA+) or formamidinium (FA+), or inorganic as in the case
of Cs+. Please refer to Figure 6.3 for the chemical structure of the organic cations. This
cation is surrounded by eight divalent metal cations coordinated to halogen octahedra.
The divalent metal ions commonly used are Pb2+ and Sn2+ and the halogen ions are
traditionally I−, but Cl− and Br− are also used.

Although the most commonly employed perovskite photoabsorber is methylam-
monium lead iodide (MAPbI3), perovskites are also synthesised with a mixture of the
aforementioned ions in various ratios. The chemical composition of the mixed per-
ovskite materials which were at the focus of our investigation contain 85% formami-
dinium and 15% methylammonium as the monovalent cations, lead as the divalent
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Figure 6.2: The cubic crystal structure of perovskite materials. In our samples, the central monovalent
cations (red circles) were a mixture of 85% formamidinium (FA+) and 15% methylammonium (MA+).
These organic cations are surrounded by eight lead atoms (blue circles) coordinated to halogen octahe-
dra. Our samples contained a mixture of halogen anions (green circles) in the ratio of 85% iodine to 15%
bromine anions.

metal cation, and a mixture of 85% iodine and 15% bromine anions, as depicted in Fig-
ure 6.2. The formamidinium ions (ionic radius approximately 1.9− 2.2 Å) are slightly
larger than the methylammonium ions (ionic radius approximately 1.8 Å).
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Figure 6.3: The chemical structures of the monovalent organic cations used in our perovskite materials.
Formamidinium (ionic radius approximately 1.9− 2.2 Å) is slightly larger than methylammonium (ionic
radius approximately 1.8 Å).

This particular composition, (FAPbI3)0.85(MAPbBr3)0.15, was selected due to the
fact that solar cell devices made with this perovskite photoabsorber exhibited power
conversion efficiencies (PCEs)of 17.9%, the highest certified values at the time our
study commenced in 2015 [55]. Since then, PCEs of 21.3% have been achieved with
(FAPbI3)0.85(MAPbBr3)0.15 by the addition of a wider band gap FAPbBr3−xIx perovskite
layer between the primary mixed perovskite and the hole transport material (HTM).
The addition of this so called surface passivation layer reduces the electron hole re-
combination at the perovskite|HTM interface and thus results in a higher open circuit
voltage (VOC) [134].

Substituting MA+ by FA+ shifts the absorption onset of the perovskite to a lower
energy, thereby increasing the short circuit current density (JSC) and the resulting PCE.
Furthermore, the electron diffusion lengths of perovskites containing MA+ versus FA+

are very similar (130 nm for MAPbI3 versus 177 nm for FAPbI3), but the perovskites
containing FA+ have an increased hole diffusion length (90 nm for MAPbI3 versus
813 nm for FAPbI3) [56, 107].

As previously mentioned, the hydration of MAPbI3 leads to the formation of the
PbI2 and MAI precursors, therefore the chemical stability of the perovskite increases
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when MA+ is replaced by FA+. This is due to the robust structure of FAPbI3 which
is not greatly affected in the presence of water or by the inclusion of additional small
molecules. With that said however, the black FAPbI3 perovskite type polymorph un-
dergoes a slow phase transformation to the yellow polymorph which is more thermo-
dynamically stable at room temperature [46, 134]. The perovskite crystal structure is
destabilised in this way, in the case of FAPbI3 thus resulting in the need for the mixed
MA+ and FA+ perovskites.

The performance of these mixed perovskite solar cells, is still dominated by MAPbI3
rather than FAPbI3. To further stabilise the perovskite structure in ambient conditions,
the I− anions are substituted by Br−. As mentioned previously, this however shifts the
absorption onset of the mixed perovskite to a higher energy, therefore only a fraction
(15%) of the iodide is replaced by bromide [55, 86]. Furthermore, ion migration was
measured for mixed perovskites. Under illumination, separate iodine and bromine rich
domains were observed suggesting that perovskite thin films are in fact dynamic sys-
tems [135].

With the use of transient absorption spectroscopy (TAS), our aim was therefore to
obtain a possible explanation for the high efficiencies achieved with this material from
the ultrafast photoinduced charge dynamics. By learning the rate constants associated
with the dominant charge transfer and recombination processes, perovskite materials
can be further improved.

Steady state absorption spectrum

As is evident in the photograph of Figure 6.1, the mixed perovskite is dark brown and
therefore absorbs the majority of the visible spectrum. This is confirmed by the steady
state absorption spectrum presented in Figure 6.4. From the absorbance obtained cor-
responding to λ = 388 nm, a 0.4% transmission was calculated. This strong absorption
suggests that we only photoexcite the front layer of the perovskite thin film. Due to
the high electron and hole mobilities of perovskites, this should not affect the charge
carrier dynamics, but to further correct for it, we employ very thin perovskite films in
our study (approximately 200 nm).

Transient absorption spectroscopic measurements were carried out for various pump
pulse photon energies: far from the optical band gap (3.2 eV, λ = 388 nm), at the optical
band gap (1.6 eV, λ = 775 nm), as well as at 2.6 eV (λ = 480 nm). While the primary
focus of the study was the charge dynamics immediately following 3.2 eV photoexcita-
tion, the supporting results obtained from the lower energy pump measurements will
also be presented in the chapter to follow.

Electronic properties

The electronic band structure has to date not yet been calculated for the mixed per-
ovskite (FAPbI3)0.85(MAPbBr3)0.15, however it has been determined for the more com-
monly employed perovskite, MAPbI3. An example electronic band structure calculated
by Motta et al. for fully relaxed MAPbI3, is presented in panel a of Figure 6.5 [136]. As
is evident from the figure, there are many valance and conduction bands present in
perovskite materials.

Like introduced in Chapter 2, the electronic band structure is qualitatively the same
for most lead based perovskites. The lowest energy conduction band (CB) is deter-
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Figure 6.4: The steady state absorption of our 200 nm thick (FAPbI3)0.85(MAPbBr3)0.15 thin films. The
measured UV-Vis absorbance is plotted as a function of wavelength. As expected from the dark brown
colour of the sample, together with the absorption spectrum of MAPbI3 presented in Chapter 2, the
absorption of the mixed perovskite is spectrally broad.

Figure 6.5: The calculated electronic band structure for a fully relaxed MAPbI3 crystal for the MA+

orientation along the (111) and (011) crystal axes shown in panels a and b respectively. The inserts show
a magnification of the conduction band minimum and valence band maximum shifted in energy for
ease of observation. The rotation of the organic cation along the (011) crystal axis, results in an indirect
bandgap. The energy landscape of the organic cation is very shallow, thus resulting in a small energy
difference between the two CB energy minima (approximately 20 meV). This figure was obtained from
the work of Motta et al. [136].

mined by hybridisation of the 6p lead, 5p iodine and 4p bromine orbitals, but is dom-
inated by the empty 6p lead orbitals. On the other hand, the electronic nature of the
highest energy valence band (VB) is mostly determined by the orbital overlap of the
6s lead orbital, with the 5p iodine and 4p bromine orbitals, with a small contribution
from the 6p lead orbitals [47, 73, 137].

Even though the organic cation should not influence the CB minimum and VB max-
imum because its molecular orbitals are energetically far from the band gap, it seems
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that its spatial orientation within the inorganic framework does have an effect. In the
case of MAPbI3, for the orientation of MA+ along the (111) crystal axis, the perovskite
is a direct band gap semiconductor, while for its orientation along the (011) crystal axis,
the band gap becomes indirect. This phenomena can be seen in panels a and b respec-
tively of Figure 6.5, together with inserts of the zoomed in band gaps. The interaction
between the organic cation and the lead iodide cage, whereby the MA+ exerts strain
on the PbI4+

6 octahedra, is driven by dispersive forces and thus alters the nature of the
band gap. At room temperature, the spatial orientation of the organic molecule fluc-
tuates, suggesting that the electronic structure of MAPI constantly varies between the
diagrams of panels a and b. For this reason, perovskites can be referred to as dynamical
band gap semiconductors [136].

With that said, we therefore expect that with mixed perovskites such as FA0.85-
MA0.15PbI2.55Br0.45 the degeneracy of states will be even further reduced in comparison
to MAPbI3 as the degrees of freedom in the electronic band structure calculation are
increased by the introduction of the formamidinium cation and halide mixture. This
would result in even more conduction and valance bands in the case of FA0.85MA0.15-
PbI2.55Br0.45. However, as the electronic character of the lowest conduction and highest
valence band is dominated by the lead and halide constituents, the optical band gap of
our mixed perovskite is very similar to that of MAPbI3.

In addition to the dynamic nature of the band gap of perovskite materials, the sam-
ples which we investigated with TAS were microcrystalline thin films, therefore the
area of our probe pulse focus covered many small crystals containing both MA+ and
FA+ molecules orientated in many different directions. We therefore cannot differen-
tiate between the two possible energy diagrams shown in Figure 6.5 but may rather
probe a mixture of the two – more similar to the sketch shown in panel a, Figure 2.6,
Chapter 2.

6.2 Fabricating perovskite thin films

The deposition of perovskite thin films from precursor solutions has been well stud-
ied, is simple and mostly reproducible. The three methods usually employed were
introduced in Chapter 2 and include the: one step spin coating [51, 74, 75], two step
sequential deposition [138], and vapour deposition (in a high vacuum chamber) [139]
methods.

Our FA0.85MA0.15PbI2.55Br0.45 samples were made by our project collaborators in
Giessen, Germany, by spin coating glass slides with a precursor solution in a nitro-
gen environment according to the anti-solvent assisted crystallisation spin coating ap-
proach [86]. Formammidinium iodide (FAI) and methylammonium bromide (MABr)
were synthesised as described by Jeon et al. and Ruess et al. [86, 140].

A precursor solution was prepared in a 7:3 volume to volume ratio of γ-butyrol-
acetone/DMSO solvent by mixing the synthesised FAI and MABr with purchased PbI2
and PbBr2 in a ratio of 85:15:85:15, at 60 ◦C for 10 minutes. The resulting solution was
then spin coated onto a clean glass substate which was rotated at 5000 rpm for 30 s,
during which, 1 ml of toluene was added drop-wise. To evaporate the solvent, the
substate was subsequently annealed at 100 ◦C for a further 10 minutes.

The resulting perovskite thin films were dark brown in colour and densely packed
with crystal domains as can be seen in the scanning electron microscope (SEM) images
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of Figure 6.6, measured by our project collaborators in Giessen, Germany. The mixture
of γ-butyrolacetone to DMSO as the solvent in the deposition of these thin films is
thought to be responsible for the uniform densely packed microcrystalline perovskite
layers obtained [86]. The measured film thickness was 200 nm with an alpha-stepper
(Alpha-Stepper 10-00020, Tencor Instruments). Although this is less than the optimal
thickness for use in high PCE solar cell devices, the films were required to be synthe-
sised less opaque to ensure transient absorption measurements could be performed
in transmission with a reasonable sensitivity (approximately 10−3). Due to the highly
absorbent nature of the perovskite material, together with the microcrystallinity of the
sample, these films are very light scattering, thus unfortunately reducing our measure-
ment technique sensitivity.

Figure 6.6: Two scanning electron microscope (SEM) images of our microcrystalline perovskite thin
films. The image on the left has a 1 µm scale bar, and the zoom in on the right a 100 nm scale bar.

Determining the perovskite layer chemical composition

In addition to the SEM images, an x-ray diffraction (XRD) experiment was also per-
formed on the perovskite thin film samples by our project collaborators in Giessen,
Germany, see Figure 6.7. The peaks denoted with the α correspond to the desired
so-called ’black perovskite phase’ of our mixed perovskite, while the two peaks de-
noted with the δ correspond to the undesired yellow phase of FAPbI3. By comparing
our obtained α lattice parameters with the typical XRD patterns reported in literature
[134, 141], we were able to determine that the chemical composition of our thin film
samples was indeed FA0.85MA0.15PbI2.55Br0.45.

The two δ peaks in the XRD pattern, corresponding to the hexagonal phase of
FAPbI3, are indicative that FAPbI3 is present as a separated phase in our thin film.
This is expected for annealing times larger than 2 minutes and is indicative of the
slight decomposition of the perovskite layer. This partial decomposition occurs mostly
on the top surface of the perovskite layer and does not affect the charge dynamics in
the bulk [141]. To make sure that we probe the charge dynamics of the black FA0.85-
MA0.15PbI2.55Br0.45 polymorph rather than the yellow FAPbI3 polymorph, we pump
and probe our samples from the the glass slide side (bottom surface of the perovskite).

Furthermore, in the current state of the art lead based perovskite solar cells con-
taining a mixture of Rb+, Cs+, MA+ and FA+ and a mixture of I− and Br−, Saliba et al.
managed to completely eliminate the undesired yellow phase for small Rb+ and Cs+

concentrations [59].
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Figure 6.7: X-ray diffraction (XRD) pattern obtained for one of our FA0.85MA0.15PbI2.55Br0.45 thin films.
The peaks corresponding to the desired black perovskite phase are denoted with a α, and the peaks
corresponding to the undesired yellow phase of FAPbI3 are denoted by δ. A negligible contribution
from the 12.7◦ peak of PbI2 observed as a small shoulder of the 11.5◦ δ phase peak of FAPbI3.

Overlapping with the 11.5◦ δ phase peak of FAPbI3, is a negligible contribution
from the 12.7◦ peak of PbI2 observed as a shoulder. The lack of a substantial PbI2 peak
is an indication that our perovskite thin film has not degraded. Furthermore, it usually
is only present in films which were deposited with excess PbI2 precursor.

Encapsulation

In order to reduce the degradation of the perovskite thin film due to the moisture in
ambient air, the samples were sealed. This was done in two ways: either by spin coat-
ing of a thin film of poly(methyl methacrylate), more commonly referred to as PMMA,
from an anisole based solution, or by sandwiching the perovskite layer between two
glass slides and sealing the edges with a UV curable epoxy resin (Ossila E131 Encapsu-
lation Epoxy). Please refer to Figure 6.8 for the chemical structures of PMMA and the
epoxide functional group present in all epoxy resins.

PMMA monomer unit

epoxide functional group

C

CH3

CO2CH3

H2C

Figure 6.8: The chemical structure of the poly(methyl methacrylate), PMMA, monomer unit used for
encapsulation of our perovskite layers is shown above. The chemical structure of the highly reactive
epoxide functional group present in the epoxy resin is shown below.

To ensure that the encapsulation method did not have a direct effect on the charge
dynamics or spectral features of the FA0.85MA0.15PbI2.55Br0.45 perovskite material, tran-
sient absorption measurements were carried out on a collection of samples: half of
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which were sealed with PMMA, and the other half with glass and epoxy. These re-
sults, as well as the steady state absorption spectra of PMMA, epoxy and glass are
presented in Chapter 7.

Varying the chemical composition

Furthermore, to identify the spectral characteristics and charge transfer processes unique
to FA0.85MA0.15PbI2.55Br0.45, we performed a series of measurements on samples with
various organic cation and halogen anion ratios. These thin film samples were pre-
pared in an identical procedure to that described above, but simply changing the FAI,
MABr, PbI2 and PbBr2 ratios in the precursor solution. Again, samples encapsulated
with PMMA as well as perovskite thin films sandwiched between two glass slides and
sealed with epoxy were studied. From the results we observed that the encapsulation
method does not affect the spectral transient signatures of the materials, nor the asso-
ciated temporal dynamics, but the different chemical composition does. Therefore the
data presented in the chapter to follow was acquired from samples encapsulated with
both PMMA and glass.

Perovskite thin films in contact to electron and hole transport
materials

In order to investigate the electron and hole transfer processes which occur in per-
ovskite solar cells, samples were prepared of FA0.85MA0.15PbI2.55Br0.45 contacted to
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as an electron transport material.
Alternatively the perovskite thin films were contacted to the hole transport material
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), more commonly referred to
as PEDOT:PSS. Additionally, samples were also synthesised where FA0.85MA0.15PbI2.55Br0.45
was contacted to both PCBM and PEDOT:PSS. Please refer to Figure 6.9 for photographs
of four example samples encapsulated between two glass slides and sealed with epoxy.
The chemical structures of both PCBM and PEDOT:PSS are depicted in Figure 6.10.

perovskite
perovskite |

PCBM

PEDOT:PSS |

perovskite

PEDOT:PSS |

perovskite |

PCBM

Figure 6.9: Photographs of four example samples encapsulated between two glass slides and sealed with
epoxy. The first sample is a pristine FA0.85MA0.15PbI2.55Br0.45 perovskite layer, the second sample con-
tains the mixed perovskite contacted to the electron transport material PCBM, the third sample contains
the mixed perovskite contacted to the hole transport material PEDOT:PSS, and in the fourth sample the
mixed perovskite is contacted to both PCBM and PEDOT:PSS. The chemical structures of PCBM and
PEDOT:PSS are shown in Figure 6.10.

As we were only interested in the electron and hole dynamics within the perovskite
material itself, these films were not completed with electrodes to fabricate fully opera-
tional solar cells which could be characterised spectroelectrochemically. Therefore their
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power conversion efficiencies and I-V curves were not determined. Typical values at-
tained by Jeon et al. for fully operational devices employing FA0.85MA0.15PbI2.55Br0.45
as the photoabsorber were: 22 mAcm−2 for the short circuit current, open circuit volt-
age of 1.08 V and fill factors of approximately 0.73, leading to PCEs above 17% [55].
As a reminder, perovskite solar cells are fabricated in two main types of architectures:
planar cells [139] or mesostructured cells [74].

PCBM

PEDOT:PSS

Figure 6.10: The chemical structure of the electron transport material [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) is shown above, and chemical structures of the two monomer units of PEDOT
and PSS are shown below, which form the hole transport material poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate), more commonly referred to as PEDOT:PSS.

6.3 Spectroscopy of perovskites

Perovskite materials have only been employed as photoabsorbers in solar cell devices
in recent years. Therefore not many microscopic studies have been carried out, espe-
cially on the mixed crystals. Research has rather been driven by improving the PCEs
and stabilities of these devices. As it is traditionally the most commonly employed per-
ovskite, MAPbI3 is also the most well studied, and some charge dynamics processes
have already been investigated and reported on. These were summarised together with
the spectroscopic measurements of mixed perovskites and expected spectroscopic sig-
natures in Chapter 2. The recombination process which dominate in these materials
will be explained in detail in the following chapter together with our analysis proce-
dure.

In contrast, the charge dynamics processes and associated rates unique to FA0.85-
MA0.15PbI2.55Br0.45 are not well known and understood. Our aim is therefore to link
the electronic band structure to the charge extraction and possible loss mechanisms
already determined for perovskite materials. As will be shown in the chapter which
follows, with the use of transient absorption spectroscopy we were able to follow the
electronic excitation of FA0.85MA0.15PbI2.55Br0.45 in time and thus build a simplest pos-
sible consistent photoinduced charge dynamics model, as well as determine the dom-
inating recombination mechanisms which occur in this material with associated rate
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constants, as a function of pump laser pulse fluence. By comparing the rate constants
associated to charge generation, transfer and recombination processes, with those al-
ready reported in literature for other perovskite materials, we could learn why this
particular composition, is superior to others in terms of photovoltaic performance.

The final goal being that we would like to learn about the fundamental physics
and chemistry processes which are responsible for making this mixed perovskite ma-
terial such a good photoabasorber for use in photovoltaic devices. Hopefully, with our
contribution, material scientists will be able to further improve perovskite solar cells.
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7. Transient Absorption Spectroscopy of
Perovskite Thin Films

We investigated the charge recombination dynamics in FA0.85MA0.15PbI2.55Br0.45 thin
films which occur upon photoexcitation, in real time, with the use of transient absorp-
tion spectroscopy (TAS). The photovoltaic devices made with this mixed perovskite
photoabsorbing material boasted record efficiencies at the time our study commenced,
and still continue to be among the best. For more details with respect to the material
preparation and its electrochemical properties refer to Chapter 6, and for an explana-
tion of our experimental technique to Chapter 3.

In order to build a simplest possible and consistent charge dynamics model, we
linked the temporal evolution of the visible and infrared spectral signatures to the
allowed electronic transitions of the perovskite. In this way we observed the geminate,
non-geminate and Auger recombination of excitons and free charges and determined
their associated rate constants within a crystal domain of the FA0.85MA0.15PbI2.55Br0.45
thin film.

This chapter aims to show the charge dynamics model together with our TAS re-
sults and the detailed analysis procedure that lead us to that particular model. This is
presented together with a recombination analysis based on varied pump pulse fluence,
and additional supporting measurements. As in the presentation of the charge trans-
fer processes determined for dye sensitised solar cells (Chapter 5), I will first show the
charge dynamics model which has resulted from a fully consisted analysis of our broad
band transient absorption spectra, and then provide the detailed justification from the
individual data sets. We believe that this order of presentation makes it easier to follow
the reasoning rather than building up to a big picture from many individual results.

7.1 Charge dynamics model

Figure 7.1 is a rough schematic representation of the lowest conduction band (CB1) and
highest valence band (VB2) in FA0.85MA0.15PbI2.55Br0.45 which take part in the photo-
generation of charges, as a function of the k vector. The bandgap of the perovskite is
shown in the figure as the energy separation between the CB and the VB at the R-point.
The photoexcited electrons are depicted in red and blue representing hot and cooled
electrons respectively, and the photoexcited holes in grey.

As the energy band diagram has not yet been calculated for this particular per-
ovskite chemical composition, the sketch is a combination of the band diagram schematic
and the calculated band structures for MAPbI3 presented in Figures 2.6 and 6.5 respec-
tively. The energy separation between the depicted conduction and valence bands is
drawn to scale, as determined by the energies of the various spectroscopic signatures.
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However, the curvature of the bands with respect to the k vector is exaggerated to
allow for a better outlook of the multiple charge dynamics processes in the schematic.

CB1
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Figure 7.1: A simple energy level diagram of the lowest conduction band (CB1) and highest valence
band (VB1) in FA0.85MA0.15PbI2.55Br0.45 as a function of the k vector, together with an indication of the
bandgap energy. The sketch is a combination of the band diagram schematic and the calculated band
structures for MAPbI3 presented in Figures 2.6 and 6.5 respectively. The energy separation between the
depicted conduction and valence bands is drawn to scale but the curvature of the bands with respect
to the k vector is rough. Hot and cold electrons are drawn as red and blue circles respectively, while
holes are drawn in grey. The charge dynamics processes and their associated time and rate constants,
which occur upon photoexcitation with a 3.2 eV laser pulse (process a) are as follows: charge carrier
cooling towards the CB minimum and VB maximum (process b: 500 fs), geminate recombination at the
M-point (process c: 66 ps), geminate recombination at the R-point (process d: 130 ps), and non-geminate
recombination independent of the k vector (process e: 4.5× 10−8 s−1cm3).

Upon non-resonant photoexcitation with a femtosecond laser pulse of 3.2 eV pho-
ton energy (λ = 388 nm), electrons are excited out of the highest valence band (VB1),
into the lowest energy conduction band (CB1), approximately at the M-point, Fig-
ure 7.1, process a. Within the temporal resolution of our measurement technique (< 200 fs)
the photoexcited hot electron distribution in the CB, initially thermalises through electron-
electron scattering. This process is described in more detail in the subsection below.
Following the initial ultrafast thermalisation the hot electrons and holes cool towards
the CB minimum and VB maximum with an associated time constant of approximately
500 fs, process b.

In addition, geminate and non-geminate recombination channels are present fol-
lowing the non-resonant photoexcitation of FA0.85MA0.15PbI2.55Br0.45 assigned to ex-
citons and free charge carriers respectively. Away from the R-point, excitons recom-
bine with an associated time constant of 66 ± 5 ps corresponding to a rate constant
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of 1.5 × 1010 s−1. Conversely, at the R-point this process is slowed and can be char-
acterised by a time constant of 130 ± 15 ps (7.7 × 109 s−1), refer to Figure 7.1, pro-
cesses c and d.

On the other hand, due to a high peak charge carrier density immediately follow-
ing photoexcitation of approximately 1.5× 1019 cm−3 in these experiments, nonlinear
recombination processes cannot be neglected. The non-geminate recombination requir-
ing two free charge carriers begins to dominate at charge carrier densities in excess of
1017− 1018 cm−3 [70]. It occurs in the FA0.85MA0.15PbI2.55Br0.45 thin film with the same
rate per charge carrier density (4.5× 10−8 s−1cm3) irrespective of the associated k vec-
tor (Figure 7.1, processes e).

Furthermore, the three charge carrier Auger recombination process becomes dom-
inant at higher charge carrier densities. It was already reported for peak charge carrier
densities of 1018− 1019 cm−3 in other perovskite materials [64, 98, 142], and is therefore
included in our analysis for higher pump fluences.

As previously introduced, there is currently no agreed upon description of the ini-
tial photoprocesses occurring within various perovskite absorbers upon high energy
non-resonant photoexcitation. Interpretations include the possibility of multiple con-
duction and valance bands taking part in charge generation, the presence of a charge
transfer state, as well as the more widely accepted idea that charge dynamics occur
along the k vector.

Moreover, transient absorption spectroscopy is an experimental method which mon-
itors the population and depopulation dynamics of electronic states upon photoexcita-
tion, with associated spectroscopic signatures in the probed spectral region. Therefore,
with the use of this method, we are unable to differentiate the electronic nature of the
probed states. In other words, to conclude whether a spectroscopic signature is associ-
ated with the population of a conduction or valence band, or rather a charge transfer
state, or determine its associated k vector.

To further complicate our analysis, all information pertaining to the sign of the
charge of the absorbing species is also indefinite, thus causing us the inability to dif-
ferentiate between an electron or a hole population as the probed species. In order to
explain our TAS experimental findings, we were required to fit our data to the simplest
fully consistent model possible. In reality however this may not be the entire picture
but only a portion thereof. While the concept and processes can be interpreted as a
general model for perovskite materials, the determined rate constants are rather char-
acteristic of the FA0.85MA0.15PbI2.55Br0.45 thin films which we measured.

Charge carrier cooling

As mentioned above, upon non-resonant 3.2 eV (λ = 388 nm) photoexcitation, elec-
trons are excited out of the VB into the CB, away from the R-point. The energy and
momentum distributions of these hot electrons and holes are determined by product
of the spectral content of the pump laser pulse and the density of states [136, 137] in
both the conduction and valence bands. No significant population of electrons is be-
lieved to be excited out of the valence band at the R-point as a resonant conduction
band is not known to be present.

The initial thermalisation of the hot electron distribution in the CB occurs within the
temporal resolution of our TAS setup, and is governed by electron-electron scattering.
Following this, the associated distribution function of these charge carriers is greater
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than the lattice temperature, therefore the thermalised electrons are still referred to as
hot. Their subsequent cooling to the CB band edge takes place through coupling with
the crystal lattice, and is dominated by the coupling of electrons to longitudinal optical
(LO) phonons, as previously observed for classic semiconductors. With the use of our
TAS measurements, we observed the aforementioned charge carrier cooling, and in
agreement with literature assign a time constant of approximately 500 fs to it [143].

As a result of state filling effects caused by Fermi level filling, a non-equilibrium
electron distribution is presumed to be present in the conduction band at early times
following photoexcitation (giving rise to the Burstein-Moss shift) [109]. Furthermore,
a local minimum may arise in the lowest energy conduction band between the R- and
M-points due to the aforementioned rotation of the organic cations (Figure 6.5), and as
can be observed in the sketch of Figure 2.6. For these two reasons the initial cooling
of hot electrons and holes to the conduction band minimum and valence band maxi-
mum respectively, does not occur completely within the first few picoseconds follow-
ing photoexcitation. Slower recombination processes away from the R-point, such as
the geminate and non-geminate recombination channels outlined above, can therefore
contribute.

The experimental results presented in the sections to follow, aim to prove the pho-
toinduced charge recombination model presented above as well as add valuable infor-
mation pertaining specifically to FA0.85MA0.15PbI2.55Br0.45 in terms of spectral absorp-
tion features as well as recombination rate constants.

Excitons versus free charge carriers

Due to the low exciton binding energy and the high mobility of electrons and holes
in perovskite materials, particularly MAPbI3, free charge carriers are believed to be
generated shortly following photoexcitation at room temperature. With that said, there
is a huge spread in exciton binding energies determined for MAPbI3 alone, ranging
from 2 meV to above 60 meV. Therefore we must consider the presence of excitons on
our ultrafast TAS measurement timescale.

It has been shown that the excitonic nature of perovskites increases substantially
when the I− content is decreased and the Br− content is increased in these mixed halide
materials. This is directly observed in the increase in exciton binding energies from as
low as 25 meV for MAPbI3 to approximately 64 meV for MAPbBr3. Furthermore when
charge carrier densities exceeding 1018 are present, which is often the case in these laser
experiments, the fraction of excitons present in perovskites far outweighs the amount
of free charge carriers [49, 144].

Therefore the model outlined above describes the geminate and non-geminate re-
combination dynamics of excitons and free charges respectively, upon photoexcitation
of FA0.85MA0.15PbI2.55Br0.45 with a femtosecond laser pulse.

7.2 Detailed analysis

Even though our analysis procedure was described in detail in Chapters 3 and 5, for
the sake of completeness, I’ll introduce it once more in the case of perovskite thin films.

Transient absorption spectra were first acquired for FA0.85MA0.15PbI2.55Br0.45 thin
films in the visible and infrared spectral regions, spanning from 450 nm to 1100 nm
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with the use of white light continua probe pulses. A multitude of temporal lineouts
covering the entire probed spectral region were obtained and analysed as a complete
system. The known observed spectral signatures were then assigned to the correspond-
ing electronic transitions in the sample. The unknown spectral signatures were in turn
assigned to allowed electronic transitions in the sample by comparing their temporal
evolutions with the energy band diagram of the perovskite. Our goal was, as always,
to build the simplest and fully consistent model describing the photoinduced charge
dynamics in our samples. We achieved this through combining the temporal traces and
their associated spectroscopic signatures with the allowed electronic transitions of the
perovskite.

The following subsections will give a detailed explanation of the recombination
dynamics which take place in perovskite materials together with our applied analysis
technique and interpretation thought process.

Recombination dynamics

Following the optical photoexcitation of a pristine perovskite thin film, the material
relaxes back into its ground state through the radiative and non-radiative recombina-
tion of excitons and free electrons and holes. Perovskites are generally characterised
by very intense photoluminescence signals thus indicating strong radiative recombi-
nation channels [69]. With respect to the optimisation of these hybrid lead halide pho-
toabsorbers in photovoltaic devices, recombination channels (especially non-radiative
mechanisms), are considered counter processes and must therefore be minimised through
chemical tuning of the perovskite material and its crystal structure.

The nonlinear differential rate equation

In contrast to the charge transfer and recombination dynamics studied for dye sensi-
tised solar cells which do not depend on charge carrier density (n(t)) and therefore on
pump laser pulse fluence, presented in Chapter 5, the recombination processes char-
acteristic to perovskite materials are sensitive to fluence. Therefore the recombination
dynamics can no longer be described by a simple rate equation linear in n with an as-
sociated exponential fit function as a solution to dn

dt = An, but must be interpreted with
the use of the solution to a differential rate equation.

dn
dt

= An + Bn2 + Cn3 (7.1)

The possible recombination channels

The differential rate equation presented in Equation 7.1 has been determined to model
the recombination dynamics occurring in perovskite materials as described with the
help of Figure 7.2 [70].

A is a rate constant in units of s−1 and represents the monomolecular recombina-
tion in the material as it only requires one charged particle to take place. A more ac-
curate term for it would probably be ’mono-charge’ recombination rate constant. This
however sounds clumsy and by convention the word molecular is typically used (for
the two and three charge carrier processes also). As can be seen in Figure 7.2 this term
includes the usually radiative geminate recombination of excitons at very short times
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monomolecular
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bimolecular
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CB CBCBCB
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radiative non-radiative radiative non-radiative

Figure 7.2: The possible recombination channels which occur in perovskite materials are shown with
small sketches. Electrons are depicted in blue and holes in grey. The dynamics can be separated into
three categories according to how many charged particles they require. Monomolecular recombination
requires one charged particle and includes: the radiative geminate recombination of excitons and the
non-radiative trap assisted recombination of electrons or holes (only the electron trapping is shown in
the sketch). Bimolecular recombination requires two charged particles and refers to the radiative non-
geminate recombination of free electrons in the conduction band (CB) and holes in the valence band
(VB). Trimolecular recombination requires three charged particles and refers to the phonon-assisted
Auger recombination of two photoexcited electrons in the CB and one hole in the VB, or two pho-
toexcited holes in the VB and one electron in the CB (only the two electron - one hole Auger process is
shown in the sketch).

following photoexcitation, as well as the non-radiative trap assisted recombination,
which takes place on a nanosecond to microsecond timescale [85, 145, 146]. The gem-
inate recombination of excitons was found to take place on the picosecond timescale
[147, 148].

In particular, for perovskites containing a mixture of ions, the monomolecular trap
assisted recombination channel was found to be strongly correlated to the crystal mor-
phology [56]. Furthermore, this recombination pathway dominates at low charge car-
rier densities below 1017 cm−3. As the typical charge carrier densities for perovskite
solar cells under AM1.5 illumination are in the order of 1015 − 1016 cm−3 the goal of
many studies has been to decrease the trap states available [146, 149–153]. Typical val-
ues for the trap assisted recombination rate are in the order of 106 − 109 s−1 [146].

B is a second order rate constant describing ultrafast dynamics, measured per den-
sity of charge carriers in units of s−1cm3 and it is characteristic of the radiative bimolec-
ular recombination (non-geminate) in the perovskite. From photoluminescence mea-
surements of perovskite thin films it was determined that the radiation which occurs at
room temperature is governed by the non-geminate recombination of free charge car-
riers [154]. Typical values for the non-geminate recombination rate per charge carrier
density are in the range of 6× 10−11 − 20× 10−10 s−1cm3 [70, 109, 113, 144–146, 154–
158]. Lower bimolecular recombination rates are not uncommon, and they are thought
to be caused by the localisation of the free electron and hole at different points in the
unit cell [47].

Finally C is the trimolecular recombination rate constant, requiring three charged
particles, measured per density of charge carriers squared, and is presented in units
of s−1cm6. It describes the hot electron assisted non-radiative Auger recombination
which can take place in the perovskite in the femtosecond regime. Typical values for
the Auger recombination rate per charge carrier density squared are in the range of
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2× 10−29− 10× 10−28 s−1cm6 for mixed halide perovskites, however they are expected
to increase as the bromide content is increased [56, 70, 113, 145, 146, 155, 158].

These C values are highly dependent on the perovskite crystal structure so they
are linked to the electronic and vibronic structure of the material and change with
temperature as the structural phase of the perovskite also changes [155]. Therefore
we can already expect that the organic cation ratio in our material will influence the
obtained C values. Furthermore, Auger recombination was found to contribute to more
than half of the total recombination in mixed halide perovskites. These materials must
therefore be further developed to minimise the non-radiative recombination, especially
in the high charge carrier regime [47].

As will be shown later in the work, the geminate and non-geminate recombination
rates are characteristic of the material in question and therefore constants for a fixed
crystal domain of FA0.85MA0.15PbI2.55Br0.45. Auger recombination, on the other hand,
is much more sensitive to the crystal structure and thus the temperature and may not
remain constant due to the dynamic nature of perovskite materials explained in the
previous chapter.

The solution to the nonlinear differential rate equation

The aforementioned differential equation (Equation 7.1) does not have an analytic so-
lution, however assuming that the third order contribution is small (especially true at
low charge carrier densities) it can be solved to second order, see Equation 7.2.

n(t) =
An0

(A + Bn0)e(At) − Bn0
(7.2)

We then added the Auger contribution as a perturbation to complete the solution
as shown in Equation 7.3.

n(t) =
An0

(A + Bn0)e(At) − Bn0

−
A2n3

0C(Bn0 − Bn0e(At) + (A + Bn0)e(At) log(A+Bn0−Bn0e(−At)

A ))

B2n2
0(Ae(At) + Bn0(e(At)))2

(7.3)

n0 is the initial charge carrier density. Although the generation of charge carriers is
also governed by a generation rate equation, n0 is taken as constant on our timescale
as the pump laser pulse duration is considerably smaller than the timescale on which
the recombination dynamics occur.

In contrast to the linear recombination rate equation employed for DSSCs where
a time constant can be extracted from an exponential fit function without the knowl-
edge of the charge carrier density n(t), the nonlinear recombination rates B and C can
only be converted to time constants if we know the charge carrier density in absolute
numbers.

Obtaining a fit function

Even though our experimental technique monitors the photoinduced change in charge
population of electronic states, we obtain a measure of change in optical density (ab-
sorbance) as a function of time, ∆OD(t), and not an absolute number with respect to
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charge carrier density. As the pump laser pulse fluence is varied, a direct response is
seen in the amplitude of the change in optical density for a given spectroscopic sig-
nature. We thus relate the two linearly as αn = ∆OD where α is a proportionality
constant correlating the charge carrier density (n) to the amplitude of the absorbance
signal measured.

Additionally, not each incident photon is absorbed by the perovskite to generate
an electron-hole pair, therefore the charge carrier density can also be related to the
incident photon flux (φ) as φ = βn where β is a proportionality constant describing the
photon to charge carrier conversion efficiency and is smaller than 1. As shown in the
previous chapter, the FA0.85MA0.15PbI2.55Br0.45 thin films absorb 99.6% of the incident
photons centred about λ = 388 nm. Therefore, in order to simply the fitting procedure
and interpretation thereof, β will be set to 1 in the sections to follow.

Furthermore, the initial charge carrier concentration (n0) was calculated as per Equa-
tion 7.4 below for a 388 nm laser pulse with associated pulse energy of 50 nJ. Elaser pulse
is the laser pulse energy in Joules, Ephoton is the incident photon energy in Joules, d is
the perovskite film thickness in cm, and A is the laser pump pulse focus area in cm2.

n0 =
Elaser pulse

Ephoton × d× A

=
50× 10−9J

5.127× 10−19J× 200× 10−7cm× π × 10−4cm2

= 1.55× 1019cm−3

(7.4)

As we always aim to create the simplest fully consistent charge dynamics model,
and as mentioned above, Auger recombination only begins to dominate at our initial
charge carrier density, we first exclude it from our analysis procedure and only add
it once we investigate higher charge carrier densities and our fitting procedure begins
to require additional parameters. The validity of this assumption is directly tested by
the success of the fitting procedure. If Equation 7.2 can be used to fit our data well,
this is an indication that the Auger recombination channel doesn’t dominate in the
FA0.85MA0.15PbI2.55Br0.45 thin films at this charge carrier density.

Furthermore, as the trap assisted recombination occurs on a larger timescale than
our measurement window, we incorporate it as a constant baseline y0. In this way, the
obtained A value is solely a measure of the geminate recombination rate.

With that said, before Equation 7.2 can be directly employed as a fit function for the
temporal evolution of the spectroscopic signatures, the proportionality constant relat-
ing the maximum amplitude of the spectroscopic signal to the initial charge carrier
density must be inserted (α), as well as the above calculated n0 value to yield Equa-
tion 7.5.

∆OD(t) =
αAn0

Ae(At) − Bn0 + Bn0e(At)
+ y0 (7.5)

This equation was used as the fit function in the analysis procedure, depicted in
the subsections to follow, to obtain the geminate (A) and non-geminate (B) recombina-
tion rate constants from various spectroscopic signatures, in units of s−1 and s−1cm3

respectively.
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The transient absorption spectrum

The transient absorption spectrum presented in Figure 7.3 was obtained from mea-
surements on a FA0.85MA0.15PbI2.55Br0.45 thin film, as outlined in detail in Chapter 3.
It comprises of three separate transient absorption spectra, acquired in different spec-
tral regions with the use of two visible and one near infrared white light continua
probe pulses. In general, some of the spectral signatures present in the figure have
been observed and investigated for other perovskite compositions previously, how-
ever they are not yet well understood. Additionally, as far as we are aware, prior to
this work, the fine spectral structure of the visible absorption signal, characteristic of
FA0.85MA0.15PbI2.55Br0.45, has not yet been identified and studied.

As in the preceding chapters, the change in optical density is plotted using a colourmap
as a function of time on two separate scales and probed wavelength. The energies as-
sociated to the respective wavelengths are also plotted on the right hand side of the
transient absorption spectrum.

ESA2

GSB1

ESA1

GSB2

Figure 7.3: Transient absorption spectrum of a FA0.85MA0.15PbI2.55Br0.45 thin film comprising of three
separate measurements, acquired in different spectral regions with the use of two visible and one near
infrared white light continua probe pulses. The change in optical density (∆OD) is plotted using a
colourmap as a function of time (on two separate scales) and probed wavelength (left axis) and energy
(right axis): red indicates an increase in absorption and blue a decrease in absorption upon photoex-
citation. The spectral signatures are labeled in the figure and correspond to the: infrared excited state
absorption at the M-point (ESA2), optical bandgap ground state bleaching at the R-point (GSB1), three-
band visible excited state absorption at the R-point (ESA1), higher energy ground state bleaching at the
M-point (GSB2).

As with previously reported transient spectra, two bleached electronic transitions
are present – one corresponding to the optical bandgap (1.6 eV, λ = 775 nm), and the
second at the higher resonant energy of approximately 2.6 eV, λ = 480 nm. The two sig-
nals appear as negative change in optical density signatures in the transient spectrum
and are generated by the photoinduced depletion of the ground state, therefore they
are commonly referred to as ground state bleaching signals (GSB). The origin of the
ground state bleaching signal at the optical bandgap of the perovskite (GSB1) is usu-
ally assigned to the R-point change in population and thus depends on the population
of both the conduction and valence bad edges. The origin of the higher energy bleach-
ing signal (GSB2) continues to be a discussion point in the context of perovskite solar
cells but is widely accepted to correspond to the electronic transition at the M-point.

In addition to the two bleaching signals, two positive change in optical density
signatures are also present in the TAS spectrum of Figure 7.3. As they are an indication
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of newly populated states upon photoexcitation, they are referred to as excited state
absorption signals and denoted by ESA1 and ESA2 in the visible and near infrared
spectral regions respectively.

Furthermore the spectral shape of ESA1, containing the three distinct bands, is
unique to the FA0.85MA0.15PbI2.55Br0.45 perovskite, and was not observed for other per-
ovskite compositions, where a very broad ESA1 absorption has been reported and also
observed by us. The three absorption bands forming the ESA1 signal are centred about
2.1 eV (λ = 580 nm), 2.3 eV (λ = 535 nm) and 2.5 eV (λ = 500 nm) and are char-
acterised by an identical temporal evolution, thus indicating that they probe the pho-
toinduced population and depopulation of a single electronic state – as will become
evident in the following analysis, this is the conduction band minimum.

As an additional check the aforementioned strong ground state bleaching signal of
PbI2 is not observed in the visible spectral region of Figure 7.3, therefore indicating that
the sample has not degraded back into its precursors.

Temporal traces

In order to interpret the correlations between the population an depopulation dynam-
ics of different electronic states from their spectroscopic signatures, we extract hori-
zontal lineouts of change in optical density as a function of time (∆OD(t)) across the
entire probed spectral region. These traces are typically averaged over a spectral range
of 20 nm, and we analyse their temporal evolutions mathematically. A selection of four
representative temporal traces corresponding to the four spectroscopic signatures seen
above, and their mathematical fits according to Equation 7.5 are presented in Figure 7.4
for two separate time scales: a short time window on the left (early times following
photoexcitation) and a long time window on the right.

Short time following photoexcitation

Let’s first examine the early time measurements. The photoinduced generation of hot
electrons and holes (within the pump pulse duration of 50 fs) in the conduction and va-
lence bands around the M-point results in the instantaneous appearance of the GSB2
bleaching signal centred about 2.6 eV, λ = 480 nm, during the duration of the pump
laser pulse. This can be observed as a sharp rise in the negative change in optical den-
sity at time zero as seen in the example temporal trace presented in Figure 7.4, sec-
tion d. At early times, dominating the first 5 ps, an ultrafast monoexponential decay
describes the data with an associated time constant < 500 fs.

Conversely, the generation of the ground state bleaching signal GSB1 (centred at
1.6 eV, λ = 775 nm) corresponding to the optical bandgap does not occur instanta-
neously upon photoexcitation, but rather grows in with a characteristic time of < 500 fs
(section b). Furthermore, by studying the transient absorption spectrum shown in Fig-
ure 7.3 we note that although the signal is initially spectrally broad reaching out to
500 nm, it narrows temporally.

In addition to the two bleaching signals presented above, two excited state absorp-
tion signals are also present in the transient spectrum of Figure 7.3. As previously intro-
duced, the visible signal (ESA1) is made up of three narrow absorption bands centred
about 2.1 eV (λ = 580 nm), 2.3 eV (λ = 535 nm) and 2.5 eV (λ = 500 nm) with identical
temporal evolutions. For this reason, a temporal lineout extracted from one of three
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Figure 7.4: Four example temporal traces of change in optical density as a function of time (∆OD(t))
corresponding to the spectroscopic signals of Figure 7.3 are shown for short (left) and long times (right)
following photoexcitation. Trace a) corresponds to the infrared excited state absorption (ESA2) signal
and was obtained at a central wavelength of 865 nm. Trace b) corresponds to the bandgap ground state
bleaching (GSB1) signal and was obtained at a central wavelength of 700 nm. Trace c) corresponds to
one of the three bands making up the conduction band minimum excited state absorption (ESA1) signal
and was obtained at a central wavelength of 533 nm. Trace d) corresponds to the high energy ground
state bleaching signal (GSB2) and was obtained at a central wavelength of 460 nm. The data is shown
with black markers, and the fitting functions are shown in blue for the long time traces.

bands was selected to serve as an example in Figure 7.4, section c. Furthermore, the
three bands are not generated within the duration of the pump laser pulse, but rather
grow in with a time constant < 500 fs, similar to that of GSB1.

In contrast to the unique spectral shape of ESA1, the ESA2 signal is characterised
by a broad absorption in the near infrared spectral region. It is generated immediately
upon excitation as can be seen in the instantaneous rise of the example temporal trace
shown in Figure 7.4, section a. Similar to the behaviour of GSB2 at early times, an ul-
trafast monoexponential decay with a characteristic time constant < 500 fs dominates.

By combining these dynamics, we are therefore able to pair ESA1 and GSB1 and
assign the visible excited state absorption signal to the conduction band minimum, see
Figure 7.5. Furthermore, as ESA2 and GSB2 behave the same way, we can conclude that
they probe the same population and thus assign the infrared excited state absorption
signal away from the conduction band minimum, at the M-point. Interestingly, the
energy separation between the heavy electron (HE) CB2 and CB1 close to the M-point,
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matches the energy at which the ESA2 signal is observed. We therefore assign ESA2
to the CB1 – CB2 (HE) electronic transition. On the other hand, not enough is known
with respect to the higher energy conduction bands terminating the three electronic
transitions which give rise to ESA1. They are thus drawn in as horizontal dashed lines.

CB1

VB1

photoexcitation

388 nm

(3.2 eV)

CB2

(HE)
(LE)

RMX

k

E GSB1

ESA1

ESA2

GSB2

Figure 7.5: A simple energy level diagram of the two lowest conduction bands (CB1 and CB2) and
highest valence band (VB2) in FA0.85MA0.15PbI2.55Br0.45 drawn as a function of the k vector. Both the
heavy (HE) and light (LE) electron portions of CB2 are depicted. Hot and cold electrons are shown
in red and blue respectively, while holes are grey. The transient absorption spectroscopic signatures
in the visible and infrared spectral regions generated upon photoexcitation with a 3.2 eV laser pulse
are shown with respect to allowed electronic transitions in the mixed perovskite thin film. The optical
bandgap bleaching signal GSB1 (red) corresponds to the VB1 - CB1 transition at the R-point, while
the higher energy bleaching GSB2 (blue) corresponds to the VB1 - CB1 transition near to the M-point.
The three-band ESA1 (green) corresponds to the R-point transition between CB1 and higher energy
conduction bands. As these are not known, they are indicated with dashed horizontal lines. ESA2 (pink)
corresponds to the CB1 - CB2 (HE) transition at the M-point.

Furthermore, the non-instantaneous 500 fs rise in the GSB1 and ESA1 temporal
traces coupled with the mirrored ultrafast decay of the GSB2 and ESA2 signals, to-
gether with the disappearance of the high energy wing of GSB1, is a direct result of
the cooling of hot electrons and holes. We believe this cooling occurs along the k vector
axis towards the conduction band minimum and valence band maximum respectively
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for hot electrons and holes. The resulting charge carrier concentration exceeds the den-
sity of states at the CB minimum and VB maximum therefore the GSB1 signal remains
spectrally broad for the duration of our measurement window. This apparent broad-
ening of the optical bandgap due to the filling of states is common to semiconductors
and as introduced previously, it is referred to as the Burstein-Moss effect.

Longer time following photoexcitation

The temporal evolution of the spectroscopic signals beyond 1 ps was fitted with the use
of Equation 7.5, as shown in blue for the examples of Figure 7.4. The initial charge car-
rier density (n0) was fixed to the calculated value above. On the other hand, the scaling
parameter (α) was left free. This was done to correct for the aforementioned fact that
the amplitudes of the spectroscopic signals are arbitrary in terms of the absolute pop-
ulation of photoexcited molecules, or in this case unit cells. The only exception is the
bleaching signal corresponding to the pump pulse central wavelength (λ = 388 nm).
Although this would give us a measure of the absolute percentage of photoexcited unit
cells, we don’t have access to the signal as it occurs at a lower wavelength than the span
of our white light continuum probe pulse which terminates at approximately 450 nm.
Furthermore, as we do not know the density of trap states present in our thin films,
more particularly in the probed crystal domain, we also allowed y0 to remain free in
the fits.

From the fit function, we obtained values for the rate describing the geminate re-
combination of excitons (A) as well as for the rate per charge carrier density (B) de-
scribing the non-geminate recombination of free charge carriers.

The temporal decay of the higher energy ground state bleaching signal, GSB2 (sec-
tion d), is described by the associated rate constants of Ahot = 1.5× 1010 s−1 (67 ps) and
B = 4.8× 10−8 s−1cm3. The extracted Ahot and B rate constants therefore correspond to
the geminate and non-geminate recombination of hot excitons and free charge carriers
respectively, at the M-point.

In addition, the temporal evolution of the optical bandgap bleaching signal, GSB1
(section b), can also be well fitted with Equation 7.5. The resulting rate constants are
Acold = 8.8× 109 s−1 (114 ps) and B = 4.5× 10−8 s−1cm3. As in the case of GSB2, the
Acold and B rate constants correspond to the geminate and non-geminate recombina-
tion of cooled excitons and free charge carriers respectively. In this instance however,
the recombination occurs at the R-point.

The decay of the excited state absorption signal (ESA1, section c) corresponding to
the conduction band minimum, is described by the associated rate constants of Acold =
7.0 × 109 s−1 (143 ps) and B = 4.5 × 10−8 s−1cm3. As ESA1 probes the population
of electrons at the conduction band minimum, these Acold and B rate constants are
characteristic of the geminate and non-geminate recombination of cold excitons and
free charge carriers respectively, at the R-point.

Finally, the rate constants obtained from the longer time temporal evolution of the
near infrared ESA2 signal (section a), are Ahot = 1.5× 1010 s−1 (65 ps) and B = 4.5×
10−8 s−1cm3. These rate constants are characteristic of the geminate (Ahot) and non-
geminate (B) recombination of hot excitons and free charge carriers, near to the M-
point.

From the rate constants obtained, we can once again pair the GSB1 and ESA1 signals
as they have an almost identical temporal evolution on the longer time scale too, and
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assign them to the R-point. The GSB2 and ESA2 signals can also be paired from their
extremely similar longer time temporal evolutions and thus assigned near to the M-
point. This serves as a second confirmation to the initial assignment of ESA1 and ESA2
shown in Figure 7.5.

An additional observation with respect to the temporal evolution of the spectro-
scopic signatures present in Figure 7.3 and their associated temporal traces presented
in Figure 7.4, is that the lineouts, especially those corresponding to GSB1 and ESA1, do
not decay to zero within our 500 ps measurement window. This baseline (y0) is there-
fore a direct measure of the non-radiative trap mediated recombination specific to each
perovskite thin film sample, which occurs on a > 1 ns timescale, as introduced above.

The fully consistent charge dynamics model

By combining the temporal traces (Figure 7.4) with the associated spectroscopic sig-
natures and electronic band structure (Figures 7.3 and 7.5), we can build a consis-
tent model depicting the charge dynamics which occur in FA0.85MA0.15PbI2.55Br0.45
following non-resonant photoexcitation with a laser pulse of 3.2 eV photon energy
(λ = 388 nm).

As in the case of DSSCs, a schematic depicting this last step in our analysis proce-
dure is shown in Figure 7.6. The conduction and valence bands of FA0.85MA0.15PbI2.55-
Br0.45, which take part in the initial photophysics are drawn together with the spec-
troscopic signatures observed in the transient absorption spectra: ESA1 (green), ESA2
(pink), GSB1 (red) and GSB2 (blue). The time constants associated with the short time
dynamics are depicted by (gen) to indicate the generation of a spectroscopic signal and
thus the increased population of a state. Conversely, (dep) is used to indicate the deple-
tion of a spectroscopic signal and thus the depopulation of a state. On the longer time
scale, the time and rate per charge carrier density constants associated with the filling
of a state are labelled as (+), and the depopulation of a state as (-) in the sketch. The
times and rates obtained from the temporal decays of the negative amplitude GSB1
and GSB2 are rather marked as (+), as they refer to the repopulation of the ground
state. Moreover, the charge dynamics processes which can be observed in our TAS
measurements are shown in the diagram, using arrows.

By linking the (dep) and (-) time and rate constants from the origin of an arrow, to
the (gen) and (+) time and rate constants at the arrowhead, we assigned times and rates
per charge carrier density to the various photoinduced charge dynamics processes. We
constructed the simplest possible charge dynamics model which is fully consistent in
this way, as presented in Figure 7.1 at the beginning of this chapter. Our reasoning was
as outlined below.

The instantaneous generation of the GSB2 and ESA2 signals is an indication that
they are both signatures of the hot charge carrier concentration away from the R-point.
The subsequent < 500 fs decay of these two signals and mirrored rise of the GSB1 and
ESA1 signals is an indication of the cooling dynamics taking place in the perovskite,
and serves as a confirmation that GSB1 is characteristic to the optical bandgap transi-
tion and ESA1 to the electronic transition between the conduction band minimum and
a higher resonant conduction band. As the population of hot charge carriers decreases,
the population of cold charge carriers at the conduction band minimum and valence
band maximum increases.

Furthermore, the two matching pairs of geminate recombination rate constants in-
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Figure 7.6: A simplified energy level diagram of the two lowest conduction bands (CB1 and CB2) and
highest valence band (VB1) in FA0.85MA0.15PbI2.55Br0.45 drawn as a function of the k vector. Both the
heavy (HE) and light (LE) electron portions of CB2 are depicted. Hot and cold electrons are shown in
red and blue respectively, while holes are grey. The arrows depict the charge transfer processes which
can be observed with our measurement technique. The diagram also depicts the spectroscopic signa-
tures corresponding to: GSB1 (red), GSB2 (blue), ESA1 (green), ESA2 (pink). The short timescale time
constants associated with the filling of a state are labelled as (gen) and the depopulation time constants
are marked with a (dep). On the longer time scale, the time and rate per charge carrier density constants
associated with the filling of a state are labelled as (+), and the depopulation of a state as (-)The times and
rates obtained from the temporal decays of the negative amplitude GSB1 and GSB2 are rather marked
as (+), as they refer to the repopulation of the ground state.To construct our charge transfer model, we
link the (-) time or rate constant from the origin of an arrow, to the (+) time constant at the arrowhead,
and assign the time or rate constant to the charge dynamics processes.

dicate that hot excitons recombine with an associated constant of Ahot = 1.5× 1010 s−1

(66 ps) as obtained from the temporal evolutions of GSB2 and ESA2. On the other hand,
cold excitons recombine with an associated rate of approximately Acold = 7.7× 109 s−1

(130 ps) as obtained from the temporal evolutions of GSB1 and ESA1 at the R-point.
Finally, the non-geminate recombination rate per charge carrier density constant

obtained from the fits of all four spectroscopic signatures was the same and determined
to be B = 4.5× 10−8 s−1cm3. This is an indication that non-geminate recombination
doesn’t depend on the energetic separation between the electron in CB1 and the hole
in VB1, nor does it depend on the associated k vector.
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As mentioned previously, although this investigation yielded the simplest possi-
ble consistent charge dynamics model, it is of course not the entire picture. Due to the
high charge carrier densities generated in these types of laser experiments, we cannot
exclude trimolecular processes such as the Auger recombination. This is also a possi-
ble reason for the overestimation of our non-geminate recombination rate per charge
carrier density (B) in comparison to the B values reported for other mixed perovskite
thin films (4.5× 10−8 versus 10−10 s−1cm3). Therefore in order to more thoroughly and
accurately investigate the recombination dynamics occurring in FA0.85MA0.15PbI2.55-
Br0.45, we carried out a detailed study of the effect of pump laser pulse fluence. A
number of additional measurements were also carried out in order to better under-
stand our material, which are presented in the sections that follow.

7.3 Recombination dependence on pump pulse fluence

To better understand the recombination dynamics occurring in perovskite materials, in
particular FA0.85MA0.15PbI2.55Br0.45, we completed a series of measurements within a
controlled experimental environment, with varying pump laser pulse energies (25 nJ,
50 nJ, 100 nJ, 200 nJ, 300 nJ, 500 nJ) and a pump beam focus diameter of 200 µm. These
energies correspond to peak charge carrier densities of approximately 0.75, 1.5, 3, 6,
9, 15 ×1019 cm−3 respectively. The lowest value was unfortunately determined by the
highly absorbing and light scattering nature of these multicrystalline thin films which
compromised the sensitivity of our measurement technique. On the other hand, the
largest pump pulse energy was selected as it was still below the damage threshold of
our sample, and yielded a peak charge carrier density roughly an order of magnitude
larger than the lowest pump pulse energy.

As previously mentioned the recombination rate constants are very highly depen-
dent on the chemical composition and structure of the perovskite crystal. Furthermore,
perovskite materials are dynamic. Therefore upon heating, ion migration can occur to
yield iodine and bromine rich domains as well as a localised phase change in the crys-
tal structure. To be able to compare our measurements directly, the same sample was
used for all the TAS measurements and the experiments were performed successively
over the course of 24 hours. Furthermore the pump and probe laser beams were over-
lapped on the same crystal domain for the complete set of measurements. In order to
make the following analysis procedure easier to follow, I’ll employ the charge carrier
densities to differentiate between the measurements.

Temporal traces of ESA1

Temporal traces were extracted from the ESA1 absorption signal centred about 2.1 eV
(λ = 580± 20 nm) and compared for the various charge carrier densities, as per Fig-
ure 7.7. The data points are shown with an array of colours which correspond to the
peak charge carrier densities in the legend, and the associated fit functions are pre-
sented with black lines. As expected, an increase in charge carrier density is mirrored
by an increase in signal amplitude.

The temporal traces were fitted with the solution of the rate equation: either just
including the first order, or the first and second orders, or all three. Once again, we
always begin our fitting with the fewest possible free parameters and only add the
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Figure 7.7: Temporal traces of change in optical density as a function of time (∆OD(t)) were extracted
from the R-point ESA1 absorption signal centred about 2.1 eV (λ = 580± 20 nm) of a FA0.85MA0.15-
PbI2.55Br0.45 thin film photoexcited with a photon energy of 3.2 eV for various charge carrier densities
of 0.75, 1.5, 3, 6, 9, 15 ×1019 cm−3 corresponding to pump laser pulse energies of 25, 50, 100, 200, 300
and 500 nJ. The data points are shown with an array of colours which correspond to the peak charge
carrier densities in the legend, and the associated fit functions are presented with black lines (Equa-
tions 7.6, 7.7 and 7.8).

nonlinear contributions one by one if the mathematical fit fails. The analysis procedure
and reasoning are presented in the subsections to follow.

0.75 ×1019 cm−3 trace

At low pump fluences, geminate recombination dominates and both non-geminate and
Auger recombination processes are negligible. Our approach was therefore to make the
assumption that when pumping with a laser pulse energy of 25 nJ, we were accessing
mostly the geminate recombination regime, and the non-geminate and Auger recom-
bination channels were not dominant. As seen from our previous measurements this
is assumption might be elementary, but rather than fit with too many free parameters,
we allowed the goodness of our fits to dictate at which pump pulse energy to begin in-
cluding the nonlinear components. The temporal trace corresponding to a peak charge
carrier density of 0.75 ×1019 cm−3, was thus fitted with the first order solution to the
recombination rate equation (Equation 7.1) given by:

∆OD(t)(1) = αe(At) + y0 (7.6)

As previously mentioned, the amplitude of the change in optical density is pro-
portional to the population density of a particular state. Therefore in addition to the
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rate constant obtained for A = 5 ± 0.7 × 109 s−1 (200 ps), the proportionality con-
stant was also determined (α = 1.25 ± 0.06), for an initial charge carrier density of
0.75 ×1019 cm−3. As these two values are characteristic of the probed crystal domain
of the material in question (FA0.85MA0.15PbI2.55Br0.45) and independent of the charge
carrier density, they were kept constant throughout the remainder of the fits. The
trap assisted monomolecular recombination was included with the help of a baseline
y0 = 0.42± 0.07.

The A value which was obtained at this lower pump fluence from the ESA1 sig-
nal, matches very well with the previously obtained Acold value for the geminate re-
combination at the R-point (200 ps vs 140 ps), even though the measurements were
performed on two separate batches of samples, more than a year apart. Furthermore,
from the goodness of this monoexponential fit in conjunction with the aforementioned
observation, we can conclude that the assumption we made regarding non-geminate
and Auger recombination not being dominant at this charge carrier density, was rea-
sonable.

1.5 and 3 ×1019 cm−3 traces

Keeping in line with our approach of fitting data with the fewest free parameters pos-
sible, we included the non-geminate recombination contribution to the fit function and
applied it to the remainder of the data as:

∆OD(t)(2) =
αAn0 f

Ae(At) − Bn0 f + Bn0 f e(At)
+ y0 (7.7)

Equation 7.7 is the same as Equation 7.5, but contains an additional scaling fac-
tor ( f ). Rather than fixing the initial charge carrier density to the calculated value of
1.5 ×1019 cm−3 for a 50 nJ pulse, we allowed this parameter to be free by introducing
the product n0 f instead, where n0 = 0.75× 1019 cm−3 is the charge carrier density for
the 25 nJ pulse temporal trace. Furthermore we observed that the data acquired for
charge carrier densities greater than 3 ×1019 cm−3, could not be reasonably fitted with
only the geminate and non-geminate recombination terms, as the function fails to fit
the data at short times following photoexcitation, but required the Auger recombina-
tion contribution, see Figure 7.8. The coefficient of determination (R2 value) of the fit
decreases from 0.99 (typical for all the fits in Figure 7.7) to 0.96 when the third order
term is excluded.

By keeping the α and A values fixed, and allowing the n0 value to be adjusted for
(with the factor f ) in Equation 7.7, we obtained almost identical B values from the fits
corresponding to the 1.5 and 3 ×1019 cm−3 traces in Figure 7.7. The average of the
two B rate constants was calculated to be 1.1 × 10−10 s−1cm3. As it is unique to the
probed crystal domain of the FA0.85MA0.15PbI2.55Br0.45 thin film sample, it was fixed as
a constant for the remainder of the fits. The B value has been previously measured to
be time dependent in perovskites, however on a nanosecond timescale – longer than
our 600 ps measurement window [159].

6, 9 and 15 ×1019 cm−3 traces

Finally, the last three data sets were fitted with the fit function corresponding to Equa-
tion 7.8, where α, A, B and n0 were kept constant, and the charge carrier density was

81

Stellenbosch University  https://scholar.sun.ac.za



0 50 100 150 200 250 300 350 400 450 500
−1

0

1

2

3

4

5

6

Time (ps)

∆
 m

O
D

 

 

Figure 7.8: The temporal trace of change in optical density as a function of time corresponding to the
ESA1 signal of the 6×1019 cm−3 charge carrier density (200 nJ pump pulse energy) measurement shown
in Figure 7.7. The data points are depicted in black and a second order fit according to Equation 7.7 is
shown in green. At short times the second order fit appears to fail. This is an indication that the Auger
recombination contribution can no longer be excluded, and a third order fit is required for peak charge
carrier densities exceeding 3 ×1019 cm−3.

adjusted for with the factor f during the fitting process. As a reminder, the higher or-
ders are only employed in deriving the fitting function, if they are needed for fitting
the traces properly. By following this procedure, we ensure that we have a systematic
result.

∆OD(t)(3) =
αAn0 f

(A + Bn0 f )e(At) − Bn0 f

−
αA2n3

0 f 3C(Bn0 f − Bn0 f e(At) + (A + Bn0 f )e(At) log(A+Bn0 f−Bn0 f e(−At)

A ))

B2n2
0 f 2(Ae(At) + Bn0 f (e(At)))2

+ y0

(7.8)

The C values which were obtained, are presented in Table 7.1 below, together with
all the fit parameters and rate constants obtained for the above data.

Values obtained from the fits

Table 7.1 presented below contains all the values obtained from the mathematical fits
of the ESA1 temporal traces shown in Figure 7.7. The values which were fixed for a
given fit function, are displayed in grey to avoid confusion.

From the extracted C values presented in Table 7.1, we see that rather than remain-
ing constant for the three individual measurements, these Auger recombination rate
constants decrease with increasing charge carrier densities. As mentioned above, due
to the dynamic nature of perovskite materials, especially mixed perovskites, this is not
completely surprising. The heating of the sample at high pump fluences can cause a
phase change in the perovskite crystal structure, which combined with ion migration,
can lead to a variance in C values. We however don’t observe arbitrarily different C
values, but rather a decreasing trend with increasing charge carrier density. In order
to formulate an explanation for this trend, we look to studies of Auger recombination
for other semiconductors employed in photovoltaics, such as germanium and silicon
[160].
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n0 A B C y0 α f f n0
ratio ratio

×1019 ×109 ×10−10 ×10−32 w.r.t. w.r.t.
cm−3 s−1 s−1cm3 s−1cm6 max max
0.75 5.0± 0.7 0.42± 0.07 1.25± 0.06 1 0.1 0.05
1.5 5.0 1.0± 0.4 0.62± 0.04 1.25 1.5 0.1 0.1
3 5.0 1.1± 0.2 0.87± 0.03 1.25 2.3 0.2 0.2
6 5.0 1.1 51± 6 0.94± 0.02 1.25 3.4 0.3 0.4
9 5.0 1.1 8± 1 1.28± 0.04 1.25 5.8 0.6 0.6
15 5.0 1.1 1.7± 0.1 1.56± 0.04 1.25 9.9 1 1

Table 7.1: A table summarising all the values obtained from the mathematical fits of the fluence depen-
dence measurements of Figure 7.7. The values which were fixed for a given fit function, are displayed in
grey. The calculated initial charge carrier densities (n0) of 0.75, 1.5, 3, 6, 9, 15 ×1019 cm−3 corresponding
to the pump laser pulse energies of 25, 50, 100, 200, 300 and 500 nJ are presented in the first column.
The first order rate constant A is associated to the geminate recombination of excitons. The second order
rate constant B describes the non-geminate recombination of free charge carriers. The third order rate
constant C is associated with the Auger recombination channel. The trap mediated recombination was
included with the use of a baseline y0 in the fit functions. α is a proportionality constant relating the
charge carrier density to the change in optical density as αn(t) = ∆OD(t). The factor f was a free pa-
rameter in the fitting function, and used to scale the charge carrier density of the lowest pump fluence
measurement (0.75× 1019 cm−3) to the n0 required by the fit. In the last two columns, the ratio of the f
value with respect to the maximum f value was calculated to be compared to the ratio of the calculated
n0 value with respect to the maximum n0 value (from the first column).

The Auger recombination rate per charge carrier density squared (C) has previously
been determined to depend strongly on the bandgap energy of the semiconductor, as
well as on temperature. At low charge carrier densities it is indeed a constant and
independent of carrier concentrations. However, upon optical pumping with an asso-
ciated photon energy much larger than the bandgap, as well as at high pump fluences,
excess electron hole pairs are generated. This results in a non-equilibrium condition
where the charge generation and recombination rates are no longer equal. As a result,
the semiconductor becomes a conductor and the C value decreases as a function of
the charge carrier density. This phenomenon is referred to as phase-space filling. From
our measurements, we have directly observed this trend at charge carrier densities in
the range of 6− 15× 1019 cm−3 [161–163]. Another third order recombination chan-
nel which outcompetes the Auger recombination at high charge carrier densities, is
amplified spontaneous emission [24].

Furthermore, we notice that our monomolecular recombination rates are similar
to other reported values presented earlier in this chapter: geminate recombination of
excitons occurs on the picosecond time scale (τ = 200 ps, governed by the rate constant
A) [147], and trap assisted recombination occurs with a time constant > 1 ns (reflected
in the presence of baselines in our temporal traces) [47]. Additionally, the bimolecular
non-geminate recombination of free electrons and holes also occurs with an associated
rate per charge density (B) very similar to other perovskite materials, in the order of
10−10 s−1cm3 [144]. Conversely, the values which we obtained for the third order Auger
recombination rate constant were in the order of 10−32 s−1cm6 – much smaller than
previously reported values for other perovskites, in the order of 10−29 s−1cm6 [145], but
rather in the same range as the C values determined for germanium (∼ 10−32 s−1cm6)
[162].
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From Table 7.1, we can also observe that the baselines of the temporal traces de-
scribing the trap assisted monomolecular recombination, increase in amplitude (y0)
for increasing pump pulse fluences. This is expected as more trap states are populated
as the charge carrier density increases.

As a reminder, when calculating the charge carrier density, we assumed that each
incident photon is absorbed by the perovskite to generate an exciton or electron hole
pair. This assumption means that in the calculation of the B and C rates, an overesti-
mation of n0 was employed (even though this value was scaled by f ). Therefore the
presented B and C values above, are rather lower limits to the actual rate constants per
charge carrier density and per charge carrier density squared. As a final check of the
initial charge carrier densities calculated n0 versus those obtained from the fit func-
tions with the scaling factor f , we calculated the ratios of the various n0 and f values
with respect to their maximum as shown in the last two columns of Table 7.1. By com-
paring the ratios, we see that they are almost identical therefore further confirming our
analysis procedure.

The values in the table are also presented together with their error boundaries cor-
responding to 95% fit confidence. As a check, we reversed our fitting procedure and
started with the highest charge carrier density lineout where we allowed all parame-
ters to be free. The error boundaries corresponding to 95% confidence for the resulting
rate constants obtained from the fit, increased by up to 3 orders of magnitude. This
serves as an additional confirmation to our systematic fitting and analysis procedure
outlined above.

Recombination rates

If we go back to the recombination rate equation describing the relaxation of a pho-
toexcited perovskite crystal back to it’s ground state (Equation 7.1), we can now fill
in the obtained A, B and C values which can be measured in our temporal window,
for a given crystal domain in the FA0.85MA0.15PbI2.55Br0.45 thin film. To complete the
equation for a more general case, both the trap mediated and geminate monomolecular
recombination rates would have to be included into the constant A.

dn
dt

= (5× 109s−1)n + (10−10s−1cm3)n2 + (50× 10−32s−1cm6)n3 (7.9)

Interestingly, even at high charge carrier densities where non-radiative Auger re-
combination dominates, the associated C values obtained for FA0.85MA0.15PbI2.55Br0.45
are much lower than other perovskite materials. In addition to the macroscopic reasons
explaining why this particular material is such an excellent photoabsorber in highly ef-
ficient solar cell devices, we believe that the small non-radiative Auger recombination
rate constants measured could be a fundamental physics contribution to its success.

7.4 Additional measurements

We carried out supporting TAS measurements to further investigate the unique spec-
tral structure of the ESA1 signal of FA0.85MA0.15PbI2.55Br0.45 observed, and whether
it is characteristic to the chemical composition of the perovskite, or rather an arte-
fact caused by the encapsulation technique. In addition, we investigated the influ-
ence of the pump laser pulse photon energy on the transient absorption of the mixed
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perovskite by photoexciting the samples with a 1.6 eV (λ = 775 nm) and a 2.6 eV
(λ = 480 nm) pump pulse. Finally we measured the transient absorption spectra of
perovskite layers contacted to electron and hole transport materials. These additional
results are presented in the sections that follow.

Systematically varied perovskite compositions

To better investigate the three-band spectral structure of the ESA1 absorption signal
of FA0.85MA0.15PbI2.55Br0.45 observed in TAS measurements, we studied a collection of
perovskite thin films, with systematically varied chemical compositions and two differ-
ent encapsulation methods. The two encapsulation techniques employed were intro-
duced in the previous chapter and include either an additional PMMA layer covering
the perovskite thin film sample, or a second glass slide sealed with epoxy, sandwiching
the perovskite.

Comparing the transient absorption spectra

The collection of thin films which were measured to compare the different chemical
compositions included four samples for each material, two of which were encapsulated
with PMMA and two with glass and epoxy. These include: the primary material under
investigation FA0.85MA0.15PbI2.55Br0.45, FA0.85MA0.15PbI3, FA0.5MA0.5PbI3, FAPbI3 and
FA0.5MA0.5PbI1.5Br1.5. Five representative transient absorption spectra, acquired in the
visible spectral region, are presented in Figure 7.9, together with the associated per-
ovskite material chemical compositions and vertical lineouts of the change in optical
density as a function of wavelength (∆OD(λ)).

All of the transient absorption spectra presented in Figure 7.9, except that of FA0.85-
MA0.15PbI2.55Br0.45, contain a broad positive absorption signal corresponding to ESA1
without any distinct multi-band feature. We therefore assign the three-band spectral
structure of the ESA1 signal as unique to FA0.85MA0.15PbI2.55Br0.45. Additionally, the
optical bandgap ground state bleaching signals are not dominant due to the low flu-
ence pump pulses employed for these measurements.

A possible explanation for this was already introduced in the previous chapters.
The mixture of methylammonium cations with larger formamidinium molecules in-
troduces a distortion of the perovskite crystal structure. Furthermore, it increases the
possible spatial orientation permutations of the organic ions within the lead halide
framework. This leads to an increased loss of degeneracy in the multiple conduction
and valence bands of mixed methylammonium - formamidinium perovskite materials
with respect to their single organic cation counterparts.

Furthermore, as expected, the substitution of I− with Br−, causes a shift in the
bandgap (and therefore the GSB1 signal) towards higher energies. This can directly
be observed in the TAS measurements of FA0.85MA0.15PbI2.55Br0.45 (leftmost spectrum)
and FA0.5MA0.5PbI1.5Br1.5 (bottom right spectrum). Interestingly, the higher energy
bleaching signal (GSB2) also appears to have shifted to higher energies for the bromine
containing perovskites and is centred about λ = 460 nm instead of λ = 480 nm. This
shift indicates that the energies of the states which govern the electronic transition as-
sociated with GSB2, are determined by the orbitals of the halogen anion. Therefore the
source of the GSB2, is strongly dependent on the halogen content of the perovskite
material.
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Figure 7.9: Five representative transient absorption spectra, acquired in the visible spectral region, are
presented together with the associated perovskite material chemical compositions and vertical lineouts
of the change in optical density as a function of wavelength. The leftmost transient corresponds to the
primary material under investigation FA0.85MA0.15PbI2.55Br0.45, where a clear three-band ESA1 signal
can be observed. A broadband ESA1 signal with no spectral structure is observed for the remaining
transients: FA0.85MA0.15PbI3 (top left), FA0.5MA0.5PbI3 (top right), FAPbI3 (bottom left) and FA0.5MA0.5-
PbI1.5Br1.5 (bottom right).

Effect of encapsulation

As previously mentioned, the crystal structure of perovskite photoabsorbers degrades
fairly rapidly in the presence of water at room temperature, and is accelerated in the
presence of heat. The thin film samples which we investigated, were therefore fabri-
cated in a nitrogen environment and encapsulated to protect them from moisture.

In order to rule out any effect that the encapsulation method may have had on the
three-band spectral structure of the ESA1 signal of FA0.85MA0.15PbI2.55Br0.45, we car-
ried out a further series of measurements comparing TAS spectra. Four FA0.85MA0.15-
PbI2.55Br0.45 thin film samples which were prepared in a controlled environment in an
identical manner to the ones employed for the charge dynamics models in this chap-
ter, were investigated. All four samples were spin coated onto glass sides, two of which
were encapsulated with PMMA and the other two were sealed with an additional glass
slide and edges affixed with epoxy. Steady state absorption spectra were acquired for
PMMA and epoxy, and are presented in Figure 7.10.

From the absorption spectra of Figure 7.10, it is evident that the PMMA does not
exhibit a significant absorbance in the visible spectral region, however epoxy does.
Furthermore, the glass substrate is transparent in visible and near infrared spectral
regions. As the epoxy is merely used as a sealant, the amount present in the beam
path of our TAS experiments is negligible. At most, the presence of epoxy will lead
to a slightly lowered measurement sensitivity in the visible spectral region. Therefore
for the purpose of our measurements, acquired in transmission, these encapsulation
methods should not have a significant effect on the transient absorption spectra of the
thin films. To check for this, we compared the transient absorption spectra of the FA0.85-
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Figure 7.10: Steady state absorption spectra in the visible and near infrared spectral regions acquired
for PMMA (black) and epoxy (blue). PMMA does not exhibit a significant absorbance, however epoxy
does.

MA0.15PbI2.55Br0.45 thin film samples encapsulated with the two different techniques,
see Figure 7.11.

Four transient absorption spectra, acquired in the visible spectral region, are pre-
sented in Figure 7.11, together with the the associated encapsulation methods and ver-
tical lineouts of the change in optical density as a function of wavelength (∆OD(λ)).
Spectra a and b were obtained from samples encapsulated with PMMA, and spec-
tra c and d from samples which were encapsulated with glass and sealed with epoxy.

From the spectral line outs accompanying the transient absorption spectra, it can
easily be observed that the three-band spectral feature of the ESA1 signal characteristic
to FA0.85MA0.15PbI2.55Br0.45, is indeed unaffected by the encapsulation method.

Photoexcitation with lower photon energies

In the preceding sections, the transient absorption data interpreted corresponded to
the non-resonant photoexcitation of the perovskite thin films with a femtosecond laser
pulse of 3.2 eV photon energy (λ = 388 nm), way above the bandgap. In addition,
we also carried out measurements employing 2.6 eV and 1.6 eV photon energies (λ =
480 nm and λ = 775 nm). These resonant photoexcitation energies correspond directly
to the two photoinduced ground state bleaching signals observed: GSB1 (bandgap elec-
tronic transition at the R-point), and GSB2 (electronic transition near to the M-point).

Although a series of TAS measurements were obtained and analysed, rather than
presenting a collection of transient absorption spectra, the results are summarised in
a sketch to aid with the explanation. Figure 7.12 is a drawing of the conduction and
valence bands in FA0.85MA0.15PbI2.55Br0.45 which take part in the initial photophysics
occurring upon optical pumping with an ultrashort laser pulse. In addition to the en-
ergy levels which are drawn as a function of the k vector, the observed spectroscopic
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Figure 7.11: Four transient absorption spectra, acquired in the visible spectral region, are presented
together with the the associated encapsulation methods and vertical lineouts of the change in optical
density as a function of wavelength. Spectra a and b were obtained from samples encapsulated with
PMMA, and spectra c and d from samples which were encapsulated with glass and sealed with epoxy.
As these measurements were performed on an array of samples, a deviation in perovskite thin film
quality can also be observed. From the TAS measurements, we can see that the encapsulation technique
has no influence on the spectral shape of the FA0.85MA0.15PbI2.55Br0.45 spectroscopic signals.

signals are also shown. This diagram was used in the reasoning and building of the
charge dynamics model, and different versions of it have been presented throughout
this chapter. In addition, the three different photoexcitation energies are indicated with
their associated central wavelengths. Observations pertaining to the four visible and
near infrared spectroscopic signatures: GSB1, GSB2, ESA1 and ESA2, are also shown
in the figure. The following discussion aims to support our assignment of spectral sig-
natures and thus the charge dynamics model presented at the start of this chapter, by
explaining these observations in more detail.

The spectral behaviour of the transient absorption spectra acquired with lower pho-
ton energy excitation (1.6 eV and 2.6 eV) was found to be very similar to that of pho-
toexcitation with 3.2 eV photon energy. The spectral features assigned to GSB1 and
ESA1, probing the electron population at the CB minimum, are present in the same
spectral regions for all three sets of measurements. Moreover the three-band spectral
shape of ESA1 is observed irrespective of the pump energy with matching central
wavelengths. The spectral broadness of the GSB1 signal is narrowed upon pumping
with lower pump energies. This is due to a decrease in the hot charge carrier density
and thus confirms our assignment of the charge carrier cooling dynamic.

As reported in literature, and previously introduced in the preceding chapters, the
GSB2 signal is also present with lower photon energy excitation. Its relative amplitude
with respect to the GSB1 signal is considerably smaller than in the case with 3.2 eV
excitation (where it was already very weak) and diminishes with decreasing pump
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Figure 7.12: A simplified energy level diagram of the two lowest conduction bands (CB1 and CB2) and
highest valence band (VB2) in FA0.85MA0.15PbI2.55Br0.45 drawn as a function of the k vector. Both the
heavy (HE) and light (LE) electron portions of CB2 are depicted. The three photoexcitation energies
employed in the TAS measurements are shown: 3.2 eV (turquoise), 2.6 eV (mustard) and 1.6 eV (purple).
The effects of pumping with lower photon energies are summarised in the sketch for the spectroscopic
signatures corresponding to: GSB1 (red), GSB2 (blue), ESA1 (green), ESA2 (pink).

energy. This indicates a strongly reduced electron and hole population away from the
R-point, upon lower energy photoexcitation.

We did not detect hot electrons in the conduction band away from the R-point upon
pumping with 1.6 eV photon energy (corresponding to the optical bandgap of the per-
ovskite material) as indicated by the lack of ESA2 signal in the near infrared spectral
region. Additionally, only the high energy portion of the signal is detected with 2.6 eV
excitation, thereby directly confirming that the ESA2 signal corresponds to the absorp-
tion of the hot electron population in the conduction band near to the M-point, which
is only generated with sufficient pump laser pulse photon energies.

Finally, as an additional note, we observed that the temporal behaviour of the GSB1
and GSB2 signals is different upon bandgap photoexcitation (1.6 eV). This indicates
that GSB1 and GSB2 correspond to the absorption of two different electron and hole
populations, and fits with their assignment to the R- and M-points respectively.
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Perovskite contacted to electron and hole transport materials

In order to complete the charge recombination dynamics model presented at the start
of this chapter, we investigated the effect of contacting the FA0.85MA0.15PbI2.55Br0.45
perovskite thin film to either an electron transport material (ETM), a hole transport
material (HTM), or both. The two transport materials selected for the purpose of this
study were PCBM and PEDOT:PSS due to the correct electronic band alignment be-
tween these materials and the mixed perovskite under investigation, combined with
their ease of acquisition and ability to be deposited via the spin coating method. For
further information regarding the chemical composition of these thin films samples,
please refer to Chapter 6.

Figure 7.13 is an energy diagram depicting the conduction band (CB) minimum and
valence band (VB) maximum of FA0.85MA0.15PbI2.55Br0.45 together with the highest oc-
cupied (HOMO) and lowest unoccupied (LUMO) molecular orbital energies of PCBM
and PEDOT:PSS [134]. From the diagram, it can be observed that the energy separa-
tion between the charge donor and acceptor states of the perovskite and the ETM and
HTM, should be sufficient to facilitate efficient charge transfer. Furthermore, from pre-
vious studies, we expect electrons to be injected into the ETM and holes into the HTM
on similar timescales [164].

PCBM PEDOT:PSS
FA0.85MA0.15

PbI2.55Br0.45

E
n

e
rg

y
 (

e
V

)

-4.3

-6.0
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-3.7

-2.2

-5.2

Figure 7.13: An energy diagram depicting the conduction band minimum and valence band maximum
of FA0.85MA0.15PbI2.55Br0.45 [134] together with the highest occupied and lowest unoccupied molecu-
lar orbital energies of PCBM and PEDOT:PSS with respect to the vacuum level energies. The potential
difference between the charge donor and acceptor states of the perovskite and the electron and hole
transport materials should be sufficient to facilitate efficient charge transfer.

The change in optical density as a function of time and wavelength was once again
measured with femtosecond TAS in the visible and near infrared spectral regions. The
photon energy of the pump laser pulse employed for photoexcitation was set to 1.6 eV
(λ = 775 nm), to match the bandgap of the FA0.85MA0.15PbI2.55Br0.45 photoabsorber.
The data presented bellow serves to explain the contributions of the PCBM and PE-
DOT:PSS qualitatively. Therefore rate constants corresponding to the newly available
charge transfer channels were not determined.

ESA1

Figure 7.14 is a collection of normalised temporal traces corresponding to the three-
band ESA1 signal of four thin film samples: pure FA0.85MA0.15PbI2.55Br0.45 perovskite
(labeled as FAI), perovskite contacted to PCBM (FAI | PCBM), perovskite contacted to
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PEDOT:PSS (PEDOT | FAI) and perovskite contacted to both PEDOT:PSS and PCBM
(PEDOT | FAI | PCBM). As a reminder from the previous chapter, these samples were
not completed with electrodes and are therefore not fully operational solar cells.
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Figure 7.14: A collection of normalised temporal traces of change in optical density as a function of time,
corresponding to the visible excited state absorption (ESA1) signal of four thin film samples: pure FA0.85-
MA0.15PbI2.55Br0.45 perovskite (FAI, black), perovskite contacted to PCBM (FAI | PCBM, red), perovskite
contacted to PEDOT:PSS (PEDOT | FAI, green) and perovskite contacted to both PEDOT:PSS and PCBM
(PEDOT | FAI | PCBM, blue). The samples were photoexcited with 1.6 eV photon energy, corresponding
to the bandgap of the perovskite.

From Figure 7.14, we can see that the temporal dynamics of ESA1 are the same for
the four samples. This suggests that the ESA1 signal, a measure of the electron popu-
lation at the conduction band minimum, does not depend on the presence of contact
layers. This result indicates poor charge transfer from the electron donating FA0.85-
MA0.15PbI2.55Br0.45 into the electron accepting PCBM. Therefore only the hot electrons
(very few due to optical bandgap photoexcitation) in the CB electron distribution are
injected into the PCBM layer.

GSB1 and GSB2

The normalised temporal lineouts of the GSB1 signal measured for the four samples,
are presented in Figure 7.15. The fastest decay corresponds to the pristine FA0.85MA0.15-
PbI2.55Br0.45 thin film (labeled as FAI). Upon addition of either the electron transport
material (labeled FAI | PCBM) or the hole transport material (labeled PEDOT | FAI)
the signal is longer lived. This indicates that photoexcited electrons and holes are ex-
tracted into PCBM and PEDOT:PSS respectively, reducing the charge recombination at
the R-point. In the instance that the perovskite layer is contacted to both PCBM and
PEDOT:PSS (labelled PEDOT | FAI | PCBM), we observe that the GSB1 signal decay is
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even further suppressed. This reduces the charge carrier recombination at the R-point
even further.
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Figure 7.15: The normalised temporal traces of change in optical density as a function of time, corre-
sponding to the optical bandgap bleaching (GSB1) signal of four thin film samples: pure FA0.85MA0.15-
PbI2.55Br0.45 perovskite (FAI, black), perovskite contacted to PCBM (FAI | PCBM, red), perovskite con-
tacted to PEDOT:PSS (PEDOT | FAI, green) and perovskite contacted to both PEDOT:PSS and PCBM
(PEDOT | FAI | PCBM, blue). The samples were photoexcited with 1.6 eV photon energy, corresponding
to the bandgap of the perovskite.

The trend observed in Figure 7.15 is expected from the ground state bleaching sig-
nal of a photoabsorber when it is contacted to either an electron or a hole transport
layer, or both. The injection of free charges into these contact layers results in a reduc-
tion of the charge carrier recombination at the FA0.85MA0.15PbI2.55Br0.45 bandgap.

As mentioned above, although a GSB2 signal is generated upon pumping with
1.6 eV (λ = 775 nm) photon energy, its amplitude is extremely weak. The signal quality
was too poor in all four measurements for any kind of interpretation.

ESA2

Figure 7.16 consists of four transient absorption spectra acquired in the near infrared
spectral region, corresponding to the thin film samples: pure FA0.85MA0.15PbI2.55Br0.45
perovskite (labeled as FAI), perovskite contacted to PCBM (FAI | PCBM), perovskite
contacted to PEDOT:PSS (PEDOT | FAI) and perovskite contacted to both PEDOT:PSS
and PCBM (labeled as PEDOT | FAI | PCBM).

From the figures, it is obvious that the ESA2 signal which we attributed to the ab-
sorption of hot electrons in the conduction band, is not present upon 1.6 eV photoex-
citation (at the bandgap). Furthermore, it is interesting to note that the PCBM radical
anion absorption signal (which is centred at 1020 nm [165]) is also not present. This is
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Figure 7.16: Four transient absorption spectra of change in optical density as a function of wavelength
and time, acquired in the near infrared spectral region (where the ESA2 signal is expected). The sam-
ples were photoexcited with 1.6 eV photon energy, corresponding to the bandgap of the perovskite:
pure FA0.85MA0.15PbI2.55Br0.45 perovskite (FAI), perovskite contacted to PCBM (FAI | PCBM), perovskite
contacted to PEDOT:PSS (PEDOT | FAI) and perovskite contacted to both PEDOT:PSS and PCBM (PE-
DOT | FAI | PCBM).

an indication that the majority of photoexcited electrons in the conduction band, near
to its minimum, are not injected into the LUMO of the PCBM. This is perhaps due to
the insufficient coupling between the two energy levels.

93

Stellenbosch University  https://scholar.sun.ac.za



8. Summary and Outlook

We employed femtosecond transient absorption spectroscopy (TAS) in the visible and
near infrared spectral regions to follow the photoinduced charge dynamics in real time
in fully operational dye sensitised solar cells (DSSCs) and perovskite thin films. By
combining the spectroscopic signatures of the investigated samples with the allowed
electronic transitions which occur in the materials, and following their temporal evo-
lutions, we constructed the simplest possible fully consistent charge dynamics models
for the kinetics which occur on these ultrafast timescales. Our main goal was to learn
about the fundamental physics processes which dominate the generation and extrac-
tion of charges in DSSCs and perovskite solar cells in the conversion of solar energy to
electrical energy.

In particular we were interested in the photophysics governing the electron trans-
fer from a photoexcited indoline dye (DN216) into electrodeposited ZnO as well as the
possible microscopic reasons why ZnO based DSSCs have not yet reached the same
efficiencies as their TiO2 counterparts. On the other hand, the solar cells which contain
the mixed perovskite photoabsorber FA0.85MA0.15PbI2.55Br0.45 boasted record power
conversion efficiencies (PCEs) at the time our study commenced, and still continue to
be among the best. We were therefore interested in the fundamental reasons contribut-
ing to the success of this specific perovskite chemical composition. Especially, learning
how charge is generated and extracted, the possible recombination channels which can
occur and their dependence on the charge carrier density.

Dye sensitised solar cells

By probing the population dynamics of the injected electrons in the ZnO conduction
band (CB), we observed that the charge injection from the photoexcited indoline dye
into ZnO occurs directly (with an associated time constant < 200 fs), but also in a
stepwise manner via intermediate charge transfer states. These charge transfer states
are generated as a result of the orbital overlap between trap states on the surface of
electrodeposited ZnO and the lowest unoccupied molecular orbital (LUMO) of the dye
molecules. They are distinguished based on their electronic character as: neutral (NCT)
or ionic (ICT) charge transfer states, where the resulting bonding hybrid orbital is either
closest in energy to the LUMO of the dye (neutral), or the ZnO surface trap (ionic). We
observed the electron injection into the charge transfer states to be ultrafast (< 100 fs),
while the subsequent injection from the charge transfer states into the ZnO CB to occur
slower: 2 ps out of the higher energy NCT state and 10 ps out of the lower energy ICT
state. The larger time constants associated to the stepwise electron injection increase
the opportunity for recombination to take place.

From a TAS point of view, this study was a first direct measure of the absorption
of the electrons in the ZnO CB injected from the photoexcited indoline dye DN216
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(> 2000 nm), and required the development of a near infrared probe laser source. Fur-
thermore, with the use of our extended probing window, we observed the broadband
absorption signals of the NCT and ICT states. Prior to this work, these were not known.

This stepwise injection is unique to electrodeposited ZnO and a fundamental physics
reason behind the lower PCEs of ZnO based DSSCs.

With this knowledge, a possible way forward in the development of ZnO DSSCs
toward higher PCEs would be to engineer the surface of electrodeposited ZnO in or-
der to minimise the trap states available and thus favour the ultrafast direct electron
injection channel.

Perovskite thin films

Upon non-resonant photoexcitation of a FA0.85MA0.15PbI2.55Br0.45 thin film, with 3.2 eV
photon energy (way above the bandgap), we observed the initial ultrafast cooling
(< 500 fs) of hot electrons and holes from our TAS measurements. This cooling along
the k vector axis is rivalled by the geminate recombination of excitons, which occurs
with an associated time constant of 66 ps at the M-point, and is slowed towards the
R-point (to 130 ps). We also observed the competing non-geminate recombination of
free charge carriers and measured an associated rate per charge density constant of
4.5× 10−8 s−1cm3 which is independent of the associated k vector.

To determine why our analysis procedure was fully consisted even though we ex-
cluded the third order Auger recombination process, we performed a series of mea-
surements with varying initial charge carrier densities. From the results, we were able
to once again extract the geminate and non-geminate recombination time and rate
constants (A ∼ 200 ps, B ∼ 10−10 s−1cm3) which are independent of charge car-
rier density and fixed for a crystal domain of the measured FA0.85MA0.15PbI2.55Br0.45
thin film. Additionally, we measured the Auger recombination rate constant (C ∼
2− 50× 10−32 s−1cm6) and observed that it is dependent on the charge carrier den-
sity as the perovskite semiconductor behaves more like a metal at high pump fluences.
The non-radiative Auger recombination rate (C) thus decreases for increasing charge
carrier density.

From a TAS perspective, this work was a first observation of the three-band spectral
feature of the excited state absorption signal in the visible spectral region characteristic
to FA0.85MA0.15PbI2.55Br0.45, which is unaffected by the encapsulation technique.

Moreover, the calculated C range is specific to FA0.85MA0.15PbI2.55Br0.45 and even
at high charge carrier densities it is smaller than the C values determined for other
perovskite materials, but rather more similar to that of silicon and germanium. As non-
radiative recombination is detrimental towards achieving high efficiency solar cells,
the low Auger recombination rate constant range which we measured contributes to
the success of FA0.85MA0.15PbI2.55Br0.45 as a photoabsorber in state of the art perovskite
solar cells, from a fundamental physics perspective.

As the field of perovskite solar cells is still young and fast developing, a potential
outlook would be to determine how the recombination rate constants (A, B and C)
depend on the various crystal domains of FA0.85MA0.15PbI2.55Br0.45 as well as how they
change in fully operational solar cells. Furthermore, with the knowledge that the Auger
recombination is much less dominant than expected in FA0.85MA0.15PbI2.55Br0.45, the
material can be engineered further to produce cells which are more stable in ambient
conditions and provide higher PCEs.
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[15] Sauvé, G. and Fernando, R.: Beyond Fullerenes: Designing Alternative Molecular Elec-
tron Acceptors for Solution-Processable Bulk Heterojunction Organic Photovoltaics. The
Journal of Physical Chemistry Letters, vol. 6, no. 18, pp. 3770–3780, 2015.

[16] Menke, S.M. and Holmes, R.J.: Exciton diffusion in organic photovoltaic cells. Energy &
Environmental Science, vol. 7, no. 2, pp. 499–512, January 2014.
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