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Abstract

Dye sensitized solar cells or DSSCs belong to the next generation of photovoltaic
technologies. They are advantageous compared to the conventional ones, because in
DSSCs both photon harvesting and charge separation and collection occur in the active
area of the cell. In addition, the wavelength-selective absorption flexibility of the dye
extends into the near infrared, leading to transparent applications. Therefore, the effort
of the study is to focus on the use of near-IR organic dyes with minimized absorption in
the visible.

Chapter 1, includes the general introduction and motivation of the current work
and Chapter 2 consists of the general description of the various transparent photovoltaic
technologies, the photovoltaic parameters and the state of the art means of time-resolved
characterization. A glance on the essential theoretical background has been made is
Chapter 3, presenting in detail the important photophysical processes and species that is
made in and investigated in the Thesis. The in-detail experimental instrumentation, is
laid out/introduced in Chapter 4, as well as the fundamentals of non-linear optics.

The dyes under study, as well as the experimental results are presented in Chapter
5, with the conclusions and perspectives to be shown in Chapter 6. We have introduced
and characterized using the fs-Transient Absorption technique, the near-infrared cyanine
sensitizer VG20 which strongly absorbs at 830 nm (154000 M'cm!'), when adsorbed on
TiO5. After optimization and use of the de-aggregating agent CDCA, as well as elec-
trolyte additives to adjust the conduction band level of the SC, the VG20 displayed the
record, at the time, of the product of PCE efficiency (3.1 %) and average visible trans-
mission (AVT) of 75 % with injection occurring in 2-4 ps. The kinetic competition with
energy transfer (ET) from the monomers to the aggregates limits the injection efficiency
to 30 %. Data reproducibility and standard error due to DSSC surface inhomogeneity are
investigated on a large number of samples prepared under similar conditions. Finally, a

complete photophysical scheme was constructed, including the interaction of monomers
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and aggregates and highlighting the electron injection of monomers into the 790y con-
duction band, as well as the ET of monomers into the lowest electronic aggregates state.

In the second part of the presentation of the experimental results, the two novel
pyrrolopyrrole cyanine dyes (TB207, TB423) are shown. They are designed to ab-
sorb strongly in the near infrared and impede aggregate formation upon sensitization
by introducing bulkier side groups. Both absorb at 760 nm (¢ ~ 138000 M'cm!) in
solution, possess long excited-state lifetimes (~ 3.2 ns) and when incorporated into real
DSSCs span the 650- 850 nm, range of absorption. This makes them attractive candi-
dates for transparent DSSC applications. We also identify the absorption spectrum of
the TB cations that form after photoinjection into the SC to be maximum at 640-650
nm. Through the successful combined use of fs-fluorescence and fs-transient techniques
the dyes were studied in solution and in non-injecting DSSC Al,O3 and injecting DSSC
T705. It has been reported for TB207 that injection and ET occur in a time distribution
(2 -23 ps), due to the system’s inhomogeneity. More precisely, ET and injection are ex-
tremely sensitive to intermolecular distances and thus, the nm variations of the distances
between neighboring dyes lead to a wide distribution of ET and injection times. The
total PCE reached 4.0 % for TB207, with an AVT of 74 % and an injection efficiency
of 40-60 %, while for TB423 the injection efficiency reached 80 %. For the TB dyes we
combined used two fs set-ups and identified the injection efficiency via two approaches.
Interestingly, for TB423, no pronounced dependence on aggregate concentrations was
recorded, indicating a possible high-yield secondary injection from aggregates.

Finally, the next experiments focus on promising new dyes designed to overcome
aggregation problems and tune the absorption spectrum towards the near-IR with weak

contribution in the visible, in order to increase the average visible transmittance of the
DSSC devices.
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Résumé

Les cellules solaires a colorant ou DSSC (de Dye sensitized solar cells en Anglais)
appartiennent a la prochaine génération de technologies photovoltaiques. Ils sont avan-
tageux par rapport aux systémes conventionnels, car dans les DSSCs, a la fois la récolte
des photons ainsi que la séparation et la collecte des charges se produisent dans la zone
active de la cellule. De plus, la flexibilité d’absorption sélective de la longueur d’onde du
colorant s’étend jusqu’au proche infrarouge, conduisant & des applications transparentes.
Par conséquent, 'effort de I’étude est de se concentrer sur 1'utilisation de colorants or-
ganiques proche de I'IR avec une absorption minimisée dans le visible.

Le chapitre 1, comprend l'introduction générale et la motivation du travail actuel
et le chapitre 2 consiste en la description générale des différentes technologies photo-
voltaiques transparentes, des parameétres photovoltaiques et de I'état de ’art des moyens
de caractérisation résolus en temps. Le chapitre 3 donne un apercu du contexte théorique
essentiel et présente en détail les processus et espéces photophysiques importants qui ont
été rencontrés et étudiés durant la thése. La description détaillée de I'instrumentation ex-
périmentale est présentée au chapitre 4, ainsi que les principes fondamentaux de 'optique
non linéaire.

Les colorants étudiés et les résultats expérimentaux sont présentés au chapitre 5,
les conclusions et les perspectives étant exposées au chapitre 6. Nous avons déja in-
troduit et caractérisé a ’aide de la technique d’absorption transitoire & 1’échelle fs, le
sensibilisateur & la cyanine proche infrarouge VG20 qui absorbe fortement a 830 nm
(154'000M ~tem™1) lorsqu'il est adsorbé sur du TiO,. Aprés optimisation et utilisation de
I’agent de désagrégation CDCA, ainsi que d’additifs électrolytiques pour ajuster 1’énergie
du semi-conducteur, le VG20 atteind le record, a I’époque, du produit, d’efficacité PCE
(3.1 %) et de la transmission visible moyenne (AVT) de 75 % avec une injection sur-
venant en 2-4 ps. La compétition temporelle du transfert d’énergie des monoméres aux

agrégats limite l'efficacité d’injection & 30 %. La reproductibilité des données et I'erreur



standard due a I'inhomogénéité des DSSC sont étudiés démontrée sur un grand nombre
d’échantillons préparés dans des conditions similaires. Enfin, un schéma photophysique
complet a été construit, incluant 'interaction des monomeéres et des agrégats et mettant
en évidence l'injection d’électrons des monomeéres a la bande de conduction de T7Os, ainsi
que le transfert d’énergie des monomeres a 1’état électronique le plus bas des agrégats.

Dans la deuxiéme partie de la présentation des résultats expérimentaux, les deux
colorants cyanine nouveaux de type pyrrolopyrrole (TB207,TB423) sont montrés. Ils
sont congus pour absorber fortement dans le proche infrarouge et empécher la formation
d’agrégats lors de la sensibilisation en introduisant des groupes latéraux plus volumineux.
Ils absorbent tous les deux a 760 nm (¢ ~ 138000 M'em!), possédent de longues durées
de vie des états excités (~3.2 ns) et, lorsqu’ils sont incorporés dans des DSSC réels,
couvrent la plage de 650 a 850 nm, ce qui en fait des candidats attrayants pour les
applications de DSSC transparents. Nous identifions également le spectre d’absorption
des cations TB qui se forment aprés la photoinjection dans le semi-conducteur pour étre
maximum a 640-650 nm. Grace a l'utilisation combinée réussie de la fluorescence fs et
de I’ absorption transitoire fs en solution, dans le DSSC Al;O3 et le DSSC T'iOy sans
et avec injection, il a été signalé pour le TB207 que l'injection et le transfert d’énergie
se produisent dans une distribution temporelle (2 -23 ps), en raison de l'inhomogénéité
structuelle du systéme. Plus précisément, le transfert d’énergie et l'injection sont ex-
trémement sensibles aux distances intermoléculaires et donc, les variations en nm des
distances entre les colorants voisins conduisent & 1’obtention d’une large distribution du
transfert d’énergie et du temps d’injection. Le PCE total a atteint 4.0 % pour le TB207,
avec un AVT de 74 % et une efficacité d’injection de 40-60 %, tandis que pour le TB423
efficacité d’injection a atteint 80 %. Pour les colorant TB, nous avons combiné deux
configurations fs et identifié 'efficacité de I'injection par deux approches. Il est intéres-
sant de noter que pour le TB423, nous n’avons pas observé de dépendance marquée aux
concentrations d’agrégats, ce qui indique la possibilité d’une injection secondaire a haut
rendement & partir d’agrégats.

Enfin, les expériences suivantes se concentrent sur de nouveaux colorants prometteurs
congus pour surmonter les problémes d’agrégation et régler le spectre d’absorption vers le
proche IR avec une faible contribution dans le visible, afin d’augmenter la transmittance

visible moyenne des dispositifs DSSC.
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FTO Fluorine doped Tin Oxide

FWHM Full Width Half Maximum

GA Global Analysis
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Chapter 1
General Introduction

The increasing global energy consumption demands a greater variety of clean and
sustainable power sources. In this context, photovoltaic technology is undoubtedly an at-
tractive and applicable response to this challenge, as solar energy can meet the increasing
global energy needs. According to recent statistical surveys, since 2010, the generation
rate of new and renewable energy has grown rapidly from 1.24 %, to 8.88 % in 2018, and
during the same period, solar energy production presented an impressive 1200 % growth
[1]. Today, silicon based solar cells account for more than 90 % of the current installa-
tions, represent ca. 4 % of the energy production in Europe [2] and they accomplished
the impressive achievement to produce several tenths of GW of electricity. Drawbacks of
the silica photovoltaics such as the high production and conservation cost, the low effi-
ciency and the bulkier non-flexible design can be overcome with even "greener" solutions
such as the 3rd generation photovoltaics. In this category belong the Organic Photo-
voltaic Devices (OPVs), the Perovkite Photovoltaics, the Quantum Dot Photovoltaics
and the Dye-Sensitized-Solar-Cells (DSSCs). All of them present advantages and disad-
vantages mostly centered around the photovoltaic performances in terms of efficiency [2],
long-term stability, environmentally and human friendly properties, low-cost production
and thus, production sustainability. The increasing multidisciplinary research interest
on these promising technologies leading to one-after-another efficiency records directing
many companies (Great Cell Energy, Ubiquitous Energy, Solaronix et al.) to commer-
cialize them.

Our collaborating study is focused on the DSSCs’ technology recognizing their unique
advantages for various applications. These belong in the framework of the technology
of transparent devices that can be integrated from buildings to electronic displays, au-

tonomously powered electronic-glazing, etc. Our target is the creation, characterization
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Figure 1.1: Summary of the different cell technologies best results by year (source:
www.nrel.gov /pv/cell-efficiency). Impressively, new solutions PV applications emerged
the last decades (red graphs) with cell efficiencies reaching 26 %.

and optimization of such novel transparent or semi-transparent DSSC devices. The ef-
fort includes four groups in the framework of the VISION-NIR project and additional
collaborating international groups. The design of the synthesis of the first dye under
investigation (cyanine -VG20) in this thesis were made by C. Barolo’s group at the
University of Torino and the last two (pyrrolopyrrole cyanines - TB207,TB423) by F.
Odobel’s group in CEISAM laboratory at the University of Nantes. The thorough opti-
mization of the solar cells and the measurements of the photovoltaic performances took
place by F Sauvage’s group in the LRCS group at the University of Picardie Jules Verne
in Amiens. The growth and characterization of the semiconductor (SC) nanoparticles is
the field of study of the group of C. Sassoye at the University of Sorbonne in Paris.
This PhD work took place in the BIODYN group of the Department of Ultrafast
Optics and Nanophotonics (DON) at the Institute of Physics and Chemistry of Materials
(IPCMS) part of the National Center for Scientific Research (CNRS) in France in the
framework of the University of Strasbourg. Our study is focused on the identification of
the ultrafast processes occurring in a DSSC upon photoexcitation up to the photoemis-
sion in the fs-ps and ns timescale. Utilizing state-of-the-art experimental fs time-resolved
techniques exciting and probing from the near-UV, through the Visible up to the near-IR

we are able to determine the kinetics rates of the radiative and non-radiative processes
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that limit or enhance the photovoltaic performances of the solar cells, with most impor-
tant the injection efficiency from the dyes to the semiconductor conduction band, which
occurs in the ps time scale. Detailed description of the experimental set-ups is presented
in chapter 4 and the demonstration, analysis and discussion of the experimental results

and foundlings in chapter 5.

References

[1] J.-H. Kim and S.-H. Han, “Energy generation performance of window-type dye-
sensitized solar cells by color and transmittance,” Sustainability, vol. 12, no. 21,
p. 8961, 2020.

[2] E. C. of Auditors, “Electricity production from wind and solar photovoltaic power

in the eu,” Background paper, 2018.



REFERENCES Chapter 1. General Introduction




Chapter 2

Transparent photovoltaics

2.1 Theory of Dye Sensitized Solar Cells

Bringing our attention to the third generation photovoltaic devices, along with the
organic heterojunction photovoltaics (OPV), the quantum dots solar cells and the organic-
inorganic halide perovskite solar cells, Dye-Sensitized-Solar-Cells (DSSCs) constitute a
very prominent technology. DSSCs were initially invented in 1991 by B. O’Regan and M.
Grétzel back in 1991 [1]. They introduced in a pioneering way an assembly of transparent
thin films of anatase TiO2 nanoparticles sensitized with trimeric ruthenium (Ru) com-
plexes acting as a solar light, energy harvesting antenna. The overall light-to-electricity
energy conversion yield was 7.1 % in simulated solar light and 12 % in diffuse daylight,
with exceptional stability realizing the concept of a breakthrough low-cost technology
feasible for real world applications. Aftermath developments led very fast to higher effi-
ciencies up tp 10.3 % by Nazeeruddin et al. using the Ru dye (N3 dye) as sensitizer with
an iodine-based redox liquid electrolyte [2] and in 2005, with the improved Ru (N179) dye
the efficiency of 11.2 % was achieved [3].In 2013-2014 the efficiency was further improved
more than 13 % using this time organic dyes and utilizing cobalt(II/III) electrolyte. In
2014 porphyrin rings as dye molecules were utilized by Grétzel et al. achieving the re-
markable efficiency of 13 % [4] and Hanaya et al. in 2015 prepared cells by co-sensitized
an alkoxysilyl-anchor dye with a carboxy-anchor organic dye accomplishing impressively
14 % efficiency [5]. Finally the most recent high efficiency development has been reported
early in 2021 by Grétzel et al. [6] using an organic Donor-Acceptor dye and cobalt (I1/111)
electrolyte determining efficiency of 13.5 % under standard conditions.

At this point it is important to highlight that the unique advantage of DSSCs is the

flexibility for optical tuning depending on the dye that acts as sensitizer. Some sensitizers
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among others that can be utilized for DSSC applications are organic dyes (Porphyrin,
Rhodamine, D-A dyes et al.) [7, 8|, scarce expensive metal complexes (Ru complexes et
al.), mordant dyes (yellow mordant et al. [8, 9]) and finally natural dyes (Polyene dye,
Coumarin and merocyanine derivatives et al [8]). Quantum dot and perovskite based sen-
sitizers [8] have also widely been reviewed in the literature, as well as solid-state DSSCs
[10-12|, in which the liquid electrolyte is replaced by an electron-transport material (e.g.
Spiro-OMeTAD) [13].

2.1.1 Components of Dye Sensitized Solar Cells

The elementary architecture of DSSCs contains the following components, as they are
illustrated in Figure 2.1. Apart from the dye sensitizers on the semiconductor nanopar-
ticles, described above, additional elements are the two electrodes, referring to the pho-
toanode and photocathode, which are essentially glass films, whose connection parts are
coated on a transparent conducting oxide (TCO). What’s more, the semiconductor (SC)
nanoparticles are coated in a transparent layer to the conduction side of the photoanode,

and finally the electrolyte in between the two films. In detail:

e The photoanode essentially acts as the working electrode for the device.
In the conductive TCO side, which mostly the fluorine-doped tin oxide (FTO) is
used, there is the coated SC material. Various structural phases exist, such as the
anatase (Eg = 3.20 eV), the rutile (Eg = 3.00 ¢V) and the brookite (Eg = 3.13
eV). The standard case, which gives the best Power Conversion Efficiencies (PCE)
and is also in the scope of this Thesis, refers to the anatase-phase SC nanoparticles
forming a film of 7 to 10 ym thickness. Essentially, the characteristic conduction
band level of each material determines greatly its choice. For efficient devices, the
classic case is 1790y and apart from this other materials have been used like ZnO
for efficient devices. Other oxide semiconducting materials are SnOs, NbyO5 (n-
type), and NiO (p-type). Additionally and in a different approach oxides such as
ZrQOy and Al;Os3, have been used as references. Specifically, their conduction band
level is energetically very high, higher than the dye’s LUMO and thus, the driving
force for injection is zero. This kind of inert device is usually used as reference
for studying all photo-induced processes other than electron injection. Last, it
should be mentioned that in order to suppress possible recombination mechanisms
on the part of the conducting substrate that is exposed to the electrolyte a compact

blocking metal oxide layer is used [14].

6
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e The photocathode acts as the counter electrode in the system. It "closes"
the system by completing the final process. The ultimate role of the photocathode
is to collect electrons from the outer circuit and transfer them to the electrolyte

therefore contributing to the reduction of the electrolyte.

e The electrolyte is yet another significant component with a significant role in the
device operation. The presence of the reduction-oxidation (redox) couple in the
electrolyte serves as a charge transport medium between the photocathode and the
photoanode. Furthermore, it regenerates the dye, which had been altered to its
cationic form after injection to the SC, before the next photon is absorbed. Elec-
trolyte’s role is finally essential and can define the stability of the device. Several
general requirements are needed for a successful electrolyte, such as the physical and
chemical stability, the high ionic conductivity to promote the charge transfer, low
vapor pressure to avoid leakage and low volatility to avoid long term evaporation.
Liquid electrolytes are most common, offering good efficiencies and stability with
the most classic to contain the I3 /I~ redox couple. In modern DSSCs the elec-
trolyte contains additives which boost the performance and improve the stability.
Alternative electrolytes that have been introduced in bibliography contain Fec*/Fe
or Co*T /Co*T complexes [6], as well as ones with Cu redox pairs that have crossed
efficiency of 14 % [15] For applications referring to transparent devices, colourless
electrolytes are proposed with minimum absorption in the visible part of the solar

spectrum, such as the sulfur based electrolytes [16].

2.1.2 Dynamic processes in Dye-Sensitized-Solar-Cells

The DSSC technology is unique and simple, taking into consideration the fact that
energy harvesting and charge carrier separation occurs in the same layer. The principle
of DSSCs is based on various dynamic and correlated photophysical and electrochemical
processes. They take place and interact in a complementary way and finally define the
photovoltaic performances. Accordingly, the understanding and individual study of each
"section" is crucial for optimization.

The plain principle, step-by-step is illustrated in Figure 2.1 and described as fol-
lows. The dye, chemically-absorbed to the semiconductor, absorbs a photon and instan-
taneously is promoted to its excited state. Electron injection to the SC is a fast process,

faster than the deactivation rate of the dye to its ground state and leaves the dye in its
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cationic form. Continuing, the electrons transport through the nanostructured layer of
the anode and finally is extracted in the external circuit. After injection the dye is re-
generated by the electrolyte and in between charge recombination processes are possible

to occur, limiting the efficiency. The temporal scheme of these processes extends from fs

to ms.
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Figure 2.1: The DSSC principle and the various device components. (1) Dye-absorption.
(2) Injection to the SC. (3) Charge transport. (4) Recombination from SC-dye cation
(back electron-transfer). (5) Recombination from SC-electrolyte (Indirect recombina-
tion). (6) First excited-state deactivation (7) Dye regeneration. (8) Redox couple regen-
eration

In this Thesis, for the DSSCs under study thorough optimization has been performed
by our collaborators in all different individual "sections" and our studies are precisely
focused on the ultrafast processes. These includes the identification of the injection rate(s)

and yield(s), as well as more specific interactions between different molecular species and
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in general the photophysical study of the system.

More in detail:
e Dye-sensitizer’s photo-excitation.
So|SC + hv — S*|SC (2.1)

The photons incident on the DSSC, with minimum power losses (e.g. due to re-
flection on the glass and SC substrate) will be absorbed by the dye. The photo-
absorption essentially refers to the promotion of an electron from the Highest Oc-
cupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital
(LUMO) and occurs very fast in ~ 10 —20fs, faster than the vibrational relaxation

in 10713-107' s [17, 18], in agreement with the Born Oppenheimer approximation.
e Electron injection from the dye-sensitizer to the semiconductor acceptor.
S*SC — e, (SC) + S*|SC (2.2)

Possibly the most crucial parameter for achieving higher efficiencies [19]. A require-
ment for competitive electron transfer from the dye in the excited state to the SC
manifold of states is the conduction band level to be energetically lower in energy
than the LUMO of the dye. In this manner the overlap is considerable and the
driving force for injection is enhanced. Also, the number of density states (DOS),
at the surface of the semiconductor layer, in which the dye is attached is crucial
[20-22]. In this manner the more dense the distribution of energy levels in the
conduction band, the higher the injection rate. Therefore, electron transfer from a
molecular donor d to a single band k of acceptor states can in an approximation
be considered by Fermi’s golden rule and in this manner the injection rate can be

expressed as [23]:
2m
Kinj = - > ValPp(er) (2.3)
[

where V. is the electronic coupling matrix element and p(ex) the DOS. Relative
to the dyes properties, another important requirement is the excited state lifetime.
In principle the lifetimes must be significantly longer than the injection time, so as
to avoid kinetic competition. For most sensitizers the excited state lifetimes extend

from hundreds of ps to tens of ns, indicating that under this major condition the
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potential injection efficiency could reach 100 %. Moreover, the electron density in
LUMO, mainly determined by to the type and the specific structure of the dye,
as well as the dye conformation on the SC surface [24] and the anchoring spacer
groups that provide either a barrier, or a channel for surface electron transfer [25]
are weighty parameters affecting the electron injection through the matrix element.
It is worthy to be mentioned that in such densely populated systems, such as in
the dye-SC solid state interface, the dyes tend to electrostatically interact and form
bulkier conformations, such as molecular aggregates. These kinds of systems can
drastically reduce the total efficiency and their role will be analytically described in
the next chapter. It is significant to highlight that electron injection has essentially
been observed to be strongly non-exponential [26]. An explanation could be the fact
that in a real DSSC there is a distribution of dye-sensitizer conformations on the
SC, which by its turn owns a degree of in-homogeneity that affects the CB manifold
and the injection rate, which parameters in equation 2.3 changes as a function of the
dye conformation. Single-exponential kinetic rates cannot be identified and if so, in
order to obtain physical meaning, the rate should be accompanied by a distribution
factor that describes the system best. An example of this should be a Stretched

exponential or Kohlrausch function that will be described in Chapter 4.

e Charge transport

After injection the charge is transported through the SC film to finally get
collected at the external circuit. The precise mechanism of the transport is based
on the random-walk principle [27] and it is hinged on the fact that at the surface of
the SC nanoparticles there are many trap states and thus the trapping-detrapping
process drives the electrons. The main driving force of charge transport is the
gradient in electron concentration and it is not induced by the external electric field
[28-30]. The electron can undergo an average of 10° trapping events until being
collected, when they are generated far from the collecting electrode [27]|. Because,
the collection of injected electrons competes with recombination, slow transport
can lead to a low charge-collection efficiency [31] and consequently to a low device’s

efficiency. It is a slow process which takes place in the ms time range.

e Back electron transfer
e;)(SC)+S+|SC—>S|SC (2.4)
Back electron transfer or Electron-Cation recombination is an additional mecha-
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nism that refers to the e~ recombination of e~ injected in the SC surface with
the dye-sensitizer cation. This mechanism occurs before the regeneration due to
the electrolyte and affects the efficiency negatively, because even though the initial
electron has been efficiently injected to the SC, it isn’t collected by to the external
circuit. A sufficient timescale for the electron-hole recombination to occur, not to
affect the DSSC performance is in hundreds of ns, but has been broadly observed
occurring from ps to ms [23|. Both e~ injection and back e~ transfer rates, for the
same in-homogeneity reasons are presented essentially as a distribution. Moreover,
for the back e™-transfer yields and rates, the trapping-detrapping from a wide dis-
tribution of trap-state energies is crucial [23, 32-34|. In addition, both mechanisms
are greatly affected by the dye’s structure and geometry upon attachment on the
SC, which could be either the spacer length between the dye and the SC, or the
rigidity of the bonds and the degree of localization. Fundamentally, these param-
eters can affect the conformation of the dye upon the SC in a tilted or parallel
conformation affecting also the pathway of charge transfer [23]. Last, the basis
for the study of the charge transfer process in DSSCs in the last 3 decades was
constituted by the Marcus theory [35-37|. Experimental discrepancies relative to
the relation of the e”-transfer rate and the free energy driving force displayed signs
of Marcus inverted region behavior [38; 39| and also gave rise to adjustments and
modifications to the theory [40, 41].

e Indirect recombination
OX* +e¢,(SC) — RED™ (2.5)

The indirect recombination refers to the charge-hole recombination between the
injected e~ that transports onto the SC with the oxidant of the redox mediator
[42]. This mechanism is also non-beneficial for the total efficiency, because the
injected electron wouldn’t be driven to the external circuit, but reacts with the
oxidant (OX) component promoting it to the reductant (RE) one. Relative to the
reactions’ kinetics scheme, this kind of indirect recombination can be minimized,
when the dye-regeneration is sufficiently fast and the reduction of the oxidant in

the electrolyte satisfactory slow.

e Dye and Redox couple regeneration

ST|SC + RED™ — 8|SC + OX* (2.6)
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For a complete and long-term function of the DSSC the role of the electrolyte is
essential. Indeed, the electrolyte can be described as a hole conductor. As it was
mentioned above and demonstrated in the eq. 2.2, the dye radical cation S™, formed
after injection, receives an e~ from the reductant component and recovers to its ini-
tial neutral form. The rate should be fast enough to avoid direct recombination
of the SC’s e~ with the radical cation. In parallel, the reductant is converted to
the oxidant and in the meantime the injected e~ that have been diffused on the
SC, transits to the external circuit and finally is driven to the counter electrode
(cathode). By its turn the previously formed oxidant will accept this e~ and re-
form a reduced component. The above mentioned two-charge transfer mechanisms
complete the circuit. In our systems under study the electrolyte of use is iodide
based and therefore it contains I~ /I; couples as reductant and oxidant compo-
nents, respectively. It is suitable as a first candidate, because it offers sufficient
redox potential, fast rapid regeneration and slow recombination. It is a broadly
studied electrolyte [42] with high conductivity and good solubility. For developing
transparent DSSCs its absorption in the visible spectral region prevents it to be
a suitable candidate. However, our research focuses on the photophysics of the
sensitizer and the interface’s (dye-SC) interaction in the ultrafast time scale and
not the electrolyte properties and consequently the iodine electrolyte is applicable.
Therefore, for the iodide based electrolyte, the eq. 2.6 for the regeneration can be
re-written as:

25t + 317 —» 2S5 + I3 (2.7)

and finally the oxidant component I5 reacts with two e~ at the counter electrode

side producing the initial reductant component according to the following equation:
I +2e” < 31 (2.8)

Lastly, the regeneration process in the electrolyte is a rather complicated process
with many experimental and theoretical works indicating that the reaction contains
a series of subsequent reactions [43-46]. The predominately accepted scenario,
includes in the sequence of reactions the formation of a physical-complex [S...I] and
the contribution of the radical bi-iodide I, . The insertion of I, in the chemical
scheme converts the eq.2.8 to a one-electron reaction. Additional scenarios have
been introduced, but the exact interpretation of regeneration is still debatable|[44,
45].
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e Excited-state deactivation
S*|SC — S|SC + (W) V< (2.9)

The excited state deactivation can essentially have radiative character and reflect
the luminescence, with the emission of photons of lower energy than the absorption
or be non-radiative. Depending on the dye properties the excited-state lifetime
varies and depending on the nature of the radiative process with values from hun-
dred of ps up to tens of ns for fluorescence and up to ys or ms for phosphorescence.
Finally, the excited state lifetime constitutes a decisive criterion for achieving high
power-conversion efficiencies and should be orders of magnitude higher than the

injection time. In this manner undesirable competition between them is avoided.

2.1.3 Photovoltaic parameters

The characteristic parameters describing the basic photovoltaic parameters are the
short circuit (in zero voltage) current density (Js¢), the open circuit voltage (Vo) and
the fill factor (F'F'). The overall photoelectric conversion efficiency (PCE) for a DSSC is
given by the product of the open-circuit (with zero-current density) voltage (Voc), the
fill factor of the cell (F'F'),the intensity of the incident light (P;,) and the short circuit

Photocurrent Density (Js¢), according to the following equation.

Pmax_(]scx‘/ocXFF
Py P;

PCE = (2.10)
where P,,,, the maximum obtainable power. More detailed, Jg¢ is an important quantity
derived from the measured Isc divided by the incident surface. As it is presented in
figure 2.2, Jgc depends on the quantum yield of electron generation by the incoming
solar photons and essentially describes both the ability of the dye to absorb light and
the yield for injection to the SC and collection to the external circuit. (Vo) typically
expresses the total output voltage when there is no current density and it is equal to the
difference of the SC’s Fermi level and the redox’s couple potential (Figure 2.1). Last the
FF is an important parameter that determines the photovoltaic quality by accounting for
Ohmic losses (e.g. dark current in the SC), which must be minimized. From Figure 2.2

it is defined as the ratio of the maximum power from the solar cell P,,,, to the product

13



2.1. Theory of Dye Sensitized Solar Cells Chapter 2. Transparent photovoltaics

of Voe and Jge or the ratio between the two rectangules (eq. 2.11).
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Figure 2.2: Standard J-V curve for a DSSC.

Another way of evaluating the performance of the photovoltaic cell is the external
quantum efficiency or Incident Photon to Current Efficiency (IPCE). IPCE is commonly
used for describing the spectral response of the DSSCs and its value corresponds to the
photocurrent density produced in the external circuit under monochromatic illumination
of the cell divided by the photon flux that strikes the cell. Analytically it is related to
the Jse,

Jso = /]PC’E(/\) x e X Photon Flux(\) dX (2.12)

where e is the elementary charge. The IPCE can be expressed as:
IPCE(X) = LHE(X) X ©ini(A) X @reg(A) X nee (2.13)

where, LHE()) is the light-harvesting efficiency at a given wavelength, ¢;,;(A) and ¢;.c,(\)
are the quantum yields for electron injection and dye regeneration, respectively, and 7.
is the charge collection efficiency.

For specific applications the term of efficiency can be modified taking into consider-

ation relationships between additional parameters. For example for transparent photo-
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voltaics (TPVs) meaning like Average Visible Transmittance (AVT) and Color Rendering
Index (CRI), as well as the relationship between the PCE to AVT is important. Taking
the above into consideration, an analytical description of these "colouring" parameters

will be presented in the next paragraph.

2.2 Transparent DSSCs

Transparent technologies with partial light transmission is a field of study for the
last three decades. They can be integrated in the space of the surrounding in which the
bulkier conventional photovoltaics cannot and the efficient use of architectural space make
them perfect candidates for integrated building-windows, in automotive applications, in
electronic displays and in urban-street infrastructures et al. They require less space,

offering more active surface to use and consequently increase the total gain.

2.2.1 Determination of the degree of Transparency

In the framework of transparent applications the degree of transparency and the
aesthetic assessment are as important parameters as the determination of the efficiency
of the photovoltaic device. There are various approaches to determine the level of trans-
parency for transparent photovoltaics (TPVs). A general approach, accepted by industry
is introducing the Average Visible Transmittance (AVT). It is defined as the ratio of the
integration of the transmission spectrum against the phototopic human’s eye response as

follows:

J T)PA)SN)d(N)

A= s

(2.14)

where A is the wavelength, T' is the transmission, P is the phototopic eye’s response and
S is the solar photon flux (AM1.5G). AVT is a direct way of determining the degree of
transparency and for the theoretical value of 100 % AVT the thermodynamically limited
efficiency, has been calculated to be 20.6 % [47|, by the Shockley diode equation [48|
for a single junction selective TPV and for the entire absorption of the near-UV (<435
nm) and near-IR part (> 670 nm) of the solar spectrum. Also, it is commonly observed
that AVT and PCE have often inversely relationship. Lunt et al. proposed as a new
metric, the Light Utilization efficiency (LUE). This metric represents the overall system’s
efficiency rationalizing AVT and PCE as such:

LUE = PCE x AVT (2.15)
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Ultimately, LUE is a useful quantity to compare different TPV technologies, beyond the
theoretical limitations.

Last, but not least, the degree of transparency is one important metric for the aes-
thetic assessment of the TPV technologies, but there is an additional metric commonly
used, relative to the coloration of the device. This is the Color Rendering Index (CRI).
CRI was introduced by the International Commission on Illumination (Commission In-
ternational de I’Eclairage-CIE) and is defined as a metric to quantify how accurately
the color of a given object is rendered either from a light source, or through a transpar-
ent medium with respect to an "ideal" illumination source (a blackbody radiator under
specific-standard conditions) [49, 50]. The idea behind the CRI introduction is that
colouration is an abstract concept and colors can be perceived differently under differ-
ent illuminations and therefore comparing with a universal reference is useful [51]. CRI
takes values from 0 to 100 and it is self-evident that the higher the CRI the better the
image’s quality (Figure 2.4.a) or the "seen-through the TPV" colour compared to the
initial colour. Usually, a TPV with a CRI > 70 % is generally considered of very good
quality [47, 49, 52| and greater than 90 % excellent. Mallick et al. [53] introduced CRI
metric to assess the visual comfort of DSSC and they reported values between 83 and 93
% for coloured semitransparent DSSCs.

The derivation of the final equation for CRI is a rather complicated procedure and
has been revised many times taking into account additional parameters and correct for
them, such as the chromatic adaptation of the human eye etc. The CRI is calculated
within an evolution of functions as an average score of eight different test colour samples
[50]. Taking into consideration that the human eye possesses trichromacy, the CIE in
1931 [50, 54, 55| introduced the tristimulus values (X, Y, Z) as parameters to visually
match a colour under standardized conditions against the three primary colours (red,
green, and blue). Continuing, by adding the transmittance curve 7(\) of the TPV device
and the spectral reflectively f5;(\) the tristimulus chromaticity coordinates (z,vy, z) can

be evaluated by their relative magnitude as:

X Y A

s 4 2.1
"TXyiv+z2 VT X vyz T Xiv+z (2.16)

Subsequently, only the (x,y) coordinates are needed to describe the 2D chromaticity
diagram or CIE1931 colour space (Figure 2.3).

An issue of CIE1931 is that the three dimension colour space in the rectangular
coordinates is not visually uniform. Therefore, CIE1976 (or CIELUV) was created. The

colour space was altered and the (x,y) coordinates, after mathematical transformation
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Figure 2.3: The CIE 1931 uniform chromaticity diagram with x-y chromaticity coordi-
nates.

are expressed as (u,v), again as a function of the tristimulus coordinates.

For the CRI calculation there is need for some additional parameters to be taken
into consideration. One is the adaptive colour shift that refers to the human’s eye ability
for chromatic adaptation to certain ambient conditions and second, the introduction
of the brightness of an object as factors that affect the colour that will be seen. By
summarizing, this new brightness/lightness coordinate W* is introduced and the above
mentioned chromatic coordinates, corrected for the distortion by chromatic adaptation,
will be expressed as a function of it and finally the updated CIE1964 uniform colour space
is derived. Nowadays, both CIE1931 and CIE1976 colour spaces are widely used.

An alternative color metric, based on CIE1976 is the CEILAB. CEILAB is useful
in applications, in which the chromaticity coordinates are described directly, typically as
a* and b* within the 3D CEILAB space (Figure 2.4.b). Precisely, a* and b* (latitude,
altitude in the colour sphere) represent the transmission and reflection, respectively and
they are also calculated by the tristimulus coordinates [56, 57]. A colour measurement in
the +a direction represents a shift from green towards red and a colour measurement in
the 40 direction represents a shift from blue to yellow colour. In the 3D map the third
chromaticity coordinate is L* (longitude in the colour sphere) and it indicates lightness,
which essentially reflects the human perception of contrast for given (a*, b*) and take
values from 0 (black) to 100 (white).
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Figure 2.4: Images of (a) low (up) and high (down) CRI
and (b) The 3D colour space CIELAB. [49]

2.2.2 Wavelength selective and non-selective transparent solar

cells

Relative to the application of transparent technologies, there are many requirements
and difficulties. The TPVs must exhibit high efficiencies, low fabrication cost, long op-
erating lifetimes that at the same time maintain high level of transparency. Currently,
there are various TPV technologies and can be categorized to wavelength-selective and
non-selective [49] (Figure 2.5). As non-wavelength selective TPVs, we define all those
photovoltaic technologies, of which the operating principle is based on photon harvesting
through the solar (or other source’s) spectrum targeting the maximization of the efficiency
and the level of transparency is defined by structural modifications and adjustments of
the device material. On the other side, the wavelength-selective TP Vs, achieve high levels
of transparency, by selectively collecting photons of energy lower (Infrared-IR) or higher
(Ultra Violet-UV) than the visible (Vis) part at 350-750 nm of the electromagnetic spec-
trum. In Figure 2.5, the most important TPV technologies are categorized by type, as
they have been distinguished elsewhere [49].

Starting from the "non-selective wavelength" TPVS, a great amount of research has
been adapted to the previous conventional PV technologies, such as the silicon ones [58].
The conventional PVs, use material of bandgap 1.1-1.7 eV and have essentially an opaque
structure, but present the higher efficiencies, close to the theoretical limit/max value for
p-n junction PVs [59]. Therefore, in order to increase the transparency level, effort has

been focused on either the thin-film technology, or on the spatially segmentation of the
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Figure 2.5: Diagram of main TPV technologies

PV’s active area. The idea is to reduce the active area’s surface allowing in this way
visible light to pass through the structure. It is self-evident that for these broadband-
absorbing devices when the AVT advances to 100 % the PCE approaches zero, due to
the inherent trade-off between transmission and efficiency. Therefore, the PVs of this
type are often called semi or quasi-transparent. The spatially segmented TPVs essen-
tially own patterned active areas or pinholes in the cell with with the gaps or holes to
be only the transparent substrate. Thus, by reducing the active area the transparency
increases. Despite the conventional PVs, also 3rd generation PVs, such as perovskites
have been tests in this category, utilizing micro-slices on the surface |60, 61]. In the
same line, thin-film technology is based on the perception of reducing the thickness of
the active area and vice-versa increasing the transmission. The performance and trans-
parency of a thin film depends on various mechanisms such as the the material used and
its micro-architecture (nanoparticles, nanotubes et al.), the thickness, the manufacturing
procedure (e.g. porosity control) and the deposition method. Typical thickness for a
thin-film ranges in the nm-ym scale and the most well-known deposition methods are
screen-printing [62, 63|, electrophoretic deposition [64] and sputtering deposition for nan-
otube deposition [65] and dip-coater [66]. Each method has advantages depending on the
application’s characteristics. Typical materials for thin films are perovskites [67], quan-
tum dots [68], single-junction organic PVs (OPVs) [69] or hererojunctions with bulkier
components |70] and even Dye-Sensitized Solar Cells (DSSCs) [71]. Essentially, for the
DSSCs, the contact conductive anode-cathode layer thickness, as well as the SC (e.g 11O,
nanoparticles) are in the nm scale.

Luminescent Solar concentrator (LSC) technology is another category for feasible
transparent energy-harvesting devices 72| (Figure 2.6). It contains a transparent sub-
strate doped with either dyes, or scattering nanoparticles. The incident light is either
absorbed (coloured SCs [73]), then emitted and driven towards the edges (the glass sub-
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strates acts as a waveguide plate), or it is directly driven (scattering LSCs |74]) to the
perimeter’s sides sides due to multiple scattering. There it is harvested by conventional
PVS of high efficiency. The glass substrate acts as a waveguide plate. Scattering LSCs
have the disadvantage that upon operation the optical losses are significant for wide ef-
fective areas (>5 cm), due to multiple scattering events that out-drive the waveguided
photons outside the device’s defined pathway. In terms of colouration they own a more
blurred surface than the coloured ones. The molecules that are used for doping can be
organic [73| or in-organic 75| and owns partial absorption in the visible, offering them a
variety of colours, but affecting negatively the AVT with PCE less than 7 % [73].

(A)  Incident light (B)
Waveguiding plate Total internal reflections
SN 2.
PR o
—_—
—_—
Fluorophore PV cell

Figure 2.6: (A) A schematic illustration of a LSC device doped with chromosomes. The
glass substrate works as the waveguide plate drive the fluorescence to the PV cell in-
corporated at the edges. (B) Picture of real LSCs of chomophores emitting at different
wavelengths. *The figure was taken from reference [76].

The second category of interesting TPV technologies is the "wavelength selective
one [77]. The basic principle is that the photon trapping material must be designed and
tuned to absorb in the "non-visible" part of the spectrum with reference the human’s eye
phototopic response, which will be the UV and IR. Continuing with the LSCs, two tactics
have been established. The first is to use dyes absorbing in the UV and emitting in the
IR, minimizing in this way re-absorption phenomena and the second is to absorbing and
emitting in the IR. In the first case the devices managed to exhibit the impressive AVT
of 84 %, CRI of 94 %, but with very low PCE, less than 2 % [78|, which is due to the
low UV percentage that can be harvest in the solar spectrum, compare to the Vis and
IR. As for the second case, of IR-selective solar concentrators, the record up-today AVT
of 88 %, CRI of 94 % was achieved by using organic salt derivatives by Lunt et al. [79],
but with efficiency less than 0.4 %, due to re-absorption mechanisms.

Last but equally important case, is the "UV /IR wavelength-selective PVs". The ma-
jor candidates of this category are the Organic PVs (OPVs) or Polymer PVs (PVs), the
DSSCs, as well as the Quantum dot PVs (QPVs). Broadband research has been focused
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on each component achieving high levels of transparency and defining the limitations,
with most important the dyes of selective absorption, which essentially defines the final
AVT. Relative to OPVs, Lunt first introduced in 2011 an organic heterojunction con-
sisting of a phalocyanine dye as donor and a (g moiety as acceptor, achieving in this
way AVT of 65 % with PCE of 1.7 %, when using back-positioned NIR reflecting mirrors
[80]. Later in 2012, PCE of 4 % were reached, with AVT of 64 % utilizing the polymers
PBDTT-DPP and PCBM and the top electrode consisted of a merge of ITO nanopar-
ticles and Ag nanowires [81]. In terms of PCE, a record value of 5.1 % was achieved
by the company Ubiquitous Energy, but with a modest AVT value of 52 % [49]. Tt was
based on a single junction device of a NIR-selective excitonic semiconductor, converting
in the range of 650-950 nm. Adding to the previous, there are various works relative to
donor-acceptor PVs, that reached PCEs close to 10 %, but the AVT is pronounced low,
below 35 % [82, 83|. Another very promising UV /NIR wavelength-selective technology
are the DSSCs. They are advantageous due to the relative simplicity of the device, in
which both photon collection and carrier separation occurs on the same layer. They ex-
hibit high level of AVT and CRI that can be adjusted simply by finely tuning the dye’s
absorption and electrodes thickness. A notable DSSC example, with the higher PCE and
AVT was published in 2014 by Han et al [84]. It was based on a squaraine dye with a
peak maximum transmittance value of 60 % at 560 nm, attributing a "greenish" color to
the DSSC and a PCE of 3.66 %. Another, example, referring to semi-transparent DSSCs,
was proposed by Demadrille et al. [85]. They reported the high AVT of 59 %, but in the
dark and under illumination the transparency decreases, but the PCE reaches the high
value of 3.7 %.

In conclusion, all PV technologies present advantages and disadvantages. When the
selection criteria narrow to TPVs, parameters like AVT and CRI et al. become crucial
for transparency characterization and aesthetic assignment. Therefore, and taking the
above progress of the various, up-to-date, technologies into consideration the TPVs that
will most likely dominate, will contain molecular absorbers, as their discrete absorption
bands allow more selective light harvesting. For this reason the current PhD study fo-
cuses on the investigation of wavelength-selective DSSC TPVs. Important findings will be
presented relative to three dyes cyanine (VG20) [86] and pyrrollo-cyanine dyes (TB207,
TB423) that harvest photons exclusively in NIR and exhibit unprecedented and record
efficiencies (> 4 %), with regard to their transparency (AVT=75 %). In the following
section, we will present the major dyes that can be used as sensitizers in operation DSSCs

and belong in the family of NIR molecules, promising for see-through applications.
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2.2.3 Dyes for Dye-Sensitized-Solar-Cells designed for the near-

infrared

NIR selective sensitizers are possibly the most important components related to the
transparency of the DSSC device. Their fine tuning relative to their HOMO-LUMO en-
ergy band-gap is essential with respect to the conduction band (CB) of the semiconductor
(SC), as it defines both the optical properties and colouration of the dye, as well as the
well function of the device. For the NIR dyes’ design there are some limitations that
must be overcome and will be discussed below.

While the visible radiation (350-700 nm) includes the 45 % of the total solar energy
(Figure 2.7 left), the red/NIR (600-1000 nm) accounts only for the 25 % of the solar
energy flux [87, 88|. For this reason, it is essential that all photons below the threshold
of 920 nm [89] be harvested by the device. The majority of the studies on DSSCs have
been focused on sensitizers that absorb in the visible, with upper limit the 700 nm (1.7
eV). One of the main drawbacks of NIR dyes, is that the HOMO-LUMO bandgap is
relative low (1.3 e€V), due to the absorption at longer wavelengths. In this manner and
with respect to the energy correlation described in previous sections, the LUMO energy
level must be higher than the SC’s CB, which for the case of the standard 705 is around
Ecp =—0.2¢eV (E, = 3.2). This restriction is difficult to be satisfied with dyes that have
been synthesized to absorb at low energies and therefore when the LUMO is at equal or
lower level, compared to the CB, the driving force for injection is very low or zero (Figure
2.7 right). LUMO should be typically 0.2 eV higher then the CB. This issue couldn’t
be satisfied by changing the SC material to one with lower CB level relative to T70.
Reducing the CB’s level could possible increase the yield for undesirable geminate (back)
and non-geminate (indirect) recombination mechanisms to occur, reducing the electron
collection and finally the PCE. One way of finely tuning this interplay between the energy
levels is the electrolyte composition. As in the original work of Graetzel et al. that influ-
enced the majority up to date of researches in the field, the 79O, has been matched with
the I; /I~ redox couple [1]. However, alternative combinations could be used, such as
metal-based electrolytes (eg. C'o?T/Co®") for successful regeneration and sensitizers with
appropriate bandgap could be synthesized for these applications [5, 6]. An alternative
that it is also used in the framework of this Thesis work, is the use of additives in the
electrolyte, such as Li™ in the I3 /I~ based electrolyte. The Li* atoms adsorb deep into
the SC’s layer and after thermodynamic equilibrium the CB position downshifts. In the

same manner the concentration of additives is important to be examined with respect to
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the photovoltaic performances.
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Figure 2.7: (Left) Standard solar spectral irradiance at A.M.1.5 G conditions at the
sea level and the eyes’ photopic response (blue-dotted). (Right) Dye’s HOMO-LUMO
(red) band positions, 7905 VB-CB energy gap (gray) and I5 /I~ couple redox potential
energy level (orange). —AG;,; corresponds to the driving force for injection and equals
the difference between the SC’s CB and the dye’s LUMO. —AG,., corresponds to the
driving force for regeneration and is equal to the potential difference between the dye’s
HOMO level and the redox couple potential of I3 /1.

In addition to the energy level interplay and positions, fundamental requirement for
the choice of dye is the high molar absorption coefficient in the NIR region, but not in
the visible. Therefore, transitions located in the near-UV (Sy — Ss, Sy — S3 etc) should
own very low extinction coefficient and only the transition to the first singlet-excited
state (Sy — S1) should be boosted, resulting in strong and narrow (selective) NIR ab-
sorption. Good physical, chemical and thermal stability of the dyes are equally important
parameters [90], as well as the low-fabrication cost and the environmental and human
friendly properties (e.g. no-toxicity). Another drawback of all dyes attached on DSSCs
is the formation of aggregates [91-93|. Energy transfer from monomers to aggregates
and inefficient injection to the SC from the aggregates strongly reduces the PCE. This
energy transfer interaction depends on the spectral overlap of monomers’ emission and
aggregates’ absorption, which by its turn scales with \*, indicating a greater effect for
NIR dyes [90]. A more detailed and analytical description of the "aggregate issue", in
terms of photophysics and on real DSSC devices will be given in Chapter 3 of the thesis.

The main categories of NIR dyes can be divided in those containing metal or non-

metal sensitizers [88]. Relative to the NIR-metal-free dyes, this category includes poly-
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methine dyes such as cyanines |87, 92, 94|, squaraines [84, 90|, croconites [95] and dike-
topyrrolopyrrole (DPP) dyes [96]. As for metal NIR complexes these can be Porphyrins
[97-100], after proper structural engineering and Phthalocyanine dyes [101-103|. To con-
clude and taking the above into consideration, there are numerous cases of NIR dyes that
have been used and explored for DSSC applications. Narrowing the interest to selective
NIR wavelength applications the choices reduce further and careful selection and syn-
thesis strategy must be adopted. In the context of the following PhD study the dyes of

choice belong in the family of polymethine dyes (cyanines and pyrrolopyrrole-cyanines).

2.3 Ultrafast Spectroscopy on DSSCs

In DSSCs, as well as in all energy-harvesting applications, all photophysical pro-
cesses are energetically coupled. Multi-step electron transfer and transport mechanisms
take place from time zero, which essentially refers to the interaction of the solar photons
with the collection antenna of the device, up to the final conversion to electrons and col-
lection from the external circuit. The relative dynamics of each process are well aligned
and principally defines the final PCE efficiency. Therefore, the temporal identification
and analysis of the charge transfer processes is significant and numerous techniques have
been developed forming the field of study for time-resolved spectroscopy.

The concept of time-resolved spectroscopy introduced since 1950 with flash-photolysis
offering timescales in the range of us and ms [104]. Later, the conception of lasers and ad-
vance of mode-locking techniques offered even shorter resolutions in the fs-ps and ns time
scale. In the framework of our study we perform optical ultrafast spectroscopy, commonly
referring to the fs-ps time domain. More advanced ultrafast spectroscopic techniques in-
clude laser beams with frequencies tuned to THz and X-ray and can be currently offered
by modern high laser power facilities and free-electron lasers (e.g. THz FEL, XFEL).
In their most classic form, ultrafast time-resolved experiments are based on a two-beam
interaction and hence this kind of spectroscopy is commonly named Pump-Probe [105,
106]. The pump beam excites the sample under investigation and photoinduces all the
measured kinetics. The probe is essentially a broadband pulse and arrives at the sample
after a series of increment delay times. A recent development of these set-ups refers to
the field of multi-dimensional spectroscopy [107-111|, which fundamentally utilizes mul-
tipulse pump-probe beams by creating and probing, respectively, coherences associated

with vibrations or coupling of electronic transitions.
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Figure 2.8: Typical molecular excitation processes at various excitation energies, wave-
lengths and frequencies from X-ray to THz. M, ", stands for the ionized molecule with
a core hole, M for the ionized molecules with a valence hole and M* for an excited
molecule. *The figure was taken from the reference [69]

e Time-resolved optical spectroscopy

One of the most widespread means of time-resolved spectroscopy on energy-
harvesting systems is optical spectroscopy. This includes fs transmission (or scat-
tering) and fluorescence spectroscopy and will be the main spectral region for our
study. Detailed analysis of the photophysical mechanisms occurring in this spectral
and time domain will be reminded and introduced in chapter 3 of the thesis and
a detailed demonstration of these techniques in chapter 4. For energy-harvesting
systems, such as the DSSCs, the experimental conditions should be close to the
real-life operation ones of 1 sun solar radiation or 100 mW - em~2. For visible ex-
citation wavelengths the photon energy is the same as for the solar radiation. The
energy density can be different, but typical fs pulsed lasers have repetition rates
of 1-5 kHz and in this manner the number of photons/cm?/s can be comparable
with the sun’s irradiation [69]. Additional attention must be given to the excita-
tion energies for realistic DSSC operational settings. If the pulse energies exceed a
threshold point non-linear processes can occur, for instance Exciton-Exciton anni-
hilation or Two-Photon absorption. Nonetheless, the exact value of the threshold
depends greatly on the dye’s properties. For DSSCs it is possible that the sensi-

tiser molar absorption coefficient is large, especially for NIR selective dyes for TPV
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applications (> 100'000 M~'em™'). Therefore, even in real-life operation under
standard illumination conditions multi-exciton generation can take place. Hence,
time-resolved investigation of the ultrafast processes by increasing the pump flux
could be of great interest. Various works e.g. from A. Douhal, M. Ziolek et al.[112]
and J. Moser et al.[113, 114] indicated the effect of the competition of intermolec-
ular processes, such as self-quenching through e.g. singlet-singlet annihilation, to

the population kinetics and charge-carrier injection.

e Time-resolved THz spectroscopy

THz refers to the far infrared frequencies, typically from 0.1 to 10 THz. In semi-
conductor systems inside solar cells, time-resolved THz spectroscopy directly mon-
itors the charge carrier dynamics [115, 116]. Specifically it monitors the transient
conductivity in the fs-ps-ns timescale revealing indirectly both intra and interparti-
cle transport mechanisms [117]. If the pump beam is in the UV the photoexcitation
generates electrons in the SC via interband photoexcitation, while Vis photoexci-
tation results in electron injection from the dye to the SC. In addition to the pump
beam, there are the probe (collected THz radiation) and the gate (800 nm). By
controlling the delay pump-probe the change in photoconductivity can be measured
and by varying the delay of the gate if is feasible to record the map of the THz
electric field probe. The change in photoconductivity (Ac) can be expressed with
the following equation [69, 118]:

Ao Eepe(w) — Eys(w) eoc 1

Nexc€o B é-(’ue * Mh) T Egs(&)) F@O 1 —e D

(2.17)

where, n...eo is the product of charge density with the elementary charge, £ is
the quantum yield of photoexcited carriers, p. and p; the mobilities of electrons
and holes. FE.,.(w) is the THz electric field through the sample in its excited and
E,s(w) ground state. c is the speed of light, € is the permittivity of vacuum, D the
sample thickness, I’ the light fluence at the pump wavelength and « the absorption
coefficient. Noteworthy, after the excitation from the pump, in order to detect
charge carriers with this technique, they must 1) be created (e.g. after electron
injection from the dye to the SC) and also their mobility must not be too low. Rise
of the photoconductivity kinetics indicates the generation of the charge carriers on

the SC and/or the increase of their mobility.
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e Time-resolved X-ray spectroscopy

There are various time resolved-X-ray spectroscopic techniques. X-ray scat-
tering already offers unique structural information and when time-resolved, X-ray
diffuse scattering (XDS) is able to monitor structural changes in the dye or the
interacting media [119]. Additional useful techniques are based on the function
"photon-in, electron-out" such as the X-ray photoelectron spectroscopy (XPS) or
Auger electron spectroscopy (AES) [120] and X-ray emission spectroscopy (XES)
[121, 122]. X-Ray emission probes weak and sensitive emission lines, rises experi-
mental challenges to measure e.g. valence to core transitions (VI'C) (Figure 2.9)
and essentially is a complementary spectroscopic technique to the X-ray absorption
spectroscopy.

X-rays are, originally, ionization radiation, offering enough energy to eject a
core electron from an atom. In Figure 2.9.A the low-resolution X-ray absorption
spectrum for Pb is presented, revealing the three major transitions of K, L. and
M edges corresponding to the excitation of an electron from n=1, 2 and 3 atomic
shells, respectively (Figure 2.9.D), where n are the principle quantum numbers [123,
124]. For example, excitation of an 1s electron occurs at the K-edge, while exci-
tation of a 2s or 2p electron occurs at an L-edge. On its turn, X-ray absorption
spectroscopy (XAS) is based on this principle, of tuning the photon energy to a
range where the core electrons are excited and presents a powerful tool to iden-
tify the local geometric and electronic structure of the sample. Originating from
XAS, the plot of the absorption against the photon energy (eV) exhibits a specific
structure (Figure 2.9.C), which is named Extended X-ray absorption fine structure
(EXAFS). Different "structure" regions are shown, such as the edge and near-edge
(XANES), referring to the manifold of empty bound states at the pre-edge, which
position and features refer to possible transition into LUMO and bound states [22].
Towards higher photon energies there is the extended X-ray absorption fine struc-
ture (EXAFS) that refers to the continuum that can be populated with excitations
at energies higher than that for the bound states. The modulations in EXAFS
right after the XANES can contain information relative to the structural dynamics.
In general, EXAFS was one of the first techniques in which sub-ps resolution was
achieved [125]. Relative to the time-resolved framework, X-ray Transient Absorp-
tion (XTA) spectroscopy is advantageous and has been established as a common
tool to monitor molecular structures in chemical reactions and the structural pa-

rameters that influence the reaction pathways [126]. As a pump-probe technique
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Figure 2.9: (A) The Absorbance to the incident photon energy low-resolution spectrum
for Pb with the three indicating major transitions K, L and M. (B) Schematic princi-
ple of the X-ray pump-probe spectroscopy. (C) Representation of the X-ray absorption
spectrum distinguish the pre-edge, edge, near- edge (XANES) and above edge (EXAFS)
"structural" regions and (D) the atomic electronic levels from the core K to the higher
L and M, up to the continuum. *Figures (A) and (C) were modified based on figures in
reference [76].

XTA is based on the idea of optically exciting the sample and initiating the chem-
ical reactions and the probe beam coming at a delay time (t) with respect to the
pump, (Figure 2.9.B) is replaced with X-ray pulses at specific energies. Thus, a
unique advantage of XTA is the ability of simultaneously resolving both transient
electronic and local (around the probed atom) nuclear structures in photoexcited
systems utilizing one single set-up [126]. XTA can be used for any kind of sam-
ples including energy harvesting applications, such as the DSSCs [127-130]. A well
illustrated study has been made for DSSCs containing metal complexes such as
RuN3 [127]. Upon photo-injection the Ru-N(dcbpy) bond length remains nearly
unchanged, while the Ru-NCS bond length reduces, indicating the different struc-

tural response upon charge separation. This work demonstrated the great potential
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of XTA in studying fundamental structural-functional correlations in an operative

interfacial and heterogeneous DSSC system.

e Infrared time-resolved spectroscopy

An important technique among many types of time-resolved spectroscopies
uses the Infrared wavelength region [131]. Two ultrafast techniques in this region
can be utilized for DSSC applications. First, the fs Time-Resolved Infrared Vibra-
tional Spectroscopy (TR-IR) and the fs-Stimulated Raman Spectroscopy (FSRS).
The substance of TR-IR is the investigation of the interplay between the vibra-
tional (or structural) processes with the photoinduced electron injection and the
intra-charge separation of the system (the dye-sensitizer for DSSCs). Many groups,
such as Vauthey and co-workers investigated intramolecular effects relative to the
charge separation upon photoexcitation by monitoring the time evolution in the ps
timescale of the n-bridges of a series of symmetric organic molecules with Donor
and Acceptor groups [132-134]. They experimentally utilized in this manner the
TR-IR technique and identified that the symmetry breaking of these dyes occurs in
times similar to fast solvation and it is highly driven by the solvent polarity. This
insight in the fundamental photophysics of the sensitizer could be applied in real
DSSCs and monitor the effect of carrier injection in the dye structure, as well as
identify possible competitive channels to the injection. Current examples for DSSC
applications involve the study of metal oxides and interfaces [135, 136]. FSRS and
fs inverse Raman spectroscopy (FIRS) have also been applied to metal complexes
[137] with potency for DSSC applications. These techniques have led to more ad-
vanced configurations such as the fs-stimulated Raman microscopy and naturally
multi-dimensional spectroscopy [137]. Finally, visible-pump mid-IR probe tech-
niques have been frequently used to monitor electrons in metal oxide conduction

bands and thus the electron injection dynamics [138].

There are many ultrafast time-resolved experimental techniques that can be uti-
lized to investigate various physical and chemical photo-induced processes taking place in
DSSCs. In this section the most important and widely used were quoted, starting from
the optical /visible spectroscopy, which is our field of interest and continue with Photo-
conductivity THz spectroscopy, X-ray and Infrared. More advanced techniques, such as

two or multi-dimensional spectroscopy constitutes the physical extensions of the above
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mentioned techniques offering advanced capabilities, such as the coupling of the electronic

dynamics with vibronic coupling and make feasible to explore fundamental phenomena

in detail.
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Chapter 3
Photophysics

In this PhD Thesis, the study has been focused on the examination of the ultra-
fast mechanisms of the dyes incorporated in real DSSCs. All the measured photophysical
properties of the dye-sensitizers in solution start with the photoexcitation/absorption and
ends with the luminescence. In DSSCs upon attachment to the SC different species such as
molecular aggregates, between the dye-monomers can be formed and intra/intermolecular
processes of energy transfer and electron transfer can take place. The fundamental pho-
tophysics of both monomers and aggregates are well known since many decades, but a
quick reminder of the most important mechanisms is important, as well as the up-to-date

bibliography highlights on aggregates.

3.1 Basic Photophysical Processes

The Perrin-Jablonski diagram (Figure 3.1) demonstrates, in the simpler form, the
molecular electronic states with their respective vibronic levels and the basic relaxation
pathways upon absorption/excitation. It is a stochastic overall representation of the sys-
tem containing important information relative to the unimolecular processes and is often
used for oversimplified descriptions of a photophysical model. However it misses informa-
tion such as the coordinate-dependent state crossing, thus it doesn’t contain information
about the nonadiabatic transitions at conical intersections, which can be important for
systems that undergo, for example, isomerization. In additional, it ignores the rotational
modes of the molecule and the interaction with the environment’s bath, which participates
in the energy reorganization upon the transitions. A typical and generally experimentally
observed, relationship between the time scales of the basic photophysical mechanisms is
~ 10 — 20 fs for absorption, 10712 — 107 1% s for vibronic relaxation (VR), 10711 — 1079 s
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for internal conversion (IC), 107!% — 1078 s for intersystem crossing (ISC), 1071% — 10775
for fluorescence and finally 107% s — min for phosphorescence. For the systems of our

study ISC and therefore phosphorescence don’t occur.

~IC & T Isc =
—N el v % ISC | —
—— S T,

- Fluorescence
VC\___Absorption [Phosphorescence

4\ T\

i
v ¢ Vv
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Figure 3.1: Perrin-Jablonski diagram for unimolecular processes in the optically excited
dye-molecule. (i) Absorption, (ii) vibronic relaxation or cooling (VR or VC), internal
conversion (IC), intersystem crossing (ISC), fluorescence and phosphorescence.

Absorption expresses the probability for an electronic transition to occur from the
ground state to states of higher energy or equivalent from a lower occupied molecular
orbital to higher unoccupied orbitals. Experimentally in the standard cases absorption

can be calculated using Beer-Lambert law [1-4] as:

I

A(N) = =logT(\) = —log(h

) =¢e(\)CD (3.1)
where, T is the transmission and I3 and I, the light intensities when enter and exit
the absorptive sample, respectively. In Beer-Lambert’s part, e(\) is the molar absorp-
tion coefficient (Lmol™ em™'), C the concentration of molecules (mol L™!) and D the
sample’s thickness (ecm). The VR process is slower compare to absorption in agreement
with the adiabatic or Born-Oppenheimer approximation assuming that electronic and
nuclear motions can be separated. The relation of nuclear and electronic energy levels
is, approximately, £, = 100E”", derived by the adiabatic approximation [3]. Upon exci-

tation to a higher vibronic level of an excited state the system, via vibrational cooling
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or thermalization, relaxes to the zero vibronic level of the electronic state. The excited
system will eventually be driven to the lowest level of the first singlet excited state (S7)
and from there it will either relax to the ground state (Sp) (Kasha’s rule) radiatively
via fluorescence, or non-radiatively via IC [5]. Alternatively, S; can be driven through
the non-radiative process of ISC [6] to the first triplet excited state (7)) and then de-
activate to the Sy radiatively through phosphorescence [1, 2| or non-radiatively through
IC. IC is a S-S transition and therefore dipole-allowed, when ISC is S-T transition that
requires a change of spin, consisting a forbidden-transition, meaning a transition of low
probability. Therefore phosphorescence is a rare mechanism, usually occurring in dyes
containing heavy atoms (e.g. metal complexes) and in the scope of this Thesis only
fluorescence is observed. In general terms, the total deactivation rate of the system is
described as the sum of the radiative rates (kg) and non-radiative rates (kypg) and the

photoluminescence’s quantum yield (PL)

kg

= 3.2
kr+ kng ( )

npL
directly showing that the overall emitting character of the molecule depends on this exact
competition between radiative and non-radiative processes.

Experimentally, the fluorescence intensity Ir at a specific wavelength Ap is propor-
tional to the emission spectrum F\(Ar) which wavelength integration in the range [0, 0o]
gives the fluorescence yield ¢, the intensity of the incident light Io(Ag) and the num-
ber of absorbed photons (or the absorption intensity [4(Ag)). Then, from substitution
of I4(Ag) from the Beer-Lambert law, the fluorescence intensity for a fixed excitation

wavelength \g and relative low concentration C, can be written as

and indicates that the fluorescence intensity is proportional to the concentration, only
for low absorption. In the above equation e(Ag) is the molar extinction coefficient at Ag
and k a proportionality constant that depends on the instrument’s detection solid angle

and the bandwidth of the monochromator.

45



3.2. Theories of Energy and Electron Transfer Chapter 3. Photophysics

3.2 Theories of Energy and Electron Transfer

Excitation energy transfer and photoinduced electron transfer mechanisms are the
central pillars for systems used in solar energy-harvesting applications. The subject
of this Thesis highlights the DSSCs’ technology, in which the charge separation in the
dye/SC interface is critical for the total performance. Energy transfer (ET) by itself
doesn’t lead to charge separation, but in densed packed systems such as DSSCs, intra

and intermolecular processes can occur and finally affect the photocycle of the device.
3.2.1 Excitation Energy Transfer

ET or energy migration can occur between molecules of the same or different species
and it requires donor (D) and acceptor (A) species (Figure 3.2). It can be radiative
or non-radiative. Radiative it is displayed in the sense of re-absorption that reduces
the quantum yield of donor’s emission. On account of this, it can be the main loss
parameter for particular technologies, such as LSCs as it was described in chapter 2. The
probability («) of self-absorption depends greatly on the overlap of the donor’s emission

and acceptor’s absorption spectra and expressed for relatively low concentrations as [1]:

2.303CD [Omim
o0=——"

77F Umazx

Fv)e(v)dv (3.4)

where F'(v) the fluorescence spectrum over all frequencies and the integral represents the
spectral overlap and (ng) the fluorescence quantum yield of the donor in absence of the
acceptor.

Non-radiative ET is expressed either by Coulombic interactions and is often called
Forster Resonance Energy Transfer (FRET), or by exchange mechanisms and then is
called Dexter Electron Exchange (DEE).

It is important to highlight that for both FRET and DEE the intermolecular coupling
between the D and A is very weak. The vibrational relaxation is much faster than the
energy transfer process and in this adiabatic case, similar to Kasha’s rule the system
relaxes to the lower vibrational level and the transfer occurs in later times. In this case
the energy transfer rate, which is a parameter that contains a lot of information and is an
important process for energy harvesting applications, depends on the spectral overlap J

between the donor’s fluorescence spectrum F()\) and the acceptor’s absorption extinction
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Figure 3.2: Schematic representation of the photophysical aspects of long range FRET
(top) and short range DEE (bellow) processes with intermolecular distances r>10A>1".

coefficient g()):
J= / F(N)e(M)A*dx (3.5)

In the above mentioned conditions the rate of ET for the system D-A can be described
by Fermi’s Golden rule, which by its turn is proportional to the square of the interaction
energy of the system (k oc U?). U by its turn contains both the Coulombic term (U¢)
and the exchange term (Ug). As it was mentioned the difference between FRET and
DEE lies in the distance between the D and A that defines the interaction energy of the
system. Starting from the final wavefunctions of the two species system (Vs 4, ¥p4+) and
considering that only two electrons (1 and 2) are involved in a transition, the interaction

energies (Coulombic and exchange) from the perturbation theory are defined as:
Uc = (2p(1)24(2)[V|®p(1) D% (2)) (3.6)

and
Up = (25 (1)24(2)|V[®p(2)P%(1)) (3.7)

where the perturbation V' is the Coulombic interaction that causes the transition and is

expressed as a multipole expansion. For the case of FRET only the first dipole-dipole
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term is weighted and the equation 3.6 can be re-written as:

[7[°

where pp, pa the excitation transition dipole moments of D and A respectively and
r the intermolecular distance. Finally, the FRET rate is expressed as:
1 Ry

kET:_(
™ T

)° (3.9)

where 7p the excited state lifetime of the D in absence of the A and Ry o< J the Forster
distance, which is defined as the distance in which the ET efficiency ngr is 50 %. ngr
can straightforwardly, be defined as:

— — 3.10

0

The significant information derived from the equation 3.9 is the dependence of the kgr
with the 6" power of the distance D-A. For solid-state, densed packed and inhomogeneous
samples, such as the DSSCs, the dye-to-dye distances come as a distribution. Therefore,
kgt cannot be resolved by a single exponential kinetic rate equation and comes out as
a distribution too. The degree of the inhomogeneity can be evaluated by fluorescence
time-resolved studies including it in the fitting function as a power to the exponential
population decay [7-12].
For DEE, the exchange term Uy of the total interaction energy represents the electrostatic
interaction between the electron densities. It has quantum-mechanical origin and for
electron transfer to occur the wavefunction overlap is essential. It dominates when the
D and A transitions are spin forbidden and r < 10 A, which essentially is assumed a
"contact" case. Consequently, we can write:
o2
Up = (2p(1)2a(2)|—-|2p(2) P4 (1)) (3.11)

and again based on Fermi’s golden rule,

2m —2r

where K a constant not related to optical properties, h the Planck’s constant and L the

Bohr radius. Noteworthy, Dexter’s exchange krp doesn’t depend like in FRET case, at
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the 6" power of r, but owns an exponential dependence.
3.2.2 Electron transfer

Different from energy migration, electron transfer is a mechanism in which an electron
is permanently relocated from the D to the A and constitutes an important photochemical
process. The rate of the electron injection was first described according to the well-known
Marcus Theory [13, 14]. In the classical approximation the total free energy G is plotted
with respect to one-dimensional global reaction coordinate x by simply using the linear
approximation [3]. Figure 3.3.(A-E) presents in detail different possible configurations of
various A’s displacements with respect to the D’s energy height. To allow, energetically,
electron transfer to occur the energy curve of A must be lower than the one of D (figure
3.3.C) and the reaction is then called exergonic. If D and A are identical (figure 3.3.B),
both parabolas are symmetric and located at the same energy level then the situation
describes a self-exchange mechanism with no clear-charge separation between the moieties
(similar to Dexter exchange). Evolution in x leads the system to the Intersection Point
(IP) of the D’s and A’s curves or at the Transition State (TS) according to Marcus Theory.
At the point a quasi-equilibrium between the D and A takes place and electron transfer
has a probability to follow via thermal activated hopping (Figure 3.3.C-E). The energetic
barrier AG* for electron transfer to occur is defined with straight forward mathematics

from figure 3.3.C as:

L AL AGY,
AG" = Z[1+——]

The reorganization energy is denoted as A\ and is defined, in a general way, as the energy

(3.13)

required to alter the configuration of the D into the configuration of A after electron
transfer. An important parameter for the DSSC applications is the driving force, AG®
that is consequently defined as the difference of the electronic potentials between the D
and the A or between the Dye and the SC for DSSCs. Interestingly, when the driving force
increases (Figure 3.3.c to 3.3.d) the electron transfer rate accordingly increases (Figure
3.3.G), but there is a critical point after maximization of the rate that additional growth
of the driving force results in decrease of electron transfer rates. This inverted region has
been predicted by Marcus theory (Figure 3.3.E) and demonstrated experimentally.

In the classical picture, as it was mentioned above the two energy curves are dis-
tinguished and the transfer occurs at the intersection point. If the interaction energy is

large compared to the reorganization energy and according to a quantum approach the
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(A) (B) © (D) (E)
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Reaction path
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Figure 3.3: Schematic representation of the free energy parabolas of a D and A at distant
d and varying the energy level height of the A from high to low (A)-(E) with respect
to the D’s height. (F) demonstrates the difference between the non-adiabatic (left) and
adiabatic (right) regime and (G) illustrates the dependence of the electron transfer rate
to the driving force for injection and revealing the predicted Marcus inverted region.

intersection point is energetically degenerate and the degeneracy is removed by an ener-
getic splitting A, which equals to twice the interaction energy or the electronic coupling
of dye-SC. This case is commonly described as an adiabatic regime (Figure 3.3.F.left).
In the adiabatic case, which constitutes the classic Marcus regime, there is no direct dis-
tinction between D and A and the reaction takes place in one adiabatic state, according
to the Born-Oppenheimer approximation, through the evolution of x-reaction path. The
non-adiabatic regime dominates when the coupling between D and A is weak and refers to
direct transitions from vibronic level of D to a vibronic level of A. This regime is studied
for low temperatures and therefore for the high temperature limit (fw,;; << kT) both
vibrational systems can be treated classically and the expression for electron transfer
becomes the conventional electron transfer rate equation via Marcus |3, 13-22:

2 o5, 1

Kpr = —

( (A + AGy)?
ho 27T

1/2 o[
)< expl DT ]

(3.14)

where V is the electronic coupling of the D and A that depends on the overlap of the

electronic wavefunctions and also exponentially scales with the distance D-A.
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For the interconnected system Dye-SC, it is important to highlight that Marcus
theory refers to a transition from one electronic state of the dye to the density of states
(DOS) of the SC. Therefore in the classical view (Figure 3.3.F.left) the A state is replaced
by a manifold of parabolas representing the CB levels of the SC. Thus, for the transition
from the LUMO to a i-th conduction band of the SC, in the equation 3.14, the rate Kgr(;)
and the coupling V(;) would be replaced. In the same manner, if due to the heterogeneity
of the sample there is a distribution of D states, then the corresponding distribution of A
states p within the distribution of D states is also taken into consideration. Finally, in a
strong approximation it can be assumed that the excited state of the dye is in an optimal
position with a range of conduction bands of the manifold and therefore (for the high
temperature limit) there is no need for energy matching mechanism through molecular
vibrations and only the Kg7 depends only to the electronic coupling [19, 23, 24|. The
final Kgp relationship in this case described in equation 2.3 essentially corresponds to
Fermi’s Golden rule. Interestingly, electron transfer can be one of the fastest mechanisms
in nature with fast electron injection times to have been found in DSSCs to be even 6
fs [19]. For strong coupling cases electron injection occurs much faster than vibrational

relaxation, from a higher vibronic mode of the excited dye.

3.3 Exciton Theory of molecular aggregates

In closed packed systems such as the DSSCs two dye-monomers can be brought in
very close distances and electrostatically interact. The product of this interaction could
be the formation of aggregates or as it was described by M.Pope [25] physical dimers.
Physical dimers are a product of a specific spatial arrangement of the two monomers
that are just bound by dipole-dipole (van der Waals) forces without forming a chemical
bond [3]. Therefore, the spectroscopic properties of these broader systems result from a
superposition of there constructing units (monomers). In many cases there is an energetic
interaction that indicates a common response in the total molecular behavior. This
general response is integrated in one entity named exciton [25]. Therefore, excitons form
after excitation in the fs time scale. More analytically, they are neutral quasi-particles,
consisting of an electron (e¢7) and a hole (h'), electrostatically attracted with each other
as introduced in the first place by Frenkel (1931) [26] and generalized afterwards by
Peierls (1932) and Wannier (1937). An alternative definition given by Feynman defined

an exciton as a neutral quasi-particle that can move inside a molecular structure without
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affecting the structure itself [27].

In Figure 3.4, an organized package of lattice sites in a SC is demonstrated. There
are two extreme cases of excitons. If the distance of e-h or the exciton’s radius’s is larger
than the lattice constant inside the inorganic crystal then the systems is described by the
Wannier-Mott excitons. At room temperature, the binding energy is very low (< 40meV)
and the Wannier-Mott excitons can dissociate into free carriers. The alternative extreme
case is defined by the Frenkel excitons and can be found in solids consisting of weakly
interacting units, such as aggregates. In this scenario the radius is smaller or of similar
size as the molecular moiety (< 5 A). At room temperature, Frenkel excitons are stable
compare to a previous case and delocalized. Finally, the intermediate case of a charge-
transfer exciton is defined as polaron. The diameter of the exciton covers the sites of the
neighbor molecules and the systems can be formed usually in organic solids. The polaron
is weakly Coulombic bound compared to Frenkel excitons, but it doesn’t completely

dissociate into free charges.

Figure 3.4: Different exciton types of various exciton radius over the lattice sites.(A)
Frenkel exciton, (B) Charge-transfer exciton or Polaron and (C) Wannier-Mott exciton.
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3.3.1 Kasha’s classic theory

As it was mentioned above weak Coulombic interaction between two monomers in-
duces the formation of physical dimers. Kasha described the energy band splitting (Figure
3.5) of the final dimer or aggregate, based on the point dipole approximation model that
he developed [28]. In terms of the first interaction, the excited state S of the dimer
is energetically lower than the monomer’s one, by a AF factor that denotes the weak

attractive Coulombic energy of the interaction of the excited state Sy of the first with
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the S of the second. Therefore, the new Si,4, is initially degenerate by containing both
absorption intensities. The degeneracy breaks resulting into two possible excited states of
higher and lower energy. The reasoning lies in the interaction of the transition of dipole
moments two interacting monomers. If they oscillate in phase the dipole-dipole inter-
action is repulsive and the formed state is pushed energetically higher and the opposite
attractive interaction takes place for the out-of-phase dipoles. The resonance interaction
energy V has already been expressed, according to the point dipole approximation be-
tween the two transition dipole moment, in equation 8 and herein is re-written for the

two monomers as follows:

(i - B|RP) - 3(a - B) (i - B)
Bk

Veour = (3.15)
where 1 and o the transition dipole moments of the monomer 1 and 2, respectively and
R the intermolecular distance. For the same molecules ;7 = fiz and for parallel dipoles
or H-aggregates, 7i; - R = 0 and for head-to-tail dipoles or J-aggregates, 17 - R = pu R.
Consequently, for the first case, of H-aggregates the interaction energy is V = %132 > 0
and for the second of J-aggregates V' = —2%2 < 0. All the in-between displacements in
this co-planar geometry are described by V' = %(1 —3c0s%0) where always one transition
is allowed and € varies (Figure 3.5) from 0° for J-aggregates to 90° for H. Interestingly,
both transitions can be populated and be active by owning a sufficient dipole moment,
for an oblique geometry, where:

-2

V= %(cosa + 3cos%0) (3.16)
R

according to Figure 3.5, where a = 0 or w. If a varies in between, then the total dipole
configuration falls in a 3D conformation and the predictions becomes more complicated.
In basic spectroscopic systems such as dyes in solution phase or plain DSSC inter-
faces where no wider molecular configurations are formed the prediction based on 2D
H and J aggregates is commonly used and reproducing the experimental results. In
general, the interaction energy V will define the energy band splitting of the aggregates
compared to monomers (Davidov splitting = 2V). In principle, H-aggregates spectroscop-
ically are energetically blue-shifted with suppressed radiative decay yield with respect to
the monomers, while J-aggregates are red-shifted with enhanced radiative decay yield.
Experimental shows vibronic structure. For the classic case of aggregates, the vibronic

progression is altered compared to the monomers. The ratio of the absorption vibronic
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Figure 3.5: Schematic representation of the allowed molecular transition depending on
the type of aggregates and comparing to the monomer’s energy level.

peaks 0-0/1-0 of the H-aggregate and therefore the oscillation strength is suppressed for
the H-aggregate, while it is enhanced for the J-aggregate compare to the single monomer’s
[29]. Consequently, the 0-0/0-1 ratio of the aggregate’s vibronic peaks is enhanced for
J-aggregates and minimized near 0 for the H-type [29].

3.3.2 Beyond Kasha’s approach

Kasha’s model has successfully been used to account for the basic photophysical
properties of many molecular systems that undergo aggregation and is sufficient to in-
terpret the experimental results. It predicts the possible arrangement of the aggregates
and which excited state is active and therefore contributes to the emission. Despite the
great success of the model, it doesn’t take into account the local vibrational coupling, the
close range interaction (<4 A) and it is limited only to the Coulombic coupling between
molecules.

At short distances, the wavefunctions of the two monomers overlap (HOMO-HOMO,
LUMO-LUMO) and this facilitates the diffusion of the exciton with the electron to be

in the neighbor molecule. Therefore, for short-range interactions Charge-Transfer (CT)
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excitons start to dominate and the CT-exciton coupling (or interaction energy) Ver is
defined by Spano e.al. [30-32] as:
letp,

Ver = _2ECT — Es1 347
where Eor the energy of the CT exciton, Eg; the monomer transition energy and ¢,
and t; the dissociation or electron and hole transfer integrals, respectively and V,,,; <<
|Ecr — Eg1| with V., defined in equation 3.15. It is important to highlight that in
this description the vibrational coupling is excluded, as well as the Coulombic or Frenkel
integral. This type of new interaction changes the aggregate properties. Experimentally,
this model it has been demonstrated for a series of systems that undergo n-n stacking and
form H and J aggregates, such as pyrelene or pyrelene-based dyes [30]. From straightfor-
ward investigation of the equation 3.17, when t.t;, < 0 and Vo > 0 the scenario refers to
H-aggregates and when the opposite is valid it refers to J-aggregates. The linear depen-
dence of Vor on the product t.t, reveals the high sensitivity of the CT coupling to even
small displacements of the monomer components. Figure 3.6 illustrates the coupling sign
for the two regimes, Coulombic and CT, respectively, over displacements along the long
and the short axis of a reference perylene dye. When for the classical Kasha’s case there
is only one change of the sign moving from the H to the J aggregate arrangement, for the
short-distance CT case there are four sign changes related to the sign of ¢.t;. The sign
of the t.t, as a fact of the long axis distance depends on the precise spatial form of the
homo and LUMO wavefunctions, here exemplified for perylene [30]. At this point and
according to chapter 3.2.1, it is of interest to underline that in the short distance regime
Dexter direct energy transfer takes place. However, the CT mediated coupling refers to
an exciton (e-h pair) transfer to a quasi-CT intermediate state and it has been found for
the case of t-stacked perylenes by Scholes et al. [33| that Dexter interaction is negligible
compared to Vor.

Concluding the above, it has been proven and demonstrated that indeed in special
cases, such as the n-n stacking arrangements it is possible to allow manifold H and J-
type of aggregate configurations between molecular monomers that they don’t interact
electrostatically, but they undergo partial wavefunction overlap for distances less than
4 A. The co-existence of both Frenkel and CT excitonic interactions is possible and in
this principle Spano et.al. |30, 31] based a new, expanded formalism to define the type
of aggregates in the system. A two-letter notation was introduced, where the first letter
reflects the nature of the aggregate according to Kasha’s classic model and the second let-

ter reflects the nature of aggregate affected by the CT-mediated coupling only. Thus, the
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final photophysical properties of the aggregate are defined by the interference of these two
coupling contributions and can act constructively or destructively in the extreme cases.

When the Frenkel (or Kasha) coupling is stronger the first letter is a capital letter and
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Figure 3.6: 2D maps presenting the (A) Coulomb (radiuseyciton>3.5 A) and (C) Charge
Transfer (radiuseqciton < 3.5 A) coupling against the transverse displacement, evaluated
by DFT calculations, for n-stacked perylene aggregates. (B) A schematic illustration of
the coupling sign for the conventional aggregates (Coulombic) and for CT aggregates, as
two perylene monomers are geometrically displaced from parallel to head-to-tail confor-
mations (H-to-J aggregates). The image has been taken and modified from reference [30]

the final aggregate photophysics are described by the conventional model giving the pos-
sible combinations Hj, Hh, Jj and Jh. On the contrary, when the C'T coupling dominates
the possible combinations are hH, jH, jJ and hJ. An interesting case is the "null" HJ-
aggregate, which demonstrates total destructive interference an the absorption spectrum,
as well as the vibronic levels resembles the corresponding ones of the monomer. This

type of analysis introduced by Spano could be of great interest for material design and
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synthesis for real applications e.g. a HH-aggregate absorber for DSSCs that essentially
owns enhanced exciton bandwidth and therefore greater charge mobility [32]|. Finally, in
Frenkel theory there is the consideration that the total number of excitations is a well-
defined number and for simplicity one excitation is usually introduced. However, for a
more general description two or more excitons can be considered and in this case the in-
corporation of local vibronic couplings in the total Hamiltonian that describes the system
is necessary. The effect of this coupling in exciton-exciton interactions could possibly im-
pact the photophysical properties of such aggregated systems. Finally, cases beyond the
Kasha’s model have been observed for a series of molecules e.g. very polar cyanine dyes,
squaraine and quadrupolar organic dyes that form non-emissive J-aggregates. Therefore,
several groups (e.g. Panailli et.al. [34, 35]) have developed extended theories to account
for the effect of the polarizability of the molecules, as well as the environment effect (e.g.
solvent’s polarity) in the final photophysical properties of the aggregates and predicted
non-conventional behavior that triggers interest for future studies.

In the scope of this PhD Thesis the interpretation of the experimental data is made in
the idea of the conventional-Kasha’s model for aggregates, considering only the Coulombic
interactions and localized excitons in the Frenkel regime. Nonetheless, possible deviations
and particularities of the experimental data could be interpreted based on the short in-
termolecular distances between the monomers and the aggregates at the closed-packed

DSSC interface that introduce additional coupling factors.
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Chapter 4

Experimental Methods

The study of DSSCs lies in a multidisciplinary field and numerous experimental
techniques are called forth for an in-detail analysis. In the framework of the current PhD
Thesis, absorption and fluorescence spectroscopy are used, both in the steady-state and
time-resolved regime, from tens of fs up to several ns. Therefore, in the following section,

the main experimental techniques and set-ups will be presented and described.

4.1 Steady-State spectroscopy

The absorption spectrometer that was used is the model LAMBDA 950 UV /Vis by
PerkinElmer. It offers the capability of probing over the near-UV up to the near-IR
region. There are two sample positions, one for the sample under study and the second
for the reference, the absorption of which is usually subtracted (e.g. solvent for solution
samples). For the DSSCs, we perform two measurements of both the complete DSSC
device and the "half-DSSC" with no sensitizers, in order to monitor and subtract, if
needed, the background absorption of the electrolyte, the glass substrates and SC.

For obtaining the fluorescence steady-state spectra a HORIBA model fluorimeter
(Fluoromax 4) was used. Similarly, it offers the capability for lamp-excitation from the
near-UV to the near-IR part of the spectrum and the detection is reliable up to IR (900
nm). The samples under investigation are the dyes either in solution, in specific solvents
with cuvettes of 0.1 cm thickness, or in complete DSSC devices. The absorption and
emission wavelength maxima, vibronic levels and intensity contain, in a first approach,
very important information relative to the dyes’ basic photophysical properties and it
allows us to organize insightfully the experimental strategy. In addition, it is meaningful
to monitor the degradation over time, as well as the sample-to-sample reproducibility

and sample’s active area homogeneity.
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4.2 Non-linear Optics

The essence of non-linear spectroscopy lies in the light-matter interaction. When an
external electric field E (e.g. laser beam) propagates in a dielectric material it induces a
macroscopic polarization P, as a result of the photophysical properties X(w), or e(w) of
the material. For low electric field intensities the induced polarization depends linearly
on the electric field as: P(w) = x(w)- E(w) , where w is the angular frequency and (w) the
optical susceptibility of the material, which by its turn depends on the complex refractive
index n(w). The linear regime breaks when the intensity of the incident light becomes
very high (E gets closer to the Coulombic field) and therefore the induced electric dipoles
in the medium don’t oscillate as the initial electric field (non-harmonically). In the same
manner, the non-linear response occurs when multiple beams of different or of the same
frequencies interact at the same point in the material. On that occasion it is possible the
different electric fields on the sample, under specific conditions to add up constructively,
generating new frequencies and oscillations of higher intensity. In this case the total

polarization is defined as P = P 4+ PN% and more in detail as:
P=co[xV - E+ P B>+ 3. B ™. E" (4.1)

where x(!) is the linear optical susceptibility, x(?) and x(*) the (non-linear) second and

third order optical susceptibilities, respectively.

4.2.1 Non-linear optical processes (SFG, SHG, DFM, WLG)

Some important non-linear processes are Second Harmonic Generation (SHG), Third
Harmonic Generation (THG), Sum Frequency Generation (SFG), Difference Frequency
Mixing (DFM) and White Light Generation (WLG). The origins of the above quoted
phenomena are revealed by Equation 4.1. As it was mentioned above and relative to
our spectroscopic means, only the processes resulting from the second and third order
polarizations are relevant to the scope of the present PhD Thesis. Sorting into cate-
gories only SHG, SFG and DFM are produced by the second order of the polarization
while THG, Self-focusing (SF), Self-Phase Modulation (SPM), WLG and Cross-Phase
Modulation (XPM) originate from the third order of polarization. In principle, second
order processes can be generated in non-centrosymmetric crystals (e.g. B-BB0), because,
for the centrosymmetric ones, the condition x(?) = 0 is valid, due to the reversibility of

the polarization P(?) = —P®) for opposite directions of the electric field through the
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crystal [1]. In the same manner, third order processes take place in isotropic media or
centrosymmetric crystals (e.g. solution samples or a-BBO).

Regarding the second order polarization, the above processes can be derived as fol-
lows. Considering the interaction of two beams with electric fields F;, Fy and frequencies

Wi, Wy, the analytical form of the 2"¢ order polarization can be written as:

P® = 2eox\ (BB + By E3) + eox P { E2exp(—i2wit) + Eexp(—i2wst)+

(4.2)
2F) Esexp|—i(wy + we)|t + 2E Ejexp[—i(w; — wo)|t}

From the analytical expression of the second order polarization, for the two-wave inter-
action, the contributions of new frequencies appear. In detail, 2w; and 2w, refer to the
SHG processes, respectively, wy + wy to the SFG, w; — wy to DFM and finally the zero
frequency w=0 is also predicted.

In a non-centrosymmetric medium, all processes occur, but with different efficien-
cies, because the phase-matching conditions are different. As a general principle for bulk
media, for a non-linear process to appear, two conditions must be fulfilled [1-4], the con-
servation of energy (AE = 0, where £ = hw) and the phase matching conditions that
derive from the conservation of momentum (AE = 0, where k the wavector), between
the interacting beam(s) and the produced beam(s). The main processes, on which our
spectroscopic techniques are based, are described below.

For Fluorescence Up-Conversion (FLUPS) [5, 6] (see section 4.4), SFG is the
major process that allows us to monitor the fluorescence decay with ~ 200 fs time res-
olution. The focused fluorescence and the time-delayed (gate) laser beam, of ~ 50 fs
duration, are focused in the center of a non-centrosymmetric BBO crystal and both over-
lay spatially and temporally. Therefore, for the Sum Frequency Generated third beam,
energy conservation requires ws = w; + wy and from momentum conservation the phase-
matching condition can be defined as ];/:3 = k1 + k. For collinear alignment, or similar to
our system that the configuration follows the paraxial approximation, the phase matching

condition can be expressed as [2]:

nyp N  Ng

= — + — 4.3
Aup Ar Ag (4:3)

where n and A refer to the refractive index and wavelength, respectively and the indexes
UP, F and G refer to the Up-Converted, the Fluorescence and the Gate beams. Conse-
quently, for two beams of the same frequency w the SFG signal is of frequency W' = 2w

and simply represents the SHG process.
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In figure 4.1 the SFG is schematically illustrated for two beams propagating through
a non-linear medium in a non-collinear geometry. Non-collinear geometry is used to elim-
inate unwanted contributions due to Group Velocity Dispersion that together with Group
Velocity Mismatch (GVM), can limit greatly the time-resolution, as described in detail in
[3]. A more detailed analysis regarding the phase matching conditions and the crystal’s
properties applied to the Fluorescence Up-Conversion technique will be made in section
4.5.

(B)

non-linear
crystal

<

Figure 4.1: (A) Sum Frequency Generation in a non-collinear configuration, between the
Fluorescence and the Gate beams in a non-linear crystal. (B) Schematic representation
of the pulse overlap in a non-collinear configuration. Where k are the wavevectors and v
the group velocities. The image has been taken and modified from [3].

Relative to the Transient Absorption (TA) technique [7] (see section 4.5) one
important process is White Light Generation (WLG) [8, 9]. WLG is a third order polar-
ization phenomenon and thus can occur in a centrosymmetric crystal of specific material,
such as YAG, sapphire et al. [10]. For the WLG in our system a sapphire crystal is used,
with excitation at 800 nm, due to its excellent thermal resistance and broad spectrum
in the near-IR region of interest. The generation of the super-continuum is based on the
optical Kerr effect. When the intensity of the electric field (pump laser beam), which is
incident on the centrosymmetric crystal, becomes high and induces higher order even-

number polarization, the refractive index obtains linear dependence on the electric field’s

3x(3)
4eocng

having lower intensity than the central region. Therefore, when they propagate through

intensity as: n ~ ng-+ I. Laser beams own a Gaussian spatial profile with the wings
the material and due to the optical Kerr’s effect, the beam converges (self-focusing) sim-
ilar to the case of a positive lens. The continuum generation is triggered by self-focusing.

This process depends on the power of the incident beam [9] that should reach or exceed
3.7722
87rno7fC )

beam, ng and n. the refractive index of the air and the crystal, respectively. The most
critical parameter of the WLG is Self-Phase Modulation (SPM), which results from the
Optical Kerr effect and is commonly accepted to be triggered by self-focusing [8, 11].

the critical value defined as: P.,.;; = where ), is the wavelength of the pump
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In detail, when the pump pulse propagates through the crystal of specific thickness d, a
change of phase is induced, which depends on the intensity dependent refractive index n...

Consequently, frequency modulation is induced, creating new frequencies and broadening

the pump’s pulse spectrum.

30

| == Supercontinuum Sapphire crystal
—— P-P rms noise r
T L 25
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p-p rms /107
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Figure 4.2: Supercontinuum spectrum (black line) generated in a 2 mm Sapphire crystal
with excitation at 800 nm and the relative peak-to-peak RMS noise (blue line). The
main 800 nm pump beam contribution is spatially blocked and the residual is filtered
out using a dye filter (OD ~ 1.6/mm), based on the Indocyanine Green dye (IR125) in
CHCl3 : DMSO (9:1). At >850 nm wavelengths the WL shows a pattern with fringes,

due to "the etaloning effect" in the back illuminated CCD chirp (interferences in the
cavity).

In the figure above, a white light spectrum, typical for our measurements, is pre-
sented. It is produced in a 2 mm sapphire crystal and extended from 450 nm to 1030
nm. The excitation wavelength is at 800 nm and the pulse incidents on the crystal in
a orthogonal geometry. The spectrum is an average of 5000 collected laser shots. For
low-noise results, the relative peak-to-peak rms (root-mean-square) level should be kept
bellow 1 %. Prior to the interaction on the crystal, the pump beam diameter, as well as
the power are carefully controlled with an iris and an optical density filter, respectively.
Noteworthy, the 800 nm pump beam was spatially blocked after the WLG and additional
contributions that could saturate the detection, were reduced using dye-filters based on
the near-IR absorbing indocyanine IR125 dye in solution of DM SO : CHCl3 (~ 9:1) of
OD ~ 1.6/mm. The final spectrum is obtained by combining two different measurements,

one for each of the two spectral regions (440-750 nm and 750-1030 nm) covered by our
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spectrometer.

4.2.2 (Non-Collinear) Optical Parametric Amplification

For our experiments we need excitation wavelengths that match the electronic or
vibronic transitions of the condensed phase systems under study. For the fs-fluorescence
and transmission time-resolved experiments the excitation wavelength should be tuned
over a wide spectral range from the visible up to the near-IR, maintaining at the same time
the best time resolution possible for the narrow and selective final excitation spectrum.
To fulfil the above mentioned criteria we utilize an Optical Parametric Amplification
(OPA) system in collinear geometry. The OPA principle can be explained in terms of
photon energy [12-14|, as it was demonstrated for SFG in section 4.1.1. In the OPA a
high energy photon propagates in a non-linear crystal and exits the material in a virtual
excited state. In parallel with the pump beam, a seed (or signal) pulse of lower energy
stimulates a decay into an intermediate state, giving rise to a new signal photon in the
same phase as the stimulating initial seed one. This mechanism demonstrates the am-
plification process and for energy conservation to be satisfied, an additional idler photon
is generated. Fundamentally, OPA is also a DFM process, but with an amplification
effect on the signal beam with the relative phase matching condition to be fulfilled as:

ky, + ks + k; = 0, for collinear geometry. In Figure 4.3.A,B the wavevectors and group

(A) (B)

collinear geometry non-collinear geometry

Figure 4.3: Schematic representation of (A) collinear and (B) non-collinear interaction
geometry with the characteristic wavevectors k and group velocities v for the pump, sig-
nal and idler beams. The open rectangulars represent the signal pulses and the filled
rectangulars the idler pulses, before and after the transition through the non-linear crys-
tal. The image has been taken and modified from [14].

velocities are presented as arrows for the pump, signal and idler beams, for a collinear
and non-collinear geometry, respectively. For the latter, the pump and the signal/seed
incident and pass the crystal with an angle € between them and therefore the direction

of the idler results from the relative vector equation. In addition, phase matching must
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be fulfilled in both x-y axis or parallel and normal to the signal wave-vector as:

Akpar = kpcost) — kg — kijcos€) = 0,

(4.4)
Akporm = kpsind — k;sinQd =0

where (2 is the angle between the signal and the idler. For a fixed @, it depends on the
signal wavelength, but phase matching does not ensure the matching of group velocities.
In Figure 4.3.A for collinear geometry, due to GVD, the red wavelengths travel through
the material with higher group velocities and GVM occurs, resulting in the separation of
the signal and idler beams. On the contrary, in the case of non-collinear geometry (Fig-
ure 4.3.B) velocity matching can be achieved during the propagation in the non-linear
crystal. On the other side, non-collinear geometry is advantageous when we aim at short
(sub - 10 fs) pulses with broad spectral profile. It has been found that the broadband
phase-matching occurs when the projection of the signal’s group velocity equals to the
group velocity of the idler’s pulse as: v, = v;cos).

For our experimental instrumentation, the TAS and FLUPS set-ups share the same
excitation pathway, which is a commercial TOPAS-Prime excitation box (Lightconver-
sion). Originally, it contains a double-stage OPA system with software-controlled options
for varying the BBO angles, as well as the delay times to finely tune the desired wave-
length. Additional SFG, SHG and THG modules allow for the generation of ~ 50 - 80 fs
pulses with > 50 nJ energy in the range of 270 - 1550 nm. Our fundamental 800 nm beam
is generated by a 5 kHz Ti:Sapphire amplifier and is injected in the TOPAS box. In a brief
outline, in the first stage, a portion of the 800 nm beam is used to generate the seed su-
percontinuum in a Sapphire crystal and it steers in a BBO crystal, where it interacts with
a second portion of the 800 nm to generate and amplify the desired wavelength (signal).
The interaction scheme is non-collinear, but in the paraxial approximation (sinf ~ 0),
just to spatially filter out the pump and idler. For further amplification at the second
stage, the resulting signal is driven to a second BBO crystal and interacts in a collinear
scheme with a third portion of the 800 nm. The signal, idler and if needed, the 800 nm
pump beams are driven to the exit of the TOPAS. Moreover, there is a possibility for
further tuning of the desire wavelengths by adding two additional mixers afterwards and
with the use of appropriate dichroic mirrors the beams of the desired wavelengths can
be isolated. For example, for near-IR excitation at 740 nm, we generate at the exit of
TOPAS a signal of 1480 nm and by using the SHG mixer we converted and select the
SH-Signal at 740 nm.

For the Streak camera measurements, the fundamental beam is produced by a Tan-
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gerine system with central wavelength at 1030 nm. The homemade OPA system is similar
to TOPAS, but it is a single stage OPA. The WL is generated with the 1030 nm beam
and the amplification is made with its SH (515 nm) [15]. The output wavelengths range
in the 560-900 nm spectral region. Last, in sections 4.3-4.5 the experimental set-ups and

principles will be presented.

4.3 Streak Camera set-up

In the field of time-resolved molecular spectroscopy, time-resolved fluorescence spec-
troscopy is a broadly used technique to monitor the excited state dynamics of systems
under study. Monitoring exclusively the fluorescence in various time-scales can be advan-
tageous compared to other non-background-free techniques, such as TA. In particular, for
DSSC systems important information relative to the charge separation can be extracted.
As it was mentioned previously, in our experiments two time-resolved fluorescence set-ups
are used. First the streak camera, which is utilized when fs-resolution is not required and
when time-windows longer than 1 ns are required for detection. Second, the broadband-
Fluorescence-Up-conversion set-up, which offers time resolution of 200 fs.

The streak camera model that is used in our experiments is the HAMAMATSU
C10627 with a well known operational principle [16]. The sample is excited and the
produced fluorescence is collected, collimated and focused on the detector combining a
spectrograph and a streak camera tube. For our experiments additional polarizers were
used in the detection, in order to secure magic angle (M A ~ 54.7°) conditions between
the detected fluorescence and the excitation polarization. In Figure 4.4 the streak cam-
era apparatus, as well as its multi-step operation are pictorially illustrated. Initially, the
beam focuses on the entrance slit. The slit width is adjusted, in order to avoid satura-
tion or double pulse detection in photon counting mode (best signal/noise ratio). The
wire-like photo-cathode is in the exit focal plane of the spectrograph. It converts the
photons into electrons, accelerated and released into the vacuum tube by the accelerated
mesh. The number of generated electrons is proportional to the intensity of the incident
photons. In the main streak tube there are two metallic plates as electrodes, connected
to a "sweep circuit" which generates an electric field in the vertical axis. The frequency
and the time of the sweep circuit is synchronized with the incoming pulse. At time zero
an electronic trigger signal is applied to the electrodes and when the incoming fluores-

cence pulse arrives, a high speed sweep potential is applied. Subsequently, the incoming
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Figure 4.4: Schematic representation of the Streak camera apparatus. *The figure has
been modified based on reference [16].

electrons, depending on their arrival time, get deflected at different angles. Then, they
are driven to a Micro-Channel Plate (MCP), where they are multiplied several thousands
of times and finally bombarded on a Phosphor screen to re-emit photons detected by a
CCD camera. The imprinting in the horizontal axis refers to the spectral profile of the
fluorescence and in the normal axis to the temporal profile, when the intensity is also
defined in the graphical contour, because higher photon flux generates more electrons.
The time resolution is a critical parameter and in the streak camera it is restricted
by several factors [17] depending on the various electric signals and mostly the sweep
voltage response. Therefore, the best time resolution offered by the streak camera is con-
strained to ~ 10 ps. For achieving shorter time resolution of ~ 200 fs a state-of-the-art
up-conversion technique is used, which essentially utilizes a second laser beam as gate

and finally in this case the time-resolution depends on the pulse duration of the beam.

4.4 Broadband Fluorescence Up-Conversion

Fluorescence Up-Conversion is an advantageous technique, in order to monitor the
relaxation dynamics from an excited electronic molecular state with a sub-ps time reso-
lution. In Figure 4.5 the experimental set-up is presented in a concise schematic way, as
well as an "1-1" imaging system (right-below) of the center of the BBO crystal. Our laser
system is a Ti:Sapphire (FemtoLasers Synergy 20) source with center wavelength at 800
nm, producing pulses of 20 fs temporal resolution and repetition rate of 80 MHz. The

fundamental beam goes through a Chirped Pulsed Amplification system (CPA-Amplitude
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Technology Pulsar) to finally produce pulses of 0.5 mJ energy, 40 fs time resolution and

tuned to 5 kHz. The excitation wavelength is finely tuned through multiple non-linear
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Figure 4.5: Simplified schematic representation of the broadband Fluorescence-Up-

Conversion (FLUPS) set-up. Right-bellow (dashed-frame) it demonstrates the "1-1"
imaging system of the center of the BBO crystal.

processes in the TOPAS-Prime box, the operation of which was described in section 4.2.2.
The pump finally excites the sample and the produced fluorescence is collected, collimated
and focused in a 1 mm thick 3-BBO. In parallel, the amplified signal resulting from the
OPA process inside TOPAS, is used as the gate beam. The gate beam goes through a
delay stage, offering minimum time steps of 6.7 fs and is focused on the 3-BBO crystal
achieving temporal (time zero) with spatial overlap with the fluorescence spot. When the
crystal is rotated to the PM angle, energy and momentum conservation (type II phase-
matching) are fulfilled and SFG can occur, as it was described in section 4.2.1 producing
the final Up-Converted signal. After time zero the gate pulses arrive with a time delay t
and the initial decay curves for the fluorescence wavelengths are reconstructed from the

up-converted intensity (/yp) as a function of T (Figure 4.6) as:
Typ(r) = / Ten (D)ot — 7)dt (4.5)

where Ir;, and I5 the intensity of the fluorescence and gate beam, respectively. It is
important to mention that for MA conditions the pump beam polarization has been

rotated by 57.4° relative to the one of the gate beam.
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Figure 4.6: Schematic diagram showing the basic principles of the fluorescence up-
conversion technique. The picture was taken from [6].

The 3-BBO crystal in an uniaxial birefringent crystal, with an ordinary axis (o) and
an extraordinary axis (e) orthogonal to each other. In our experimental configuration we
make use of type II phase matching (O+E—E), with the fluorescence to be in the ordinary
and the gate in the extraordinary. The type II configuration can be advantageous for
broadband detection sacrificing the up-conversion efficiency [5]. Interestingly, for small
signal conditions, when there is no depletion of the fluorescence and gate pulse powers

[6], the up-conversion quantum efficiency can be defined as [5, 18]:

sin(LAk/2)

N,; =" A2y L? =0
LAK)2

ng(Ak) = ——
! Nf_o )‘f)‘uzvn(o)()‘f)n(e)O‘g)n(e)()‘U;Daeuzl) 7

2L?  (4.6)

(

where, N,, and N; are the photon flux for the up-converted and fluorescence signals,
respectively and d. s the effective non-linear optical coefficient [12] that depends on the
propagation direction and polarization of the three waves, A the wavelength, n the refrac-
tive index, I, the power of the gate and Ak the phase mismatch in the crystal of thickness
L. Two strategies, in order to increase the quantum efficiency is either to use thicker BBO
crystals increasing in this manner the GVM and thus sacrificing time resolution, or to
increase the gate intensity. However, amplifying the gate beam also enhances various
artifacts, such as the SHG that can spectrally overlay with the up-converted signal.
Finally the up converted signal is driven and focused on an optical fiber, which deliv-
ers the signal to the entrance slit of the spectrometer. A CCD camera, with a L N, cooling
system detects the signal over a total spectral range of 200 nm with highest sensitivity.
The experimental challenge of up-conversion is especially pronounced for systems with
very low radiative rates, (e.g. triplet states), since the number of fluorescence photons
per time is low. Indeed, since the efficiency of the up-conversion process n,(Ak = 0) is

< 1073 [2], all experimental parameters must be optimized. First, the spatial overlap
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between fluorescence and gate spots on the crystal to ensure that there is no "mismatch"
due to bad alignment. Second, both spots must ideally show Gaussian intensity distribu-
tions, which requires especially for the fluorescence spot a careful alignment of the lens
L1 (Figure 4.5). For this reason we implemented an "1-1" imaging system of the criti-
cal overlap of the two beams in the center of the BBO crystal (Figure 4.7-dashed frame
right-below) to a CCD camera ("beam profiler") to monitor the focused beam spots.
The spatial profiles, of the focused fluorescence (580 nm) of a reference Rhodamine B
sample and gate (1438 nm) beam spots are shown in Figure 4.7. The conditions aren’t
optimised and the fluorescence spot can be decreased even more. For maximum gain
the fluorescence spot must be homogeneous and the Gate beam optimally focused on the
BBO, however there is a limitation for the gate diameter, because higher energy density
give rise to additional non-linear effects, such as THG, as well as WL on the lens L3. It is
important to highlight that the CCD’s quantum efficiency is very low in the near-IR, thus
the observed profile of the gate beam reflects the two-photon-absorption in the silicon
detector and not directly the IR beam. For our experiments the usual gate wavelength is
at 1270 nm with the typical average power of 200 mW and the pump is ordinarily tuned
to excite the near-IR dyes from 700-800 nm.

FWHM: 840 ym FWHM: 660 ym

FWHM: 1200 pm

FWHM: 1220 um

Figure 4.7: Individual 2D and 3D spatial profiles of the fluorescence (up) and the gate
(down) beam-spots in the center of the BBO crystal where they spatially overlap. The
test sample is Rhodamine B with emission maximum at 580 nm and the gate beam
is tuned at 1438 nm. Left and right panels present the corresponding spatial profiles
through an x-axis or y-axis "cut" of the beams. The fluorescence spot is 300 um.
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4.5 fs-Transient Absorption

In the section of pump-probe techniques and referring to the electronic third order
non-linear spectroscopies [19, 20| the most common is Transient absorption spectroscopy
(TAS). The detailed theoretical formalism is not essential to describe the experiment and
it is out of the scope of the present PhD Thesis.

The experimental set-up used for the current PhD has been described in detail else-
where [21] and is schematically demonstrated in Figure B.2. Both FLUPS and TA share
the same laser source producing pulses at 800 nm and 5 kHz repetition rate. One portion
of the fundamental 800 nm beam is driven to the OPA system. In this manner, the
pump beam is generated in the TOPAS-Prime through the OPA sequence, similarly to
FLUPS. The pump beam passes a chopper (111.5 Hz) that is tuned to half the frequency
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Figure 4.8: Simplified schematic representation of the fs-Transient Absorption set-up.

of spectral acquisition (223 Hz) and focused to excite the sample. Another portion of
the fundamental goes through a delay stage and is focused on a 2 mm Sapphire crystal
to generate the White-Light (WL) (e.g. Figure 4.2). The WL is driven and focused on
the sample, orthogonal with respect to the sample surface. It goes through the sample,
collimates and focuses by a pair of parabolic mirrors and it is steered to the spectrometer
to finally be analyzed in a CCD camera system. We use parabolic mirrors instead of
lenses, in order to reduce the GVD and in this way, the GVD is defined only by the Sap-
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phire crystal. The changes that have been induced in the sample after photoexcitation
are imprinted in the changes of the broadband WL after the sample and therefore by
monitoring the absorption with and without pump (controlled by the chopper), the final
difference absorption (AA) spectra are obtained for various delays between the pump and
the probe. Thus, experimentally and by recalling the Beer-Lambert’s law (equation 3.1),
the measured AA(\,t) can be expressed as:

](A, t) ump,on
AAN, t) = AN Opump,on — AN ) pump,of s = — log I(\ ) o I
Y pump,o

(4.7)

where A(X, t)pump.off is the absorbance of the WL and I(A, t),ump,of ¢ the intensity of the
transmitted WL at time delay t with no presence of the pump. Similarly, A\, ),ump.on
and I(A,t)pump,on refer to the absorbance and intensity of the transmitted probe when
the pump is present and excites the sample.

To account for and minimize the noise induced by the WL, a second portion of the
supercontinuum, after its generation, is steered into another part of the CCD camera as
reference. Then the real measured quantity can be derived from the extended equation
4.7 by adding the ratio of the intensities of the reference probe beam without and with

the pump as: AA(Nt) X (ﬁ?;g’:::poj j::{ ). Relative to the experimental conditions, it

is important to mention that for MA conditions the pump polarization is adjusted via a
half-wave plate to be in 57.4° compare to the probe (WL) polarization. Furthermore, the
WL power has been greatly reduced via OD and dye filters, before the sample, especially
in the near-IR region, so as to eliminate possible excitation effects on the sample by the
probe beam and finally we confirm that the power of the probe is at least 90 % less than
pump’s power.

In more detail and complementary to equation 4.7, the change of the sample’s ab-

sorption can be expressed as:

AA(N ) = Zm e(\)WAC(1),D (4.8)

n=1

where, AC,, is the concentration change in the state S, at time t after excitation, () the
extinction coefficient relative to the S,, state at a given wavelength and D the sample’s
thickness.

TAS is advantageous because it offers the capability to locate and monitor various
spectral features in a broad regional map. Figure 4.9.A.B illustrates in a scheme, the

basic features obtained by TAS and their corresponding energy levels and transitions.
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These basic contributions that will be discussed are the Ground-State Bleach (GSB), the
Stimulated Emission (SE), the Excited-State Absorption (ESA) and the Photoproduct
Absorption (PA) |7]. First and relative to the GSB, after photoexcitation a fraction of
molecules is promoted to the excited state, therefore by monitoring the Ground-State
and according to Equation 4.8 the difference of the concentration of dyes in the Ground
State after photoexcitation minus the concentration of dyes in the Ground State with
no presence of pump gives a negative values. Consequently, the GSB signal is always
negative and it should be located in the spectral region of the stationary absorption.
When the sample is excited and a probe photon arrives, it can either promote the sys-
tem to a higher excited state, whose absorption corresponds to the ESA signal, or it can
stimulate a transition back to the Ground State via the process of SE, which spectrally
should be located in the region of stationary emission corresponding to the optically al-
lowed transition. In the same manner and opposite to the GSB, ESA is always a positive
signal, when SE is always negative. The latter can be attributed to the fact that more

photons arrive in the detector resulting in negative AA. In many systems, such as the
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Figure 4.9: (A) Schematic illustration of the major electronic processes probed with
TAS. (B) A stochastic representation of the different absorption (AA) spectra reflecting
the different photophysical processes of Ground State Bleach (GSB), Stimulate Emission
(SE), Excited-State Absorption (ESA) and Photo-product Absorption (PA).

pyrrolocyanines dyes that we study for the DSSC applications, the SE spectrally overlaps
partially with the GSB and therefore for analytical studies of the kinetic components of
the fluorescence, additional measurements were performed with FLUPS. Final spectral
component is the PA that generally refers to the formation of new species, usually long

lived, such as isomerized dyes or the formation of dye radicals, for instance due to oxi-
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dation or protonation and is expressed as a positive signal. It is of great importance to
highlight that in operational DSSCs after efficient photo-injection the sensitizer is left in
the cationic form and the formation of the new species follows the evolution of the PA in
the TAS spectra.

4.6 Data analysis

The experimental results obtained either by the Streak Camera, or by the TAS and
FLUPS techniques, are usually treated and analyzed in both qualitative and quantitative
ways. In the following sections the fitting functions that describe best our measurements

are presented, as well as the data background subtraction and correction methods.

4.6.1 Background and artifact corrections

Non-linear spectroscopic techniques, such as Transient Absorption and Fluorescence
Up-conversion, involve two laser beams, therefore there is interaction of two electric fields
at different (or the same) frequencies in the material and their operation principle is based
on x? | x®) respectively. Therefore and based on the fact that many phenomena can
occur due to the higher order polarizations, various additional signals called "artifacts"
can appear in the experimental data. However, these processes require temporal overlap
and thus they usually appear near the "time zero" of the experimental data. At longer
delay times usually only the dynamic mechanisms preserve and the characterization and
corrections for these artifact signals will be described later in this chapter.

Artifacts don’t carry any physical meaning or useful information. For this manner
it is essential to correct for these processes, in order to clarify the "useful" data. The
artifacts correction is of significant importance mainly for the TAS results. The main ar-
tifacts reported are the Cross-Phase Modulation (XPM), Two-Photon Absorption (TPA)
and Stimulated-Raman amplification (SRA) [22].

The high power pump beam excites the sample and induces a temporal change in the
refractive index of the cuvette walls or the solvent itself for liquid samples, or the glass
part for a DSSC, across the excitation length. Subsequently, the probe light goes through
the same path and its phase is modulated by the induced change of the refractive index
based on optical Kerr effect. The modification of the signal occurs around time zero,

when there is temporal overlap between the two pulses and it is defined as XPM. By its
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turn TA can occur when high pump energies are used and depending on the cross section
for TPA both pump and probe photons, it can be simultaneously absorbed resulting in
a signal higher than the Sy — S; absorption energy (UV-VIS). Finally, SRA can occur
when the pump wavelength is close to the probe resulting in a sudden increase of AOD
at solvent-specific wavelengths.

Another standard and important step of data analysis, necessary for both FLUPS
and TAS is the background subtraction. In the current section both the "raw" data

graphs and the main data-"filtering" algorithmic steps are presented.
e Background subtraction

The first step for data analysis for both set-ups is the background subtraction. The
increased background level could refer to dark noise and by adjusting the electronic
gain it can be amplified or reduced. By averaging the AA in negative times for each
wavelength and consequently subtracting the mean value for all time-points in the data
set (for each wavelength), the background level is corrected to match the offset level 0.
For the case of TAS, there is also the solvent’s response that must be subtracted, referring
to the XPM signal in times < 100 fs around time-zero. Therefore, in addition to the
main data-set we measure just the solvent maintaining the same experimental conditions
(cuvette’s thickness e.t.c). The subtraction is based on the formula: AA(N?)fina =
AAN, V) measured — GAA(N, ) sowent that includes the dark-noise background subtracted
data-sets and the parameter « that is adjusted from 0 to 1 for the best match of the
XPM signals to subtract. For the DSSC samples, due to the shift in position between
the two samples (the complete and the "empty" DSSCs in absence of sensitizer), the
correction for the glass response is difficult to be made. Therefore, « is set to zero and
to fit the experimental data, when XPM is present, we introduce in the fitting function

(section 4.6.2) a correction for Gaussian signals (IRF).
e Chirp correction

Another undesirable effect present in the TAS data is the Group-Velocity-Dispersion
(GVD) that temporally shifts the measured A A signal at early times (<0.6 ps) with "red"
wavelengths arriving faster than the "blue" (chirp). GVD is especially pronounced when

fs-pulses propagate through materials (lens, cuvette, glass substrate e.t.c) and originates

from the dependence of the group velocity (vy) (%)_1 of light on the wavelength as:
GVD = é%(a—ig) = %. The background and solvent response corrections, as well as

the correction for the chirp is made with a Python code and the latter are made by
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fitting the chirp with a polynomial function around time zero. In Figure 4.10, the 2D
maps of AA for the initial (A) and chirp-corrected (C) data are demonstrated, as well
as the time profiles of XPM for three different wavelengths for the corresponding cases
(B) and (C), respectively. The pronounced chirp of 300 fs in just 50 nm (from 530-580
nm in Figure 4.10.B) is mostly due to the thick (3 mm) glass substrate of the sample
that is used for the DSSC assembly. For the solution studies in this Thesis, a flow cell

was used with ultra-thin walls of 0.5 mm. Finally, in Figure 4.10 only the spectral region
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Figure 4.10: Transient absorption data, with excitation at 800 nm, of a 3 mm glass coated
with a 3-4 um 77O, nanoparticles layer used as anode for DSSC devices. (A) The 2D map
(time-wavelength) of AA with no chirp correction. (B) The temporal profile of the XPM
signal in the non-chirp corrected data at three different wavelengths (530 nm, 550 nm
and 580 nm). Due to GVD the short wavelength components arrive later than the long
ones. (C) The 2D map (time-wavelength) of AA after chirp correction (D) The temporal
profiles of the XPM signal in the chirp corrected data at three different wavelengths (530
nm, 550 nm and 580 nm).

450-750 nm is shown, restricted by the spectrometer’s bandwidth and for the present
studies additional measurements, in the near IR region (700-1030 nm), have been made.

The above mentioned corrections have been made for both data-sets (visible and near-IR
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spectral regions) and finally they have been spectrally combined resulting in the final
data.

4.6.2 Fitting functions

In this section the basic fitting functions that are applied on the experimental results,
in the framework of the current project, are presented. The fitting functions are assigned
to single wavelength analysis and the global approach is presented in section 4.6.3, as
well as the closely connected spectro-temporal profile analysis.

For the fluorescence decay fittings, obtained by the streak-camera or FLUPS tech-
niques, in the simpler case in solution, the decay reflects only the deactivation from the
first excited singlet state (S7) to the ground state (Sp). Therefore, the time evolution of
the concentration (C) of the excited state population can be derived from the first order

rate equation as:
dC'(t)
dt

where k£ the decay rate. The solution of this equation is:

=—kxC(t) (4.9)

C(t) = Cgrel =0 (4.10)

where C'g; is the concentration of the molecules that have been excited to the S state.
It was shown in Equation 3.3 that the intensity of the fluorescence is proportional to
the concentration of the excited dyes. Therefore, from equation 4.10 the intensity of
the fluorescence decay follows an exponential decrease. In more complicated systems, in
which multiple processes occur, or when there are many species with different dynamics,

the average fluorescence decay can be expressed as a multi-exponential decay function:
I(t) =) Aew (4.11)
i=1

where i is the number of mechanisms or species involved in the measured fluorescence,
At the corresponding contribution of this mechanism or species to the overall average
fluorescence decay and 7; the corresponding lifetime.

For all experiments the temporal resolution is limited by the Instrument’s Response
Function (IRF), which in a good approximation is supposed to be a Gaussian function
of standard deviation ¢ and zero offset (for the Gaussian centroid). Therefore the fit-

ting function for single wavelength kinetic analysis is expressed as a convolution of the
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Equation 4.11 with the IRF (Gaussian) function as:

e 202 (4.12)

The solution of equation 4.12 for a decay starting from an initial time ¢y gives the ana-

lytical form of the function, which is used for the single wavelength kinetic fittings as:

10 = 4o+ 3 Fem e O rers (I )

where Ay is a possible offset and er f the error function.

The above defined fitting function has been implemented in the OriginPro2021 soft-
ware and it is used for Streak camera, FLUPS and TAS data analysis, when only a single
wavelength kinetic fitting was needed. The fitting algorithm proceeds with target crite-
rion to reduce the parameter x? that determines the quality of the fit and it is defined

as:

V= ﬁfexp< 3 = Ipu(t)| dt (4.14)

where, I.,,(t;) the experimental data and Iy, (¢;) the fitting data. The kinetic difference
defines the fitting residuals.

For the study of DSSCs, in various works another mathematical approach, as fitting
model, has been proposed using the Stretched exponential or Kohlrausch function [23-26].
When the different decay times 7; have very similar values, or they follow a distribution

function, equation 4.11 is approximated by:
I(t) = Ael=)” (4.15)

where (3 is the inhomogeneity or stretch parameter taking values 0 < g <1, with g =1
the standard multi-exponential case.

In the solid-state samples, such as the DSSCs the reasoning behind the introduc-
tion of the § parameter lies the inhomogeneity of the samples’ active area. Specifically,
on a microscopical level the dyes are chemically adsorbed onto the SC’s surface in high
concentrations and this can stretch the overall measured fluorescence decay due to two
reasons. Firstly, electron injection from the dyes to the SC is strongly affected by the
dye-to-SC distance and secondly, when molecular aggregates are formed on the SC sur-
face in a distribution of intermolecular distances. Analytically, distribution of distances

(nm) between neighbour dyes, or the existence of weakly attached dyes on the surface
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with lower injection yield, results in a distribution of driving forces for injection due to
different configurations. This can lead to temporal stretch of the injection and FRET
times, resulting in an overall stretched fluorescence decay. The above mentioned kind of
approach simplifies the analysis by reducing the total number of lifetimes, obtained from

the fitting and facilitates the interpretation having at the same time physical meaning.
4.6.3 Global and spectro-temporal analysis

A different approach for obtaining the lifetimes of the various mechanisms is the
Global analysis. In broadband experiments such as TA it is convenient and straightfor-
ward to apply on the experimental data. Global analysis assumes that the system is
described by a limited set of rates or decay times so that all spectral features and kinetics
traces can be described by the same lifetimes 7;. Then equation 4.11 can be re-written

as:
N
=t

AAN L) =) Ai(New (4.16)
i=1

where the intensity is replaced by the AA. Essentially, Global fit results in N time
constants that fit optimal (reduced x?) the kinetic curves for each wavelength in the
AA spectral map. It is important to highlight that for the aforementioned analysis the
number of the fits would be equal to the number of the channels e.g. 134 in our case.
The global fitting would then take more than 1 h on a modern pc. To facilitate the
fits procedure only the major kinetic contributions are chosen and in this way the noisy
data are filtered out. To achieve the noise filtering, by weighting the "important" kinetic
contributions, a mathematical operation is used named Singular Value Decomposition
(SVD), which is essentially a matrix factorization technique [27-29|. The experimental
data-set is represented as a 2D matrix M,, , as a set of wavelength and time. The SVD

analysis decomposes the data matrix in three separate matrices as:
M (A1) = Uy (A) S Vi (2) (4.17)

where U, (A) is @ (mam) matrix containing the wavelength singular vectors (left singular

vectors) as columns and V.2

is the transposed V' matrix containing the temporal singular
vectors (right singular vectors) as rows. Moreover, the kinetic traces in V' matrices form
orthogonal bases and S, ,, is a diagonal matrix (m x n) with values of decreasing order,

named Singular values (SVs). The SVs constitute the weighty factors of the high signal
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data and the remaining ones represent the noise contaminated data. By plotting the left
and right singular vectors for specific SVs and by evaluating the quality of the plotted
profiles, the necessary number of SVs can be chosen. Then, by selections of relevant SVs,
the number of fits minimizes, since it is equal to the number of equal SVs. Only these
restricted number of kinetic traces in V,, ,(¢) is then fitted globally according to eq. 4.16.

In various cases, it is advantageous to plot the spectral response of the system for the
given time constants obtained by Global Analysis. This spectral response is correlated
with the Decay Associated Difference Spectra (DADS) and it can be calculated as:

K N
DADS;(A) =Y > A U(N) (4.18)

s=1 i=1
where, A, ; is the pre-exponential factor related to the time constant 7; in the kinetic trace
Ug for the SVs, with k£ the number of significant SVs. In a different writing, equation

4.16 can be expressed as:

AA(N ) =Y DADS,(A\)e (4.19)

i=1

where the pre-exponential factor refers to the DADS(X). It is of interest to mention that
the pre-exponential factor, which was initially expressed in equation 4.11 and adapted for
Global analysis in equation 4.16, originates from the solution of the first order concen-
tration equation (eq. 4.9, 4.10). The DADS refer to parallel decay of all excited species,
since every lifetime is a distinct decay process, monitoring spectrally only the increas-
ing and decreasing of the populations probed at a given wavelength. Thus, the DADS
analysis constitutes a first approach and without necessarily a priori knowledge of the
photophysical reaction scheme.

Interestingly, a different approach can be applied, in which a sequential decay model
[30] is assumed, where the decay from the first state gives rise to the population of a
second state (Figure 4.11.B). For the sequential model the concentration evolution can
be described by the following equations, in which we assume a total population Ciya,
from which a portion (] is in the S; state and () is the population in the ground state.

After excitation, C'1 decays into the state S| with rate k;;,. The population of S, Cs,
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Figure 4.11: Energy levels and corresponding excitation and reaction pathways described
by a: (A) Parallel (B) Sequential and (C) Target model.

decays back to So with the rate ky;. Analytically, from solving the equations,

dCh(t dCs(t

dlt( ) = _kll' ’ Cl(t>7 d2t( ) = —lﬁ/o . Cg(t) -+ lﬁl/ . Cl(t)

2 (4.20)
> " Cilt) = Chotar = Co(t) = Ciota — C1(t) — Ca(t)
=0

the time-dependent concentrations are:

Ci(t) = C1(0) - e v,

_Cil0) Rk
Calt) = Ty — kg € ) (4.21)
(0
Co(t) = % . (kl’() . e_kll’ _ ]{;’lle_kﬂo) + Ctotal
11 10

From Beer-Lambert law and considering 1 cm sample thickness, the AA(\, t) = A(\, t) —

Ap()) signal can been easily obtained as:

O 0 ' kf ! C O . k ’
A1) = (010)- oGO ke G0 R ) et
ki1 — ko ki1 — ki (4.22)
C1(0) - k11 C1(0) - 1y A .
—_— g9 (N) — ———— (N ) - 170
(k;n, . 2() Fery — ko ol )> c

An important observation can been made that AA is again expressed as a sum of
exponential decays resulting in the same time constants obtained by Global fit, but with

different pre-exponential amplitudes (EADS).

AANt) =Y EADS,(\ew (4.23)

=1
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Finally, one may compute the Species Associated Difference Spectra (SADS) that reflect
the spectral behavior of the various species or states (monomers, aggregates or oxidized
molecules) evolving with different time constants [31]. They are found based on a target
analysis model (Figure 4.11), which can be considered as a generalization of the sequential
model. A disadvantage of the method is that a priori knowledge about the photophysical
reaction scheme is necessary. When the transition pathways, as well as the percentage
of the excited populations are guessed, the kinetic model can be computed (in a similar
manner as in equation 4.22) resulting in new pre-exponential factors that are primarily
a linear combination of DADS or EADS.

AA(N ) =Y SADS,(Ne™ (4.24)

The decision of the model applied to the experimental data is not always straightforward
and must be made carefully, taking into consideration the fitting residuals, as well as the
physical explanation of the calculated Associated Difference Spectra. The software used
for the Global analysis, calculation and plot of the DADS, EADS or SADS is Glotaran
[27].

4.6.4 Sample preparation

In the current PhD Thesis, the samples under study were either in solution phase, or
in the form of complete DSSC prototype devices. For the liquid-phase studies, solutions
of low concentration were prepared (3 —5 x 107° M) to avoid re-absorption phenomena,
as well as transmission saturation for the TAS measurements. Thus, the OD/mm was
kept between 0.15-0.55/mm.

The major components of the DSSC are the anode, the cathode that both undergo
characteristic treatment before use, the electrolyte and the dye. Starting with the pho-
toanode, it consists of a TEC11 type conductive glass coated with a fluorine doped tin
oxide (FTO) layer. The glass is cleaned via baths of detergent solution, ethanol and at
last by gradual heating in a specific program (up to 450° C'). Then, the anode undergoes
TiCly treatment (40 mmol/LTiCl, solution) in 70 °C' for 30 min, which is a classic pre-
and post-treatment for nanocrystalline 770, films, which drastically enhances the SC
adhesion and reduces the interfacial recombination with the 5 in the electrolyte. The
next step is the screen printing using a commercial 7705 paste (e.g. Solaronix). For the

samples that were studied in this Thesis, the DSSCs” anodes contained only one coated
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layer of transparent nano-sized nanoparticles (20 nm diameter) of 3-4 mm thickness. The
thickness were examined with a profilometer, which has similar operation as the AFM
(Atomic Force Microscopy). Finally, after screen printing a second TiCly treatment is
made and the anode undergoes a final gradual heating process to be purified by evapo-
rating the water and the paste additives.

Concerning the cathode glass treatment, we use a TECT type of conductive glass,
similarly coated with a fluorine doped tin oxide (FTO) layer. We use pieces of 1.7-2 cm
x 1.2-1.8 c¢m glasses, depending on the active area of the anode that we prepare. The
electrolyte is injected from the cathode after the assembly of the DSSC, thus we drill one
or two 1 mm holes in the cathode either via conventional mechanical drilling or via the
sand-blasting technique. The glasses then undergo ethanol/acetonitrile cleaning via soni-
cation and before the assembly, another platinum (Pt) treatment (HyPtClg) and heating
at 410 °C' for 15 min has been made. The Pt nanoparticles act as electro-catalysts and in
this manner they increase the cathode roughness, resulting in the decrease of the charge
transfer resistance. In our studies, we focus on the ultrafast photophysical studies of the
DSSCs, concerning mechanisms occurring faster than a ns, such as electron injection and
therefore the platinum treatment wasn’t necessary to be made.

The electrolytes used were nitrile based (acetonitrile or 85/15 acetonitrile/valenonitrile)
containing 1 M LiI (lithium iodide), 1 M DMII (1,3-dimethylimidazole iodide) and
0.3 M I (iodine) additives. These parameters refer to the standard DSSC conditions
that were found after thorough optimization to give the best photovoltaic performances
(W.Naim-LRCS laboratory). It is important to highlight that in the following chapter
an electrolyte study is demonstrated, examining the effect of Lil on the electron injec-
tion dynamics and efficiency. For this purpose, different electrolytes of increasing Lil
concentration are used. The anode and cathode glass plates and electrolyte solutions are
made by our partners in Amiens (W. Naim, T. Alnasser, F. Sauvage). In Strasbourg, we
made the final dyeing of the anode and the full assembly of the DSSCs, including the
electrolyte incorporation.

The DSSC device assembly procedure is described in the following (Figure 4.12).
The anode glass is heated at 350 — 500 °C' (depending on the SC material) and dipped
overnight (15-17 h) in a solution dye bath of very high concentration (10~% M), near the
concentration saturation limit. After the dye-loading period, the anode is removed from
the bath-solution and cleaned with ethanol, in order to wash away possible non-attached
dyes on the surface. A transparent Surlyn polymer (25 pm thickness), cut as an open

square to cover the peripheral sites of the anode’s active area, is placed between the an-
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Figure 4.12: A schematic illustration (A) of the anode and cathode DSSC counterparts,
(B) of an assembled DSSC without electrolyte and (C) sealed with the electrolyte. (D)

The corresponding exploded axonometric and (E) a picture of a real semi-transparent
DSSC.

ode and the cathode. When heated above 130 °C' the Surlyn film melts. Hence, the film
fulfills the double purpose of both gluing the two glasses and containing the electrolyte. It
is critical that the Surlyn films melt well and hermetically close the interstitial space be-
tween the electrodes. Otherwise the electrolyte, to be added in the next step, might spill
out, or evaporate overnight. The electrolyte is injected through the capillary holes using
the vacuum back-filling technique. After the electrolyte injection the holes are sealed
with additional Surlyn polymer, which is melted and covered by thin slip glasses used for
microscopy. To ensure better long-run stability, the DSSC edges were additionally sealed

with a dispersed two component glue, containing the epoxy resin Amosil 4 (Solaronix).
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Chapter 5
Experimental results

In the present chapter the experimental results and findings of the PhD research
are demonstrated within the collaborative ANR project VISION-NIR (coordinator F.
Sauvage). The general aim is the construction of real-world and efficient DSSC devices,
transparent or semi-transparent, suitable for low-intensity indoor applications. Three
appealing candidates, as dye-sensitizers, are presented and a detailed study has been
made, not only in basic solution phase, but when they are incorporated in complete
devices too. Considering the fact that the most crucial parameter for achieving high
Power-Conversion-Efficiencies (PCE), is the electron injection from the dye to the semi-
conductor, ultrafast spectroscopy has been performed, resulting not only in identifying
the injection times and efficiency, but the additional loss channels too. The construction
of the photophysical model, defined in the dye-sensitized system, is of great significance,
in order to understand the PCE-AVT limitations and therefore improve the dye synthesis
performed by the project partners. One of the advantages of DSSCs, compared with
other photovoltaic devices, is the option for easy modifications of the dye and therefore

the tuning of its optical properties.
5.1 Dye molecules under investigation

There are numerous near-IR dyes suitable for transparent DSSC applications. The
major categories were briefly mentioned in the 2.2.3 section. For the studies regarding
this Thesis we have investigated three dyes with the code names VG20-C16 (or just
VG20), TB207 and TB423. When VG20 stands out by itself in this study, TB207
and TB423 are closely related, by belonging to the same dye category. Thus, they are
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analyzed in the second part of the experimental studies of this Chapter. TB423 owns
identical structure with TB207, except the side group that is bulkier and a single car-
boxylic group.

Figure 5.1: Chemical structures of the molecules under study with the code names VG20,
TB207 and TB423.

The chemical structure of VG20, is presented in Figure 5.1 (top). VG20 was syn-
thesized by the group of Claudia Barolo at the University of Torino and the analytical
syntheses procedure has been described elsewhere [1]. It is an updated version of the VG
series of dyes that had a central squaric group, with VG1 to demonstrate PCE of 4.7 %,
but with the absorption peaking at 644 nm |2, 3]. For further absorption shift towards the
near-IR and inspired by the seminal work of Arakawa et al. [4] the symmetric VG20 cya-
nine dye was synthesized. The novelty of the dye is the position of the anchoring groups
and the length of the side hydrocarbon side chains. In more detail, VG20 belongs to
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the category of long polymethine chain dyes and specifically the heptamethines. The ex-
tended length of the chain with the addition of a chlorocyclohexenyl in the center, greatly
shifts the absorption in the near-IR. The chlorocyclohexenyl, with the cloride atom to
be in the meso-position of the ring, enhances the electron withdrawing efficiency through
the chain, whose absorption is essentially associated with the length of the t-conjugation.
In addition, this alicyclic ring further enhances the thermal and photochemical stability
in cyanine dyes [3|. In addition, it has been shown that the benzoindolenine contributes
to further absorption red-shift. The introduction of two carboxylic (-COOH) anchor-
ing groups at the sides, along the long axis of the dye, ensures efficient dye loading on
the semiconductor (SC) surface, as well as, better overlap of the dye’s LUMO with the
conduction band (CB) of the SC. The final components of interest are the alkyl chains
that have a decisive role in the photophysics of the dye and the total performance of the
DSSC device [3]. VG20 possesses a long alkyl chain, of C16 carbons that affects the
planarity of the dye, in order to reduce the head-to-tail aggregate formation and increase
the distance between neighboring dyes, weakening in general the electrostatic interaction
that promotes the aggregate formation. It has been shown that aggregates are harmful
not only for the photovoltaic performances, but for the AVT and the aesthetic assign-
ment of the DSSCs, too. However, the chain’s length effect is of great interest, as it has
been demonstrated for an extension from C2 to C16. The absorption spectrum shifts
by 6 nm by increasing the chain’s length, without affecting greatly the position of the
HOMO and LUMO and the excited state lifetime elongates by one order of magnitude,
from C2 to C6 [1]. By increasing the alkyl chain’s length the molar extinction coefficient
of the dye also becomes higher and for the C16 configuration has been calculated to be
e = 154'000M ~tem~! in ethanol. Finally, the long excited state lifetime, the near-IR
absorption with weak contributions from the visible part of the spectral region and the
high molar extinction coefficient, makes VG20-C16 a promising candidate for (semi)-
transparent DSSC applications.

The second part, of the experimental section of the current PhD Thesis, is focused
on the last two dyes with code names TB207 and TB423, with their chemical structures
illustrated in Figure B.1. Both TB dyes were synthesized by the group of F. Odobel at
the CEISAM lab at the University of Nantes. They both belong to the sub-category of
pyrrolopyrrole-cyanine dyes (PPCys) that was first reported by Daltrozzo et al. [5-7| and
similarly to classic cyanines and pyrrolopyrrole dyes, their absorption maximum is shifted
in the near-IR part of the spectrum (> 700 nm). Starting with the symmetric TB207
dye, the synthesis was based on a typical diketopyrrolopyrrole (DPP) core, offering sol-
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ubility. Initially, during the synthesis, the uncomplexed pyridine core unit conjugates
with the cyanine moiety and in another step is complexed with Boron (B) using BPhs,
leading to a red-shifted and narrow absorption band. In more detail, the introduction of
the Phenyls (Phs), resulting in additional red-shift of the absorption, because Ph induces
the reduction of the electron density of Boron (B). An analogous to TB207, initially pre-
pared, T'B dye with Fluorine (F') instead of Ph exhibited more blue-shifted and therefore
visible absorption, as well as lower PCE efficiency and therefore, it is not reported here,
but only to highlight the effect of Phsy. It possible that the bulkier geometry of Pha,
prevents in a degree the parallel aggregate formation and in general the non-linear dye
structure, efficiently reduces the aggregates on the SC surface, in comparison to VG20.
Interestingly, the carboxylic (-COOH) anchoring groups are added to the edges of the
conjugated backbone of the dye and compared to its counterpart dye, without anchoring
groups, the absorption is further bathochromically shifted by 27 nm. It is possible that
the further electron withdrawing ability of the -COOH groups stabilizes the LUMO and
offers better overlap with the CB of the SC, as well. TDFT calculations (Appendix A.1)
showed that the HOMO is located at the central core of the dye and the LUMO extends
further with contributions to the -COOH groups. As expected the initial soluble DPP
part is "dull" to the electron density change, but the relative angle, in both HOMO and
LUMO, of the middle benzene ring of the DPP body, creates a bulkier geometry pre-
venting in addition the formation of H-aggregates. In general, the T'B dye-series of the
novel PPCys category, were inspired to prevent aggregate formation (as it is considered
a drawback [1]), allowing efficient charge separation, upon excitation, for injection and
at the same time, maintaining the advantageous characteristics of strong absorption in
the near-IR and long excited state lifetimes.

As it is shown in the following section, aggregates are still present for TB207. There-
fore, another dye is proposed based on TB207 with the code name TB423. TB423 is
the non-symmetric version of TB207, with only one -COOH group and in the position of
the other (in TB207), a bulkier substituent is added, increasing in this manner the steric
hindrance and reduce even further the aggregate formation. Moreover, the electron rich
properties of the substitute facilities the oxidation of the dye. As it is shown in the section
below, the absorption of TB423 is 10 nm blue-shifted compared with TB207, but the
lower oxidative potential reveals great potential for the dye-sensitizer’s performance in
real DSSC applications.

All three dyes showed considerable advantages for DSSC development in the field

of transparent technologies. They all present high molar extinction coefficients in the
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near-IR and low in the visible and near-UV, improving drastically the level of AVT and
at the same time, they exhibit the highest up-to-date PCE values for near-IR dyes. Their
steady-state and time resolved spectroscopic differences are presented in this Thesis, prob-
ing various effects with most interest on the aggregates effect for the charge-separation
at the dye-SC interface.

5.2 Steady-state absorption/fluorescence

Steady-state spectroscopy offers great insight on the basic photophysical properties of
the systems under investigation. The time-integrated data obtained by these techniques
provide a first insight and a deeper level of understanding of the photophysical mecha-
nisms given by the complementary time-resolved studies. In this section the steady-state
absorption and fluorescence spectra of all three, VG20, TB207 and TB423 dyes are
presented, both in solution and when incorporated in real DSSCs. Also, the photovoltaic
performances that were used as base for the organization of the experiments that took

place in the current PhD project, are shown.

5.2.1 Dyes in solution

Figure 2.1.A depicts the steady-state absorption (SSA) spectra of VG20 in EtOH/DMSO
(9/1), TB207 and TB423 in EtOH/CHCIl3 (9/1). Supplementary, Figure 2.1.B demon-
strates the corresponding steady-state-fluorescence spectra with excitation near the ab-
sorption maximum of each dye.

The absorption spectrum of all three dyes is shifted above 700 nm, exhibiting nar-
row bands and almost no absorption in the visible spectral region. Therefore the yield
for Sy — S, transitions, where n>1 excited states, is very low and the absorption main
band in the near-IR corresponds to the Sy — S transition. TB207 and TB423 absorp-
tion spectra are identical with a lower band feature at ~ 700 nm that corresponds to a
vibronic level. Increasing the molecular concentration doesn’t have any impact on this
higher energy band and therefore it is considered that in solution there is no formation
of aggregates and the dye population refers to pure monomers. TB423 absorption and
emission maxima are 20 nm blue-shifted compared with TB207, when V(G20’s maxi-
mum is located further into the near-IR at 840 nm with a similar vibronic feature at 720

nm. The fluorescence spectra are mirror image of the absorption, however the accuracy
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of the SSE spectra greatly reduces above 900 nm, due to the low quantum efficiency of

the detector, which is not properly corrected for in our instrument.
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Figure 5.2: (A) The steady-state absorption spectra of VG20, TB207 and TB423. The
human eye phototopic response is shown, as reference. (B) The corresponding steady-
state emission spectra for excitation at 820 nm (VG20), 700 nm (TB207) and 690 nm
(TB423).

In Table 5.1 the spectroscopic properties of the dyes are presented. As illustrated in
Figure 5.2, the Stokes shift of the dyes is relatively small, below 19-29 nm. Noteworthy,
the cyanine and PPCys dyes under study exhibit some of the highest molar extinction co-
efficients, which makes them perfect near-IR harvesting antennas and suitable for DSSCs
operating in the near-IR. The fluorescence quantum yield (®x) and oscillation strength
(f), for the Sy — Sy transition, of VG20 in solution is also presented in Table 5.1 and

the latter were calculated, for all dyes, according to the equation:

f=432x10"" / e(v)dv (5.1)

S1,band
Among the three dyes, VG20 has the highest f, when both TB dyes have similar values.

Table 5.1: Spectroscopic properties of VG20, TB207 and TB423 in solution. The ¢
has been calculated for VG20 in EtOH, when for the TB dyes in DMC and corresponds

max
to ALar.

Dyes ‘ Amar (pm) ‘ Ane® (nm) ‘ A (nm) ‘ e (M~ tem™1) ‘ f ‘ 032

abs
VG20 830 857 27 1.54E+05 0.80 | 0.47
TB207 759 778 19 1.38E+05 0.68 -
TB423 748 769 21 1.34E+05 0.69 -
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Moreover, f values are in the usual range of values that have been reported for similar
dyes [6, §|.

5.2.2 Dyes in complete DSSCs

The study of the dyes in solution is essential to determine the basic photophysical
properties of the dye, with higher freedom of movement at ambient temperature and in
a first approach works as reference. The target of the present PhD Thesis is connected
to a broader multidisciplinary framework that demands the study of real DSSC devices.
Therefore, the dyes under investigation are incorporated as sensitizers in various DSSCs,
in order to examine specific properties relative to their electron injection. The main divi-
sion of the DSSC samples lies in two categories depending on the SC material used in the
anode part and a discussion is made for injecting and non-injecting DSSCs. To under-
stand, in a secondary step, the photophysics of the dye and the role of aggregates upon
attachment on the SC, we utilize materials of high energy CB, such as ZrO, for VG20
and Al,Os for the TB dyes. As it will be explained in detail in the following sections, by
choosing a SC of high CB level, relative to the dyes” LUMO, the LUMO-CB transition
isn’t energetically allowed, therefore the injection channel is closed and a simplified study,
focusing only on the additional mechanisms, can be made.

The steady-state absorption (SSA) spectra of the three dyes incorporated in real
DSSCs are presented in Figure 5.3. To obtain the SSA of the DSSCs, we subtracted the
device background using a reference sample of an "empty" DSSC, containing only the
anode-cathode and the electrolyte. For the Al,O3 samples the background was subtracted
by a straight line fit for better quality results. The solid-line spectra correspond to the
non-injecting DSSCs of ZrO, SC for VG20 and Al,O3 for TB207 and TB423 and the
dashed spectra to the injecting 790y DSSCs. The filled-dashed spectra represent the
corresponding solution spectra for all three dyes, red-shifted where necessary to overlap
with the injecting DSSC spectra. The solution spectra reflects systems containing exclu-
sively dye monomers,since increasing the solution concentration or adding de-aggregating
agent didn’t affect the spectral features. Therefore, as it was mentioned above, the higher
energy spectral shoulder can be indeed attributed to a vibronic level.

Interestingly, for all VG20, TB207 and TB423 ((A), (B) and (C)) dyes, when they
are incorporated in solid samples (DSSCs) the absorption spectra show pronounced dif-
ferences. Starting with the VG20 (Figure 5.3.A) ZrO, DSSC (solid line) the absorption

spectrum is distinctively broader than for solution. An additional spectral peak rises for
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Figure 5.3: Steady-state absorption spectra of (A) VG20, (B) TB207 and (C) TB423 in
real DSSC devices, with no addition of de-aggregating agent. The solid lines correspond
to the non-injecting (ZrOy and Al,O3) DSSC absorption spectra and the dashed to the

injecting 72Oy DSSCs, while the filled-dashed spectra represent the absorption in solution,
red-shifted by 10 nm (A), 6 nm (B) and 4 nm (C) as reference.

the DSSC at 750-800 nm, where the vibronic level of solution is located, but for the solid
sample is attributed to the formation of molecular aggregates on the SC surface. The
amplitude of the shoulder can vary from DSSC to DSSC, depending on the dye loading
time and the de-aggregating agent concentration, as it is shown in the following section.
The appearance of the high energy band is strictly correlated with H-type aggregates, as
it was recalled and illustrated in section 3.3.1 (Figure 3.5). However, the broadening of
the spectrum hints to a the second energy band of lower energy, which is also optically
active, directly indicating either the co-existence of both H and J aggregates on the SC
surface, or more likely for densely packed systems such as the DSSCs, aggregates of rel-
ative oblique geometry. Similar to ZrOs, TiOs DSSCs (dashed-line) show a very broad
absorption spectrum and features of aggregate bands. The observation is valid for the
TB dyes too, in which the T70Oy DSSC absorption spectra are broader, than the Al,O3
and slightly ref-shifted (4-5 nm) compared with the solution, due to the different dielec-
tric environment. Moreover, the total OD is higher (~ 0.1 —0.2) for the injecting DSSCs,
because of the different properties of the injecting and non-injecting SCs. Another inter-

esting observation is the degree of aggregates that form on the SC surface for all three
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dyes. The cyanine VG20 tends to form aggregates significantly easier than the PPCy
dyes TB207 and TB423, as it can be seen from the SSA (Figure 5.3). Furthermore and
comparing between the two TB dyes, the bulkier TB423 dye, tends to form slightly less
aggregates compared to their counterpart TB207. Both TB dyes have similar molar
extinction coefficient (Table 5.1) and in the normalized solution SSA spectra, the ampli-
tude of the vibronic level is almost identical. Therefore the degree of aggregation can be
briefly calculated from a = A,,00/AH —shoutder resulting in the values presented in Table

5.2. The lower values of the ratio indicate the higher degree of aggregates in the system.

Table 5.2: The ratio of the main monomer absorption band against the high energy
aggregate band as it was extracted from the SSA.

Dyes ‘ aAlgO3 ‘ aT’iO2

TB207 1.4 1.2
TB423 2.6 2.0

Aggregates in DSSCs have been reported to have negative effect on the total photo-
voltaic performances by reducing the injection efficiency from the dye to the SC [2, 9-13|
and also they reduce the AVT, due to their contribution in absorption towards the visible
[3]. On account of this, various tactics have been used to reduce aggregates with the most
common, the utilization of Chenodeoxycholic acid (CDCA, Sigma Aldrich), which is es-

sentially a bile acid, as a de-aggregating agent. The method is based on co-sensitization
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Figure 5.4: A schematic illustration of the dye-SC interface for three different cases,
increasing the CDCA concentration from (A) to (C). By adding CDCA the intermolecular
distance, from A-C increases (r” <71’ <r).

of both the dye and CDCA on the SC surface and therefore many dye-bath solutions have
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been prepared, increasing the CDCA concentration with respect to the dye concentration.
In Figure 5.4, a schematic illustration of the effect of CDCA is presented. In case (A),
when there is no CDCA in the system, the intermolecular distances are short, constituting
more feasible a face-to-face molecular conformation. As it was mentioned above, an in-
terpretation based on the two-band observation, includes aggregates of oblique geometry,
but lateral side-by-side assemblies are also possible to form. From (B) to (C), by adding
CDCA, the intermolecular distances increase and the aggregate percentage decreases. In
our studies, after a thorough optimization, with reference point the PCE measurements,
the best compromise between high dye loading and reduced aggregate percentage has
been found for each of the three dyes and these conditions are referred to the "standard
conditions".

In Figure 5.5 the normalized SSA spectra for all three dyes are shown for non-
injecting (A, C and E) and injecting (B, D and F) DSSCs, increasing the CDCA concen-
tration. In addition, the inset graphs show the corresponding non-normalized SSA. The
values of the SSA and SSE maxima, as well as the corresponding Stokes shift, increasing
the CDCA concentration, are shown in table 5.4, for the non-injecting DSSCs and in table
5.5 for the injecting 7205 ones. It is straightforward to observe that decreasing the CDCA
concentration, the absorption intensity increases due to the higher OD (Inset graphs).
For the non-injecting (ZrO,, AloOs) CDCA-free devices, the total OD is around ~ 0.4
for all dyes, while for the injecting (7'iO3) devices is almost two times higher, varying
from 0.6 (VG20) to 1.0 (TB423) and 1.2 (TB207). This variation, most probably, is
due to the different SC material properties, as well as the SC layer, for the TB injecting
and non-injecting SC cases. For all cases, the general trend of reducing aggregates by
increasing the CDCA concentration is pronounced. The reducion of aggregates can be
seen as a decrease of the intense high energy absorption shoulder in 750 nm for VG20,
700 nm for TB207 and 680 nm for TB423, as well as steepening of the spectra at longer
wavelengths. Indeed, in all cases, in the highest [CDCA] case the absorption is very close
in shape to the solution spectrum that has been already explained to correspond to a 100
% monomers case. The decrease of the shoulder intensity with CDCA, is another proof
of the additional high energy aggregate band presence, in these wavelengths, compared
to just the vibronic nature in solution. Eye-caching is the case of the most aggregated
VG20 samples (A-B) that compared to the TB series, in order to efficient de-aggregate
the systems, very high CDCA concentrations are needed (approximately 10 times more).
Interestingly, even at very high [CDCA], the SSA spectra never correlates completely

with the solution spectra, indicating that aggregates always form in the DSSC samples.
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Figure 5.5: SSA spectra of VG20 (A, B), TB207 (C, D) and TB423 (E, F') incorporated
in real DSSC devices, increasing CDCA concentration. In the left (A, B and C) are
presented the SSA spectra for the non-injecting DSSCs while in the right (B ,D and F)
the SSA spectra for the injecting DSSCs. The corresponding, normalized SSA spectra in
solution are presented as filled spectra, red-shifted (< 10 nm) to overlap with the highest
[CDCA| DSSC. Inset: Non-normalized corresponding spectra.

Two exceptions can be seen for VG20 in ZrO, for 1:1000 [Dye:CDCA] and for TB207
in AlyOj3 for 1:50 [Dye:CDCA], however the background subtraction might be misleading
and add a small error (< 10%) in the exact shape of the SSA. Moreover, even in these
cases the absorption spectra width is slightly broader than in solution, still indicating the
existence of aggregates. The above described observations are illustrated in Figure 5.6,
which shows the ratio of the high energy peak due to aggregates against the CDCA:Dye
ratio. The ratio for various DSSCs, increasing CDCA, gives in a good approximation, the
aggregate formation trend, however the FWHM of the spectra is an additional parameter
that hides relative information. VG20 is clearly shown to be the dye that tend to ag-
gregate easier and very high CDCA concentrations are needed to de-aggregate, without

reaching an environment with exclusively monomers. By its turn, TB207 needs a small
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Figure 5.6: Peak ratio of H-aggregate band/Monomer band for different DSSCs, increas-
ing CDCA for VG20, TB207 and TB423 on both injecting and non-injecting DSSCs.
The monomer threshold lines are the ratios of the vibronic levels to the monomer peaks,
for all three dyes and refer to the pure monomer environment.

amount of CDCA to efficiently reduce aggregates. Interestingly and in accordance with
the spectra, TB423 appears to depend, among all dyes, the least on CDCA.

In the content of this Thesis, for communication reasons, the devices are labeled with
the ratio of the concentrations [Dye:CDCA] related to the concentrations of their corre-
sponding bath solutions. However, this doesn’t necessarily reflect the real concentration
ratio on the SC surface, as it has been shown for similar dyes, such as phthalocyanines
on T'iOy [13], for which the CDCA was proposed to adsorb on the surface in smaller per-
centages than the dye. Finally, in the experimental section, the effect of CDCA on the
injection rates, efficiency and therefore photovoltaic performances has been explored in
detail. Therefore, it can be of interest to isolate the absorption spectra of the aggregates
and monomers in the various DSSCs. By subtracting the monomers’ absorption spectra,
which is equivalent to the absorption of pure monomers, from the absorption spectra of
the complete DSSCs, such as presented in Figure 5.5, the normalized absorption spectra
of the aggregates for the 770y DSSCs of different CDCA concentration have been derived
and plotted in Figure 5.7.A,B and C for VG20, TB207 and TB427, respectively. The
relation of the degree of aggregates to the injection efficiencies can be significant, in order
to understand better the effect of aggregates to the overall photovoltaic performances. It
is evident that the aggregates that have two active absorption bands, of higher and lower
energy, as it is predicted by the classic exciton theory for aggregates (chapter 3.3.1) can

either be represented by an oblique geometry of angle U, between the dipole moments of
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the two monomers that make the aggregate, or by a co-planar tilt of the monomers by
and angle o. However, taking into consideration that in all cases the lower energy band
is higher in amplitude than the higher one, the most probable configuration is related to

oblique plane geometry [14-18|. Therefore, in all DSSC systems under study, no pure H or
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Figure 5.7: Aggregates absorption spectra (AA = Apssc — Asotution ) extracted from
the total 71Oy DSSCs, increasing CDCA concentration for (A) VG20, (B) TB207 and
(C) TB423 by subtracting the corresponding spectra in solution. (D) Spectral overlap
of the lower energy TB423 aggregates absorption band, extracted from the Al,O3 DSSC
absorption for 1:0 [Dye:CDCA], with the emission spectrum of the TB423 monomers.
As dashed /dotted lines are defined the corresponding steady-state absorption spectra of
the solutions.

J aggregates are formed, but rather aggregates of intermediate geometries and both states
are energetically allowed to be populated. However, due to the approximate derivation of
the aggregates absorption spectra, as well as the fact that increasing CDCA the features
slightly change, the exact determination of the aggregates molar extinction coefficient
and therefore the concentration of aggregates for each sample, is difficult to determine
precisely. For all dyes, increasing the CDCA concentration and therefore increasing the
intermolecular distances to de-aggregate the system, the aggregate type appears to vary,

accordingly. Specifically, by adding CDCA the higher energy band gradually decreases
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with respect to the lower energy band (I /1) (Table 5.3) and therefore, the geometry is
modified to a more J-oblique configuration. This is reasonable by taking into considera-
tion that the anchoring groups of all dyes are located in the molecular edges, implying a
grafting configuration in which the dyes are exposed to interaction with the parallel plane
of the neighboring ones. The CDCA molecules in the system, can act as dye stabilizers
and the angle (f) between the two monomers, forming the dimer, will be smaller, as the
dyes tend to tilt more to form the dimer. Relative to the geometry and therefore the
nature of aggregates, more information can be extracted from Figure 5.7.A,B and C. For
oblique dimers equation 3.16 described the interaction energy (V'), which would be half
the Davidov Splitting (DS). DS is determined as the energetic difference between the ex-
citonic bands of the aggregates, which are presented in Figure 5.7 and the corresponding
values are shown in Table 5.3. The values of DS are close to 0.2 €V, in the same range as
it has been found for similar dyes, such as pentamethine cyanines [19, 20]. The transition
dipole moments of the high M = 2%cos?(A) and low M = 21i2sin2(0) aggregate energy
bands are proportional to the corresponding oscillator strengths fi and f;, respectively.
Moreover, from Figure 3.5, o = m — 260 and therefore the angle o that the two monomers
form, is calculated by the relation [14-16, 18]:

fJ/fH = tCLTLQ(Oé/Q) = Al/Az (52)

where A, the areas of the aggregates band in Figure 5.7. Consequently, from the inter-
action energy of oblique dimers that is described in equation 3.16, the monomer’s dipole

moment can be expressed as [14]:

h
=1.07 x 1014%‘]8(1'71 erg em?®) (5.3)

where f =4.32 x 107? [ £(v)dv the monomer oscillator strength, 7 the monomer energy

in em™! (maximum wavenumber in the absorption spectrum) and [ e(v)dv, the area of
the monomer absorption band. Therefore, by simple substitution and solving for the

intermolecular distance R(A) from equation 3.16 the following equation can be derived
[14-16, 18];
(1.85)10% [ e(7)dv[cos(a) + 3sin(a/2)]

R ( — )1/3 (5.4)

All the values are presented in table 5.3. The angles (o) between the monomers of

the aggregate increases, as [CDCA] increases, towards 180°, which is the ideal J-type
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conformation. This observation is in agreement with the increase of lower energy band,
compared to the higher one, as the [CDCA] increases. CDCA attached on the SC prevents
the parallel aggregation, however even with high CDCA concentrations, neighboring dyes
are attracted, in close distances and form aggregates in oblique geometry, but with more
obtuse angles. The higher the intermolecular distance, the larger the o angle e.g. for
VG20 TiOy DSSC with [1:10] dye:CDCA ration o = 88.8° and for [1:1000] the angle
becomes becomes 124°(table.5.3). The centre-to-centre distances of the monomers in
the aggregate don’t change significantly, but with a weak tendency, as the intermolecular
distances increases. The mean (R) values are 19-20 A, which is two to three times longer
than the ones reported for Rhodamine dyes [16, 18] or pentamethine cyanine dyes [21],
possibly due to the longer long-axis length and larger oscillator strength of VG20.

Table 5.3: Aggregate properties of VG20, TB207 and TB423 in 770y DSSCs.

Dyes | [Dye:CDCA| | Ig/I; | Av (eV) | f1/fu | o (deg) | R (A)

1:0 - - - - -
VG20 1:100 0.63 0.19 0.96 88.8 20.0
1:500 0.45 0.18 1.42 99.9° 20.4
1:1000 0.25 0.16 3.55 124.0° 20.9
1:0 0.80 0.18 0.91 87.1° 18.4
TB20T 1:20 0.59 0.18 1.28 97.0 18.7
1:50 0.34 0.18 1.95 108.9° 18.6
1:100 0.32 0.17 1.95 108.9° 19.0
1:0 0.69 0.18 1.06 01.6° 18.6
TB423 1:50 0.55 0.18 1.48 100.4° 18.8
1:80 0.54 0.18 1.77 106.1° 18.8

The interaction of monomers and aggregates is examined via time resolved techniques
in the following sections. Already, in Figure 5.7.D, it is shown that the low energy ag-
gregate band of a TB423 Al,O3 DSSC, with no addition of CDCA, fully overlaps with
the emission spectrum of the solution sample, which represents the pure monomer pop-
ulation. Therefore, for monomers as donors and aggregates as acceptors, processes such
as Energy Transfer are energetically favored to occur. Forster Energy transfer (ET) for
monomers to aggregates have already been reported to be the main loss channel limiting
efficient injection to the SC [12] and the evidences will be described analytically in the
following sections.

Relative to the radiative character of the aggregates little information can be ex-
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tracted from the Steady-State Emission spectra (SSE). The corresponding spectra for
VG20, TB208 and TB423 are presented in Figure 5.8.A.B and C, respectively, for
both injecting and non-injecting DSSCs. The relative spectral maxima values, as well as
the Stokes shift are shown in tables 5.4-5.5, for both non-injecting and infecting DSSCs,
for various [CDCA], respectively. In Figure 5.8.D the SSE spectra of an TB423 Al,O;
DSSC with no CDCA, are presented, at various excitation wavelengths, in order to excite
a greater or lesser percentage of aggregates in the system. The SSE spectra are nor-
malized, as their measured intensity depends, each time, on various experimental factors

and thus, they are expressed in arbitrary units. However, a straightforward observation
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Figure 5.8: Normalized steady-state emission spectra of (A) VG20 in ZrOy and TiO;
DSSCs of 1:500 [Dye:CDCA], (B) TB207 in Al,O3 and T'iO5 DSSCs, increasing CDCA
concentration and (C) TB423 in Al,O3 and TiO; (inset 1) DSSCs. Inset II, highlights
the comparison of OD,,,, for the 1:0 Al,O3 DSSCs. (D) Normalized emission spectra of
TB423 Al,O3 DSSC of 1:0 [Dye:CDCA| at different excitation wavelengths and normal-
ized excitation spectra at different detection wavelengths. As dashed lines are defined
the corresponding steady-state absorption spectra of the solutions.

is that the total intensity of the 7Oy DSSCs is strongly quenched (~ 10 times), com-
pared to the corresponding no-injecting DSSCs (e.g. inset II of Figure 5.8.C), due to
injection in the SC, which is essentially a non-radiative process. Another observation is

that by increasing the CDCA concentration and therefore, de-aggregate the system, the
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SSE spectra are generally slightly blue-shifted. This observation is more pronounced for
TB423 Al,0O3 DSSCs (Figure 5.8), in which the signal /noise ratio is higher compared
to TiO,. As it is predicted, by the classic exciton theory only J-aggregates have radia-
tive character, while H are completely "dark". Moreover, intermediate cases have been
predicted (Figure 3.5), such as for oblique aggregates, for which the angle between the
transition dipole moments of the monomers defines the radiative nature of the aggregates

with radiative rate k, according to the equation [16]:
kr agg = ri,monocos% (5.5)

If aggregates have fluorescent character, the emission should be located in longer wave-
lengths than the monomer emission. Therefore, the above mentioned red-shift (7 nm)
of the emission (Figure 5.8.C) from the more aggregated case of 1:0 [dye:CDCA] to the
least aggregates 1:80, could be attributed to an additional contribution from aggregates
emission. Moreover the spectral shift and the FWHM of the more aggregated DSSCs
decreases upon de-aggregation to finally reach the solution’s one. Investigating more in
detail, the normalized emission spectra at different excitation wavelengths, of more ag-
gregated TB423 Al,O3 DSSC, with no CDCA, are presented in Figure 5.8. To identify
the spectral region of the emissive states, the excitation spectra detected at different
wavelengths, are portrayed too, as well as the absorption spectrum of the DSSC (dotted-
line). It should be mentioned that in DSSCs both monomers and aggregates exist and
therefore the emission and excitation spectra are a superposition of both contributions.
The 650 nm excitation is energetically closer to the aggregates higher energy level than
the monomers first excited state and the corresponding emission is slightly red-shifted
(5 nm) compared to solution. The shift is followed by the appearance of an additional
weak intensity band at 850-890 nm, indicating possible contribution in the emission from
aggregates. When the excitation is tuned near the maximum of the solution and there-
fore the monomers population, the additional band and the FWHM decreases. Probing
near the maximum of the emission (780 nm), as well as in longer wavelengths where the
J-band of the aggregates is located (850 nm and 880 nm),only a small increase in shorter
wavelengths can be observed in the excitation spectra and they both overlay with the ab-
sorption spectrum. Therefore, the main radiative state is the monomer S;. In conclusion,
they are indications for fluorescence from aggregates, but with no clear contribution, in
terms of a separate band in the complete DSSC samples, even in the more aggregated
cases, with no addition of CDCA, due to the presence of monomers and possibly the

lower radiative yield of the aggregates.
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Table 5.4: Spectroscopic properties of VG20, TB207 and TB423 in non-injecting
DSSCs, increasing the CDCA concentration. A\ = Stokes shift.

Dyes ‘ [Dye:CDCA] ‘ AT (nm) ‘ AT (nm) ‘ AX (nm)

abs pl

1:0 840 - -
VG20 1:100 842 - -
1:500 842 866 24
1:1000 843 - -
1:0 766 781 15
1:20 764 - -
TB207
1:50 769 - -
1:0 752 77 25
TB423 1:50 751 772 21
1:80 752 771 19

Table 5.5: Spectroscopic properties of VG20, TB207 and TB423 in Ti0O; DSSCs,
increasing the CDCA concentration.

Dyes ‘ [Dye:CDCA] ‘ AT (nm) ‘ AT (nm) ‘ AX (nm)

abs pl

1:0 - - _
VG20 1:100 850 - -
1:500 852 74 22
1:1000 851 - -
1:0 761 782 21
1:20 762 - -
TB207
1:50 767 787 20
1:100 767 789 22
1:0 753 775 22
TB423 1:50 754 - -
1:80 754 770 16
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5.3 PV performances and dye regeneration

In this section, before the ultrafast-time resolved study and for the complete analysis,
the total photovoltaic performances and regeneration times are identified and presented,
as well as the spectral position of the oxidized, after injection dyes. The measurements
were performed by W. Naim and I. Dzeba in F. Sauvage’s group (LRCS, University of
Picardie Jules Verne). The photovoltaic parameters were determined under A.M.1.5G
conditions (Py; = 100 mW/cm?) using a 3A class Newport SOL3A sun simulator [22].
The regeneration dynamics were monitored via a ns-transient absorption technique (flash
photolysis), offering an available time window in the ms-us time-scale.

Starting with the ms-us TAS, the experimental strategy is the study on two DSSCs,
one operational with redox couple in the electrolyte and one only with inert electrolyte
(ACN) without redox couple. In the second case, the dynamic range of the recombination
mechanisms is identified and by simple substitution of these rates in the average rate of the
operational DSSC, the regeneration times can be identified, as well as the recombination

efficiency, according to the relation:

< kyeg >
< kreg >+ < krec >

D,y = (5.6)
where, < kg > and < k.. > the regeneration and recombination rates, respectively.
In Figure 5.9.A,C and D the spectral features of VG20, TB207 and TB423, in the
cationic form, are presented. In (A) the spectra were extracted by gradually adding
the oxidizing agent Ce?™ and by each time subtracting the initial C'e*t-free absorption
spectrum from the absorption spectrum with the oxidized dye. In a different approach for
the TB dyes instead of absorption, spectroelectrochemical spectra where measured, by
gradually oxidizing the dyes and the difference in absorption is calculated by subtracting,
each time, the spectrum where zero voltage was applied. The spectroelectrochemical
measurements were performed by T. Baron in F. Odobel’s group (CEISAM, University
of Nantes). For all dyes the corresponding cations absorb in higher energies, than the
neutral dye, in the range of 400-600 nm, which range has also been reported for similar
pentamethine cyanine dyes [23]. Interestingly, the ys-ms TAS (Figure 5.9.B) reveals the
absorption of VG20 cation for an injecting 790, DSSC. In the 2 us time window all
the ultrafast photophysical processes have been completed and the spectrum corresponds
to the dye-cation absorption, after the ultrafast injection, which is 50 - 100 nm red-

shifted compared to solution, possible due to the different dielectric environment in the
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solid-state sample. From Figure 5.9, the molar absorption coefficient of the dye radical
cation in solution is about 25 times weaker compared to the neutral form in the same
solution (¢ ~ 6200 L/mol - cm). Relative to the regeneration times, the 2D TAS profiles,
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Figure 5.9: (A) Titration of a VG20 EtOH/DMSO solution with the oxidant Ce?™. AA
denotes for changes of steady-state UV-visible absorption spectra A([Ce!T]) — A([Ce't =
0]). The arrow indicates increasing C'e** concentration : bleaching of the neutral ab-
sorbance at 835 nm and rise of the cation absorption band, below 600 nm. (B) Time-
resolved transient absorption spectral streak image of the VG20 based DSSC for the
I; /I~ redox couple. (C) and (D) Titration of TB207 and TB423 solutions, respec-
tively, obtained by spectroelectrochemical measurements. AA denotes for changes of
electrochemical spectra A([V]) — A([0] = 0). The spectral region of the dye cation onsets
is shown in the insets.

obtained via streak camera, for TB207 in a regenerative and non-regenerative DSSCs,
are presented in a 2 ps time-window, in Figure A.2.(A), (B), respectively and for VG20
in Figure 5.9. In table 5.6, the corresponding times, for 7Oy DSSCs with I /I~ redox
couple in the electrolyte, derived from two-exponential decay fittings, are presented for
both dyes. The times in the regenerating DSSCs, are faster for TB207 compared to
VG20 and the recombination times found via TAS are much longer, in the range of ms
for both dyes. It can be seen in Figure A.2.(B), that in the time window of 2 ps, the

TB207 cation signal hasn’t recovered yet. Therefore, regeneration from the electrolyte
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Table 5.6: Regeneration times and efficiency for VG20 and TB207 770, DSSCs with
I; /I~ redox couple in the electrolyte.

Dyes ‘ T1 (,us) ‘ T2 (/J“S) ‘ (I)reg %

VG20 1.5 19.4 > 98.0
TB207 0.4 2.5 99.7

occurs faster than geminate recombination and the losses are minimized resulting in
regeneration efficiencies that reach almost unity. The range of values in table 5.6 are in
the same order of magnitude as those reported for D-n-A dyes [2, 24, 25].

The PCE efficiency and the photovoltaic performances constitute the guideline for
the current experimental work. In table 5.7, the photovoltaic performances are presented
for all three dyes in operational 7902 DSSCs with I3 /I~ redox couple in the electrolyte

and 1 M Li", increasing the CDCA concentration. An important observation is that by

Table 5.7: Photovoltaic performances of VG20, TB207 and TB423 increasing CDCA
concentration for 3 layer TiOy DSSCs with the electrolyte of standard conditions (1 M
Lit).

Dyes | [Dye:CDCA] | Jsc (mA/em?) | Voo (mV) | FF | n (%)

1:100 9.3 312 062 | 1.8
VG20 1:500 (RT) 12.1 347 058 | 25
1:500 (-20 C°) 11.2 422 0.65 | 3.1

1:0 15.65 348 057 | 32

TB207 1:10 14.90 367 059 | 34
1:20 14.29 372 0.60 | 3.3

1:50 16.49 394 058 | 3.9

1:60 15.88 374 0.56 | 3.4

1:0 14.34 342 052 | 2.7

TB423 1:5 14.31 388 052 | 3.0
1:20 15.21 382 047 | 2.8

increasing [CDCA]| the Jg¢ and therefore the total PCE (or n %) increases. Therefore,
aggregates either don’t inject at all, or the injection yield is much lower than for monomers
and finally, they act as the main limiting factor for injection. After thorough optimization,

the best compromise between high dye loading and aggregates reduction was found to

be [1:500] Dye:CDCA for VG20, resulting in PCE,, ., of 3.1 %, when the sensitization
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took place over a week in —20 °C' [1] and [1:50] for TB207 with the impressive PC'E,, 4.
of 3.9 %. Interestingly, for TB423, the effect of aggregates is almost negligible with
PCE,,q.. to be 3.0 %, but further studies have to be made. The final observation is
in agreement with the results in Figure 5.5, which show that for TB423, CDCA has
a minor effect in de-aggregation, but the SSA spectra show that aggregates do form in
TB423 (Figure 5.5-5.7). The weak dependence of JsC' on [CDCA] then suggest that
either FRET to aggregates is not operative, or that carrier injection from aggregates is
possible. This will be addressed in section 5.5.2. The possibility for TB423 aggregates
to inject with higher yields than TB207 ones, due to their relative higher HOMO levels,
cannot be excluded.

The most pronounced effect of CDCA on PCE is observed for the VG20. This is
expected, because this family of dyes is notorious in forming aggregates and one order
of magnitude higher concentrations of CDCA is needed, in order to reach the optimum
results. In addition, it should be mentioned that the best efficiencies were found for
DSSCs containing 3 SC layers of different NP sizes, two scattering (5 ym thickness each)
and one for transmission (8 um thickness). If one transmission layer is used, the PCE
drops for VG20 to 2.1 % instead of 3.1 %. For the fs-ps time-resolved measurements in
this Thesis, DSSCs of only one layer for transmission were examined.

Another interesting effect that has been examined (only for VG20), is the effect
of the Li™ additive in the ACN-(I3 /I7) based electrolyte. The LUMO level has been
determined via cyclic voltametry to be -0.43 V (vs NHE), when the Ecp rio, & —0.45.

Therefore, when the regeneration has been proven favorable, the weak driving force for

Table 5.8: Photovoltaic performances of VG20 and TB207, increasing Li™ concentration
for TiOy DSSCs for 3 layer TiOy DSSCs with [Dye:CDCA] of the standard condition
[1:500].

Dyes ‘ [Lif] (M) ‘ Jsc (mA/em?) ‘ Voc (mV) ‘ FF ‘ n (%)

0.10 2.5 395 66 1.6
0.25 8.4 375 o8 1.9
VG20
0.50 9.6 368 56 2.2
1.00 12.1 347 58 2.5
0.10 0.70 407 0.63 0.17
TB207 0.25 13.22 381 0.59 3.01
0.50 13.90 415 0.58 3.35
1.00 16.48 394 0.58 3.85
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injection postulates difficulties for the step of electron injection. For this reason, additives
where added in the electrolyte. In detail, Li™ atoms are adsorbed on the SC, shifting
towards negative energies the CB, bellow the LUMO level. In table 5.8, the photovoltaic
performances for both VG20 and TB207 are shown, for the 790y DSSCs of optimal
[Dye : CDCA] ratio, respectively, increasing the [Li*] in the electrolyte. For both dyes
the optimal conditions correspond to 1 M of lithium in the electrolyte, resulting in higher
PCE values. With no addition of lithium, the PCE is close to zero, but for even small
amounts (e.g. 0.25 M) the PCE drastically rises. In higher concentrations than 1 M the
PCE drops, indicating the critical energetic LUMO/CB equilibrium, for the optimization
of the driving force, before the entrance to the Marcus inverted region. It is important
to underline that lithium presents additional side effects, such as possible contribution
to aggregate formation and to the carrier transport toward the collection. For all the

fs-measurements all the DSSCs were made with the optimal [Li*] =1 M.
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Figure 5.10: Survey of TPV. (A) PCE versus AVT for wavelength-selective and non-
wavelength selective organic, inorganic and perovskite TPV technologies. Wavelength -
selective TPVs have peak absorption in the UV and NIR portions of the spectrum. (B)
Plot of the light utilization efficiency (LUE, defined as the product of PCE and AVT
(Equation 2.15) versus AVT. The green shaded region in (A) denotes the target PCE
and AVT only achievable with UV and NIR TPV solar technologies. The images were
taken and modified, based on [26]. For VG20 and TB207 the evaluation was made with
optimized conditions utilizing ITodine/iodide electrolyte; values for PCE recorded for 6
um-thick 790, without scattering layer.

In conclusion and taking into consideration the general framework of TPV devices,
Figure 5.10 [26] presents the correlation between PCE and AVT and the updated values
for various state-of-the-art devices. VG20 and TB207 were found to show PCFE,,,, of

3.1 and 3.9 with AVT's of 76 % and 75 %, respectively. As it has already been mentioned
in chapter 2.2, by increasing AVT the PCE decreases proportionally. In the up-to-date
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TPV survey, correlating AVT and PCE, both VG20 and TB207 are in remarkable
positions, in the category of wavelength-selective TPVs. These are values for DSSCs, but
for the same AV'T values, the theoretical limit allows further optimization of PCE that

can reach up to 12 %, which is the current record for opaque DSSCs.

5.4 Time resolved spectroscopy on VG20

The operational success of a DSSC, depends on various parameters, essentially based
on the SC, dye and electrolyte energy tuning and therefore the relative dynamics of
various mechanisms. Consequently, the time resolved measurements offer the capability
to explore these dynamics and in the ultrafast time domain, electron injection rates from
the dye to the SC can be determined, as well as the relative efficiencies and the competitive

mechanisms that limit the total performance.

5.4.1 Ultrafast spectroscopy of VG20 in solution

First fs-time resolved experiments were performed in solution, in order to monitor
and report the basic photophysical properties of the isolated dyes in an environment with
more degrees of freedom. At this point it is important to highlight that for all ultrafast
time-resolved studies performed, detailed investigation was made relative to the effect
of the excitation energy fluence/pulse on the samples. The solid-state DSSC samples
were found to be very sensitive to the excitation power, due to the possible competition
between the electron injection and energy transfer between D-A with the Singlet-Singlet
annihilation process that for high powers and densely packed systems, can occur on a
similar time scale. In Figure A.3 of the Appendix, the relative power tests in both solution
and DSSCs are presented and in order to simplify the study and minimize these effects
that could give rise to additional processes, very low excitation powers were chose (30-50
mW for solution and 15-35 mW for DSSCs). In this manner, it is confirmed that the
samples are excited within the linear-regime of excitation.

In Figure 5.11.A and B. the streak camera luminescence decays of VG20 in solution
and the corresponding transient spectra at various delays are shown, respectively. Both
the fluorescence kinetics and the single wavelength kinetics of the transient spectra, were
fitted with a two exponential function convoluted with the IRF and the corresponding

values are shown in table 5.9. The two sub-ns components identified via streak camera
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Figure 5.11: Time-resolved study of VG20 dye (100 umol/L) in 9:1 EtOH:DMSO solvent
mixture including 50 mmol/L of CDCA by (A) Time-Correlated Single Photon Counting
(TCSPC) kinetic as an average over the whole fluorescence spectrum. (B) Femtosecond
pump-probe transient absorption spectra at different delays. The excitation was at 810
nm with a 90 u.J/cm? pulse energy.

Table 5.9: TA kinetic parameters for VG20 in EtOH:DMSO (9:1) solvent mixture ob-
tained by femtosecond transient absorption spectroscopy.

A(nm) | Ay % | 71 (ps) | A2 % | T2 (ps)

285 -15 4.2 100 410
760 -3 2.6 100 358
840 -10 1.1 100 323
950 -15 0.9 100 353
GA - 8.2 - 365
Streak 93 390 7 925

measurements, 390 ps (93 %) and 925 ps (7 %) are attributed to the coexistence of cis
and trans forms in solution. These values for VG20, are significantly faster than the
ones found for other organic dyes or the benchmark ruthenium, used in DSSCs, which
lie between 2 and 100 ns [2, 27-29|, but we will see that the excited state quenching
processes in DSSCs is ~ 10 times faster for VG20.

The transient TAS spectra of VG20 in solution are presented in Figure 5.11.B.
Two positive signals are located in the spectral region of 500-640 nm and 1200-1400
nm, corresponding to the high and low energy ESA signals of VG20 monomers. The
broad negative signal (640-1200 nm) is a superposition of both the GSB and SE, as they
spectrally match the inverted SSA (filled-green) and SSE (filled-red) spectra, respectively.
In a first visual inspection, all spectral features appear to decay in parallel, with no
additional rise of photoproduct species or due to interaction of different species, meaning

that we are observing only the excited state decay.
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In Figure 5.12, the kinetic decay curves, detected at 585, 769, 840 and 950 nm in
(A) the first 10 ps and (B) in a full decay of 2 ns, are compared. The values obtained by

fs-TAS (table 5.9) for single wavelength fittings are in agreement with the streak camera
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Figure 5.12: TA kinetic profiles of VG20 in EtOH/DMSO (9/1) solution at various
characteristic wavelengths: 585 nm, 760 nm, 840 nm and 950 nm, and at two different
time scales. Fit residuals are provided in the bottom right. The sample was pumped
at 810 nm with 90 pJ/em? energy pulse. Fit residuals (bottom left and right) are for
2-component exponential fits, convoluted with the 50 - fs instrument response function.

data, but no longer component is identified, possibly due to the limited dynamic range
in TAS. In addition, the rise times in the range of 1-4 ps, for single kinetic fittings, are
attributed to vibronic cooling processes due to thermalization in solution.

In addition, to single kinetic analysis, Global Analysis was performed and the DADS
are shown in Figure 5.13, assuming a parallel excitation model. Two times were extracted,
with the main contribution at 365 ps showing a negative signal peaking at 850 nm and
a positive at 550 nm, indicating that the S; — Sy relaxation time is in agreement with
the ones obtained by single kinetic fittings and the streak camera analysis. The first
time at 8.2 ps shows a negative feature and the maximum of the ESA, at 840 nm and
a positive at 880 nm. The latter alternately positive and negative features indicate a
gradual red-shift of the SE at early times, which is a typical sign of vibrational cooling

due to thermalization processes in solution.

5.4.2 Ultrafast spectroscopy of VG20 in complete ZrO, and Ti0,
DSSCs
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Figure 5.13: Wavelength-dependent amplitudes of VG20 in EtOH/DMSO (9/1). The
excitation was at 810 nm with a 90 pJ/cm? pulse energy. Inset: The negative signals
overlayed with the SSA and SSE.

In this section, after the solution investigation, the time-resolved analysis in real
DSSCs is presented, for the cyanine VG20 dye. The experimental strategy lies in the
comparative study of non-injecting (Zr0O;) and injecting (7i0s) systems. Figure 5.14.A.,
presents the differential absorption spectra, obtained in an average-representing data set,
characteristic for ZrO, DSSCs. The transient absorption kinetics are presented in the
Appendix (Figure A.4) for selected wavelengths. They clearly show wavelength depen-
dent delay times and rise components, indicating various species or states, unlike solution.
The transient spectra are characterized by a prominent ESA peaking at 580 nm, which in
comparison to the data in solution, decays much faster in 40 ps (1/e). The negative signal
extends in the range 700-1030 nm, matches the position of SSA and SSE and therefore,
similar to solution, corresponds to GSB and SE from monomers. Furthermore, the GSB
band for DSSCs, shows a double structure akin to the SSA spectrum corresponding to
the aggregates GSB, peaking at 750 nm and the GSB of the monomers peaking at 850
nm. Interestingly, the aggregates GSB exhibits a small rise in the first 3 ps, while the
monomer SE and ESA decay. The proposed photophysical mechanism taking place, is
Forster Energy Transfer from the monomers excited state to the aggregates absorption
at lower energy. Energy transfer (ET) occurs towards the low-energy aggregate excited
state, as it is indicated by the long wavelength absorption band of the aggregate spec-
trum, but since both states share the same ground state, this process also increases the
GSB of the high-energy transition. During the rise time of the GSB at 750 nm, the ESA
at 480-640 nm demonstrates an inhomogeneous decay, with the higher energy part (520

nm) to decay slower than the initial maximum at 580 nm. In the 10 ps spectrum a weak
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Figure 5.14: Transient spectra of VG20 dye anchored on (A) non-injecting ZrOs
nanocrystals and (B) injecting 77Oy nanocrystals, for optimal [CDCA|. The devices
were excited at 800 nm with an energy of 90 uJ/cm?. The electrolyte is composed
of 1 mol/L DMII, 30 mmol/L I, and 1 mol/L Lil in acetonitrile. SSA and SSE are
steady-state absorption and emission spectra arbitrarily scaled for comparison and allow
identification of the regions where ground state bleach (GSB) and stimulated emission
(SE) dominate the signal. The SSE spectrum is available only for A < 920 nm, due to
the limited sensitivity of the fluorometer used.

and narrow band emerges at 530 nm. This observation reveals that in contrast to the
solution, in which the high energy ESA refers to monomers only, in the DSSC this broad
signal (480-640 nm) contains features of both the ESA of monomers and aggregates. A
similarity with the solution is that for the ZrO, DSSC, there is a full decay of all species
at long times (5 ns), revealing that no long-lived photoproduct is formed at earlier times
and therefore no electron injection occurs, as expected for DSSCs with SC with a CB
higher than the LUMO (e.g. ZrO,). However, the much faster decay times are due to ef-
ficient quenching by the aggregates, due to ET. Finally, in the region 900-1030 nm, it can
be considered that only the SE from monomers is involved and the analysis of the pure
SE dynamics should contain all the components related to the quenching mechanisms.
Therefore, no need for additional and complementary fs-fluorescence measurements were
needed to be done for VG20.

The excited state dynamics of the injecting and operating 7Oy DSSCs were also
examined. Figure 5.14.B illustrates the transient spectra at various delays in optimal
CDCA concentration. Kinetics for selected wavelengths are shown in the Appendix (Fig-
ure A.5) and appear wavelength-dependent, such as for ZrOy DSSCs with similar main
spectral features (Figure 5.14) as for the non-injecting DSSC. A broad ESA signal ex-

tends from 480-700 nm with an even more pronounced bi-modal decay due to aggregates.
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Indeed, within the ESA decay the higher energy part decays slower, forming eventually a
distinguished peak at 540 nm, referring to the ESA part of the aggregates with a different
relaxation than the monomers ESA. In general, the decay evolution is even faster than in
Zr0y and in only 25 ps all spectral features have decayed, leaving an extended residual
positive band, spanning the visible part of the spectrum and peaking at 660 nm (cf. 100
ps delay), which doesn’t decay further within the 5 ns time window of the set-up. Such
a residual long-lived signature is assigned to the absorption of the V(G20 radical cation
VG207, in good agreement with the transient spectra measured using the ns-TAS ex-
periment (Figure 5.9.B). In the near-IR part, SE is observed in the 850-1030 nm range,
which decays into the noise within 25 ps. The GSB signal, similar to the case of ZrQO,,
exhibits a double peak structure, identical to the SSA structure, due to monomers and
aggregates. The high energy band, peaking at 780 nm, corresponds to the GSB of the
aggregates, while the lower energy band at 880 nm, up to 1030 nm to represent both the
GSB and the SE from monomers. The 830 nm band has decayed by half its amplitude
within 10 ps and reaches the stable level of 20 % of the initial value by 100 ps. While the
fast decay is due to SE decay and partial ground state recovery, the long-time asymptote
is due to formation of the radical dye cation and mirrors the percentage of monomers
that never return to the ground state, in the available time-window. In the same manner
as it was described for the ZrOy DSSC, in 3 ps a small rise of the 780 nm band demon-
strates a clear evidence of the aggregate excitation via FRET from monomers (Figure
5.14.A). In the same time, the sharp absorption feature at 540 nm develops, indicating
the monomers-aggregates energy transfer in the visible spectral region. From the tran-
sient spectra it is possible to calculate approximately the injection efficiency as follows.
If all molecules (monomers and aggregates) were to inject and convert to photoproducts
and since the cation absorption is negligible in the region of dominant GSB (800-900
nm)!, the negative AA signal should not decay with time, contrary to what is observed
herein, meaning that the carrier injection yield (®;,,;) is well below 100 %. Therefore the
®,,; can be expressed as the ratio of the concentration of the dyes that didn’t return to
the ground state (or equivalently the ones that injected and converted to cations) to the
total excited ones. Therefore, from Beer-Lambert law, for the same wavelength the molar

extinction coefficients and sample thicknesses can be removed and finally:

—AC,  Cygar  AAGSBwtso

D, = (5.7)

—ACiine  Cyaoor AAGSB, e =0

'Remember the weak extinction coefficient of VG207 (Figure 5.9)

119



5.4. Time resolved spectroscopy on VG20 Chapter 5. Experimental results

Consequently, for the real data, the ratio GSB(t = 0.2 ps)/GSB(t = 5 ns) provides an
estimate of ®;,,;. Nevertheless, part of AA intensity contains SE contribution, thus the
determination of the pure GSB component can be challenging. Nevertheless, analyzing
the AA(t = 0.2 ps)/AA(t = 5 ns) ratio at different wavelengths (770-850 nm) provides
an upper limit of ®;,; ~ 30-35 %. These values are lower than the IPCE one for the cor-
responding wavelength (= 40-45 %), but relatively consistent. The deviation is explained
by the TAS experimental conditions that are different than the corresponding IPCE ones,
in terms of excitation power (i.e. nonlinear response of DSSCs between cell photocurrent
and incident light power) and the absence of a scattering layer in the device made for
TAS measurements.

In order to highlight the carrier injection processes and their kinetics, the kinetic
traces obtained by averaging seven 7T70s-based and three Zr(Os-based devices, are shown
in Figure 5.15. The filled area around the decay kinetics results from the calculated
standard error over the averaged number of samples and the dotted kinetics correspond
to outlier samples. This statistical characterization approximately visualizes a very high
sample-to-sample reproducibility. Selected wavelengths represent (A) the monomer ESA,
(B) the dye radical cation absorption, (C) the low-energy GSB band and (D) the SE. The
prominent long-lived signal for 705 is due to the VG20 radical cation absorption (580
and 650 nm) and incomplete GSB recovery (880 nm). Note a small positive absorption
in the SE trace (975 nm) of 70, (A &~ 975 nm), which is most likely due to absorption
by free carriers in 7705 or to a near-IR tail of the radical cation absorption. Finally, the
SE part of ZrOs,, as it has already been mentioned, decays slower than for 79O, because
in the latter two quenching mechanisms take place (ET and injection).

The photophysical model, suggested by the data, is pictorially illustrated in a modi-
fied Perrin-Jablonski diagram in Figure 5.16.C and the two corresponding reaction schemes,
for both ZrOy and T@Oy DSSCs are shown in Figure 5.17 for both monomers and aggre-
gates, starting from photoexcitation and reaching the complete relaxation towards the
ground state. Four exponentials describe the data best, as it can be seen in detail in Fig-
ure A.6 of the Appendix. As summarized in table A.2, of the Appendix, the characteristic
lifetimes for 770, are in the 0.5-1 ps, 4-8 ps and 20-40 ps range, in addition to a fixed 100
ns time accounting for the non-decaying signals at long times. In order to determine the
most characteristic lifetimes and mechanisms, a global fit approach was carried out, i.e.
the wavelength-dependent decay times are approximated by four wavelength-independent
values and the relevant Decay Associated Different Spectra (DADS) were constructed for
both the injecting and non-injecting DSSCs. For 790, (Figure 5.16.B), the constants
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Figure 5.15: Comparison of normalized transient absorption kinetic profiles (solid line)
for the VG20-based DSSC using either ZrO,, or TiOy nanocrystals at (a) 570 nm (Zr0Ox)
and 585 nm (70s), (b) 640 nm (Zr0O,) and 650 nm (790,), (¢) 860 nm (ZrO3) and 880
nm (703), and (d) 960 nm (ZrOs) and 975 nm (7i0,). The kinetic sign is inverted for
(C) and (D). All DSSC devices were excited at 800 nm with 90 pJ/ecm?. The kinetics
are averaged over seven samples for 790, and three samples for ZrO,. The devices were
pumped at 800 nm with an energy of 90 ;.J/cm?. The filled graphs indicate the statistical

standard error and the dotted-line kinetics corresponding to the more deviated from the
averaged value kinetic.

obtained via global analysis are 0.4 ps, 4.3 ps, 25 ps and 100 ns (Table 5.10), with the
latter value being fixed for the fit. The special features of the DADS, allow identifying the
main excited state processes, i.e. the monomer-to-aggregate energy transfer, the carrier
injection /radical cation formation and their respective lifetimes.

In order to facilitate the interpretation of the photophysically rich analysis and based
on the rather complicated DADS features, a graphical illustration of the various species
and mechanisms is shown in Figure 5.16, for 770, DSSCs. As it was already suggested
from the TAS spectra, the high energy ESA band (480-700 nm) contains all monomer, ag-

gregate and radical-monomer features, while the negative signals (700-1030 nm), involve
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Figure 5.16: Wavelength-dependent amplitudes of VG20 in (A) non-injecting ZrOy and
(B) injecting Ti0Oy DSSCS. (C) Simplified photophysical excited state diagram for both
monomers and aggregates in the dye-SC interface and (D) a pictorial representation of AA
spectra corresponding to the various species (monomers, aggregates and dye-cations) and
SE, for 790y DSSCs. The devices were pumped at 800 nm with an energy of 90 p.J/cm?.

both the monomer and two-band aggregates GSB, as well as, the SE from the monomers.
The rise of the 770 nm GSB band and the 530 nm aggregateESA peak are the fingerprint
of ET, reflected in the DADS with dominating positive and negative signals, respectively.
Hence, the energy transfer with rate kgpr is operative during the sub-ps (0.4 ps) and the
~ 4 ps phases (Figure 5.16.B). Charge injection/radical cation formation is best identi-
fied as a rise of the absorption at the radical cation peak wavelength (660-670 nm) and
monomer excited state decay, i.e. the decay of SE (>950 nm). The DADS of Figure
5.16.B, demonstrates that charge injection, with rate £;,,;, occurs concomitantly with the
energy transfer, dominantly during the ~ 4 ps time scale and to a minor extent at shorter
times (0.4 ps DADS). In the same manner, at shorter times (0.4 ps), in addition to ET,
solvation takes place, as it can be observed by the gradual red-shift of the SE. In the
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DADS it can be seen, for 0.4 ps, as a negative GSB/SE feature peaking at 850 nm and
a SE positive feature at 880 nm. This features indicate that the initially excited species,
undergo solvation in 0.4 ps and eventually relax through thermalization processes, to a
more stabilized S state, of lower energy. This spectral response is similar to the one
quoted for VG20 DADS in solution (Figure 5.11). The 25 ps (DADS) is characterized
by both the SE and ESA decays, for both monomers and aggregates (peak at 530 nm),
but these decay amplitudes hide, possibly, weaker signatures of radical cation formation,
since the 25 ps DADS at 660 nm is purely positive (i.e. ESA decay). Again the small

cation extinction coefficient may be the reason.

Table 5.10: Average lifetimes, characterizing the main photophysical processes for VG20
on ZrOy and Ti0, DSSCs obtained from fs-Transient Absorption Studies*.

VG20 DSSC's ‘ 71 (ps) ‘ T2 (ps) ‘ 73 (ps) ‘ T4 (NS)

Ti0, [1:500] 0.4 43 25 100
ZrOy [1:500] 1.7 22 200 100

*71 is dominated by monomer-to-aggregate energy transfer. For TiOs devices, electron injection

occurs on both the 7 and 7 time scales.

The same global analysis on ZrQs is reported in Figure 5.16.A. It reveals four time
constants: 1.7 ps, 22 ps and 200 ps (Table 5.10), in addition to a long-lived, but al-
most vanishing 100 ns, used for consistency with the fittings of the 79O, data, but
with an amplitude in the noise level. The fastest 1.7 ps component (blue line) displays
DADS very similar to that of 7705, with all the features consistent with the features of
monomer-to-aggregate energy transfer (kgpr). The ca. 22 ps component (green curve)
displays signatures of both monomer and aggregate excited state decay. In detail, when
the monomer SE (> 850 nm) decays in parallel with the aggregate GSB recovery (750
nm) and the monomer ESA decay (450-680 nm), including the weak sharp feature of the
aggregate ESA at 530 nm. The most plausible explanation is that aggregates decay in
parallel with the remaining monomers. This is indicated by the SE component of the 22
ps DADS, due to monomers only. Note that the fast ~ 4 ps component, observed for
electron injection (DADS negative at 660-680 nm) is absent as expected. Remarkably, the
longer ~ 200 ps component (red curve) is due to a second, slower, monomer excited state
decay (k,), since it displays SE, ESA, and GSB recovery very similarly, although with a
shorter lifetime, to VG20 in solution (Figure 5.11). This population of monomers could

correspond to weakly attached monomers or non-attached dyes diffused in the electrolyte
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or in general to monomers that don’t interact with aggregates, in order to undergo ET
and therefore they decay independently.

In summary, the comparison of VG20 on 770y and ZrQ,, allows to identify the
kinetic signatures of electron injection from monomers (k;,;) clearly within 4 ps. Also,
the reduction of 77 from 1.7 to 0.4 ps indicates that injection occurs in Ti0, and sub-
ps time scale, too. However, injection is competing with monomer-to-aggregate energy
transfer (kgr) identified already on a 0.4 ps time scale, but also on the slower 4 ps lifetime
(Table 5.10). The wide range of injection times has already been mentioned originate
from sample inhomogeneity. The inhomogeneity could originate from dyes attached to
the SC NP, in a distribution of distances, resulting in a distribution of injection rates or
even from loosely or non- attached dyes in the electrolyte that also inject. In Figure 5.17
the excited state reaction schemes for both Zr0O, and Ti0O, DSSCs are presented. For a
given excitation both monomers and aggregates can be excited, however aggregates can

be excited by ET from monomers too, relaxing in ~ 25 ps.
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Figure 5.17: Excited state reaction schemes: On Ti0y, VG20* can form the VG20t
cation due to electron injection, or decay into excited state aggregates (Agg*) due to
energy transfer. Photo-excited aggregates return to the ground state (VG20) due to
self-quenching. On ZrOy, VG20* undergoes ET, but also dominantly non-radiative
recombination to VG20. Lifetimes as discussed in the text.

5.4.3 The effect of CDCA on VG20 ZrO, and 7705 DSSCs
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In the previous section a photophysical model, describing best the experimental data,
was constructed for the VG20 DSSCs. The DSSC samples were always prepared under
optimal conditions and the main limiting factor for injection and therefore higher PCE
was found to be the presence of aggregates. Therefore, in this section the aggregates effect
is examined, by studying a series of both non-injecting and injecting DSSCs, prepared at
different [Dye:CDCA| concentrations, starting from DSSCs with no addition of CDCA,
up to very high concentrations [1:1000]. The effect of the increase of the intermolecular
distances (upon adding CDCA) on the ET and injection rates are examined via TAS and
the determination of the injection efficiencies of various systems of different aggregate
percentages can be made.

The TAS spectra at chosen time delays are presented in Figure 5.18.A-D, for ZrQO,
DSSCs, while increasing the CDCA concentration, respectively. The corresponding SSA
were presented in Figure 5.5.A. The sample in Figure 5.18.C, is the same as in Fig-
ure 5.14.A and is kept just for comparison with the more and less aggregated DSSCs.
These systems have been made to be essentially non-injecting and therefore only the ET
process is present. By first inspection, all spectral features are similar and they were
analytically characterized in section 5.4.2. The signal-to-noise ratio is higher for the [1:0]
and [1:100] DSSCs, as the total OD of the samples is ~4 times higher than for the [1:500]
and [1:100] DSSCs (Figure 5.5.A.Inset). Adding CDCA, significantly reduces aggregates
by sacrificing OD and the total signal drops by a factor of 6-7, from the [1:100] to the
[1:500] Dye:CDCA ratio and another factor of ~ 2 for [1:1000] CDCA. Furthermore, the
attribution of the aggregate features is confirmed and validated by the spectral trend, as
the CDCA concentration increases. More in detail, for all cases, a positive ESA band is
observed at ~450-680 nm, containing, essentially, both the aggregate (at higher energies)
and monomer (at lower energies) ESA, as it has already been suggested (see sharp ag-
gregate feature at 530-540 nm for low [CDCA]). In the same manner, the broad negative
signal (~680-1030 nm), consists of the GSB of aggregates (700-780 nm) and the GSB/SE
of monomers (780-1030 nm), in agreement with the SSA and SSE spectral positions.
Note that the region around ~900-1030 nm can be analyzed as a pure SE region, with
a small contribution of possible free-electron in the SC absorption that can be noticed
as a negligible long time positive signal (>1 ns). The main GSB signal, is generally
blue-shifted at early times (~ 100 fs) with reference to the maximum AA:SE, due to the
initial population of the hot S; state, as it has already been suggested. In the zero CDCA
case (A), after 100 fs a pronounced ESA,gg peak at 540 nm starts to form, completely

resolved from the initial and faster decaying max of the ESA at 580 nm. Moreover, for
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Figure 5.18: Transient spectra at different time-delays of VG20 ZrO, DSSCs of (A) [1:0],
(B) [1:100], (C) [1:500] and (D) [1:1000] Dye:CDCA concentration ratios. The devices
were excited at 800 nm with an energy of 90 pJ/ecm?. The electrolyte is composed
of 1 mol/L DMII, 30 mmol/L I, and 1 mol/L Lil in acetonitrile. The inverted
SSA and SSE are the steady-state absorption and emission spectra arbitrarily scaled for
comparison, for selected DSSCs and allow identification of the regions where ground state
bleach (GSB) and stimulated emission (SE) dominate the signal.

the extreme case of zero CDCA, the aggregate ESA (540 nm), shows a small rise. In the
NIR region, this dynamic progression is accompanied by a rise of the aggregates GSB
(758-780 nm) that has been attributed to ET from monomers in aggregates in the first ps.
In the less aggregated samples (B) and (C), the amplitude of the ESA shoulder (540 nm)
is decreased, compared to the amplitude of the monomers ESA (580 nm). In the least
aggregated case (D), the shoulder cannot be observed, similarly to the monomer TAS
spectra, consistent with it originating from aggregate ESA. Eye catching is the difference
in the GSB recovery times for all four systems. For the [1:0] DSSC, the GSB (880 nm)
depletes by half AA, compared to the initial intensity at 4 ps, while for increasing [CDCA|
the recovery becomes slower and finally for the [1:1000] DSSC, the intensity depletes in
half in ~ 100 ps. The 770 nm GSB, after the ET rise, appears to decay slower revealing

the slower deactivation times of the aggregates.
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Since, the ZrO, DSSC are called non-injecting systems, there should be no photo-
product formation at 650 nm, as it has been mentioned in section 5.4.3 for the [1:500)|
DSSC. However, in [1:0] and [1:100] DSSCs (Figure 5.18.A,B.), in which the signal /noise
ratio is higher, the long time transient spectra show a small positive signal in the 450-690
nm region and a negative bleach residual (<10 %), indicating a minor formation of VG20
cations. This particularity has been observed for similar systems and can be attributed to
two scenarios, either to injection to deep trap states of ZrO, or to an aggregates’ effect.
The second has been proposed for solid state DSSCs [13|, referring to intra-aggregate
electron transfer from one monomer to another, explaining also the competition of this
process with the injection to the SC from the aggregates.

To illustrate the differences of the complicated spectral evolution, the kinetics are

displayed, for selected wavelengths in Figures 5.19 and 5.20. Table 5.11, contains the life-
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Figure 5.19: Normalized and shifted in the y-axis, kinetic traces of VG20 ZrO,; DSSCs of
different CDCA concentrations in the visible spectral region, obtained by TAS. Detection
at (A) 770 nm, (B) 570 nm and (C) 530, probing the aggregate GSB (inverted sign), the
monomer ESA and the aggregate ESA, respectively.

times, as they were calculated from global analysis for simplicity, using four exponential
functions convoluted with the IRF and for only the selected SE kinetic, for all CDCA
concentrations under study. The complete tables with the fitting times for numerous
wavelengths, expanded in the whole spectral region for both the ZrO, and Ti0O, DSSCs
are shown in the Appendix tables A.1, A.2. Probing the ET process, Figure 5.19.A,
shows the kinetics, detected at the aggregate GSB (770 nm). It is evident that from
[1:0] to [1:1000], there is a clear trend in early times, relative to a rise, which reveals
the ET from monomers to aggregates. It is in agreement with the corresponding rapid

decays of the monomers SE (920-980 nm) (Figure 5.20. 830 nm). By visual inspection,
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Figure 5.20: Normalized kinetic traces of VG20 ZrOy DSSCs of different CDCA con-
centrations in the near-IR spectral region (920 and 980 nm), probing the GSB (880 nm)
of the monomers and the SE parts. (A) The kinetics in the full time window with a
brake at 40 ps and (B) The kinetics in the first 20 ps. The colour code refers to detection
wavelength and the traces shifted vertically.

the rise is faster in the more aggregated samples and for the least aggregated [1:1000]
there is a slow decay, indicating the co-existence of both monomers and aggregates GSB
signals and therefore the exact determination of the ET times is complicated. Indeed,
the single wavelength fits (table A.1) reveal rise times in the range of 0.7-1.4 ps with an
unexpected small dependence on the CDCA concentration. The same uncertainty, in the
CDCA effect on the ET times, is found when one examines the ESA of the monomers
(530 nm) and aggregates (570 nm) (Figure 5.19.B and C, respectively).

The effect of [CDCA] is more obvious in the near-IR (Figure 5.20), it is evident
that for smaller CDCA concentrations the total dynamics of the SE part (980 nm) and
the GSB/SE of the monomers become drastically faster, as it is expected for the more
aggregated DSSCs, with the most pronounced ET contributions, The ET times should
appear as a faster SE decay as a function of [CDCA]. Indeed, the faster times range
from 0.3 ps for [1:0] to 1.4 for [1:1000], with the contribution to decrease from 31 % to
21 %, respectively, as the ET contribution decreases (table 5.11). Therefore, it can be
concluded, as it was expected that by increasing the intermolecular distances between
donor and acceptor the ET times increase.

The other time constants are rather difficult to precisely identify and therefore
the DADS have been plotted and presented in the Appendix (Figure A.7) to visualize
the spectral responses and attribute, in a wider approximation the ET and the aggre-
gate/monomer relaxation times. The time constants obtained by global analysis are in

the same range as the ones determined for the SE. For all DADS, the last time was fixed

128



Chapter 5. Experimental results 5.4. Time resolved spectroscopy on VG20

to 100 ns to fit the long time residual signal. For the [1:0] and [1:100] samples, the DADS

Table 5.11: Fit values for the SE decay of VG20 ZrOy DSSCs of different CDCA con-
centrations and the corresponding time constants obtained by GA.

[Dye:CDCA] ‘ A(nm) ‘ A1% ‘ TIPS ‘ A% ‘ ToPpS ‘ A3% ‘ T3PS ‘ A% ‘ T4PS

[1:0] 9380 31 03 | 50.6 | 2.2 | 18.3 14 -4.5 inf

GA - 0.5 - 3.6 - 25.0 - 100
| [ [
|8 T
a3 [

for the first two times (~ 300 fs, ~ 4 ps) show clear evidence of ET, rise of the aggregate
ESA (540 nm), a decay of signal of monomer ESA (580 nm), rise of the aggregate GSB
region (770 nm) and a SE decay (980 nm). Furthermore, both components show strong
SE decays. The DADS of 73, shows only monomer features and therefore is attributed to
the relaxation of monomers that don’t undergo ET at all. For the least aggregated sam-
ple [1:1000], there are no strong ET features and the 73 value approximates the lifetime
found in solution (100 % monomers).

The investigation of the non-injecting DSSCs of various CDCA concentrations, re-
vealed the dependence of the ET times on CDCA and hence on the average donor-acceptor
intermolecular distances. In the same experimental approach, on the injecting 770,
DSSCs, the effect of CDCA on the injection times and yields can be identified. In Figure
5.21.A-D, the transient spectra of VG20 770, DSSCs are presented for [1:0], [1:100],
[1:500] and [1:1000] dye:CDCA concentration ratios, respectively. As it was mentioned
in section 5.4.3 for the [1:500] case, the main spectral features are almost identical to
ZrQOsq, with the exception of photoproduct absorption at long times (460-680 nm). The
inverted SSA are also included as "filled spectra and appear to be slightly blue-shifted
compared to the main GSB. The T'iO, DSSCs have higher optical density (OD) than the
Zr0Oy devices and already from the SSA spectra it has been shown that they are more
aggregated (Figure 5.5). The SSA of the extreme case of zero CDCA (Figure 5.21.A),
exhibits higher absorption of the aggregate feature (770 nm), compared to the monomer

one (850 nm). In addition, the corresponding main GSB in the TAS spectra is absorption
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Figure 5.21: Transient spectra at different time-delays of VG20 TiOy DSSCs of (A) [1:0],
(B) [1:100], (C) [1:500] and (D) [1:1000] Dye:CDCA concentration ratios. The devices
were excited at 800 nm with an energy of 90 pJ/em?. The electrolyte is composed
of 1 mol/L DMII, 30 mmol/L I, and 1 mol/L Lil in acetonitrile. SSA and SSE
are steady-state absorption and emission spectra arbitrarily scaled for comparison, for
selected DSSCs and allow identification of the regions where ground state bleach (GSB)
and stimulated emission (SE) dominate the signal.

saturated and the GSB is masked. The ET features are identical to ZrO,, as expected.
In the more aggregated DSSCs of lower [CDCA], the aggregate ESA feature at 540 nm is
sharper and rises from sub-ps to 3 ps times and then decays slower than the monomers
ESA at 580 nm. In the same times the aggregate GSB (770 nm) shows similar trend.
The GSB/SE part of the spectrum (880-900 nm) reaches its half intensity (AA) for
[1:0] ~ 1 ps, much faster than in ZrO,, due to the presence of electron injection in TOx.
Upon de-aggregation, the decay becomes slower and for [1:1000] the half GSB value is
reached in around 10 ps. This trend, as well as the rise at 770 nm, due to ET, are well
illustrated, by comparing selected kinetics in Figure 5.22.A; in the full time-window with
a break at 20 ps and in Figure 5.22.B, in a 2 ps range. Impressively, the SE part (~ 1000
nm) for [1:0] has almost fully decayed in only 2-3 ps. The fitting values resulting from a
four exponential convoluted with the IRF of the SE and the corresponding GA values are
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Figure 5.22: Normalized and shifted in the y-axis, kinetic traces of VG20 1770, DSSCs
of different CDCA concentrations in the near-IR spectral region, obtained by TAS with
detection at 770, 900 and 1000 nm, probing the GSB of the aggregates and the GSB/SE
of the monomers. (A) The kinetics are presented in the full time window, with a linear
scale up to the brake at 20 ps and in logarithmic scale afterwards (B) The kinetics in the
first 2 ps in a linear scale.

presented in table 5.12. The complete table for numerous wavelengths is shown in the
Appendix (table A.2). Interestingly and compared to ZrQO,, the third 100-300 ps com-
ponent, for the high [CDCA| samples is absent for 705, due to the efficient "double"
quenching (ET and injection).

Table 5.12: Fitting values of VG20 Ti0Oy DSSCs of different CDCA concentrations.

[Dye:CDCA] ‘ A(nm) ‘ A% ‘ T1PS ‘ A% ‘ TopS ‘ A% ‘ T3PS ‘ A% ‘ TAPS
1000 29.5 0.1 47 0.6 23.3 2.6 -54 inf

[1:0] GA ) 0.4 } 1.9 i} 18.0 - inf
ool | Gl | T 05| Y a0 - | L | e
woool | gy | T oa | T | e | ] e
11:1000] 5(9}9/2 2_2 (1); 4_2 759 3_6 32 —?5 Ei

The injection efficiency can be evaluated with the method described in eq. (5.7)
and the results are presented in table 5.13 for all four samples. The general trend is
that the injection efficiency increases, by increasing the CDCA concentration. Even with

zero CDCA there is a 10 % injection and increases further from [1:500] to [1:1000]. This
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major observation validates that the injection originates dominantly from monomers, i.e.
aggregates inject with much lower efficiency. Therefore aggregates work as the main loss
channel limiting the PCE, in accordance with the PCE table on the CDCA dependence
(5.7). The total PCE depends on many factors, one is the short-circuit current density
(Jse), which by its turn depends on the absorption of the dye, as well as the injection effi-
ciency. Thus, there is always a competition between these two and the best compromise

has been found for the [1:500| dye:CDCA.

Table 5.13: The ratio of the main monomer absorption band against the aggregate band,
as it was extracted from the SSA.

[Dye:CDCA] | ®;n; %

1:0 11.8
1:100 8.0
1:500 17.0
1:1000 30.1

Relative to the injection rates the determination is not straightforward. Probing the
single wavelength kinetics, at 650-680 nm (Figure 5.23), for all four CDCA concentra-
tions, a small rise of around ~ 0.5-1.3 ps (Table A.2) is observed. Note that the sub-200

fs time-window is an artifact signal.
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Figure 5.23: TAS spectra of VG20 70O, DSSCs for [1:0], [1:100], [1:500] and [1:1000]
CDCA concentrations, detected at 680 nm (Photo cation rise).

In order to detect the effect of [CDCA| on either ET or injection times, the DADS
were constructed as presented in the Appendix (Figure A.8), in a similar manner as for

ZrQ,. For all cases there is a sub-ps component and a second that ranges from 2-5 ps, as
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[CDCA] increases. Both components show, clearly, ET character, with the same DADS
shapes as for ZrO,. The increase of the second component has been attributed to the
increase of the intermolecular distances and therefore the elongation of ET times and
both processes appear in a distribution of times (the features for injection appear as a
rise at 680 nm). The third component (~ 18 — 36 ps) refers to the aggregates/monomers
relaxation, as discussed for Zr(O, and the last was fixed in >ns times to fit the residual
non-decaying signal, due to the photoproduct. The times obtained by global analysis are
in the same range as the ones determined from the single wavelength kinetics and it can
be concluded that both ET and injection occur in the same range of times that come out
as overlaying time distribution and compete each other. However, from [1:0] to [1:1000],
ET becomes slower with less contribution, resulting in higher injection efficiencies and
finally PCE. To summarize, the inhomogeneity of the system temporally stretches the
ET and possible the injection times and therefore there is little value of quoting a specific

injection time, but rather a range of times.

5.4.4 The effect of Li* concentration in the electrolyte on VG20
T105 DSSCs

A different approach to improve the injection, is the study of the electrolyte addi-
tives on the injection dynamics of the T70Oy DSSCs. For this reason, additional studies
were performed on various 790y DSSCs of [1:500] dye:CDCA ratio, increasing the Li™
concentration in the electrolyte. The effect of Li* has already been reported and it has
been proven crucial for the total photovoltaic performances (section 5.3). Adding Li™*
shifted the CB to lower energies than the LUMO energies, enhancing significantly in this
way the driving force for injection [30|. It has been found that the optimal conditions
were 1 M (PCE ~ 2.5 %) (table 5.8). Further increase reduces the PCE, possibly due to
an increasingly inverted Marcus regime.

For the investigation of the Lit effect, four 77Oy DSSCs of [1:500] dye:CDCA were
assembled with 0, 0.05, 0.5 and 1 M of Lit in the I3 /I~ based electrolyte, respectively.
In Figure 5.24 the corresponding transient spectra, at different delays are presented from
zero (A) to higher Li™ concentrated (B— D) samples. It is important to highlight that
the SSA spectra (A.9) show variations of 10 % of the A,z5/Amono among the samples,
however there is no clear evidence that Li* presence, drastically enhances the aggregate
formation. Consequently, the main process under investigation is the electron injection.

The filled negative spectra at 2 ns, reveal the GSB residual and the corresponding pos-
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Figure 5.24: Transient spectra at different time-delays of VG20 77Oy DSSCs of (A) 0 M,
(B) 0.05 M, (C) 0.5 M and (D) 1 M Li" in the electrolyte. The devices were excited at
800 nm with an energy of 90 pJ/ecm?. The DSSCs were made under optimal conditions
of [1:500] dye:CDCA. The filled spectra at 2 ns indicate the VG20" versus GS difference
spectra.

itive the VG20 cation absorption. Noteworthy, even for the 0 M Li* system (Figure
5.24.A), there is indication that injection occurs, as revealed by the non-decaying resid-
ual GSB signal at ~ 850-880 nm. A straightforward observation is that by increasing the
Li* concentration the residual AA,,,, increases. The injection efficiencies, calculated by
amplitudes in the GSB region are presented in table 5.14, revealing the pronounced Li*
effect on injection. For no addition of Li™, the injection efficiency is almost near zero and
with only 0.05 M of Li* addition, it drastically increases to 8 %, when for the optimal
values of 1 M, the PCE is reported to be 30 %, in agreement with the observations in
section 5.3 and the table (table 5.8) (photovoltaic performances).

Relative to the TAS spectral features, they are generally similar, with no additional
PA, due to Li*. Interestingly, the least efficient DSSCs undergo slower relaxation e.g.
the GSB (860 nm) for the 0 M Li™, reached the half-maximum intensity in ~ 30 ps, when

for 1 M in about ~4 ps, due to the enhanced quenching, as a result of the larger driving
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Table 5.14: Injection efficiency as obtained by TAS as a function of the Li™ concentration.

[Lit] | ®in; %

0M 0.1
0.05 M 8.0
0.5 M 20.0

1M 30.1

force for injection.

To demonstrate the trend of the dynamic evolution for all four samples, in Figure
5.25, the corresponding SE kinetics (~ 1000 nm) are presented. By visual inspection, the
above mentioned spectral observation is confirmed, with the decays to be faster in the

first 4 ps for the samples of higher [Li*]|. In table 5.15, the four time constants obtained
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Figure 5.25: SE kinetics of VG20 Ti0; [1:500] dye:CDCA DSSC, increasing the [Li]
in the electrolyte.

by single wavelength fittings, as well as the ones found by GA, are presented and appear
to be in a good agreement between them. The major observation of the SE analysis, is
that the contribution of the sub-ns components are enhanced in amplitude, for higher
[Li™] systems. In parallel the SE times become significantly shorter from 1 ps (0 M) to 0.6
(A M) and 11 ps (0 M) to 3.7 ps (1 M), resulting in the straightforward conclusion that
the injection dynamics are captured in the first two time components and they indeed,
greatly depend on the CB energy level (and therefore the Li™ concentration). Note that
the 73 SE component becomes faster too, but its amplitude decreases. For the DSSC of
standard conditions (1 M Li"), injection occurs in a distribution of times from 0.6-3.7

ps, validating the initial conclusion of section 5.4.2. The ET contribution, shouldn’t alter
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significantly from sample-to-sample, as indicated by the SSA spectra and occurs in simi-
lar times as the injection. Finally, the last component was fixed in very long times, above
the time-window given by the experimental set-up, in order to fit the positive residual
signal, which is present in all four kinetics. Eye-catching is that the more injecting the
system (e.g. 1 M Li"), the higher the amplitude of the positive residual signal. This
observation supports the suggestion that this positive signal is part of the PA absorption
signal, peaking at 680 nm at long times, with a possible tail spanning up to the near-IR
(~ 1000 nm).

Table 5.15: GA and SE (1000 nm) fitting values of VG20 T'iO, DSSCs of different Li*

concentrations.

[Lit] ‘ A(nm) ‘ A1% ‘ T1(ps) ‘ A% ‘ T2(ps) ‘ As% ‘ T3(ps) ‘ A% ‘ T4(pS)

0 M 1000 17 1 44 11 40 71 -0.05 inf
GA - 0.6 - 9 - 63 - inf
1000 23 0.9 49 6.6 28 32 3.7 inf
0.05 M GA - 0.4 . 5 - 32 - inf
1000 24 0.7 49 4 28 16 3.8 inf
0.5 M GA - 0.5 - 4.9 - 27 - inf
1000 28 0.6 46 3.7 26 14 5.5 inf
1M .
GA - 0.5 - 4.3 - 25 - inf

The complete table with the kinetic fitting parameters in various wavelengths is showed in the
Appendix (table A.3).

The DADS have been plotted and presented in the Appendix (Figure A.11) for all
four samples. The injection is confirmed to occur in the shortest times, as it is shown by
the negative DADS signal at the PA absorption (680 nm). Very interestingly, the long
time DADS (=5 ns), for the 1 M Li*, is relatively structured with three peaks (aggregate
and monomer), indicating possible injection from aggregates too. The ET trends are pre-
sented in the first two components (sub-ps and 4-9 ps), with slightly weaker contribution

in the 0 M Li™ case, as it is the least aggregated (Figure A.11).

5.4.5 The excitation wavelength effects

To investigate a possible contribution in injection from aggregates, the following se-

ries of experiments were conducted. For the injecting 7705 DSSCs, wavelength-selective
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experiments were performed, exciting more or less the aggregate population, compared to
the one of the monomers. Three excitation wavelengths are selected: 810 nm that corre-
sponds to the standard excitation for all VG20 measurements and matches the monomers
S1 band maximum, 740 nm and 880 nm that energetically match the aggregate higher
and lower excited states, respectively (see Figure 5.26.D). The same experiments were
conducted for the non-injecting ZrO, DSSCs that essentially only monitors differences
in the ET contribution. It is important to highlight that for each DSSC the experiments
were performed in the same day, in order to avoid the effects related to sample aging.

In Figure 5.26.A-C, the TAS spectra of a TiO, VG20 DSSC are presented, with ex-
citation at 740, 810 and 880 nm, respectively. The DSSC is of high CDCA concentration
[1:1000] and therefore the aggregate percentage is low. Figure 5.26.D, shows the SSA
spectrum of the DSSC, the extracted aggregate absorption spectrum for the given device
and the spectral profiles of the excitation pulses. It is evident that the highest ratio
monomers:aggregates is excited at 810 nm and the lowest at 880 nm. While for 880 nm
the lowest energy level of the aggregates is excited, at 740 nm mostly the monomers and
the high energy aggregate state are excited. From the latter state, either fast monomer-
to-aggregate ET can occur, either monomer-SC injection, or internal conversion to the
lower aggregates state and finally relaxation to the ground state.

Figure 5.26 shows that the TAS spectral features are identical, but with minor differ-
ences. However, interesting information has been recorded, relative to the injection effi-
ciency from the different excited energy levels. In table 5.16 the ratio AAZS  /AARES
(cation absorption/monomers ESA) is evaluated for the different excitation wavelengths,
as measure of the injection efficiency, because the previously reported method based on
the GSB ratio has too much error, due to laser scattering at 880 nm. Exciting at higher
energies (740 nm) the injecting efficiency is ~ 5 % higher, than for the standard 810
nm excitation. This observation is in agreement with the Incident-Photon-to-Current
Efficiency (IPCE) spectrum for VG20 DSSCs [1] (p.A27), which has higher spectral in-
tensities at shorter wavelengths (< 780 nm), than at the monomer SSA maximum (840
nm). It reveals more efficient injection from the higher energy states and is confirmed
by the values in table 5.16. The origin of the high energy injecting states are yet to
be identified. The spectral region that is populated after 740 nm excitation, contains
both the higher aggregate energy level and the monomer S; vibronic transition. Most
favorable to contribute to the injection are the monomers and the higher efficiency can be
simple explained by the more favorable energetic overlap, between the hot vibronic levels

of monomers with the CB of T%i05. In this case, the driving force is higher and ultrafast
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Figure 5.26: Transient spectra at different time-delays of VG20 TiO5 [1:1000] dye:CDCA
DSSCs with (A) 740 nm, (B) 810 nm and (C) 880 nm excitation. (D) The SSA absorption
of the DSSC, the extracted absorption (AA) of the aggregates in the device and the three
excitation spectral profiles. The devices were excited with an energy of 90 u.J/cm?.

Table 5.16: Peak ratio of the monomers, early time ESA, against the long time PA and

peak ratio (A/B), between the SSA monomer absorption main band and the aggregate
absorption. The A /B ratio refers to Figure 5.27.

Excitation wavelength | AASS — /AAXLPS ‘ A/B

740 nm 33 % 2.3
810 nm 27 % 2.9
880 nm 27 % 2.5

injection can occur in competition with vibronic relaxation [31]. The second possible
interpretation is related to the question whether there is injection from the aggregates.
When injection from the lower aggregate state at 880 nm energetically appears to be
unlikely, injection from the higher exited aggregate state, triggered by exciting at 740
nm, could occur. A small indication of possible aggregate injection is presented in Figure

5.27, where the transient spectra at 2 ns, for all three excitations, are compared. At 2 ns,
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Figure 5.27: TAS at 2 ns, of a VG20 T105 DSSC, excited at 740 nm, 810 nm and 880 nm.
The ratio A/B of the GSB features, indicates the degree of aggregation, in the system
that doesn’t recover to the ground state.

only the residual positive signal remains (PA) and the negative (GSB) that should reflect
the species that were oxidized. The ratio A/B (GSBono/GSBagy) is smaller (table 5.16)
for 740 nm excitation, indicating that a small portion of aggregates contribute to the
injection. However, due to the very low contribution the exact distinction of monomer
versus aggregate injection rates are not easy to quantify.

The SE kinetics (985 nm) are plotted in Figure 5.28.A and the corresponding fit pa-
rameters are presented in table 5.17, together with the GA time constants. The plotted
DADS are presented in the Appendix (Figure A.12), for both 7905 and ZrOy DSSCs.

The kinetics appear to overlay and all the early time differences, are in the noise level.
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Figure 5.28: (A) SE (985 nm) and (B) GSB (840 nm) kinetics of VG20 70O [1:1000]
dye:CDCA DSSC, excited at 740, 810 and 880 nm.

The values are in a good agreement for all excitation wavelengths, as well as with the GA
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values. They are in the same range as they have already been found for the [1:1000] 7O
DSSCs. Therefore, the injection times, as well as the ET times are included in the first
two time constants and they have been found to be in the range of 1-12 ps. Moreover,
the deviated 150 ps value for the 830 nm excitation case, is probably overestimated due

to the noise of the data. The complete fitting tables for all cases are presented in the
Appendix (A.4, A.5).

Table 5.17: Fitting values of a VG20 1770, 1:1000 DSSC at different excitation wave-
lengths.

Apump ‘ Adet(nm) ‘ A1 % ‘ 71(ps) ‘ A% ‘ T2(ps) ‘ As% ‘ 73(ps) ‘ A% ‘ T4(ps)

740 nm 985 10 0.8 40 5 50 27 ) inf
GA - 0.3 - 7.2 - 34 - inf
810 nm 985 13 0.9 92 6.4 40 39 -6 inf
GA - 0.3 - 5.9 - 37 - inf
880 nm 985 22 1 68 12 13 150 -7 inf
GA - 0.5 - 0.8 - 36 - inf

The complete table with the kinetic fitting parameters in various wavelengths is showed in the

Appendix (table A.5).

Another interesting observation can be made relative to the GSB for 880 nm excita-
tion. Detecting at 840 nm (monomer GSB) the kinetic shows a pronounced rise (Figure
5.28.B), compared to the case of higher energy excitation, where the kinetics rapidly de-
cay. Figure 5.29, shows that for the 830 excitation case, at 0.1 ps the GSB is relatively
narrow and in 10 ps it becomes significantly broader, where for the 810 nm excitation
case (Figure 5.29.Inset) there is not change in the GSB width, upon increasing the time
delay. This is a minor effect, but could indicate that aggregates convert into monomers
by a thermally activated reverse energy transfer. This would be consistent with the ob-
servation that monomers and aggregates seem to be in thermal equilibrium after ~ 2 ps,
since the above discussed DADS of 73 (25-40 ps) shows that both excited states decay
in parallel. Another possible scenario could be that spectrohole burning occurs, which
indeed has been observed to exhibit the same spectral trend in ~ 100 fs times [32], for a

highly heterogeneous collection of dyes in a broadband DSSC.
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Figure 5.29: TAS spectra at 0.1 and 10 ps of VG20 TiO, DSSC, exciting at 880 nm.
Inset: TAS spectra at 0.1 and 10 ps of VG20 TiO, DSSC, exciting at 810 nm. The
devices were excited with an energy of 90 u.J/cm?.

5.5 Time resolved spectroscopy on TB-dyes

The second series of dyes have code names TB207 and TB423 and belong to the
new family of pyrrolopyrrole-cyanine dyes (PPCys). Similarly to VG20 they are near-
IR absorbing dyes with excellent absorbing properties. When for VG20, the degree
of aggregates is the main drawback for efficient charge injection, the TB dyes were
synthesized aiming to minimize the self-molecular assembles on the SC surface. In-
deed, by already recalling the SSA spectra of the TB-based DSSCs (Figure 5.5) and
the plot of the ratio of the aggregates high energy absorption maximum intensity to the
monomers one, upon increasing the CDCA concentration (Figure 5.6), it is evident that
even without co-adsorbent the TB DSSCs are less aggregated (at least two times) than
the VG20 ones. When for TB207, CDCA is still needed to reach the optimal condition
of [1:50] dye:CDCA, TB423 showed smaller [CDCA| dependence on de-aggregation. Cer-
tainly, TB423 has been synthesized as an improved version of its symmetric counterpart
TB207, having a one side, distinguishable bulkier, triphenylamine-based component that
greatly prevents side-to-side aggregate formation on the SC surface, without changing
the absorption energy. Consequently, it has already been showed that after optimization,
TB207 PCE can reach values up to 3.9 % (table 5.7), exceeding VG20 performance,
when TB423 still needs to be optimized, but has already showed negligible dependence
of the PCE on [CDCA|. In addition, both dyes exhibit excellent AVT, reaching the im-

pressive value of 70 %. In the current section the time-resolved study of the TB dyes
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is demonstrated, in the fs-ps and ns time domain, revealing the relative time constants
for the ultrafast processes and investigating possible competitive pathways to efficient
electron injection. Therefore, in similar manner as for VG20, the TB dyes were studied
in solution phase, as well as when they were incorporated in real non-injecting Al,O3 and
injecting Ti05 DSSCs. To close the circuit of the devices and ensure efficient regenera-
tion, I; /I~ based electrolyte was used for all samples, with the addition of 1M Li", to
shift the CB lower than the dyes” LUMO and secure the optimal conditions for injection.
In the end of the studied, the photophysical models, govern TB207 and TB423 DSSCs,
have been constructed, illustrating in the form of reaction schemes, the various processes

with their relative time constants.

5.5.1 Excited state reaction scheme of TB207 and TB423

The first step of the studies, is the investigation of the dyes in solution mixture
(EtOH : CHCI3) (9:1) and the identification of the excited state lifetimes. It is impor-
tant to highlight that by increasing the dye concentration in solution, no difference in the
SSA spectral features were observed, indicating that the solution samples can be treated
as a 100 % monomers case. In Figure 5.30.A,B the 2D maps of the time-resolved fluores-
cence decays are displayed for TB207 and TB423, respectively, as they were obtained

by streak camera measurements. The upper panels, show the spectra as they were time
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Figure 5.30: Streak camera 2D spectro-temporal profiles of (A) TB207 and (B) TB423
in EtOH solutions, in a 20 ns time window. The TB207 devices were excited at 830 nm
and the TB423 one at 820 nm with an energy of 26 u.J/cm?.

integrated in the full time window and they perfectly overlap with the respective SSE

142



Chapter 5. Experimental results 5.5. Time resolved spectroscopy on TB-dyes

spectra. The right panels, show the kinetics profiles with fits, over detection in the whole
spectral window. Starting with TB207, the decay appears single exponential and the
major decay time is found to be 3.2 ns (table 5.18), which is already many times longer
than the 360 ps for VG20. The long excited state lifetimes are necessary for DSSC appli-
cations, ensuring that the S; — Sy relaxation, doesn’t compete with the electron injection
in the SC. A small rise of 20 ps, is also identified and can be attributed, in solution, to
dynamic relaxation due to solvation. The rise manifests as a small red-shift upon the
first tens of ps and it is mostly visible in the corresponding FLUPS data (Figure A.13.A),
in which the IRF is much shorter (~ 200 fs). An additional 300 ps component has been
found, but of very low amplitude and it could be attributed to a longer solvation process,
which has essentially been demonstrated in the bibliography to occur in a range of times,
from sub-ps to hundreds of ps [33]|. Similarly, for TB423 a rise of 40 ps is observed
(Figure A.13.A), due to solvation, which is slightly longer than for TB207, due to the
increased size of TB423. Important is that the decay is bi-exponential, with a longer
main component at 3.5 ns and a smaller at 1 ns. The first, is in the same time range
as for TB207 and corresponds to the excited state lifetime of the monomer dyes and
the 1 ns one, could refer to shorter-lived isomerized TB423 dyes, formed most probable
from rotation around the Ph-N bonds of the bulkier side component, in the low viscosity
solvent. Nonetheless, in real DSSCs, typical times for ET or electron transfer are in the
range of ps-tens of ps and the TB-dyes demonstrate long enough lifetimes, which aren’t

in competition with the essentially ultrafast processes.

Table 5.18: Luminescence’s decay fitting values of TB207 and TB423 in EtOH. The
luminescence’s decay is analyzed by both FLUPS and streak camera.

Dyes | Ay % | 7" (ps) | Az % | 75t (ns) | As % | 75t (ns)
TB207 | -13 | 20 | 4 | 30 | 9 | 32
TB423 | -16 | 45 | 34 | 1 66 | 35

Continuing the investigation in solution, in Figure 5.31.A.B, the transient absorp-
tion spectra of various time-delays are presented, over a 5 ns time window, of TB207
and TB423, respectively. Both cases have similar spectral features with the TB207 to
be 10 nm red-shifted compared to TB423, following the inverted SSA and SSE spectra
(filled black and red spectra, respectively). The positive ESA signals (450-700 nm and
900-1030 nm) are 10 times weaker in intensity than the negative ones (700-900 nm) for
TB207 and 20 times for TB423 with the latter to contain both GSB and SE of the
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monomers. Therefore, the spectra are presented with a break at the negative y-axis, in
order to demonstrate in the same scale the weaker positive signals. The GSB spectrum
is relatively steep at shorten wavelengths, because it is compensate by the broad positive
ESA signals. Relative to the dynamics, for TB207, all signals appear to decay in paral-
lel with no additional photoproduct absorption rise, when for TB423 the general trend
is the same, but with a weaker inhomogeneous decay of the positive 450-650 nm ESA.
This spectral region could contain the absorption features of the isomerized TB423 dyes,

however the signal /noise ratio is too low to precisely identify this trend. The decays can

TB207 TB423
solution solution

500 600 700 800 900 1000 500 600 800 900
Wavelength (nm) Wavelength (nm)

Figure 5.31: Transient spectra at different time delays of (A) TB207 and (B) TB423 in
EtOH : CHCI3 solutions, in a 5 ns time window. The TB207 devices were excited at
730 nm and the TB423 one at 720 nm with an energy of 26 u.J/cm?.

be better described by 3 exponentials and the precise fitting details are shown in the
Appendix (Figure A.14), as well as the times obtained for both single wavelength and
global fits (table A.6). The values are in agreement with the ones obtained with FLUPS,
revealing a > ns main component, referring to the excited state lifetime. In addition,
two rise components, one in the ps or sub-ps and the second in 30 ps for TB207 and 40
ps for TB423 range, due to solvation. The DADS and EADS for TB207 are similarly
presented in the Appendix (Figure A.15). Indeed, the first two components of lower con-
tribution, exhibit a gradual negative and positive trend in the DADS, in the GSB/SE
region, leading finally to the GSB/SE main decay in longer times, which is spectrally
slightly red-shifted, compared to the the early time (~ 100 fs) signal after excitation.
This shift that was also initially observed in the FLUPS data, is easily observed in the
EADS too, revealing a three energy level model (Sy — S1 ot — S1)-

From the solution studies it was identified that the main process is the S; — Sy tran-
sition that occurs in long enough times (3.3-3.5 ns), in order not to compete with the

ultrafast processes, such as injection. The next step is the spectroscopic study of TB-
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dyes when they are incorporated in solid-state samples. Starting from the simpler case,
the non-injecting systems are studied, using AloO3 SCs. In Figure 5.32.A-C, the transient
spectra of TB207 Aly,O3 DSSCs are presented, for selected time delays, for 1:0, 1:20 and
1:50 dye:CDCA concentration ratios, respectively, when in 5.32.D are the corresponding
spectra for TB423 Al,O3 DSSC with zero CDCA. By a first visual inspection, all TAS
exhibit similar spectral features as in solution, which are the two positive high and low
energy ESA signals and a negative GSB/SE combination, as it is validated by the overlap
with the inverted SSA and SSE spectra (filled black and red spectra). Starting from the
TB207 Al,O3 DSSC (Figure 5.32.A), the high energy ESA broadly extends from 450-700
nm and the low one from 830-1030 nm, while the negative GSB/SE signal is located in

the spectral range 700-830 nm. However, in comparison to solution, the ESA doesn’t
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Figure 5.32: TAS at different time delays of TB207 Al,O3 DSSCs of (A) [1:0] (B) [1:20]
and (C) [1:50] dye:CDCA ratio and (D) TAS of TB423 Al,O3 [1:0] DSSC, in a 5 ns time
window. The TB207 devices were excited at 730 nm and the TB423 one at 720 nm
with an energy of 26 u.J/cm?. As filled black and red spectra are the inverted SSA and
SSE, respectively.

decay homogeneously in the whole spectral range. For zero CDCA concentration (Figure

5.32.A) at 810-910 nm a distinguishable signal rises, maximizes in 10 ps and slowly decays
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afterwards, when in parallel the longer wavelength part of the ESA (930-1030 nm) decays.
In the visible spectral region, the higher energy ESA (450-700 nm) slightly blue-shifts,
stabilizes in 10 ps, forming a clear isobestic point with the GSB and afterwards slowly
decays. Already, from the SSA of TB207 in DSSCs (Figure 5.5), it is evident that aggre-
gates have been formed and therefore these features and dynamic progression, are due to
aggregates and their interaction with the monomers, as it was discussed in detail in the
previous section for VG20. Even though, the GSB part that energetically matches the
SSA’s high energy shoulder (690-750 nm) that is attributed to the aggregates, is masked
due to the laser pump, a small rise in 10 ps is present. Therefore, similarly to VG20
ET from the monomers to aggregates occurs, which is energetically allowed for oblique
aggregates, as it was described for VG20. Upon adding CDCA, from [1:20] (panel B)
to [1:50] (panel C) the maximum amplitude of the 810-910 nm ESA is lower and the rise
time is longer (> 25 ps), in agreement with FRET theory and the dependence of ET
time upon increasing the D-A distances. Taking the above into consideration, the two
positive signals contain both the ESA of aggregates (450-670 nm and 810-910 nm) and
the ESA of monomers (450-690 nm and 900-1030 nm). Panel D, includes the TAS of
TB423 for 0 mM CDCA, which are identical to TB207. Noteworthy is that the peak
signal of the ESA of aggregates (810-910 nm) maximizes in 40 ps instead of 10 ps, as for
TB207 and the slower ET times are due to the increased size of TB423 and therefore
longer intermolecular distances between monomers and aggregates.

The TAS spectral features of the TB dyes are rather complicated and the SE signal
cannot be purely detected, without contribution from the GSB or the near-IR ESA and
the identification of the fluorescence dynamics is crucial, because it should contain the
components of ET and electron injection, for the injecting samples. Therefore, FLUPS
experiments were performed on the DSSCs, in order to purely monitor the fluorescence
decay with an IRF of ~200 fs. The FLUPS 2D spectro-temporal map for the TB207
Aly03 DSSC is presented in Figure 5.33, where in the upper panel, the spectra at selected
time delays are shown and in the left panel the normalized kinetic profiles at different
wavelengths. The bright signal (750-850 nm) around time zero is due to Raman scat-
tering and its contribution (up to ~ 200 fs) in the plotted kinetics have been manually
deleted. Probing at different wavelengths, at the maximum of the emission (800 nm)
and at longer wavelengths (850 nm), there is no change of the kinetics and therefore, no
evidence for fluorescence contribution from other species e.g. aggregates. The decay is
very fast compared to solution and already in 10 ps the signal is at half maximum, due to

quenching by ET. Moreover, from the 2D profile, there is evidence of a slight red-shift of
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Figure 5.33: FLUPS 2D spectro-temporal profile of TB207 AlyO3 DSSC of zero CDCA,
in a 1 ns time window. The device as excited at 730 nm with an energy of 26 u.J/cm?.

the fluorescence signal, in the first picoseconds, due to the faster contribution of solvation.

In this manner, the emission originates mainly from monomer species, as it was ini-
tially suggested from the SSE inspection and ET from monomer to aggregates occurs,
as it was shown in the TAS spectra, quenching the total lifetime. The dynamic effect
of ET can be examined by both the TAS and FLUPS dynamics. In Figure 5.34, the
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Figure 5.34: Kinetics of TB207 Al,O3 1:0 DSSC obtained by TAS and FLUPS. The
device was excited at 830 nm with an energy of 26 uJ/cm? for both TAS and FLUPS
experiments.
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kinetics of selected wavelengths are presented, probing the ESA of the aggregates at 880
nm and the GSB of the monomers at 780 nm, for Al,O3 DSSCs of different CDCA con-
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centration. In addition, in black, are illustrated the kinetics measured with FLUPS and
therefore are related with the fluorescence decay exclusively. The (A) panel demonstrates
the kinetics over the full time window with a break at 20 ps and the panel (B) presents
the same kinetics over a logarithmic time axis .It is noteworthy to highlight that both
TAS and FLUPS measurements obtained for the same DSSC samples, in order to prevent
carrying additional error, due to sample-to-sample reproducibility limitations. Moreover,
the time between the measurements with the different techniques, were maximum one
day, in order to prevent sample aging over time. Probing at 880 nm, the kinetics rise is
evident from the TAS spectra, in the first ps and maximized in 20 ps. Noteworthy, the
signal tends to maximize in longer times as the CDCA increases, due to the increase of
the intermolecular distances of the monomers and aggregates, resulting in slower FRET
times. In table 5.19, the fitting parameters of the various kinetics are presented for all
TB207 Al,O3 DSSCs, increasing the CDCA concentration. Four time constants describe

Table 5.19: Fitting values of TB207 Al,O3 DSSCs of different CDCA concentrations
obtained by TAS and FLUPS.

[Dye:CDCA] ‘ A(nm) ‘ A% ‘ 71(ps) ‘ A% ‘ T2(ps) ‘ A% ‘ T3(ps) ‘ A% ‘ T4(ps)

880 | -10 | 08 | 71| 49 | 76 | 140 | 23 | 3400
[1:0] GA - 0.2 - 5 - 85 - | 2000
FLUPS | 35 2 39 | 17 | 26 | 180 | -

880 -27 1.3 -57 7.2 45 140 25 1800

1:20

[ ] GA - 0.2 - 5 - 120 - 2000

[1:50] 880 -80 0.14 -63 13 90 620 10 inf
) GA - <IRF - 3 - 100 - 1100

FLUPS | 24 1.8 19 34 57 840 - -

the systems better, with the rise times to appear in two time-ranges. As it has already
been suggested, due to the inhomogeneity of the system, the FRET times comes out as a
distribution of rates and the process already starts from the sub-ps time domain. For zero
CDCA, the longer FRET time is found to be 4.9 ps and by increasing [CDCA], it slows
down, reaching 13 ps for the [1:50] DSSC, with reduced amplitude. From the monomers
aspect, probing the GSB at 780 nm, the signal decreases with slower rates as the CDCA
increases, due to lower ET quenching with similar trend to be observed for the fluores-
cence decays (FLUPS), as well (Figure 5.34.(black)). The GA values, are also found to
be in a good agreement with the single wavelength fits, with the DADS to be presented
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in the Appendix (Figure A.16), revealing the ET spectral trends to be indeed in the first
to time components. The FLUPS kinetics are well described by three time constants
with the times to be relatively longer. The ET components are similarly contained in the
first two components 7 and 7o, as their contribution decreases by increasing [CDCA],
from 13 to 34 ps, for [1:0] and [1:50], respectively. The difference is due to the absence of
the sub-ps component in the FLUPS data, as well as, because of the, longer than TAS
IRF, considering the laser scattering around time zero. What is more, the absence of the
slower component (>2000 ps) in the FLUPS kinetics, which essentially has non-radiative
character and is related to aggregates (see aggregate ESA at 1 ns in the TAS spectrum
in Figure 5.32.A).

The TB423 fluorescence dynamics for TB423 Al,O3 DSSCs of [1:0] and [1:80]
dye:CDCA concentration ratio, are presented in Figure 5.35 and the fitting parameters in
table 5.20. Very interesting is that for zero CDCA, the kinetics are much faster and the

[Dye:CDCA]
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o 1:80

Mormalized intensity (a.u.)

/

! TB423 Al,0, DSSCs
0 20 40 60 100 1000
Time delay (ps)

Figure 5.35: FLUPS kinetics of TB423 Al,O3 DSSCs of [1:0] and [1:80] dye:CDCA
concentration, in a 1 ns time window. The devices were excited at 720 nm with an
energy of 26 u.J/cm?.

0.0

intensity is half of the maximum in less than 20 ps, while for the [1:80] samples the fluo-
rescence still decays in longer times than the experimentally available time window. The
SSA spectra, indicate that the effect of CDCA is negligible in the TB423 Al,O3 DSSC
absorption (Figure 5.6) and therefore it can be assumed that the percentage of aggre-
gates in not greatly reduced upon adding CDCA. However, aggregates still exist and the
pronounced difference of the kinetics, are due to the increased intermolecular distances
and therefore the increase of the ET times. Similarly to TB207, the contribution of the
first two components is reduced upon de-aggregation and therefore, it can be concluded
that this is the range of ET times for TB423. Furthermore, while the first component ~
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6-7 ps doesn’t appear to change when adding CDCA, the second becomes more than two
times slower, from 10 to 24 ps. When comparing both TB dyes for zero CDCA, it should
be highlighted that the ET times are almost two times longer for TB423, with the second
component to be 29 ps, while for TB207 it is 17 ps with the ET in the fluorescence to be
for both dyes is larger than 90 %. The time elongation can be attributed to the longer dye
size and therefore the increased intermolecular dye-distances on the nanoparticles that
can greatly affect the FRET rates. The FRET time range is of considerable importance,
as it has already been found for VG20, where electron injection and ET time ranges

generally overlap, constitute them competitive channels and resulting in reduced total

PCE.
Table 5.20: Fitting values TB423 Al,O3 DSSC FLUPS kinetics of different CDCA con-

centrations.

[Dye:CDCA] ‘ A% ‘ T1(ps) ‘ A% ‘ T2(ps) ‘ A% ‘ T3(ps) ‘ A% ‘ T4(ps)
[1:0] | 45 | 62 | 35 | 29 | 10 | 100 | 10 | 740
[1:80] 10 | 69 | 23 | 48 | 24 | 225 | 43 | 1800

The individual studies of the dyes in solution and in non-injecting DSSCs has been
proved a standard and efficient method to investigate the various processes taking place
in a real DSSC device. The ultimate target is to determine the injection rates and yields
in the injecting DSSCs and to identify the possible limitations for injection that reduce
the PCE. In Figure 5.36.A-C the transient spectra at different delays are presented, for
selected TB207 7105 DSSCs, increasing the CDCA concentration and in Figure 5.36.D
the respective TB423 DSSC, with zero CDCA for comparison. All TAS for TB207
and TB423 Ti0O, DSSCs under study, are presented in the Appendix (Figure A.18), for
additional CDCA concentrations.

Starting with the TB207 DSSC of 1:0 dye:CDCA ratio (Figure 5.36.A), all the
spectral features are similar to Al203 ones. Two prominent positive signals, previously
attributed to the ESA of monomers and aggregates spans the visible from 450-690 nm
and the near-IR from 840-1030 nm. Noteworthy, the near-IR ESA exhibits a biphasic
behaviour with the 950-1030 nm part to decay and the 840-950 nm part to rise, in the first
10 ps and therefore the signals can be attributed to the ESA of monomers and aggregates,
respectively, as for Al;O3. The negative signal at ~ 740-820 nm, refers to the monomers
GSB/SE and at 690-740 nm to the aggregates GSB, as they overlap with the inverted
SSA and SSE spectra. Already in 10 ps the GSB reduces to half of the initial intensity
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Figure 5.36: TAS of TB207 TiO, DSSCs of (A) [1:0], [1:50] and [1:100] dye:CDCA
concentration ratio and (D) TB423 Ti0, DSSCs of [1:0] ratio. The TB207 DSSCs were
excited at 730 nm and the TB423 at 720 nm, with an energy of 26 u.J/cm?.

and after tens of ps the GSB signal stabilizes to a permanent AA level without decaying.
This observation was made for VG20 too and it is expected for the injecting DSSCs, in
which a specific percentage of dyes, after injecting to the SC, are converted to cations
and never recover to the ground state, until their regeneration from the electrolyte, on
longer time scales. Turning our focus to the visible ESA, a gradual 10 nm shift is also
present. The shift is due to the decay of the ESA part (~ 640-670 nm) near the GSB
with a parallel increase of the higher energy ESA (~ 500-630), forming a clear isobestic
point at 665 nm (Figure 5.36.A). Interestingly, after 10 ps the ESA slightly decays and
when is about about 15 % of the maximum value it remains there, during the whole time
window of 5 ns. Therefore, this asymptotic signal reflects the photoproduct absorption
or the TB207 cations, whose formation time starts rising in the sub-ps time domain.
On longer times, a very weak and non-decaying, positive signal, spanning in the near-IR
region (820-1030 nm), is also present, referring to either a long low energy tail of the
cation signal, or to the absorption of free electrons in the SC, similarly to VG20. The

spectral position of the TB207 cations, was also found to be at similar energies, as for
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VG20, in agreement with the spectral position of the reduced dyes, obtained via spectro-
electrochemical measurements (Figure 5.9). The appearance of the non-decaying signals
(PA in ESA), the GSB residual (700-820 nm), as well as the faster dynamics compared
to Al,O3, due to the additional quenching process, confirms the injecting nature of the
TB based DSSCs.

Upon increasing the CDCA concentration in the system, the percentage of aggre-
gates decreases. The peak AA of the low energy aggregates ESA (820-880 nm) has lower
intensity and the times that it maximizes (ET times), becomes slower. It is interesting
that for the 1:50 and 1:100 DSSCs, after the total increase of the PA signal, there is no
long time decay of the ESA,| most probable due to the reduced aggregated species in the
excited state. The slower ET times are accompanied by a slower GSB recovery, as it is
expected. For the least aggregated 1:100 DSSC, in 10 ps the GSB decayed only 10 %
of the initial signal. It is eye-catching that the GSB residual is higher in amplitude for
the least aggregated samples, in comparison to the 1:0 one. This observation, as well as
the elongation of the ET times upon de-aggregation, indicates that aggregates are non
beneficial for the total electron injection in the TB-DSSCs too and most probably ET
and injection are again, in a temporal competition, as they were for VG20.

The TB423 Ti0O, [1:0] DSSC TAS, are presented in Figure 5.36.D. The general
spectral features are similar, with a rise of the near-IR ESA of the aggregates and the
PA peaking at 620 nm, already starting to form in sub-ps times. What is important to
remind and highlight, is that the [1:0] TB423 system, in terms of aggregate percent-
age, doesn’t correspond to the [1:0] TB207. Its SSA features (e.g. Ayono/Aagy) that
were described in the previous sections, reveal that the TB423 1:0 770, DSSC, is much
less aggregated, due to the bulkier side group. Indeed, the near-IR aggregates ESA is
much weaker in amplitude and the rising times, associated with ET are longer (50 ps),
reminding more the 1:50 770y, TB207 DSSC. This observation establishes TB423 as an
appealing candidate for DSSC applications, with prospects to surpass the performance
of TB207. However, it is noticeable that both the ET and PA exhibit similar dynam-
ics and therefore a degree of ET and injection competition should be accounted for. In
conclusion, from the TAS of both TB207 and TB423, it is evident that the reaction
scheme is similar to that described in detail for VG20 and the detailed analysis of the
dynamics should reveal the extent of ET and electron injection competition, resulting in
higher or lower PCE.
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5.5.2 Detailed determination of the injection and FRET rates
and yields

In the previous section the spectral features that reveal ET, as well as the dye cation
signal, were identified in the TAS spectral map. The complexity of the TAS gives rise to
many overlapping spectral signals and the SE part cannot be purely isolated. Therefore
the necessity raised for using FLUPS, in order to purely resolve the fluorescence dynamics
that contain all the information relative to ET and injection dynamics. In Figure 5.37,
the normalized fluorescence up-conversion kinetics are presented with the respective fit
curves, for TB207 in solution and in Al,O3 and TiO, DSSCs 2. In a first inspection
the AlsOj kinetics (Figure 5.37.green) is strongly quenched, compared to solution and
has already decayed in the 1 ns time window, due to monomer-to aggregate ET. Finally,
the 71Oy DSSCs kinetic (Figure 5.37.blue) decays even faster than in the AloO3 DSSC,
because of additional charge injection. A three-exponential fit is required to capture the
main decay time scales and provide regular fit residuals. Their values as well as the

relative amplitudes are given in table 5.21. A simple method of evaluating the carrier
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Figure 5.37: Normalized FLUPS kinetics with their respective fitting curved as red solid
lines, of TB207 in EtOH : CHCI3 (9 : 1) solution, in AloO3 and TiOy DSSCs, in the
standard conditions. The solution samples were excited at 740 nm and the DSSCs at 730
nm, with an energy of 26 pJ/cm?. The standard conditions, relative to the dye:CDCA
ratio for the Al,O3 DSSC is 1:0 and for the 7¢O, DSSC is 1:50.

injection efficiency is based on the average rates of carrier injection (k;,;), energy transfer

(kpr) and of isolated monomer excited state decay (ky,on0)>. The injection efficiency can

2For the TB207 Ti05 DSSCs the FLUPS traces for all CDCA concentrations are presented in Figure
A.20 of the Appendix.
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be expressed as:

_ (Kinj)
in = o)+ (ki) & (o) (58)

(kmono) &~ 1/3200 ps~!, as it was found in solution is 10-100 times smaller than the ET
and injection rates, which largely dominate (table 5.21). Consequently, eq. 5.8 can be
simplified as:
<kinj>

(Kinj) + (keT)
Since (k) ai,0, = (kgr) and (k)ri0, = (kpr) + (kin;) we find with the fit values from table
5.21 that (kgr) = 0.0185 ps~! and (k;,;) = 0.037 ps~! and finally the injection efficiency
is calculated to be ®;,; ~ 67 %, for TB207, i.e around two times higher than for the
cyanine VG20. The main reasoning lies in the reduced TB207 aggregate formation and

By = (5.9)

the reduced ET amplitude and competition with charge injection. In addition, for VG20,
the determination of the injection efficiency, was carried out by analysis of the TAS and
it also possible that is underestimated. Both GSB and SE overlay and therefore it is
possible that the AA amplitude, in early times, contains contribution from SE, resulting
in underestimation of the injection efficiency value, as it was calculated, according to
eq.n.7.

Table 5.21: Fitting values, of the FLUPS kinetics, of TB207 in Al,O3 and T'i0O5 DSSCs,
prepared under the standard conditions®. The fits were made with a sum of 3 exponentials
convoluted with a 150-fs Gaussian (temporal resolution). (7) and (k) refer to the average
lifetime and the corresponding average rate.

DSSC ‘ A1 % ‘ T1(ps) ‘ A% ‘ T2(ps) ‘ Asz% ‘ T3(ps) ‘ (T)ps ‘ (k)ps~*!
Al,Os | 35 | 20 | 39 | 17 | 26 | 180 | 541 | 0.0185
TiO, | 16 | 15 | 43 | 8 | 41 | 35 | 180 | 0.055

*The standard dye:CDCA conditions for the AlsO3 DSSC are 1:0 and for the 770y DSSC are
1:50.

An identical procedure was followed for the TB423 DSSCs. In Figure 5.38, the nor-
malized fluorescence up-conversion kinetics are presented for TB423 in solution and in
Aly,O5 and Ti05 DSSCs at the standard conditions . Similar to TB207, the Al,Os trace
is much faster than in solution, due to quenching from the ET contribution. However, the

kinetic it doesn’t decay fully in the 1 ns time window, indicating that the ET contribution

3For the TB423 Ti0, DSSCs, the FLUPS traces for all CDCA concentrations are presented in Figure
A .23 of the Appendix.
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Figure 5.38: Normalized FLUPS kinetics with their respective fitting curves as red solid
lines, of TB423 in EtOH : CHCl3 (9 : 1) solution, in Al;O3 and 7705 DSSCs, in the
standard conditions. The solution samples was excited at 730 nm and the DSSCs at 7 20
nm, with an energy of 26 uJ/cm?. The standard conditions, relative to the dye:CDCA
ratio for the Al,O3 DSSC is 1:0 and for the 7905 DSSC is 1:80.

is less than in the case of TB207. Moreover, the T7O, trace is even faster due to the
additional injection process. For TB207 the T%O, kinetic has decayed to the 1/3 of the
total signal in only 20 ps, when for TB423 the decay is even faster, indicating stronger
quenching, due to more efficient electron injection. In table 5.22, the fitting parameters
presented for the TB423 DSSCs in the standard condition. It is evident that the first

Table 5.22: Fitting values, of the FLUPS kinetics, of TB423 in Aly,O3 and T'i0O5 DSSCs,
prepared under in standard conditions®. The fittings were made with a sum of 4 expo-
nentials convoluted with a 150-fs Gaussian (temporal resolution). (7) and (k) refer to
the average lifetime and the corresponding average rate.

DSSC ‘ A1 % ‘ 71(ps) ‘ A% ‘ T2(ps) ‘ A3% ‘ T3(ps) ‘ A% ‘ T4(ps) ‘ (T)ps ‘ (k)ps~?!

Al,O3 | 45 | 62 | 35 | 29 | 10 | 103 | 11 | 740 | 100 | 0.01

TiO, | 31 | 28 | 39 | 82 | 28 | 27 | 2 | 338 | 17.7 | 0.056

*The standard dye:CDCA conditions for the AlsO3 DSSC are 1:0 and for the 790y DSSC are
1:80.

two, faster, components are slower for TB423, in comparison to TB207, confirming that
ET is slower for the bigger dye. It should be recalled that due to the inhomogeneity of
the system, as ET and injection appear in a distribution of times. However, the general
trend of slower ET dynamics is present. From the values of table 5.22 and considering

that both ns components of the solution samples are many orders of magnitude longer
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than the times obtained for the DSSCs, the same procedure as for TB207 is applied.
Therefore, the average rate for ET and injection are found to be (kgr) = 0.01 ps~—! and
(kin;) = 0.056 ps~! and the injection efficiency is calculated by eq.5.9, reaching the im-
pressive value of ®;,; ~ 82 %. Therefore, TB423 has been proven to be the best among
the three dyes, in terms of injection efficiency, however, with the total PCE values yet to
be optimized.

In a different approach the ET and injection rates can be identified via TAS (Figure
A.21), which offers the unique advantage of visualizing the spectral responses for the
various calculated time constants. In Figure B.12 the DADS are plotted for TB207 in
(A) Al,O3 and in (B) TiO, DSSCs, under standard conditions. To facilitate the interpre-
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Figure 5.39: DADS, of TB207 of (A) Al,O3 and (B) 7O, DSSCs, in the standard
conditions. The samples was excited at 730 nm, with an energy of 26 u.J/cm? The
standard conditions, relative to the dye:CDCA ratio for the Al,O3 DSSC is 1:0 and
for the TWOy DSSC is 1:50. (C) Al,Os, (D) TiOy: A pictorial representation of the
AA spectra, distinguishes the different ESA, GSB, SE and PA contributions, for both
monomers and aggregates. The corresponding TAS are presented in Figure 5.32 (AlyO3)
and 5.36 (TiOy).
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tation, a graphical illustration for (C) the Al,O3 and (D) TiOy DSSCs, of the major AA
signals (GSB, ESA, SE, PA), in the TAS spectral region, are presented. With different
colouration, the complicated ESA due the monomers and aggregates, as well the total
GSB, can be distinguished, facilitating the interpretation of the DADS spectra. The
global analysis approach was carried out with four wavelength-independent lifetimes.
In agreement with the fluorescence decay times, 72 and 73 are shorter for 770y than
for Al,O3 DSSCs. The spectral features of the DADS allow to corroborate the excited
state quenching mechanisms and the associated time constants i.e. cation formation and
monomer-to-aggregate ET.

For Al;Os, the global decay constants obtained are 0.2 ps, 4.9 ps, 85 ps and 1.9 ns.
The first and second components (0.2 ps, 4.9 ps) show ET character from the monomers
to the aggregates, as it is revealed by the negative DADS at 630 nm and 880 nm, i.e.
rise of the aggregate ESA. Moreover, the positive amplitudes in the 680-700 nm spec-
tral range, where GSB dominates, highlight an increasing GSB in this wavelength range,
where the aggregates high energy band prevails. On the other hand, the positive ampli-
tude in the 0.15 ps DADS at 800 nm, is due to an ultrafast red-shift of the SE, attributed
to excited state relaxation, also observed in the fluorescence up-conversion data (Figure
5.33). At 840-920 nm, the negative amplitude of both DADS is due to SE decay and rise
of the aggregates ESA. In conclusion, and consistent with the fluorescence data, ET acts
in a range of times from 0.15-5 ps, attributed to a distribution of monomer-to-aggregate
distances and orientations on the SC nanoparticles. The DAD spectrum of the third
time constant (85 ps), is positive at the aggregates ESA (630 & 880 nm), negative at the
GSB of aggregates (690 & 800-820 nm) and therefore refers to the excited state decay of
aggregates. The fluorescence is also in this range and monomers and aggregates coexist
in this time scale. Furthermore, in 73, there is some contribution from SE and the low
energy ESA of the monomers hasn’t decayed completely, revealing a situation, identical
to VG20, where aggregates and a percentage of neighbour monomers decay together to
the ground state. The final DADS, at 2 ns component carries higher error in the time
value, due to the limited experimentally accessible time-window. In 2 ns the low en-
ergy monomer ESA (955-1030 nm) has decayed and similar to the third component, the
DADS is positive in the region of the two aggregates ESA, but with lower amplitude. In
addition, the negative DADS, in the GSB region, is slightly blue-shifted compared to the
case of 13. This observation, could indicate that pure aggregates that essentially have
non-radiative character decay in the ns time scale.

Figure B.12.B, shows the DADS for 77O, with four time constants of 0.2, 2.8, and
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23 ps and 14 that has been fixed to a very long value to match the constant asymptotic
signal. The spectral responses, differentiate from Al,O3 to Ti05, where in the latter there
is no indication of sub-ps ET and only the solvation features appear. In addition, for
Ti0,, the 2.8 ps and 23 ps DADS are positive at the aggregate GSB region (690 nm)
and negative at the SE and near-IR aggregates ESA (860-900 nm) regions. Likewise, the
DADS are negative in the range 500-650 nm, which in the case of TiOs, contains not only
the aggregates ESA, but the TB207 cation absorption spectrum, too. The rise of the
absorption of TB207 cation, corresponds directly, to the carrier injection process. This
observation is in agreement with the proposal that both electron injection and ET take
place in a distribution of times and not in a well-defined single time constant. Therefore,
both the 2.8 ps and 23 ps correspond to the ET and injection process for Ti0,. The
injection times are relatively slower than the faster ones reported for the benchmark Ru
compounds, for which electron injection has been reported to start in sub-ps timescales
[11]. The elongation of the injection times, can be attributed to the weaker driving force
for injection, for the specific near-IR dyes, due to the smaller LUMO-CB energetic dif-
ference. It has been noted, from the DADS spectra for Al,O3 that ET starts acting
in the sub-ps up to 4.9 ps time domain. However, detailed global analysis is a general
approach and by probing individually the ESA of the aggregates no rise in the sub-ps
time domain is found and the sub-ps component in the DADS, mostly corresponds to
the solvation dynamics, but it is generalized to "catch" the kinetics in the whole spectral
region. Moreover, the Al203, DSSC, is slightly more aggregated than the 77O, (Figure
5.6) one, in the standard conditions. Therefore, when for the FLUPS analysis of the
fluorescence kinetics, it is sufficient to compare the two DSSCs, for the detailed and in
the whole TAS map, global analysis, the deviations of the ET times are present. It can-
not be excluded that ET component is also present in 23 ps for the AlsO3 DSSC, while
for the TiO, the positive band at the aggregates ESA at 720 nm constitutes a clear ET
character. However, the much weaker negative signals at 850 nm ( aggregates ESA of
lower energy), indicate that injection mainly occurs in these times (see negative signal
at 450-660 nm). The fourth DADS at fixed “infinitive” time, is identical to any selected
transient spectrum at longer times giving the pure TB207 cation absorption spectrum
(500-690 nm) and the residual GSB of TB207 (700-850 nm). The final reaction scheme
of the injecting 71Oy DSSC, is presented in Figure 5.40. The aggregate relaxation times
were identified for Aly03, however in TiO, these contributions are not-detectable, due
the ET quenching from the electron injection that occurs in similar times and therefore

temporally competes.
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Figure 5.40: Excited state reaction scheme of TB207 790, DSSCs. The TB207* cation,
due to electron injection, can be formed and electron injection temporally competes with
ET from monomers to aggregates.

The same comparison has been made for TB423. The DADS are presented in Figure
5.41.A.B, for both Al,O3 and T'iOs, respectively. The spectral position of the species and

s s

(B) | Tio, bssc

(A) | AL0, DSSC

L=}
|
o

DADS x10°
DADS x10°

P
L

Dye:CDCA=1:0 4 4 Dye:CDCA=1:80

500 600 800 900 1000 500 600 ’ 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 5.41: DADS of TB423 of (A) Al,O3 and (B) TiO, DSSCs, in the standard
conditions. The samples was excited at 830 nm, with an energy of 26 u.J/cm? The
standard conditions, relative to the dye:CDCA ratio for the Al,O3 DSSC is 1:0 and for
the 7905 DSSC is 1:80.

processes are the same, as for TB207, with a general 10 nm blue-shift and therefore, in
order to facilitate the interpretation, the pictorial representation of FigureB.12.C..D, can
be used too. For Al,O3 the times obtained by global analysis are 0.3 ps, 17 ps, 180 ps
and 2.7 ns. The first component, similar to TB207, shows a positive signal at 780 nm, a
trend that was attributed to ultrafast solvation of the monomer excited state. The nega-
tive feature at 870 nm (aggregates ESA), reveals that ET from monomers to aggregates,
already starts in the sub-ps time domain. The visible part at 450-650 nm, has very low
intensity and due to the low signal /noise ratio, no observations can be made, regarding
the dynamic evolution of the ESA of monomers and aggregates. The last two components
refer to the aggregate relaxation time, as it can be observed by the positive, aggregate

ESA signals at 870 nm. In detail, similar to TB207, the faster, 180 ps component retains
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a smaller SE contribution and monomers ESA (950-1030 nm) decay, indicating that in
this times, in parallel with the aggregates, a percentage of neighbor monomer dyes are
relaxing too. It is possible that this time refers to the pair of monomers/aggregates that
interact and undergo E'T. The last 2.7 ns component, shows only aggregates character
and could refer to the rest of non-interactive aggregate. For the 770, DSSC, 5 time
constants describe the system best. The sub-ps component similarly to Al,O3 and shows
solvation character. The second, 2.9 ps and the third 15 ps refer to both ET and injec-
tion. Indeed, they both show negative DADS at the aggregate ESA at 630 nm and and
positive DADS at the aggregate GSB at 700 nm. The near-IR, aggregate ESA amplitude
at 870 nm is negative only for 2.9 ps, while for 15 ps it is compensated with a positive
signal, probably of the monomer ESA decay. Therefore, ET and injection, both occur
in the range of 2.9-15 ps, where the SE part (780-790 nm), also mainly decays. The
times found by GA, are in a good agreement with the ones found via FLUPS, except
the sub-ps that is absent in FLUPS, due to the longer IRF. The forth components (230
ps), has a smaller contribution and similarly to the third time component of the AloOs
DSSC, it reflects the aggregate relaxation. Finally, the fifth component has been fixed
to very long times, in order to account for the long time asymptotic signal, where pos-
itive, representing the TB423 cation absorption and where negative, representing the
GSB remaining, due to the reduced recovered monomers that injected and converted to
cations. The corresponding reaction scheme is presented in Figure 5.42 and it is similar
as for TB207 with the respective aggregates/monomer and aggregates relaxation times

(230 ps and 2.7 ns,respectively) to be significantly quenched in the data.

(TB423/Ti0,)
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Figure 5.42: Excited state reaction scheme of TB423 T'iO, DSSCs. The T B423* cation,
due to electron injection, can be formed and injection temporally competes with ET from
monomers to aggregates.

Another important effect that has been examined for both TB dyes is the effect
of CDCA and therefore of aggregates on injection. The photovoltaic measurements, re-
vealed that TB207 is sensitive to CDCA and more in detail, the PCE drops as the CDCA
decreases (table 5.7), indicating that if aggregates inject, the process should be of much

lower yield than monomers. For TB423, the trend is different, as there is no significant
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effect of CDCA on the final PCE (table 5.7). However, no clear conclusion can be made
about the injection efficiency from aggregates, as essentially, there is no great effect of
CDCA on the TB423 DSSC SSA spectra. It would be of interest, future experiments
to be planned for analytical studies of pure aggregated TB DSSCs, in order to identify
aggregate contribution in injection, with quantitative conclusions.

Finally, the injection efficiencies of the TB207 and TB423 770, DSSCs, as a func-
tion of CDCA have been calculated, in the same way as they were calculated for the
VG20 DSSCs (eq. 5.7), from the respective TB207 and TB423 10, transient spectra
in Figures A.18, A.21 in the Appendix. Noted that the corresponding DADS for both
TB207 and TB423 T'iO5 DSSCs are presented in the Appendix too (Figures A.19, A.22,
respectively), as well as the tables with the kinetics parameters for both GA and single
wavelength kinetic analysis, over various wavelengths (tables A.9, A.10, respectively).
The calculated values are presented in table 5.23. For TB207, the injection efficiency
increases from 39 %, for the CDCA-free system, up to 65 % for the 1:100 dye:CDCA case.

This trend is in agreement with the photovoltaic measurements, as a function of CDCA

Table 5.23: Injection efficiencies (®;,;) of TB207 and TB423 Ti0, DSSCs, increasing
CDCA concentration with the electrolyte in standard conditions (1 M Lit).

Dyes ‘ [Dye:CDCA] ‘ D,

1:0 39

TB207 1:20 36
1:50 43

1:100 65

1:061‘0.690 nm* 60

1206{20.790 nm* 51

TB423 1:0 60
1:50 65

1:80 61

*All the TB207 DSSCs were excited at 730 nm, when the TB423 ones, where excited at 720
nm. The TB423 DSSC in 1:0 conditions, was excited additionally at 690 nm and 790 nm, as
it is indicated in the index.

(table 5.7), where the optimal PCE was found to be 1:50. While for 1:100 the injection
efficiency increases, due to the minimized ET contribution, dye loading is sacrificed and
therefore the PCE decreases. For TB423, both the injection efficiency and the PCE,
aren’t strongly affected by CDCA, as the system is in general optimal de-aggregated,
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due to the bulkier nature of the dye. However, the injection efficiency is ~ 20 %, higher
for TB423, in comparison to TB207 in optimal conditions, establishing it as a more
appropriate DSSC candidate, of high PCE x AVT performance.

5.6 Summary and conclusions

In the experimental section of the current PhD Thesis, a complete spectroscopic
investigation of three novel dye sensitizers was made. All three dyes (VG20, TB207
and TB423), demonstrate excellent properties for transparent DSSC applications. After
thorough optimization, the cyanine VG20, reaches PCE efficiencies over 3 %, while the
TB dyes exhibit improved performances reaching for the dye-category the impressive,
PCE of 3.9 %. The study was divided in two parts, the first refers to the cyanine VG20
dyes and the second is related to the pyrrolopyrrole-cyanine dyes TB207 and TB423.
Analytical investigation of the dyes in solution phase was made, as well as, when they
were incorporated in real DSSCs. The steady state absorption, directly showed that
molecular aggregates are formed upon the dye attachment on the semiconductor and
by using CDCA, the aggregates features greatly reduce. The aggregates spectrum was
extracted, showed two peaks that according to the classic exciton theory, as described
by Kasha, could refer to aggregates of an oblique geometry, with photophysical behavior
that is related to a combination of both H and J-type aggregates. The fluorescence of
the monomers overlays greatly with the lower aggregate band, indicating that interaction
of energy transfer type, between the two species, can take place. Moreover, VG20, was
identified to be the most notorious in terms of aggregates formation and without CDCA,
the absorption broadly spans the visible spectral region. The second part of the experi-
mental study focused on the time-resolved spectroscopy, in the fs, ps and ns time domain,
in order to investigate the dynamic evolution of the system, for all dyes and important
findings were retrieved.

Starting with VG20, in solution only monomers exist and therefore the excite state
dynamics corresponds to their deactivation to the ground state. Continuing, the stan-
dard experimental strategy was organized by the individual study of the dye in both
non-injecting, ZrQOy and injecting, 17105, DSSCs. From the ZrO, studies, E'T was found
to occur in a distribution of times, from sub-ps up to 4 ps. Extending the study in the
efficient 770, DSSCs, the charge injection was determined to occur in similar time scales

as E'T. Therefore, ET and charge injection processes, dynamically compete, establishing
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ET from monomers to aggregates, as the main loss channel for injection, as it has been
reported in the reaction scheme in Figure 5.17. Additional TAS studies were performed,
in various DSSCs, as a function of CDCA and it was found that ET becomes slightly
slower, as the intermolecular distances of monomers and aggregates increase. The in-
jection efficiency of the optimal CDCA conditions was determined to be around 30 %,
revealing that aggregates are a major limitation for cyanine based DSSCs. The Li*
additive in the electrolyte is of great importance, as it efficiently reduces the 79O, CB
level, enhances the driving force for injection. Additional studies as a function of Li*
concentration in the electrolyte, revealed that the charge injection times become faster,
as the driving force optimizes. The optimal concentration was found to be 1 M.

The same experimental strategy was applied for TB207 and TB423. Due to the
increased complexity of the TAS spectra, because of the many overlaying signals, addi-
tional and complementary studies were performed via the FLUPS technique, in order to
monitor exclusively the fluorescence dynamics. It was found that the reaction scheme
is the same for both TB dyes, as for VG20. However, due to the bulkier structure of
the TB dyes, the SSA spectra, showed weaker dependence on CDCA, with TB423 to
be almost independent of CDCA. For TB207, the ET and carrier injection times were
found to be both in the range of 2.8-23 ps, acting in a competitive way. These injection
times, are slower than for VG20, possible due to the weaker driving force for injection
and charge separation in the excited state, towards the anchoring groups. The injection
efficiency was calculated to be 40-60 %, already higher than for VG20, due to the re-
duced ET. For TB423, both ET and injection times are found, by global analysis, to be
in the range of 2.9-15 ps, slightly faster than for TB207. Visualizing both contributions
as distributions, the data showed that ET times are slower for TB423, as it is expected
for a larger dye, when the ET contribution is also reduced, due to the reduced aggregate
formation on these non-symmetric dyes that essentially have an even bulkier side group.
Therefore, the injection efficiency is boosted compared to TB207 and it was identified
to take values in the range of 60-80 %, establishing this dye as the most promising for
DSSC applications.

In summary, all three novel dyes have been synthesized to absorb in the near-IR with
the highest possible efficiency, which is significantly limited, due to the low LUMO energy
of the dyes. After thorough optimization, the TB207 DSSCs were able to reach PCEs
near 4 %, maintaining high AVT for transparent applications. The aggregates drawback,
was tackled, in the new Pyrrolopyrrole Cyanine series of dyes, which carry bulkier struc-

tures and independent experiments show that TB423 could surpass TB207. The future
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study includes new dyes, with improved units of conjugated backbone, for example in-

stead of Ph-groups, other electron rich moieties that boost the charge separation through

the -COOH groups could be used, maintaining the bulkier possible structure, in order to

reduce aggregates.
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Chapter 6

Conclusions and perspectives

The research took place in the framework of the current PhD Thesis, is part of a
broader collaborating work in the scope of the VISION-NIR project. The main perspec-
tive of this collective work, is the production of next generation solar modules, falling
into the category of wavelength selective DSSCs, which fulfill the following criteria: high
power conversion efficiency, long run stability, low-cost production eco and human friendly
characteristics and finally high levels of transparency and aesthetic view. To fulfill these
criteria, novel dyes were synthesized that belong to the family of organic near-IR sen-
sitizers, moving in a different scope from the Ru based DSSCs that owns the record in
terms of efficiency. However they are more difficult and expensive to synthesize and not
eco friendly, compared to their analogue organic dyes. The dyes that were investigated
in the PhD Thesis, reached efficiencies above 3 %, which is very low compare to the
record ~ 15 %, however the maximum AVT that was achieved, secured the impressive
value of 76 % [1]. In a different, but essential approach the important quantity for a
general comparison, is the product PCE x AV'T. In this approach, the novel dyes that
have been addressed in the Thesis, have also been reported in very recent and weighty
works [2], to exhibit record values, as it can also be demonstrated in the updated Figure
5.10. The above mentioned novelties belong to the general framework of the collaborat-
ing project, from optimizing the dye structures, as well as the electrolyte composition, to
finally improve and enhance the total photovoltaic performances.

Our contribution was focused on the ultrafast time-resolved characterization of the
DSSCs. Important findings revealed, the drawbacks of the dyes, such as the aggregate
formation and assisted, in this manner, the synthesis of the improved ones. Indeed,

the experiments on TB207 and TB423 validate the design strategy aiming at reducing
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monomer-to-aggregate ET. Moreover, two ultrafast techniques (FLUPS and TAS) were
used, in a complementary way, for the same DSSC samples, which in our knowledge, has
not been done before for DSSC studies of the complete solar cell modules. The rela-
tive times found by the two techniques exhibited differences that were reported and the
combined use of both, allowed to identify the solvation, ET and charge injection times,
in order to finally construct the reaction scheme. Investigation of the complete modules
were made in great detail and the sample-to-sample reproducibility was examined in a
wide range of DSSCs. In this manner the standard error was reported, offering a bench-
mark that should be taken into account in ultrafast measurements on these samples and
when comparing differences of dynamics between samples. For VG20 fs time-resolved
spectroscopy has already been applied on complete DSSCs and reported in [3]. How-
ever in our knowledge in DSSCs based on the novel pyrrolopyrrole cyanine Dyes, such
as TB207 and TB423, ultrafast studies have been performed for the first time in the
framework of the research of the present PhD Thesis. The injection times were identified
in this first report, to be in a range of 2-20 ps, which are slower than the benchmark Ru
based DSSCs, as for the latter, the CB/LUMO energy difference is higher and therefore
the driving force for injection is enhanced. Furthermore, while for VG20, the injection
starts to operate from the sub-ps domain the total injection efficiency was calculated to
be higher for the TB dyes, as their bulkier structure prevent aggregate formation, mini-
mizing the contribution of the ET. For all three dyes, the most promising was found to be
TB423, which compared to its analogue TB207, possesses an even bulkier side group,
reducing even further aggregation, without sacrificing dye loading with the additional use
of de-aggregate dyes, as co-adsorbents. However, the total PCE appear lower (table 5.7)
and further future optimization must be carried out . Relative to the dynamics, it has
been confirmed that ET and injection times are represented not as distinguished values,
but as distributions. These processes are very sensitive to the average intermolecular
distances, which due to the inhomogeneity of the densely packed DSSC systems, come
out as distributions too. Hereby, the effect of CDCA on increasing the intermolecular
distances and reducing aggregates has been highlighted, as well as its effect on the ET
times. Admittedly, CDCA dependence studies, on both injecting and non-injecting, as
reference, DSSCs, via two complementary fs-techniques, have been proven excellent ex-
perimental methods to construct the reaction scheme of the dyes, in great detail.

In the end of the experimental studies, the current PhD Thesis addresses some open
questions. First, whether aggregates inject, contributing in the total PCE. The complex-

ity of the mechanisms made difficult the quantitative distinction of this lateral injection
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process. Future experiments could be made using broadband excitation, provided by
the improved 2D-TAS, in order to investigate possible aggregate injection. Second, with
our experimental techniques we were able to identify the injection efficiency in a short
timescale (~ 5 ns), however the degree of possible recombination on the SC surface,
reducing the total PCE is yet to be determined. Future studies could utilizing more
sophisticated techniques, such as X-ray TAS (section 2.3) probing directly the SC, could
provided more direct observations and information, answering this open question. In
conclusion, DSSCs have been proposed as one of the few, appealing and successful next
generation photovoltaic technologies, promising for future, transparent energy harvesting
applications and for the optimization, ultrafast spectroscopy has been proven to be a

powerful tool of characterization.

Figure 6.1: Image of a semi-transparent TB207 770, DSSC, containing iodide based
electrolyte.
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The HOMO, LUMO and the difference EDD (Sy—.S;) were calculated by D. Jacquemin
in the CEISAM laboratory (F. Odobel). The computational strategy relies on TD-DFT
combined with the popular Polarizable Continuum Model (PCM) for simulating solvent
effects (here DMF) and the computational software used is Gaussian16.A03.

The lowest bright transition corresponds to a HOMO-LUMO excitation, and we
represent these two orbitals, as well as the associated electron density difference plot in
Figure A.1. The HOMO is localized on the core of the dye, whereas the LUMO is slightly

HOMO LUMO EDD

Figure A.1: From left to right: HOMO, LUMO and EDD (S; — S;) representation for
TB207. On the EDD, the blue and red regions represent regions of decrease and increase
of electronic density upon excitation, respectively. Contour used: 0.02 (MOs) and 0.0006
(EDD).

more extended, showing contributions going up to the carboxylic anchoring groups. Nev-
ertheless, the electronic excitation mostly induced changes in the central section of the

compound, with rather limited geometrical reorganization, in line with the sharp absorp-
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tion and emission bands and small Stokes shifts noted experimentally.

The 2D TAS profile, obtained via streak camera for TB207 770, DSSC with
inert electrolyte of just ACN and I3 /I~ redox couple in the electrolyte. In the first case,
in the 2 ys time-window there is no decay of the photoproduct (TB207 cation), because
there is no redox couples. In this case any decay component refers to recombination
mechanisms. In the second case, the iodide based electrolyte regenerates the dye cation,

with efficiency near ~ 100 %.

Wavelength (nm) (A) Wavelength (nm) (B)

450 500 550 ] 650 700 750 200 400 450 500 550 600 650 700 750
0.0

0.5
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Figure A.2: 2D TAS profile, obtained via streak camera for TB207 770, DSSC with
(A) inert electrolyte of just ACN and (B) with 5 /I~ redox couple in the electrolyte.
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Before measurements powertests were performed for all samples, both the solution
and the DSSCs. When the energy density /pulse is too high, possible phenomena, such as
Singlet-Singlet annihilation can occur, introducing in this way additional complexity in
the reaction scheme. In addition, high powers can degrade and even destroy the samples,
over long experimental times. The linearity of excitation is examined, by reporting the
maximum intensity of the signal for a given energy density/pulse. Note, that for the
calculation of the energy density/pulse, the beam profile was considered as circular and
the diameter was considered at the 1/e?. For the TB-dyes, it is evident that in solution
the non-linear regime is above 120 p.J/em?, when for the DSSC is much lower ~ 80 for
TiO9 and ~ 40 for AlsO3. However, by overlaying the kinetics of the ESA or GSB signals,
increasing the excitation energy density/pulse, no significant changes can be seen for the
solution sample (Figure A.3.E), when for the DSSC the kinetics become significantly
faster from 15 to 118 u.J/em? (Figure A.3.F). Therefore, for solution measurements ~ 60
pJ/cm? excitation energy density/pulse was chosen, when for the DSSCs ~ 30 u.J/cm?.
For the VG20 DSSCs the samples were excited with ~ 40 pJ/cm?, ensuring that the
excitation is still in the linear regime. In general, the VG20 samples are more aggregated
than the TB and the ultrafast mechanisms (ET, electron injection) found to operate
faster. Therefore, the threshold for the non-linear regime of excitation appears to be in

smaller energy density/pulse (~ 50 pJ/cm?).
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Figure A.3: Powertests of VG20, TB207 and TB423, for both solution and DSSC
samples.
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Figure A.4: TA kinetics of VG20 ZrO, [1:500] dye:CDCA DSSC at different wavelengths.
The left panel is restricted in the first 4 ps and the right in the whole 5 ns time-window,
with a break at 40 ps and a logarithmic scale afterwards.
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Figure A.5: TA kinetics of VG20 T'iO, [1:500] dye:CDCA DSSC at different wavelengths.
The left panel is restricted in the first 4 ps and the right in the whole 5 ns time-window,
with a break at 40 ps and a logarithmic scale afterwards.
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Figure A.6: TA kinetics with 3, 4 and 5 exponential fits, of VG20 7O, [1:500] dye:CDCA
DSSC at different wavelengths. The scale is linear up to 4 ps, where there is a break and
afterwards, up to 5 ns the scale is logarithmic.
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Table A.1: Fitting values of VG20 ZrO, DSSCs of different CDCA concentrations ob-
tained by TAS.

[Dye:CDCA] ‘ A (nm) ‘ A1 % ‘ T1(ps) ‘ As % ‘ T2(ps) ‘ As % ‘ T3(ps) ‘ As % ‘ T4(ps)

540 -9.5 1.1 68.4 | 132 | 271 29 0.1 inf
580 6.1 0.8 91.4 | 10.0 2.2 68 0.4 inf
670 -28.5 0.1 08.8. | 14.2 22 60 9.3 inf
720 -23.3 0.8 789 | 19.0 | 11.9 112 6.9 inf
[1:0] 770 -7.6 0.7 66.8 | 13.8 | 24.7 60 7.8 inf
845 29 0.4 35.4 4.9 32.5 28 4.5 inf
880 31 0.9 42.6 5.7 22.7 31 2.8 inf
920 45.5 1.6 44.5 8.6 11.9 49 -0.3 inf
980 31 0.3 50.6 2.2 18.3 14 -4.5 inf
GA - 0.5 - 3.6 - 25.0 - inf
540 20 9.8 64 27.5 17 123 2.8 inf
580 24.8 0.7 49.3 | 10.0 | 27.3 02 1.8 inf
670 -9 0.1 42 7.9 70.3 44 12.7 inf
720 -20.4 1.2 71 23.0 18 97 6.5 inf
[1:100] 770 -11.6 1.3 72.5 | 223 16.5 102 9.1 inf
845 33.7 0.2 23.5 4.8 35.2 32 9.1 inf
880 25.6 1.7 45.6 | 10.1 | 245 45 2 inf
920 31.8 1.6 45.5 | 10.1 28.2 47 -1.7 inf
980 28.7 0.5 20 4.1 22.3 32 -4.9 inf
GA - 0.3 - 4.1 - 31.0 - inf
530 26.1 12.2 | 585 | 49.7 | 154 382 -1.9 inf
570 22.8 1.0 38.9 | 133 | 37.1 114 1.31 inf
650 14.2 1.7 50.2 | 39.3 | 21.7 208 13.9 inf
760 -13.8 0.8 63.2 | 22.6 25 104 11.8 inf
[1:500] 845 12.8 1.4 32.1 12,5 | 46.6 113 8.5 inf
860 21.1 3.0 37.8 | 30.8 | 384 233 2.8 inf
920 32.2 2.8 423 | 31.9 | 255 415 -6.5 inf
960 36.4 1.2 41.5 | 20.0 | 32.1 383 -7.6 inf
GA - 1.7 - 214 - 193 - inf
530 -23.4 0.1 36.8 | 13.5 | H52.7 195 10.6 inf
570 -0.4 3.7 414 | 20.1 | 56.3 276 2.2 inf
650 22.6 4.2 29.2 | 384 | 47.2 323 1.0 inf
770 1.0 0.7 448 | 22.7 | 39.8 144 14.6 inf
840 19.5 0.9 25.8 | 28.8 | 53.1 254 3.4 inf
[1:1000] 870 15.2 8.8 28.6 | 57.3 o6 384 0.2 inf
920 17 2.7 29.1 | 37.7 | 525 252 1.3 inf
970 21 14 36.2 | 70.7 40 217 3.0 inf
GA - 0.9 - 21.3 - 300 - inf
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Table A.2: Fitting values of VG20 Ti0Oy DSSCs of different CDCA concentrations ob-
tained by TAS.

[Dye:CDCA] ‘ A (nm) ‘ A% ‘ 71(ps) ‘ Ay % ‘ T2(ps) ‘ Az % ‘ T3(ps) ‘ Ay % ‘ T4(ps)

525 -13.5 0.9 70.3 11 21.7 29 8.1 inf
955 25.2 0.4 40.8 5.6 26.2 30 7.8 inf
650 -9.7 1 08.2 11 20.4 61 21.3 inf
[1:0] 735 -34.3 0.5 74 11.8 | 16.7 70 9.3 inf
920 46.2 0.7 25 5.2 12 32 17 inf
1000 29.5 0.1 47 0.6 23.3 2.6 -5.4 inf
GA - 0.4 - 1.9 - 18 - inf
540 -11 1.6 74 14.4 | 18.6 65 7.4 inf
575 20 0.4 37 4.7 37 27 6.4 inf
650 -12 1.3 60 18 10 173 30 inf
775 -21 0.9 71 15 19 69 10 inf
[1:100] 850 36 0.2 25 6 31 29 8.1 inf
900 42 1 36 7.2 14 41 7.6 inf
995 23 0.2 23 1.2 24 2.6 -5.2 inf
GA - 0.3 - 2 - 20 - inf
540 485 | 13.3 35 40 - - 16 inf
580 15 0.8 40 6.5 32 29 14 inf
650 -7.8 1.2 38.8 | 19.5 9.7 220 51.5 inf
775 -20 1.4 65 22 12 87 24 inf
[1:500] 850 25 0.3 25 3.8 35 26 15 inf
880 15 0.1 42 3.7 42 20 16 inf
985 25 0.7 44 4 31 15 -4.7 inf
GA - 0.4 - 4.2 - 24 - inf
540 9 1.4 38 14 29 o8 24 inf
585 37 1 34 9.2 28 46 21 inf
650 -21.2 0.5 15.7 1.1 18.5 44 65.7 inf
775 -6 1.2 41 24 12 37 47 inf
[1:1000] 850 13 0.7 26.5 6.3 30 37 31 inf
870 7 0.1 33 4.7 43 34 25 inf
990 22 1.2 42 7.9 36 39 -55 inf
GA - 0.5 - ) - 36 - inf
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Figure A.7: DADS of VG20 ZrO, DSSCs, of (A) [1:0], (B) [1:100], (C) [1:500] and (D)
[1:1000] dye:CDCA concentration ratios.
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Figure A.8: DADS of VG20 Ti0O, DSSCs, of (A) [1:0], (B) [1:100], (C) [1:500] and (D)
[1:1000] dye:CDCA concentration ratios.
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Figure A.9: SSA VG20 770, 1:500 dye:CDCA DSSCs, of different Li™ concentrations in
the electrolyte.
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Figure A.10: DADS of VG20 TiO5 DSSCs, of (A) 0 M, (B) 0.05 M, (C) 0.5 M and (D)
1 M, Li"™ concentration in the electrolyte.
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Table A.3: Fitting values of VG20 TiO, DSSCs of different Li™ concentrations obtained
by TAS.

[Lit] ‘ A (nm) ‘ A % ‘ 71(ps) ‘ A, % ‘ T2(ps) ‘ As % ‘ 73(ps) ‘ As % ‘ T4(ps)
540 14 1 45 27 38 105 3 inf

o985 21 0.8 32 13 43 72 3 inf
775 9 0.3 47 29 36 98 7 inf
oM 850 23 0.8 31 9.9 41 71 ) inf
875 -18 0.1 37 13 59 70 4 inf
1000 17 1 44 11 40 71 -0.05 inf
GA - 0.6 - 9 - 63 - inf

540 9 0.4 52 20 32 66 9 inf
580 20 0.5 32 7.2 42 38 7 inf
775 -12 3.2 o8 23 27 70 15 inf
0.06 M 859 28 0.4 30 4.3 35 33 11 inf
885 -16 0.1 40 6.6 50 34 10 inf
1000 23 0.9 49 6.6 28 32 -3.7 inf

GA - 0.4 - ) - 32 - inf
540 6 0.3 60 17 20 65 12 inf
o985 23 0.6 39 7 30 33 10 inf
775 -13 1.8 63 22 14 81 23 inf
0.5 M 865 21 0.5 37 4.5 33 25 15 inf
875 24 1.7 44 9.3 20 36 14 inf
1000 24 0.7 49 4 28 16 -3.8 inf
GA - 0.5 - 4.9 - 27 - inf
540 4 0.3 29 15 21 53 17 inf
580 20 0.4 36 ) 30 27 15 inf
775 -16 1.4 50 18 20 61 30 inf
1M 855 30 0.4 0.3 4.2 26 25 19 inf
890 32 2.2 44 12 9 65 16 inf
1000 28 0.6 46 3.7 26 14 -5.5 inf
GA - 0.5 - 4.3 - 25 - inf
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Figure A.11: TAS of a VG20 ZrO, 1:1000 DSSC, at (A) 765 nm, (B) 810 nm and (C)

875 nm excitation.
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Figure A.12: DADS of a VG20 (A-C) ZrO, and (D-F) TiO, 1:1000 DSSC, at different

excitation wavelengths.
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Table A.4: Fitting values of VG20 ZrO, DSSCs of different excitation wavelengths
obtained by TAS.

Aeze | N (nm) | Ay % | m1(ps) | Az % | T2(ps) | As % | 3(ps) | As % | T4(ps)

935 19 0.8 35 24 47 160 | -0.23 inf
580 21 0.7 33 21 41 173 0.4 inf
785 25 0.7 37 24 24 162 11 inf
765 nm 859 19 1.0 32 21 46 160 3 inf
895 16 1.6 37 30 47 204 -1.3 inf
985 28 0.7 30 15 47 134 -4 inf
GA - 1.2 - 24 - 174 - inf

540 10 0.5 33 22 56 150 2 inf
980 16 0.8 34 20 50 170 0.1 inf
770 3.7 0.5 46 31 39 190 10 inf
810 nm 855 11 2 29 24 54 150 6.5 inf
895 -18 0.1 40 36 61 187 -1 inf
985 17 2.5 45 32 49 233 -10 inf

GA - 1.4 - 22 - 165 - inf
540 4 0.9 50 38 44 181 4 inf
580 15 1 37 23 50 154 -1.4 inf
775 -9 1.4 47 37 41 243 10 inf

875 nm 850 11 0.5 22 20 23 131 10 inf
385 25 1.4 43 35 36 248 -11 inf
GA - 1.6 - 43 - 294 - inf

A3



Supporting information

Table A.5: Fitting values of VG20 770, DSSCs of different excitation wavelength con-
centrations obtained by TAS.

Acac ‘ A (nm) ‘Al 7o ‘ 71(ps) ‘ Az % ‘ 72(ps) ‘ As % ‘ 73(Ps) ‘A4 70 ‘ 74(Ps)

540 4 0.5 0.52 18 20 92 25 inf
990 0.1 0.5 40 9 30 42 24 inf
785 -0.03 2.6 40 0.04 40 33 20 inf
750 nm 840 30 0.4 13 14 30 29 37 inf

870 -15 0.1 36 9 31 38 33 inf
890 -20 0.2 50 14 46 46 25 inf
985 10 0.8 40 ) 20 27 -5 inf
GA - 0.3 - 7.2 - 34 - inf
540 7 1 45 18 27 66 22 inf
990 15 1 40 11 30 20 20 inf

780 -10 0.9 40 28 13 98 43 inf
810 nm 875 30 6.3 40 28 10 84 22 inf
895 -18 0.1 42 8.5 43 44 16 inf

985 13 0.9 52 6.4 40 39 -6 inf
GA - 0.3 - 2.9 - 37 - inf
540 -6 0.6 50 20 27 67 24 inf

990 19 2.9 47 22 11 97 20 inf
780 -30 1.6 37 29 15 97 o4 inf
880 nm 840 -29 1.2 30 35 7 7 60 inf
385 20 0.9 37 11 15 64 14 inf
900 26 0.1 34 2.9 38 28 12 inf
985 22 1 68 12 13 150 -7 inf
GA - 0.5 - 5.8 - 36 - inf
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The FLUPS 2D spectro-temporal maps, as well as the fluorescence spectra at
early delays (upper inset), clearly demonstrate a gradual fluorescence (~ 10 nm) red-

shift. In addition, there is no evidence of emission from aggregates.
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Figure A.13: FLUPS 2D spectro-temporal map of (A) TB207 and (B) TB423 TiO,
DSSCs, in optimal DSSC conditions.

Table A.6: Fitting values of TB207 and TB423 in EtOH : CHCI3 (9:1) solution
obtained by TAS and FLUPS measurements.

[Dye:CDCA] ‘ A (nm) ‘ A1 % ‘ T1(ps) ‘ Az % ‘ T2(ps) ‘ As % ‘ 73(Ps)

610-630 | 16 1.7 16 380 69 4700

670-700 4 4.2 19 500 7 5200

TB207 780-800 | 13 1.9 -17 16 87 2400
950-980 | 16 1.6 -9.3 6 84 2500

GA - 1.1 - 34 - 2700

FLUPS | -18 1 -2 25 100 2000

540-580 | -10 1 -17 7 100 4200

TB423 GA - - - 46 - 4200
FLUPS | -10 0.5 -8 40 100 2100
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Figure A.14: TAS kinetics at different wavelengths and fittings, of TB207 in solution.
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Figure A.15: (A) DADS of TB207 in solution, obtained by GA, fitted with a 3 expo-
nential function convoluted with the IRF. Inset: DADS of DADS and EADS of TB207
and TB423 in solution in solution. (B) The corresponding EADS of TB207 in solution.
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Figure A.16: DADS of TB207 Al,O3 DSSCs, of (A) 1:0, (B) 1:20 and (C) 1:50 CDCA

concentration.

Table A.7: Fitting values of TB207 AlsO3 DSSCs of different CDCA concentrations
obtained by TAS.

[Dye:CDCA] | A (nm) | A; % | 71(ps) | A2 % | T2(ps) | As % | 73(ps) | As % | T4(ps)

620 | 22 | 02 | <13 | 36 | 76 | 100 | 24 | 4400
[1:0] 780 | 34 | 26 | 25 | 19 | 30 | 120 | 10 | 2600
880 | -10 | 0.8 | 71 | 49 | 76 | 140 | 23 | 3400
GA - 0.2 - 5 - 85 - | 2000
770 | 16 | 09 | 25 | 34 | 35 | 350 | 25 | 2500
[1:20] 880 | 27 | 13 | 57 | 72 | 45 | 140 | 55 | 1800
GA _ 0.2 . 5 - 120 | - | 2000
760 | 23 | 048 | 15 | 26 | 34 | 390 | 28 | 2600
[1:50] 880 | 80 | 014 | 63 | 13 | 90 | 620 | 10 | inf
GA - | <IRF | - 3 - 100 | - | 1100
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In a different approach, instead of 3 exponential fits, we can use the stretched

exponential, for the faster times as following:
1(t) = Ape= @™ 4 4, (A1)

where [ is a parameter defines the inhomogeneity of the system. From 1:0 to 1:50
dye:CDCA the [ parameter increases from 0.29 to 0.7, indicating that CDCA may sta-
bilize the anchored dyes.
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Figure A.17: Streak camera fluorescence kinetics of TB207 Al,O3 DSSCs, increasing the

CDCA concentration with a break at 0.5 ns. The TB207 solution kinetic is presented as
reference too.

Table A.8: Fitting values of TB207 Al,O3 DSSC fluorescence kinetics, of different CDCA

concentrations, obtained by streak camera measurements.

[Dye:CDCA] ‘ To(ps) /Ao ‘ I¢] ‘ T1(ns) /A,

[1:0] | 15/7.7 | 029 2.3/0.047
[1:20] | 23/1.8 | 035 | 0.94/0.092
[1:50] | 535/0.88 | 0.7 | 3.2/0.0448
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Figure A.18: TA spectra of TB207 TiOy DSSCs, of (A) 1:0, (B) 1:20, (C) 1:50 and (D)
1:100 dye:CDCA concentration ratios.

s
(A) Dye:CDCA=1:0 Dye:CDCA=1:20
& 0+ Y
= =
w w
< 2
(=] [=]
2] ——1,=02ps
,=5ps
T;=52ps
TB207 TiO, DSSC T, = inf -10{TB207 TiO, DSSC B T, = inf
560 660 % 860 960 10‘00 560 660 Téﬂt ‘ SKIJO 960 10|00
Wavelength (nm) Wavelength (nm)
(C) " Dye:CDCA=1:50| (D) " Dye:CDCA=1:100
0
04
) =)
= b=
w w
2 2
(=] [=]
-5 2
1,=06ps
T,=8ps
T;=49ps
TB207 Ti0, DSSC | 1, = inf TB207 TiO, DSSC ) — 1, =inf
560 660 ?60 & 360 960 10[00 560 660 i 860 960

\Wavelength (nm) ‘Wavelength (nm)

Figure A.19: DADS of TB207 770, DSSCs, of (A) 1:0, (B) 1:20, (C) 1:50 and (D) 1:100
dye:CDCA concentration ratios.

A.19



Supporting information

Table A.9: Fitting values of TB207 770y DSSCs of different CDCA concentrations
obtained by TAS and FLUPS.

[Dye:CDCA] | A (nm) | Ay % | m1(ps) | A2 % | T2(ps) | As % | 3(ps) | As % | T4(ps)

600-630 | -15 | 0.2 | -37 3 31 | 130 | 69 | inf
650-660 | -7 | 05 | 26 | 5.9 8 | 460 | 66 | inf
11:0] 780-790 | 24 | 2.8 | 28 23 20 72 27 | inf
' 855-880 | -18 | 0.6 | -63 | 48 | 8 | 110 | 20 | inf
GA - 0.3 - 5.8 - 76 - inf
FLUPS | 21 | 1.3 | 52 6 27 | 23 - -
600-630 | -9 | 0.8 | -21 | 13 17 | 430 | 83 | inf
680-700 | -25 | 2.5 | -22 | 12 | 43 | 96 57 | inf
[1:20] 780-800 | -44 | 0.1 | 50 6 26 | 110 | 24 | inf
850-880 | -32 | 14 | 51 | 68 | 69 | 96 31 | inf
GA - 0.2 - 5 - 52 - inf
610-630 | -13 | 1.8 | -35 | 16 5 300 | 95 | inf
780-800 | -32 | 0.2 | 47 16 17 | 95 35 | inf
[1:50] 950-1000| 25 | 24 | 37 | 23 11 | 600 | 26 | inf
GA - 0.2 - 2.3 - 23 - inf
FLUPS | 16 | 15 | 43 8 41 35 - -
610-630 | -9 | 04 | -26 | 11 | -32 | 36 | 100 | inf
780-790 | -22 | 0.6 | 46 | 45 10 | 1200 | 43 | inf
[1:100] 855-880 | 6 03 | 63 | 91 | 34 | 47 | -60 | inf
GA - 0.6 - 8 - 49 - inf
FLUPS | 13 | 15 | 42 | 94 | 45 | 42 - -
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Figure A.20: FLUPS kinetics and fits of TB207 790, DSSCs, of 1:0 (black), 1:50 (blue)
and 1:500 (green) dye:CDCA concentration. In the time axis there is a break at 6 ps and
afterwards a logarithmic scale has been set.
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Figure A.21: TA spectra of TB423 TiO, DSSCs, of (A) 1:0, (B) 1:50 and (C) 1:80
dye:CDCA concentration ratios.
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Figure A.22: DADS of TB423 Ti0, DSSCs, of (A) 1:0, (B) 1:50 and (C) 1:80 dye:CDCA

concentration ratios.

A.21



Supporting information

Table A.10: Fitting values of TB423 Ti0O, DSSCs of different CDCA concentrations
obtained by TAS. The samples were excited at 720 nm.

[Dye:CDCA] |\ (nm) | Ay % | m1(ps) | A2 % | T2(ps) | As % | 3(ps) | As % | T4(ps)

610 -30 0.1 -13 1.9 -0.33 6.9 0.94 inf
[1:0] 772 -30 0.1 54 7 10 188 35 inf
’ 950 18 0.1 35 4.4 12 7 35 inf
GA - 0.4 - 6.5 - 150 - inf
610 -14 0.4 -35 2.4 -10 7 100 inf
740 17 0.1 19 0.72 12 2 52 inf
[1:50] 772 -36 0.1 47 3.9 10 66 44 inf
950 - - 43 2 4 110 53 inf
GA - 0.5 - 3.8 - 220 - inf
610 -18 1.7 -35 13.5 16 270 84 inf
[1'80] 760 20 2 25 6.2 5 100 48 inf
’ 950 12 0.34 29 4.8 6 58 43 inf
GA - 0.5 - 5 - 100 - inf
10- % e 10
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Figure A.23: FLUPS kinetics of TB423 Ti0O, DSSCs, of 1:0 (black) and 1:50 (blue)

dye:CDCA concentration. In the time axis there is a break at 10 ps afterwards a loga-

rithmic scale has been set.
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Figure A.24: TA spectra of a TB423 790, DSSC 1:0, excited at (A) 690 nm, (B) 720
nm and (C) 790 nm. In (D) the SSA spectrum of the DSSC is presented, as well as the
extracted aggregates one, with the three excitation beam spectral profiles to overlay.

Table A.11: Fitting values of TB423 1:0 7705 DSSCs at different excitation wavelengths
obtained by TAS.

Aeze | N (nm) | Ay % | m1(ps) | Az % | T2(ps) | As % | 3(ps) | As % | T4(ps)

610 -13 14 27 13 11 80 62 inf
740 24 0.15 19 2.1 14 13 o2 inf
690 nm 772 -62 0.1 48 6.8 18 42 34 inf

950 - - 30 3.3 25 32 37 inf
GA - 0.5 - 7.4 - 80 - inf
740 -10 0.2 ) 8.2 20 58 66 inf
790 nm 950 ) 0.6 28 7 23 34 43 inf
GA - 0.6 - 13 - 460 - inf
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Most photovoltaic (PV) technologies are opaque to maximize
visible light absorption. However, see-through solar cells open additional
perspectives for PV integration. Looking beyond maximizing visible light
harvesting, this work considers the human eye photopic response to optimize
a selective near-infrared sensitizer based on a polymethine cyanine structure
(VG20-C,) to render dye-sensitized solar cells (DSSCs) fully transparent and
colorless. This peculiarity was achieved by conferring to the dye the ability to
strongly and sharply absorb beyond 800 nm (S,—S; transition) while
rejecting the upper S,—S, contributions far in the blue where the human
retina is poorly sensitive. When associated with an aggregation-free anatase
TiO, photoanode, the selective NIR-DSSC can display 3.1% power conversion efficiency, up to 76% average visible transmittance
(AVT), a value approaching the 78% AVT value of a standard double glazing window while reaching a color rendering index (CRI)
of 92.1%. The ultrafast and fast charge transfer processes are herein discussed, clarifying the different relaxation channels from the
dye monomer excited states and highlighting the limiting steps to provide future directions to enhance the performances of this
nonintrusive NIR-DSSC technology.

transparent photovoltaic (TPV), dye-sensitized solar cells (DSSC), near-infrared sensitizers, cyanine dyes,

time-resolved spectroscopies, high color rendering index TPV

Energy conversion from sunlight is a sustainable approach to
solve long-term energy production, which is compatible with
current and future energy needs. Photovoltaic (PV) modules
are mostly based on silicon p—n junctions and installed on
rooftops and in solar farms, representing ca. 4% of the energy
production in Europe.' These two segments were specifically
tailored in accordance with the strength of silicon PV
technology. However, there are still plenty of opportunities
to explore for reaching total independence from fossil fuels and
nuclear energy. This is the case of see-through solar
technologies, an old concept developed more than 30 years
ago, which offers new integration possibilities such as building-
integrated (BI) and automotive-integrated (AI) PV, electronic
displays, autonomously powered electronic-glazing, etc.

The theoretical limit of power conversion efficiency (PCE)
for a single junction NIR-selective transparent photovoltaic
(TPV) technology with an average visible transmittance
(AVT) of 100% is 20.5%.” In practice, only 10.8% can be
expected after considering all optical losses. For the same AVT,
the PCE is theoretically lower for nonselective broadband
absorbing cells. Hence, selective TPV, i.e. selective conversion
of either the UV or NIR part of the solar spectrum, represents
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an important stake for the advancement of such TPV
technologies.

Two main approaches have been proposed to reach semi- to
transparent PVs: (i) spatially segmented PV or broadband
absorbing thin film opaque absorbers such as Si, CIGS, or
perovskite solar cells* "' and (ii) wavelength selective thin film
PVs through which only the nonvisible part of the solar
spectrum is converted.

Lunt et al. were the first to propose a real selective TPV back
in 2011 based on an organic planar heterojunction composed
of a donor chloroaluminum phtalocyanine and Cq, as an
acceptor which achieved 1.3% PCE with an AVT of 65% and
1.7% PCE with 57% AVT when including a back-positioned
NIR Bragg mirror.'” This efficiency reached a PCE of 4% and
an AVT of 64% by adopting a bulk heterojunction architecture
based on PBDTT-DPP and PCBM polymers."* The American
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company Ubiquitous Energy, who has recently announced a
TPV production line, achieved a Newport certification of 5.1%
PCE and 51.5% AVT by means of a single junction NIR-
selective excitonic semiconductors converting between 650
and 900 nm."* Conversion of near-UV light by combining a
pair of wide-bandgap organic semiconductors has also been
proposed recently reaching a PCE of ca. 1.2%."° A recent
review on semitransparent polymer and perovskite solar cells
provides state-of-the art progress in this field.'® Today,
luminescence solar concentrator technology reaches the
highest level of AVT, up to 88.3%; however with only 0.4%
PCE owing to the low cross-section absorption of NIR-light on
glass edges.”

The optical rendering of dye-sensitized solar cell (DSSC)
technology is particularly advantageous since both coloration
and level of transparency can be finely adjusted through
materials and electrode thickness. Extending the light
absorption from visible toward the near-infrared (NIR) region
was rapidly targeted to reach panchromatic light absorption for
improving the PCE of DSSCs.'*™*" Differently, Han et al.
reported in 2014 a green-colored see-through DSSC with a
PCE of 3.66% and a peak maximum transmittance value of
60% at 560 nm. This green semitransparent technology is
based on the cosensitization between two efficient dyes
absorbing in the visible range, one short D—z—A dye (Y1)
for blue-light conversion (4 = 400 nm) and a central-modified
squaraine dye (HSQS) absorbing in the red region (4 = 700
nm) leaving an absorption valley in the green.”” A photo-
chromic semitransparent DSSC was also proposed by
Demadrille et al., who reported an AVT value of 59% in the
dark without photovoltaic activity. The AVT value decreases to
27% under illumination affording the possibility to convert
sunlight with a maximum of PCE of 3.7%.*°

Semitransparent DSSCs based on a visible absorbing dye
(N719) was also proposed recently by Mallick et al, who
reported a maximum AVT of 44% depending on the
photoanode thickness with an efficiency of 2.4%.°"** The
authors introduced important metrics to assess the visual
comfort of DSSCs for smart glazing applications, namely the
color rendering index (CRI) and correlated color temperature
(CCT) for which they reported CRI values between 83 and
93%, and CCT values between 4647 and 5500 K in their
different publications on semitransparent DSSC technology.

Toward the development of a selective NIR sensitizer with
absorption going well-beyond 700 nm, metal-free organic
polymethine dyes are the most promising, ranging from
squaraines, 3% croconines,**” to cyanines.48_52 The most
remarkable achievement has been reported by Arakawa et al.,
who proposed a heptamethine cyanine dye decorated with a
benzo-condensed heteroaromatic unit allowing the singlet-to-
singlet absorption to be shifted to 822 nm with a high molar
extinction coeficient (¢) of 146 000 L/mol-cm.’® The final
device reached a record PCE of 2.3%, however requiring an
opaque photoanode of 25 pm thickness to reach this level of
efficiency.

In this work, a series is reported of new symmetrical NIR-
selective heptamethine cyanine dyes, coded VG20-C,, inspired
by the seminal work of Arakawa et al.*® The originality in these
new dyes lies in two aspects. First, it bears two carboxylic acid
anchoring groups conjugated to the condensed benzo-
indolenine lateral unit for stronger binding to the surface of
TiO, nanocrystals. Second, longer side alkyl chains are
introduced to impede the formation of H-type aggregation
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which are harmful not only for device performance but also for
strengthening the cell coloration, thus reducing both cell
transmittance and color rendering. As a result, a PCE record of
3.1% for selective NIR-DSSC was achieved and a maximum of
76% AVT is demonstrated thanks to a holistic reduction of
optical losses and a further red-shifted conversion maximum at
850 nm, that goes well beyond our cones’ sensitivity limit. The
rate-limiting processes and the future challenges to level up the
performances of this class of selective NIR-DSSCs are herein
discussed based on ultrafast time-resolved spectroscopies.

This work relies on the synthesis of a series of symmetrical
heptamethine dyes, coded VG20-C,, with x values varying
from 2 to 16 carbons on the alkyl chain (Figure 1). The trans
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Figure 1. General chemical structure of VG20-C, dye with R, = R, =
C,H;, CgH,;, or C 4H;; investigated in this study. Normalized UV—
visible absorption spectrum of VG20-C g in solution (blue curve) and
steady-state photoluminescence (red curve) in 9/1 (v/v) ethanol/
DMSO solvent mixture (dye concentration 100 pmol/L, CDCA
concentration S0 mmol/L). The photopic response of the human eye
is represented as a black dashed line for comparison.

configuration of the polymethine bridge is stabilized by a
classical cyclohexene moiety, substituted by a chlorine atom.
The two 1H-benzo[e]indole end units, different from the
analogous dyes reported by Arakawa et al,’® are decorated
with a carboxylic acid in position 7. The central chlorine has an
electron withdrawing property and contributes to pulling
electrons from the polymethine chain causing the dye’s
absorbance to shift in the NIR region. Besides facilitating the
ability to scale up syntheses, the rationale behind the synthesis
of symmetrical dyes, in which the anchoring groups are directly
conjugated on the lateral heteroaromatic groups, is also to
further red-shift the absorption maxima as previously
demonstrated on symmetrical squaraines.*”*>** This molec-
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Figure 2. Time-resolved study of VG20-C,¢ dye (100 ymol/L) in 9/1 ethanol/DMSO solvent mixture including S0 mmol/L of CDCA by (a)
time-correlated single photon counting with an excitation at 640 nm, emission probed at 860 nm, and (b) femtosecond pump—probe transient
absorption spectra at different delays. The excitation was at 810 nm with a 90 uJ/cm? pulse energy.

ular design, inspired by Arakawa’s work and our previous work
on squaraines, affords a better overlap between the lowest
unoccupied molecular orbital (LUMO) of the dye and the
conduction band (CB) of TiO, to favor charge injection.*”

VG20-Cj4 in solution exhibits a sharp and intense
absorption band in the NIR region with a maximum at A,
= 834 nm (& = 154 000 L/mol-cm) corresponding to the Sy—
S, electronic transition (Figure 1). The shoulder at 765 nm
principally relates to vibronic states in the molecule. However,
as it will be discussed in the following, H-aggregation of
molecules composing the self-assembled monolayer also
influences the relative intensity ratio of this shoulder with
respect to the main electronic transition. Higher energy singlet
transitions (S;—S,) only lead to a residual broad and relatively
weak absorption in the blue region (ca. 410 nm), thus suitable
for light transparency purposes. The fluorescence of VG20-C 4
exhibits a sharp emission band at 4, = 850 nm leading to a
narrow Stokes shift of 225 cm™. The vertical excitation energy
is Eg_g = 1.47 eV, a value remarkably close to the optical
bandgap (E, = 1.49 eV) which means that VG20-type dyes in
solution undergo negligible structural rearrangements in the
excited-state, thus limiting intramolecular energy losses. It has
a high photoluminescence quantum yield (PLQY) of 47%,
which makes this class of cyanine dyes also attractive for NIR
fluorescent labeling.”*~¢

The systematic increase of the chenodeoxycholic acid
(CDCA) concentration into VG20 dye solution has no
influence either on the shoulder amplitude or on the width
of the absorption band (Figure S1). This indicates that H-type
aggregates are unlikely to form in the EtOH/DMSO solvent
mixture (9/1 ratio, v/v) at a dye concentration of 100 ymol/L.

Electronic structure calculations point out that the VG20
dye can coexist in two stable conformational isomers (cis and
trans) given by the double bonds of the polymethine chain.
The trans-conformation is 1.3 kcal-mol™" higher in energy than
the cis-isomer. Hence, the latter represents more than 90% of
the entire population in solution at room temperature. The
electronic spectrum in vacuum of the cis-VG20 has been
computed using the second-order algebraic-diagrammatic-
construction ADC(2) level of theory. It shows a strong
absorption at 832 nm corresponding to the first excited singlet
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state S, — S, in agreement with the experimental data. The S,
singlet state is assigned to a 7—z* HOMO to LUMO
transition. The calculated molecular frontier orbitals involve
almost exclusively the polymethine chain (Figure S2). The
theoretical analysis does not show any additional electronic
transition at around 750 nm, in agreement with the above
assignment of a vibronic transition. Computational details and
further spectral assignments are provided in Table S1. The
HOMO and LUMO energy positions were determined by
cyclic voltammetry (Figure S3). The two quasi-reversible peaks
at +0.24 V (vs Fc*/Fc) and +0.57 V (vs Fc*/Fc) are attributed
to the HOMO and HOMO + 1 energy levels. The LUMO
level is situated at —1.06 V (vs Fc*/Fc). These values lead to
the HOMO and HOMO + 1 at +0.87 and +1.20 V (vs NHE),
respectively, and the LUMO level at —0.43 V (vs NHE),
considering the Fc*/Fc redox potential at +0.63 V vs NHE.”’
The dye regeneration is thus thermodynamically favorable with
both I,7/1~ (+0.35 V vs NHE) and Co(bpy);**/** (+0.56 V vs
NHE) redox couples. However, we can postulate more
difficulties for the electron injection step (Ecprio; & —0.45
V vs NHE®®) owing to a lack of an energetic driving force.
The photodynamic study of VG20-C 4 in solution has been
carried out combining picosecond time-correlated single
photon counting (TCSPC) and femtosecond time-resolved
transient absorption spectroscopy (TAS) to assess the kinetics
of both radiative and nonradiative deactivation processes
(Figure 2). The photoluminescence (PL) decay shows two
subnanosecond components: 7; = 391 ps (f = 93%) and 7, =
925 ps attributed to the coexistence between the cis (7;) and
trans (7,) forms in solution (Figure 2a). These values are
significantly faster compared to the benchmark ruthenium or
organic dyes used in DSSCs which lie between 2 and 100
ns.**?7%" This is due to the highly bound Frenkel excitons in
the cyanine backbone structure leading to a comparatively
poorer electron/hole delocalization in the excited states as it is
also indicated by the calculation of the molecular frontier
orbitals. The side-alkyl chain length and the CDCA content in
solution have no noticeable influence on the excited-state
dynamics (Figures S4—S5). Similar kinetics were measured by
fs-TAS. Upon excitation with a 50 fs pulse at 810 nm, VG20-
Cys exhibits pronounced excited state signatures, such as

https://dx.doi.org/10.1021/jacsau.1c00045
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Figure 3. (a) -V curve under illumination at AM. 1.5G conditions of VG20 dye as a function of the alkyl chain length for C, (black curve), Cq
(red curve), and C4 (blue curve). (b) IPCE spectrum of a VG20-C,4 based DSSC and (c) IMVS, (d) IMPS, and (e) dark charge extraction
measurements of VG20 dye as a function of the alkyl chain length for C, (black curves), Cg (red curves), and C,4 (blue curves) (the electrolyte
composition is 1 mol/L DMII, 0.03 mol/L I,, and 1 mol/L Lil in the acetonitrile/valeronitrile solvent mixture (85/15 v/v), and the devices are
made of 8 ym thick 20 nm-based TiO, nanoparticles sheltered by 5.5 pym thick 400 nm TiO, particles).

excited state absorption (ESA) below 670 nm and beyond 1.3 dye chemisorption enters into competition with CDCA
um (positive signal) and stimulated emission (SE) between coadsorption.65

850 and 1100 nm, partially overlapping with ground state Different alkyl chain lengths from C, to C,s were
bleach (GSB) in the 700—900 nm range (Figures 2b, S6). synthesized to hamper tail-to-tail dye aggregation.’® It has no
Kinetic traces taken in the maximum of ESA, SE, and GSB influence on the energy positions of both HOMO and LUMO
decay in parallel, and individual wavelength fits give decay orbitals. However, the longer the alkyl chain, the higher the
times in the range of 360 to 410 ps (Table S2). An additional molar extinction coefficient. A very slight red-shift by 6 nm of
rise component, in the range of 1-2 ps is also observed, most the singlet-to-singlet transition is also noticed (Figure S8).
likely due to intramolecular relaxation and solvation dynamics Optimizing the alkyl chain length contributes noticeably to the
in the EtOH/DMSO (9/1) mixture. device performance, i.e., from 1.5% PCE for VG20-C,, 1.9%

for VG20-Cg, and 2.5% PCE for VG20-C 4 (Figure 3a, Table
§3). This improvement stems mainly from the photocurrent,
increasing from 7.1 to 12.0 mA/cm?, and to the cell
photovoltage to a lower extent. To achieve these performances,
the typical Lewis acid 4-tert-butylpyridine (4-TBP) and the
guanidinium thiocyanate (GuSCN) are removed from the
electrolyte to downshift the TiO, conduction band edge.””~"°
The electrolyte also includes a high concentration of lithium (1

Since cyanines molecules are notorious for forming aggregates,
the above results indicating the absence of aggregation in
solution when combining ethanol/DMSO solvent mixture and
low dye concentration of 100 gmol/L is important. However,
the addition of CDCA as a deaggregating agent in the dyeing
solution remains compulsory for the device performance to

avoid quenching of the excited states that penalizes high yield mol/L) as will be discussed in the following. The incident
of electron injection® ®* and to maintain a colorless aspect of photon to current efficiency (IPCE) spectrum shows a
the photoanode (Figure S7). This work raises multiple points maximum of 60% at 850 nm leading after integration to a
of evidence that strong H-type and J-type aggregates are maximum J, value of 11.6 mA/cm® (Figure 3b). Although the
formed within the self-assembled monolayer (SAM). This So—S, transitions are only weakly absorbing, they still provide
constitutes a major limitation not only for the device ca. 30% IPCE indicating that conversion of high energy
performance but also for the aesthetic as will be further photons is an efficient process within this type of dye.
discussed. The best conversion performances are obtained Intensity modulated photovoltage/photocurrent spectrosco-
using a highly diluted dye solution (100 gmol/L) including SO py (IMVS/PS) experiments highlight that the alkyl chain
mmol/L of CDCA (1/500 ratio). Increasing the CDCA length affects both nongeminate recombination and electron
concentration to such an extent reduces the level of transport (Figure 3c, d). Indeed, whereas Cg and C,¢ behave
aggregation but also decreases the dye loading because the very comparably, reducing the number of carbon to C, leads to
412 https://dx.doi.org/10.1021/jacsau.1c00045

JACS Au 2021, 1, 409-426



a shortening of electron lifetime by ca. 1 order of magnitude
and the transport time to a lesser extent. The electron
transport is affected since the surface trapped electrons and the
chemisorbed lithium are forming a quasi-particle contributin§
to an ambipolar transport of carriers toward the collection.”"”
The charge collection efficiency (7..), expressed as the time
ratio between the electron lifetime and the sum of electron
lifetime and transport time, is enhanced by extending the
length of the alkyl chain, from 7. = 70% for C, to 1.. = 80%
for Cg and C4 These results suggest, in agreement with
previous literature, that longer alkyl chain length helps to repel
tri-iodide species from the TiO, surface. Additional charge
extraction experiments confirm that it modifies the SAM
molecular packing based on the movement of the trap state
energy driven by a different interfacial electric field strength
(Figure 3e). The 15 mV gain in photovoltage experimentally
observed is thus the result of the combination between the 1
order of magnitude longer electron lifetime (+59 mV
expected) and 40 mV energy downshift of the traps.

Small alkali cations, such as Li*, are known for their specific
adsorption properties upon TiO, surfaces. Its Coulombic
interaction with the surface of TiO, nanocrystals increases the
flat band potential value, which moves the conduction band
edge and surface traps down proportionally to the Nernst
equation, i.e. 59 mV per decade of concentration.*>”"”* In the
case of the VG20-C 4 dye, a high concentration of 1 mol/L of
Li" in the electrolyte is required to reach a short-circuit current
density of 12.1 mA/cm® (Figure S9, Table 1). Nevertheless,

Table 1. Cell Characteristics Depending on the Lithium
Concentration in the Electrolyte for VG20-C,4-Based
DSSCs*

Li* concentration V.. (mV) J. (mA/cm?) fill factor (%) PCE (%)
0.1 mol/L 398 5.5 66 1.6
0.25 mol/L 375 8.4 S8 1.9
0.5 mol/L 368 9.6 56 2.2
1.0 mol/L 347 12.1 58 2.5

“Electrolyte composition is 1 mol/L DMII, 0.03 mol/L I,, and 1 mol/
L Lil in acetonitrile/valeronitrile solvent mixture 85/15 v/v.

this enhancement is at the expense of the cell photovoltage,
which decreases by a value close to the 59 mV expected
thermodynamically from Nernst equation (from 395 to 347
mV).

In addition to the CDCA and the alkyl chain length, the
sensitization temperature modifies the dye packing as
previously demonstrated on ruthenium-based complexes and
also showed here by different data.”> Three different
temperatures have been investigated: room-temperature
(RT), 4, and —20 °C. To compensate for the slower dye
chemisorption, the sensitization time has been prolonged from
12 h to 7 days at —20 °C to maintain similar dye loading on
the photoanode (Figure S10). Without dramatically losing the
cell photocurrent, it increases both the fill factor and the cell
photovoltage, thanks to a reduction of the nongeminate
recombination kinetics (Figures 4 and S11). A PCE maximum
of 3.1% can be achieved after sensitizing the electrodes at —20
°C while applying rigorously all aforementioned optimization
steps (Table 2).

The stability of polymethine-based sensitizers has never
been demonstrated so far in the literature. This is one
drawback of this family of dyes. We identified water molecules
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Figure 4. -V curve under illumination at A.M. 1.5G conditions of
the VG20-C,¢s-based DSSC as a function of the temperature of
sensitization, RT (red), 4 °C (light blue), and —20 °C (blue dark)
(the electrolyte composition is 1 mol/L DMII, 0.03 mol/L I,, and 1
mol/L Lil in the acetonitrile/valeronitrile solvent mixture (85/15 v/
v), and the devices are made of 8 um thick 20 nm-based TiO,
nanoparticles sheltered by 5.5 ym thick 400 nm TiO, particles).

Table 2. Cell Characteristics Depending on the
Sensitization Temperature VG20-C,4s-Based DSSCs

temperature V. (mV)  J. (mA/cm?®)  fill factor (%)  PCE (%)
RT 343 12.0 58 2.5
4°C 402 11.5 58 2.6
—20 °C 422 11.2 65 3.1

as one major factor impacting the device stability. An
enhancement of shelf life stability can be attained by
assembling the devices in dry room (dew point temperature
below —75 °C), drying solvents and electrolyte components
carefully before using. Replacing the EtOH/DMSO solvent
mixture for sensitization by DCM/DMSO affords improve-
ment in the devices shelf life stability with a PCE retention
over 92% for 400 h (Figure S12).

Replacing the tri-iodide/iodide redox mediator by Co(+I11/
+II) complexes affords reducing energy losses for the dye
regeneration and circumventing the device orange colora-
tion.”*”** NIR photosensitizers associated with cobalt-based
electrolytes have not been explored so far. Using a
Co(bpy);**/*" redox couple, the optimized concentration of
lithium for the device performance can be reduced down to 0.1
mol/L of LiTFSI (Table S4). This has the further advantage
that, while maintaining the Js- constant, the open circuit
photovoltage (Vo) increases from 358 to 387 mV. As a result,
the best PCE is obtained with 0.1 mol/L LiTESI in the
electrolyte leading to 1.9%. However, one drawback in the
utilization of cobalt(+III/+II) complexes stems from the faster
nongeminate recombination kinetics which herein limit the
possible gain in photovoltage.” ~** To alleviate this issue,
atomic layer deposition (ALD) has been employed to retard
loss reactions at the TiO,/dye/electrolyte interfaces.* %7 In
this case, the best performances were obtained with an
optimized subnanometric-thick Ga,O; overlayer which acts as
a tunnelling barrier to effectively balance injection and

https://dx.doi.org/10.1021/jacsau.1c00045
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Figure S. (a) J=V curves for DSSC photoanodes subjected to different numbers of Ga,O; ALD cycles under A.M. 1.5G conditions. (b) IPCE
spectrum and integrated current density. (the electrolyte composition is 0.25 mol/L Co(bpy);**, 0.05 mol/L Co(bpy);**, and 0.1 mol/L LiTFESI in
the acetonitrile/valeronitrile solvent mixture (85/15 v/v), and the devices are made of 8 ym thick 20 nm-based TiO, nanoparticles sheltered by 5.5

um thick 400 nm TiO, particles).

recombination (Figure 52).%¢ As a result, production of dark
current is significantly blocked due to the kinetic hindrance of
nongeminate recombination. With the deposition of a single
layer, both the photovoltage and the photocurrent values are
increased to Ve = 406 mV, Jgc = 8.6 mA/cm’ leading to a
PCE of 2.3%. The IPCE spectrum is very similar to tri-iodide/
iodide redox mediator with a maximum of 54% at 840 nm.
This latter is slightly blue-shifted due to existing electrostatic
interactions between the dye and the redox mediator (Figure
Sb). Thicker Ga,O; deposition led to an increase of the
photovoltage to 423 mV; however, the photocurrent dropped
dramatically to 5.9 mA/cm? after 3 cycles, leading to a PCE of
1.7% (Table SS).

The level of device transparency was evaluated based on the
average visible transmittance (AVT) considering not only the
transmittance spectrum (T) but also the visual perception of
human eyes through the photopic response (P) and the solar
photon flux (S) in AM. 1.5G conditions according to the
following equation:

_ JT()P(A)S(2) d(2)
[P(2)S(2) d(4)

AVT is the most recommended assessment by the windows
industry to evaluate the transparency level of TPVs. Figure 6a
shows the total transmittance spectrum of full devices without
dye and electrolyte (black curve) and with VG20-C,4 dye in
either I,7/I" or Co(bpy);*"/** redox mediators. Taking
advantage of VG20-C4 design, we matched remarkably the
higher cell transmittance region to the maximum of the human
eye’s photopic response leading for the first time to completely
transparent and colorless DSSC devices (Figure 6a). The
electrolyte absorption shows up in the UV and blue region
(<500 nm): a region in which the human cones are much less
sensitive. On the other hand, dye aggregation, featured by a
broadening of the Sy—S, transition, has a slight effect in the red
part tail of the photopic response (Figures S7, S13). The AVT
of the reference device, i.e. complete cell without the dye,
reaches a maximum value of 74% without subtraction of glass
reflections; this latter accounts for 9.5—11% depending on the
incident wavelength (Figure S14). The sensitization of the
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photoanode decreases the AVT value to 65% as a result of the
aggregation-induced broadening of the S;—S; transition and
the S,—S, transition in the blue part competing with the
electrolyte absorption (Figure S13).

Devices based on tri-iodide/iodide redox couple has x,y
coordinates of 0.370 and 0.416 in the CIE1931 chromaticity
diagram (Figure 6b). It corresponds to the light yellowish part
of the color space in agreement with the visual aspect of the
device reported in the inset of Figure 6a. It reaches a color
rendering index (CRI) value of 88%, and the correlated color
temperature (CCT) is 5612 K. The CRI is also an important
metric to consider in TPV applications as it describes the
quantitative accuracy of the color rendered through a
transparent medium. A value greater than 85% is considered
excellent for TPV technologies applied to building facades.

The utilization of cobalt complexes avoids this slight orange
coloration of the electrolyte given by tri-iodide. It leads to a
noticeable shift of the x,y coordinates in the chromaticity
diagram toward the center corresponding to the colorless
region, i.e. x = 0.349 and y = 0.360 (Figure 6b). The CRI value
increases to 92.1%, and the CCT value is 5553 K. The change
to cobalt complexes influences a little of the absorption
fingerprint of the dye. The S;—S; maximum shifts from 848 nm
for an I,7/I"-based electrolyte to 844 nm for Co(bpy);>*/>".
The main absorption band becomes narrower, and the
shoulder containing the spectroscopic signature of the H-
aggregates is less pronounced. These results suggest that the
dye interacts very intimately with the redox mediator,
influencing the SAM geometry and packing. Consequently,
the AVT of devices based on Co(bpy);>*/** reaches a value of
68% up to an electrode thickness of 4 um. With this AVT
value, our devices appear totally transparent and close to
colorless, in agreement with that found by Lunt et al, who
pointed out that an AVT value of 60% constitutes a threshold
value from which the PV device becomes clear.”** Following
a spin-coated layer of SiO, nanoparticles as an antireflecting
coating (ARC), we achieved an AVT value of 76% (Figure
S15). Such a number achieved with a selective NIR-DSSC lies
well beyond the values reported so far in semitransparent
visible DSSCs.*”7>* It approaches very closely the AVT
characteristic of a standard double glazed window which is
78%.% Optimizing the number of layers of SiO, depositing
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Figure 6. (a) Comparison of total cell transmittance measured using an integration sphere of a reference cell without dye and with an optimized
electrolyte based on I;7/1” redox couple (black curve) and VG20-C,4 based devices constituted by an optimized electrolyte formulation based on

the 1,"/I” redox couple (red curve) and Co(bpy);**/**

redox couple (blue curve) with the aforementioned composition. The photoanode thickness

is 4.0 ym. The human eye photopic response is included for comparison with the eye’s sensitivity. Two pictures of the transparent NIR-DSSC are
also provided: (top) with the 1;7/1” redox couple and (bottom) with the Co(bpy);**/** redox couple. (b) CIE 1931 color space diagram for VG20-
C4 devices based on the I;7/I or Co(bpy);**/* redox couples in the electrolyte.

allows increased cell transmittance in the NIR region and,
therefore, a gain 0.2% PCE in the final device performance.

Dye Regeneration and Electron Injection Kinetics

Dye regeneration kinetics have been evaluated using transient
absorption spectroscopy associated with a streak camera for
both spectral and temporal resolution of the transient dye
radical cation. Figure 7 depicts the kinetic evolution depending
on the electrolyte composition: ie. I;7/I" redox mediator
(Figure 7a), Co(bpy);>*/** (Figure 7b), or for a redox couple-
free electrolyte (Figure 7c). The VG20-C,4 radical cation
absorbs in the visible range in agreement with the literature.”
It shows up as a broad absorption spectrum between ca. 500
and 720 nm (Figure 7, Figure S16) for which the kinetics differ
for the two redox mediators. The molar absorption coefficient
of the dye radical cation in solution is about 25 times weaker
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compared to the reduced form in the same solution (& &~ 6200
L/mol-cm) (Figure S17).

The related transient decay corresponds to the depopulation
of the dye radical cation after a 30 ps pump pulse at 830 nm
(Figure 8). The exponential decay requires systematically two
components to account for fast and slower processes in
regeneration involving HOMO and HOMO + 1 levels. For a
I;7/T" redox couple, dye regeneration takes place within 7, =
1.5 pus (£0.09 us) and 7, = 19.4 us (£1.3 us). These values are
the same order of magnitude as those reported for conven-
tional ruthenium and D—7z—A dyes.*>””"* Although the
cobalt complex is a fast one-electron redox couple, the halftime
for dye regeneration is about 1 order of magnitude longer, i.e.
7, = 15.6 ps (£0.4 us) and 7, = 100.7 pus (+4.2 us) as a result
of the reduced driving force for the hole transfer, i.e. —AGy,, =
520 mV for I;7/I" and —AG,, = 310 mV for Co(bpy);**/*".

reg
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Figure 7. Time-resolved transient absorption spectral streak image of the VG20-C;; based DSSC for (a) the I;7/I” redox couple, (b) the
Co(bpy);**/** redox couple, and (c) the redox couple-free electrolyte. Note the difference of time delay between the different electrolytes.
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Figure 8. Transient absorption kinetics of the VG20-C;4 based DSSC: (a) at 650 nm in the presence of the I;7/I” redox couple and (b) at 550 nm
in the presence the Co(bpy);**/** redox couple (Egjo pm ~ 0.18 mJ/cm?).

This range of values is also in agreement with the typical residual long-lived signature is assigned to the absorption of
kinetics reported in the literature.”® On the other hand, a long- the VG20-C,4 radical cation (VG20") in good agreement with
lived radical dye cation is observed for an electrolyte free of the transient spectra measured using the picosecond TAS
redox couple (Figures 7c and S18). The geminate recombi- experiment (Figures 7 and S16).
nation takes place within 0.94 ms (+ 0.02 ms) and does not In the near-IR part, SE is observed in the 850—1030 nm
totally decay even beyond the technical limit of the S ms time range, which decays on a picosecond time scale up to 25 ps.
scale of the streak camera. Based on these results, we can The GSB signal, between 730 and 900 nm, shows a double
conclude that dye regeneration yield is close to being peak structure, akin to the steady-state absorption spectra due
quantitative and does not constitute the step limiting the to monomers and aggregates. According to the ground state
IPCE, ie. @, > 98% in I;7/I" and @, > 90% in absorption spectra (SSA) of VG20-C,¢ in solution and on
Co(bpy),*/*". TiO, (Figures 2b and S7), one infers that the high-energy band
The femtosecond dynamics of the excited state of VG20-C at 770 nm is dominated by aggregates, while the low-energy
has also been investigated. Figure 9a shows the differential band is a combination of GSB bleach of monomers and
absorption spectra obtained in an average-representing data set aggregates and SE from monomers. The 880 nm band has
characteristic for TiO, devices. The transient absorption decayed by half its amplitude within 10 ps and reaches a stable
kinetics are presented for selected wavelengths in Figure S19. level of ~20% of the initial value by 100 ps. While the fast
These spectra are characterized by a prominent ESA peaking at decay is due to SE decay and partial ground state recovery, the
580 nm, which, unlike the data obtained in solution, decays long-time asymptote is due to the radical dye cation.
rapidly within 25 ps leaving behind a broad, red-shifted The 770 nm band shows different kinetics. A small rise of
absorption with a maximum at 660 nm and a long tail spanning this aggregate-dominated band is observed until 2 ps (Figure
the visible part of the spectrum (cf. 100 ps delay). Such a S19), which is a clear signature of excitation of aggregates due
416 https://dx.doi.org/10.1021/jacsau.1c00045
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Figure 9. Transient spectra of VG20-C,4 dye anchored on (a) injecting TiO, nanocrystals and (b) noninjecting ZrO, nanocrystals. The devices
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Figure 10. Comparison of normalized transient absorption kinetic profiles for the VG20-C,4-based DSSC using either ZrO, or TiO, nanocrystals at
(a) 570 nm (ZrO,) and 585 nm (Ti0,), (b) 640 nm (ZrO,) and 650 nm (Ti0,), (c) 860 nm (ZrO,) and 880 nm (Ti0,), and (d) 960 nm (ZrO,)
and 975 nm (TiO,). All DSSC devices were excited at 800 nm with 90 xJ/cm? The kinetics are averaged over seven samples for TiO, and three

samples for ZrO,. Error bars indicate the statistical standard error.

to energy transfer (ET) from monomers. In addition, a sharp
absorption feature develops at A & 535 nm on a 2 ps time scale.
Since it is not observed in monomers, it is attributed to ESA of
aggregates, rising according to the monomer—aggregate energy
transfer process.

If all molecules (monomers and aggregates) became photo-
oxidized, and since the cation absorption is negligible in the
region of dominant GSB (800—900 nm), the negative AA

417

signal should not decay with time, contrary to what is herein
observed, meaning that the carrier injection yield (Cbmi) is well-
below 100%. Hence, the ratio GSB(t = 0.2 ps)/GSB(t = S ns)
provides an estimate of ®@;,;. However, part of AA is due to SE,
thus making the determination of the pure GSB component
difficult. Nevertheless, analyzing the AA(t = 0)/AA(t = S ns)
ratio at different wavelengths (770—850 nm) provides an
upper limit of ®@;; & 30—35%. Although lower, this value is
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https://dx.doi.org/10.1021/jacsau.1c00045
JACS Au 2021, 1, 409-426



—
Q
S—

1

7700

_

-

DADS x 10°*

W/////”//////////lz

T
700 800

Wavelength (nm)

DADS x 103

700

Wavelength (nm)

Figure 11. Wavelength-dependent amplitudes of VG20-C,4-based devices including (a) injecting TiO, nanocrystals and (b) noninjecting ZrO,
nanocrystals. The devices were pumped at 800 nm with an energy of 90 uJ/cm?. The electrolyte is composed of 1 mol/L DMII, 30 mmol/L I,, and

1 mol/L Lil in acetonitrile

relatively consistent with the IPCE at 810 nm (~40—45%)
(Figure 3b). The discrepancy is explained first by the TAS
experimental conditions which are different than those of the
IPCE and J—V experiments in terms of excitation power (i.e.
nonlinear response of DSSCs between cell photocurrent and
incident light power) and the absence of a scattering layer in
the device made for TAS measurements.

We have also studied the excited state dynamics in
noninjecting ZrO,-based devices, which serve as a reference
to identify excited state processes, e.g. energy transfer which
may be in kinetic competition with the electron injection in
TiO, devices with an equivalent degree of aggregation. The
differential spectra for ZrO,-based devices show clear differ-
ences compared with TiO, (Figure 9b). Indeed, the radical
cation signature is absent and the GSB fully recovers (zero
signal) by ca. 1 ns. The SE (>900 nm) decays slower than in
TiO, devices, since a weak signature can still be observed at a
delay of 150 ps. The monomer-to-aggregate energy transfer
(ET) is also observed for ZrO,, as a small increase of the
bleach band at 760 nm. Plots of kinetic traces and detailed
multiexponential fits are gathered in Figures S19-21.

In order to highlight the carrier injection processes and their
kinetics, Figure 10 shows kinetic traces obtained by averaging
seven TiO,-based and three ZrO,-based devices. Selected
wavelengths represent the monomer ESA (A), dye radical
cation absorption (B), the low-energy GSB band (C), and SE
(D). The prominent long-time signal for TiO, is due to the
VG20-C ¢ radical cation absorption (580 and 650 nm) and
incomplete GSB recovery (880 nm). Note a small positive
absorption in the SE trace of TiO, (4 ~ 975 nm) most likely
due to absorption by free carriers in TiO, or to a near-IR tail of
the radical cation absorption.

The data suggest two distinct reaction scenarios for VG20-
Cys on TiO, and ZrO,, as summarized in Scheme S1 starting
from photoexcited monomers (VG20*) and aggregates
(Agg*).

As summarized in Tables S6—S7, characteristic lifetimes for
TiO, are in the 0.5—1, 4—8, and 20—40 ps range, in addition
to a fixed 100 ns time accounting for the nondecaying signals
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at long delays. In order to identify the most relevant
characteristic lifetimes and processes, a global fit approach
was carried out, i.e. the wavelength-dependent decay times are
approximated by four wavelength-independent values. For
TiO, (Figure 11a), the global decay constants obtained are 0.4
ps, 4.3 ps, 25 ps, and 100 ns, this latter value being fixed for the
fit. Special features in the decay-associated difference spectra
(DADS) allow identifying the main excited state processes, i.e.
monomer—to—aggregate energy transfer and carrier injection/
radical cation formation and their respective lifetimes. For the
former, and as discussed above, the rise of the 770 nm GSB
band and the 530 nm aggregate—ESA peak are the fingerprint,
reflected in the DADS with dominating positive and negative
signals, respectively. Hence, the energy transfer with rate kgy is
operative during the subpicosecond (0.4 ps) and the &4 ps
phases (Figure 11a). Charge injection/radical cation formation
is best identified as a rise of the absorption at the radical cation
peak wavelength (660—670 nm) and monomer excited state
decay, i.e. the decay of SE (>950 nm). The DADS of Figure
11a shows that charge injection, rate k;,;, occurs concomitantly
with the energy transfer, dominantly during the ~4 ps time
scale and to a lesser extent at shorter times (0.4 ps DADS).
The 25 ps DADS is characterized by SE and ESA decay both
for monomers and aggregates (peak at 530 nm), but these
decay amplitudes hide possibly weaker signatures of radical
cation formation since the 25 ps DADS at 660 nm is purely
positive (i.e., ESA decay).

The same global analysis on ZrO, is reported in Figure 11b.
It reveals four time constants: 1.7, 22, and 200 ps in addition to
a long-lived but almost vanishing 100 ns, used for consistency
with fits of the TiO, data, its amplitude being in the noise level.
The fastest 1.7 ps component (black line) displays a DADS
very similar to that of TiO,, with all the features consistent
with monomer-to-aggregate energy transfer (kgr). The ca. 24
ps component (red curve) displays signatures of both
monomer and aggregate excited state decay: monomer SE >
850 nm, monomer and aggregate ESA decay (450—680 nm),
with the weak sharp feature at 530 nm already identified for

TiO, as due to aggregate ESA (k). Note that the fast sub-10
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ps component observed for electron injection (DADS negative
at 660—680 nm) is absent as expected. Remarkably, the longer
~200 ps component (blue curve) is due to a second slower
monomer excited state decay (k,,), since it displays SE, ESA,
and GSB recovery very similarly, although with a shorter
lifetime, to VG20-C ¢ in solution (Figure 2).

In summary, the comparison of VG20-C,4 on TiO, and
ZrO, allows to identify the kinetic signatures of electron
injection within dominantly 4 ps most probably from
monomers (kinj), competing with monomer-to-aggregate
energy transfer (kgr) identified already on a 0.4 ps time
scale, but also on the slower 4 ps lifetime (Table 3). This

Table 3. Average Lifetimes Characterizing the Main Photo-
physical Processes for VG20-C,4 on ZrO, and TiO, DSSCs
Obtained from Femtosecond Transient Absorption Studies”

VG20-C,4 DSSCs 7, (ps) 7, (ps) 73 (ps) 7, (ns)
TiO, + 50 mM CDCA 0.4 4.3 25 100
ZrO, + SO0 mM CDCA 1.7 22 200 100

“r, is dominated by monomer-to-aggregate energy transfer. For TiO,
devices, electron injection occurs on both the 7, and 7, time scales.

kinetic competition limits the electron injection efficiency from
the monomer to ca. 30%. Injection from the monomers and
aggregates may also take place on the 25 ps time scale since
prominent excited state decay is observed, but a clear radical
cation formation signature is missing possibly due to
compensating for ESA decay/radical cation formation. Based
on all of these important results, we can clearly confirm that
aggregate formation and the related energy transfer from
monomer to the aggregates limits the injection efficiency and
the performances of this type of NIR-DSSC using polymethine
cyanine dyes.

In this work, a family of NIR-selective polymethine cyanine
dyes coded as VG20-C, was developed. The main attribute of
VG20-C, is its strong and sharp Sy—S, transition in the near-
infrared region (4 = 832 nm) and a minimized S,—S,
contribution in the far blue where the human retina is poorly
sensitive. By bringing the NIR-selective dye-sensitized solar cell
transmittance in the maximum region of the photopic
response, we herein demonstrated a never reached level of
aesthetic performance with an AVT value of 76%, CRI of
92.1%, and CCT of 4223 K when associated with Co-
(bpy);**/** redox mediator in the electrolyte.

Scheme 1. Synthesis of the VG20 Cyanine Series”
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After a carefully led optimization of the dye structure and all
device fabrication parameters, we demonstrated a PCE as high
as 3.1% under AM. 1.5G conditions. As a result of the
absorber bandgap narrowing, making less overpotential for
both injection and dye regeneration, we revealed that the
electron injection is in kinetic competition with nonproductive
monomer-to-aggregate energy transfer which limits the device
performance based on such polymethine cyanine dyes.""*
Nevertheless, this first proof-of-concept of selective NIR-dye-
sensitized solar cells opens up new scientific and technological
directions for the field of transparent PVs filling the gap
between organic photovoltaic (OPV) having high perform-
ances with relatively lower AVT in the range of 50% and LSC
reaching above 80% AVT but with very poor performances.
Based on this first work, we estimate that NIR-DSSCs can
reach (i) AVT values greater than 80% by developing more
transparent redox mediators and by abating molecular
aggregation in the SAM and (ii) power conversion efficiencies
greater than 7% can rapidly obtained after a complete redesign
of all the DSSC components to reduce internal energy losses
during the photon-to-electron conversion and once again by
limiting the formation of harmful aggregates in the SAM thus
turning the unproductive monomer-to-aggregate energy trans-
fer into useful electron injection from reactive monomer
excited states.

The synthetic procedure to obtain the symmetrical heptamethine
cyanine dyes, VG20, is reported in Scheme 1. It involves the
condensation of the quaternary heterocyclic salts (2), bearing an
activated methyl group, with the Vilsmeier—Haack reagent 3.”°

The 1,1,2-trimethyl-1H-benzo[e]indole-7-carboxylic acid (1) was
readily obtained exploiting the Fischer indole synthesis, as previously
described.”® The subsequent quaternization of the benzoindolenine
ring, performed under microwave irradiation,”” led to increased
acidity of the methyl group which enabled the cyanine bridge
formation (see the first step in Scheme 1). All the symmetrical
cyanine dyes were synthesized in a one-step reaction under microwave
heating by reacting 2 equiv of quaternary heterocyclic salts 2 with the
Vilsmeier—Haack reagent 3 in the presence of potassium acetate and
ethanol (see Scheme 1). The brownish solid in the reaction mixture
was filtered and washed with diethyl ether. Unreacted potassium
acetate crystals were then removed by DCM. Finally, a recrystalliza-
tion in acetonitrile was performed, and once all the precipitate was
dissolved, a few drops of acetic acid were added to completely
protonate the carboxylic moieties.

All microwave reactions were performed in a single-mode Biotage
Initiator 2.5. TLC was performed on silica gel 60 F254 plates. GC-MS
spectra were recorded on a Thermo Finnigan Trace GC with a cross-
linked methyl silicone capillary column, coupled to a Thermo

vG20c2
VG20Cs
VG20C16 R =CygHis

R= CzH5
R =CgHy7

“Experimental conditions: (i) anhydrous acetonitrile, iodoalkane, MW, 40 min, 155 °C; (ii) potassium acetate, absolute ethanol, MW, 10 min, 120

°C.
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Finnigan Trace MS mass spectrometer equipped with an electronic
impact source (EI). UV—visible absorption spectra were recorded on
a Shimadzu UV-1700 spectrometer. '"H NMR spectra were recorded
on a Jeol ECZR 600 MHz NMR. The purity of the final compounds
was evaluated through HPLC using a Shimadzu LC 10 AD equipped
with a C18 Altech C18 250 X 4. Each VG20 dye was dissolved in
methanol and 20 pL of the solution was injected. The mobile phase
(water/methanol) was used in gradient concentration: 80—20 at time
0 min, 80—20 at time S min, 0—100 at time 20 min, and 0—100 at
time 30 min. It was pumped at a flow rate of 1 mL/min. The
temperature of the column was set at 35 °C. The UV detector was set
at the maximum absorbance wavelength of the sample.

All the chemicals were purchased from Sigma-Aldrich, except for
the Vilsmeier—Haack reagent 3 which was obtained from Cyanine
Technologies and was used without any further purification. The
intermediate 1,1,2-trimethyl-1H-benzo[e]indole-7-carboxylic acid was
prepared as described in the literature. The 7-carboxy-1,1,2-trimethyl-
1H-benzo[eJindol-3-ium salts 2a and 2b are known compounds and
were prepared as reported in the literature.”>”® The carboxy-1H-
benzo[e]indol-3-ium salt 2c was synthesized according to the
previously reported method.”’

1,1,2-Trimethyl-1H-benzo[ e Jindole-7-carboxylic 1 (1g, 3.95 mmol),
1-iodohexadecane (4.97 mL, 5.57 g 15.8 mmol), and 8 mL of
CH;CN were introduced in a 10—20 mL microwave reaction vial.
The reaction is carried out at 155 °C for 40 min under microwave
irradiation. The resulting mixture was evaporated under vacuum, and
the raw material was repeatedly washed under stirring with diethyl
ether (3 X 100 mL), filtered, and then crystallized with acetonitrile. 2c
was obtained as a yellow powder (50 mg, 21%).

'H NMR (600 MHz, DMSO-d,) & 8.88 (d, J = 1.7 Hz, 1H), 8.50
(dd, J = 16.9, 8.9 Hz, 2H), 8.24 (d, J = 9.0 Hz, 1H), 8.20 (dd, J = 8.8,
1.8 Hz, 1H), 4.57 (t, ] = 7.8 Hz, 2H), 2.96 (s, 3H), 1.88 (p, ] = 7.9
Hz, 2H), 1.77 (s, 6H), 1.27—1.14 (m, 26H), 0.84 (t, ] = 7.0 Hz, 3H).

ESI [M*]: 478.34 m/z.

ESI [M — I — M]*: 1082.54 m/z.

7-Carboxy-1,1,2-trimethyl-1H-benzo[ e Jindol-3-ium salt 2, Vilsmeier—
Haack reagent 3, and potassium acetate in a 2:1:2 ratio were
introduced with absolute ethanol in a microwave reaction vial. The
reaction was carried out at 120 °C for 10 min under microwave
irradiation until TLC and UV showed reaction completion. At the end
of the reaction a brownish precipitate and a dark green solution was
observed. The precipitate was then filtered and washed with diethyl
ether. The crude was dissolved in dichloromethane to remove the
potassium acetate. Then, a recrystallization was performed with
acetonitrile and a few drops of acetic acid were added. The precipitate
was then filtered and washed several times with diethyl ether to obtain
a dark powder.

7-Carboxy-3-ethyl-1,1,2-trimethyl-1H-benzo[e]indol-3-ium iodide 2a
(500 mg, 1.22 mmol), Vilsmeier—Haack reagent 3 (176 mg, 0.49
mmol), potassium acetate (119 mg, 1.22 mmol), and S mL of
absolute ethanol were reacted as described in the general procedure.
VG20-C, was obtained as a bronze precipitate (81 mg, 20%).

MS (ESI) m/z calculated for [M — I]* 699.2984, found 699.30.

'H NMR (600 MHz, DMSO-d,): & 8.73 (s, 2H), 8.41-8.38 (m,
4H), 8.33 (d, ] = 6 Hz, 2H), 8.10 (dd, J = 6 Hz, ] = 1.68 Hz, 2H),
7.88 (d, ] = 6, 2H), 6.43 (d, J = 18 Hz, 2H), 441 (m, 4H), 2.78 (m,
4H), 1.96 (s, 12H), 1.91 (m, 2H), 1.37 (t, ] = 6 Hz, 6H).

The compound solubility was too low to record a *C NMR
spectrum.

Amax = 825 nm, A, = 839 nm, ¢ = 118 000 1/M-cm (measured in
absolute ethanol).
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7-Carboxy-1,1,2-trimethyl-3-octyl- 1H-benzo[ e]indol-3-ium iodide 2b
(500 mg, 1.01 mmol), N-(((E)-2-chloro-3-((phenylamino)-
methylene)cyclohex-1-en-1-yl)methylene)benzenaminium chloride 3
(145 mg, 0.40 mmol), potassium acetate (99 mg, 1.01 mmol), and
absolute ethanol (5 mL) were introduced in a microwave vial and
reacted as described in the general procedure.

MS (ESI) m/z calculated for [M — I]* 867.4862, found 867.57.

The final compound VG20-Cg was obtained as a brown-dark red
solid (223 mg, 56%).

'H NMR (600 MHz, DMSO-dy): & 8.72 (s, 2H), 8.38 (d, ] = 12
Hz, 4H), 8.31 (d, ] = 6 Hz, 2H), 8.10 (d, ] = 6 Hz, 2H), 7.87 (d, ] = 6
Hz, 2H), 6.41 (d, ] = 12 Hz, 2H), 4.36 (m, 4H), 2.78 (m, 4H), 1.96
(s, 12H), 1.89 (m, 2H), 1.79 (m, 4H), 1.41 (m, 4H), 1.34 (m, 4H),
1.24 (m, 12H), 0.83 (t, ] = 6 Hz, 6H).

The compound solubility was too low to record a *C NMR
spectrum.

Amax = 829 nm, A, = 845 nm, & = 136 000 1/M-cm (measured in
absolute ethanol).

7-Carboxy-3-hexadecyl-1,1,2-trimethyl-1H-benzo[ e Jindol-3-ium  io-
dide 2c (500 mg, 0.82 mmol), Vilsmeier—Haack reagent 3 (119
mg, 0.33 mmol), potassium acetate (81 mg, 0.82 mmol), and S mL of
absolute ethanol were reacted as described in the general procedure. A
bronze precipitate was obtained (96 mg, yield: 24%).

MS (ESI) m/z calculated for [M — I]* m/z: 1091.7366, found
1091.69S.

'H NMR (600 MHz, DMSO) & 8.69 (s, 2H), 8.40 (d, J = 12 Hz,
2H), 8.32 (d, ] = 6 Hz, 2H), 824 (d, ] = 6 Hz, 2H), 8.09 (dd, J = 12
Hz, 2H), 7.79 (d, ] = 6 Hz, 2H), 6.36 (d, ] = 12 Hz, 2H), 4.32 (t, ] =
6 Hz, 4H), 2.72 (m, 4H), 1.95 (s, 12H), 1.89 (m, 2H) 1.79 (m, 4H),
1.39 (m, 4H), 1.32 (m, 4H), 1.16 (m, 42H), 0.78 (t, J = 6 Hz, 6H).

The compound solubility was too low to record a *C NMR
spectrum.

Amax = 831 nm, A, = 848 nm, & = 154000 M-cm (measured in
absolute ethanol).

A concentrated solution of each dye was prepared by weighting the
dye (5—7 mg) and dissolving it into 10 mL of absolute ethanol
(EtOH). Three diluted solution (25 mL) of EtOH were prepared by
taking aliquots (0.2, 0.1, and 0.05 mL) of the stock solution. The
diluted solutions were measured by steady-state UV-—visible
absorption spectroscopy (Shimadzu UV-1700) using a quartz cuvette
(1 cm pathway length). The absorbance intensities of each solution at
the A, were plotted versus the sample concentration. A linear fit was
applied to determine the molar extinction coefficient (¢) using the
Beer—Lambert equation. The analysis was duplicated. The obtained
data were considered acceptable when the difference between the
determined log & was less or equal to 0.02 in respect to their average.
Otherwise, new concentrated dye stock solution in absolute EtOH
was prepared and the protocol repeated.

Materials. Dimethyl sulfoxide (DMSO), ethanol (EtOH),
acetonitrile (ACN), chenodeoxycholic acid (CDCA), and lithium
bis(trifuoromethanesulfonyl)imide (LiTFSI) were purchased from
Sigma-Aldrich. Tris(2,2’-bipyridine)cobalt(II) di[bis(trifluoro-
methanesulfonyl)imide] and tris(2,2’-bipyridine)cobalt(III) tris[bis-
(trifluoromethanesulfonyl)imide] were purchased from Dyenamo AB.

Fabrication of Solar Cells. The mesoporous TiO, electrodes are
prepared as previously described yielding 8 ym thick transparent
electrode.”® For the device performance it was sheltered with a 5 ym
thick 400 nm-based TiO, scattering layer. The fluorine-doped SnO,
(FTO) conducting glass (NSG-10, Nippon Sheet Glass) was
thoroughly cleaned with a detergent solution, acetone, and ethanol
solvents. The initial step was followed by an 18 min ultraviolet/O;
treatment. Then the substrates were treated with 40 mM TiCl,
aqueous solution at 70 °C for 45 min in order to make a thin and
compact TiO, underlayer. The colloidal TiO, paste of Dyenamo DN-
EP03 was used in conjunction with tri-iodide/iodide redox couple
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and DSL30 NR-D (Greatcell Solar) with cobalt complexes. The layers
were sequentially deposited on the TiCl, solution-treated FTO glass
via screen printing technology, which results in a different thickness of
TiO,. The TiO, film was sintered at 500 °C under dry air flow and
cooled down to room temperature to a obtain mesoporous, electronic
conductive film. The mesoporous TiO, film was treated in TiCl, (40
mmol/L) and kept at 70 °C in an oven for 30 min. After sintering at
500 °C in air and cooled down to 80 °C, the mesoporous TiO,
electrodes were stained by immersing them into the dye solution at
room temperature or 4 °C for 12 h and 7 days for experiments at —20
°C. The Ga,Oj; passivated mesoporous TiO, electrodes were made
according to prior literature.® The growth rate of Ga,O; was
estimated to be ~1 A per cycle as deduced from ellipsometry on the
Si wafer. The dye solution is composed of VG20-C4 (100 pmol/L)
and CDCA (50 mmol/L) in DMSO/EtOH (1:9, v/v). The dye-
coated TiO, film working electrode and thermally low-concentrated
platinized conducting glass counter electrode were assembled using a
25 pm thick Surlyn hot-melt ring (DuPont, USA) heated at 125 °C.
The internal space was filled with electrolyte using a vacuum pump
through a predrilled hole on the counter electrode. The hole was
sealed with a Bynel sheet and a thin glass cover by heating. All
fabrication and assembling devices using the tri-iodide/iodide redox
couple were carried out in a dry room (dew point of ca. =75 °C). The
Co(III/10)tris(bipyridyl)-based redox electrolyte is made from
tris(2,2"-bipyridine)cobalt(II) di[bis(trifluoromethanesulfonyl)imide]
(0.25 mol/L), tris(2,2'-bipyridine)cobalt(III) tris[bis(trifluoro-
methanesulfonyl)imide] (0.05 mol/L), and LiTFSI (0.1, 0.5, or 1.0
mol/L) in acetonitrile. All PCE values have been reproduced. The
reproducibility over cells is in the range of 0.1% in power conversion
efficiencies. W.N., F.G., and V.N. reproduced the 3.1% PCE record.

Optical and Electrical Characterization of Solar Cells. During
the photovoltaic performance measurements, a black metal mask with
an aperture area of 0.158 cm?* covered the solar cells. The solar cells
were measured under radiation at 100 mW/cm? provided by a 450 W
xenon lamp of the Oriel solar simulator (USA). The spectral output of
the lamp passed a Schott K113 Tempax sunlight filter (Prazisions
Glas & Optik GmbH, Germany) reducing the mismatch between the
simulated and true solar spectra to less than 2%. The light intensity
was determined using a calibrated Si reference diode equipped with
an infrared cutoff filter (KG-3, Schott). The J—V curves were
recorded by a Keithley 2400 source meter. The voltage scan rate was
set to 20 mV/s. IPCE spectra were measured with a lock-in amplifier
(Stanford Research System SR830 DSP) under chopped mono-
chromatic light (2 Hz) generated by a white light source from a 300W
xenon lamp passing through a Gemini-180 double monochromator
(Jobin Yvon Ltd.). The optical properties of the dye in solution and in
the device were measured using an Agilent Cary 5000 spectropho-
tometer. A quartz cuvette with 1 cm light path was used for solution
in dual beam transmission mode. For devices, all measurements were
carried out in total transmittance mode using a 150 mm integration
sphere. Background and zero were corrected, however without
subtracting any external contributions such as glass absorption and
reflection. All AVT measurements therefore correspond to a complete
device assessment. CRI and CCT values were determined accordingly
to the literature.””'%°

Picosecond Pump—Probe Transient Absorption Spectros-
copy (TAS) Measurements. The picosecond setup for the TAS
measurements was used to investigate regeneration and recombina-
tion kinetics of the dye radical cation. The setup is composed of (1) a
Nd:YAG laser (EKSPLA, PL2550, 10 Hz repetition rate, 30 ps pulse
duration, 532 or 355 nm excitation) in combination with an optical
parametric generator (EKSPLA, PG400 with broad excitation range
420—2300 nm) which is pumped by the third harmonic of Nd:YAG;
(2) three different probe systems (Hamamatsu Photonics): Xe
breakdown cell for the shortest 0.5—20 ns time scale; Xe Flash lamp
for the S0 ns to 2 us time scale; and continuous 150 W Xe lamp for
the S us to 10 ms time scale; (3) detector part: spectrograph
(Princeton Instruments, SP2300), high dynamic range streak camera
(Hamamatsu Photonics, C13410) with digital readout camera
(Hamamatsu Photonics, ORCA Flash4, C11440); (4) delay generator
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(Stanford Research Systems, DG645), delay unit, and shutters control
unit (Hamamatsu Photonics) to synchronize all the setup parts
controlled by computer through the HPD-TA software (Hamamatsu
Phonics); and (S) white light input optics, excitation optics, pump
and probe shutters, moving sample holder, and motorized 12-position
optical density filter wheel for attenuation of laser excitation pulse
energy.

For the TAS measurements of the DSSC, the probe light was
focused perpendicular to the sample and the pump light was focused
45° to the sample. The probe light was attenuated with different
optical density filters (Newport or Thorlabs) and transmitted through
the sample. The resulting light was introduced into the spectrograph
and analyzed by the streak camera. The energy of the pump pulse in
the excitation wavelength range 810—830 nm was set to ca. 0.2 mJ. A
750 nm short pass cutoff filter (Thorlabs) was placed before the
spectrograph to cut scattering light from the pump. Transient
absorption is calculated from four streak images according to the
equation:

AA = —Iog(

data — emission]

monitor — dark

where data is the intensity of the image obtained where both pump
and probe are on, emission where only pump is on, monitor where
only probe is on, and dark when both pump and probe are off in order
to subtract the contribution of stray light. Each of these four images
consisted of N integrated camera images. Measurements are
performed in the sequence, data, emission, monitor, dark, and this
sequence is repeated M times. In order to obtain a satisfactory signal-
to-noise ratio, N was 500 and M = 5—10.

Femtosecond Pump—Probe Transient Absorption Spec-
troscopy (TAS) Measurements. The experimental pump—probe
setup was already described in detail in previous papers.'’"'** To
record the TA spectra, a home-built setup fs-TA spectrometer was
utilized based on a Ti:sapphire regenerative amplifier laser system
(Pulsar, Amplitude Technology) delivering 40 fs-long pulses, at S
kHz, centered at 800 nm. One portion of the 800 nm beam is used
directly as the pump beam, and the second for the white light
generation (460—1030 nm) utilizing a 3 mm sapphire crystal. The
residual fundamental at 800 nm was filtered by a conveniently
concentrated solution of the IR12S dye (Lambda Physik) in EtOH in
a 1 mm quartz cell. The relative linear polarization between pump and
probe beams is set at the magic angle (54.7°), and the fwhm of the
instrument response function (IRF) is 35 fs. To ensure sufficient
reduction of the noise level, for every time point 200 spectra are
averaged and the final data result from averaging 8 different scans in
solution and 6—8 in the DSSC samples, changing the 2 mm long
excitation line every 3—4 scans to avoid degradation. Every individual
scan lasts 7 min and over 4—S5 scans no change of the kinetics is
observed due to possible degradation. For solution samples, in order
to avoid re-exciting the same molecules in the 0.5 mm quartz cuvette,
we sufficiently circulate the sample using a peristaltic pump. The
pump pulse intensity was set so as to ensure a linear dependence of
the ground state bleach signals in all experiments reported here. A 90
#J/cm* pump energy fluence was used both on the solution samples,
as well as on the complete DSSC samples. The DSSC samples for the
TA measurements were prepared under similar conditions as
described above, restricted on single-TiO, or ZrO, layers and
sensitization was carried out overnight (14 h) using the same
composition of the dye solution. The optical density (OD) of TiO,
DSSCs was ~0.4, and it was ~0.2 for ZrO,. The concentration of the
solution sample was 5 X 10~ M and the OD/mm = 0.75.

Data are processed to correct the effects of group velocity
dispersion (chirp) in the white light continuum and to subtract the
nonlinear signal from the solvent and the presence of any delay-
independent background.'®"'®* All transient spectra presented in this
work are obtained by appending two data sets covering two adjacent
spectral windows, from 460 to 1030 nm. After chirp correction, the
zero time-delay is defined with an error bar of 30 fs over the entire
observation spectral window. Single wavelength fits are made with
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ORIGIN (eq 1), and global analysis, with the GLOTARAN
software.">

AA(L 1) = ) A(M)e™" @ IRF 0
i 1

Time-Correlated Single Photon Counting Measurements.
Excited state lifetimes were monitored using a time-correlated single
photon counting (TCSPC) technique using an Edinburgh Instrument
FLS980 spectrometer. The same spectrometer was used for steady-
state measurements using a continuous Xe light source and double
excitation/emission monochromator. TCSPC experiments were
carried out using a 70 ps width laser diode as an excitation source
(20 MHz repetition rate, 5 pJ/cm® average energy, instrument
response in the range of 90—100 ps fwhm) and a microchannel plate
photomultiplier tube (MCP-PMT) Hamamatsu detector set after the
first emission monochromator. A 780 nm long pass filter was used in
emission to reject light scattering from the glass of the device. The
emission was monitored at 840 nm with a slit opening of 10 nm in the
emission monochromator. The numerical analysis of the excited-state
lifetime has been determined after reconvolution of the photo-
luminescence decay considering the instrumental response function
(IRF). The PLQY was measured with an integration sphere based on
indirect and direct method.

Note for Device Optimization. All PCEs presented in this work
include a scattering layer of 5.5 pm thickness in the device to
determine the maximum power conversion efficiency which can be
obtained for this type of dye (transparent layer thickness is 8 ym).
Comparison with a scattering layer (J. = 11.6 mA/cm?, V. = 359
mV, ff = 0.62, PCE = 2.6%) and without scattering layer (J,. = 9.7
mA/cm?, V. = 348 mV, ff = 0.61, PCE = 2.1%) provides the reader
the information that the scattering layer enhances the photocurrent by
ca. 2 mA/cm> Most of this additional current originates from an
enhancement in the blue region for which the particles scatter the
most. Scattering of the TiO, particles decreases substantially beyond
800 nm in accordance with Mie scattering theory. The J—V and IPCE
comparison based on the VG20-Cy DSSC is reported in Figure S22.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c0004S.
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Appendix B

Theése résumée en francais

B.1 Introduction générale

L’augmentation de la consommation énergétique mondiale exige une plus grande
variété de sources d’énergie propres et durables. Dans ce contexte, la technologie photo-
voltaique est sans aucun doute une réponse attrayante et applicable a ce défi, car I’énergie
solaire peut répondre aux besoins énergétiques mondiaux croissants. Selon de récentes
enquétes statistiques, depuis 2010, le taux de production des énergies nouvelles et renou-
velables a connu une croissance rapide, passant de 1,24 %, a 8,88 % en 2018, et au cours
de la méme période, la production d’énergie solaire a présenté une croissance impression-
nante de 1200 % [1]. Aujourd’hui, les cellules solaires a base de silicium représentent plus
de 90 % des installations actuelles et environ 4 % de la production d’énergie en Europe,
ils ont réussi 'exploit impressionnant de produire plusieurs dixiémes de GW d’électricité.
Les inconvénients des cellules photovoltaiques en silice, tels que leur cotit de production
et de conservation élevé, leur faible rendement et leur conception encombrante et non
flexible, peuvent étre surmontés par des solutions encore plus "vertes", comme les cel-
lules photovoltaiques de troisieme génération. Dans cette catégorie figurent les dispositifs
photovoltaiques organiques (OPV), les dispositifs photovoltaiques en pérovkites, les dis-
positifs photovoltaiques a boites quantiques et les cellules solaires a colorants (DSSC en
anglais). Tous présentent des avantages et des inconvénients, principalement liés aux
performances photovoltaiques en termes de rendement [2|, la stabilité & long terme, les
propriétés respectueuses de ’environnement et de I’homme, la production a faible cotit et
donc la durabilité de la production. L’intérét croissant de la recherche multidisciplinaire
pour ces technologies prometteuses, qui donnent lieu a des records d’efficacité successifs,

incite de nombreuses entreprises (Great Cell Energy, Ubiquitous Energy, Solaronix, etc.)
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Figure B.1: Résumé des meilleurs résultats des différentes technologies cellulaires par an-
née (source: www.nrel.gov/pv/cell-efficiency). De maniére impressionnante, de nouvelles
solutions d’applications photovoltaiques sont apparues au cours des derniéres décennies
(graphiques rouges) avec des rendements de cellules atteignant 26 %.

Notre projet collaboratif est axé sur la technologie des DSSC, reconnaissant leurs
avantages uniques pour diverses applications. Celles-ci s’inscrivent dans le cadre de la
technologie des dispositifs transparents qui peuvent étre intégrés dans des batiments,
des écrans électroniques, des vitrages électroniques alimentés de maniére autonome, etc.
Notre objectif est la création, la caractérisation et 'optimisation de ces nouveaux disposi-
tifs DSSC transparents ou semi-transparents. L’effort réunit quatre groupes de recherche
dans le cadre du projet VISION-NIR et d’autres groupes internationaux collaborateurs.
La conception de la synthése du premier colorant étudié dans cette thése (cyanine -VG20)
a été réalisée par le groupe de C. Barolo & I'’Université de Turin et les deux derniers
(pyrrolopyrrole cyanines - TB207,TB423) par le groupe de F. Odobel au laboratoire
CEISAM de I’Université de Nantes. L’optimisation compléte des cellules solaires et les
mesures des performances photovoltaiques ont été réalisées par le groupe de F Sauvage
au sein du groupe LRCS de I"Université de Picardie Jules Verne a Amiens. La croissance
et la caractérisation des nanoparticules de semi-conducteurs (SC) est le domaine d’étude
du groupe de C. Sassoye a I’Université de la Sorbonne a Paris.

Ce travail de doctorat a eu lieu dans le groupe BIODYN du Département d’Optique
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Ultra-rapide et de Nanophotonique (DON) de I'Institut de Physique et de Chimie des
Matériaux (IPCMS) sous la tutelle du Centre National de la Recherche Scientifique
(CNRS) et de I’Université de Strasbourg. Notre étude se concentre sur l'identification
des processus ultrarapides qui se produisent dans un DSSC suite a lors de la photoexci-
tation a I’échelle de temps fs-ps et ns. Grace a des techniques expérimentales de pointe
a résolution temporelle fs, qui excitent et sondent le proche UV, le visible et le proche
IR, nous sommes en mesure de déterminer les taux cinétiques des processus radiatifs et
non radiatifs qui limitent ou améliorent les performances photovoltaiques des cellules so-
laires, en particulier I'efficacité de I'injection des électrons dans la bande de conduction
du semi-conducteur, qui se produit a I’échelle de temps ps. La description détaillée des
montages expérimentaux est présentée au chapitre 4 et la démonstration, ’analyse et la

discussion des résultats expérimentaux au chapitre 5.

B.2 Photovoltaique transparente

Si 'on s’intéresse aux dispositifs photovoltaiques de troisiéme génération, avec les
cellules photovoltaiques organiques a hétérojonction (OPV), les cellules solaires & boites
quantiques et les cellules solaires perovskites a halogénure organique-inorganique, les
DSSC, initialement inventées en 1991 par B. O’Regan et M. Grétzel, constituent une
technologie trés importante.

L’architecture élémentaire des DSSCs contient les composants suivants, tels qu’ils
sont illustrés dans la Figure B.2. Outre les sensibilisateurs de colorants déposés sur les
nanoparticules semi-conductrices, de Ti0s, les éléments supplémentaires sont les deux
¢électrodes, a savoir la photoanode et la photocathode, qui sont essentiellement des films
de verre, dont les parties de connexion sont recouvertes d’'un oxyde conducteur trans-
parent (TCO). De plus, les nanoparticules semi-conductrices (SC) sont recouvertes d’une
couche transparente du coté de la conduction de la photoanode, et enfin 1’électrolyte en-
tre les deux films. Le colorant, chimiquement adsorbé sur le semi-conducteur, absorbe
un photon et passe instantanément a son état excité. L’injection d’électrons dans la SC
est un processus rapide, plus rapide que la vitesse de désactivation du colorant a son
état fondamental et laisse le colorant sous sa forme cationique. Emnsuite, les électrons
se transportent a travers la couche nanostructurée de ’anode et sont finalement extraits
dans le circuit externe. Aprés l'injection, le colorant est régénéré par l'électrolyte et,
entre les deux, des processus de recombinaison des charges peuvent se produire, ce qui

limite 'efficacité. Le schéma temporel de ces processus s’étend de ~100 fs & ms. Dans
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cette thése, pour les DSSCs étudiés, une optimisation approfondie a été réalisée par nos
collaborateurs dans toutes les différentes "sections" individuelles et nos études se concen-
trent précisément sur les processus ultrarapides. Plus précisément, nos études incluent
I’examen du taux d’injection et de l'efficacité, ainsi que des interactions plus spécifiques

entre différentes espéces moléculaires et, en général, ’étude photophysique du systéme.
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Figure B.2: Le principe des DSSC et les différents composants du dispositif. (1) Absorp-
tion du colorant. (2) Injection dans le SC. (3) Transport de charge. (4) Recombinaison
entre le SC et le cation du colorant (transfert d’électrons inverse). (5) Recombinaison
a partir du SC-électrolyte (recombinaison indirecte). (6) Désactivation du premier état
excité. (7) Régénération du colorant. (8) Régénération du couple redox
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Les technologies transparentes avec transmission partielle de la lumiére sont un
domaine d’étude depuis trois décennies. Ils peuvent s’intégrer dans ’espace de vie quan-
tidien, ce que ne peuvent pas faire les systémes photovoltaiques conventionnels plus en-
combrants. L’utilisation efficace de I'espace architectural en fait des candidats parfaits
pour les fenétres intégrées des batiments, les applications automobiles, les affichages élec-
troniques et les infrastructures urbaines et autres. Ils nécessitent moins d’espace, offrant
plus de surface active a utiliser et par conséquent augmentent le gain total. Actuellement,
il existe diverses technologies TPV qui peuvent étre classées en fonction de la longueur
d’onde sélective et de la non-sélectivité [3]. Les DSSCs transparents de notre étude ap-
partiennent & la catégorie des PVs sélectifs en longueur d’onde, récoltant la partie proche
IR du spectre solaire. Pour cette raison, nous étudions les DSSCs avec des sensibilisateurs
explicites pour le proche IR.

Il existe plusieurs approches pour déterminer le niveau de transparence des TPVs.
Une approche générale, acceptée par I'industrie, consiste a introduire le facteur de trans-
mission visible moyen (AVT), qui est défini comme le rapport entre l'intégration du spec-
tre de transmission et la réponse de I’ceil humain phototopique. De plus, une métrique
plus compléte, représente l'efficacité globale du systéme en rationalisant AVT et PCE en

tant que tels:
LUE = PCE x AVT (B.1)

B.3 Photophysique

Dans cette thése de doctorat, ’étude s’est concentrée sur I’examen des mécanismes ul-
trarapides des colorants incorporés dans de véritables DSSC. Toutes les propriétés photo-
physiques mesurées des colorants-sensibilisateurs en solution commencent par la photoex-
citation/absorption et se terminent par la fluorescence. Les processus généraux qui se pro-
duisent peuvent étre décrits par le diagramme de Perrin-Jablonski. Dans les DSSC, lors
de la fixation au SC, différentes espéces telles que des agrégats moléculaires de colorants,
peuvent étre formées et des processus intra/intermoléculaires de transfert d’énergie et
d’électrons peuvent avoir lieu. La photophysique fondamentale des monomeéres et des
agrégats est bien connue depuis plusieurs décennies.

Dans les systémes spectroscopiques de base tels que les colorants en phase de solution
ou les interfaces simples des DSSC ou aucune configuration moléculaire plus large n’est

formée, la prédiction basée sur les agrégats H et J est couramment utilisée et reproduit
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les résultats expérimentaux. En général, I’énergie d’interaction V définira 1’écartement
des états d’énergie excités des agrégats par rapport aux monomeéres (écart de Davidov =
2V). En principe, les agrégats H sont énergétiquement décalés vers le bleu avec un taux
radiatif réduit par rapport aux monomeéres, tandis que les agrégats J sont décalés vers le
rouge avec un rendement de taux radiatif accru. Il est intéressant de noter que les deux
transitions peuvent étre peuplées et étre actives avec un moment dipolaire de transition

non-nul, pour une géométrie oblique (Figure: B.3), ou

—2
V= Li—lg(cos& + 3c0s%0) (B.2)
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Figure B.3: Représentation schématique de la transition moléculaire autorisée en fonction
du type d’agrégats et par rapport au niveau d’énergie du monomere.

L’un des processus les plus importants dans les DSSC est 'injection de charge des
colorants vers le SC. La vitesse de transfert des électrons peut étre bien décrite par la

théorie classique de Marcus. [4-14] as:

2 1
Kpp = 22y?

( (A + AGy)?
ho 27T

T (B:3)

)'/2 exp[—

B.6



Thése résumée en francgais B.4. Méthodes expérimentales

ou V est le couplage électronique du donneur (D) et de l'accepteur (A) qui dépend du
chevauchement des fonctions d’onde électroniques et qui décroit de maniére exponentielle
avec la distance D-A. Dans les DSSC, les colorants ont le réle de D et le SC est le A. Le
régime non-adiabatique domine lorsque le couplage entre D et A est faible et se référe a des
transitions directes d’un niveau vibronique de D & un niveau vibronique de A. Dans une
forte approximation, on peut supposer que 1’état excité du colorant est dans une position
optimale avec une gamme d’ états dans la bande de conduction du collecteur et donc
(pour la limite de haute température) il n’y a pas besoin de mécanisme de relaxation de
I’énergie par des vibrations moléculaires. Ainsi, le Kgr dépend uniquement du couplage
électronique. [11, 15, 16].

B.4 Méthodes expérimentales

L’étude des DSSCs est un domaine multidisciplinaire et de nombreuses techniques
expérimentales sont utilisées pour une analyse détaillée. Dans le cadre de la présente these
de doctorat, la spectroscopie d’absorption et de fluorescence est utilisée, tant en régime
stationnaire qu’en régime résolu dans le temps, de quelques dizaines de fs a plusieurs ns.

Le spectrométre d’absorption qui a été utilisé est le modele LAMBDA 950 UV /Vis
de PerkinElmer. 11 offre la possibilité de sonder le domaine du proche UV jusqu’au proche
IR. Il y a deux positions d’échantillon, I'une pour I’échantillon étudié et la seconde pour
la référence, dont I'absorption est généralement soustraite (par exemple, le solvant pour
les échantillons de solution). Pour les DSSC, nous effectuons deux mesures a la fois du
dispositif DSSC complet et du " demi-DSSC " sans sensibilisateurs, afin de controler et de
soustraire, si nécessaire, ’absorption de fond de 1’électrolyte, des substrats en verre et du
SC. Pour obtenir les spectres de fluorescence a 1’état stationnaire, un fluorimétre modéle
HORIBA (Fluoromax 4) a été utilisé. De méme, il offre la possibilité d’une excitation par
lampe de la partie proche UV a la partie proche IR du spectre et la détection est fiable
jusqu’a IR (900nm). Les échantillons étudiés sont les colorants soit en solution, dans
des solvants spécifiques avec des cuvettes de 0,1 cm d’épaisseur, soit dans des dispositifs
DSSC complets.

Les principales techniques résolues en temps utilisées dans la thése sont la caméra a
balayage de fente, la Fluorescence Up-Conversion (FLUPS) et I’absorption transitoire fs
(TA). Mesurer la fluorescence sur différentes échelles de temps peut étre avantageux par
rapport a d’autres techniques sans fond, comme la TA. Le modéle de caméra & balayage
utilisé dans nos expériences est la HAMAMATSU C10627 dont le principe de fonction-
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nement est bien connu [17] (Figure B.4). La résolution temporelle est un paramétre

Sweep circuit

Trigger signal @7 Sweep electrode Phosphor screen

T Lens /
Photons —
©000 @) \ \ % : o
time
I hotons | e
_ Photocathode Accelerating i, MCP ‘ L 5
mesh - Streak tube

Figure B.4: Représentation schématique de la caméra a balayage de fente (Streak camera).
*La figure a été modifiée sur la base de la référence [17].

critique et, dans le cas de la caméra & balayage de fente, elle est limitée par plusieurs
facteurs [18] en fonction des différents signaux électriques et surtout de la réponse de
la tension de balayage. Par conséquent, la meilleure résolution temporelle offerte par la
caméra a balayage est limitée & ~ 10 ps. Pour obtenir une résolution temporelle plus
courte, de 'ordre de ~ 200 fs on utilise une technique de pointe, appelée "up-conversion",
par génération de somme de fréquence (SFG), qui utilise essentiellement un second fais-
ceau laser comme porte optique et, dans ce cas, la résolution temporelle dépend de la
durée d’impulsion du faisceau.

La figure B.5 présente le dispositif expérimental de maniére schématique et concise,
ainsi qu’'un systéme d’imagerie "1-1" (en bas a droite) du centre du cristal BBO. Notre
systéme laser est une source Ti:Sapphire (FemtoLasers Synergy 20) avec une longueur
d’onde centrale a 800 nm, produisant des impulsions d’une résolution temporelle de 20
fs et une fréquence de répétition de 80 MHz. Le faisceau fondamental passe par un sys-
téme d’amplification pulsée chirpée (CPA-Amplitude Technology Pulsar) pour produire
finalement des impulsions d’une énergie de 0.5 mJ, d’une résolution temporelle de 40 fs
a b kHz. La longueur d’onde d’excitation est finement réglée par de multiples processus
non linéaires dans la boite TOPAS-Prime. La fluorescence et le faisceau de la porte sont
focalisés sur un cristal 3-BBO dans lequel les conditions de superposition temporel et
spatial doivent étre remplies pour que le signal de somme de fréquence généré (corre-
spondance de phase de type II). Aprés le temps zéro, les impulsions de la porte arrivent
avec un retard T et les courbes de décroissance pour les longueurs d’onde de fluorescence

sont reconstruites a partir de l'intensité de SFG, on "up-conversion" (I;;p) en fonction
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Figure B.5: Représentation schématique simplifiée du dispositif de Fluorescence-Up-
Conversion (FLUPS) a large bande. Le systéme d’imagerie "1-1" du centre du cristal
BBO est illustré a droite (cadre en pointillés).

de T comme :

Typ(r) = / (st — 7t (B.A)

o0

La technique pompe-sonde la plus courante, basée sur la spectroscopie non linéaire du
troisiéme ordre [19, 20| est la spectroscopie d’absorption transitoire (TAS). Le dispositif
expérimental utilisé pour cette thése a été décrit en détail ailleurs [21] et est présenté
schématiquement dans la figure B.6. FLUPS et TA partagent la méme source laser
produisant des impulsions & 800 nm et une fréquence de répétition de 5 kHz. Les spectres
d’absorption différentielle AA (pompe on/off) sont obtenus pour différents délais entre
la pompe et la sonde. Ainsi, expérimentalement et en rappelant la loi de Beer-Lambert

(équation 3.1), le AA(A,t) mesuré peut étre exprimé comme suit:

LA t)pump,on

AA()\at) = A()\at) ump,on A(/\’t> umpsof f = 10g
pump pump,off [()\,t>pump,0ff

(B.5)

ot A(X, t)pump,of s €st Pabsorbance du WL et (X, €)pump,of s I'intensité du WL transmis
au délai t sans présence de la pompe. De méme, A(X, t)pump.on €6 L(X, 1) pump.on désignent
I’absorbance et I'intensité de la sonde transmise lorsque la pompe est présente et excite

I’échantillon. La TAS est avantageuse car elle offre la possibilité de localiser et de suivre
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Figure B.6: Représentation schématique simplifiée de I'installation d’absorption transi-
toire fs.

diverses caractéristiques spectrales sur une large plage de longeurs d’onde. Les contri-
butions de base qui seront discutées sont le blanchiment de I’é¢tat fondamental (GSB),
I’émission stimulée (SE), I'absorption a I'état excité (ESA) et 'absorption de photopro-
duits (PA) [22].

Dans de nombreux systémes, tels que les colorants pyrrolocyanines que nous étudions
pour les applications DSSC, le SE recouvre spectralement partiellement le GSB et donc,
pour les études analytiques des composantes cinétiques de la fluorescence, des mesures
supplémentaires ont été effectuées avec FLUPS. La derniére composante spectrale est le
PA qui se référe généralement a la formation de nouvelles espéces, généralement a durée
de vie longue, comme les colorants isomérisés ou la formation de radicaux de colorants,
par exemple en raison de 'oxydation ou de la protonation. Elle apparait comme un signal
positif. Il est trés important de souligner que dans les DSSC opérationnels, aprés une
photo-injection efficace, le sensibilisateur est laissé sous forme cationique et la formation

de la nouvelle espéce suit ’évolution du PA dans les spectres TAS.

B.5 Reésultats expérimentaux
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Il existe de nombreux colorants dans l'infrarouge qui produ conviennent aux appli-
cations DSSC transparentes. Pour les études relatives a cette thése, nous avons étudié
trois colorants portant les noms de code suivants : VG20-C16 (ou simplement VG20),
TB207 et TB423. Lorsque VG20 est la seule cyanine linéaire dans cette étude, TB207
et TB423 sont étroitement liés, en appartenant a la méme classe de colorants. Le TB423
posséde une structure identique a celle du TB207, a I'exception du groupe latéral qui
est plus volumineux et d’un seul groupe carboxylique (voir B.7).

La structure chimique de VG20, est présentée dans la figure B.7 (en haut). VG20 a
été synthétisé par le groupe de Claudia Barolo a I'Université de Turin et la procédure de
synthése analytique a été décrite ailleurs [23|. La nouveauté de ce colorant réside dans la
position des groupes d’ancrage et la longueur des chaines latérales hydrocarbonées. Plus
en détail, VG20 appartient a la catégorie des colorants & longue chaine polyméthinique et
plus particuliérement aux heptaméthines. La longueur étendue de la chaine avec ’ajout
d’un chlorocyclohexényle au centre, déplace considérablement ’absorption dans le proche
IR. Le chlorocyclohexényle, dont I’atome de chlorure se trouve en position méso du cycle,
réduit la densité des électrons sur la chaine, dont 1’absorption est essentiellement asso-
ciée a la longueur de la t-conjugaison. En augmentant la longueur de la chaine alkyle,
le coefficient d’extinction molaire du colorant devient également plus élevé et, pour la
configuration C16, il a été calculé qu’il est égal a ¢ = 154'000M ~tem ™! dans 1’éthanol.
Enfin, la longue durée de vie de I’état excité, ’absorption dans 'infrarouge proche avec de
faibles contributions de la partie visible de la région spectrale et le coefficient d’extinction
molaire élevé, fait de VG20-C16 un candidat prometteur pour les applications DSSC
(semi-)-transparentes.

La deuxieme série de colorants est constituée de TB207 et de TB423, dont les
structures chimiques sont illustrées dans la figure B.7. Les deux colorants TB ont été
synthétisés par le groupe de F. Odobel au laboratoire CEISAM de I’Université de Nantes.
[ls appartiennent tous deux a la sous-catégorie des colorants pyrrolopyrrole-cyanine (PP-
Cys) qui a été rapportée pour la premiére fois par Daltrozzo et al [24-26| et, comme pour
les cyanines classiques et les colorants pyrrolopyrroliques, leur maximum d’absorption
(e = 134000 — 138’000M ~tem ™! dans DCM) est décalé dans la partie proche IR du
spectre (> 700 nm). Par rapport & VG20 Les colorants ont été synthétisés pour min-
imiser les agrégats dans le systéme. Ceci est possible grace a l'incorporation de groupes
phényles qui rendent les structures plus volumineuses. Cependant, les agrégats sont
toujours présents mais a plus faible concentration (Fig. B.8). La version améliorée du

TB207 est le TB423 non symétrique, dans lequel un cété est remplacé par une partie
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Figure B.7: Structures chimiques des molécules étudiées portant les noms de code VG20,
TB207 et TB423.

plus volumineuse réduisant encore plus la formation d’ agrégats.

Ces trois colorants ont montré des avantages considérables pour le développement
des DSSC dans le domaine des technologies transparentes. Ils présentent tous des co-
efficients d’extinction molaire élevés dans le proche infrarouge et faibles dans le visible
et le proche ultraviolet, ce qui améliore considérablement le niveau d’AVT et, dans le
méme temps, ils présentent les valeurs PCE actuelles les plus élevées pour les colorants
du proche infrarouge. Leurs différences spectroscopiques en régime permanent et résolues
dans le temps sont présentées dans cette thése, sondant divers effets avec un intérét par-
ticulier pour l'effet des agrégats sur la séparation des charges a 'interface colorant-SC.

Les spectres d’absorption (SSA) des trois colorants incorporés dans des DSSC réels

sont présentés dans la Figure B.8. Nous avons étudié les semiconducteurs ZrOs ou AlsOs
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(E,>6 €V), sans injection et 70, (E,=3.2 eV). L'effet des agrégats se manifeste par un
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Figure B.8: Spectres d’absorption en régime permanent de (A) VG20, (B) TB207 et (C)
TB423 dans des dispositifs DSSC réels, sans ajout d’agent de désagrégation. Les lignes
pleines correspondent aux spectres d’absorption des DSSC a grand gap (ZrOs et AlyO3)
et les pointillés aux DSSC T70,, tandis que les spectres remplis et pointillés représentent
I’absorption en solution, décalée vers le rouge de 10 nm (A), 6 nm (B) et 4 nm (C) comme
référence.

élargissement du spectre d’absorption ainsi que par une augmentation de l'intensité de
I’épaulement d’absorption a haute énergie (& 720 nm pour les colorants VG20 et a 690-
700 nm pour le colorant TB). En solution, il correspond & un niveau vibronique, mais
dans les DSSC, il inclut également ’absorption des agrégats.

Les agrégats dans les DSSC ont été signalés comme ayant un effet négatif sur les
performances photovoltaiques totales en réduisant 'efficacité de I'injection du colorant
dans le SC [27-32] et ils réduisent également ’AVT, en raison de leur contribution a
I'absorption dans le visible [33]. Pour cette raison, diverses stratégies ont été utilisées
pour réduire les agrégats, la plus courante étant 1'utilisation de l'acide chénodésoxy-
cholique (CDCA, Sigma Aldrich), qui est essentiellement un acide biliaire, comme agent
de désagrégation. En ajoutant du CDCA, les distances intermoléculaires augmentent et
le pourcentage d’agrégats diminue. (Figure B.9). Les performances photovoltaiques en
fonction du CDCA ont été rapportées (tableau 5.7) montrant des conditions optimales
de 1:500 colorant:CDCA pour VG20, 1:50 pour TB207 et 1:5 pour TB423.

L’un des principaux points clés de notre étude est d’identifier les taux d’injection,

qui se produisent dans le domaine temporel ps et les processus concurrentiels a celui-ci.
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Monomer

Aggregate

Figure B.9: Illustration schématique de 'interface colorant-SC pour trois cas différents,
en augmentant la concentration de CDCA de (A) a (C). En ajoutant le CDCA, la distance
intermoléculaire, de A a C, augmente (r” <1’ <r).

Par conséquent, la stratégie expérimentale est 1’étude individuelle des DSSCs de Ti0O,
avec injection et de ZrO, ou AlyO3 sans injection comme référence. Les études de flu-
orescence a résolution temporelle des molécules en solution ont montré que les durées
de vie des états excités étaient suffisamment longues pour ne pas entrer en compétition
avec I'injection (360 ps pour le VG20, 3.2 ns pour le TB207 et >1 ns pour le TB423).
Les figures B.10.A.B présentent les amplitudes de VG20 en fonction de la longueur
d’onde dans des DSSC ZrO, sans injection et TiOs avec injection, respectivement. Les
figures B.10C.D montrent une représentation schématique des spectres AA correspon-
dant aux différentes espéces (monomeéres, agrégats et cations de colorant) et SE, pour
les DSSCs ZrO4 et TiO,, respectivement. Ces graphiques ont été réalisés pour faciliter
I'interprétation des spectres DADS. Pour le DSSC ZrO,, le signal positif & haute énergie
(450-700 nm) contient 'ESA des monoméres et des agrégats, alors que dans la méme
région, pour le DSSC Ti0O, 'absorption des cations est également présente. La mon-
tée de ce signal doit apparaitre comme une caractéristique négative dans le DADS et le
temps de montée correspond au temps d’injection. Quatre constantes de temps décrivent
les systémes au mieux par une approche d’analyse globale. L’absence de la composante
sub-ps dans le DSSC Zr0O, indique que I'injection commence a partir de 0,4 ps et s’étend
jusqu’a 4.3 ps. Le signal négatif de 'agrégat ESA (520 nm) et le signal positif de 'agrégat
GSB (760 nm) en paralléle avec la décroissance de 'agrégat monomeére ESA (620 nm)
et GSB (850 nm) révele le transfer d’ énergie (ET) des monomeéres aux agrégats. Il est
essentiel de souligner que 'ET et I'injection se produisent & des moments similaires et se
font concurrence, ce qui révele que 'ET est le principal canal de perte pour l'injection.

En outre, en raison de I'inhomogénéité du systéme (distribution des distances entre les
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Figure B.10: Amplitudes de VG20 en fonction de la longueur d’onde dans (A) des DSSCS
ZrOy non injectés et (B) Ti0, injectés. (C), (D) Représentation graphique des spectres
AA correspondant aux différentes espéces (monoméres, agrégats et cations de colorant)
et SE, pour les DSSCs Zrps et Ti0,, respectivement. Les dispositifs ont été pompés a
800 nm avec une énergie de 90 pJ/cm?.

monomeéres et les agrégats), les temps de I’ ET se présentent également sous forme de
distribution, tout comme les temps d’injection. Le diagramme simplifié des états excités
photophysiques pour les monomeéres et les agrégats a l'interface colorant-SC se trouve
dans la Figure B.11. L’efficacité de 'injection peut étre calculée a partir des spectres TA

comme suit:
—AC;,  Cvaaor  AAGSBemt—soo

q)in' - — =
j
—ACiine  Cyaaor AAGSB, e t=0

(B.6)

Pour le VG20, dans les conditions optimales, il s’est avéré étre de ~30 % pour une con-
centration de CDCA optimale. Deux séries d’expériences supplémentaires ont été menées.
L’é¢tude TAS des DSSC augmentant le [CDCA] a confirmé les caractéristiques spectrales
des monomeres et des agrégats telles qu’elles ont été attribuées ci-dessus. De plus, comme

il a été prédit, Vefficacité de I'injection augmente avec 'augmentation de [CDCA] (tableau
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Figure B.11: Diagramme simplifié des états excités photophysiques pour les monomeéres
et les agrégats dans l'interface colorant-SC.

5.13). En outre, I'analyse cinétique a révélé qu’en allongeant les distances intermolécu-
laires, les temps d’ET deviennent plus rapides, comme le prédit la théorie de 'ET, sans
changement des temps d’injection. Dans une approche différente, en augmentant le [Li™]
dans I'électrolyte, I’énergie du CB diminue et la différence d’énergie optimale CB/LUMO
est approchée. Les conditions optimales sont trouvées pour 1 M [Li*]. L’augmentation
de la force motrice pour I'injection a entrainé des temps d’injection plus rapides et des
efficacités d’injection plus élevées (tableau 5.14).

Le modéle proposé dans la figure B.11 est également valable pour TB207 et TB423.
Les DADS pour TB207 sont présentés sur la figure B.12. Comme pour VG20, I’absorption
des cations se superpose largement & 'ESA des monomeéres et des agrégats. En outre,
deux signaux ESA correspondants apparaissent dans le proche IR, se superposant aux
signaux SE et GSB, ce qui complique 'interprétation visuelle. Les temps d’injection sont
plus lents que ceux de VG20 a partir de 2.8 ps et s’étendent jusqu’a 23 ps. Cette obser-
vation pourrait étre le résultat d’'une force motrice plus faible pour I'injection, en raison
des conditions non optimisées. Cependant, le pourcentage d’agrégats minimisé dans ce
systéme permet d’obtenir des efficacités d’injection de 40-60%. Des études supplémen-
taires sur les DSSC de différents [CDCA] ont montré des résultats similaires a ceux de
VG20, efficacité augmentant avec 'augmentation de [CDCA] (tableau 5.23).

Il est intéressant de mentionner que pour le TB423, I'effet du CDCA est négligeable,
en raison de la structure encore plus volumineuse que celle du TB207. Le colorant est
plus long et donc les distances intermoléculaires aussi, ce qui entraine des temps d’ET

plus longs. Ainsi, l'efficacité d’injection s’est avérée étre encore plus élevée (60-80 %), ce
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Figure B.12: DADS, de TB207 de (A) Al,O3 et (B) 790, DSSCs, dans les conditions
standard. Les échantillons ont été excités a 730 nm, avec une énergie de 26u.J/cm?. Les
conditions standard, relatives au rapport colorant:CDCA pour le DSSC Al,O3 est de 1:0
et pour le DSSC TiO; est de 1:50. (C) AlyOs, (D) TiO, : Une représentation imagée
des spectres AA, distingue les différentes contributions ESA, GSB, SE et PA, pour les
monomeres et les agrégats. Les TAS correspondants sont présentés dans la Figure 5.32

qui fait de ce colorant un candidat intéressant pour des applications DSSC efficaces et
transparentes. Cependant, le PCE n’a pas dépassé la valeur record de 3.9 % de TB207
et des études supplémentaires doivent étre effectuées.

Il est important de souligner que pour la série de colorants TB, en raison de la
complexité des caractéristiques spectrales du TAS, FLUPS a été utilisé comme méth-
ode complémentaire. La figure B.13 montre la cinétique FLUPS avec les ajustements de
TB207 et TB423 en solution, dans des DSSCs de Al,O3 et T'iOs, dans les conditions
standard. La trace cinétique de AlyO3 (vert) est plus rapide que la solution (noir) pour
les deux cas, due au mécanisme ET, qui est essentiellement un processus non radiatif. De
plus, les traces cinétiques de TiO5 (bleu) sont encore plus rapides que celles de AlyO3, en

raison de l'injection de charge. L’efficacité de I'injection peut étre évaluée alternativement
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Figure B.13: Cinétique FLUPS normalisée avec leurs ajustements respectifs courbés en
lignes solides rouges, de TB207 et TB423 dans une solution FtOH : CHCl3 (9 : 1),
dans des DSSCs Al,O5 et T10,, dans les conditions standard. Les échantillons de solution
ont été excités a 730-740 nm et les DSSCs a 720-730 nm, avec une énergie de 26..J/cm?.
Les conditions standard, relatives au rapport colorant:CDCA pour le DSSC Al,O3 est de
1:0 et pour le DSSC Ti0O5 est de 1:50 pour TB207 et 1:80 pour TB423.

a partir de la cinétique de fluorescence comme:

_ (King)
Pinj = (kinj) + (kgr) + (Kmono) (B.7)

a partir des taux cinétiques (k), évalués par I'ajustement. Pour TB207 le rendement
d’injection a été calculé a 60 %, alors que pour TB423 il est de 80 %. Ces valeurs sont
relativement plus élevées que celles calculées par TAS, dans lequel ’émission de SE dans
les premiers temps pourrait sous-estimer le rendement d’injection. Cependant, en co-
hérence avec TAS, TB423 s’avére étre plus efficace que TB207, en raison de 'agrégation
minimisée du systéme.

En conclusion, en termes d’efficacité d’injection, le colorant le plus prometteur semble
étre le TB423, possédant le groupe latéral le plus volumineux, établissant ces nouveaux
colorants pyrrolopyrrole cyanine comme des candidats attrayants pour des dispositifs

photovoltaiques transparents et efficaces.
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Appendix C

Conclusions et perspectives

Les recherches menées au cours de cette thése de doctorat font partie d’une col-
laboration plus large dans le cadre du projet ANR VISION-NIR. La perspective a long
terme de ce travail collectif est la production de modules solaires de nouvelle généra-
tion, entrant dans la catégorie des DSSCs sélectifs en longueur d’onde, qui remplissent
les critéres suivants : haut rendement de conversion de puissance, stabilité a long terme,
production a faible cotit, caractéristiques écologiques et humaines et enfin hauts niveaux
de transparence et d’esthétique. Pour répondre a ces critéres, de nouveaux colorants
ont été synthétisés. Ils appartiennent a la famille des sensibilisateurs organiques dams
I'infrarouge probe et se situent dans une perspective différente de celle des DSSC a base
de Ru on photosynthétiser organiques pour le VIS qui détiennent le record en termes
d’efficacité. Les colorants étudiés dans le cadre de la thése ont atteint des rendements
supérieurs a 3 %, ce qui est treés faible par rapport au record de 15 %. Cependant, PAVT
maximum atteint a obtenu la valeur impressionnante de 76 % [1]. Dans une approche
différente, mais essentielle, la quantité importante pour une comparaison générale, est le
produit PCE x AVT. Dans cette approche, les nouveaux colorants qui ont été abordés
dans la thése, ont également été cités dans des travaux trés récents et importants [2],
pour présenter des valeurs record, comme il peut également étre démontré dans la figure
5.10 (p.113). Les nouveautés mentionnées ci-dessus s’inscrivent dans le cadre général
du projet de collaboration, de 'optimisation des structures des colorants, ainsi que de
la composition de ’électrolyte, pour finalement améliorer et renforcer les performances
photovoltaiques totales.

Notre contribution s’est concentrée sur la caractérisation ultrarapide résolue en temps

des DSSCs. Des résultats importants ont révélé les inconvénients des colorants, tels que la
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formation d’agrégats, et ont aidé, de cette maniére, a la synthése de colorants améliorés.
En effet, les expériences sur le TB207 et le TB423 valident la stratégie de conception
visant a réduire la formation d’agrégats par rapport au monomeére ET. De plus, deux
techniques ultrarapides (FLUPS et TAS) ont été utilisées, de maniére complémentaire,
pour les mémes échantillons de DSSC, ce qui, & notre connaissance, n’a jamais été fait
auparavant pour des études de DSSC de modules complets de cellules solaires. Les temps
relatifs trouvés par les deux techniques présentaient des différences qui ont été rapportées
et 'utilisation combinée des deux a permis d’identifier les temps de solvatation, d’ET et
d’injection de charge, afin de construire finalement le schéma de réaction. Les modules
complets ont été étudiés en détail et la reproductibilité d’échantillon & échantillon a été
examinée dans une large gamme de DSSC. De cette maniére, ’erreur standard a été rap-
portée, offrant un point de référence qui devrait étre pris en compte dans les mesures
ultrarapides sur ces échantillons et lors de la comparaison des différences de dynamique
entre les échantillons. Pour VG20 la spectroscopie résolue en temps fs a déja été ap-
pliquée sur des DSSCs complets et rapportée dans [3]. Cependant, a notre connaissance,
des études ultrarapides ont été réalisées pour la premiére fois dans les DSSCs basés sur les
nouveaux colorants pyrrolopyrrole cyanine, tels que TB207 et TB423, dans le cadre des
recherches de la présente thése de doctorat. Les temps d’injection ont été identifiés dans
ce premier rapport comme étant dans une gamme de 2-20 ps, ce qui est plus lent que les
DSSCs basés sur le Ru, car pour ces derniers, la différence d’énergie CB/LUMO est plus
élevée et donc la force motrice pour l'injection est accrue. De plus, alors que pour le col-
orant VG20, I'injection commence a fonctionner & partir du domaine sub-ps, 'efficacité
totale de I'injection a été calculée comme étant plus élevée pour les colorants TB, car leur
structure plus volumineuse empéche la formation d’agrégats, minimisant ainsi la contri-
bution de I'ET. Pour les trois colorants, le plus prometteur s’est avéré étre le TB423,
qui, comparé a son analogue TB207, posséde un groupe latéral encore plus volumineux,
réduisant encore plus I'agrégation, sans sacrifier la charge en colorants avec 'utilisation
supplémentaire de CDCA, comme co-adsorbants. Cependant, le PCE total semble in-
férieur (tableau 5.7) et une optimisation future doit étre effectuée. En ce qui concerne
la dynamique, il a été confirmé que les temps d’ET et d’injection sont représentés non
pas comme des valeurs distinctes, mais comme des distributions. Ces processus sont tres
sensibles aux distances intermoléculaires moyennes, qui, en raison de l'inhomogénéité
structurale des systémes DSSC aux interfaces SC-colorants densément emballés, appa-
raissent également comme des distributions. L’effet du CDCA sur I'augmentation des

distances intermoléculaires et la réduction des agrégats a été mis en évidence, ainsi que
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son effet sur les temps d’ET. Les études en fonction de la concentration de CDCA, sur des
DSSCs avec et sans injection, comme référence, via deux techniques fs complémentaires,
se sont avérées étre d’excellentes méthodes expérimentales pour construire le schéma de
réaction des colorants, de maniére trés détaillée.

A Tissue des études expérimentales, la présente thése de doctorat aborde certaines
questions ouvertes. La premiére est de savoir, si les agrégats injectent, contribuant ainsi
au PCE total. Malheureusement la complexité des mécanismes a rendu difficile la distinc-
tion quantitative de ce processus d’injection paralléle. De futures expériences pourraient
étre réalisées en utilisant une excitation a large bande, fournie par le 2D-TAS amélioré,
afin d’étudier I'injection possible d’agrégats. Deuxiémement, avec nos techniques expéri-
mentales, nous avons pu identifier 'efficacité de l'injection dans une échelle de temps
courte (~ 5 ns), cependant le degré de recombinaison possible sur la surface du SC,
réduisant le PCE total, reste a déterminer. Les études futures pourraient utiliser des
techniques plus sophistiquées, telles que le TAS avec une soinde de rayons X ou UV
sondant directement le SC, pourraient fournir des observations et des informations plus
directes, répondant a cette question ouverte. En conclusion, les DSSC se démarquent
comme une des rares technologies photovoltaiques de nouvelle génération, qui a fait ses
preuves et qui reste, prometteuse pour les futures applications de production d’énergie par
des dispotifs transparent. Pour I'optimisation des colorants la spectroscopie ultrarapide

s’est avérée étre un outil de caractérisation puissant.

References

[1] W. Naim et al., “Transparent and colorless dye-sensitized solar cells exceeding 75%

average visible transmittance,” Jacs Au, vol. 1, no. 4, pp. 409-426, 2021.

[2] O. Almora et al., “Device performance of emerging photovoltaic materials (version
2),” Advanced Energy Materials, vol. 11, no. 48, p. 2102526, 2021.

[3] K. Pydzinska and M. Ziotek, “Solar cells sensitized with near-infrared absorbing
dye: Problems with sunlight conversion efficiency revealed in ultrafast laser spec-
troscopy studies,” Dyes and Pigments, vol. 122, pp. 272-279, 2015.

B.21



st s llias Nikolinakos /
ol Ultrafast Spectroscopy of Transparent IPCMS

Dye Sensitized Solar Cells designed for
the near-Infrared

Résumeé

Les cellules solaires a colorant (DSSC) sont un des candidats les plus prometteurs pour les
applications de conversion d'énergie. L'objectif du projet est de créer des DSSCs efficaces et
transparentes. Dans le cadre de la thése de doctorat, nous avons appliqué la spectroscopie
ultrarapide UV-Vis-IR proche proche dans I'échelle de temps fs-ps-ns, afin de construire le schéma
photophysique des colorants, lorsqu'ils seront incorporés dans des dispositifs DSSC réels. Deux
catégories de colorants organiques ont été examinées, de type cyanine et pyrrolopyrrole cyanine,
présentant une forte absorption dans le proche IR et une faible absorption dans le visible, ainsi
qu'une efficacité de conversion de puissance record de 4% et une transmittance moyenne dans le
visible de 75%. Il a été démontré que des agrégats de colorants se forment sur la nanocouche. Le
transfert d'énergie (monomeéres vers agrégats) se produit dans des temps allant de sub-ps a des
dizaines de ps et sa compétition cinétique avec l'injection de charge (colorant vers semi-conducteur)

en fait le principal canal de perte pour l'injection.

Résumé en anglais

Dye-sensitized solar cells (DSSCs) are one of the most promising candidates for energy harvesting
applications. The aim of the project is the creation of efficient and transparent DSSCs. In the context
of the PhD Thesis we applied UV-Vis ultrafast spectroscopy in the fs-ps-ns time scale, in order to
construct the photophysical scheme of the dyes, when incorporated in real DSSC devices. Two
categories of organic dyes were examined, of cyanine and pyrrolopyrrole cyanine type, exhibiting
strong absorption in the near-IR and weak in the visible, as well as record Power-Conversion
Efficiency 4% and Average Visible Transmittance 75%. It was shown that dye aggregates are formed
on the nanolayer. Energy Transfer (monomers-to-aggregates) occurs in sub-ps to tens of ps times
and its kinetic competition with charge injection (dye-to-semiconductor) constitutes it the main loss

channel for injection.




