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Abstract

The main aim of the study in the series of publications constituting my Ph.D. thesis was
to understand the group of processes undergoing during the operation of Dye
Sensitized Solar Cells (DSSCs), in order to unveil their nature and find ways of tuning
device properties in a desired way. The attention was focused on how selected
properties of different building elements of DSSC (especially those related to the
nanostructure of the photoanode, redox mediators in the electrolyte and dyes used for
sensitization) affect the charge separation efficiency and, consequently, how they can

be optimized.

Popular organic dyes were chosen as the basis of the study (indoline dyes D149, D358
and carbazole dyes MK2 and ADEKA-1) because of their high efficiency, lower cost
compared to other dye families (e.g. ruthenium ones) and potential applicability. Cells
were prepared using the most common "sandwich" setup with conducting glass used
as substrates for both electrodes. For the photoanode, number of oxides (titanium
dioxide, zinc oxide, aluminium oxide) of different morphologies (mesoporous layers,
nanowires, core-shell structures etc.) were used. The counter electrodes were
prepared by deposition of a thin platinum or carbon layer on the substrate. After
dipping of the photoanode in the dye solution (with or without co-adsorbent) both
electrodes were sealed together with the polymer binder and filled with appropriate
electrolyte (iodide or cobalt based). Additional effect of surface treatment (from
solution or by Atomic Layer Deposition) and of electrolyte additives (4-tert-

butylpyridine, lithium salts) was investigated as well.

Ready devices were subjected to a range of measuring techniques in order to confirm
their desired structure and to pinpoint the impact of the processes ongoing on the
timescales, ranging from femtoseconds to seconds (injection, different types of
recombination, regeneration and charge transport and collection). Those techniques
included: stationary and transient absorption spectroscopy, current-voltage
measurements, electrochemical impedance spectroscopy, scanning electron

microscopy and transmission electron microscopy.
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Some of the modifications were found to be unambiguously beneficial, like for
example TiCl, surface treatment, addition of 4-tert-butylpyridine or better
performance of TiO, based cells, in comparison to their counterparts base on ZnO. In
most cases, however, situation was far more complex with the changes in parameters
affecting some processes in a positive way, while hindering others. One of the prime
examples is switching from iodide to cobalt based electrolyte, which improves the
voltage of the cell at the expense of increase in the transport recombination.
Molecular capping treatment, creation of alumina shell and co-adsorbent addition all

fall into this category as well.

Experimental work was supplemented by numerical analysis of the optimal parameters
of the dyes with different types of redox mediators, including the use of them in
tandem devices, which are inevitably to dominate the future of solar cells. Theoretical
research resulted in creation of algorithm able to model optimal parameters for the
tandem devices consisting of up to ten junctions and formed of different types of cells.

It can also help in matching additional modules to already existing solutions.

All this work is expected to help the global understanding of DSSCs and related photo-

electrochemical devices and enable them to reach previously unattainable efficiencies.
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Streszczenie

Gtdwnym celem badan w cyklu publikacji naukowych tworzacych mojg rozprawe
doktorskg byto zrozumienie szeregu proceséw zachodzacych w trakcie dziatania Ogniw
Stonecznych Sensybilizowanych Barwnikiem (DSSC) w celu odkrycia ich natury oraz
mozliwosci dostrajania wtasciwosci ogniwa w pozadany sposéb. Gtédwny nacisk
potozony byt na zrozumieniu, w jaki sposéb poszczegdlne elementy DSSC
(w szczegdlnosci te zwigzane z nanostrukturg fotoanody, parg redoks w elektrolicie
i barwnikiem uzytym do sensybilizacji) wptywajg na skuteczno$¢ separacji tadunku,

oraz jak te procesy mogg by¢ zoptymalizowane.

Jako baza do badan zostaty wybrane popularne barwniki organiczne (barwniki
indolinowe D149, D358 oraz barwniki karbazolowe MK2 i ADEKA-1) ze wzgledu na ich
wysoka wydajnosé, niski koszt w poréwnaniu do innych typdw barwnikéw (na przykfad
rutenowych) i szeroki potencjat zastosowan. Ogniwa zostaty przygotowane w oparciu o
najpopularniejszy model "kanapki", w ktérym podtozem dla obu elektrod jest szkto
z warstwa przewodzgcy. W celu przygotowanie fotoanody byty uzyte réznorakie tlenki
metali (tlenek tytanu, tlenek cynku i tlenek glinu) o réznych morfologiach (warstwa
mezoporowata, nanodruty, struktury rdzeA-powtoka itd.). Katody byty przygotowane
przez osadzenie na podtozu cienkiej warstwy platyny badZ wegla. Po zanurzeniu
fotoanody w roztworze barwnika (z opcjonalnym dodatkiem koadsorbentu) obie
elektrody byty sklejane za pomoca polimerowej uszczelki, a przestrzen miedzy nimi
wypetniana elektrolitem (na bazie jodu badz kobaltu). Sprawdzony zostat réwniez
wptyw modyfikacji powierzchniowych (z roztworu lub osadzanych metoda ALD) oraz

dodatkow do elektrolitu (4-tert-butylpirydyny oraz soli litu).

Gotowe ogniwa zostaty poddane badaniom za pomoca szeregu technik badawczych
w celu potwierdzenia  otrzymania zaktadanej struktury oraz analizy procesdéw
zachodzacych w skalach czasowych od femtosekund do sekund (wstrzykiwanie
elektronu, rdzne typy rekombinacji, regeneracja barwnika oraz transport i zbieranie
tadunku). Do tych technik nalezaty: stacjonarna i przejsciowa spektroskopia optyczna,
pomiary pradowo-napieciowe, elektrochemiczna spektroskopia impedancyjna,

skaningowa i transmisyjna mikroskopia elektronowa.
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Pewne modyfikacje okazaty sie w petni korzystne, jak modyfikacja powierzchniowa
przy uzyciu czterochlorku tytanu, dodatek 4-tert-butylpirydyny lub uzycie tlenku tytanu
zamiast tlenku cynku jako materiatu fotoanody. Duzo czesciej jednak modyfikacje
sprawiaty, ze cze$¢ parametréw ogniw ulegata polepszeniu kosztem pogorszenia
innych parametréw. Jednym z przyktadéw moze by¢ zamiana elektrolitu z jodkowego
na kobaltowy, ktdéra skutkuje wzrostem uzyskanego napiecia, ale za cene wzrostu
rekombinacji transportowej. Tworzenie ochronnej warstwy organicznej (capping),
powtoki z tlenku glinu badz dodanie koadsorbentu owocujg podobnymi skutkami.
Badania eksperymentalne zostaty wsparte analizg numeryczng optymalnych
barwnikéw i elektrolitéw dla ogniw tandemowych, ktére nieuchronnie zdominujg
rynek ogniw stonecznych w przysztosci. Postuzyta ona do stworzenia algorytmu
odnajdujacego parametry ogniw tandemowych skutkujgce najwyzszg wydajnoscia
(w urzadzeniach zawierajgcych az do dziesieciu ogniw i zbudowanych z ogniw réznego
typu). Moze on tez poméc w prawidtowym dobieraniu dodatkowych elementéw do juz
istniejgcych urzadzen.

Spodziewam sie, ze efekty tej pracy pomogg pogtebi¢ zrozumienie fundamentalnych
zasad dziatania ogniw stonecznych sensybilizowanych barwnikiem i innych pokrewnych

urzgdzen i pozwolg im osiggna¢ wyzsze niz dotychczas spotykane wydajnosci.
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Commentary

1. Introduction and motivation

In the face of ever-growing global energy consumption and shrinking fossil fuels
deposits, humanity is searching for means of obtaining clear and environmentally
friendly energy. Solar radiation, being the most abundant natural renewable energy
source, quickly attracted the attention of scientists. Together with the advent of
semiconductor technology, first commercial solar cells started to appear as early as in
the late 1950s. Nowadays, semiconductor based solar cells (mainly silicon ones, with
CdTe, CdSe and CIGS to lesser extent) are still dominant on the market, mostly because
of well defined and widely adopted manufacturing process and their prices have
dropped as low as $0.6/W, (which is a measure of the cost efficiency of a photovoltaic
device, being its total cost divided by its peak power). Yet, the limitations of
semiconductor technology (high energy and purity needed for the manufacturing
process and expensive materials in the case of thin film photovoltaics) led to search for
alternative paths of turning sunlight energy into electricity.

Dye sensitized solar cells (DSSCs) were the first member of the group, which later
started to be called emerging photovoltaics or the 3" generation photovoltaics (with
organic solar cells, quantum dot solar cells and recently perovskite solar cells as well).
Introduced in 1991, this generation broke with the dogma of devices based solely on p-
n junction and offered the perspective of cheap, easy to manufacture and eco-friendly
devices. Today, they are the member of the emerging photovoltaics group, which
achieved biggest commercial success.

Yet, despite initially reported high efficiency of 7%[1], which was rapidly increased to
10% [2], further development over the years was much slower and hit the “glass
ceiling” of around 12-13% efficiency. In this work dye sensitized solar cells utilizing
various popular dyes (D149, D358 from indoline family, MK2 and ADEKA-1 from
carbazole family), electrolytes (iodide and cobalt based), photoanode materials (ZnO
and TiO;) and morphologies (mesoporous nanoparticle network, nanowires) were
analyzed in order to find general rules and guidelines for constructing efficient devices,
providing identification of unwanted processes at the same time. DSSCs are very

sophisticated photo-electrochemical systems, where energy levels and surface
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properties of individual components need to be finely tuned in order to achieve
maximum performance (which will be described in detail in further chapters). In this
thesis, such tuning was achieved by the direct surface modification of the oxide (TiCl,4
treatment, core-shell structures) or electrolytes additives: 4-tert-butylpyridine(TBP)
and lithium salts. In order to fully understand undergoing mechanisms, whose
characteristic timescales span from femtoseconds to seconds, series of methods were
applied in order to analyze them separately and verify their impact on the final
performance of the device.

In parallel with experimental work, theoretical numeric analysis was performed as well
with two main areas of interest. The first was to find the optimal parameters for
materials to be used in already existing devices. Second led to definition of optimized
characteristics of the tandem devices that are to be produced.

In the subsequent chapters of this commentary the main aims of the thesis are
presented, the basic principles of the operation of DSSCs and importance of individual
components are unveiled. There are also included short descriptions of the
experimental methods used, brief description of the experimental work done
(together with obtained results) and the short reviews of the publications forming the
backbone of the thesis. Finally, a short summary is added, followed by the full texts of

the aforementioned publications and co-author statements.
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2. Aims of the thesis

Charge separation in DSSC determines its performance and consists of several partial
charge separation processes taking place on different time scales and at interfaces of
different elements forming DSSC. The main aim of the thesis was to study how
selected properties of these building blocks of DSSC (especially those related to the
nanostructure of the photoanode and redox mediators in the electrolyte) affect the
charge separation efficiency and, consequently, how they can be optimized. The
particular aims of the thesis were the following:
i) Optimization of the nanostructure film:

i.i) effect of different semiconductor material (TiO,, ZnO and Al,O3);

i.ii) effect of different nanostructure morphology (ZnO nanoparticles vs. ZnO

nanowires);

i.iii) effect of various surface treatment (TiCly, core-shell, molecular capping);
ii) Optimization of the electrolyte composition:

ii.i) electrolyte redox couple (cobalt vs. iodide);

ii.ii) different electrolyte additives (TBP and Li*);
iii) Optimization of the dye:

iii.i) determination of the best dye absorption band, including multi-dyes sets for

tandem devices (an algorithm for calculation the optimal bandgaps);

iii.iv) effect of co-adsorbent.
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3. Dye Sensitized Solar Cells
3.1 Principles of operation

Dye sensitized solar cell is a novel type of photovoltaic device which instead of utilizing
p-n junction like most solar cells do, has different working principle. It consists of
several distinctive elements listed below, with their common arrangement shown in

Fig. 1:

e Mesoporous photoanode which is typically made of the oxide nanoparticles
sintered together to form a layer several um thick, yet possessing high porosity
and specific surface area. The substrate on which this layer is deposited is most
commonly glass plate with thin layer of transparent conductive oxide (TCO),
which is usually fluorine-doped tin oxide (FTO).

e Photoabsorbing dye molecules deposited on the surface of the photoanode,
utilizing its high specific surface area.

e Electrolyte with redox couple which fills the space between both electrodes
and penetrates the mesoporous network.

e Counter electrode composed of the glass substrate with thin TCO layer covered

with thin layer of platinum or carbon.

Counter
Photoanode electrode

Electrolyte

Figure 1. Schematic view of the construction of dye sensitized solar cell.
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The main difference in operation between these cells and p-n based devices is that in
DSSCs different medium is responsible for the light absorption (dye), separation of
charge (dye/oxide interface) and transport of obtained charge carriers (oxide
network). The energy diagram of DSSC with the operation cycle is presented in Fig. 2.
First, photon is absorbed by a dye molecule, which excites electron from the HOMO
(highest occupied molecular orbital) to the LUMO (lowest unoccupied molecular
orbital) level. Then the electron is injected to the conduction band of the oxide the dye
molecule is attached to. It travels through the mesoporous oxide layer until it reaches
the FTO contact. After travelling through the external load it reaches the counter
electrode. Shortly after, the oxidized dye is regenerated by the redox couple in the
electrolyte, which in turn is fed by the carriers form the counter electrode. In this way
the full cycle is completed. It should be noted that in order to achieve working cell the
energy levels of each component must be well aligned to provide necessary driving
force for the aforementioned processes. LUMO level of the dye must lie above (higher
energy) the conduction band of the oxide for successful injection, its HOMO potential
must lie below the redox potential of the electrolyte redox couple used. Similarly the
redox potential of the electrolyte should lie well below the conduction band of the
oxide. The thing of note is that these processes occur in the wide range of timescales:
injection typically takes from a fraction to single picoseconds, dye regeneration is done
in microsecond scale, while charge transport and collection occurs on the scale from
milliseconds to seconds. Therefore various experimental methods have to be used in
order to probe those processes independently. One cannot forget about unwanted,
competing processes of dye relaxation and charge recombination (marked with dashed

arrows) that need to be minimized in order to develop a successful device.

-3.5eV ah LUMO (D
Injection == |
ofe ! Electron Injection
-4.0eV L Overpotential
. 1
- E - [ TiO /electrolyte ¢
B C . . 0 sl . . o
g g AT ‘:‘ \Re\cgin\b\lnatlon . v
e i To/ohe o= ol
3% n e R |-/ - D
o5 t Recombination 2 t 2
b= g 50eV . i Dye Regeneration
= S a v I Overpotential
. HOMO (D) Dye Regeneration
-5.5eV t
Mesoporous TiO, Sensitizing Dye Electrolyte

Figure 2. Operating cycle of DSSC with the energy levels of individual components.
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From the electrical viewpoint DSSC can be considered as a reverse biased diode and

described by the diode equation with additional photocurrent term:
Idiode = Iph - IO(exp(Q(V + Idiode * Rs)/ka) - 1) - (V + Idiode * Rs)/Rsh

Here R; is the series resistance of the device, m is the diode’s ideality factor and Ry is
the shunt resistance. With the desirable, yet unobtainable R; equal to 0, m of 1 and
infinite Ry, one would obtain the equation of ideal diode. The equation above vyields
the current-voltage characteristic presented in Fig. 3 with the characteristic values of

short circuit current (Js.), open circuit voltage (V,) and maximum power point (MPP)

all included.
Current under illumination decreasing Rspue:
s '
= === -
'llu'” U g P — AT o= m=——
— -1 :~ __ﬂ_.a—""
- 1 -
E E _‘_ﬁ_..--'-"’ff
g 3 L
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: -
- 3
=
E T T 1 T 1§ 1 T T I T T L | L I L LI | LI T T I T Ir T T 17T T T T | T 1
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\/
¥ hax

Potential [V]
Figure 3. Current-voltage curve of the solar cell with characteristic points labeled.

A useful parameter - Fill Factor - is usually derived to show general quality of the
system (effects of recombination, ideality factor and parasitic resistances are hidden
there). It is the ratio of the power at maximum power point divided by the product of

short circuit current and open circuit voltage.

Pmax

]/OCISC

FF =

It is then easy to define the efficiency of device as the maximum obtained power

divided by the power of incident sunlight.
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Pmax — I/OCISCF‘IT
P P,

r]:

The maximum obtainable V,. comes from the bandgap of the dye with deducted
driving force needed for injection and regeneration, as can be seen in Fig. 2. The
difference between the bandgap and the obtained voltage is called loss-in potential

and is one of the biggest factors limiting the maximum efficiency of the device [3].

The maximum value of the I, which is equal to the photocurrent, has several limiting
factors. Dividing the obtained current by the elemental charge and incident photon
flux one obtains so called Incident Photon to Current Efficiency (IPCE).

ISC

e(nbph

= IPCEtotal

It is a product of several factors (some of them wavelength dependent), each limiting

total efficiency of the device:
IPCE(A) = LHE(A) * Pei * Preg * Nee

e LHE stands for "light harvesting efficiency" and is equal to 1-10™ where A is the

absorbance of the device.

® (. stands for the electron injection efficiency. It describes the percentage of
photo-excited electrons that are successfully injected from the excited state of

the dye into the oxide network instead of relaxing back to the ground state.

® (prgdescribes percentage of dye molecules which successfully injected electron
and got a new one from the redox couple instead of recombination with the

electrons in oxide network.

® n is charge collection efficiency. It is the number of electrons that travelled
through the oxide network without recombining with the electrolyte,
compared to all successfully injected electrons that didn't recombine with the

dye before its regeneration.

12
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3.2 Dyes

Dye is one of the vital elements of dye sensitized solar cell (hence providing its name).
In order to perform its job well, there are several conditions that a dye must fulfill:
e Since it is photosensitizing the oxide, it should cover the sun spectrum in its
entity if possible.
e The energy level of the excited state of dye molecule should be above the
conduction band edge of the oxide.
o The energy level of the oxidized state should be more positive than the redox
potential of the electrolyte utilized.
e |t should have an appropriate anchoring group (carboxylic, phosphonic etc.).
e Dye should be photo-,thermally- and electrochemically stable.
e |n general, dye molecules should not have a tendency to aggregate.
Hundreds of compounds have been already proposed as sensitizers, divided into
several distinguishable groups. The first type of compounds that attracted a lot of
scientific attention and helped to obtain high efficiencies were the dyes based on
metal complexes with organic ligands. Although several metals were tested, Ru
complexes proved to be the most successful ones. Two members of the family of these
dyes -N3 and N719- became standards in the community, with reference performance
values. Another group of photosensitizer are porphyrins and phthalocyanines, which
show better near-IR response. While the latter encounter many problems with
solubility, the former resulted in efficiencies over 12%, with YD2 molecule being a
notable example. Finally, there is a big group of organic sensitizers, which have the
advantages of higher extinction coefficient and lower production cost. They are
divided into multitude of sub groups. The most widely researched are tri-arylamine
based dyes (with D35 being an organic performance standard, and its numerous
derivatives obtaining high efficiencies), indoline dyes (with most popular D149 and its
derivative D358 being investigated in this thesis), carbazole dyes (high efficiency MK2
dye and its derivative ADEKA-1, also investigated in this work), coumarin dyes and
squaraine dyes. Structures of the popular members of these three dye families are

presented in Fig. 4.
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Figure 4. Molecular structures' of the popular dyes belonging to the metal complexes family -
N3 (A) and N719 (B), porphyrin family - YD2 (C), tri-arylamine family - D35 (D), indoline
family - D149 (E) and carbazole family - MK2 (F).
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3.3 Structure of the photoanode

Variation in the photoanode's structure may have two origins - the type of material

used and its morphology. When it comes to the semiconductor used, there are several

requirements:

described earlier).

and in inexpensive way.

The bandgap must be appropriate (position of the conduction band edge, as

The material should be n-type semiconductor.
The material should be abundant in nature and affordable.

Nanoparticles and other structures of the material should be obtainable easily

Material shouldn't react with the commonly used redox couples.

Out of various candidates, presented in Fig.5, two members pass all these

requirements - titanium dioxide (TiO,, most commonly used in the anatase form) and

zinc oxide (ZnO).
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Figure 5. Band positions of various semiconductors relatively to the hydrogen electrode and
vacuum level together with redox levels of various electrolyte couples [4].
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When it comes to morphology, sintered mesoporous nanoparticle network to date
remains the most widespread solution due to its ease of preparation and high surface-
to-volume ratio. Nevertheless, other morphologies are being tested as well, mainly
with the aim of enhancing the transport properties (nanowires) or improving the
process of capturing light (by creation of scattering centers which improve the "optical
thickness" of the cell without effect on the real thickness). ZnO is particularly grateful
subject for such experiments, thanks to its ability to be easily prepared in variety of
morphologies using wet techniques (sol-gel, hydrothermal etc.). The summary of ZnO
structures tested so far is presented in Fig. 6, with further details (beyond the scope of
this thesis) available in the source article [5]. There were also experiments performed
with TiO, of different morphologies, albeit to a lesser extent. Solutions based on
nanowires [6] or nanotubes [7] are the most common, yet their efficiency fails to reach

the one offered by traditional mesoporous designs.

Structure Photosensitizer Efficiency Ref. Structure Photosensitizer Efficiency Ref.
Nanoparticles N719 0.44%, 2.1% [72,77,115] Nanotips N719 0.55%, 0.77% [126,127]
(0.06 sun), 2.22%
N719 5% (0.1 sun) [73.74] Nanotubes N719 1.6%, 2.3% [124,125]
N3 0.4%, 0.75%, 2% [67.76,80,93] Nanobelts N719 26% [95]
(0.56 sun), 3.4%
heptamethine 0.16%, 0.67 [192,193] Nanosheets N719 2.61%, 3.3% [91,94]
Ccyanine
unsymmetrical 1.5% [194] N3 1.55% [93]
squaraine
eosin-Y 1.11% [66] Nanotetrapods N719 1.20%, 3.27% [96,97]
acriflavine 0.588% [200] Nanoflowers N719 1.9% [128]
mercurochrome 2.5% [195,196] Core-shell nanoparticles N719 1.78% [180]
(ZnO-TiO,)
Nanoporous films N3 5.08% (0.53 sun) [85] Core-shell nanoparticles N719 5.2% [179]
(ZnO-Si0,)
N719 3.9%, 4.1% [88,90] Core—shell nanoparticles N3 4.3%, [135,146,147]
(TiO,—ZnO) 4.51%, 9.8%
N719 0.23%(hybrid ZnO/N719) [62]
D149 4.27% [92] N719 6.55% [150]
eosin-Y 2.0%, 2.4% [198,199] N3 1.21% (0.2 sun, [144]
flexible substrate)
eosin-Y 3.31% (0.1 sun) [198] Core-shell nanoporous N719 1.02% [61]
films (ZnO-TiO;)
Nanowires N3 0.73%, 2.1%, 2.4%, 4.7%  [113,117,171,197] Core-shell nanowires N719 2.25% [183]
(ZnO-TiO,)
N719 0.3%, 0.6%, 0.9%, [110,115,116,118,119]  Core-shell nanowires N719 l [183]
1.5%, 1.54% (ZnO—Al,0;)
QDs (CdSe) 0.4% [205] Core—shell nanotubes N719 0.704% [87]
(TiO,—ZnO)
Dendritic nanowires N719 0.5%, 1.1% [103,129] Aggregates N3 3.51%, [168-170,174]

4.4%, 5.4%
Nanowire/nanoparticle N719 0.9% ;(flexible substrate) [122)
composite films
Mercurochrome 2.2% [127]

Figure 6. Summary of DSSCs based on various ZnO nanostructures [5].
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3.4 Redox Couples

The redox couple most commonly used in the construction of dye sensitized solar cells
is the iodide/triiodide system. It has several advantages - has appropriate redox
potential for cell operation, high solubility, absorbs little light on its own and provides
rapid dye regeneration. It also has some drawbacks - it works using two electrons
during one cycle, it's corrosive for many materials and evaporates easily (lowering the
stability of the device). Most importantly, when combined with most dyes, it yields
excessive loss-in potential, having redox level more than 0.5 V over the HOMO level of
the dye. Therefore, a lot of effort was put in order to find viable alternatives with
bromide, Fe or Cu based complexes and organic compounds (like TEMPO) all being
tested [8]. However, it was the family of Co complexes that turned out to be the most
promising redox alternative, with the efficiency reaching 12.3% [9]. Most popular Co

redox couples are presented in Fig. 7 together with their energy levels.
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Figure 7. Popular Co based redox couples and their redox levels in comparison to ADEKA-1
dye (MK2- derivative) and conduction band of TiO, [10].
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Despite their favorable redox levels, Co complexes bear some disadvantages as well,
which need to be addressed. Contrary to iodide/triiodide, Co based redox couples have
a positive charge, which attracts electrons in travelling through the oxide network,
drastically increasing the recombination. Moreover, the size of these complexes has
effect on their ability to penetrate the pores of the photoanode, creating diffusion

limits for the efficient regeneration process.

3.5 Surface modifications and electrolyte additives

The combination of the dye, oxide and electrolyte usually needs further tuning by
shifting energy levels to minimize potential losses and suppress unwanted processes.
This tuning is most commonly achieved in two ways — adding the electrolyte additives

and surface modification of the oxide framework.

Among the first group, the most popular compound is 4-tert-butylpyridine (TBP). It was
found to shift the conduction band of the oxide upwards by deprotonating the surface.
As a result, choosing a proper concentration of this compound in the electrolyte allow
the maximization of cell voltage, while maintaining the driving force necessary for the
injection. Moreover, TBP helps to fight recombination, creating a layer preventing the
access of electrolyte to the oxides surface [11]. Lithium salts have adverse effect, by
protonating the surface they bring the conduction band down. It was found
experimentally that despite their contradictory effect, adding the both compounds is
most the beneficial, however the full mechanism of their mutual interaction with oxide

and electrolyte is not fully understood yet.

Surface modifications come in the form of either thin layer of additional oxide on the
existing framework (deposited from solution, by ALD method or developed during the
preparation of the photoanode) [12-14] or the layer of organic molecules attached to
the oxide surface - called capping treatment [10]. In both cases the aim is to achieve
reduced recombination and improved charge transport. In the former case, huge
increase in the voltage and the reduction of recombination come at the expense of
successful electron injection. In the latter one, deposition process of additional
molecules often leads to dye dissolution and as a result decreased absorbance and

photocurrent is observed.
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3.6 Tandem devices

Choosing an optimal bandgap for a solar cell always comes with a tradeoff between
obtained current and voltage. Smaller bandgap means more photons absorbed, but
less energy extracted from each photon and vice versa. These losses together with
emission losses, Carnot losses (heat loss to the surroundings) and Boltzmann losses
(entropy increase) form the limit of the total efficiency of solar cell, called the
Shockley-Queisser limit (around 31%). For crystalline cells it is well represented by Fig.
8A, where the area of the plot represent total incident power, while the power
extracted from the device is the blue rectangle (which one wants as big as possible). In
DSSCs situation looks similar with the exception that there are more voltage losses
(combined by loss-in potential as described before), yet similar optimization of the
energy gap can be performed, taking loss-in potential as one of the parameters [3].
The two biggest loss mechanisms (thermalization and loss of photons below E;) can be
minimized by introducing multi-junction device that combines several sub-cells of
different bandgaps, as shown of Fig. 8B. First, the more energetic part of the spectrum
is captured by the sub-cell of larger bandgap and the increased energy extracted from
them lowers the thermalization loss. Then, less energetic photons are absorbed by the
second junction, yielding another power contribution. This way the Shockley-Queisser
limit can be crossed. The tandem approach is more popular in crystalline cells, where
efficiencies up to 45% in four junction devices were reported. There are also attempts,

however, of integrating DSSCs in tandems as well [15-16].
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Figure 8. Energy diagram representing losses in single-junction (A) and multi-junction (B)
solar cell.
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4. Experimental methods

4.1 Doctor blade technique

Doctor blade technique is the easiest method of deposition of the mesoporous oxide
layer on the conductive glass substrate in order to create the DSSC's photoanode. The
first step of this technique is creating a mask for the deposition using an adhesive tape.
Then, in the unmasked area, a blob of paste is left, containing nanoparticles of proper
size (usually from 10 to 50 nm) and made of semiconductor of choice. The thickness of
the tape should be chosen in accordance with the thickness of the layer one wants to
achieve. In our case, most often the tape used had the thickness of 25 um.
Subsequently, "doctor blade" (usually a laboratory glass plate) is swiped on top of the
mask in order to remove excess paste, leaving the layer of paste of desired shape and
thickness. Adhesive mask is then removed and the glass plate with residual paste is
sintered in order to remove the organic binder of the paste, leaving final mesoporous
oxide layer formed of the connected nanoparticles. Of course, the loss of organic part
of the paste results in the thickness shrink to about 20-30% of the initial paste
thickness. The process is shown schematically in Fig. 9. Unless mentioned otherwise, it
was used to produce photoanodes, which were utilized in the cells being studied in
publications [Sob-A], [Sob-C], [Sob-D] and [Sob-E]. It is the oldest method of
preparation of the photoanode, today commonly replaced by screen-printing (used in

[Sob-F]).

Oxide paste

Tape mask

Glass

Figure 9. Schematic picture of the formation of the layer, made of oxide nanoparticle
containing paste, with the doctor blade method.
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4.2 Current-voltage characteristics measurement

General current-voltage characterization and measurements of the total efficiency of
the cells were performed using a potentiostat (model M101 with frequency response
analyzer FRA32M module, Metrohm Autolab) as a measuring tool and solar simulator
equipped with Xe lamp and AM1.5G spectral filter (Instytut Fotonowy), with intensity
set to 100 mW/cm? using a calibrated silicon cell (RR-74, Rera Systems). The whole
setup, a property of Quantum Electronics Laboratory of Adam Mickiewicz University in
Poznan, is shown in Fig. 10. It was used for evaluation of the basic parameters of the

cells in all experimental papers - [Sob-A], [Sob-C], [Sob-D], [Sob-E] and [Sob-F].

Figure 10. Setup used for general current-voltage measurements and IPCE measurements
consisting of the potentiostat (left) and Xe lamp with photoelectric spectrometer (right).

4.3 IPCE measurements

IPCE measurements were performed using the second channel of the setup used for
general current-voltage characterization where, instead of using full AM1.5G
spectrum, a photoelectric spectrometer was utilized (Instytut Fotonowy). The constant
light intensity was obtained through the optical fiber feedback loop. Photocurrent
action spectra for zero bias voltage were measured, at the conditions typically used for
IPCE measurements. Data was collected using M101 potentiostat triggered by the
signal from the spectrophotometer and analyzed using the software provided by
Instytut Fotonowy. These measurements were performed for publications [Sob-D] and

[Sob-E].
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4.4 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy is used to determine processes happening in
DSSCs on the timescales ranging from ms to s (charge collection efficiency, magnitude
of the transport recombination and any diffusion limitations of the device). It can also
help to find relative conduction band shift between the cells, and the parameters such
as trap states density, carrier lifetime and ideality factor of the device. Measurements
for publications [Sob-A], [Sob-C], [Sob-D] and [Sob-E] were performed by the same
setup that was used for the current-voltage and IPCE characteristics. In paper [Sob-F] a
different potentiostat was used - SP-300 (BioLogic). Most often the measurement was
done for fifty frequency points ranging from 0.1 Hz to 100 kHz distributed in equal
distances on the logarithmic scale. Bias voltages used spanned from 0 V up to the value
over the open circuit voltage of the device in 50 mV increments. The set of curves
obtained was analyzed using the ZView software and equivalent circuit consisting the

transport line element [17].
4.5 UV-VIS spectroscopy

UV-VIS spectroscopy was used to analyze the absorption spectra of the dyes in the
solution (shape of the spectrum, effects of the co-adsorbent and dye concentration
determination) and the spectra of the photoanodes with the deposited dye (in order to
determine shifts in the spectra originating from the substrate and calculate the
amount of absorbed photons). It is one of the basic, irreplaceable techniques and it
was utilized in all the publications except [Sob-B]. Measurements were performed
using the UV-VIS-550 (Jasco) in Quantum Electronics Laboratory of Adam Mickiewicz

University in Poznan, presented in Fig. 11.

Figure 11. Jasco UV-VIS-550 spectrophotometer used for the measurements of stationary
absorption spectra.
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4.6 Flash photolysis

Flash photolysis measurements give insight into the processes of the cell taking part on
the timescales from nanoseconds to microseconds (mainly connected with dye
regeneration) and was utilized in papers [Sob-A], [Sob-D], [Sob-E] and [Sob-F]. The
measuring setup used was based on the Q-switched Nd:YAG laser and 150 W Xe arc
lamp as the excitation and probing light sources respectively. The pump pulse was
532 nm and the probing wavelength was chosen accordingly to the sample, as
described separately in the publications. The whole setup used belongs to the Center

for Ultrafast Laser Spectroscopy of Adam Mickiewicz University.

4.7 Transient absorption spectroscopy

Transient absorption spectroscopy measurements provide information about the
fastest processes occurring in DSSCs (injection, charge separation and ultrafast
recombination) and was an important experimental tool in publications [Sob-A], [Sob-
C], [Sob-D], [Sob-E] and [Sob-F]. The setup used for measurements, belonging to the
Quantum Electronics Laboratory, Faculty of Physics of Adam Mickiewicz University in
Poznan, consists of theHelios spectrometer (Ultrafast Systems) and Spectra Physics
laser system. Its broader description is available elsewhere[18].The pump pulses were
set at 500 or 600 nm and the IRF (pump-probe cross correlation function) was about
250 fs (FWHM). The typical pump pulse energy of 60 nJ corresponds to energy density
of about 100 uj/cmz. The transient absorption measurements were usually performed
in the spectral ranges of 450-850 nm (VIS) and 800-1550 (NIR) and in the time range
window of up to 3 ns. The setup for ultrafast transient absorption in mid-IR spectral
range (3-10 um) is the 2DQuick Transient spectrometer, PhaseTech Spectroscopy. The
whole apparatus is presented below in Fig. 12. The global analysis of the transient
absorption data was performed using Surface Explorer software (Ultrafast Systems). A
multi-exponential function (convoluted with IRF) fitted to the kinetic vectors of a
selected number of singular values was used for spectrum decomposition. As a result
of the analysis, the characteristic time constants were obtained as well as the
wavelength-dependent amplitudes associated with them (also called decay associated

difference spectra or pre-exponential factor spectra).
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Figure 12. Setup used for transient absorption spectroscopy in VIS, NIR and mid-IR range.

4.8 Scanning Electron Microscopy

Morphology imaging and measurements were done using Scanning Electron
Microscopy. In case of surface and nanoparticle size analysis, the photoanode was
imaged from the top. In order to measure the thickness of the photoanode and check
its homogeneity, the cross section was scanned, prepared by breaking the electrode in
half. These measurements were taken for the purposes of publications [Sob-A] and
[Sob-C]. All the samples were covered with about 1 nm thick gold layer by evaporation
and attached to the holder with a conductive carbon tape to minimize any charge
accumulation on the surface. All the imaging work was done in NanoBioMedical Centre
in Poznan, using JEOL 7001TTLS microscope presented in Fig. 13. Scans were obtained
using Secondary Electron mode (which yields better topographical information) with

the accelerating voltage of 15 kV in most cases.

Figure 13. JEOL 7001TTLS microscope used for the scanning electron imaging.

24




Optimization of charge separation in organic dye-sensitized solar cells (DSSCs) with different
nanostructure films and redox mediators.

4.9 Transmission Electron Microscopy

In order to check the features of the photoanode, where SEM resolution was
insufficient (for example checking the uniformity and thickness of the core-shell
structures), Transmission Electron Microscopy was used. Because, unlike SEM, it does
not allow samples of any thickness, nanowires were removed from the glass substrate
prior to imaging. Obtained nanopowder was dispersed in ethanol and added drop-wise
on top of the copper mesh. Imaging was performed in NanoBioMedical Centre in
Poznan, using JEOL TEM 1400 microscope with the LaBg source and accelerating
voltage of 120 kV. It is shown in Fig. 14. This technique was used to check thickness

and conformity of the TiO, shell on ZnO nanowires in paper [Sob-E].

Figure 14. JEOL TEM 1400 microscope used for the transmission electron imaging.

4.10 Atomic Layer Deposition

Atomic layer deposition was used in papers [Sob-E] and [Sob-F] to prepare the core-
shell structures on the photoanode's surface. It was performed in NanoBioMedical
Centre in Poznan, using a Picosun R-200 reactor. Titanium tetrachloride,
trimethylaluminium and deionized water were used as titanium, aluminium and
oxygen sources respectively. Purging gas was nitrogen and reaction temperature was

in the range of 200-300°C, depending on the recipe.
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5. Realization of the aims of the thesis in the presented publications

It will be shortly presented below, how the main aims of the thesis, listed in section 2,
were realized. It is shown how particular goals and problems were studied across the
different publications on which the thesis is based ([Sob-A]- [Sob-F]).

i) Optimization of the nanostructure film:
i.i) Effect of different semiconductor material (TiO,, ZnO, Al,03).

Comparison of cells based on ZnO and TiO, was tackled in publications [Sob-A], [Sob-C]
and [Sob-E]. In paper [Sob-A] | built cells based on D149 indoline dye with the use of
commercial TiO, paste and ready ZnO electrodes obtained from the laboratory in
Seville. Photocurrents that | measured for ZnO cells turned out to be 3-4 times lower
than for TiO, (after taking into account thickness and absorption correction).
Electrochemical Impedance Spectroscopy has shown that the lifetime of electrons in
ZnO cells was longer than in TiO, (9 ms vs 0.5 ms at 0.6 V bias voltage), so the
transport properties were not responsible for the inferior photocurrent. Prepared cells
were then subjected to flash photolysis and femtosecond transient absorption
measurements. | took part in analysis of nanosecond results which showed that both
materials are characterized by the similar regeneration efficiency; therefore
regeneration process is not responsible for lower photocurrent in ZnO as well. As it
turned out, the lower performance of ZnO based devices originated from the
processes occurring on fs-ns timescale. The work on D149 dye was continued in paper
[Sob-C], this time however the oxide pastes used for preparation of the photoanode
were manufactured in the comparable conditions in our lab. Impedance
measurements that | performed have confirmed the results obtained previously, with
electron lifetime about the order of magnitude longer in ZnO cells than TiO, ones. The
analysis of the results as a function of voltage has enabled me to compare the ideality
factor (which was better for ZnO cells, in agreement with higher FF) and the trap
density distribution in both materials. More detailed current-voltage characteristics
measurements have revealed to me the quicker degradation of ZnO cells (with initial
photocurrent only two times smaller than in TiO,, but dropping significantly over

several hours). Possible dye dissolution and reattachment, leading to self-quenching
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was proposed as the explanatory process. In case presented measurements required
it, | prepared Al,O; reference cells as well. | also analyzed the thickness and
morphologies of photoanodes in publication [Sob-A] and [Sob-C] by Scanning Electron
Microscopy. This phenomenon of smaller injection yield for ZnO based cells was
further analyzed in paper [Sob-E] where D358 dye (very similar to D149) was used.
Ultrafast analysis has showed there that the first charge transfer state is formed less
than 1 ps after the absorption of the photon. In the next 2-200 ps it has several
pathways of evolution - charge separation, self-quenching or creation of the bound
excitonic complex. It seems that the parameters previously considered unimportant -
dielectric constant and refraction index - decide that the desired, first pathway is less

often chosen in ZnO cells, making it ultimately inferior material compared to TiO,.

i.ii) Effect of different nanostructure morphology.

The effect of the change in morphology of the photoanode was tested in paper [Sob-E]
on the example of ZnO nanoparticle and nanowire films. Electrochemical
measurements that | have done for these cells have shown that while nanowire
structure exhibit better transport properties just as expected (probed by the
photocurrent decay time rates, 5 ms for nanowires and 24 ms for nanoparticles at zero
bias voltage), they show lower ideality factor (leading to lower fill factor). Moreover,
they degrade as fast as other ZnO based cells and do not show notable differences on
the ultrafast scale.

i.iii) Effect of various surface treatment (TiCl,, core-shell, capping).

In an attempt to improve the ultrafast properties of ZnO devices, ZnO/TiO, core/shell
structures have been prepared with the ALD method and studied in paper [Sob-E] (I
have also verified thickness and uniformity of obtained shells by Transmission Electron
Microscopy imaging). Unfortunately, this shell introduced little to no effect on the sub-
ns mechanisms, as they seem to be decided by volumetric properties of the medium
and therefore the shell with the thickness in the range of single nanometers has
almost no impact on the efficiency. The remaining modifications were tested in
conjunction with TiO, based devices. In the paper [Sob-D] | tested the benefits from
TiCl, surface treatment on the efficiency of the cells with iodide and cobalt based

electrolyte. By the means of Electrochemical Impedance Spectroscopy | found that it
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greatly enhances the ideality factor of the devices (from 7.2 to 2.1 for cobalt devices
and from 3.0 to 1.9 for their iodide counterparts) and increase the carrier lifetime by
about order of magnitude. Moreover, UV-VIS measurements showed that it increases
amount of deposited dyes as well, probably due to the increase in the surface
roughness factor. All these factors translate into huge increase in the photocurrent
(from 3.6 to 10 mA/cm? for cobalt devices, reflected also by IPCE measurements | have
done)and the total efficiency. Additional ways of surface treatment, capping treatment
and creation of alumina shell, were introduced in publication [Sob-F] in conjuncture
with ADEKA-1 dye. Their desired purpose was to reduce the transport recombination,
which is a big loss mechanism in cobalt based devices. | performed the capping
treatment by dipping the photoanodes with deposited dye in the solutions of organic
acids with various lengths of the carbon chain prior to the cell assembly. While the
single capping treatment (using one solution) was questionably beneficial, multi
capping treatment increased both the photocurrent (from 5 to 6.6 mA/cm2) and the
photovoltage (from 762 to 867 mV). It was also found by impedance measurements
that capping slightly improves the ideality factor of the device and lowers the
conductive band edge of titania by about 55 mV. No significant negative impact of the
capping treatment was found on the ultrafast scale, for bad cells it slightly increases
the injection yield. Thin alumina shell was deposited using ALD method on the
photoanodes before dye deposition. It was soon found from the current-voltage
characteristics that the effect of such treatment depends on whether a full uniform
shell is form or an island growth mode dominates. In the former case | found that
alumina shell leads to the big voltage and fill factor increase, but at the expense of the
photocurrent (ultrafast measurements have shown that with the increase in thickness
of the Al,03 shell dye-oxide charge transfer is impeded, decreasing injection yield and
increasing ultrafast recombination). With shorter deposition times, islands of Al,05 are
created at the titania surface, acting similarly to the capping molecules. Photocurrent
is increased (8.6 vs. 6.3 mA/cm?), with voltage increased by several mV. The
impedance measurements have confirmed that both these treatments lead to
significant increase in the carrier lifetime and achievement of charge collection

efficiency over 90%.
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ii) Optimization of the electrolyte composition:
ii.i) Cobalt and iodide redox couple.

The impact of the type of the redox couple used in electrolyte was analyzed in
publication [Sob-D]. | built the cells with iodide and Co-bipyridine based electrolyte
using the popular carbazole dye - MK2. Current voltage characteristics revealed
expected higher voltage of the cobalt based devices, albeit by a significantly smaller
margin than expected from the difference in redox potentials (20 vs. 220 mV).
Probably the biggest reason for this discrepancy is the increased transport
recombination, which was found by EIS measurements, and that can be suppressed by
the surface treatment as described earlier. Flash photolysis have showed no notable
differences in the regeneration rates of both electrolytes (around 1 us), proving that
the driving force for this process is still sufficient despite the shift of the redox
potential towards HOMO level of the dye. In the ultrafast time scale both redox
systems have shown analogous behavior as well. In publication [Sob-F] redox couple
enabling even higher voltages, Co-phenantroline, was utilized (which shares most of
the properties with Co-bipyridine).l have also compared the effect of iodide- and
cobalt-based electrolytes in the numerical paper [Sob-B]. Assuming that the minimum
loss-in potential for DSSC with iodide electrolytes is 0.75V, while that for cobalt
electrolytes is 0.60V, | calculated the maximum achievable efficiency for the both
types of solar cells. For example, in single-cell devices the best efficiency is 17.6 % for
cobalt-based DSSC, and 14.3 % for iodide based cell. For tandem configurations (with
two sub-cells)the best efficiency of DSSC with the cobalt-based electrolyte can be

improved to 23.6 %, with respect to the value of 19.8 % for iodide-based cells.
ii.ii) Electrolyte additives (TBP and Li*).

The effect of electrolyte additives on the charge separation processes was investigated
in publication [Sob-D]. Since lithium salts and TBP have inverse effect, constant
concentration of the former was used (0.1 mM) and results were derived as a function
of TBP content. Current-voltage confirmed the expected voltage increase with addition
of TBP attributed to the conduction band shift. Electron Impedance Spectroscopy

showed that there are no big changes in the carrier lifetimes, when open circuit
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voltage is taken as a reference point. The cells | prepared were used in time-resolved
laser spectroscopy studies. Flash photolysis have shown that TBP has a marginally
positive effect on the dye regeneration dynamics. More effects appeared in the
ultrafast picture. First, the injection is slowed down, which is reasonable since TBP
shifted the conduction band closer to the excited level of the dye. More importantly, it
was found that adding TBP slows down the ultrafast recombination on the scale of
hundreds of ps significantly (characteristic time increased from 160 to 624 ps for
iodide cells and from 210 to 760 ps for cobalt based devices). Cells with and without
TBP were used in article [Sob-E] as well, to investigate the ultrafast dynamics, with

results in agreement with those in article [Sob-D].
iii) Optimization of the dye:
iii.i) Determination of the best dye absorption band.

In publication [Sob-B] | used a general rule set for the construction of tandem cells in
series (current is the same on all junctions and is equal to the total current of the
device, total voltage of the device is the sum of voltages on all junctions) to derive an
algorithm which calculates absorption onsets of multi-junction devices resulting in the
best efficiency. Then, | implemented it in C and used obtained program to generate
sets of results for up to five junctions and different loss-in potentials. Flexibility of the
program allows to generate IPCE spectra needed as the input or open the existing
ones, the effect of the real shape of the IPCE spectra and the absorption onset
mismatch was checked as well. | managed to obtain two important conclusions from
the calculations. The first is that there is possibly a class of dyes having high quantum
efficiency, that doesn't have the absorption onset good enough to show high efficiency
on their own, but may be perfectly suited for the tandem devices. The best dye
absorption bands depend on the number of junctions. For example, for double-cell
devices the absorption onsets are at around 720 nm and 1100 nm for both DSSCs with
cobalt based electrolytes, while for single-junction device it is at around 890 nm. The
second conclusion is that n-p tandem dye sensitized solar cells have very limited
efficiency with the limiting factor being loss-in potential on the p side (maximum total

losses cannot be higher than 1.7 V).
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In the studies of this thesis | compared two popular families of the dyes indoline and
carbazole one. Both dye families - indoline used in publications [Sob-A], [Sob-C] and
[Sob-E] and carbazole used in publications [Sob-D] and [Sob-F] have many traits in
common. Both staple dyes - D149 and MK2 - are characterized by high molar
attenuation coefficient, absorption maximum close to 500 nm and favorable position
of energy levels. Therefore, it is no surprise that they exhibit high photovoltaic
performance. The only difference that stood out during my laboratory work was that
the carbazole based cells are less prone to photocurrent degradation after extended

periods of time.

Effect of the substitution of the dye anchoring unit from carboxylic to silyl group was
tested in publication [Sob-F] on the examples of MK2 dye (with carboxylic anchor unit)
and its derivative ADEKA-1 (with silyl anchor unit). Utilization of silyl anchoring group
results in the beneficial current-voltage response to the capping treatment, which did
not occur when such treatment was applied to MK2 cells. It comes at the expense of
more difficult dye synthesis, with affinity for polymerization. Having longer anchoring
group, ADEKA-1 is also prone to tilting on the surface and generally was found to have
the worse ultrafast performance. Inferior sub-ns behavior is was tried to be alleviated

by fine-tuning of the surface treatment and co-adsorbent addition.
iii.iv) Effect of co-adsorbent.

Addition of co-adsorbent was used in paper [Sob-C] in order to increase the distance
between the molecule, thus reducing self-quenching losses. Transient absorption
measurements (of the cells | prepared and characterized) have shown that indeed
increased concentration of chenodeoxycholic acid (CDCA) results in higher injection
yields in TiO, cells. No such effect was observed in ZnO devices, which agrees with
detachment-reattachment mechanism of aggregate formation, leading to self-
guenching, proposed before for this material. | used different co-adsorbent —
isooctyltrimethoxysilane (OTMS), suitable for silyl-anchor dyes - in publication [Sob-F]

in order to minimize the ultrafast spatial recombination by tilting the dye molecules
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perpendicularly to the surface of the oxide. Current voltage characteristics have shown
decrease in the photocurrent (expected from the decrease in the dye loading of the
photoanode and consequently number of absorbed photons) with the slight increase
in voltage attributed to delicate conduction band shift of titania (similar effect to TBP,
but smaller magnitude - 20 mV) and correction for the smaller photocurrent.
Impedance measurements have also given information about slightly higher transport
resistance upon addition of OTMS. Nevertheless, in the ultrafast measurements |
revealed desired loss in amplitude and extension of the characteristic time of the
spatial recombination process, confirming beneficial impact of OTMS. In both cases |
used the UV-VIS spectroscopy to check the impact of the co-adsorbent on the

stationary spectra and calculate the number of the photons absorbed by the film.
6. Comments on the publications

Below, each of the publications on which the thesis is based is separately commented.
Their main findings, based on both my work and that of other co-authors, are

summarized.

6.1 Publication Sob-A

Comparison of TiO, and ZnO Solar Cells Sensitized with an Indoline Dye:
Time-Resolved Laser Spectroscopy Studies of Partial Charge Separation
Processes, Jan Sobus, Gotard Burdzinski, Jerzy Karolczak, Jesus Idigoras,
Juan A. Anta and Marcin Ziétek, Langmuir, 30 (2014) 2505-2512

The main scope of this work was finding the reason inferior performance exhibited by
the DSSCs built using ZnO nanoparticles compared to their TiO, based counterparts.,
despite these two materials having similar band gap size and position. The indoline
D149 dye was used and all the cell assembly techniques and electrolyte composition
were the same in both cases. Reference cell built with Al,03 nanoparticles was used as
well, as the band position in this semiconductor is expected to block any electron
transfer processes. Initial current-voltage measurements showed that ZnO devices
transfer 3-4 times less of absorbed photons into photocurrent, compared to TiO,
devices, with alumina based devices having negligible current as expected. Voltage of

the cells was similar in both cases. Various measurement techniques were used to

32



Optimization of charge separation in organic dye-sensitized solar cells (DSSCs) with different
nanostructure films and redox mediators.
probe properties of these devices in the time scales ranging from femtoseconds to
seconds. The impedance spectroscopy results showed that the charge collection
efficiency is high in both materials. Similarly, flash photolysis experiment showed that
the regeneration efficiency in both types of cells is over 95%, so it shouldn't have much
impact on the relative performance between materials. Finally, femtosecond transient
absorption in visible range was used to study the efficiency of injection mechanism of
both devices. As it turned out, 200 ps after the laser pumping pulse there were three
times more electrons in the TiO, than ZnO (based on the signal of radical cation). Time
resolved emission studies supported these findings by showing that the lifetime of
excited state of D149 dye is three times shorter on the TiO, surface compared to ZnO.
Therefore, the ensuing conclusion is that the slower injection process is responsible for

the lower performance of ZnO based cells in comparison to TiO, based ones

6.2 Publication Sob-B

Optimization of absorption bands of dye-sensitized and perovskite tandem
solar cells based on loss-in-potential values, Jan Sobu$ and Marcin Zidtek,
Phys. Chem. Chem. Phys., 16 (2014) 14116-14126

In this work a numeric approach was chosen in order to find out the optimal
wavelength cutoffs for photovoltaic tandem devices, based on their loss-in potentials
and expected IPCE of each constituting sub-cell. A program was written that simulates

up to 10 devices connected in series, so that for n sub-cells:

Joota =1 =L ==y

and
Vtotal = Vl + VZ + e Vn

It is capable of both: finding optimal parameters of devices yet to be built and
proposing the parameters of add-ons to already existing ones. Using reasonable
parameters of IPCE magnitude of 90% and fill factor of 73% (obtainable by champion
devices produced today), series of tandem devices were simulated with loss-in
potentials varying from 0.75 V (typical for iodide electrolyte), through 0.60 V (typical
for Co based electrolytes), to 0.45 V (typical for perovskite cells, which are new type of

cells that emerged from DSSCs).Optimal wavelength offsets and corresponding
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efficiencies were calculated for devices consisting up to 5 sub-cells. Special paragraph
was devoted to analysis of n-p DSSC tandem, which resulted in its limited feasibility
due to the large driving force needed for the p part. The importance of this study is
enhanced by the fact that dyes working best in single junction solutions are often not
the best candidate for tandem devices, as was shown by calculations on the example
of experimental tandem realized with N719 and DX2 dyes [19]. Finally, the program
developed (with its code attached to this publication) has great flexibility and can be
used for modeling tandem devices combining different architectures (with the full
freedom of choice when it comes to simulation parameters, together with the ability
to load real IPCE spectra for some of the sub-cells), like for example popular lately

perovskite-Si or perovskite-DSSC tandems [16][20].

6.3 Publication Sob-C

Transient states and the role of excited state self-quenching of indoline
dyes in complete dye-sensitized solar cells, Jan Sobus, Jerzy Karolczak,
Dariusz Komar, Juan A. Anta and Marcin Ziotek, Dyes and Pigments, 113
(2015) 692-701

This work is again dedicated to the cells based on ZnO, TiO, and Al,03; nanoparticles
and D149 dye. This time the effects of addition of the co-adsorbent (chenodeoxycholic
acid - CDCA) and light intensity were taken into account. Moreover, self-made oxide
pastes were used to create all the electrodes for better comparison between them. As
before (in paper [Sob-A]), charge collection efficiency estimated from impedance
spectroscopy data is high enough for efficient operation in all cases. In fact, transport
resistance and carrier lifetime is slightly better for ZnO based devices. Steady state
spectroscopy shows slight blue-shift of absorption spectra depending on CDCA
concentration, fluorescence decay slows down as well. New results come in the form
of identification of two different excited states in D149 - locally excited state (LE) and
charge transfer state (CT), discovered by analysis of transient spectra in visible and
near-infrared range. Again, while in TiO, device there is clear formation of radical
cation form the CT state and rapid injection from the LE state, the ZnO devices present
much slower characteristic times of those processes, comparable with those of the

reference Al,O3 sample. Light intensity dependence measurements showed decrease
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in the injection efficiency by 50% upon increasing the energy of the pump pulse ten
times. It indicates strong self-quenching process competing with injection (which was
confirmed by the same experiment on Al,05 cell). As the quenching rate is the rate of
energy transfer between molecules, it should decrease with the increase of distance
between them. Addition of CDCA was found to suppress the quenching process in TiO,
cells. ZnO cells, on the other hand, showed little response to CDCA addition. It was
proposed that the poorer performance of ZnO cells (and TiO, after extended time)
comes from dye molecules detaching from the oxide surface in presence of electrolyte
and reattaching near other molecules, forming self-quenching aggregates. This
mechanism was supported by the study of the films without electrolyte and confirmed
that self-quenching is the mechanism responsible for suboptimal current in indoline

based DSSCs.
6.4 Publication Sob-D

Carbazole Dye- Sensitized Solar Cells Studied from Femtoseconds to
Seconds —Effect of Additives in Cobalt and lodide-Based Electrolytes, Jan
Sobus, Jacek Kubicki, Gotard Burdzinski and Marcin Ziotek, ChemSusChem,
8 (2015) 3118-3128

This paper focused on the analysis of the performance popular carbazole dye - MK2
with different electrolytes, additional surface treatment and/or electrolyte additives. It
is especially important in the light of increasing successful use of cobalt electrolytes
and recent achievements of MK2 derivative — ADEKA-1 [10] (high sunlight conversion
efficiencies of above 12%, this dye is investigated in [Sob-F]). TiCl; treatment turned
out to have a positive effect on the cell in all the cases. Not only did it increase the
absorbance, but also improved the ideality factor of the devices and increased the
recombination time by at least one order of magnitude, as found by impedance
spectroscopy. The effect of tert-butylpyridine (TBP) addition to the electrolyte was
discovered to be far more complex. First of all, as expected, it increased the Voc of the
cells by moving the conduction band of titania towards higher energies. Regeneration
measurements showed negligible effect of TBP addition for both, iodide and cobalt
based electrolytes, with the regeneration times around 1 us in all cases. Transient
absorption in the mid-IR region revealed more interesting phenomena. First of all, it

showed that the injection times with addition of TBP are slower compared to the cells
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without it, which is reasonable concerning the conduction band shift and loss of the
available electron acceptor states interacting with the dye. More importantly, these
results also showed the fast recombination process (between the injected electrons
and oxidized dye molecule) on the timescales of several hundred ps. Addition of TBP
slowed down this unwanted process significantly. These findings were supported by
the results of transient absorption in visible and near-IR regions, as the shortest
components of global fit are representing the injection process and their behavior
agrees well with mid-IR results. Two longer components represented the fast
recombination process, with the faster one connected to the trapped electrons, while
longer one was presumably connected with conduction band carriers. Again, addition
of TBP to electrolyte led to suppression of this unwanted mechanism as seen in
increase of its characteristic times. Finally, the importance of this study was underlined
by the fact that magnitude of such fast recombination directly corresponds to the total

photovoltaic performance of the device.

6.5 Publication Sob-E

Effect of different photoanode nanostructures on the initial charge
separation and electron injection process in dye sensitized solar cells: a
photophysical study with indoline dyes, Jesus Idigoras, Jan Sobus, Mariusz
Jancelewicz, Eneko Azaceta, Ramon Tena-Zaera, Juan A. Anta and Marcin
Zidtek, Materials Chemistry and Physics, 170 (2016) 218-228

This paper is a further extension of publications [Sob-A] and [Sob-C]. Two main
problems are analyzed: effect of different morphologies of the photoanode on the
performance of the cells and understanding the processes undergoing in the D358 dye
(which is a derivative of previously studied D149 dye with double carboxylic anchor
group and longer carbon chain in the structure). Various morphologies of ZnO based
DSSCs are analyzed including: nanoparticles, nanowires, electrodeposited mesoporous
layer and their core-shell derivatives. Initial efficiency measurements showed that,
similarly to D149, the photocurrent of ZnO devices is much lower than for TiO,
counterparts and degrades faster with cell aging. Regeneration was also found to be
slower in ZnO cell, especially in nanowire based cells (order of magnitude difference).

Injection efficiency was found to be at most half of that in TiO,, with the worst
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performance in the case of nanowire cells (probably to the enhanced self-quenching of
dye molecules). Preparing core-shell nanowires did not help to alleviate the difference.
It shows that the interaction of the dye with the core material is crucial to understand
the ultrafast picture of the dye-oxide interaction. Detailed femtosecond transient

I”

absorption study suggested that lower ZnO performance is a “universal” property of
this material and showed several origins of its worse efficiency. Firstly, the
contribution of bound radical cations was higher in case of ZnO due to its lower
dielectric constant (and consequently higher electrostatic binding energy between
injected, but yet to be separated electron and oxidized dye). Secondly, higher energy
transfer between dye molecules (leading to self-quenching) was discovered in ZnO
cells compared to TiO, counterparts. Its origin comes from the lower refraction index

of the former material (2.0 vs. 2.6).Different morphologies did not have any significant

impact on the ultrafast dye behavior.

6.6 Publication Sob-F

Factors affecting the performance of champion silyl-anchor carbazole dye
revealed in the femtosecond to second studies of complete ADEKA-1
sensitized solar cells. Jan Sobus$, Bfazej Gierczyk, Gotard Burdzinski,
Mariusz Jancelewicz, Anders Hagfeldt and Marcin Ziotek Paper in
preparation: finalized and sent to co-authors for corrections.

The work of last several months (which has the paper being prepared at the moment)
revolves around the recently reported modification of MK2 dye - ADEKA1L - which has
reportedly reached over 12% efficiency [10]. The dye molecule has the same core as
MK2 with the alkoxysilane anchoring group, creating much stronger bond with the
oxides surface than carboxylic one. It enables the capping treatment (successive
dipping in the solutions of organic acids to form an organic thicket between dye
molecules) without extensive dye dissolution during the process. We performed series
of experiments in order to investigate the effect of the capping treatment, creation of
the thin alumina shell and co-adsorbent addition on the processes occurring on the
timescales reaching from fs to s. In this way both the benefits and the drawbacks of
these modifications were found. In short, the addition of co-adsorbent lowered the

ultrafast recombination between oxide and dye donor part at the expense of
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absorbance of the cell and slight decrease in charge collection efficiency. Capping
treatment brings even bigger cost in absorbance, yet it increases the charge collection
efficiency up to over 90% without significant drawbacks on the ultrafast timescale.
Alumina was deposited on the photoanodes using Atomic Layer Deposition. It was
found that depending on the process conditions, two completely different effects can
be achieved. Short deposition and purge times (insufficient for the creation of uniform
shell on the whole surface of mesoporous oxide) lead to the island growth, increasing
the photocurrent with no big effect on the voltage or fill factor. Longer deposition
greatly enhances the voltage and fill factor, but at the expense of the photocurrent.
The suggested mechanism for both results is presented. No notable effect on
regeneration process efficiency has been found in any case. Additionally, a new
synthesis route for ADEKA-1 dye was developed with the high yield and the low degree
of polymerization of the product. Hopefully, these results will pave the way for more

successful dye modifications and help breach the glass ceiling in DSSC efficiency.
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7. Summary

During the course of this thesis the significant number of dye sensitized solar cells
based on popular indoline (D149 and D358) and carbazole (MK2, ADEKA-1) dyes were
prepared in order to unravel the effect of modifications to the photoanode's structure
(material, morphology, surface treatment) and electrolyte (redox couple type and the
effect of its additives)on the fundamental processes ongoing on the timescales from
femtoseconds to seconds in the devices. The combination of the wide range of
experimental techniques such as stationary and transient spectroscopy,
photoelectrochemical ~measurements (current-voltage characteristics, IPCE,
electrochemical impedance spectroscopy) and electron imaging (TEM, SEM) shed new

light on these complex mechanisms. In particular, it was found that:

e Titanium dioxide is "universally" better material for construction of DSSCs than
zinc oxide, despite similar bandgap.

e No big difference between these two materials is observed when it comes to
charge collection efficiency or regeneration efficiency (both over 90%). The
difference in total performance comes from the worse injection and initial charge
separation in the latter material.

e Differences in the performance on the ultrafast scale comes from the stronger
electron-dye cation interaction (as a result of lower dielectric constant in ZnO, 3
vs. 85) and more abundant self-quenching (possible dye agglomeration and easier
energy transfer due to the lower effective refraction index in ZnO).

e Different photoanode's morphologies (especially ZnO nanowires vs. ZnO
nanoparticles)showed some differences in the charge transport on ms time scale
(e.g. faster for nanowires than nanoparticles), but similar performance was
observed, when it comes to ultrafast (sub-ns) behavior. The latter was significantly
worse with respect to that of TiO,cell, e.g. the residual signal in NIR range(which is
a measure of efficiency of the initial charge separation processes)lies in the range

of 10-22% for all ZnO morphologies compared to about 50 % in titania.
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e Ultrafast recombination, happening on the timescales of tens and hundreds of
picoseconds, was analyzed in the context of electrolyte additives for the first time.
It was found to be suppressed by TBP addition (studied for MK2-sensitized cells).

o Cobalt based cells exhibit much higher transport recombination compared to
iodide ones, surface treatment helps to reduce it for both electrolytes (e.g. for
MK2-sensitized cells it is reflected by efficiency rising from 2.4 to 4.2% for iodide
and from 0.7 to 4% for cobalt based cells).

e Both alumina shell and molecular capping treatment help to improve the charge
collection efficiency, but former at the expense of the photocurrent, and the latter
at the expense of absorption of photons in the solar cell.

e Tunable amount of surface additives (co-adsorbent, capping molecules) not only
affects the distance between the dyes but can also reduce the sub-ns

recombination of electrons between titania and dyes.

Experimental work was supported by numeric analysis of the optimal parameters of
multi-junction devices. A flexible simulation model was derived and provided

important results:

e Absorption onsets resulting in the highest efficiency were found for the simulated
devices consisting of DSSC-based (iodide or Co) or perovskite-based sub-cells (for
example 716 nm and 1019 nm for a two-junction, cobalt based cell, which would
yield theoretical efficiency of 23.6%).

e Narrow viability of n-p based tandem DSSCs was shown due to the too high energy
losses in the p-part.

e The need of finding appropriate dyes for the planned tandem architecture was
underlined, as seldom champion dyes in traditional designs can provide maximum

efficiency in the multi-junction cell.
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ABSTRACT: Time-resolved laser spectroscopy techniques in the time range from DSSC of D149 dye
femtoseconds to seconds were applied to investigate the charge separation processes

in complete dye-sensitized solar cells (DSC) made with iodide/iodine liquid 4.

electrolyte and indoline dye D149 interacting with TiO, or ZnO nanoparticles. The D X

aim of the studies was to explain the differences in the photocurrents of the cells (3— -/

4 times higher for TiO, than for ZnO ones). Electrochemical impedance
spectroscopy and nanosecond flash photolysis studies revealed that the better
performance of TiO, samples is not due to the charge collection and dye Licht harvesting: similar:
regeneration processes. Femtosecond transient absorption results indicated that after o ° AT

first 100 ps the number of photoinduced electrons in the semiconductor is 3 times Charge collection: similar;
higher for TiO, than for ZnO solar cells. Picosecond emission studies showed that Dye regeneration: similar;

the lifetime of the D149 excited state is about 3 times longer for ZnO than for TiO, FElectron injection: better for TiO,
samples. Therefore, the results indicate that lower performance of ZnO solar cells is -
likely due to slower electron injection. The studies show how to correlate the laser

spectroscopy methodology with global parameters of the solar cells and should help in better understanding of the behavior of
alternative materials for porous electrodes for DSC and related devices.

Isc (TiO,) > I4¢ (ZnO):

1. INTRODUCTION separation are internal conversion in the excited dye and
electron recombination from the conduction band to the
oxidized dye or to the redox couple in electrolyte.

The photocurrent, which determines the overall efficiency of
the solar cell, depends on the quantum yield of electron
generation by the incoming solar photons. This is called the
incident photon to current efficiency (IPCE):*

In recent years a few novel photovoltaic solutions have emerged
using the latest advances in nanotechnology. It is the dye-
sensitized solar cell (DSC) which has been up to date one of
the most promising.' * The main advantages of DSCs over the
silicon and thin films solar cells are much lower production cost
and better performance in conditions of intermediate or low
sunshine.

The working principle of DSC is the interaction between S = / IPCE(l)e(DPh(l) d
dyes and semiconductor metal oxide nanoparticles (most often
TiO,), to which the dyes are attached.”>> The nanoparticles
covering one of the photocell’s electrodes (photoanode) form a
mesoporous structure of a very large effective surface area. After
photoexcitation of the dye, electron injection from the dye to IPCE(4) = LHE(A)%(A)@%(M%C (2)
the conduction band of titania nanoparticle takes place. This
electron is transported via the nanoparticle network to the
electrodes. After the electron injection, the oxidized dye
(radical cation) has to be regenerated from the redox pair in

(1)

where @,,(4) is the photon flux. IPCE is usually expressed as a
function of the wavelength A of the incoming light in the
following way:

where LHE (light-harvesting efficiency) is the fraction of the
incident light that is absorbed (LHE = 1 — 107, where A is the
total absorbance of the dyes attached to the titania nano-

the electrolyte (most often iodide/triiodide couple, I"/I,7). particles surface). The other factors in eq 2 are the quantum
Finally, the redox couple is oxidized in the reaction at the other

electrode (cathode), which closes up the electron cycle and Received: December 16, 2013

enables the current to flow through the solar cell circuit. The Revised:  February 12, 2014

unwanted processes that can compete with correct charge
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yields of elementary charge separation processes, which occur
in the time scale from tens of femtoseconds to single seconds.
The fastest processes (10 fs—1 ns) determine the quantum
yield of electron injection (¢,;) from the excited state of the dye
to the conduction band of the nanoparticle. The intermediate
ones (1 ns—100 us) govern the quantum yield of dye
regeneration (¢,.,) by the electrolyte. Finally, the slowest
processes (100 ps—10 s) are connected with the charge
collection efficiency (7..) from the nanoparticle layer.

The quantum yield of dye regeneration is determined by the
competition with back electron transfer to the oxidized dye
(electron recombination) and for steady state conditions can be
calculated as

_ kreg[I_]
8 kreg[I_] + krecomnel (3)
where k., and k are second-order rate constants for

reg recom

regeneration and recombination, respectively, while [I7] and n,
are the concentration of iodide ions and electrons in the
semiconductor, respectively.

The standard techniques used for temporal characterization
of DSC (like electrochemical impedance spectroscopy, photo-
voltage decay studies, or intensity modulated spectroscopy)
only provide information about the slowest charge collection
processes (milliseconds). Fast and ultrafast laser spectroscopy
tools are needed to gain access to the partial charge separation
processes occurring on a shorter time scale.

Despite numerous studies of DSCs in recent years, not many
of them describe the rate constants and quantum yields of these
fast individual processes leading to final charge separation,
especially in DSC with organic dyes. Moreover, for many years
the electron injection was considered to occur on subpico-
seconds time scale for all efficient devices, based on the studies
of the isolated systems. In the first work in 2005, it was shown
that electron injection can be quite different in a complete
DSC.° Since then, a few contributions reported the studies of
electron injection in real DSC.”~"® Most of them showed that
electron injection is slowed down, mainly due to the effect of
additives in electrolyte that shift the semiconductor conduction
band edge. However, opposite findings have been also
reported.”>'? It is thus important to study the complete DSC
filled with functioning electrolyte in order to get the real rates
and quantum yields of charge separation processes.

Therefore, we have chosen a system composed of liquid
electrolyte with the iodine/iodide redox couple and the
indoline-based D149 dye (Figure S1 in the Supporting
Information) interacting with TiO, or ZnO nanoparticles.
This system is thoroughly studied by time-resolved laser
spectroscopy techniques in the time range from femtoseconds
to seconds. D149 d%re is one of the most studied organic dyes in
the DSC field ™ Recently, it has also been studied by
ultrafast time-resolved laser spectroscopy: in solution,>”*' in
the isolated ZnO and TiO, films,>”** and in complete TiO,
cells probed in the mid-IR range."' We have also studied the
complete D149/TiO, solar cells by the flash photolysis
technique.”

ZnO is an alternative material to TiO, to be used in DSC. It
has a similar bandgap as TiO, but shows better transport
properties in the bulk and allows for easy fabrication of different
nanostructures.”* However, the reported efficiencies of ZnO-
based solar cells are still far below their TiO, counterparts, and
it is yet to be clear which processes are responsible for the

worse performance of ZnO-based devices.**** It should be also
noted that ZnO material has a potential application in
photocatalysis and nanomedicine®® as well as electron-selective
contact in the new concept of perovskite-based solar cells.*”®

The aim of this study is to compare the performance of solar
cells made with TiO, and ZnO in order to identify the partial
charge separation process that is responsible for the observed
differences in the global sunlight conversion efficiencies of these
materials. The studies will show how to correlate the laser
spectroscopy methodology with global parameters of the solar
cells and should provide a better understanding of the behavior
of alternative materials for porous electrodes in DSC.

2. EXPERIMENTAL SECTION

The TiO, films were prepared from highly transparent titania
nanoparticle paste (Ti-Nanoxide HT, Solaronix SA), containing
anatase nanocrystalline particles of about 10 nm diameter. A layer of
paste was coated onto the FTO electrode using the “doctor blade”
technique between two parallel adhesive Scotch tapes. The film was
then annealed at 450 °C to fabricate the mesoporous TiO, layer.

The ZnO films were prepared from commercial (Evonik) dispersion
of hydrophilic nanoparticles of ZnO in water (VP AdNano@Zn20, 35
wt %) with approximate nanoparticle size of 20 nm. The films were
deposited by spin-coating and heated to 420 °C for 30 min.

For the Al,O; films, the paste was obtained by mixing 1 g of Al,O;
nanoparticles (diameter <50 nm, Sigma-Aldrich) dispersed in a
solution containing: 100 mL of ethanol, 1 mL of distilled water, and 1
mL of acetic acid. Then, 1.6 g of ethyl cellulose and 10 mL of a-
terpineol were added into the solution. The films were deposited by
the “doctor blade” technique and annealed at 450 °C.

The films were immersed in a 3 X 107> M solution of D149 dye
(Sigma-Aldrich) in dichloromethane (DCM, spectroscopic grade
>99.5%, Aldrich) and kept at room temperature for about 1 h. The
platinized counter electrode was obtained by spreading a Pt-based
solution (Platisol T, Solaronix SA) on FTO glass and annealing at 450
°C. To make a complete solar cell, the counter electrode was
assembled with thermal adhesive film (25 wm Surlyn, Meltronix,
Solaronix SA) that acts as separator and sealing element. The
functioning solar cells were filled with a commercial liquid electrolyte
(Iodolyte AN-50, Solaronix SA) containing the I7/I;~ redox couple
(L] = S0 mM), ionic liquid, lithium salt, and pyridine derivative in
acetonitrile (ACN) solution. The reference samples for flash
photolysis experiments were filled with ACN (spectroscopic grade
>99.5%, Aldrich).

The nanosecond flash photolysis setup was based on Q-switched
Nd:YAG laser and a 150 W xenon arc lamp as the excitation and the
probing light sources, respectively. The experimental parameters were
the same as previously described.*® For the femtosecond—picosecond
transient absorption measurements the Ti:sapphire laser system39 and
NOPA (noncollinear optical parametric amplifier) were used. The
pump pulses were at 520—550 nm, and the IRF (pump—probe cross-
correlation function) was 150—200 fs (fwhm). The pump pulse energy
was 270 nJ, corresponding to energy density of about 1 mJ/cm> The
probe beam was the white light continuum generated in a 1 cm cell of
water. All the spectra analyzed were corrected for chirp of white light
continuum. The transient absorption measurements were performed
in the spectral range of 420—720 nm and the time range of 0—500 ps.
The data were analyzed using the multiexponential global fit
program.*’

The time-resolved emission measurements in the picosecond time
window were performed using a time-correlated single photon
counting technique (TCSPC).*! The measurements were carried out
at the magic angle with the pump wavelength of 425 nm. The samples
(solar cells) were irradiated from the working electrodes side, and the
angle between cells surface and direction of the excitation beam was
tuned to get the best temporal resolution (at 80°). In the best
configuration the IRF of the setup was about 60 ps (fwhm), about
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twice as the one obtained during the studies in solution with the same
setup.41

The steady-state UV—vis absorption spectra were measured with a
UV-VIS-550 (Jasco) spectrophotometer. A M101 potentiostat with
FRA32 M module (Autolab) was used to measure electrochemical
impedance spectra (10 mV perturbation in the 10™'~10° Hz range),
and the data were analyzed with Nova 1.9 (Autolab) software.

The morphology of the nanoparticle films was analyzed using a
scanning electron microscope (JEOL 7001 TTLS). Samples were
sputtered with S nm 80:20 Au/Pd layer to obtain a conductive surface.
Then, SE mode with acceleration voltage of 15 kV was used to collect
images.

3. RESULTS AND DISCUSSION

3.1. Global Characterization of Solar Cells. Table 1
contains the comparison of the global parameters of the studied

Table 1. Parameters of the Studied Cells: Amplitude of
Maximum of the D149 Absorption Band at 520 nm (4,,,,),
Open Circuit Voltage (Voc), and Short Circuit Current
Density (Jgc) for 1 sun Conditions, Number of Absorbed
Photons (N,;) Calculated from Eq 4, and Jsc/N,;, Ratio

sample TiO, TiO, “diluted” ZnO AL O,
A 12 0.45 0.35 11
Voo, mV 560 500 540 250
Jso mA/cm? 3.0 1.6 0.4 0.1
N, X 106, s7" em™ 4.53 2.55 212 435
Jsc/Npw mA s 0.66 0.63 0.19 0.02

cells: short circuit current density (Jsc), open circuit voltage
(Voc), and the amplitude of the maximum of the D149
absorption band at 520 nm (A). The fill factor for all cells was
around 0.50. The setup configurations require relatively large
active surface of the cell (~1 cm?®), which leads to a large series
resistance, hence deteriorating the fill factor (about 40 Q, as
revealed from the impedance spectra). After correcting for
series resistance, the fill factor raises to about 0.60 for TiO, cells
and 0.52 for ZnO cells. It is also important to mention that the
photocurrents and photoconversion efficiencies are generally
low due to the need of keeping the cells transparent enough for
transmission laser spectroscopy (see Figure S1 for absorption
and emission spectra of D149 solar cell). However, as shown
below, the electron collection efliciencies approach 100% in the
studied devices, which guarantee that the conclusions obtained
for these cells of low light-harvesting features can still be
considered general enough to be extrapolated to more efficient
devices where the better performance is mainly due to a greater
active layer absorbance.

Under the same soaking conditions, the maximum
absorbance of the sensitized ZnO film (A = 0.35) was
significantly smaller than that of the TiO, sample (A = 1.2).
This was due to differences in the film preparation, leading to
different film thickness. As revealed in SEM pictures (Figure
S2), the average thickness of the TiO, material was 4.5 yum,
while that of ZnO was 1 pm. Therefore, in order to compare
the photocurrents of TiO, and ZnO, the ratio of (Jgc) and
number of absorbed photons (Nph) was calculated (Table 1),
where

Ny = [(1 = 107" D)0,(2) a2 @

and the photon flux ®,,(4) was taken from the AMILS
standard.

As it can be seen, the ratio is 3.5 times higher for TiO, (Jsc/
Ny, = 0.66) than ZnO (]SC/Nph = 0.19) solar cells. In order to
be sure that the observed effect is not connected with the total
absorbance of the sample, another TiO, cell was prepared
(denoted as “diluted” in Table 1) with an absorbance (A =
0.45) comparable to that of ZnO by using more diluted paste
(after adding ethanol of about 50% volume, giving effective
thickness 3 ym) and shorter soaking time in the dye solution.
In this case Jsc/N,, = 0.63, which is similar to that of the TiO,
sample with higher absorbance.

For the reference D149/Al,0; cell no electron transfer
process should occur due to large bandgap of Al,Oj;
semiconductor. Thus, as expected, the photocurrent for this
system is negligible (]SC/NPh = 0.02, Table 1).

Combining eqs 1, 2, and 4, it can be seen that Jsc/N,, is
proportional to the product of electron injection, dye
regeneration, and charge collection (g, Preg 7..). Therefore,
these processes will be separately explored to gain knowledge
about which one is responsible for the lower performance of
the ZnO solar cell.

The electrochemical impedance spectroscopy results (Figure
S3 and Table S1) allow to extract transport and recombination
resistances in the photoanode. The shape of the spectra and the
obtained values for these quantities (much larger recombina-
tion resistance than transport resistance) indicate that the
collection efficiencies for both types of cell (TiO, and ZnO) are
high. Therefore, the dynamics in the millisecond—second time
regime are not responsible for lowering the global performance
of the ZnO solar cells. This observation is in line with previous,
more detailed studies of electron transport properties in
700 2434

3.2. Nanosecond to Microsecond Studies. Flash
photolysis results for D149/TiO, solar cells had been
investigated by us in detail previously.*> We had observed a
contribution of dynamic Stark shift effect to the transient
spectra, and we had found that the signal of D149 radical cation
at 680 nm is the best probe wavelength of the regeneration
dynamics because it is close to the band maximum and the
influence of Stark shift signal is minimized.>®> Therefore, we
have chosen a probing wavelength at 680 nm for the present
studies. In samples with electrolyte both dye regeneration and
electron recombination take place, while the reference inert
cells (filled with pure ACN instead of electrolyte) were used to
observe only the electron recombination process.

Figure 1A presents a comparison of electron recombination
dynamics measured for reference cells filled with an inert
solvent (ACN). The signals for ZnO sample are lower and thus
more noisy than those of TiO, due to lower photocurrent of
the solar cells. As can be seen, the dynamics are similar for both
systems and they spread over many time scales, which is
commonly observed in DSCs.*~* Therefore, data were fitted
with a stretched exponential function:

A(t) = Age™ WP s)

This function contains two parameters: the characteristic time 7
and the dispersion parameter 5 (0 < f8 < 1, lower / values mean
more stretched decay, extending the decay time scale). The
average rate constant k of the process described by function §
was calculated as*

=)
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Figure 1. Transient absorption kinetics from nanosecond flash
photolysis experiment for D149/TiO, and D149/ZnO cells filled
with (A) ACN and (B) iodide electrolyte, measured at 680 nm under a
pump pulse of 300 xJ/cm’® at 532 nm. The solid black lines show the
best fits of (A) stretched exponential function given by eq 6 with the
parameters 7 = 2.9 us and f# = 0.62 for ZnO and 7 = 5.8 ys and f§ =
0.40 for TiO,, yielding average rate constants (from eq 6) of k = 13 X
10* s for ZnO and k = 9 X 10* s7* for TiO,, and (B) single-
exponential function giving the rate constants k = 1.0 X 10° s™" for
ZnO and k = 5.0 x 10° s for TiO,.

The average rates calculated from eqs S and 6 are k., = 13 X
10* 57" for ZnO and ki, = 9 X 10* 57! for TiO, (subscript
“inert” corresponds to ACN). The transient absorption kinetics
for the cells with electrolyte are presented in Figure 1B. The
one-exponential fits give the rates kyeo = 1.0 X 10° s for
ZnO and koo = 5.0 X 10° s7! for TiO,.

A commonly used procedure is to directly take the rates
obtained in the cells with electrolyte (kyecyo) and with inert
solvent (ki) and, assuming the pseudo-first-order rates for
both regeneration and recombination process, calculate the
regeneration as (Kuecrol — Kinerr) @nd its efficiency as

kelectrol -k
kelectrol (7)

In this way the quantum yields of dye regeneration can be
estimated as 0.87 for ZnO and 1.00 for TiO, cells.

However, comparing with eq 3, which is formulated at steady
state, this approach is equivalent with the assumption that
concentrations of the species reacting with the oxidized dye
molecules are in large excess. The concentration of [I7] is
constant if the light intensity is not too high, so the
regeneration process can usually be considered as a first-order
reaction. In contrast, the concentrations of free and trapped
electrons (n, in eq 3) change with time as the Fermi level falls
after the pulse excitation in flash photolysis experiment. This is
the reason for the stretched exponential behavior of the decay.
Therefore, eq 7 can only be used if the excitation pulse intensity
is small compared to the bias light. In our case we used 300 yJ/
cm? pulse intensity, and the bias light originating from probing

inert

q{'eg =

pulsed light from Xe lamp is about 4 suns. These relative
intensities do not guarantee that the small perturbation
approximation holds in the experiment.

Thus, and in order to provide further assurance of the
validity of the obtained results, we have fitted a one-exponential
function to the initial 15% decay of the inert and active samples,
when ny does not change significantly and can be considered as
constant. Following this alternative procedure, the obtained
rates were k;, ., = 0.3 X 10° s7* for both ZnO and TiO,, kyeurl
= 6.0 X 10° s™! for ZnO, and ke = 14.0 X 10° 57! for TiO,.
So, the initial regeneration efficiency after pulse excitation,
calculated from eq 3, were equal to 0.95 for ZnO and 0.98 for
TiO, cells.

In both cases, the slightly lower regeneration efliciency of
ZnO cell is due to slower regeneration. However, this difference
in the regeneration yield observed in nanosecond—microsecond
time scale cannot account for 3—4 times lower relative
photocurrent of (Table 1). Therefore, investigation on a
shorter time scale, presented in the next section, is necessary.

It should be noted that recent contributions***® reported a
detailed and more exhaustive approach for the proper
calculation of dye regeneration of complete DSC under
working conditions (1 sun, open circuit or maximum power
point). Such careful consideration is beyond the scope of our
work in which we focus on the comparison between two
systems at the same conditions. Hence, it can be reasonably
assumed that the observed differences in regeneration yield will
not change significantly under working conditions of the solar
cell.

3.3. Femtosecond to Picosecond Studies. Femtosecond
transient absorption spectra were studied in the visible range
(420—720 nm) under excitation at 520 or 550 nm and the data
was analyzed with a global multiexponential fit.

The spectra for selected delays between pump and probe
pulses measured for the reference system of D149 dye in DCM
solution (after excitation near stationary absorption maximum
at 550 nm) are presented in Figure S4A. Figure S4B shows
wavelength-dependent amplitudes of the indicated time
constants from the global fit. Positive signals below 500 nm
and between 520 and 630 nm are due to the absorption from
the excited S; state, while negative bands are due to ground
state depopulation (around $50 nm) and stimulated emission
(maximum shifts from 620 to 670 nm over few picoseconds).
The fastest evolution is connected with a stimulated emission
band that undergoes a characteristic red-shift (Figure S4A) due
to the solvation dynamics. As Figure S4B presents, this process
can be modeled by a single-exponential component in global
analysis with the time constant 7, = 1 ps and negative amplitude
in 550—650 nm range (decrease of stimulated emission signal)
and positive above 650 nm (increase of stimulated emission).
The further evolution is connected with a decay of the relaxed
S, state that takes place with much longer, 700 ps time
constant®' (Figure S4B). This results are in line with previous
transient absorption studies and emission studies where
solvation dynamics on time scales characteristic for each
solvent were observed and S, lifetime changed with solvent
polarity and hydrogen bonding ability.>*>"

A much more complicated picture is obtained for the D149/
TiO, solar cell. Figure 2A shows transient absorption spectra
for different time delays between pump and probe for this
sample. In Figure 2B the calculated wavelength-dependent
amplitudes of the three components obtained from multi-
exponential global analysis (7, = 0.5 ps, 7, = 20 ps, and 73 = 1
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(A) Therefore, it is not possible to quantitatively evaluate the
0.004 contribution of electron injection in the spectra of both 7, and
7, components for D149/TiO, solar cell. The situation looks
0.000 even worse when D149/ZnO solar cell is considered, for which
the global analysis is presented in Figure 3A. The fitted fast
<-0.004]
(A)
-0.008 0.001+
-0.012 . ‘ ) ‘ . i 0.000+
400 450 500 550 600 650 700
Wavelength, nm
-0.001+
(B) 7,725 ps
7=1ns
0.0014 -0.002
0.0001 400 450 500 550 600 650 700
Wavelength, nm
<<,:1-0.001 1 9
0.002-
-0.002
0.001+
-0.003+ //f“\\ f“
< 0.000

400 450 500 550 600 650 700
Wavelength, nm

Figure 2. (A) Transient absorption spectra of D149/TiO, solar cell
for selected, indicated time delays between the pump (at 550 nm) and
probe pulses. (B) Wavelength-dependent amplitudes of the
components with time constants given in the inset obtained by
multiexponential global fit for D149/TiO, solar cell.

ns) are given. According to our knowledge, this is the first
report of femtosecond transient absorption experiment of a
complete D149 solar cell in the visible range. The spectrum of
longest 1 ns component (that can be treated as constant in the
time window of the experiment) is similar to that observed in
flash photoly51s experiment, and it can be assigned to the D149
radical cation.*® Two faster components are partially connected
with electron injection dynamics. It should be noted that the
transient absorption of complete D149/TiO, cells measured in
mid-IR range revealed electron injection dynamics with similar
time constants: 400 fs (50% contribution) and 30 ps (50%
contribution).'” The negative amplitudes of 7, and 7,
components for wavelength longer than 620 nm indicate the
decrease of stimulated emission from excited S; state and
buildup of the positive radical cation spectrum (Figure 2B)
associated with the electron injection process. However, the
spectrum of the 7; component is influenced by the solvation
dynamics (occurring faster in ACN-based electrolyte than in
DCM), while that of 7, component by transient Stark shift
buildup. The latter process was recently observed for isolated
D149/Zn0 film, and its dynamics (20 ps) was slower than that
of electron injection (below 250 fs).>* The Stark shift signal in
D149 solar cells was observed over the nanosecond time scale
as negative transient absorptlon band below 520 nm and a
positive band above 520 nm.** Therefore, the buildup of such
signals should be manifested in time component amplitudes
with similar spectral regions but with opposite signs. This is
partially observed when the spectra of 7; (without Stark shift
buildup) and 7, (with Stark shift buildup) components are
compared (Figure 2B). Moreover, negative amplitudes near the
ground state absorption maximum (520 nm) for 7; and 7,
components might indicate partial ground state dye recovery
without injection of electrons into TiO,.

3 /
-0.001 7,=0.7 ps
7,=23 ps

-0.002

z,=1ns

400 450 500 550 600 650 700
Wavelength, nm

Figure 3. Wavelength-dependent amplitudes of the components with
time constants given in the inset obtained by multiexponential global
fit for (A) D149/ZnO and (B) D149/AL,0; solar cells.

components are similar to those of TiO, sample (7; = 0.7 ps, 7,
= 25 ps), but the contribution of electron injection is probably
smaller (no negative amplitudes >620 nm). However, in this
case the transient absorption signal is lower and the smaller
signal-to-noise ratio makes the analysis too speculative. On the
other hand, one thing that can be clearly resolved for ZnO
sample is a much smaller contribution of the longest 7,
component, assigned to oxidized D149 dye. On the basis of
the strongest signal at negative ground state depopulation band,
we estimated (from Figures 2B and 3A) that the radical cation
contribution for TiO, is 49% with respect to that of initial
signal (around $30 nm), while it is only 16% for ZnO sample
(see also Figure SS). This means that after first 200 ps there is
much less oxidized dyes in ZnO solar cell and, therefore, much
less injected electrons.

In principle, there are two possible reasons for the observed
difference in femtosecond transient absorption spectra,
supported by some experimental findings. The first possibility
is slower electron injection into ZnO material than TiO, due to
a smaller effective electron mass in ZnO and, thus, lower
density of acceptor states in this material.>>**® If the electron
injection rate is slow enough to permit effective competition of
internal deactivation of the excited dye, then the electron
injection quantum yield might decrease. Another explanation is
that bound charge-transfer pairs are formed between electrons
injected into in ZnO conduction band and the positively
charged oxidized dye.*”*® This process could be much more
efficient in ZnO due to its lower dielectric constant compared
to TiO,. Such charge-transfer pairs might suffer from fast
recombination before full charge separation occurs, and thus
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the number of injected electrons in the conduction band
decreases.

Our transient absorption results cannot definitively exclude
any of these explanations. Therefore, we devised time-resolved
emission studies with TCSPC setup for the aforementioned
samples. Such emission studies only probe the excited state of
the dye, not charge-transfer pairs, so faster electron injection
should increase emission decay rate. The excitation wavelength
was set at 425 nm and emission wavelength at 660 nm, close to
the maximum of emission band (Figure S1). We have checked
that the contribution of the signal from electrolyte (which is
partially excited at 425 nm) gives negligible contribution to the
emission transients above 600 nm. The kinetic traces for TiO,
and ZnO samples are shown in Figure 4 and exhibit clearly a

10.0k -
—Tio,
8.0k 1 Zn0
AlLO
o 6.0kA 2
o
(6]
4.0k
2.0k A
0.0 T : ; y
0 500 1000 1500 2000
Time, ps

Figure 4. Fluorescence decays obtained in TCSPC experiment at 660
nm after 425 nm excitation.

nonsingle exponential behavior. The fit of the slower part was
performed with stretched exponential function given by eq S,
yielding the following parameters: 7 = 280 ps, f# = 0.67 for ZnO
and 7 = 100 ps, # = 0.63 for TiO, samples. The average decay
time constant—reciprocal of rate given by eq 6—is 370 ps for
ZnO sample and 140 ps for TiO, sample. As can be seen, the
fluorescence decay is almost 3 times slower for ZnO than TiO,
solar cell. It means that, most probably, the slower electron
injection is the most important factor that explains the lower
photocurrent and performance of D149-sensitized ZnO solar
cells with respect to the TiO, ones.

The decays presented in Figure 4 also contain a faster part of
time constant below 10 ps (with 47% and 52% amplitude
contribution for ZnO and TiO,, respectively) which is
unresolved in TCSPC experiment (fwhm of IRF around 60
ps). Therefore, we made a control experiment of the same cells
with the up-conversion setup of better time resolution. The
results, although more noisy (Figure S6), clearly show that the
differences in the kinetics observed in TCSPC experiment are
also maintained on the shorter time scale.

Finally, we have also performed the ultrafast studies for a
reference D149/A1,0; cell in order to get the yields of electron
injection for TiO, and ZnO materials. As presented above
(Table 1), the photocurrent of large bandgap Al O, cell is very
small, so electron injection is expected to be absent and the
observed dynamics should only reproduce the internal
deactivation of D149 dye attached to nanoparticles. Figure S7
shows transient absorption spectra for different time delays
between pump and probe while wavelength-dependent
amplitudes of the three components obtained from multi-
exponential global analysis are presented in Figure 3B. The
fluorescence decay profiles are shown in Figure 4 and Figure
S6. The averaged decay time is 350 ps for Al,O; in TCSPC

experiment, giving 60% electron injection efliciency in TiO,,
while in shorter time scale in up-conversion experiment (Figure
S6) it is about 80%. Surprisingly, the characteristic time
constants for absorption and emission data and the level of
residual transient absorption signal are almost the same for
ZnO and AlLO; samples. This would suggest that electron
injection yield for ZnO is practically zero, which is in obvious
contradiction to the 10 times higher photocurrent for ZnO
than ALO; cells (Table 1). We can propose three different
explanations for this finding: (i) electron injection yields below
10—20% are hard to be observed in our time-resolved setups
due to limited signal/noise ratio; (i) the internal deactivation
of D149 interacting with Al,O; nanoparticles is slightly faster
than that with ZnO, which means that Al,O; is not a good
reference material for ZnO samples; (iii) there is (relatively
slow) electron injection from D149 into the deep trap states of
Al,O; material, which makes the dynamics very similar to the
poorly injecting D149/ZnO samples in first 200 ps; however,
the injected localized electrons in Al,O; cannot move away
from the oxidized dye (through the conduction band) and
quickly recombine, giving almost no photocurrent. All of the
above explanations confirm that electron injection has a low
yield for D149/Zn0O, although its exact value is hard to extract
in our experiment.

The latter possibility can be supported by the recent studies
of D149 in films in air. In the transient absorption studies
including ZrO, layer32 (which is used as another reference
material for which conduction band has too high energy for
injection to occur), the electron injection into ZrO, trap states
was found to be as fast as that for ZnO. The up-conversion
experiments performed for D149-sensitized films showed the
fluorescence decay half-lifetimes of about 1 ps for TiO, and 4
ps for Al,O3.>” The ratio is similar to the fluorescence half-
lifetimes in our cells (Figure S6: 3 ps for TiO, and 12 ps for
ZnO). The prolongation of lifetimes in complete cells can be
explained by the electrolyte effect, as discussed in the
Introduction.

4. CONCLUSION

DSCs made with iodine/iodide liquid electrolyte and D149 dye
sensitizing TiO, or ZnO nanoparticles were prepared, and 3—4
times higher photocurrent was observed for TiO, cells than for
ZnO ones. Time-resolved laser spectroscopy techniques in the
time range from femtoseconds to seconds were applied for
complete DSCs to reveal processes responsible for lower
performance of ZnO samples.

The electrochemical impedance spectroscopy results indicate
that the collection efficiencies for both types of cells are high.
Similarly, nanosecond flash photolysis brought information
about regeneration and recombination processes. Although the
regeneration rate is higher for TiO, than ZnO sample, the
estimated regeneration yield are similar for both samples and
cannot explain the observed differences in solar cells photo-
current.

Femtosecond transient absorption results indicated that after
first 200 ps the number of radical cations (thus photoinduced
electrons in the semiconductor) is 3 times higher for TiO, than
ZnO solar cells. Picosecond emission studies showed that the
lifetime of the D149 excited state is about 3 times longer for
ZnO then for TiO, samples. The reference Al,O; sample
exhibits a very similar ultrafast behavior to that of ZnO one.
Therefore, the results indicate that lower performance of ZnO
solar cells is due to much slower electron injection.
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The study presented here shows that it is possible to
correlate laser spectroscopy performed on complete solar cells
with global parameters and should help in better understanding
of the behavior of alternative materials for porous electrodes in
DSCs.
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Figure S1. Structure of D149 dye (left) and selected stationary absorption and emission (after
excitation at 425 nm) spectra (right) of complete DSC devices made with D149 dye.
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Figure S2. SEM pictures of cross-sections of working electrodes of: (A) TiO, cell, (B) ZnO
cell, (C) TiO, “diluted” cell.




Results of electrochemical impedance spectroscopy studies

The fits to the typical equivalent circuit used for DSC studies for selected polarizations
from OV to 0.6 V (presented in Figure S3) yielded the transport resistance (R,), charge
transfer resistance (R.) and chemical capacitance (C,) in the oxide-electrolyte interface.
These parameters are collected in Table S1. The electron recombination lifetime (calculated
as R.,C,) is longer for the ZnO solar cell than for the TiO, one. This might be due to lack of a
blocking layer between working electrode and electrolyte, which usually contributes to the
recombination at low Vpc [S1]. The relative transport diffusion length (calculated as (R,
/R)"* in units of film thickness) is always longer for ZnO sample (for example 20 vs. 12 at
0.5 V and 7.5 vs. 1.5 at 0.6 V). However, for both samples and all voltages applied, the
relatively diffusion length is much larger than one, which is an evidence of good collection

efficiencies in the photoanodes.

Equivalent circuit of DSC used to fit electrochemical impedance data:
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Table S1. Parameters of the fits of the equivalent circuit (presented above) and potentials
applied from 0V to 0.6 V for (A) ZnO and (B) TiO; solar cell: transport resistance (R)),
charge transfer resistance (R.) and chemical capacitance (C,) in the oxide-electrolyte

interface. The fits are shown in Figure S3.

(A) ZnO
Voltage, V R.Q R Q C,, uF RyCy.ms | (Ra/R)"”
0 - 1.15 x 10° 18.9 21700 --
0.2 20.5 1.75 x 10° 24.1 4200 92
0.4 1.35 8 300 30 249 78
0.5 3.21 1 300 36.5 47 20
0.6 4.1 231 39.9 9.2 7.5
(B) TiO,
Voltage, V R.Q R, Q Cy UF R, C, ms (R /R)"*
0 - 9300 13.5 126 -
0.2 - 1650 15.9 26 -
0.4 - 408 27.2 11 -
0.5 0.7 95 58.2 5.5 11.6
0.6 2.15 5.1 104 0.53 1.5
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Figure S4. (A) Transient absorption spectra of D149 in DCM for selected, indicated time
delays between the pump (at 550 nm) and probe pulses. The arrow shows the direction of the
temporal changes. (B) The wavelength-dependent amplitudes of the components, having time

constants given in the inset obtained by a multi-exponential global fit for D149 in DCM.
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Figure S5. Comparison of transient absorption spectra of (A) D149/TiO, and (B) D149/ZnO
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Figure S6. Femtosecond emission transients measured with up-conversion setup of IRF=300
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Figure S7. Transient absorption spectra of D149/Al,0; for selected, indicated time delays
between the pump (at 530 nm) and probe pulses.
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Optimization of absorption bands of
dye-sensitized and perovskite tandem solar
cells based on loss-in-potential valuest

Jan Sobus® and Marcin Zidtek*®

A numerical study of optimal bandgaps of light absorbers in tandem solar cell configurations is
presented with the main focus on dye-sensitized solar cells (DSSCs) and perovskite solar cells (PSCs).
The limits in efficiency and the expected improvements of tandem structures are investigated as a
function of total loss-in-potential (V|), incident photon to current efficiency (IPCE) and fill factor (FF) of
individual components. It is shown that the optimal absorption onsets are significantly smaller than
those derived for multi-junction devices. For example, for double-cell devices the onsets are at around
660 nm and 930 nm for DSSCs with iodide based electrolytes and at around 720 nm and 1100 nm for
both DSSCs with cobalt based electrolytes and PSCs. Such configurations can increase the total sunlight
conversion efficiency by about 35% in comparison to single-cell devices of the same V|, IPCE and FF.
The relevance of such studies for tandem n—p DSSCs and for a proposed new configuration for PSCs is
discussed. In particular, it is shown that maximum total losses of 1.7 V for DSSCs and 1.4 V for tandem
PSCs are necessary to give any efficiency improvement with respect to the single bandgap device. This
means, for example, a tandem n—p DSSC with TiO, and NiO porous electrodes will hardly work better

www.rsc.org/pccp

1. Introduction

So far, the commercial photovoltaic market is dominated by
crystalline Si and thin film solar cells. However, the cost of both
technologies is still too high for the widespread use of photo-
voltaics. In recent years a few novel, photovoltaic solutions have
emerged using the latest advances in nanotechnology, like
organic photovoltaics (OPVs), dye-sensitized solar cells (DSSCs),
quantum dot solar cells (QDSCs) and perovskite solar cells (PSCs).
They are expected to become low-cost alternatives to the crystalline
inorganic semiconductor technologies. Within emerging photo-
voltaics the current laboratory record efficiencies (under standard
sunlight conditions AM1.5) are: 15% for PSCs," ™ 12.3% for DSSCs,*
10.6% for OPVs® and 7.0% for QDSCs.® Despite huge progress in
recent years, these efficiencies are still not high enough to compete
with crystalline inorganic semiconductor technologies.”

“ NanoBioMedical Centre, Adam Mickiewicz University, Umultowska 85,
61-614 Poznan, Poland
b Quantum Electronics Laboratory, Faculty of Physics, Adam Mickiewicz University,
Umultowska 85, 61-614 Poznan, Poland. E-mail: marziol@amu.edu.pl
+ Electronic supplementary information (ESI) available: The code (in C) of the
program for predicting sunlight conversion efficiency (code.c). The sunlight
spectrum (AM15ext.txt) and an exemplary IPCE file for rectangle-like shape
(ipcel.txt). Description of the program for optimizing bandgaps and Fig. S1
(pdf file). See DOI: 10.1039/c4cp01937g
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than the champion single DSSC. A source code of the program used for calculations is also provided.

Still, despite their inferior absolute efficiency, they have
clear advantages when economical and environmental issues
are taken into account. Due to the solution based processing
technologies without need for elevated temperatures, energy
input needed for production of 1 m*> of modules of the DSSC,
PSC or OPV is lower by at least one order of magnitude, com-
pared to the crystalline inorganic semiconductor technologies.
This leads to energy payback time (EPBT) shortened from the
6 month period for thin film PV to 1 month for OPV, with
predicted EPBT for solution processed PSCs in the range of
days. Moreover, there is also a great reduction of greenhouse
gases emission, compared to the first and second generation
cells (not to mention the classical fossil fuels). With the lack of
scarce and environmentally hazardous materials (lead in PSCs
being the only notable exception) and the predicted cost of
around 0.2$/W, significantly lower than 0.5-1$/W offered by the
best contemporary thin-film technologies - the OPV, DSSC and
PSC offer a viable way to challenge the ever-growing energy
demand of the future.®®

On the one hand, in order to improve the global efficiency of
the cell, absorption onset of the photoactive material should be
extended into the red part of the spectrum to increase the
photocurrent ( Js.). On the other hand, an increase in absorption
onset also results in decreased open circuit voltage (V,), and,
accordingly, decreased global efficiency. Therefore, there is a
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Fig.1 Schemes of DSSC energetics (A), the simplest tandem cell con-
nected in series (B) and the idealized IPCE spectra for a double bandgap
tandem cell (C).

certain optimum wavelength for absorption onset at which the
efficiency reaches a maximum. In the crystalline inorganic semi-
conductor photovoltaics this is the main reason for the well-
known Shockley—-Queisser limit of sunlight conversion efficiency of
the single-bandgap device, which is 31% for a bandgap of 1.31 eV
(absorption onset at 950 nm).'® Other numerical calculations give
a limit of 33% for a bandgap of 1.34 eV (925 nm) for the unfocused
standard Sun spectrum at the Earth surface (AM1.5).'""?

As was recently nicely shown by Snaith, this optimum onset
is not valid for DSSCs which possess a large loss-in-voltage.™
Certain driving forces are required to efficiently inject electrons,
transport them through the nanoparticle network, and regenerate
the dye by the electrolyte (Fig. 1A), so V,. is always significantly
lower than the difference in potentials of the ground and excited
states of the dye (absorption bandgap). For an iodide-based
electrolyte the typical losses are about 0.75 V and the absorption
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onset was reported to be at 840 nm giving the maximum possible
global efficiency of 13.4% (with a fill factor of 0.73 and the
incident photon to current efficiency 90%)."* Interestingly, this
is very close to the best reported laboratory efficiencies obtained
for a ruthenium-complex DSSC and an iodide-based electrolyte
(11.2% for N719™ and 11.7% for C106 dye,"® both with absorption
onset at 800 nm). This example emphasises that for the champion
cells with the iodide electrolyte the quantum yields of charge
transfer processes are almost optimised and, without changing
the electrolyte, not much of further improvement can be achieved.

The idea of tandem structures was successfully used in crystal-
line silicon and GaAs photovoltaic devices in the so-called third
generation solar cells based on multijunction systems.'®"” It is
based on separating the absorption of the polychromatic solar
spectrum into materials with different bandgaps. High energy
photons are absorbed by the high bandgap junction and lower
energy photons are absorbed at the lower bandgap, which allow a
large portion of the solar spectrum to be absorbed while decreas-
ing thermalization losses from carriers relaxing to the conduction
band minimum. With this concept, the Shockley-Queisser limit
of the efficiency of single-bandgap devices can be overcome.
Indeed, the current record sunlight conversion efficiency is 44%
for a three-junction solar cell.”

Among the emerging photovoltaics, in the organic solar cell
technology the tandem structure has recently resulted in the
improvements of record efficiency (10.6%°) with respect to that
of a single device (9.2%'®). In OPVs a strong limitation is the
maximum width of the absorption bandgap in polymers, so the
better efficiency in the tandem structure is mainly due to
extension of the absorption range. In DSSCs and QDSCs the
best tandem structures still have lower sunlight conversion
efficiencies than their single-cell counterparts.

We think that one of the main factors that limit the successful
use of a tandem concept in emerging photovoltaics progress is the
lack of proper adjustment of absorption onsets of the building
absorber components. Due to certain differences with respect to the
classical crystalline inorganic semiconductor cells, mainly much
larger loss-in-potential, the results obtained for multijunction
devices cannot be directly applied for OPVs, DSSCs and QDSCs.
Therefore, new calculations for these devices are necessary, which
are the subject of this contribution. As shown above and discussed
in recent papers, loss-in-potential is a simple but very useful para-
meter to estimate the possible global performance of photovoltaic
devices."'*?° In this work we extend this model towards tandem
structures of a solar cell. We mainly focus on the discussion of the
DSSC and PSC, but the studies are also relevant for the improve-
ment of other photovoltaic devices, like the OPV and QDSC.

2. Methods

The global efficiency (1) of a solar cell is calculated as:

_ JicVocFF

Pin ’ (1)

where FF is the fill factor of the cell and P, is the irradiance of the
light, which under standard AM1.5 conditions (at Earth’s surface)
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equals 100 mW cm™>. J,. is related to the incident photon to
current efficiency (IPCE) which describes the probability of
conversion of one incident photon at a given wavelength to
one electron, in the following way:

T = J IPCE()eg,y (2)d2, @)
i

where e is the elementary charge, ¢y, is the photon flux (under
AM1.5 conditions), Aonset iS the absorption onset (the long-
wavelength limit of the active material or the dye absorption
band), and 4, is the starting wavelength for the sunlight spectrum
(40 =300 nm, below this value the amount of photons is negligible
from a photovoltaic point of view). The AM1.5 spectrum was taken
from the ASTM G173-03 reference spectra (hemispherical tilted
37 degrees).”" V,. is the difference between the maximum possible
potential due to the energy bandgap and the internal loss-in-
potential V;:

Voo = _ 1240 VL (in volts). (3)
Aonset[nm]
For example, for DSSCs, V.. is the difference (Fig. 1A) between the
Fermi level in the semiconductor nanoparticles (close to the bottom
edge of their conduction band) and the redox potential of the redox
pair in the electrolyte. Therefore, in our calculations for a single
device, the Aonser parameter varied for the given Vi, FF and IPCE
values, the efficiencies are calculated from eqn (1) to (3), and the
best one is found. It is similar to the procedure used previously."*

Absorption onset Aopsec iS the parameter that can be experi-
mentally measured in the IPCE spectra. In most cases it can be
directly related to the active material bandgap: E, [eV] =
1240/Aonser [nNM]. However, in some configurations of DSSCs
the electron injection from a hot excited state of the dye can be
more efficient than that from the relaxed state (when the latter
lies below the TiO, conduction band). In that case the absorp-
tion onset from the IPCE spectra corresponds to higher energy
than the dye absorption bandgap.

For tandem structures a series connection of the building
sub-cells is assumed since it is usually easier for technical
implementation (Fig. 1B). Therefore, the current-matching
conditions should be fulfilled for the optimized configuration:

?2 IPCE2(;~)3(Pph(/1)d/1 =...
(4)

1
Jse = J IPCE;(2)eqy(4)d4 = J

A0 Ao

n
_ LOIPCE,,(/I)egoph(i)di,
where 14, ,,. .., 4, are the absorption onsets of the materials in
each parts (4; < 4, <...< 4,). If the currents are not matched,
then the smallest photocurrent of those achieved in each of
particular n sub-cells is the one that occurs in the whole
tandem device. The total V,. of the device is the sum of open
circuit voltages in each parts:

1240 1240 1240
Voes=|——-V1 |+ |——-V2 |+ .+ | ———V1n ),
/1 [nm] Jo[nm] Jn[nm]

(5)
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where Vi;,. .., Vi, are loss-in-voltages in each part of the tandem
device. Therefore, searching for an optimized configuration is
realized by scanning absorption onsets and calculating effici-
encies from eqn (1), (4) and (5). In the first approximation, the
idealized rectangular shapes of the IPCE spectra are considered
(Fig. 1C). Then, more realistic shapes without steep onsets are
taken into account. All the calculations were performed using
the program, which code (in C) can be downloaded as ESI.¥
The ESIf also contains more detailed description of how the
program works.

3. Results and discussion
3.1. Initial considerations

Unless stated otherwise, all the results below will be presented
for a fixed value of FF = 0.73 for the whole tandem cell and the
maximum value of the IPCE spectrum equals 90% in all parts of
the tandem cell, for consistency with the previous studies on
single cells.® These values are target parameters for good solar
cells. If both the FF and IPCE are different from these values
(but the same in all parts) it will only proportionally affect the
global efficiency of the device, not the optimized absorption
onsets.

At the beginning, we assume that the IPCE spectra have
steep onsets (Fig. 1C). For a constant relationship between
IPCE in each sub-cell there is a constant relationship between
absorption onsets of each part: 4;, 4,,..., 4,. It is a direct
consequence of current matching conditions (eqn (4)). Fig. 2
presents this relationship for up to n = 5 tandem cells as a
function of the most short-wavelength onset of the first part of
the tandem cell, Z,. These calculations are performed assuming
that IPCE amplitudes of each part are the same and none of the
incident photons from one part of the cell matching its IPCE
spectrum is transferred to the proceeding part. Thus, if 4, is

2000+
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1400_ n=5
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F 10001
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Fig. 2 The dependence of the sub-cell absorption onsets on the onset of
the first compartment forn = 2, n = 3, n = 4 or n = 5 tandem cells for
perfect current matching conditions. The calculations are done assuming
that IPCE amplitudes of each part are the same and none of the incident
photons from one part of the cell matching its IPCE spectrum is trans-
ferred to the proceeding part.
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given for certain loss-in-potential, the rest of absorption onsets
are automatically determined (and can be taken from Fig. 2).

Next, as comes from eqn (5), only the total loss-in-potential
of all parts can be considered as the varying parameter:
Vir = Vi1 + Vip + ... + V.. This means that for tandem solar cell
performance, it is not important if losses are higher in one part
and smaller in another, as long as their sum remains constant.
It has a significant practical implementation - a tandem system
can consist of the parts in which different driving forces (and
thus losses in the available voltage) are necessary for effective
charge separation. Therefore the energy levels can be tuned in
one of the “weak” sub-cells to keep IPCE values high enough to
maintain current-matching conditions.

We will present and discuss the cases of 3 different repre-
sentative values of loss-in-potential, V;. The efficiencies in the
corresponding tandem cells consisting of n parts, where the
total loss-in-potential is assumed to be Vpr = nVy, are shown.
The first, highest value is V;, = 0.75 V which corresponds to a
DSSC with an iodide/iodine electrolyte.”® In this system the
major contribution to the loss-in-potential is the large differ-
ence between the redox potentials of the dye and the I;7 /I
redox couple, necessary for efficient dye regeneration. Never-
theless, the systems with ruthenium dyes and iodide-based
electrolytes still keep the best certified DSSC efficiencies. A
similar loss-in-potential of 0.75-0.80 V is given by the best OPV
devices."®?° Next, Vi, = 0.60 V is considered, which corresponds
to the Co-complex based electrolyte. It is one-electron redox
shuttle which requires less reduction/oxidation steps in the
regeneration process and has a redox potential shifted posi-
tively by about 0.2 V with respect to iodide/triiodide.*** There-
fore, a gain of at least 0.15 V can be expected. Although the best
DSSC laboratory efficiency is reported just for the cobalt-based
electrolyte,”* it suffers from fast recombination and, so far, has
only worked well with specially designed dyes that block the
access of the redox couple to the titania surface. Finally, the
best and the lowest loss-in-potential values of 0.45 V corre-
spond to organometal halide perovskite solar cells.”’ It is very
recent and rapidly developing kind of solar cells with the active
material exhibiting remarkable absorption and charge trans-
port properties.”>>%?32% As it has been shown recently, the low
loss-in-potential of PSCs is approaching the best values of GaAs
(below 0.3 V) and crystalline Si or CIGS solar cells (around
0.4 V).*° The calculations for other loss-in-potentials can be
easily obtained with the help of the attached program.

Finally, it should be noted that our simulations are not
relevant for the systems when more than one absorbing material
interacts with the same electrode. For example, in DSSCs this is
the case for co-sensitized dyes on nanoparticles, additional dyes
interacting through Fourier resonance energy transfer or making
stacking nanoparticle layers sensitized with different dyes.>*
In many cases such structures have yielded better overall effi-
ciencies of the solar cell (including the current champion DSSC
with porphyrin dyes®) due to the extension of the overall absorp-
tion range and are also often called tandem structures. However,
they yield one photovoltage determined by the smallest bandgap
absorber and cannot take full advantage of the multi-bandgap
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concept (decreasing thermalisation losses). The optimization of
absorption bandgaps of all contributors of such a system should
be done by matching the total absorbance to the best absorption
range of a single device with the loss-in-potential of the smallest
bandgap absorber.

3.2. Calculations for an idealized model

The calculated best efficiencies for a single cell are n = 14.3%
for ¥, = 0.75 V (with Aopger = 812 nm), 7 = 17.6% for V, = 0.60 V
(with Aonset = 892 nm) and 7 = 20.6% for Vi, = 0.45 V (with Agpget =
896 nm). They can be used as reference for tandem devices.
It can be noted that our optimum absorption onset and effi-
ciency for Vi, = 0.75 V (812 nm, 14.3%) are slightly different from
that reported previously (i = 13.4% and Aenee = 840 nm)."* The
possible reason is that in the previous calculations an increase in
IPCE to occur over 50 nm from the absorption onset was
considered and the integration of photons from the sunlight
spectrum started from 400 nm, while in our case we start from
300 nm, see eqn (2).

An interesting feature is that the optimum onsets for Vi, =
0.60 V and Vi, = 0.45 V are almost the same (892 and 896 nm).
This is because in the AM1.5 spectrum there is a huge gap from
890 to 990 nm due to the absorption of water vapors in the
atmosphere. Therefore, the current gain due to the absorption
red-shift is very small, and losses smaller than 0.25 V are
necessary to “skip” this gap for the compensation of V,. decrease.
Indeed, when we made a control optimization with the assumed
unreal photon flux spectrum without the gap (Fig. S1, ESIT),
then the absorption onsets were at 890 nm for V, = 0.60 V and
990 nm for Vi, = 0.45 V. This feature of the sunlight spectrum at
the Earth surface has quite important practical implications.
For example, it indicates that one does not need materials with
absorption onset within the discussed gap because either Aonget
up to 900 nm and or Aopser above 990 nm are optimal, depend-
ing on Vi.

This and other gaps in the sunlight spectrum also have
implications in the optimized wavelengths of the tandem
devices. Fig. 3 presents the comparison of efficiencies of
tandem devices with V;, = 0.75V, V;, = 0.60 V and V}, = 0.45 V
with respect to the absorption onset of the first sub-cell, /;.
Double-cell devices are shown in part A, while Fig. 3B and C
show the results for n = 3 and n = 4, respectively. Several “‘saw-
like” features in the curves are due to the above-mentioned
gaps. The corresponding absorption onsets for the rest of com-
partments, A; (i = 2,3,4) can be found from Fig. 2. The best
efficiencies and the corresponding optimized absorption onsets
are also collected in Table 1. For example, for the simplest n =2
tandem device the best efficiencies are: = 19.8% for V, = 0.75V
(with 4; = 661 nm and 4, = 929 nm), 1 = 23.6% for V;, = 0.60 V
(with 4; = 716 nm and 2, = 1095 nm), and n = 27.9% for V, =
0.45 V (with 1; = 718 nm and 4, = 1110 nm). Again, there is
hardly any difference in the optimized onsets for Vi, = 0.60 V
and V;, = 0.45 V due to the water-vapor absorption gap in the
sunlight spectrum. The best efficiencies are better by a factor of
about 1.36 with respect to those of single devices. Further
increase of the number of sub-cells does not provide such
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Fig. 3 Comparison of efficiencies of tandem devices with different loss-
in-potentials as a function of the absorption onset of the first sub-cell for
n=2(A),n=3(B)andn =4 (C).

significant improvements: it is only an additional factor of 1.15
for n = 3 and an extra factor of 1.07 for n = 4 (see Table 1).
As expected, the trend in absorption onsets is similar to that
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Table 1 The best efficiencies (1) and the corresponding optimized
absorption onsets (/) for the indicated number of sub-cells (n) and loss-
in-potential (V) in a single sub-cell. The total loss-in-potential is assumed
to be VLT = I'TVL

V. =0.75V V. =0.60 V V. =0.45V
n=1 n=14.3% n=17.6% = 20.6%
A1 = 812 nm A1 = 892 nm A1 = 896 nm
n=2 7 =19.8% 7 =23.6% 0 =127.9%
21 =661 nm 21 =716 nm 21 =718 nm
2 =929 nm 2, = 1095 nm 2, = 1100 nm
n=3 0 =122.7% 7 =127.0% 7 =32.0%
21 =616 nm 21 = 650 nm 21 = 655 nm
Ay = 820 nm Ay = 895 nm A2 =911 nm
23 = 1088 nm 23 = 1287 nm 23 =1319 nm
n=4 7 =24.6% 7 =1291% n=341%
.1 = 568 nm .1 = 597 nm .1 = 597 nm
Ay = 720 nm Ay = 780 nm Ay = 780 nm
23 = 885 nm 23 =1013 nm 23 =1013 nm
24 = 1105 nm 24 = 1330 nm 24 = 1330 nm

reported already for single solar cells - the wavelengths are
shorter with increasing loss-in-potential.™

The values collected in Table 1 can be compared with those
for multi-junction solar cells. The studies of maximum possible
efficiencies are well established and have been calculated
with different thermodynamic approaches or detailed balance
theory.>® The corresponding bandgaps for such devices have
been calculated using either analytical or numerical sunlight
spectrum.'>'**® For the updated AM1.5 non-concentrated
spectrum and series connection they are: 1.60 eV (/; = 775 nm)
and 0.94 eV (4, = 1320 nm) for 2-junction solar cells (giving a
maximum efficiency of 46%), and 1.90 eV (1, = 653 nm), 1.37 eV
(41 =905 nm) and 0.94 eV (13 = 1320 nm) for 3-junction solar cells
(giving a maximum efficiency of 52%)."" However, the optimized
absorption onsets are the target values only for GaAs and Si
devices, which possess low internal voltage losses. As shown in
our calculations, these values are not relevant for realistic
tandem cells of novel photovoltaic systems (like DSSC, OPV,
QDSC, PSC), for which the absorption onsets are shifted towards
shorter wavelengths.

Recently, it has also been shown that for the multi-junction
inorganic semiconductor solar cells the optimum bandgaps
depend on the quality and the luminescence efficiency of the
material.*>*" With increasing nonradiative recombination in
the material (and, thus, decreasing luminescence quantum
yield) the bandgaps should be lowered, the trend similar to
the one obtained in our calculations. The luminescence effi-
ciency was related to the open circuit voltage of the solar cell.*?
However, in the case of DSSCs and PSCs the luminescence
properties of the absorbing material have a lower impact on the
maximum photovoltage. It is because charge transport is
realized in other components than those absorbing the light.
Therefore, the main contribution to loss-in-voltage comes from
the driving forces necessary for both efficient electron and hole
separations at interfaces, for example, electron injection and
dye regeneration for DSSC.
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Several tandem DSSC structures using two separate cells
were investigated with the cell of shorter absorption onset
facing the Sun.**7® It seems that in many previous attempts
to build efficient tandem cells the optimized conditions were
not fully realized. Quite often a “good” dye was taken for the
first cell (having significant efficiency and absorbing up to
800 nm) and then another dye, absorbing more to the red,
was added to the second unit, left with insufficient sunlight to
achieve similar photocurrent. It also does not make sense to
look for dyes for DSSCs absorbing further in NIR than up to
930 nm for iodide based electrolytes. For cobalt-based electrolytes
(or perovskites) the materials do not need to have absorption
beyond 1100 nm for double-band tandem cells. For the first
compartment of the tandem DSSC, dyes with absorption onsets
at around 660 nm are best suited for iodide based electrolytes.
This means that a lot of “forgotten” dyes that did not give high
efficiencies in single devices (but had a high maximum of IPCE
spectra) can be reinvestigated for tandem applications. On the
other hand, if a dye for a second compartment does not absorb
sufficiently far in the red, than it is better to optimize the
absorption onset of the first dye towards even shorter wave-
lengths (close to 600 nm) to fulfill the matching current condi-
tions. The same situation applies if a second sub-cell has an IPCE
spectrum of much lower values than those of the first sub-cell.
We will come back to these issues in Sections 3.4 and 3.5 below.

3.3. Combined n-p type tandem configurations

A significant challenge in tandem configurations is the way of
making the efficient optical and electrical connection between
the sub-cells. Completely separate units (like the ones schema-
tically presented in Fig. 1B) are rather expensive, for example,
due to the additional costs of electrodes. In multi-junction solar
cells the connection between different compartments is realized
through tunnel junctions, however this approach is both expensive
and not possible for fabrication with novel solar cells discussed
here. In tandem QDSCs and OPVs recombination layers are
used.*>*® For DSSCs, other approaches like the floating electrode
for the bottom cell*" or integrated tandem cells** have also been
proposed.

However, tandem configuration of double DSSCs can be
realized in intuitively elegant and potentially cheap combined
n-p DSSCs.*? Its scheme is shown in Fig. 4A. The n-type part is
the photoanode used in the classical DSSC, built of a nanopar-
ticle network of a n-doped semiconductor (usually TiO,) that
collects and transports injected electrons. The p-type part is in
many ways the reverse concept to the n-type one.** A porous
material is placed on the counter electrode to collect and
transport the injected holes. The holes (instead of electrons)
are injected to the valence band (instead of the conduction
band) of a semiconductor (usually NiO) from the dyes attached
with the electron withdrawing group to the nanoparticles’ sur-
faces. The dyes are regenerated by the hole transfer from the
redox pair in the electrolyte, the latter process being the equi-
valent of the redox pair oxidation on the counter electrode in
classical DSSCs. In the combined n- and p-type device, the same
electrolyte is used to regenerate the dyes on the n-type side.
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for indicated V| corresponding to a PSC (V| = 0.45 V), a cobalt-based DSSC
(V. = 0.60 V) and an iodide-based DSSC (V. = 0.75 V).

The best efficiencies of p-type DSSC devices are still very low,
up to 1.3%," so n-p tandems also suffer from poor perfor-
mance. The problem with the p-type part is that significant
driving forces are necessary (and, thus, large loss-in-potential)
for obtaining reasonable IPCE values. For example, the systems
with high IPCE require the blue-absorbing dye on the p-part.*®
Therefore, it is reasonable to ask what is the limit of total
loss-in-potential (Vi) at which the maximum efficiency of the
tandem device drops below the maximum efficiency of a single
device. Our calculations indicate (Fig. 4C) that it is maintained
for Vir < 2.0V for iodide-based electrolytes and Vi1 < 1.7 V for
cobalt-based electrolytes. Taking the optimized absorption onsets
for such limiting systems we can calculate from eqn (5) that the
minimum total V,. of such systems has to be 1.4 V for iodide
DSSCs and 1.6 V for cobalt DSSCs. It should be noted that we
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refer to iodide- or cobalt-based electrolytes only on the context
of target best efficiency of a single device. In the n-p DSSC
device the type of redox couple used does not influence the
total V,. — it can only modify the IPCE spectra of both n- and
p-components.

Note that the differences between the potential of the con-
duction band edge of TiO, (about —0.5 V vs. NHE) and the
valence band edge of NiO (about 0.6 V vs. NHE) is the maximum
Vo available from such a tandem device (Fig. 4A) and it is only
about 1.1 V. This means that a tandem n-p DSSC made with
TiO, and NiO will hardly give the expected better efficiency than
a champion single DSSC device. Our calculations indicate that
in order to maintain V,. as small as 1.1 V and have the best
efficiency above 19% (to beat a single cobalt-based DSSC with
best n = 17.6%, see Table 1) one needs a very unrealistic total
loss-in-potential of Vi = V4 + Vi, = 1.3 V and an absorption
onset of the second dye as far as 1, = 1500 nm. We think that it
is quite an important conclusion which suggests that it is better
to work on the photocathodes with semiconductors of much
more positive potential of the valence bandgap than NiO. CuAlO,
and CuGaO, have potentials by about 0.2 V more positive with
respect to NiO, which puts them on the similar best possible
efficiency as single DSSCs. Better improvement can be reached
with CuGaO, whose valance band energy is further 0.2 eV lower.*’
In such conditions both Vi can be higher and /, can be smaller
to maintain the best efficiency above 19%.

According to our knowledge, tandem structures of perovskite
solar cells have not been reported so far. Therefore, we would like
to propose a possible compact configuration of such a tandem
device based on the n-p concept of a DSSC (Fig. 4B). It should be
noted that it uses perovskite materials for both sub-cells. The
proposed configuration takes the advantage of the perovskite
material that is a very good electron and hole transporter.”*
Indeed, it has been reported for efficient PSCs that the electron
transporting TiO, material can be substituted with Al,O; and
electrons are efficiently transported through the perovskite
material itself.”® Similarly, quite efficient PSCs without any
additional hole transporting material was built.*> Therefore,
two perovskite mesoporous layers with optimized absorption
onsets can substitute both sensitizing dye and charge trans-
porting mesoporous semiconductor layers, and it can work on
the photoanode (perovskite “n”) as well as on the photocathode
(perovskite “p”). Hole transporting materials (HTM, for example
spiro-OMeTAD) can act as analogues to the redox couple in n-p
DSSCs. The maximum possible V,. would be the difference
between the potential of the conduction band edge of perovskite
“n” and the valence band edge of perovskite “p”.

Due to the lower loss-in-potential of PSCs the conditions for
tandem n-p perovskite configuration are even more rigorous
than for DSSCs. According to our calculations, the total loss in
potential has to be V1 < 1.4 V for such tandem configuration
to give better efficiency than a single device with V;, = 0.45 V
(Fig. 4C). This means that a potential of the valence band of
perovskite “p” has to lie significantly below the HOMO level
of HTM. Such modification can be quite challenging within
organometal halide perovskites used so far. All the reported
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modifications that result in lowering the valence band led to a
simultaneous increase in conduction band energy when atoms of
higher electronegativity are used. For example, the valence band
edge of CH;NH;PbBr; is 0.14 eV below that of CH;NH;PbI;, but
at the same time the bandgap increases from 1.5 to 2.2 eV.”°
In this way, the loss-in-potential for electron transfer to HTM
would be too high. Therefore, probably new types of perovskites
are necessary for such tandem devices.

3.4. Optimization limits

We would like to discuss the limits in which the absorption
onset can be changed without significant alteration of the
global efficiency (up to 10% relative change). The example will
be discussed for n = 2 and iodide-based DSSCs. The crucial role
of the current matching conditions should be emphasised,
which is even more important than the long enough absorption
onset of the dyes. For example, if the long-wavelength onset is
shifted by 100 nm (from 4, = 929 to 1, = 829 nm) and the short-
wavelength one is shifted accordingly to keep the optimum
matching (from 4, = 661 nm down to 4; = 620 nm) then the
tandem maximum efficiency does not drop so much: from 19.8%
t0 19.1% (with Vi, = V1, = 0.75 V), which is only 4% relative change.
However, if 1, stays fixed at 661 nm and we move only /,, much
bigger losses occur (gathered in Fig. 5). It is visible immediately
that too short 4, is more harmful (reaching 10% relative efficiency
loss with absorption shift of around A/, = —40 nm), while for too
long 1, the loss is significantly lower (A4, of around 140 nm
needed for 10% relative efficiency loss).

These results, presented in Fig. 5, can be explained by the
balance between I, and V. in eqn (1). Below optimal cutoff, the
voltage of the second junction is higher, but its current is lower
than the one of the first junction and it effectively becomes I,
lowering the efficiency of the entire device. Thus, for example, if
we cannot get sufficiently red-absorbing material for a second
sub-cell of tandem DSSCs, it is better to shift the absorption
of the first sub-cell towards shorter wavelengths to maintain
current matching conditions. In the too long regime, however,

1.00
0.95 n o
0.90 -

-100 .50 0 50 100
Change in onset A), nm

Fig. 5 Relative loss in global efficiency of the tandem cell with fixed 1; and
A2 shifted by A, from the optimized position.
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the I, stays constant (being the lower current on the first
junction, which remains unchanged). The only part that gets
lowered is the voltage of the second sub-cell which decays as
1/4, (resulting V,,. = 0.37 + 1240/1,). This means that the global
efficiency loss of 10% will be met when V. will drop to 90% of
the initial value, which happens at 4, = 1070 nm. In fact, as long
as 1240/, is higher than 0.75 V, the V;; of the second junction,
the tandem cell will be more efficient than a single one with a
given offset ;. It holds true for 4, up to 1650 nm.

When we fix 4, at an optimum 929 nm and change 4,, the
situation is reversed. Moving 4, towards shorter wavelengths
results in 4, too far in the red and a slow decrease in perfor-
mance, while moving 4, towards longer wavelengths makes 4,
too short for optimal matching resulting in more rapid loss.
Therefore, moving 4, can be explained in terms of the previous
example. One can take new optimal /, for the moved 4, from
Fig. 2, and then again treat 4, as a fixed parameter, with A4,
equal to the difference between fixed 4, and optimal 4, from
Fig. 2 (with the base efficiency for given /1, taken form Fig. 3).
In both cases, losses from the onsets lying too close to each
other are 3-4 times higher than in the situation when they are
lying too far, for the same mismatch amplitude concerned.

3.5. Gradually increasing IPCE spectra

Finally, we would like to discuss the influence of more realistic
shapes of the IPCE spectra and simulate the results for a couple
of already reported tandem configurations.

The first thing that is taken into account in this chapter is the
fact that the real IPCE spectra do not end instantly, but decay
(usually in a gauss fashion) with some half-width. We checked
the effect of this blur for single and double cells with the initial
cutoff lengths optimized and V;, = 0.75 V (1; = 812 nm for n = 1,
and 4; = 661 nm and 1, = 929 nm for n = 2). The IPCE spectra
were fixed, so that the half of maximum amplitude lies always at
the wavelengths mentioned before. Gaussian decay was generated
using expression (6) with 14 tweaked so that half of the amplitude
is fixed at one wavelength and A being the maximum amplitude
of IPCE.

(2 —4a)
IPCE(4) = Aexp (—T> (6)
Starting with ¢ = 0 nm (square) up to ¢ = 200 nm the IPCE
curves are presented as insets in Fig. 6Aand Bforn=1and n=2
respectively. When calculating the efficiency two situations
were considered, taking absorption onset at the half amplitude
(keeping it constant independent of ¢) and taking absorption
onset at a wavelength with 10% of the initial amplitude. The
first case (constant absorption onset Aynse at a half amplitude
of IPCE) corresponds to the situation when for 1 > Agnget
smaller absorption gap (1240/4) is compensated by loss-in-
potential smaller then optimum, keeping the (1240/4 — V1)
value constant. Therefore, the increase of IPCE is due to the
insufficient driving force and the quantum yields of primary
charge separation process (for example electron injection in
DSSCs). In contrast, the case of maintaining absorption onset at
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insets show IPCE curves for given o.

10% of increasing IPCE corresponds to the situation when a
finite rise in IPCE is due to the insufficient absorption of light,
for example, due to too thin absorption layer.

The obtained relative efficiencies (compared to ¢ = 0) can be
seen in Fig. 6A and B for n = 1 and n = 2 respectively. It can be
clearly observed that for both cells the blur has hardly any effect
on the efficiency when the absorption onset is kept at a constant
value (only a change in I, would contribute here, but the current
fluctuation is less than 3% up to ¢ = 100 nm). This means that all
our previous considerations based on the ideal rectangle-like
IPCE spectra (Fig. 1C) are also valid in this case.

With the moving onsets resulting in diminishing V., one
can see the corresponding efficiency loss. Surprisingly, the loss
scales fairly linearly in this region with about 10% loss in the
relative performance at ¢ = 50 nm for a single cell and ¢ = 45 nm
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for a tandem cell. This convenient fact yields a nice method of
estimation of maximum efficiencies of single and tandem
devices, with the knowledge of the IPCE spectra.

So far we assumed that maxima of IPCE spectra of all
tandem components have the same value (90%). Our procedure
and the provided program also enable the calculation in the
cases when IPCE maxima are different, i.e. due to lower charge
separation yields in some compartments. As expected, in these
cases the optimized absorption onset might be different to
those shown above. For example, for n = 2 and iodide DSSCs
(Vi = 0.75 V) we checked a rather extreme case of IPCE; = 90%
and IPCE, = 50% of rectangular shape. The obtained best
efficiency was equal to 16.2% with absorption onsets at 4, =
632 nm and 4, = 1096 nm. Therefore, compared to the case of the
same intensity of IPCE (Table 1), the onset of the first compart-
ment is shifted to shorter wavelengths, while that of the second
compartment to longer wavelengths. When the values of IPCE
intensity were exchanged (IPCE; = 50%, IPCE, = 90% and
assuming that no light within the IPCE spectrum of the first
sub-cell passes to the second one), the situation is reversed: the
optimized onsets are at Z; = 715 nm (red shifted) and 4, = 896 nm
(blue shifted). However, in this case the efficiency is only 12.7%,
which is smaller than that of single devices (14.3%, Table 1).

Finally, we would like to present the example of using our
procedure to check the performance and suggest the way of
improving a real tandem DSSC cell. We have chosen a recently
reported tandem configuration with one of the best efficiencies
reported so far (11.4%) utilizing novel DX1 dye and a traditional
sensitizer N719.%® The IPCE spectra provided in this contribu-
tion were digitized and used as inputs in the program. Calcula-
tions yielded data that corresponded well with values reported
by the authors: I,. = 11.3 mA cm™ 2, V,. = 1.46 V and 5 = 11%
when absorption onsets were taken at wavelengths corresponding
to 10% of the maximum IPCE amplitude (712 nm and 940 nm for
the top and bottom cells respectively). Simulation shows a little
mismatch of the current (11.3 mA cm > for the top cell and
13.3 mA cm™? for the bottom cell), but generally the results are
representing experimental data, with less than 10% error. Looking
at Table 1 one can see that the 4, of DX1 dye lies close to the
optimal theoretical wavelength for the tandem system with the
iodide electrolyte — 929 nm. The 4;, however, is lying too far to
the red, lowering the total efficiency. Hence, we performed
more simulations leaving the bottom cell IPCE spectrum and
the FF intact, while taking the IPCE of the top cell as a rectangle
of height 0.7 spanning from 300 nm to the varying /,. It turned
out that the maximum efficiency of 13.5% is achieved when 4,
is taken at 650 nm with I, = 11.7 mA cm ™2 and V. = 1.72 V.
When we consider that there are dyes with IPCE ending within
the region of 600-650 nm which can achieve a uniform IPCE of
0.9 amplitude, the global efficiency can be pushed even higher.
When the height of the top cell rectangular spectrum is set to
0.9 the simulated efficiency can reach 16.1% with 4, = 623 nm,
I,.=13.2 mA cm 2 and V,. = 1.81 V.

Therefore, as alternatives to N719 some triphenylamine dyes
with more blue shifted absorption onset can be proposed for
the tandem configuration with DX1 dye. For example, TPC1°*
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and TH305% dyes have high IPCE values and the time-resolved
studies with our contribution confirmed high electron injection
and dye regeneration quantum yields of these systems.>*>*
A DSSC with TPC1 dye has a flat IPCE spectrum of 80-90%
extending up to 530 nm with gradual decay up to 630 nm, while
that with TH305 has an IPCE spectrum shifted further to red by
70 nm. Another alternative that has been introduced very recently
is RK1 dye, having similar IPCE onsets to that of TH305 but
yielding even better efficiencies.>

4. Conclusions

Loss-in-potential, Vi, of the solar cell (being the difference in
the energy bandgap of the active material and the open circuit
voltage of the cell) is a simple parameter that can help simulating
the behavior of different photovoltaic devices. In this contribu-
tion we use this parameter to calculate the optimal absorption
onsets of tandem DSSCs and perovskite solar cells. Based on the
proposed procedure and the provided program, a number of
results relevant for better optimization of such devices are shown
and discussed.

For an ideal case of the rectangle IPCE spectra (with steep
onset) the following optimal onsets and sunlight conversion
efficiencies are obtained for tandem configurations with two
sub-cells (assuming the maximum IPCE value of 90% and FF =
0.73): 2, = 661 nm, 4, = 929 nm and 5 = 19.8% for iodide-based
DSSCs (Vi = 0.75 V), 4 = 716 nm, 4, = 1095 nm and n = 23.6%
for cobalt-based DSSCs (Vi = 0.60 V), and 4, = 718 nm, 4, =
1110 nm and n = 27.9% for perovskite solar cells (V, = 0.45 V).
Such configurations can increase the total sunlight conversion
efficiency by about 35% in comparison to the single-cell devices.
It is shown that if the materials with optimized wavelengths are
not available, it is better to vary the absorption onsets of all
compartments to fulfill the current matching conditions than
keeping one onset at a fixed optimized position and vary other
onsets. For more realistic IPCE curves (with Gaussian rise) the
results do not depend on the width of the spectral increase if
absorption onsets are kept the same. If absorption onsets change
according to the width of IPCE increase, then the sunlight
conversion efficiency decreases linearly with a relative drop of
about 20% of the initial value per 100 nm width increase.

A novel configuration for a tandem perovskite solar cell is
proposed based on a tandem n-p DSSC device. The conditions
at which both of such tandem devices can be superior with
respect to single solar cells are investigated. It is revealed that
the sum of both loss-in-potentials in a n—p DSSC cannot exceed
1.7 V. Due to large potential losses of a typical n-p DSSC with
TiO, and NiO mesoporous films, such configurations will hardly
provide better sunlight conversion efficiency than a single DSSC,
therefore alternatives to NiO material with more positive
potential of the valence band should be explored. For tandem
perovskite cells the conditions are even more rigorous and the
total loss in potential has to be smaller than 1.4 V. This implies
the need of new types of perovskites with a more positive
valence band potential.
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Finally, the example of the real IPCE spectra of a functioning
DSSC tandem device was used for calculation and discussion of
the best absorption onsets. The provided procedure and pro-
gram enable calculation of optimal absorption bandgaps and
efficiencies for any given configuration of tandem solar cells
and the assumed loss-in-potential.
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Program description
The code of the program (in C) is attached as separate file (code.c). The code can be compiled
to executable file by most compilers under Windows or Linux (for example Dev C++ for
Windows which can be downloaded at http://www.bloodshed.net/dev/devcpp.html). Upon
launching the user has 4 options:
1. Generate IPCE
2. Optimize cell
3. Simulate cell
4. Exit
1. Generating IPCE
When this option is chosen, the program first asks for the number of spectra to be generated
(1-10). They will be saved in separate files from ipcel.txt to ipcel0.txt. After entering the
number of spectra, program asks for the shape and parameters of each spectrum. Square
shaped spectrum needs 3 parameters: height between 0 and 1, beginning of the interval and its
end in nm (between 300 and 2500). They should all be given in one line, separated by spaces.
Note that for the absorption onset optimization the end of the interval should be longer than
the expected absorption onset (for general cases the interval can be from 300 to 2500 nm, see
the exemplary attached file ipcel.txt). Gaussian shaped spectrum needs 4 parameters. When
‘Cancel’ is chosen, the spectrum with the current number is not modified. First 3 of them are
the same as in square shape, maximum amplitude and two wavelengths between which the
amplitude is preserved. The last parameter is the decay half-width o, which determines shape
of the slopes according to the formula (6). When the desired number of curves is generated,
program returns to main menu.
2. Cell optimization
After choosing this mode, program first asks for the number of junctions (sub-cells) that
constitute entire simulated device. Then it asks for Viess on each junction of the system, FF is
fixed at a reasonable value of 0.73. Finally it asks for the mode of operation, full or decaying
currents. In multi-junction devices, when the ‘full current” mode is chosen only the sub-cells
matching the current of the first sub-cell will contribute to the final efficiency, the rest is
dismissed. In ‘decaying current’ mode all the sub-cells with non-zero currents will contribute
to the result and the lowest of these currents will be picked as Isc. For the simulation of single
cell “full current’ mode is chosen automatically. IPCE for the n™ sub-cell is taken from

ipcen.txt file. Simulations works as follows. The program is calculating the current of the first

2



cell by integration according to formula (2) beginning in 300nm and with the step of 0.5nm.
After each step, rest of the sub-cells have their currents integrated until the point they reach
the current of the sub-cell over them (n™ sub-cell tries to match the current of (n-1)"" sub-cell)
or their currents rises no more. The light absorbed by the cells over the n" is taken into
account. Wavelength onsets corresponding to each sub-cell are stored and used to calculate
voltage of each part according to formula (3), which leads to calculating Voc as in (5). Is is
picked according to the chosen mode and efficiency is calculated according to formula (1)
with Pi, fixed at 100mWcm™. Results after each step are written to the file output.txt. Its
header has number of junctions and Viess of each junction. Underneath there are results of
each calculation step: onsets for all the subcells, number of “useful” junctions according to the
chosen current mode, lsc, number of the sub-cell with the lowest current, Voc and efficiency.
Dismissed sub-cells have their onset wavelength set as 0. When the current of the first sub-
cell rises no more, simulation ends and program closes itself (to prevent accidental
overwriting output.txt).

3. Simulating cell

This part simulates actual (tandem) cell with the given parameters. It asks for the number of
sub-cells, Viess for each subcell and FF. It also asks for the cutoff factor CF. It is a parameter
with the values between 0 and 1. It gives information where to take the onset for calculating
Voc — for each sub-cell it will be taken at the wavelength, where the amplitude is equal to the
maximum amplitude multiplied by CF. IPCE curves are taken in the same manner as in
optimize cell section. Then the program calculates current for each sub-cell, taking into
account the light absorbed by the sub-cells above. The amount of light that goes through the
sub-cell at a given wavelength is given by formula (S1).

Light(4) = (1—%5’”} (S1)

The cutoff wavelength, current and voltage (including loss) of each sub-cell is written out.
Then the lowest current is chosen as Isc, Voc and efficiency are calculated and also written out

and the program returns to main menu.

In both optimize cell and simulate cell operation modes user IPCE spectra can be used,
provided they maintain the structure:

IPCEmax

300[Tab]IPCE(300)



300.5[Tab]IPCE(300.5)

2500[Tab]IPCE(2500)

User can also provide his own sunlight spectrum by substituting the file AM15ext.txt. It has
the format in which the first column represents wavelength and the second one — photon flux

multiplied by elementary charge. By default, the file attached uses ASTM G173-03 reference

spectra.

4. Exit

Self explanatory.
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Figure S1. Photon flux for AM1.5G reference sunlight spectrum used in all calculations and
the modified spectrum with filled gap in 890-990 nm range due to water vapor absorption for

control calculations.
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The photo behaviour of indoline dye D149 on different metal oxide nanoparticles in functioning solar
cells is investigated by time-resolved studies in the time range from 100 fs to several ns. The cells are also
characterized by standard photovoltaic measurements. The electron injection is found to occur on the
time scales from <200 fs to several tens of ps. Locally excited (LE) and charge transfer (CT) excited states
of the dye are identified to participate in the electron injection and dye deactivation mechanisms. The

dependence of the ultrafast dynamics on the coadsorbent concentration and energy density of the pump
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pulse indicates the important role of excited state self-quenching. A decrease in the photocurrent of the
cells upon aging (very fast for ZnO and slower for TiO, nanoparticles) is found to be correlated with the
transient absorption kinetics, with a probable explanation suggested as electrolyte-induced dye rear-
rangement and aggregate formation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Indoline dye D149 [1] is a popular metal-free sensitizer used in
dye-sensitized solar cells (DSSC) [2,3]. The best sunlight conversion
efficiency of DSSC with this dye and iodine-based liquid electrolyte
is 9% [4], which can be compared to record efficiencies of best
metal-free dyes, 10.2% with iodine-based electrolyte [5], 10.65%
with cobalt-based electrolyte [6], ruthenium dyes 11.7% [7], and
porphyrin dyes, 13.0% [8]. Besides the high efficiency, D149 showed
remarkable promising properties when used with less volatile ionic
liquids, solid state electrolytes and alternative metal oxides
[4,9—13]. DSSC systems with this dye were also widely studied in
the context of the observed transient Stark shift [ 14—18]. Moreover,
the new dyes containing indoline moiety have recently shown very
high conversion efficiencies [6,19].

Dynamics and quantum yield of electron injection in DSSC,
which can be studied by ultrafast laser spectroscopy techniques
[20—28], are important parameters that might determine the
sunlight conversion efficiency of the device [29,30]. This issue
became even more important in recent years, when it was revealed

* Corresponding author. Tel.: +48 61 829 5011.
E-mail address: marziol@amu.edu.pl (M. Ziétek).

http://dx.doi.org/10.1016/j.dyepig.2014.10.008
0143-7208/© 2014 Elsevier Ltd. All rights reserved.

that in many cases the rate of electron injection from the excited
state of the dye to the conduction band of metal oxide is slower in
the complete cells than in the isolated systems investigated before
[31-35]. Therefore, since the characteristic time scale is often
longer than sub-ps, many internal deactivation processes present in
the dye might efficiently compete with electron injection and lower
the photovoltaic performance of DSSC. In particular, we have
recently shown that lower photocurrent of D149 solar cell with ZnO
nanoparticles compared to those with TiO; ones is directly related
to the ultrafast processes occurring in the first 500 ps and that
electron injection is slower for ZnO cells than for TiO, [36].

D149 dye has been studied in solution by femtosecond transient
absorption [37] and femtosecond up-conversion techniques [38].
These studies revealed a formation of charge transfer (CT) state in
polar solvent and solvent-dependent decay of CT state. Moreover,
picosecond fluorescence studies with time-correlated single
photon counting(TCSPC) technique indicated the occurrence of
isomerization process [39] and the excited-state proton transfer
process [40] as responsible for the enhanced deactivation rate.
Femtosecond up-conversion of D149 on TiO; films showed a decay
of the first singlet excited state with the averaged time constant of
about 2 ps [12]. A different conclusion was drown from femto-
second transient absorption studies of D149 (with the coadsorbent)
on TiO, and ZnO films in the visible range [17]. In that studies the
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ultrafast (<250 fs) dynamics of electron injection was observed,
similar for both metal oxides. However, our recent investigation of
complete solar cell of D149 without coadsorbent revealed much
worse electron injection efficiency in ZnO than TiO; cells [36]. Next,
for the reference system of D149 on ZrO; films fs transient ab-
sorption studies showed similar ultrafast (<250 fs) formation of a
cation—electron complex (explained by the interaction of the dye
with the trap states below ZrO,conduction band) [17]. On the
contrary, TCSPC studies of D149/ZrO, films showed excited state
deactivation on the time scale of hundreds of ps (fast component)
and single ns (slow component), with increasing lifetime for higher
coadsorbent (chenodeoxycholic acid, CDCA) content [39]. The mid-
infrared measurements in complete D149 solar cells indicated the
double exponential <300 fs to 30 ps electron injection kinetics [34].
However, for high intensity of the pulses the kinetics became
significantly faster [34].The above results, often in contradiction to
each other, clearly show the need of further investigation of the
dynamics of fully organic dyes, like D149, in DSSC to understand
which processes play a key role in functioning devices.

Therefore, in this contribution we have significantly extended
our previous study to better understand the ultrafast processes
occurring in D149 molecule attached to metal oxide nanoparticles
in complete solar cells. For comparison, we have also measured
D149 in solution and on metal oxide films in air. The main novel
features of the present studies are the following: (i) the femto-
second transient absorption measurements in the visible spectral
range (450—800 nm) were performed with a higher signal-to-noise
ratio and longer time window up to 3 ns; (ii) new femtosecond
transient absorption studies in near-infrared (NIR, 800—1500 nm)
spectral range were used; (iii) studies with different amount of
coadsorbent and different pump pulse intensity were performed.
All of these enabled us to better explain the differences between
the dynamics in TiO, and ZnO solar cells, to understand the
discrepancy between previous ultrafast results of D149, and to
discover new processes and transient states in D149 relevant for
efficient electron injection. We believe that our studies enable
better understanding the photophysics of indoline dyes interacting
with inorganic nanomaterials. Moreover, the mechanisms we
found should be relevant for many all-organic dyes with high
extinction coefficient used in DSSC and our findings are important
for improving solar cell efficiency in general.

2. Materials and methods

Indoline dye D149, chenodeoxycholic acid (CDCA) and Al;O3
nanoparticles (diameter <50 nm) were purchased from Sigma-
—Aldrich. ZnO (VP Zn020) and TiO, (P25) nanoparticles were
received from Evonik. The procedure of preparing the paste with
oxide nanoparticles was the same for all the materials, with the
exception of acetic acid content: it was 0 ml for ZnO, 0.5 ml for TiO,
and 1 ml for Al,0Os. Pastes were prepared as follows. First 3 g of
nanoparticles powder was mixed with acetic acid, 20 ml of ethanol
and left in ultrasonic bath for 3 h. Then another solution of 10 ml a-
terpineol, 1.5 g of ethyl cellulose and 13.5 g of ethanol was prepared.
Two solutions were mixed together and placed in ultrasonic bath
for another hour. Afterwards they were stirred for 16 additional
hours. Finally, the ethanol was removed with a rotary evaporator
operating at 60 °C and the ready to use paste was obtained.

The films were deposited by doctor-blade technique on fluorine
doped tin oxide (FTO) glass plates and heated at 450 °C (TiO, and
Al;03) or 420 °C(ZnO) for 60 min. Then, the films were immersed in
a 0.2 mM solution of D149 with different concentrations of CDCA
(0 mM, 0.2 mM and 2 mM) in acetonitrile (ACN): tert-butanol
mixture (1:1) and kept at room temperature for about 1 h. The
platinised counter electrode was obtained by spreading a Pt-based

solution (Platisol T, Solaronix SA) on FTO glass and annealing at
450 °C. The transmission of Pt layered electrode varies from 75% at
450 nm to 90% at 800 nm with respect to pure FTO glass. To make a
complete solar cell (the active area of 1.1 cm? was prepared), the
counter electrode was assembled with thermal adhesive film
(25 um Surlyn, Meltronix, Solaronix SA) that acts as separator and
sealing element. The cells were filled (by vacuum backfilling
method) with a commercial liquid electrolyte (Iodolyte AN-50,
Solaronix SA) containing the I /I3 redox couple ([I;] = 50 mM) in
ACN solution.

For ultrafast transient absorption experiments a commercial
femtosecond broadband transient absorption spectrometer (Helios,
Ultrafast Systems) was used in a single-beam configuration, with all
reflective white light continuum generator and depolarizer in the
pump beam to avoid influence of rotational dynamics. The femto-
second pulses were provided by Spectra Physics setup consisting of
MaiTai SP oscillator, Spitfire Ace amplifier (pumped by Empower
laser) and Topas Prime wavelength convertor (optical parametric
amplifier). The pump pulses were at 555 nm and the IRF (pump-
probe cross correlation function) was 250—300 fs (FWHM). The
typical pump pulse energy was 500 nJ, corresponding to energy
density of about 1 mJ/cm?. In some experiments 200 nJ and 2 pJ
pulses were also used. The probe light continuum was generated in
sapphire or YAG-type crystal. All the spectra analyzed were cor-
rected for chirp of white light continuum. The transient absorption
measurements were performed in the spectral ranges 450—800 nm
(VIS) and 800—1500 (NIR) and in the time range of up to 3 ns.

The transient absorption spectra are the combination of positive
signals originating from the absorption of transient species, nega-
tive signals due to ground state depopulation (corresponding
spectrally to steady-state absorption bands), and negative signals
due to stimulated emission from the excited state (occurring for the
wavelength for which steady-state emission is present). To analyze
the transient absorption dynamics in more detail, we used a global
approach. The global analysis of the data was done using Surface
Explorer program (Ultrafast Systems) which fits multi-exponential
function (convoluted with IRF of our setup, FWHM between 250
and 300 fs) to the kinetic vectors of selected number of singular
values and reproduces the spectra of the amplitudes associated
with the time components. As a result, the characteristic time
constants are revealed for the whole spectral range investigated (in
our case combined VIS and NIR regions), and the wavelength-
dependent amplitudes associated with these time constants are
obtained (also called decay associated difference spectra). The
positive value of the amplitude at certain wavelength indicates a
change towards less positive (or more negative) transient absorp-
tion signals at this wavelength, while a negative value of amplitude
indicates opposite. In all figures presenting transient absorption
spectra the time zero (maximum of IRF) is set at O ps, while for all
figures showing kinetic traces it is shifted to 1 psin order to present
the time axis in logarithmic scale.

Analysis at particular probe wavelength was done by fitting
stretched exponential function (convoluted with IRF) to the tran-
sient absorption signals. The function is defined as:

A(t) —Age /7", (1)

This function contains two parameters: the characteristic time 7
and the dispersion parameter 3 (0<8 < 1, lower § values mean more
stretched decay, extending the decay time scale). The average time
of the process described by function (1) was calculated as:

TAVG :%T(%) (2)
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We should note that sometimes the averaged time constant
from stretched exponential fit given by Eq. (2) is not a good
parameter to compare when the dispersion parameter differs too
much (for example, for one sample § > 0.7 and another § < 0.4, in
the latter case the averaged lifetime is too long). Therefore, in all
tables in which the decay parameters are shown, a half-decay time
is also given.

The time-resolved emission measurements in the picosecond
time window were performed using a time correlated single
photon counting technique (TCSPC) [41]. The measurements were
carried out at the magic angle with the pump wavelength of
425 nm. The analysis was done by fitting stretched exponential
function (Egs. (1)—(2)) convoluted with the IRF of the setup
(measured by light scattering of the same samples at pump
wavelength) to the fluorescence decays at the wavelength around
660 nm (corresponding to the maximum of emission band). The
steady-state UV—visible absorption spectra were measured with a
UV-VIS-550 (Jasco) spectrophotometer. An M101 potentiostat with
FRA32M module (Autolab) was used to measure electrochemical
impedance spectra (10 mV perturbation in the 10-'—10° Hz range)
in the dark and at open circuit, and the data sets were analyzed
with Nova 1.10 (Autolab) software. The potentiostat was also used
to measure current—voltage (J—V) curves under the irradiation of
white light LED lamp. The distance between the LED lamp source
and the solar cell was adjusted to give a photocurrent corre-
sponding to that obtained in the control experiment for the same
samples at 1 Sun conditions using a solar simulator (Sun 2000 class
A, Abet Technologies, equipped with an AM 1.5 G filter). The
morphology of the nanoparticle films was analyzed using a Scan-
ning Electron Microscope (JEOL 7001 TTLS).

3. Results and discussion

3.1. Photovoltaic performance, steady-state spectroscopy and time-
resolved emission studies

Table 1 collects the most important parameters of the cells
prepared with TiO, ZnO and reference Al;0s films (all sensitized
with 0.2 mM D149 and 2 mM CDCA). The trend is similar to that
reported by us previously for the D149 cells prepared without
coadsorbent and with different TiO, and ZnO pastes [36]. The
relatively low short circuit current of D149/TiO> cell (Jsc = 4 mA/cm?
under conditions similar to those of AM1.5 (1 Sun) is mainly due to
limited absorbance of the sensitized metal oxide layer (absorbance
of about 1 at the maximum of D149 band) required in our time-
resolved studies. D149/TiO; cells prepared without CDCA showed
about 50% higher absorption and 20% higher Jsc.

Table 1

Photovoltaic parameters of the samples using 2 mM CDCA: amplitude (Anmax) and
wavelength (Amgx) corresponding to the maximum of the D149 absorption band,
thickness of the mesoporous layer (d), open circuit voltage (Voc), short circuit cur-
rent density (Jsc) for 1 Sun conditions, fill factor (FF), number of absorbed photons
(Npn) calculated as previously [36], and Jsc/Npp ratio.

Sample: TiO, ZnO Al,03
Amax 1.0 0.3 1.2
Amax, NM? 516 505 507

d, ym 3 1 3.5
Voe, mV 630 600 200
Jsc, mA/cm? 40 0.80 — 0.15” 0.05
FF 0.45°¢ 0.60 -

Npn, x10'6, s'em =2 6.06 3.18 6.86
JscINpn x 10716, mA/s 0.66 0.25 — 0.05” 0.01

2 Films in air.
b Decrease after 1 day.
¢ FF = 0.55 after series resistance correction.

The absorbance of the dye in ZnO cells is smaller than that of
TiO». The initial photocurrent per number of absorbed photons (Jsc/
Np in Table 1) of D149/Zn0O cells is 2—3 times lower than that of
D149/TiO, cells. However, the photocurrent drops rapidly. 2 h after
preparation it is only 30—40% of its initial value, and after 1 day it is
only 20%. On the contrary, for D149/TiO- cells we observed a drop of
the photocurrent of the same magnitude that in D149/Zn0O after 2
weeks instead of 2 h. Due to the measurements duration, all time-
resolved studies of complete D149/Zn0O cells presented in next
sections correspond to the conditions at which the relative
photocurrent (per absorbed photons) is about 10 times smaller
than that of TiO, samples. We have checked that D149 dye mole-
cules can be dissolved from ZnO film as indicated before [42]. As
shown in Fig. STA (in the supporting information, SI), the absorp-
tion of D149/Zn0 film decreases by about 40% after 20 h immersion
in neat acetonitrile (similar for the films sensitized with and
without CDCA addition). This might be the reason for quick
lowering of the photocurrent in D149/Zn0 cells. However, as will be
revealed in next sections, the explanation is probably more
complex.

Finally, the reference D149/Al,03 cells show some small, but
nonzero photocurrent (Table 1, about 1% to that of D149/TiO, cells),
in similar fashion as found by us previously [36]. The origin of this
photocurrent might be either due to the presence of very deep trap
states below conduction band in alumina or due to the presence of
trace impurities in commercial Al,O3 nanopowder. We have
checked that the Al,0Os cells without D149 dye give no photocurrent
at all, so it is certainly due to the electrons transferred from the
excited dyes.

Exemplary SEM pictures of the surface of metal oxide layers and
their cross-sections are presented in Fig. S2. They show that the
thickness of the TiO, layer (3 pm) is about 3 times larger than that
of ZnO (1 pum). We also used electrochemical impedance spec-
troscopy to characterize the cells and metal oxide layers. The results
are shown in supporting information (Table S1 and Fig. S3—S5). The
charge recombination in ZnO layer is slightly slower than that of
TiO,, for the corresponding bias voltages, but for both materials the
relative diffusion length (the ratio of the diffusion length over the
nanoparticle layer thickness) is always larger than 3, indicating
good collection efficiency.

The effect of adding coadsorbent to the sensitizing solution on
the steady-state absorption spectra is shown in Fig. 1A and Fig. S1B.
The absorption band of D149 is shifted slightly to the blue when
more CDCA is added, in accordance to the previous report [43]. For
D149/TiO, film the maximum changes from 523 nm (no CDCA) to
516 nm (2 mM CDCA), while for D149/Al,03 the corresponding
change is from 521 nm to 507 nm. The small absorption changes lie
in contrast with our recent studies of NIR absorbing dye HY103
[44]. In that case, even upon small addition of CDCA (0.2 mM), a
drastic change in steady-state absorption spectra was observed due
to the diminish of H-aggregates band (on the short-wavelength
side of monomer's band). However, as will be shown in next sec-
tions, the impact of CDCA addition on the transient kinetics of D149
is much higher than it could be expected from the steady-state
spectra.

We performed TCSPC experiments to check the effect of coad-
sorbent for D149/TiO, cells (Fig. 1B). As can be seen, upon the
addition of CDCA the fluorescence decay becomes longer with the
average decay times equal to 50 ps for the samples without CDCA,
90 ps for 0.2 mM CDCA and 170 ps for 2 mM CDCA. It indicates the
possible competing quenching process which will be further
explored in next sections. We also compared the fluorescence de-
cays for cells with different metal oxides for moderate CDCA con-
centration (0.2 mM CDCA, Fig. S6). The trend is similar to that
reported by us previously for the cells without CDCA [36]. The
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Fig. 1. (A) Steady-state absorption spectra of D149/TiO-, films for different concentrations of coadsorbent (CDCA) in the sensitizing solution. The inset shows the structure of D149
molecule. (B) Fluorescence decays obtained in TCSPC experiment at 660 nm after 425 nm excitation for D149/TiO; cells with different concentration of coadsorbent. The black line
shows the best fit using stretched exponential function with parameters given in Table S2A.

averaged decay time is 200 ps for D149/Al,03, 170 ps for D149/Zn0O
and 90 ps for D149/TiO; cells. The electron injection yield calcu-
lated on the basis of such values is equal to 55% for D149/TiO, cells
and much smaller (15%) for D149/Zn0O cells.

3.2. Transient absorption studies

3.2.1. D149 in solution and D149/Al,03 cells

Transient absorption studies of D149 in solution are presented
in the supporting information (text and Fig. S7). The spectra of all
fitted components in global analysis are presented in Fig. 2A. The
most important information for further studies of DSSC are the
following. Two excited states of D149 with different spectral char-
acteristics are identified. The decay of the first one, LE state, with
time constant 0.4 ps is accompanied by the positive amplitudes
with maximum around 720 nm in the VIS range and positive am-
plitudes for wavelength <1100 nm and >1450 nm in NIR range. The
decay of subsequent and relaxed CT state is connected with the
positive amplitudes with maxima around 600 nm and 1370 nm,
and is clearly mono-exponential (time constant 420 ps). The ab-
sorption from both states has a significant contribution in the NIR
range (in fact their extinction coefficients in NIR are comparable to
those in VIS range). In studies of some DSSC it is assumed that only
radical cations and electrons in metal oxide conduction band give
contributions to the signals in NIR and, thus, the rise of such signals
can be directly related to the electron injection dynamics. Our
transient absorption results in NIR clearly show that it is not in the
case of D149 dye, and probably in the whole family of indoline dyes,
because the strong transient absorption signals from the excited
states are also present in this range.

For D149/Al,03 reference cells (with 0.2 mM CDCA) we do not
expect significant contribution of electron injection, although the
nonzero photocurrent mentioned above indicates the possible
small contribution of a charge separation process. The global
analysis (Fig. 2B) brings three time components of 7; = 0.2 ps,
72 = 3.0 ps and 73 = 65 ps as well as the fourth component
(4 > 1 ns) which represents the residual signal, constant in the
time window of our setup. Interestingly, the complex wavelength-
dependent spectra indicate that the decay of the dye attached to
alumina cannot be simply explained by the decay of one excited
state, even if the vibrational relaxation and cooling are taken into
account. On the contrary, the amplitude spectra of all three com-
ponents are positive in the region above 600 nm, up to 1500 nm,
and we can observe two distinguished spectral features which
relative contribution changes for different time constants. For short
time constants (71 = 0.2 ps and 7, = 3.0 ps) a dominant feature is
one with a maximum around 720 nm, while for the longer

component (73 = 65 ps) the main band is that with a maximum
around 600 nm. The spectral similarity in VIS region to those
observed in solution (and discussed above) suggests that we also
observe LE and CT states for D149/Al,03 cells. It should be noted
that the decays of LE and subsequent CT states are not mono-
exponential and they both contribute to the amplitude spectra of
more than one component from the global fit. In particular, the
band at 720 nm (LE) is present not only in t; spectra, but also in
those of 1, and t3 components (but with decreasing contribution).
Similarly, the CT band at 600 nm is observed not only in T3 spectra,
but also in shorter t, spectra.

A decay of LE in NIR is manifested as positive amplitudes of
71 = 0.2 ps component for wavelengths<1100 nm and >1300 nm,
similar to those of D149 in solution. As for CT state, which is
abundant in amplitude spectra of longer components (7, and 73), its
band in NIR is significantly spectrally broader than that observed in
solution. The possible explanation is that the nature of CT state is
slightly different when the molecules are chemically bonded to
semiconductor surface. Probably, the LUMO orbital extends more
towards the metal oxide structure (in this case Al atoms) and the
absorption spectra in NIR are especially sensitive to such changes
[45]. The CT state might be therefore more like exciplex nature,
rather than bound radical cation—electron complex, maintaining its
electronically excited state character with respect to the dye. The
residual component (t4) with positive maxima at around 630 nm
and 1100 nm (and negative ground state depopulation maximizing
at around 500 nm, Fig. 2B) clearly shows that some portion of the
excited dyes do not relax to the ground state but, most probably,
inject electrons to deep trap states in alumina, possibly due to the
presence of impurities or surface defects. Therefore, we might
assign the residual spectra to the bounded complex between dye
and trapped electrons. Eventually, in some portion of these com-
plexes, further charge separation might occur giving rise to the
small photocurrent observed in D149/Al,03 cells (as found in the
previous section).

3.2.2. D149/TiO, and D149/Zn0 cells

For D149/TiO; cells with 0.2 mM CDCA (Fig. 2A and S8A-B) the
time constants of globally fitted components (7q 0.2 ps,
72 = 3.5 ps, 73 = 70 ps and 74 > 1ns) do not differ too much from
those obtained for D149/Al,03 cells, which is consistent with our
previous report for the cells without CDCA [36]. However, more
detailed investigation shows that it is rather the coincidence due to
spreading of the dynamics over many time scales in both systems,
while the main difference lies in the relative amplitudes between
the components of both cells. Indeed, the final, residual signal
(amplitude of 74 component) is much higher than that found in
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(71 = 0.2 ps) is decreased by 2 because the fitting procedure makes it larger due to the convolution with comparable IRF (FWHM = 0.25—0.3 ps).

D149/Al,05 cells (see also Fig. 2B). Moreover, the spectrum of this
component is also different: the negative signal extends further
into long-wavelength range (up to 630 nm, while for D149/Al,05 it
was up to 580 nm), the maximum in the visible range is shifted to
670 nm, and the signal in NIR contains dominant features for
wavelengths around 1300 nm. All of these differences can be
explained by the fact that for D149/TiO,, cells with efficient electron
injection a large concentration of D149 radical cation is present, the
electrons in titania conduction band contribute to the signal
(especially in NIR range), and there is a transient Stark shift signal
originating from the electric field created by the electrons in the
semiconductor. The latter is responsible for the transient features
having the shape of first derivative of steady-state absorption band,
which results in the apparent shift of the negative transient ab-
sorption band towards the red [18]. The differences in the VIS range
are similar to those previously reported in transient absorption
studies of D149 in films [17]. In these studies the transient Stark
shift was observed for D149/TiO; and D149/Zn0O samples, while it
was absent for D149/ZrO, samples.

The efficient creation of D149 radical cation is also revealed in
the shape of the amplitudes of 7o = 3.5 ps and 73 = 70 ps compo-
nents. Unlike their analogues in D149/Al;03 cells, they contain
negative regions for A > 600 nm, which indicate a rise of the signal
due to higher extinction coefficient of the D149 radical cation than
that of CT state for these wavelengths. For the 72 = 3.5 ps compo-
nent a rise occurs in the range 630—680 nm, while for 73 = 70 ps a
rise is present in the range 720—850 nm. In the latter case the rise
might be also due to the changes in the radical cation spectrum due
to the hole transfer within its structure [46].

Besides the clear formation of radical cation from CT state, our
present data also indicates partial, faster electron injection from LE
state. This state decays much faster in D149/TiO, cell than in the
reference D149/Al;03 cell. Although the time components from

global analysis are similar, the feature at 730 nm (characteristic for
LE state) contributes mainly to the spectra oft; = 0.2 ps and, a little
bit, to 73 = 3.5 ps components for D149/TiO, sample (Fig. 2C), while
for D149/Al;03 sample the contribution is comparable for

=0.2 ps and 7, = 3.0 ps spectra, and it is also present in 73 = 65
ps spectra (Fig. 2B). This difference can also be directly visualized
when the transient kinetics at 730 nm are compared. This is pre-
sented in Fig. 3A together with the stretched exponential fit, whose
results are shown in Table 2A. The average decay time is about 10
times faster for D149/TiO, samples (0.7 ps) than for D149/Al,03
ones (8.0 ps).

Next, we present the global fit results of D149/Zn0O cells with
0.2 mM CDCA (Fig. 2D and S8C-D). Also in line with our previous
report [36], the spectra and time constants are similar to those
found for reference D149/Al,0s3 cells, consistent with the poor
photocurrent in D149/Zn0O cells. The decay of LE state in D149/Zn0O
cell is only slightly faster than that in D149/Al;03 and much longer
than for D149/TiO; cells (kinetics at 730 nm, Fig. 3A), indicating a
significantly slower injection for ZnO cells. There is no indication of
transient Stark signal, and the residual signal in both VIS and NIR
ranges is very small (74 > 1 ns component), with the spectral shape
more similar to that of D149/Al;03 (possible bounded complex
between dye and trapped electrons) than D149/TiO, cells (sepa-
rated radical cations and electrons in conduction band).

One of the explanations for poor performance of D149/Zn0O cells
might be the before-mentioned detachment of dyes from ZnO
surface in the presence of solvent. However, we do not observe any
indication of free dyes in electrolyte, whose presence should appear
as mono-exponential long decay. On the contrary, the decay of
transient absorption signal in D149/ZnO cells for wavelengths
corresponding to the CT state is even faster than in two other cells
with high dispersion parameter (see, for example, kinetics at
630 nm presented in Fig. 3B), pointing out the enhanced excited
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state self-quenching in D149/Zn0O cells. We will come back to these
interesting features below.

3.2.3. Light intensity and coadsorbent concentration dependence
Now we will present the effect of different excitation pulse
energy and CDCA concentration for the complete cells. Fig. 4A
presents transient absorption kinetics probed at 1300 nm with
different intensities of pump pulse for D149/TiO, cells without
CDCA. As shown before, both excited LE and CT states of D149
probably contribute to the transient absorption signal at this
wavelength. The parameters of the fitted decay are collected in
Table 3. As can be seen, a strong dependence on excitation intensity
is observed for both the decay time and the residual signal (3 ns
after excitation). The latter signal corresponds to the combined
absorption of D149 radical cations and electrons in the semi-
conductor, so its relative amplitude (with respect to the initial
signal) is proportional to the efficiency of electron injection
(assuming that the initial signal does not contain significant
contribution from electron injection products, which means that
electron injection from LE state in times below 100 fs can be
neglected). Increasing the energy of the pump pulse 10 times (from
0.2 yJ to 2 pJ, corresponding to the change in excitation fluence
from 0.4 mJ/cm? to 4 mJ/cm?) results in about a 10-fold decrease in
characteristic time of stretched exponential decay and decrease of
its dispersion parameter (from 0.6 to 0.3, making the decay more
stretched). Moreover, the electron injection efficiency drops 2
times (residual signal decreases from 52% to 27%). The most likely
explanation is that a significant contribution of excited state self-
quenching occurs, with singlet—singlet annihilation mechanism
being the most probably explanation. Indeed, this process,
competing with electron injection, was proposed to be responsible

Table 2

Values of the parameters of the best stretched exponential function given by Eqs.
(1)—(2) fitted to the transient absorption signals of different cells with 0.2 mM CDCA.
The pump pulse energy was 0.5 pJ and probe wavelength was 730 nm (A) and
630 nm (B). Last column presents half-decays of the kinetics.

Sample: Ips 8 avelps  Tiplps
(A)

D149/TiO; cell 0.32 0.47 0.72 0.4
D149/Zn0 cell 0.83 0.32 5.8 1.5
D149/Al,05 cell 1.29 0.33 8.0 22
(B)

D149/ACN + t-but solution 400 1.00 400 300
D149/TiO; cell 40 0.78 46 30
D149/Zn0 cell 10 0.33 62 5
D149/Al,05 cell 25 0.34 139 17

for deactivation of dyes in DSSC systems before [47—49]. Since it is a
second order process with respect to the concentration of excited
species, its rate is proportional to the excitation intensity, which is
being observed by us in the current studies (Fig. S9B). To confirm
this hypothesis we repeated the same experiments for reference
D149/Al,03 cells without CDCA. Indeed, the results presented in
Fig. 4B and Table 3B indicate a similar behavior in a system where
dye molecules are densely packed on nanoparticles and there is no
significant injection (as mentioned above).

Furthermore, the rate of excited state self-quenching of dye
molecules is the rate of the energy transfer from one singlet to
another singlet state, so it should depend on the average distance
between the molecules too. This is exactly confirmed in our ex-
periments with D149/TiO, cells with different CDCA concentration.
Representative kinetics at 1300 nm are presented in Fig. 5A
together with the fitted function of parameters collected in
Table 4A. The trend with increasing CDCA concentration (thus
increasing the averaged distance between D149 dyes) is the same
as that of decreasing pump pulse intensity: longer decay and higher
electron injection yield. For the reference D149/Al;03 cells with
2 mM CDCA the transient absorption measurements with different
excitation energies were also made (Fig. SO9A and Table S3). The
decay is longer than that for the samples without CDCA for the
corresponding energies (compare Figs. S9A and 5B). The depen-
dence on the energy is smaller, but it is still present, which means
that even for relatively high CDCA concentration the self-quenching
is still present to some extent. The interaction of closely packed
D149 molecules forming some type of aggregates is probably re-
flected in steady-state absorption spectra as slight red-shift of ab-
sorption band with smaller CDCA concentration (Fig. 1A and S1B).

On the contrary, the transient absorption kinetics for D149/Zn0O
cells exhibit a small dependence on the CDCA concentration (Fig. 5B
and Table 4B). The residual signal is small (about 5% of that of the
initial amplitude at 1300 nm) in line with the poor photocurrent of
the ZnO cells. The characteristic decay time constants are shorter
and the dispersion parameters are smaller than those for D149/TiO;
and D149/Al,0s cells. This is in line with faster quenching shown in
Fig. 3B (kinetics at 630 nm) as discussed in the previous section.
Again, we do not observe any contribution of the free dyes in so-
lution (that have longer lifetimes). Our explanation is that D149
molecules are easily detached from ZnO surface in the presence of
liquid electrolyte in complete cells (see also Fig. S1A). However,
they do not stay free in the electrolyte but they attach again to the
places close to other D149 molecules forming a type of aggrega-
tions, probably enhanced by ionic shells around other dyes. In such
conditions they suffer from huge self-quenching and do not inject
electrons efficiently. Therefore, irrespectively of the initial
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distribution of D149 molecules and coadsorbent presence, after
immersion in electrolyte a new distribution is being formed, and
quickly appearing D149 aggregates are responsible for the fast drop
of photocurrent in D149/ZnO cells. We think that this is a second
reason for the bad performance of DSSC made of ZnO semi-
conductor and D149 dye, apart from the slower electron injection
reported by us before [36].

Finally, we measured NIR transient absorption for old D149/TiO,
cells (with 2 mM CDCA). Two weeks after preparation Jsc of such
cells drop from 4.0 mA/cm? to 1.7 mA/cm?. As can be seen in Fig. 5A
and Table 4, the residual signal at 1300 nm is about 3.5 times
smaller (in accordance with the decrease of the photocurrent) and
the decay is faster than that of the fresh sample. It is also supported
by the global analysis in NIR range shown in Fig. S10: for the fresh
cell the fastest time component (771 = 0.6 ps) has positive ampli-
tudes for A < 1100 nm and A > 1400 nm while for the old cell the
amplitudes are also positive between 1100 and 1400 nm (indicating
self-quenching of LE and/or CT state). Similarly, the contribution of
the decay of the second fastest component (7 = 14 ps) is larger for
older sample than for the fresh one. So, most probably, the
decreased photovoltaic performance of aging D149/TiO, cells is
connected with the same mechanism as for ZnO cells: electrolyte
assisted formation of dye aggregates and enhanced excited state
self-quenching. However, in the case of TiO, such process occurs
much slower than for ZnO (weeks instead of hours), due to the
stronger chemical interaction of the D149 dye with TiO, surface.

3.2.4. D149 in films

In this section, we would like to present control transient ab-
sorption experiments conducted on fresh TiO5, ZnO and Al,0s films
sensitized with D149 dye. All samples were studied in air within 1 h
after preparation, so the effect of water absorption was minimized.

Table 3

Values of the parameters of the best stretched exponential function given by Eqs.
(1)—(2) fitted to the transient absorption signals of (A) D149/TiO; cells and (B) D149/
Al,05 cells (both without CDCA and for varying pump pulse energies). The probe
wavelength was at 1300 nm. Last two columns present half-decays of the kinetics
and ratio of residual signal amplitude to the initial amplitude.

Pump energy/uJ 7/ps 6 Tavc/DPS T172/PS Residual signal/%
(A)

0.2 121 0.61 179 59 52

0.5 56 043 152 44 41

2 14 0.29 140 11 27

(B)

0.2 124 0.51 243 68 9.5

0.5 45 0.39 156 22 8.0

2 11.6 0.32 83 5 9.3

The global analysis results in combined VIS-NIR range for D149/
TiO; film (0.2 mM CDCA) are presented in Fig. 6A. The differences
from the complete D149/TiO; solar cell (analogous spectra in
Fig. 2C) are probably due to significantly faster electron injection in
films (see the discussion in the supporting information).

A very interesting feature can be observed in NIR transient ab-
sorption of D149 on different metal oxides (samples with 2 mM of
CDCA). The representative kinetics shown in Fig. 6B (for the probing
wavelength 1300 nm) indicates that the amplitude of residual
signal is very similar for D149/TiO, and D149/Zn0 films, and much
higher than that of D149/Al,05 films. Moreover, the global analysis
in NIR range (Fig. S11B-D) for these samples confirms the similarity
of the spectra of residual component for TiO; and ZnO films, both in
the relative amplitude and in the shape (with the increasing
contribution of free electrons in the conduction band with
increasing wavelength). It is unlike the results in complete cells for
which the spectra of D149/ZnO cells with poor photocurrent were
rather similar to those of reference D149/Al,03 cells. This inter-
esting feature further supports our explanation that the fast
decrease in Jsc in D149/Zn0 cells is due to the detachment of dyes
and the formation of aggregates under the presence of electrolyte.
Indeed, in ZnO films (where electrolyte is not present) the electron
injection yield is much higher.

3.2.5. Relation to DSSC working conditions

There is a huge difference in the excitation intensity in the time-
resolved setups used in our experiments: the pump pulse fluence is
only about 30 pJ/cm? in TCSPC, while it is about 1 mJ/cm? in tran-
sient absorption, greatly enhancing singlet—singlet annihilation
process in the latter case. This might explain why in the transient
absorption experiments the CT state of D149/Zn0O cells decays faster
than that of D149/TiO, (e.g. Figs. 3B and 5) while in TCSPC experi-
ment it is the opposite (Fig. S6). Faster decay of D149 excited state
under higher pump pulse intensity implies similarly faster
apparent electron injection. This might be the reason why the rise
of absorption conduction band electrons probed in mid-IR range
(studies in complete cells but on sapphire substrate) was observed
to be faster for sufficiently high excitation fluence [34]. Moreover,
the excited self-quenching process might also explain the differ-
ences between previous results of D149 obtained by TCSPC and
pump-probe techniques described in the introduction.

It is always an important question how the conditions in laser
spectroscopy studies with pulsed excitation correlate with those
under continuous sunlight irradiation. In our transient absorption
experiment the excitation with 0.5 pj pump (1 mJ/cm?) corre-
sponds to the injection of about 20 electrons per nanoparticle. It is
similar to the typical value of 10 electrons per nanoparticle under
normal working conditions of DSSC [3]. So, from the point of view
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Table 4

Values of the parameters of the best stretched exponential function given by Egs.
(1)—(2) fitted to the transient absorption signals of (A) D149/TiO,, cells, (B) D149/Zn0O
cells (both for different CDCA content) and (C) D149 films on different metal oxides
(with 2 mM CDCA). The pump pulse energy was 0.5 pJ and probe wavelength was at
1300 nm. Last two columns presents half-decays of the kinetics and ratio of residual
signal amplitude to the initial amplitude.

Cell: 7/ps 6 Tavc/PS T1/2/PS Residual signal/%
(A)

no CDCA 56 0.43 152 58 41
0.2 mM CDCA 147 0.53 270 66 56
2 mM CDCA 117 0.63 164 72 72
2 mM CDCA?® 87 0.37 370 46 19
(B)

no CDCA 14 0.27 200 8 7
2 mM CDCA 21 0.27 350 11 5
©

D149/TiO; film 26.5 041 82 12 34
D149/Zn0 film 9.4 0.29 102 55 30
D149/Al,03 film 85 0.37 355 38 3

2 After 2 weeks, Jsc decreased from 4.0 to 1.7 mA/cm?.

of number of electrons per particle, the photo behaviour observed
in transient absorption is probably more relevant than that found in
TCSPC experiments. However, under photostationary conditions
the concentration of the transient species is proportional to its
lifetime [50], so the concentration of excited dyes per particle is
several orders of magnitude smaller than concentration of elec-
trons. Therefore, from the point of view of excited state self-
quenching, the conditions of TCSPC experiments are more rele-
vant to 1 Sun.
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Assuming average 20 nm diameter of TiO, nanoparticles and
50% porosity of the layer, the calculated dye coverage of D149/TiO,
cells with 2 mM CDCA is 8 x 10> em™, which corresponds to the
average distance between the dyes equal to 1.1 nm. When 20
photons are absorbed per nanoparticle in transient absorption
experiment (with 0.5 pJ), the average distance between the excited
molecules is 4.0 nm, which lies in the limit of efficient resonant
energy transfer (<10 nm).

On the other hand, we would like to stress out a direct corre-
lation between the relative amplitude of the residual transient
absorption signal (high for fresh D149/TiO- cells and low for D149/
ZnO and old D149/TiO; cells) and the photocurrent measured in
exactly the same solar cells. This indicates that this process is still
responsible for the real performance of solar cell made with indo-
line dyes, although the rates of self-quenching under operating
conditions of DSSC might be smaller than those observed in tran-
sient absorption experiments.

4. Conclusions

Complete DSSC made of popular indoline dye D149, TiO; or ZnO
substrates and commercial iodide-based liquid electrolyte were
investigated by time-resolved laser spectroscopy techniques as
well as steady-state absorption, scanning electron microscopy,
current—voltage and electrochemical impedance measurements.
Combining better sensitivity of transient absorption setup and an
extended spectral range towards NIR we were able to reveal sig-
nificant details about the ultrafast dynamics not reported before.
We have identified locally excited and charge transfer states of the
dye participating in electron injection process, and found a
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Fig. 6. (A) The wavelength-dependent amplitudes of the components with time constants given in the inset obtained by multi-exponential global fit for D149/TiO, with 0.2 mM of
CDCA. (B) Kinetic traces of transient absorption measured at 1300 nm for D149 (with 2 mM of CDCA) films on the indicated concentration metal oxides. The pump pulse was 0.5 pJ
at 555 nm. The black line shows best fit with parameters given in Table 4C. The time zero is shifted to 1 ps in order to present the time axis in logarithmic scale.
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dependence on the observed dynamics on the coadsorbent con-
centration and excitation energy density. We proposed the expla-
nation for the lower performance with sample aging by electrolyte-
induced dye rearrangement and aggregate formation.

We would like to point out that it is commonly assumed that
faster decay of the excited state of the dye attached to metal oxide
particles in DSSC means faster electron injection and thus better
quantum yield of the injection process. However, the situation can
be more complex and even opposite. Our studies show that faster
decays observed for ZnO cell in comparison to TiO, cells are due to
enhanced self-quenching of the dyes and in fact the electron in-
jection efficiency is lower in the former than in the latter.
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Figure S1. (A) Steady-state absorption spectra of D149/Zn0O film measured just after sensitization
and after 20 hours immersion in pure ACN. (B) Steady-state absorption spectra ofD149/Al,0;

films for different concentrations of coadsorbent (CDCA) in the sensitizing solution.
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Figure S2. Top view (right) and cross-section (left) pictures obtained by SEM for the mesoporous
layers of TiO,, ZnO and Al,O3. The scale bars are indicated on each picture.
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Figure S3. Nyquist plots of (A) D149/TiO, and (B) D149/ZnO cells obtained from
electrochemical impedance measurements in the dark at the indicated bias voltages. The solid
line shows the best fit obtained for the equivalent circuit for DSSC presented in figure (C) with

the parameters given Table S1.



Table S1. Parameters of the fits of the equivalent circuit (presented in Figure S3C) and potentials
applied from 0V to 0.6 V for (A) D149/TiO, and (B) D149/Zn0O solar cells: transport resistance
(Ry), charge transfer resistance (Rc) and chemical capacitance (C,) in the oxide-electrolyte

interface. The table also presents calculated electron recombination lifetime (R C,) and relative

172

electron diffusion length ((R¢t /Ry)™“). The exemplary fits are shown in Figure S3A-B.

(A) TIiO;
Voltage, V Ry Q Ret, Q C, uF Rt C, ,ms (Rot /R

0 -- 34 000 13.4 455 --

0.1 -- 21 600 12.9 280 --

0.2 -- 9100 13.4 122 --

0.3 -- 3100 14.5 45 --

0.35 -- 1400 15.3 22 --

0.4 -- 700 15.1 11 --

0.425 -- 510 15.3 7.8 --
0.45 3.3 390 14.4 5.6 10.9
0.475 1.3 260 16.0 4.2 13.9
0.5 10.0 180 15.0 2.8 4.3
0.525 4.8 120 15.6 1.9 5.1
0.55 3.4 82 19.9 1.6 4.9
0.575 2.6 55 25.8 14 4.6
0.6 2.3 33 29.7 1.0 3.8

(B) ZnO
Voltage, V R Q Ret Q C, uF Ret C, .M (Ret /Ry

0 -- 285 000 8 2210 --

0.1 -- 88 300 9 810 --

0.2 -- 30 000 17 510 --

0.3 -- 18 200 25 450 --

0.35 -- 8 400 28 240 --
0.4 22 2 360 31 74 10.4
0.425 4.5 1600 33 53 18.9
0.45 2.5 980 35 34 19.8
0.475 7.5 780 35 27 10.2
05 21 590 36 21 5.3
0.525 95 375 38 14 6.3
0.55 9.3 246 40 9.8 5.1
0.575 10.3 207 39 8.0 4.5
0.6 12 145 39 5.7 3.5
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Figure S4. Plots of (A) chemical capacitance and (B) charge transfer resistance as a function of
applied bias voltage obtained from electrochemical impedance measurements by fitting
equivalent circuit for DSSC (Figure S3C). The lines show the fit of the following functions with
the indicated fitted parameters: (A) C,=Coexp(a Ve/kT), where o represents trap energy
distribution below the conduction band; solid line shows the fit in 0.3-0.5 V, while dashed lines
the fit in 0.5-0.6 V range; (B) R.=Ro exp(-Ve/mKkT), where m represents the empirical estimation
of thereaction order in sublinear recombination Kkinetics; the fit is in the range 0.3-0.6 V.
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Figure S5. Calculated electron recombination lifetime (product Re; C,,, see Table S1) obtained

from electrochemical impedance measurements for D149/TiO, and D149/Zn0O cells.
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Figure S6.(A) Fluorescence decays obtained in TCSPC experiment at 660 nm after 425 nm
excitation for D149 cells with different metal oxides. The concentration of coadsorbent was 0.2
mM. The black line shows the best fit using stretched exponential function with parameters given
in Table S2B.

Table S2. Parameters of the best fit (y°<1.5) of stretched exponential function (eq. 1, convoluted

with IRF) fitted to fluorescence kinetics obtained TCSPC experiment for D149 cells for pump

wavelength 425nm, and emission wavelength 660 nm. zaycrepresents the averaged lifetime given

by eq. 2. (A) D149/TiO, cells for different CDCA concentration; (B) cells of D149 with different
metal oxides for 0.2 mM CDCA.

(A) D149/TiO; cell: 7/ ps yij Tave / ps
no CDCA 17 0.42 50
0.2mM CDCA 48 0.52 90
2mM CDCA 88 0.51 170

(B) Metal oxide: 7/ ps yij ave | pS
TiO, 48 0.52 90
ZnO 106 0.57 171
Al,O3 127 0.58 200




Transient absorption studies of D149 in solution

Fs-ps transient absorption results of D149 measured in solution (ACN:t-butanol mixture
used for sensitization) are shown in Figures 2A and S7A-B. Figure S7A presents the transient
spectra in 450-800 nm range (VIS) for the selected time delays between pump and probe pulses,
while figure S7B shows the analogous results in 800-1600 nm domain (NIR). Such studies in
different solvent have been analyzed in detail before [1]. In addition, recently we showed the
results of D149 in dichloromethane (DCM) solution [2], all in VIS range. The new contribution
in our present study is using the NIR range, which, according to our knowledge, has not been
reported before. Therefore, we will shortly discuss the main findings about how to associate the
NIR results with those in VIS range.

Just after excitation, we observe the main positive band with maximum around 720 nm
and another band in NIR range, with the maximum between 1400 and 1500 nm (Figure S7B). We
assign them to the initially, locally excited (LE) state of the dye. The negative features in the
shorter wavelength range are related to ground state depopulation (maximum around 540 nm) and
stimulated emission (maximum around 640). Then, an evolution of the transient spectra occurs on
the sub-ps and single ps time scale, which is accompanied by the red shift of the stimulated
emission and by the changes in the shape of positive signals, both in VIS and NIR domains. In
line with previous reports on D149, we assign this dynamic to the solvation process of the
molecule with large dipole moment change upon excitation in polar environment[1, 3]. As a
result of this evolution, a relaxed excited state stabilized by solvent molecules occurs, with the
transient absorption maxima at around 600 nm and 1370 nm. We will refer to this state as relaxed
charge transfer (CT) state, in accordance to the nomenclature used in solvation dynamic
studies[4, 5]. The CT state finally decays to the ground state on hundreds of ps time scale,
accompanied by the simultaneous decrease of its positive band and decay of the ground state
depopulation and stimulated emission negative bands. As it was investigated for D149 before, the
lifetime changes with solvent polarity and hydrogen bonding ability, and is probably accelerated
due to the twisting structural changes|[1, 3, 6].

Four components are sufficient to obtain a good fit of our present data, which is one more
than we used in the previously reported results of D149 in DCM with worse S/N ratio[2]. The
spectra of all fitted components are presented in Figure 2A. Three faster time components (0.4 ps,
3.2 ps and 37 ps) should be assigned to the decay of LE state and the solvation process. The
longest time constant of 420 ps represents the lifetime of relaxed CT state.



Transient absorption studies of D149/TiO; film

Figure S11A shows the transient spectra in VIS range for the selected time delays
between pump and probe pulses for D149/TiO, film sensitized with 0.2 mM of coadsorbent. The
corresponding global analysis results in combined VIS-NIR range are presented in Figure 6A,
which can be compared with the analogous spectra in Figure 2C for the complete D149/TiO;
solar cell. Similarly to those results, we assign the amplitude maximum of t;=0.2 ps component
at 715 nm to LE state decay, the maximum of t,=4 ps and t3=50 ps components at 620 nm to CT
state decay and the t,>1 ns component to D149 radical cation spectrum (with maximum at 670
nm). Both LE and CT states are probably present despite of lack of polar solvent (electrolyte).
We have recently observed and discussed the possibility of occurrence of LE and CT states in
solids for the case of triphenylamine dyes deactivation on titania and alumina films[7].

The main difference between the results in films and in complete cell is that in the case of
films the negative amplitudes for 1, component (in the range 630-680 nm) and t; component (in
the range 720-850 nm) are not present. We assigned these negative features observed in the
complete cells to the rise of transient absorption band of D149 radical cation (see previous
sections). We think that the probable explanation is that in the case of TiO, films the effective
electron injection is faster and a greater population of radical cation is already created from LE
state. A supporting finding comes from TCSPC experiments for D149 on TiO; films, in which we
observed a fluorescence decaying roughly within the IRF of the setup (results not shown),
significantly faster than in complete cells shown for example in Figure 1B.

Our studies should be compared to those reported recently by another group for the same
dye measured on electrodeposited ZnO and sintered TiO, films in air by transient absorption in
VIS range[8]. Their results are similar to our results in a film, but they explained the observed
ultrafast dynamics as electron injection with time constants below 250 fs and delayed build-up of
Stark shift (with 20 ps time constant), probably caused by the presence of a radical-electron
bound pair as an intermediate. In our opinion, in the view of our additional results in NIR range
(where no Stark shift signal is present) and of complete cells (with clear signal rises in certain
spectral regions), the intermediate state should be rather assigned to CT state, and the slower part
of electron injection occurs also from this state.
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Figure S7. Transient absorption spectra of (A, B) D149 in ACN:tert-butanol (1:1) solution, and
(C, D) D149/Al,03 cell (with 0.2mM CDCA) for selected, indicated time delays between the
pump (at 555 nm, 0.5 wJ) and probe pulses.
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Figure S8. Transient absorption spectra of (A, B) D149/TiO,, and (C, D) D149/Zn0O cells(both
with 0.2mM CDCA) for selected, indicated time delays between the pump (at 555 nm, 0.5 pJ)

and probe pulses.
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Figure S9. (A) Kinetic traces of transient absorption measured at 1300 nm for D149/Al,0; cell
with 2mM of CDCA. for the indicated pump pulse energies (at 555 nm). The black line shows
best fit with parameters given in Table S3.The time zero is shifted to 1 ps in order to present the
time axis in logarithmic scale.(B) The reciprocal of half-decays measured at 1300 nm for

different cells as a function of pump pulse energy (from Tables 3A, 3B and S3)

Table S3. Values of the parameters of the best stretched exponential function given by eq. (1)-(2)
fitted to the transient absorption signals of D149/Al,05cells with 2mM CDCA for different pump
pulse energy. The pump pulse wavelength was 555 nm and probe wavelength was 1300 nm. Last

two columns presents half-decays of the kinetics and ratio of residual signal amplitude to the
initial amplitude.

Pump energy / uJ 7/ ps yij ave | PS i | PS residual signal / %
0.2 448 0.78 517 320 16
0.5 366 0.62 524 240 13
2 182 0.43 493 81 8
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Figure S10. The wavelength-dependent amplitudes of the components with time constants given
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Carbazole Dye-Sensitized Solar Cells Studied from
Femtoseconds to Seconds—Effect of Additives in Cobalt-

and lodide-Based Electrolytes

Jan Sobus,™® Jacek Kubicki,™ Gotard Burdzinski,™ and Marcin Ziotek*™

Comprehensive studies of all charge-separation processes in
efficient carbazole dye-sensitized solar cells are correlated with
their photovoltaic parameters. An important role of partial, fast
electron recombination from the semiconductor nanoparticles
to the oxidized dye is revealed; this takes place on the picosec-
ond and sub-nanosecond timescales. The charge-transfer dy-
namics in cobalt tris(bipyridyl) based electrolytes and iodide-
based electrolyte is observed to depend on potential-deter-
mining additives in a similar way. Upon addition of 0.5 m 4-tert-

Introduction

With the ever-growing global energy demand and shrinking
deposits of fossil fuels, a multitude of green, clean energy
sources have been developed, of which solar energy is the
most promising candidate for satisfying the energy hunger
worldwide. Among various solar cell designs established over
the last 70 years, dye-sensitized solar cells (DSSCs), developed
by Graetzel and O'Regan in the early 90s," stand out as a cost-
efficient, eco-friendly solution that is viable for use under any
lighting conditions.

In these cells, current is generated by photons absorbed by
dye molecules attached to the mesoporous titania layer that,
upon photoexcitation, inject electrons straight into the semi-
conductor itself.”? The choice of dye molecule is of crucial im-
portance. Its LUMO level should lie over the conduction band
edge of TiO, to provide enough driving force for the process,
and its energy gap (S,—S; energy transition) should be appro-
priate to absorb the optimized part of the solar spectrum (thus
maximizing the power output). It should also possess as high
an extinction coefficient as possible to decrease the thickness
of the titania layer and suppress carrier transport difficulties.
The choice of the proper redox couple to regenerate the dye
after injection is of no less importance. Not only does the
redox level define the voltage obtainable by the cell (with rela-
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butylpiridine to both types of electrolytes, the stability of the
cells is greatly improved; the cell photovoltage increases by
150-200 mV, the electron injection rate decreases about five
times (from 5 to 1 ps '), and fast recombination slows down
about two to three times. Dye regeneration proceeds at a rate
of about 1 us™' in all electrolytes. Electron recombination from
titania to cobalt electrolytes is much faster than that to iodide
ones.

tion to the TiO, conduction band edge), but it also should be
able to swiftly regenerate the photoexcited dye; thus prevent-
ing or at least minimizing the occurrence of unwanted recom-
bination processes. There are several differences between tra-
ditional iodide-based electrolytes and novel cobalt-based
redox couples. Cobalt complexes have the advantage of being
a one-electron system with the redox level lying closer to the
HOMO level of most dyes; thus significantly increasing the cell
voltage. As a result, the current best laboratory efficiencies of
DSSCs (up to 13%) are those that utilize cobalt as the redox
pair.”!

On the other hand, the positive charge makes unwanted re-
combination a much more probable process. The large molec-
ular size also slows diffusion into titania pores. To finely tune
the energy levels of this complicated multielement system, dif-
ferent electrolyte additives are utilized, which protonate or de-
protonate the titania surface and shift the energy levels ac-
cordingly.

Herein, a high-efficiency carbazole dye (MK-2) was investi-
gated. It is the most promising member of the dye family first
proposed in 2006 by Koumura et al.”) Henceforth, it has been
investigated for different reasons, including the manufacture
of high-efficiency cells with novel cobalt complexes,”” applica-
tion in solid-state devices,” and for long-term stability.” Vari-
ous derivatives of this successful dye have also been studied
to improve stability in a humid environment,”® and understand
the effect of varying alkyl chains on the recombination pro-
cess.” Recently, a derivative of MK-2, ADEKA1, reached an im-
pressive value of over 12% efficiency."” In our studies, it was
coupled with various electrolytes, both iodide- and cobalt-
based, with the addition of compounds such as 4-tert-butylpyr-
idine (TBP) or appropriate lithium salts (depending on the type
of electrolyte used). Resulting cells were subjected to an array
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of measuring techniques to determine kinetics and time con-
stants of various processes occurring over the timescales from
femtoseconds to seconds, including impedance spectroscopy
and transient absorption measurements in the visible, near-in-
frared (NIR), and mid-IR regions. To the best of our knowledge,
combining the last three detection ranges in one study has
not been realized so far for any complete DSSC. However, only
in this way can the dynamics of excited dyes, oxidized dyes,
trapped electrons, and free electrons be probed simultaneous-
ly. Therefore, the general picture of the solar cell's photody-
namics was revealed, which led to a better understanding of
the basic processes that constitute the operation of DSSCs.

So far, only a few contributions have reported studies on
complete DSSCs with cobalt-based electrolytes on the ultrafast
timescale."” In none of them have the effects of TBP and Li*
additives and TiCl, treatment been addressed; this is of crucial
importance in solar cell optimization. On one hand, the proper
concentration of additives constitutes a balance between
a high open-circuit voltage and efficient electron injection in
the solar cells. On the other hand, our contribution shows, for
the first time (to the best of our knowledge, for any DSSC),
how TBP and Li* additives influence initial fast recombination
dynamics. Such unwanted process occurring between elec-
trons in titania and oxidized dyes on the sub-nanosecond
timescale have been recently observed for many efficient
DSSCs sensitized with organic dyes.®2"'? This means that
there is still room for further improvement of DSSC systems
based on such dyes, if fast recombination can be minimized or
suppressed. Therefore, our studies should have a direct impact
on the performance of the solar cells, and are vital for the con-
struction of more efficient devices in the future.

Results and Discussion
Solar cell performances and impedance spectroscopy

Table 1 presents the basic photovoltaic parameters for the MK-
2 cells and Figure 1A shows the incident-photon to current ef-
ficiency (IPCE) spectra. The abbreviations used for different
cells contain the redox pair name and additives in the electro-
lyte, and are explained in detail in the Experimental Section.
The presented results are averaged for two to four prepared
cells. The sunlight conversion efficiencies of the best cells
(about 4%) are about two times smaller than the reported

Table 1. Photovoltaic parameters of different MK-2 cells one day after
preparation: open-circuit voltage (Vo(), short-circuit current (Jsc), fill factor
(FF), and total sunlight conversion efficiency under irradiation of one sun.
Cell Voc Jsc FF Efficiency
[mV] [mAcm™] [%]
ILITBP no TiCl, 720 6.8 0.49 24
ILITBP 680 10.8 0.57 4.2
ILi 525 10.5 0.54 3.0
CoLiTBP no TiCl, 460 3.6 0.42 0.7
CoLiTBP 700 10.0 0.57 4.0
Coli 510 9.0 0.44 2.0
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Figure 1. (A) IPCE spectra of the indicated cells. (B) Electron recombination
lifetimes obtained from electrochemical impedance measurements for the
indicated cells.

best values for MK-2 dye; however, our photoanodes were pre-
pared with a relatively thin mesoporous titania layer (3 pm)
and without a scattering layer containing large particles to
make the cell transparent enough for time-resolved laser spec-
troscopy measurements.

First, the addition of TBP in both cobalt and iodide electro-
lytes improves the photovoltage significantly, which is com-
monly attributed to the shift of conduction band edge of tita-
nia towards more negative potentials.”’ The Vo increases
from 525 (ILi sample) to 680 mV (ILiTBP) and from 510 (CoLi) to
700 mV (CoLiTBP). Although the redox potentials of the elec-
trolytes are different by about 0.2V, the V, values of the cells
with cobalt electrolyte are not much higher than those of the
iodide electrolyte. This can probably be attributed to higher
electron recombination between titania and electrolyte in the
former cells, as confirmed below. The Js. values are similar for
cells with and without TBP (between 9 and ~ 11 mAcm ). This
is probably because the redox potential of the MK-2 excited
state, S*/S™, is sufficiently more negative than the conduction
band edge potential; thus shifting of the latter upon the addi-
tion of 0.5m TBP does not change the electron injection yield
significantly. Fast electron injection dynamics are also con-
firmed in the next sections. Small variations in the photocur-
rent generally agree with the maxima of the IPCE spectra (Fig-
ure 1A). However, a drastic change in the solar cell per-
formance occurs for control cells without the TiCl, protective
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treatment, with a more profound impact on the photocurrent
and FF values than the photovoltage (Table 1). The sensitized
films with TiCl, treatment have higher absorbance (about A=
1.5 at the maximum with respect to about A=1.0 without
TiCl, treatment; see Figure S1A in the Supporting Information),
which is in agreement with other reports,"¥ and blocking of
electron recombination is another important factor,"*' as
evidenced below from impedance measurements.

The cell performance was checked after (1 h) cell prepara-
tion and again a longer period after preparation. For cells with
TBP, a small increase in the photocurrent for both iodide- and
cobalt-based cells is observed one day after cell construction,
along with a small increase in Vo (by 10-20 mV). The cells
with TBP are remarkably stable and the photocurrent main-
tains 85% of the initial value after 4 months of storage in the
dark. On the contrary, cells without TBP in the electrolyte were
much less stable, with significantly increasing Vo and decreas-
ing Jsc over time. For example, the cell parameters 1 h after
preparation were as follows: for I,: Voc=465mV and Ji=
11.5mAcm 2 for the ILi cell, and Voc=465mV and J=
11.1 mAcm™ for the Coli cell (cf. Table 1 after one day).
Herein, the initial photocurrents are highest for the electrolyte
without TBP, yet they diminish rapidly, much faster than for
cells with TBP (80% of its initial value after 4 to 6 days).

Electrochemical impedance measurements were performed
mainly to study the effect of recombination between electrons
in titania and electrolyte, which occurs on the millisecond
timescale. Data was fitted with the equivalent circuit for DSSCs
to give the charge-transfer resistance (R.) and chemical capaci-
tance (C) in the oxide-electrolyte interface. For cells with TBP,
these two parameters exhibit exponential behavior for applied
bias voltages from 300 to 650 mV. The fits of the exponential
function to R, and C, dependence on the applied voltage
[Egs. (1) and (2)] give the recombination reaction order (or ide-
ality factor, parameter m) and trap energy distribution below
the conduction band (parameter a), respectively.

C, = Coexp(aVe/kT) (1)

R = Ry exp(—Ve/mkT) (2)

These data are collected in Table 2. As evidenced from these
results, the additional protective layer (in TiCl,-treated films)
brings the m parameter closer to the ideal value of one;

Table 2. The parameters a (trap energy distribution below the conduc-
tion band) and m (reaction order in recombination kinetics) obtained
from the fit of Equations (1) and (2) for the indicated cells. Charge-trans-
fer resistance (R.) and chemical capacitance (C,) values in the oxide-elec-
trolyte interface were obtained from the electrochemical impedance data
measured at different bias voltages (V) in the dark.

Cell m a

CoLiTBP 2.1 0.11
CoLiTBP no TiCl, 7.2 0.04
ILITBP 1.9 0.21
ILITBP no TiCl, 3.0 0.14
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a stronger effect is visible for the cobalt-based cells. The in-
crease in m values correlates well with lowering of the FF
values of the cells (Table 1).'®" Another thing to note is that
TiCl, treatment slightly increases the density of trap states (pa-
rameter a) as well.

Calculation of the recombination time constant (z,.=R.C,)
supports these observations. Although, in general, 7, is higher
for the iodide cells than the cobalt-based ones, the lack of
a TiCl, layer decreases the 7, value in both cases by at least
an order of magnitude (Figure 1B). The recombination process
is accelerated with increasing applied voltage. For electrolytes
without TBP, the 7, values are similar to those for electrolytes
containing TBP, but at about 250-300 mV smaller bias (in line
with the lower V).

In summary, the combined addition of TBP and TiCl, treat-
ment result in a massive increase in the cell performance and
stability, especially for the cobalt electrolyte. However, for
CoLiTBP cells with the TiCl, treatment, we observed a relatively
larger spread of photovoltaic parameters than those for the
ILITBP cells (despite the same preparation procedure). Among
different CoLiTBP cells, the V,c value increased (up to 725 mV)
at the expense of the decreased Js value. Interestingly, an in-
crease in Vi is also accompanied by spectral narrowing in the
red side of the IPCE spectra (Figure S1B in the Supporting In-
formation). The highest narrowing of the IPCE spectrum is ob-
served for cells without the TiCl, treatment, and indeed the V¢
value of ILITBP is higher for cells without the TiCl, treatment
than for those with treatment (see Table 1; however, for
CoLiTBP cells without TiCl, the Vy is lower due to too much
recombination). One possible interpretation of these results is
that upon TiCl, treatment the penetration of TBP towards the
nanoparticle surface is more difficult and, due to the inaccura-
cy in the TiCl, protection procedure, a variation in cell parame-
ters occurs. Worse penetration results in lower photovoltage
and red-side spectral broadening of the IPCE. This is also nicely
confirmed by a comparison of the spectra of the cells with and
without TBP (Figure TA, ILi versus ILITBP and Coli versus
CoLiTBP). Upon the addition of 0.5m of TBP, both IPCE (Fig-
ure 1A) and stationary absorption of the cells (Figure STA in
the Supporting Information) are narrowed by about 25-30 nm.
It is interesting that cells without TBP, although generally less
efficient, show higher IPCE values in the long-wavelength part
of the spectrum (better light harvesting with respect to the
sunlight spectrum). One explanation for spectral narrowing
with higher TBP penetration (observed in both IPCE and
steady-state spectra) might be as follows: intermolecular inter-
actions between MK-2 molecules adsorbed on titania probably
lead to additional absorption features on the red side of the
spectrum (similar to J-aggregate formation). Better access of
TBP to MK-2 molecules disturbs dye self-interactions and de-
creases the long-wavelength broadening.

Nanosecond transient absorption

Nanosecond transient absorption measurements were used to
study dye regeneration dynamics for fully assembled MK-2-sen-
sitized cells. First, the kinetics were probed in the spectral
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range from A=560 to 800 nm for the ILITBP cell. The kinetics
were analyzed by global fitting with a two-exponential func-
tion (without any offset), and the resultant time constants and
wavelength-dependent amplitudes associated with them are
shown in Figure 2A. As can be seen, two time constants
should be assigned to different species. The first one, decaying
with a shorter time constant of about 1 ps, represents the oxi-
dized dye (MK-2 radical cation). Its transient spectrum contains
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Figure 2. (A) Wavelength-dependent amplitudes of the two-exponential
components (with the indicated time constants) obtained from the global fit
to the flash photolysis results of the ILITBP cell. Kinetics at 1 =580 nm ob-
tained in flash photolysis experiments for the indicated (B) iodide and

(C) cobalt cells. The best one-exponential (and constant offset) fits and ob-
tained time constants are also indicated. The pump pulse energy was 0.1 mJ
and the excitation wavelength was =535 nm. The residual negative signal
might be due to the Stark shift effect.*”
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the positive part (dominating for wavelengths longer than A=
650 nm with a signal intensity rising up to 800 nm), which is
due to the absorption of the oxidized dye, and a negative
signal (dominating below 1 =650 nm), which is present in the
range of stationary absorption of the neutral form of MK-2 and
occurs due to ground-state depopulation (bleaching signals).
The amplitude spectrum related to the longer decaying time
constant (t;=>50 ps) is different, with a mainly positive part
above =600 nm (Figure 2A), and is assigned to the spectrum
of electrons in titania. Indeed, the presence of such bands as-
signed to the absorption from deep trap states in TiO, was re-
ported in this range;"” the lifetime of electrons should be
much longer than that of the oxidized dye when its regenera-
tion by electrolyte is efficient, as observed in this case. More-
over, the lifetime of the longer component depends on both
the pump and probe light intensity (see Figure S2 in the Sup-
porting Information), which is characteristic for electron recom-
bination processes."®

Therefore, to be free from the contribution of electrons and
to probe exclusively the dynamics of dye regeneration, we
chose a probe wavelength of A =580 nm, at which the bleach
signal has a significant amplitude (proportional to population
of the oxidized dye) and the contribution of electrons is mini-
mized (Figure 2A). The kinetics at =580 nm for the investi-
gated cells are shown in Figure 2B and C. Interestingly, dye re-
generation dynamics are found similar for both types of elec-
trolytes (cobalt and iodide), and do not depend on either the
presence or absence of TBP. In all cases, dye regeneration pro-
ceeds with a time constant of about 1 ps. As for the compari-
son between iodide and cobalt redox shuttles, this result re-
veals that, despite having a smaller driving force for dye regen-
eration, the process is quite fast for the cobalt electrolyte.
Therefore, this confirms sufficient regeneration efficiency by
the cobalt complexes used in this study. The standard redox
potential of [Co(bpy);]*™?" (bpy=2,2"-bipyridine) is 0.57 V
versus a normal hydrogen electrode (NHE), whereas for the
I;7/1” redox couple it is 0.35V versus NHE, which directly
shows the expected improvement in V. for the cobalt electro-
lyte."” However, in the iodide electrolyte, the regeneration re-
action is a two-electron process with the possible participation
of I,, and the redox potential for I,7/I" is much more positive:
0.55V versus NHE. Therefore, the effective driving force for re-
generation might be similar in both electrolytes, which is in
agreement with the observed dynamics.

The independence of the dye regeneration dynamics on the
addition of TBP should be discussed in view of our previous re-
sults for other dyes, for which we observed the significant
effect of potential-determining ions on the dye regeneration
time constant for similar concentrations of Li* and TBP?” Dye
regeneration was faster when no TBP was present in the elec-
trolyte. Those results were obtained for dyes for which the co-
ordinated shift of molecular levels has been recently reported
(or can be assumed due to the presence of additional COOH
groups in the dye structure).?" If the S*/S potential of the dye
changes upon adding Li* or TBP to the electrolyte, then the
regeneration time constant can be affected due to changes in
the driving force for this process. For the MK-2 dye (without
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any additional COOH groups), the lack of a coordinated shift
was reported,”?"" and, accordingly, we observed no effect upon
the addition of TBP. Therefore, this confirms the key role of the
coordinated shift on dye regeneration in DSSCs.

Femtosecond transient absorption in the mid-IR region

The mid-IR range of detection is used to probe the absorption
of electrons present in the conduction band or shallow trap
states in titania.®®*? The absorption of such electrons forms
a very broad spectrum (with the amplitudes increasing with
wavelength, for example, A", n~2),"* so selecting a probing
wavelength without any contribution of narrow vibration
bands of the dye enables direct examination of the electron in-
jection dynamics. The MK-2 samples used in this range were
analogous to complete cells measured by other techniques,
except that fluorine-doped tin oxide (FTO) glass plates were
substituted by CaF, plates because the former material is not
transparent enough in the mid-IR range. CaF, plates are not
conducting; thus the direct measurement of the photovoltaic
parameters of the samples was not possible.

Figure 3 presents the kinetics measured at 1 =4800 nm after
pumping the samples at =500 nm with 60 nJ pulses. The ki-
netics were fitted to the convolution of the instrument re-
sponse function (IRF) of the setup (full-width at half-maximum
(FWHM) =0.2 ps) with two exponential rises and one exponen-
tial decay plus a constant offset. The rise time reflects the ap-
pearance of electrons in the conduction band, so it directly
represents the characteristic time of electron injection from
the MK-2 dye. As can be seen in Figure 3, the injection time is
significantly slower for the electrolytes with TBP. The classical
explanation for this effect is the shift of the conduction band
edge towards higher energies upon the addition of TBP (which
causes an increase in the V,c value of the cell, as confirmed in
the section on Solar cell performances and impedance spec-
troscopy); thus reducing the density of acceptor states in tita-
nia that interact with the excited state of the sensitizing dye.
The fitted rise times are 0.2 ps for ILi and 1 ps for ILITBP cell
(the latter value is the amplitude averaged time constant from
the two rise times resolved in the fit shown in Figure 3A). For
cobalt electrolytes, the rise times are slightly slower (both with
and without TBP), but the signal to noise ratio is also worse in
this case.

The signal in the mid-IR range decays on the timescale of
hundreds of picoseconds (component of 30-50% contribution;
the rest is the offset constant in the temporal window of the
experiment). In principle, such a decay can reflect the electron-
trapping process in titania nanoparticles because the trapped
electrons absorb in the shorter wavelength range (visible and
NIR)."” However, the fitted decay time constants are shorter
for electrolytes with only Li* (about 200 ps) compared with
those with both Li* and TBP (400-700 ps). Such a difference is
hard to explain by the trapping mechanism, and may indicate
the presence of partial electron recombination (back electron
transfer from titania to the oxidized dye) occurring on this
timescale. Further confirmation of the validity of this assump-
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Figure 3. Transient absorption kinetics (points) in the mid-IR range for

(A) iodide and (B) cobalt cells. The solid lines shows the best three-exponen-
tial (plus constant offset) fits; the time constants and amplitudes (in paren-
theses) are shown as insets. Negative values of amplitudes indicate rise
times. The pump pulse was set at A =500 nm (60 nJ) and the probe wave-
length was 2 =4800 nm.

tion comes from the femtosecond results in the visible range,
which are presented in the next section.

Femtosecond transient absorption in visible and NIR regions

Femtosecond transient absorption spectra of complete MK-2
cells were measured in the spectral range 1=500-850 nm
(from A =440 nm in the case of the dye in solution) for visible
detection and 1=800-1550 nm for NIR detection, both in the
temporal range up to 3 ns. The IRF of the setup was about
0.2-0.3 ps (FWHM). In these ranges, different signals of the spe-
cies participating in primary charge separation occur (positive
absorption from the dye in the excited state, from the oxidized
dye or trapped electrons, as well as negative signals due to
ground-state bleaching and stimulated emission). Therefore, in
addition to studies on the cells, the signals of the dye in solu-
tion were also measured to identify the spectrum of the MK-2
excited state.

Figure 4A and B shows the transient absorption spectra of
MK-2 in toluene in the visible and NIR regions, respectively, for
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Figure 4. Representative transient absorption spectra for selected time delays between pump and probe pulses
for MK-2 in toluene (A, B) and the CoLiTBP solar cell (C, D). The pump pulse (200 nJ for studies in solution and
60 nJ for studies in cells) was set at =500 nm, and the spectra were probed in the visible (A, C) and NIR (B, D) re-

gions.

selected time delays between pump and probe pulses. As can
be seen from these results, the excited state of the dye shows
absorption bands with maxima at A~600, 750, and 920 nm.
The apparent presence of the first two maxima is probably
due to the negative stimulated emission band that appears be-
tween them (reported maximum of A~680 nm®). Below 1=
550 nm the negative bleaching signal dominates. Multiexpo-
nential global analysis was used to extract the time compo-
nents and wavelength-dependent amplitudes that occurred
during deactivation of the dye (Figure S3 in the Supporting In-
formation). The fastest components with durations of 0.2 and
2-7 ps should be assigned to vibrational relaxation and solva-
tion processes in the singlet excited state, respectively, similar
to many organic dyes used in DSSCs.*” The long component
with a duration of about 550 ps is due to deactivation of the
S, state, and its lifetime is long enough to permit a high quan-
tum vyield of electron injection when the dye is attached to ti-
tania. Finally, the residual signal is present with the positive
transient absorption rising from A=570 to 880 nm (Figure 4A
and B). The oxygen effect measured in nanosecond transient
absorption studies (Figure S4 in the Supporting Information)
confirms that it is due to the triplet excited state, which is effi-
ciently populated from the singlet excited state through an in-
tersystem crossing process. Moreover, we have also measured
MK-2 in more polar solvents and observed a more complicated
picture: a blueshift of the stationary absorption with respect to
that in toluene and a strong concentration-dependent maxi-
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dyes are sensitized on titania (for
example, compare the IPCE
spectra in Figure TA with the
stationary absorption in solution
in Figure S5 in the Supporting
Information). The positive ab-
sorption between A=650 and
1200 nm contains the contribu-
tion of the MK-2 excited state
(see spectra in solution in Figure 4A and B), the oxidized dye,
and deeply trapped electrons (see the spectra from the nano-
second transient absorption experiment in Figure 2A), whereas
the positive absorption rising above 1=1200 nm is probably
due to shallow trapped electrons.

Global analysis is necessary to identify charge separation
processes, their dynamics, and participating transients. The re-
sults of such multiexponential global fits are presented in
Figure 5 for the visible range and in Figure 6 for the NIR
range. The fastest components have time constants of 0.1-
0.2 ps for the lithium-only electrolytes and are much longer,
0.5-1 ps, for electrolytes with the addition of TBP. For cells
with TBP and higher than average V. values, the time con-
stants are even longer (2-4 ps, results not shown). No system-
atic differences are observed between iodide- and cobalt-
based electrolytes. The amplitudes of these fastest time com-
ponents have positive bands with maxima at 1~600 and
750 nm in the visible region, and A =920 nm in the NIR region;
these values are very similar to the absorption of the excited
singlet state in solution (the spectrum of the 540 ps compo-
nent in Figure S3 in the Supporting Information or the spectra
for time delays of 10-200 ps in Figure 4A and B). Therefore,
they can be safely assigned to the decay of the dye excited
state due to the electron injection process. Moreover, these
components have negative amplitudes for wavelengths longer
than 2=1300 nm, as caused by the accompanying rise of shal-
low-trap-state electrons in titania (Figure 6 A-C). The time con-

Wavelength / nm
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Figure 5. Wavelength-dependent amplitudes of the indicated time constants obtained from global analysis of
transient absorption spectra of cobalt (A, B) and iodide (C, D) cells in the visible region. The pump pulse (60 nJ)
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stants for electron injection, and
the differences between the
electrolytes with and without
TBP, are fully consistent with the
rise times observed in the mid-IR
region (Figure 3).

Next, two longer components
with time constants of several/
several tens of picoseconds and
several hundreds of picoseconds
are necessary in the global fit.
These components are the main
contribution to the bleach recov-
ery process (negative amplitudes
below A=650 nm that result in
a rise of the transient absorption
signal; Figure 5). The most prob-
able explanation for this obser-
vation is electron recombination
between titania and the oxidized
dye. For wavelengths longer
than those of the bleaching
band, the components have pos-
itive amplitudes, probably due
to decay of the oxidized dyes.
The longer time constants are
also dependent on the poten-
tial-determining additives in the
electrolyte. For cells without TBP,
they are equal to 6 and around
350 ps in the Vvisible region,
whereas for cells with TBP they
are 20-30 and 400-500 ps in the
same spectral range. In the spec-
tral range of ground-state recov-
ery, both components are pres-
ent with similar contributions. In
the NIR region, only one compo-
nent is necessary, with a charac-
teristic time closer to the shorter
one: several picoseconds with-
out TBP and 20-60 ps with TBP
(Figure 6 A-C).

The longer recombination
components (hundreds of ps)
correspond to decays of the
electrons observed in the mid-IR
range. Interestingly, the contri-
bution of longer components is
negligible in the NIR range and
very small in the visible range
for wavelengths longer than 1=
700 nm. Therefore, faster recom-
bination (tens of ps) is probably
more connected with trapped
electrons (absorption in the visi-
ble and NIR regions), whereas
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slower (hundreds of ps) recombination is probably related to
conduction band electrons (absorption in the mid-IR range).
Nevertheless, the amplitudes of the recombination compo-
nents in the visible and NIR regions seem to be too small with
respect to their contribution in bleach recovery, and the fol-
lowing explanations can be proposed. Faster recombination
with the trapped states can be observed due to the formation
of some kind of bound complexes (between a dye with an in-
jected electron and the localized, deeply trapped acceptor site
in titania) that can suffer from rapid back electron transfer.?®
Such intermediates can have smaller absorptions in the visible
range than those of the separated oxidized dye and trapped
electron; thus the negative amplitudes (in the bleach bands)
are higher than the positive ones (above =650 nm). For the
slower recombination component (hundreds of ps), it can
overlap with the electron trapping dynamics: the decay of the
signal above 4=650 nm due to recombination can be super-
imposed on its rise due to relaxation of the conduction-band
electrons (not absorbing in the visible range) into trapped
states. Indeed, when an additional component is added to the
global fit, the rise of the trapped electrons appears with a time
constant of about 1.3 ns, whereas the positive amplitudes of
the recombination component (200 ps) become more promi-
nent (Figure S6 in the Supporting Information). However, the
improvement in the fit quality is too small to definitely con-
clude whether the additional component is really necessary. In
summary, the band of ground-state recovery is probably better
suited to probe the electron recombination process for DSSCs
with carbazole dyes, similarly to dye regeneration described
previously.

The final spectra from the global analysis (constant offset in
Figures 5 and 6) represent the residual signals from oxidized
dyes and electrons in titania that did not suffer from recombi-
nation. The negative amplitudes of the spectra associated with
constant offset and both recombination components can be
used to estimate the part of the initially excited population
that did not recombine until 3 ns. This portion is 55-60% for
cells with TBP and about 45% for cells without TBP. These
numbers correlate with higher Jsc and IPCE values (Table 1 and
Figure 1A) for cells with TBP than those without. However, the
stationary absorption (and thus bleaching band) in the cells
without TBP is redshifted with respect to those with TBP.
Therefore, they might overlap differently with the positive ab-
sorption bands in both series of cells, and the obtained differ-
ent contributions of recombination should be treated with
caution.

We have also checked the effect of different excitation wave-
lengths and pump pulse intensities on the results of femtosec-
ond transient absorption. Tuning the pump wavelength from
A=500 (maximum of dye absorption) to 600 nm (less vibra-
tional energy excess) does not influence the recombination
part observed in the bleach recovery kinetics (Figure S7C in
the Supporting Information). The only difference seen in the
global fit (Figure S7A and B in the Supporting Information) is
that there is less contribution of the dye excited state at 4
~750 nm in the fastest electron injection component. This
might be explained by the increased contribution of injection
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to the trap states (which causes a simultaneous decrease in
the excited-state signal and an increase in the trap-state signal
at =750 nm) when less energetic photons excite MK-2 dyes.
On the contrary, when a higher pump pulse intensity is used
(240 nJ per pulse with respect to excitation with 60 nJ per
pulse in all other experiments), the contribution of recombina-
tion increases and the faster recombination component is ac-
celerated (Figure S8 in the Supporting Information). Therefore,
fast recombination is at least partially dependent on light flu-
ence and a direct comparison between ultrafast experiments
and one sun steady-state conditions might be difficult.

Finally, we observed a correlation between the level of the
bleaching signal at about 3 ns in the transient absorption ex-
periment (due to larger or smaller recombination values) and
the measured photocurrent of the same cells. Figure 6D shows
the representative kinetics of bleach-band recovery probed at
A=600 nm for three different CoLiTBP cells with different Jy
values (two of them are cells with TiCl, treatment, but different
Voc values; the one with the smallest Vo is a cell without TiCl,
treatment). The initial apparent increase in the bleaching
signal (up to about 4 ps) is due to electron injection dynamics
(the positive contribution of absorption from the excited state
at this wavelength diminishes within this time). As seen in Fig-
ure 6D, the residual signal is smallest for the cell with the
lowest photocurrent, and highest for the cell with the highest
Jsc.

Thus, partial recombination occurring on a picosecond time-
scale has a clear impact on the performance of DSSCs. This ob-
servation is in agreement with a few recent reports in which
lower or higher recombination in the sub-nanosecond range
for different organic dyes was correlated with better or worse
performance of the cells prepared with these dyes.®®'2¢
However, to the best of our knowledge, no detailed investiga-
tion of this recombination mechanism has been reported so
far. We show that the dynamic of the sub-nanosecond recom-
bination can be modified by the presence of potential-deter-
mining additives, and the addition of TBP is beneficial not only
to increase the V value of the cell, but also as a means of
slowing down the recombination dynamics. When the conduc-
tion band shifts towards more negative potentials (and the
redox positions of the dye (S*/S, S*/S¥) are not changed), the
driving force for electron injection decreases and electron in-
jection slows down in accordance with the Marcus normal
region (strictly speaking, it is due to the density of acceptor
states rather than the driving force itself, but the effect is quali-
tatively the same). At the same time, the driving force for elec-
tron recombination (from the titania conduction band to the
ground state of the dye) increases, but the recombination pro-
cess also slows down, similar to electron injection. This is prob-
ably because the energy gap for recombination is large and
the process lies in the Marcus inverted region.

Conclusions

The effect of TBP additive and TiCl, treatment was studied for
titania photoanodes sensitized with the popular and efficient
carbazole dye MK-2 by using both iodide- and cobalt-based
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liquid electrolytes. Complete solar cells were measured by
using a variety of techniques: femtosecond transient absorp-
tion in the visible, NIR, and mid-IR spectral ranges; nanosecond
flash photolysis; and electrochemical impedance spectroscopy.
Studies on the timescales from femto- to milliseconds revealed
the dynamics of electron injection, charge recombination, dye
regeneration, and electron transport (see Scheme S2 in the
Supporting Information or the Table of Contents graphic). In
addition, the photobehavior from femto- to microseconds for
the MK-2 dye in solution was also investigated.

The addition of TBP causes the well-known effect of increas-
ing the Vyc of the solar cells. An increase in V. by about 150-
200 mV is accompanied by slowing down of the electron injec-
tion process from about 0.2 (in electrolytes without TBP) to
1 ps (in electrolyte with 0.5m TBP) due to a negative shift of
the conduction-band potential. Interestingly, the presence of
unwanted, partial, fast recombination processes occurring on
the timescales of tens and hundreds of picoseconds was re-
vealed, and its contribution correlates with the photocurrent
of the cells. Moreover, the dynamics of this recombination pro-
cess were found to depend on the electrolyte composition: it
was slower for electrolytes with TBP (components of 20-30
and 400-500 ps) than electrolytes without TBP (components of
5-10 and 200-300 ps). The kinetics of the recombination of
electrons in titania were be different in the visible, NIR, and
mid-IR ranges, which indicates the occurrence of the trapping
mechanism on a sub-nanosecond timescale and varying contri-
bution of free and shallow- and deep-trapped electrons to re-
combination.

No difference in electron injection or fast charge recombina-
tion dynamics was observed between iodide and cobalt elec-
trolytes for the corresponding amounts of TBP. This indicates
a possible more general feature that the effects of potential-
determining ions in the electrolyte are the same for cobalt and
iodide electrolytes, so the large contemporary knowledge base
on these effects from studies of iodide-based solar cells can be
directly used in current research on cobalt-based DSSCs.

Dye regeneration was observed to proceed with a time con-
stant of about 1 ps in all electrolytes (iodide and cobalt elec-
trolytes, with and without TBP). On one hand, this confirms
sufficient regeneration efficiency by cobalt complexes. On the
other hand, no dependence on TBP addition, contrary to some
recently investigated dyes with more than one COOH group,
proves the important role of the dye ground-state potential on
regeneration dynamics in DSSCs.

On the millisecond timescale, the electron lifetime is shorter
and the recombination order (parameter m) is higher in cobalt-
based electrolytes than in iodide-based electrolytes. This indi-
cates the key role of electron recombination between the
metal oxide and electrolyte to further improve the per-
formance of DSSCs with one-electron redox shuttles. Moreover,
cells made of electrodes without TiCl, treatment showed signif-
icantly worse performance. The decrease in the Js value could
be partially explained by less dye absorption, but lower FF
values and shorter electron lifetimes were certainly due to
faster recombination; this is especially important for the cobalt
electrolyte. The MK-2 solar cell with TBP was remarkably stable
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(85% of the initial photocurrent after four months). On the
contrary, those without TBP, despite initially slightly higher Js
values, suffered from a rapid decrease in the photocurrent, ac-
companied by an increase the Vy value.

To the best of our knowledge, this is the first comprehensive
study of all charge-separation processes in DSSCs with carba-
zole dyes, including the effect of electrolyte type and composi-
tion. The finding of electrolyte-dependent ultrafast charge re-
combination is novel for studies on DSSCs in general, and pro-
vides important implications towards better optimization of
these devices. Furthermore, our work contributes to the lack of
studies on complete DSSCs with cobalt-based electrolytes, es-
pecially for ultrafast and fast partial charge-separation process-
es. Such systems are the current champions in terms of the
best laboratory efficiencies, and are the most promising candi-
dates for further improvements in this kind of photovoltaic de-
vices.

Experimental Section

MK-2 dye (Scheme S1 in the Supporting Information) was pur-
chased from Sigma-Aldrich (95%). TiO, (P25) nanoparticles were
received from Evonik. Paste with metal oxide nanoparticles was
prepared as follows: First nanoparticle powder (3 g) was mixed
with acetic acid (0.5 mL) and ethanol (20 mL) and left in an ultra-
sonic bath for 3 h. Then another solution of a-terpineol (10 mL),
ethyl cellulose (1.5 g), and ethanol (13.5 g) was prepared. The two
solutions were mixed together and placed in an ultrasonic bath for
another hour. Afterwards, the combined solution was stirred for an
additional 16 h. Finally, ethanol was removed with a rotary evapo-
rator operating at 60°C and the ready-to-use paste was obtained.

The films were deposited by the doctor-blade technique on FTO
glass plates and heated at 450 °C for 60 min. Unless otherwise indi-
cated, the TiCl, post-treatment was applied to the electrodes. Sin-
tered electrodes were immersed into a 0.05m aqueous solution of
TiCl, stored at 70°C for 30 min. Then the electrodes were washed
with distilled water and sintered again at 450°C for 30 min. Next,
the films were immersed in a 0.2 mm solution of MK-2 in toluene
and kept at room temperature for about 1 h. The platinized coun-
ter electrode was obtained by spreading a platinum-based solution
(Platisol T, Solaronix SA) on FTO glass and annealing at 450°C. To
make a complete solar cell (an active area of 0.25cm? was pre-
pared), the counter electrode was assembled with thermal adhe-
sive film (25 um Surlyn, Meltronix, Solaronix SA) that acted as a sep-
arator and sealing element. The cells were filled (by the vacuum
backfilling method) with the electrolytes described below.

lodide- and cobalt-based (Co"" tris(bpy) tetracyanoborate) electro-
lytes, both with and without TBP, were prepared in acetonitrile.
The content of the individual components was as follows. For the
iodide electrolyte without TBP (abbreviated further as ILi): 0.05m |,
(99.5%, Fluka), 0.6m 1,2-dimethyl-3-propylimidazolium iodide
(DMPII; 98%, ABCR) and 0.1m Lil (99%, Aldrich). For the iodide
electrolyte with TBP (ILiTBP): 0.05m |, 0.6 m DMPII, 0.1 ™ Lil, 0.5m
TBP (96%, Aldrich), and 0.1 M guanidine thiocyanate (GuSCN; Al-
drich). For the cobalt electrolyte without TBP (CoLi): 0.25m [Co(b-
py)s{B(CN),},] (Dyenamo), 0.035m [Co(bpy);{B(CN),};] (Dyenamo),
and 0.1 m LiClO, (99.99% Sigma Aldrich). For the cobalt electrolyte
with  TBP  (CoLiTBP): 0.25m  [Co(bpy);{B(CN),},], 0.035m
[Co(bpy);{B(CN),};], 0.1 m LiClO,, and 0.5m TBP.
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The setup for ultrafast broadband transient absorption has been
described previously (Helios spectrometer, Ultrafast Systems, and
Spectra Physics laser system).”” The pump pulses were set at 1=
500 or 600 nm and the IRF (pump-probe cross-correlation func-
tion) was about 250 fs (FWHM). The pump pulse energy of 60 nJ
corresponded to an energy density of about 100 pcm™2 In some
experiments, pulses of four times higher energy (240 nJ) were also
used. The transient absorption measurements were performed in
the spectral ranges of 1 =450-850 (visible) and 800-1550 nm (NIR)
and in the time range of up to 3 ns. The setup for ultrafast transi-
ent absorption in the mid-IR spectral range (3-10 um) was
a 2DQuick Transient spectrometer, PhaseTech Spectroscopy. The
optical parametric amplifier (OPA) with a difference frequency gen-
eration (DFG) module generated IR pulses (tunable from 3 to
10 um). A Ge beam splitter split the IR beam into reference and
probe beams, and both were focused onto the sample position,
but only the probe beam overlapped with the pump beam in the
sample. After passing through the sample, the probe and reference
beams were spectrally dispersed in a grating spectrometer
(iHR320) and independently imaged on a liquid-nitrogen-cooled
HgCdTe detector (2x64 elements) with 7 nm resolution per pixel.
The IRF (visible pump-IR probe cross-correlation function) was
about 200 fs (FWHM). The nanosecond flash photolysis setup was
based on Q-switched Nd:YAG laser and a 150 W xenon arc lamp as
the excitation and probing light sources, respectively.””? The pump
pulse wavelength was set at =532 nm and the energy was set at
0.1 mJ (energy density of 2250 uJcm™2).

Global analysis of the transient absorption data was performed by
using Surface Explorer software (Ultrafast Systems) or the Asufit
program.?® Both programs fit a multiexponential function (convo-
luted with IRF) to either the kinetic vectors of a selected number
of singular values (Surface Explorer) or the kinetic traces for all ana-
lyzed wavelengths (Asufit). As a result of the analysis, the charac-
teristic time constants were obtained as well as the wavelength-
dependent amplitudes associated with them (also called decay-as-
sociated difference spectra or pre-exponential factor spectra).

Current-voltage characterization of the solar cell, total power con-
version efficiency, IPCE spectra, photocurrent decays, and electro-
chemical impedance spectroscopy studies were performed with
a potentiostat (model M101 with frequency response analyzer
FRA32M module, Autolab) coupled to a photoelectric spectrometer
equipped with the option of solar simulator (Instytut Fotonowy
(Photon Institute), Poland). The sunlight conditions were simulated
by a xenon lamp with an AM 1.5 G spectral filter and intensity ad-
justed to 100 mMWcm™ by using a calibrated silicon cell (RR-74,
Rera Systems). Electrochemical impedance spectra (10 mV pertur-
bation in the 107'-10° Hz range) in the dark and at open circuit
were analyzed with Zview equivalent circuit modeling software, in-
cluding the distributed element DX11 (transmission line model).*”
Unless otherwise stated, all stationary and time-resolved measure-
ments were performed one day after preparation of the cells.
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Scheme S1.

Molecular structure of MK-2 dye.
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Figure S1. (A) Steady-state absorption spectra of the indicated cells. The absorbance of pure TiO>
layer was subtracted from all the spectra. (B) Normalized IPCE spectra for different CoLiTBP

cells with TiCl, treatment (giving indicated photovoltage) and without TiCls treatment.



\
\ filter >700 nm
0.015+ h —— filter >500 nm
V|
V\V\”‘w

0.010 1
<
<

0.005 1

0.000 : -

107 10° 10* 10°

Time, ns
Figure S2. Kinetics measured at 730 nm (with excitation at 535 nm, 0.1 mJ) obtained in flash
photolysis experiments of ILITBP cell with the filters passing the probing light longer than 500

nm and 700 nm, respectively.
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terbutanol mixture. The pump pulse (200 nJ) was at 500 nm, and the spectra were probed in VIS
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Figure S4. Kinetics measured at 750 nm (with excitation at 535 nm) obtained in flash photolysis
experiments of MK-2 in toluene in: (A) air-equilibrated conditions, (B) argon-saturated
conditions for pump 1 mJ and (C) argon-saturated conditions for pump 0.15 mJ. The solid red
lines shows the best one- or two-exponential fit with the indicated time constants. About two
orders of magnitude increase in the time constants of the samples without oxygen (with respect to
those in air- equilibrated conditions) indicates the triplet state origin of the observed transient
absorption signal. The additional, faster component under higher pump energy (1 mJ vs 0.15 mJ)
in argon-saturated sample is probably due to the triplet-triplet annihilation process. (D) Transient
absorption spectra for the indicated times after pump pulse (0.15 mJ, 535 nm) for the sample in
argon-saturated conditions.



(A)

0.4

0.31

0.2 1

Absorbance

0.1

MK-2 in
acetonitrile:
tert-butanol
(1:1) solution

0.0
300

400

500 600

Wavelength, nm

700

(B)

Absorbance

1.64
1.4+
1.2
1.0+
0.8
0.6 1
0.4 1
0.2

0.0

MK-2 in
toluene
solution

300

400

500 600 700

Wavelength, nm

Figure S5. Steady-state absorption spectra of MK-2 in: (A) acetonitrile:tert-butanol (1:1) and (B)

toluene solutions. Different MK-2 concentrations and 2 mm cells were used for the

(A)

0.003 4
0.002 4

0.001 4

AA

0.000

-0.001 1

-0.002 ~

measurements.
1,=0.5 ps (B)
1,=10 ps 0.003+
=200
5 ps 0.002
1,=1300 ps
—— const. offset 0.001

o

4!

ILITBP

M\
|

Wavelength, nm

500 550 600 650 700 750 800 850

AA

-0.001 1

-0.002 4

0.000 +;

1,=0.2 ps

1,=8 ps
1,=160 ps
7,=1300 ps
—— const. offset

500 550 600 650 700 750 800 850

Wavelength, nm

Figure S6. Effect of additional component in global analysis of the transient absorption of the

cells. Wavelength dependent amplitudes of the indicated time constants obtained from global

analysis of transient absorption spectra of iodide cells in the VIS range (compare with Figure 5C

and 5D). The inverse of the spectrum of additional component with 1300 ps time constant (rising

amplitude) is similar to the trapped electrons band extracted in flash photolysis (compare with

longer component in Figure 2A).



(A) (B)

0.004 -

exc. 500 nm 0.002-

0.003 1

exc. 600 nm
0.002 4 0.001 |
0.001 1 0.000 i
. "“"'\V\
< 0.000- g -
1.=0.6 ps =
0,001 1 p -0.001 - 7,=0.6 ps
1,=17 ps 1,=28 ps
-0.0021 1,280 ps -0.002+ 1,=420 ps
-0.003 —— const. offset — const. offset
T T T T T T ) 0.003 T T T T T T )
500 550 600 650 700 750 800 85( 500 550 600 650 700 750 800 850
Wavelength, nm Wavelength, nm

©
0.002 4
0.000 .A'bk J..=0.9 mA, pump 500 nm
-0.0021 w — Jzz=0.9 mA: Eumg 600 nm
-0.004+ J..=3.0 mA, pump 500 nm
2: -0.006 - — J4=3.0 mA, pump 600 n
-0.008
-0.010
-0.012
-0.0141
1 10 100 1000
Time, ps
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and 600 nm excitation, while it is smaller for the cells with smaller photocurrent, as explained in

more details in Figure 6D.
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Scheme S2.

Scheme of energetic levels and electron transfer time constant for MK-2 cell.
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ABSTRACT

Ultrafast and fast charge separation processes were investigated for complete cells based on several ZnO-
based photoanode nanostructures and standard TiO, nanoparticle layers sensitized with the indoline dye
coded D358. Different ZnO morphologies (nanoparticles, nanowires, mesoporous), synthesis methods
(hydrothermal, gas-phase, electrodeposition in aqueous media and ionic liquid media) and coatings (ZnO
—ZnO0 core—shell, ZnO—TiO, core—shell) were measured by transient absorption techniques in the time
scale from 100 fs to 100 ps and in the visible and near-infrared spectral range. All of ZnO cells show worse
electron injection yields with respect to those with standard TiO, material. Lower refractive index of ZnO
than that of TiO, is suggested to be an additional factor, not considered so far, that can decrease the
performance of ZnO-based solar cells. Evidence of the participation of the excited charge transfer state of
the dye in the charge separation process is provided here. The lifetime of this state in fully working
devices extends from several ps to several tens of ps, which is much longer than the typically postulated
electron injection times in all-organic dye-sensitized solar cells. The results here provided, comprising a
wide variety of morphologies and preparation methods, point to the universality of the poor perfor-
mance of ZnO as photoanode material with respect to standard TiO,.
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1. Introduction

ZnO nanostructures are widely investigated in the group of
emerging photovoltaics as promising solutions for pushing the
cost-efficiency beyond the reach of contemporary crystalline de-
vices. They are especially explored as photoanodes for dye-
sensitized solar cells (DSSC) [1] and n-contacts in both inverted
polymer solar cells [2,3] and recently introduced perovskite cells
[4,5]. However, in DSSC the predominantly used TiO; nanoparticle
photoanodes give the record efficiencies of 13% [6], while for the
cells based on ZnO the best efficiency is only 7.5% [ 7]. The difference
may seem strange since both oxides share similar energy band
properties, with ZnO having much higher carrier mobility (sug-
gesting more favorable transport properties) and an additional
useful property of being able to be easily prepared in multitude of
morphologies using easy wet methods [1].

Although a large variety of ZnO nanostructures has been pro-
posed to be used as anodes in DSSCs [1], nanoparticles [7,8],
nanowire arrays — including more complex variants such multi-
branched and hierarchical structures [9—11] — and mesoporous
films [12] can be highlighted as those which have attracted most
attention. Special interest on the core—shell nanostructures should
also be noted [7,13].

In a recent contribution some of us analyzed the performance
of ZnO-based DSSC, especially from the point of view of charge
separation efficiency within the photoanode on the millisecond
time scale [8]. One of the conclusions was that these properties
can be at least as good as those of TiO, materials. Thus ZnO
interaction with dyes and electrolyte is probably the main
limiting factor lowering the initial charge injection yield in ZnO-
based cells [1,14]. However, the detailed knowledge about such
initial charge separation processes in DSSC is still incomplete,
especially for the conditions of fully working devices and for a
variety of nanostructures. One of the reasons is that the ultrafast
dynamics of the interaction of dyes (especially all-organic) with
metal oxide nanomaterials, explored by time-resolved laser
techniques, is not understood well enough, even for standard TiO;
nanoparticles.

In this article, the electron injection and dye regeneration
dynamics in the most representative architectures of ZnO-based
DSSC photoanodes of different morphology (nanoparticles,
nanowires, mesoporous, core—shell structures), prepared by
different synthesis methods (hydrothermal, gas-phase, electro-
deposition in aqueous media and ionic liquid media) [15—17], and
sensitized by a fully organic, very absorptive dye are studied. The
dynamics and efficiency of these processes is compared to stan-
dard TiO, nanoparticles with the same dye, i.e. the indoline dye
coded D358. Furthermore, as a second objective, an extended
analysis of the fundamental processes ongoing during electron
injection from the D358 dye and the fingerprints of these pro-
cesses in transient absorption results, a tool necessary for inves-
tigation on ultrashort time scales, is reported. Indoline dyes are a
very promising family of all-organic dyes with high extinction
coefficient, with best sunlight conversion efficiencies of around
10% [18—20]. The most popular member of this family is D149,
which has been recently studied in complete cells by some of us
with time-resolved laser spectroscopy techniques [21—23]. In this
contribution, its newer modification, D358 dye [24,25], is used.
The difference between them is that D358 has two anchoring
carboxylic groups and a longer hydrocarbon chain preventing
formation of aggregates by steric repulsion. Therefore, both the
geometry of the dye attached to the metal oxide surface and the
average distance between the dyes might be different for D149
and D358, which can influence e.g. the self-quenching process
and electron injection dynamics.

2. Material and methods

The ZnO anodes with different morphologies were prepared by
a variety of wet-chemistry techniques, among the most frequently
reported to obtain each ZnO nanostructure in particular. Briefly, the
ZnO nanoparticles (ZnO NPH) were synthesized by a forced hy-
drothermal method from reaction of zinc acetate and NaOH in
ethanol [26]. The ZnO nanowire arrays (ZnO NW) were electro-
deposited from aqueous electrolytes as explained elsewhere
[16,27]. The mesoporous ZnO films (ZnO MP) were electro-
deposited from ionic liquid-based electrolytes, further details can
be found elsewhere [17]. Fig. 1 shows the cross-section FESEM
micrographs of the different anodes investigated here.

Some ZnO NW anodes were coated with a thin ZnO or TiO; film
in order to obtain core—shell nanowires. For ZnO/ZnO core—shell
nanowires, the ZnO shell was deposited by the protocol previously
reported [16], but varying the number of cycles (i.e. 10 — ZnO NW
CS10 and 25 — ZnO NW (S25). For ZnO/TiO, core shell photo-
anodes, the ZnO NW array or ZnO NPH samples were placed in the
ALD reactor (Picosun). The TiO, thin films were deposited onto the
ZnO photoanodes using TiCly (titanium tetrachloride) and DI water
as ALD precursors. Nitrogen (N;) flow was used as a carrier and a
purging gas. TiCls precursor and DI water were evaporated at 20 °C.
In this study, the standard cycle consisted of 0.1 s TiCl4 exposure, 3 s
N> purge, 0.1 s exposure to water and 4 s N, purge. The total flow
rate of the Ny was 150 sccm. TiO; thin films were grown at 300 °C.

For the comparison, ZnO nanoparticles prepared by gas-phase
method (ZnO NPG) were also used, as for the photoanodes in our
previous studies for D149 dye [22,23]. Such ZnO films were pre-
pared from a commercial (Evonik) dispersion of hydrophilic
nanoparticles of ZnO in water (VP AdNano@Zn20, 35 wt.%) with
approximate nanoparticle size of 20 nm. Except the ZnO/ZnO cor-
e—shell nanowire arrays, all ZnO anodes were annealed at 420 °C in
air before sensitization. TiO, solar cell devices were fabricated us-
ing films consisting of a layer of 20 nm TiO, nanoparticles (Dyesol®
paste). Films were deposited onto the conducting glass substrates
with the screen printing method, and gradually heated under
airflow until 500 °C. After sintering the films, an immersion step in
a solution of TiCl4 (40 mM) at 70 °C for 30 min was carried out.

The mean thickness values of the different anodes are the
following: 1 um for ZnO NPG, 2 pm for both ZnO NW and ZnO MP,
3.5 um for ZnO NPH, and 6 um for TiO. The different film thickness
resulted in different absorption of the dye on different photo-
anodes. Therefore, as will be presented in the next section, the
relative photocurrent (divided by the number of absorbed photons
estimated from the stationary absorption) was used to compare the
performance of the different cells. In transient absorption studies
the film thickness was not important because the initial signal is
proportional to the number of photoexcited dye molecules, and
only the normalized kinetics of different photoanodes were
compared.

The photoanodes were prepared by sensitization with the D358
indoline dye (Mitsubishi Paper Mills Limited). The anodes were
immersed in a 5 x 1074 M dye and 7 x 10~* M chenodeoxycholic
acid in acetonitrile/tert-butanol (1:1) solution. The samples
remained immersed for 55 min and were subsequently rinsed with
the same solvent.

The cells were filled with two electrolytes, both in acetonitrile
solvent. The first one (EL1) contains: 0.05 M I, (99.5%, Fluka), 0.6 M
DMPII (1,2-Dimethyl-3-propylimidazolium iodide, >98%, Iolitec),
0.1 M Lil (99%, Aldrich), 0.5 M TBP (4-tert-butylpiridine, 96%,
Aldrich) and 0.1 M GuSCN (guanidine thiocyanate, Aldrich). The
second electrolyte (EL2) does not contain TBP and was used for
several samples to check the effect of shifting metal oxide con-
duction band towards more positive potentials. It contains: 0.05 M
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Fig.1. FESEM micrographs of the cross section of the different architecture anodes. a,b)
ZnO nanoparticle-based (ZnO NPH), c,d) ZnO nanowire arrays (ZnO NW), e,f) meso-
porous ZnO film (ZnO MP) and g,h) TiO, nanoparticle-based.

I, 0.6 M BMPII (1-butyl-3-methylimidalozlium iodide, 99%,
Aldrich) and 0.1 M Lil.

The setup for ultrafast broadband transient absorption has been
described before (Helios spectrometer, Ultrafast Systems, and
Spectra Physics laser system) [23]. The pump pulses were at 555 or
520 nm and the IRF (pump-probe cross correlation function) was
250—300 fs (FWHM). The pump pulse energy of 500 nJ corresponds
to energy density of about 1 mJ/cm?. In some experiments the
pulses of higher or lower energy were also used. The transient
absorption measurements were performed in the spectral ranges
450—800 nm (VIS) and 800—1500 (NIR) and in the time range of up
to 3 ns. The nanosecond flash photolysis setup was based on Q-
switched Nd:YAG laser and a 150 W xenon arc lamp as the exci-
tation and the probing light sources, respectively [21]. The pump
pulse wavelength was 532 nm and probe wavelength was 670 nm.

The steady-state UV—visible absorption spectra were measured
with a UV-VIS-550 (Jasco) spectrophotometer. A current—voltage
characterization of the solar cell, total power conversion efficiency,
incident photon to current efficiency (IPCE) spectra, photocurrent
decays and electrochemical impedance spectroscopy studies were
performed with a potentiostat (model M101 with frequency
response analyzer FRA32M module, Autolab) coupled to photo-
electric spectrometer with the option of solar simulator (Instytut
Fotonowy — Photon Institute, Poland). The sunlight conditions
were simulated either by a white light LED lamp or by a Xe lamp
with AM 1.5 G spectral filter and intensity adjusted to 100 mW/cm?
using a calibrated silicon cell (RR-74, Rera Systems). Electro-
chemical impedance spectra (10 mV perturbation in the
10~1-10° Hz range) in the dark and at open circuit were analyzed
with Zview equivalent circuit modeling software, including the
distributed element DX11 (transmission line model) [28]. The
morphology of the nanostructure films were analyzed using a UL-
TRA plus ZEISS field emission scanning electron microscope
(FESEM).

3. Results and discussion
3.1. Photovoltaic parameters and regeneration rates

Fig. 2A presents representative steady-state absorption of D358
on ZnO NPH and ZnO NW films in air. The maximum of the ab-
sorption band lies between 520 and 530 nm in all samples inves-
tigated, which is about 10—20 nm red shifted with respect to that of
D149 dye [22,23].

Table S1 collects the photovoltaic parameters (short circuit
current, Jsc, and open circuit voltage, Voc) of the cells made with
different TiO, and ZnO films. All ZnO cells were filled with EL1,
while TiO, cells were made with both electrolytes (EL1 and EL2).
The parameters obtained are generally consistent with the previous
reports [15—17]. However, some differences are observed, espe-
cially for the Vg, although a different electrolyte is used here (EL1
electrolyte contains TBP). It should also be noted that photovoltaic
characterization has been done here for “fresh” cells, in contrast to
the previous reports, and degradation of the dye, as noted below,
may significantly influence the reported values of Jsc for indoline-
sensitized ZnO electrodes. The absorbance of all ZnO samples is
smaller than that of TiO, ones because of smaller thickness of the
nanoporous film and/or smaller surface area (ZnO nanoparticle size
is generally larger). Within ZnO samples, the absorbance is smaller
for ZnO NW than for ZnO NPH because the layer thickness of the
former was smaller than for the latter (Fig. 1) and active surface
area of nanowires can be smaller than that of nanoparticles. The
relative photocurrent (Jsc/Npp, Table ST1A) of all ZnO cells is about 2
times smaller than that of TiO, cells (with electrolyte EL1). We also
checked that the relative photocurrent is comparable for ZnO
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Fig. 2. (A) Representative steady-state absorption of D358 on indicated ZnO films. The light scattered from the film was subtracted. The inset shows the structure of D358 dye. (B)

Decrease of the photocurrent of the cells (stored in the dark) with time.

nanoparticles prepared by both gas phase (NPG) and hydrothermal
(NPH) techniques (Table S1B). The difference between ZnO and TiO,
materials is similar to our previous observation for D149-sensitized
solar cells (3 times difference between ZnO and TiO, nanoparticles)
[22,23]. The reason for this behavior for D149 cells was worse initial
charge separation, and evidences for similar explanation for
D358 cells will be brought in the next sections. Table S1 also reveals
that TiO, cell with electrolyte EL2 (with Lil but without TBP) ex-
hibits a well-known and expected behavior: Vpc is smaller (by
90 mV with respect to the cell with EL1), due to the positive shift of
the potential of the conduction band, while Jsc becomes larger (17.5
vs. 13.0 mA/cm?), due to larger electron injection driving force and
more efficient charge separation. Slightly lower Vpc values for all
ZnO cells with respect to TiO, ones can be explained by worse
charge separation in the former samples, affecting both Jsc and Vpc.

We also checked how fast all D358 cells decrease their perfor-
mance. Fig. 2B shows a decrease in the photocurrent (with respect
to the initial one shown in Table S1 and measured 1 h after cell
preparation). Similar to our previous report on D149 [23], we
observed a much faster degradation of the Jsc in ZnO cells than in
TiO; ones. For example, after 1 day stored in the dark it drops to 90%
of its initial value for titania cells and to about 50% of its initial value
for ZnO cells. Similar decrease is observed in all ZnO materials
(NPH, MP, NW), so it does not depend on the photoanode
morphology. Moreover, the degradation has been observed to be
independent from the synthesis methods as well (ZnO NPG vs ZnO
NPH, Fig. S1A). One of the possible explanations of the degradation
might be the desorption of the dye in certain electrolytes
[23,29,30]. However, as will be evidenced below, no contribution of
free dyes in the electrolyte is observed in transient absorption
studies. Therefore, after the desorption the dye molecules should
attach again to the new places on the surface. Interestingly, the
absorption spectrum of the cells do not change during the decrease
in the photocurrent, and after sufficiently long time (2—3 months)
Jsc of the cells drops to the 10—15% of its initial value, both for TiO;
and ZnO materials.

The ZnO cells with TiO, coating showed very small photocur-
rents, probably due to the poor charge transfer between the two
materials in longer (ms) time scales (see Tables S2—S4, Figs. S2—S5
and the characterization of such cells in SI). Moreover, in Fig. S1B
we report the temporal photodegradation of the TiO,-coated
samples, which shows that this process is as fast as for bare ZnO
cells (compare with Fig. 2B).

To compare time constants of dye regeneration in different
D358 cells, transient absorption studies in ns—us range were
applied under excitation density of 1.3 mJ/cm? (532 nm, energy

0.5 m] per pulse). We chose 670 nm as probe wavelength because it
is close to the maximum absorption of the dye radical cation (see
next section). A decay at this wavelength (examples shown in
Fig. S6) is due to decrease in the population of radical cation, while
the negative offset is due to the transient Stark shift originating
from the electric field of electrons in nanoparticles [21]. In princi-
ple, the radical cation decay might reflect the regeneration dy-
namics as well as recombination (between electrons in metal oxide
and dye) [31]. However, recombination dynamics strongly depend
on the excitation intensity [32—34], while in our case the kinetics
are hardly changed when pump pulses of energy 5 times smaller or
4 times higher were applied for TiO, cells (Fig. S6). Therefore, we
can assume that only regeneration process is explored in this
experiment [14].

The kinetics at 670 nm (after shifting residual offset to zero and
normalization of the amplitudes) are shown in Fig. 3, while the
fitted decay time constants (7reg) are presented in Table 1. The
fastest time constants are observed for titania cells. Within these
cells faster decay (7reg = 0.34 ps vs Treg = 0.57 ps) is observed for
electrolyte without TBP. This observation can be explained by the
recently claimed shifting of HOMO level potential of the dyes under
the presence of potential-determining additives in electrolyte [35],
recently confirmed by some of us [14]. With more positive shift in
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Fig. 3. Transient absorption kinetics probed at 670 nm (excitation 532 nm, 1.3 mJ/cm?),
attributed to dye regeneration. For better comparison, the kinetics are shifted to have
the residual offset at zero and the amplitudes are normalized to 1. The black lines show
the best fit using one-exponential function with the time constants given in Table 1.
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the potential (EL2 vs. EL1) the driving force for dye regeneration
becomes larger in the normal Marcus region. On the other hand,
ZnO mesoporous cells exhibit about 3—4 times slower dye regen-
eration than titania cells in the same electrolyte (EL1). Similar
slower regeneration was observed previously by us for D149-
sensitized cells with ZnO nanoparticles from gas-phase methods,
as well as for N719-sensitized cells with ZnO nanoparticles pre-
pared by hydrothermal method [14,21]. Finally, a remarkably slow
dye regeneration process is found for ZnO nanowire samples (one
order of magnitude slower with respect to ZnO mesoporous cells).

3.2. Electron injection observed in femtosecond transient
absorption

We started the femtosecond transient absorption studies with
the reference measurements of D358 dye in ACN:tert-butanol (1:1)
solution (the same as the one used for sensitization) in order to
identify the transient states participating in the internal deactiva-
tion of the dye. The results obtained were similar to those found by
us and other groups earlier for D149 dye [22,23,36—38]. Fig. S7
presents the results of global analysis in combined VIS and NIR
ranges. The spectra associated with the fitted components repre-
sent the amplitudes of each pre-exponential factor at a certain
wavelength (positive value indicates a decay of transient absorp-
tion signal, negative value — a rise of AA). The results show the
participation of an initially excited Franck-Condon (FC) state (with
maximum around 700 nm), which decays according to a time
constant of around 300 fs. It should be commented that in our
previous work [23] we noted such initial state as locally excited (LE)
state, and that notation was not strictly correct because in the
electronic transition the electron density is directly moved from
donor part to acceptor part of the dye. After adoption of nuclear
coordinates to the new electronic configuration, an intramolecular
charge transfer (CT) state is formed, which suffers from solvation
relaxation with time constants 2 and 23 ps. Additionally, a relaxed
CT state (with maximum around 600 nm) is detected. This state
decays with a 340 ps time constant, which is slightly faster than the
corresponding decay observed for D149 in the same solvent
mixture (420 ps) [23]. It should be also noted that in our notation
CT name does not refer to the bound radical-electron pair (see
below).

Transient absorption of the complete cells made with different
nanostructures, as well as separated films sensitized with D358
(without electrolyte), were also measured. The measurements were
performed 1-2 h after sample preparation to avoid degradation
(Fig. S8). Figs. 4 and 5 present representative spectra for selected
time delays between pump and probe pulses in VIS and NIR ranges,
respectively.

The spectra are the combination of positive transient absorption
from the species participating in the excitation and electron in-
jection (FC and CT states of the dye, bound radical cation—electron
complex, free radical-cation and electrons in semiconductor) and

Table 1

Regeneration time constant obtained in nanosecond transient absorption

experiments. The time constants were obtained from one-exponential fits to

the recorded transients at 670 nm (probe) upon excitation at 532 nm (1.3 mJ/
2

cm?).

Photoanode (electrolyte): Time constant, pis

TiO, (EL2) 0.34
TiO, (EL1) 0.57
ZnO MP (EL1) 14
ZnO NW (EL1) 32
ZnO NW CS10 (EL1) 33

negative signals due to depopulation of the ground state of the dye
(roughly between 500 and 600 nm) and transient Stark shift signals
above 600 nm (which also contribute to positive signals for shorter
wavelengths). The lack of some parts of depopulation bands in TiO,
and Al,03 samples in VIS range is due to the high absorbance of the
samples in that region, which hinders the passing of probing light
through the sample. Spectra for additional samples are shown in
Figs. S9—S10. The results reported here for D358 dye and TiO; and
ZnO NPH photoanodes are consistent with previous reports for the
D149 dye [22,23]. As the D358 has a longer chain between electron
donor and acceptor group and possess two COOH groups instead of
one like the simpler D149 molecule, the present results point to the
interesting conclusion that the different molecular structure of the
dye does not influence significantly their early time photodynamics
in DSSC.

The more efficient electron injection is, the higher the ampli-
tudes of the final spectra (at 2.5 ns, Figs. 4 and 5) are, with respect to
the initial ones. The characteristic bands of D358 radical cation
(whose concentration is proportional to the number of injected
electrons) lie at around 670 nm in the VIS range and 1300—1400 nm
in the NIR range (Figs. 4A and 5A) [39]. In the NIR range it is a
combined contribution of absorption of radical cation and electrons
in TiO, or ZnO. Additionally, another measure of the efficiency of
electron injection is the observation of the Stark shift signal, which
is due to the presence of electric field generated by electrons in
titania [21,39—42]. As more electrons are accumulated in the
semiconductor, the larger the Stark shift becomes, and the negative
signals in VIS range move further to the red (the highest shift is
observed for TiO,/EL2 sample — up to 660 nm) [21,39]. In the Al,03
photoanode that we use as a reference, the electron injection is not
possible due to the more negative position of the conduction band
edge. However, contrary to the results for D358 in solution, there is
a non-zero residual spectrum of D358 in Al,O3 films with the
maximum at around 1100 nm (Fig. 5D). This could be assigned to
the bound radical cation—electron complex. Hence, this is not a true
injection of electrons, but the formation of an initial charge sepa-
ration at the surface, that does not lead to the creation of a signif-
icant photocurrent and is subjected to geminate recombination.
The possible explanation of the existence of such bound radical
cation—electron complex might be the electron transfer, either to
the very deep trap states below conduction band in alumina or to
the trap states due to the presence of trace impurities in com-
mercial Al,03 nanopowder. Such spectra can be also recognized for
all ZnO cells (Fig. 5B,C), indicating the existence of long-lived
electron-dye cation pairs that do not appear in TiO,. This effect
has already been discussed in previous reports, and it is attributed
to the larger dielectric constant of TiO; [1,14].

It should be emphasized that the reasons for the long-living
bound complex of radical cation and electrons is completely
different in Al;O3 and ZnO: in the first case the electrons are
trapped because the position of the conduction band edge is too
negative, while in the latter the complex exist due to electrostatic
interaction, stronger than that in TiO, material [43—45]. This
partially explains the worse relative photocurrent and smaller ef-
ficiency of charge injection and separation in ZnO samples with
respect to titania ones. Interestingly, for ZnO films the final spectra
in NIR are more like those of titania (main maximum at
1300—1400 nm, Fig. S10). This means that charge separation is
better in fresh ZnO photoanodes without electrolyte than in com-
plete cells. This is what we also recently observed for D149 [23].
Interestingly, during the fast degradation of the D358/Zn0O cells, the
amplitude of the residual NIR spectrum of the separated cations
and electrons (with a maximum above 1200 nm) disappears, while
the amplitude of the bound complex spectrum remains (Fig. S8).
We observed similar changes in NIR spectrum for D149/TiO; cells,
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but for much slower cell degradation [23].

The global analysis of the cell and film samples was done by
fitting 3 or 4 exponential functions (convoluted with IRF of the
setup) to the transient absorption kinetics. The results (pre-expo-
nential factor spectra of the fitted time constants) are shown in
Figs. S11—S14. The time constants obtained represent the decay of
initially excited (FC) state of D358 (amplitude spectra with
maximum around 730 nm) and subsequent charge transfer (CT)
state of D358 (amplitude spectra with maximum around 600 nm).
The last component (>3 ns) in the global fit is a constant offset and
is related to residual spectrum of radical cation and electrons.
However, both states (FC and CT) decay in a non-exponential way
so their fingerprints are “spread over” more than one time
component. Therefore, the time scales of the FC and CT decays do
not directly depend on the time constants of the fit, but rather on
their relative contribution in particular pre-exponential spectra
associated with these time constants. As an example, a comparison
between the data for TiO»/EL1 and TiO,/EL2 cells is presented in SI
(text and Fig. S15). Moreover, shorter time constants might indicate
both faster electron injection or faster excited state self-quenching
(probably singlet—singlet annihilation process) of the CT state [23].

All this makes the analysis and interpretation of the results quite
complex, and we would like to propose a simpler approach for
direct comparison of the most important parameter — electron
injection efficiency — in different samples. First, the analysis is
restricted to the NIR range, as we have shown that this region
contains the fingerprints of both the dye excited state and the
radical cation species. NIR transient spectra contain only the posi-
tive signals due to the absorption of transient species and they do
not overlap with negative ground state depopulation (and stimu-
lated emission) bands as well as the signals of transient Stark shift.

The presence of the latter three types of signals in VIS region often
makes the overall analysis more difficult. A more important
advantage of doing the study in the NIR region is that the signal-to-
noise ratio in transmission measurements of DSSC can often be
better than that in the VIS region, due to the absence of the ab-
sorption of the dye. Furthermore, in the NIR there is no scattering of
the nanostructure material (this is especially important for NW
photoanodes). Next, only the first base kinetic vector obtained in
singular value decomposition (SVD) analysis in the NIR range from
800 to 1500 nm is plotted to improve signal to noise ratio (the rest
of the singular values are much smaller than the first one). It can be
noted that such approach, based on first base kinetic vector of SVD,
has been already proposed in the transient absorption studies of
DSSC [46].

Fig. 6 and Fig.S16 present the 1st base kinetic vectors from SVD
analysis for the cells and films studied in this work, which are
probably the most conclusive part of the femtosecond measure-
ments with respect to the comparison of different photoanodes.
The initial signals are normalized to 1 to compare the samples of
different stationary absorbance, and all samples presented in each
plot were measured under the same pump pulse energy. The re-
sidual amplitude of the signal at 2—3 ns increases with the electron
injection efficiency, although not proportionally. These values are
compared in Table 2.

As can be seen, the residual amplitude for all ZnO cells (11—-14%)
is 2—3 times smaller than for TiO, (EL1) cells (32%, Fig. 5A), which
correlates with the relative photocurrent (Jsc/Npy) difference shown
in Table S1A. As for the titania cells with electrolytes EL1 and EL2,
the differences in the residual amplitude (78% vs 32%, 2.5 times,
Fig. 5A) are much higher than the differences in the photocurrent
(1.35 times). This could be probably explained by the fact that, as



224

J. Idigoras et al. / Materials Chemistry and Physics 170 (2016) 218—228

(A) .
0.015+ .. TiO, (EL1) cell
time delays:
0 ps; 0.5 ps
——2ps; 10 ps
] 50 ps; 200 ps
S - 2500 ps
5
0.005+
0.000 + T . - . , . ,
800 900 1000 1100 1200 1300 1400 1500
Wavelength, nm
i ZnO MP cell
0.010 1 time delays: 0 e
——0ps;——0.5ps
0.008{2Ps; 10 ps
50 ps; 200 ps
—— 2500 ps
0.006 +
<
<
0.004 -
0.002 -

800 900 1000 1100 1200 1300 1400 1500
Wavelength, nm

®) ZnO NW cell
0.0057 time delays: n ce
——O0ps;——05ps
0.004{ —— 2 ps; 10 ps
50 ps; — 200 ps
00031 — 2500 ps
5
0.002 A
0.000

800 900 1000 1100 1200 1300 1400 1500
Wavelength, nm

(D) 5p. A0 fims

1 time delays:
0 ps; 0.5ps
—1ps; 3 ps
0.015+ 10 ps; 50 ps
200 ps;

2500ps A

0.010+

AA

00 T . . . T . )
800 900 1000 1100 1200 1300 1400 1500
Wavelength, nm

Fig. 5. Transient absorption spectra of (A) TiO; cell (with EL1), (B) ZnO NW cell, (C) ZnO MP cell and (D) Al,Os film, all in NIR range for selected, included time delays between the
pump (at 520 nm, 0.5 pJ) and probe pulses.
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Fig. 6. The first base kinetic vector for indicated samples obtained after SVD global analysis in 800—1500 nm range. The excitation wavelength was 520 nm in figures A, C and D and
555 nm in figure B. The pump pulse energy was 500 nJ in A—C and 150 nJ in D.
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Table 2

Ratio of the final amplitude to the initial amplitude in the NIR range of 1st base kinetic vectors from SVD analysis for different samples (cells and films). This ratio is a measure of
the electron injection efficiency. For the same sample, more excited dyes (due to shorter excitation wavelength or higher pump fluence) results in smaller residual amplitudes.

Sample Excitation wavelength, nm Pump pulse fluence, nj Residual amplitude, %
TiO; cell (EL2) 520 500 78
TiO; cell (EL1) 520 2000 25
500 32
150 50
ZnO NPH cell 520 500 15
150 22
ZnO NPH TiO; 5 nm cell 520 150 18
ZnO MP cell 520 500 14
ZnO NW cell 520 500 11
150 18
ZnO NW CS cell 520 500 11
ZnO NW TiO; 5 nm cell 520 150 11
TiO, film 555 500 45
ZnO NPH film 555 500 34
520 500 31
ZnO NW film 555 500 22
520 500 17
ZnO NW CS film 520 500 17
Al,05 film 555 500 10

discussed above, part of the FC state decay in TiO,/EL2 cell takes
place on the time scale shorter than IRF. Therefore, the ultrafast
injection associated with this process quickly populates the radical
cation state that already contributes to the initial signal in the 1st
base vector. Therefore, the apparent decrease (from initial to re-
sidual values) in the kinetic vector is smaller.

The same analysis indicates that the decay of ZnO MP and ZnO
NPH cells is the same (with ratio 14%, Fig. 6A), but that of ZnO NW is
faster (with ratio 11%, Fig. 6A), probably due to the higher self-
quenching of the dyes (see next section for further support of the
self-quenching mechanism). The faster self-quenching might be
explained by higher light scattering in NW than in NPH (Fig. S17),
which results in more excited molecules under the same excitation
fluence. This, in turn, implies closer average distance between
excited dyes, since the dye coverage was reported to be similar for
nanoparticles and nanowires [15]. ZnO NW CS10 and ZnO NW
CS25 cells also have the same kinetics as the reference ZnO NW
sample (Fig. 6C). The transient absorption signal decay is similar for
“wet” (NPH) and “dry” (NPG) method of the ZnO nanoparticle
preparation (Fig. S16D). Fig. 6D and S16A-B show the comparison of
the kinetics in NIR range for ZnO/TiO, core—shell cells. As can be
seen, contrary to expected improvement of TiO; shell, the decay of
the TiO, coated samples is very similar to that of the reference cells,
with the residual signal being even slightly smaller in the former
than in the latter.

The above analysis was also applied to measurements in films
(Fig. 6B and Fig. S16C). As already mentioned, the electron injection
in ZnO NPH is better in films than in cells, which is in line with the
1st base vector plots (the residual signal in ZnO NPH film, 34%, is
only slightly smaller than that of TiO; film, 45%). On the contrary,
the electron injection efficiency in ZnO NW films and ZnO core—-
shell NW films (22%) is significantly worse than that in ZnO NPH
film (Fig. S16C).

3.3. Details of the indoline dye deactivation scheme

In this section, we would like to discuss the electron injection
route involving FC and relaxed CT states. We have proposed this
mechanism in our recent work concerning solar cells made of the
simpler indoline dye, D149 [23]. The results in this work confirm
that it is also present in the case of the D358 dye. However, an
alternative mechanism has been previously proposed for D149
[39,47], and for some all-organic dyes of other structures, but with

similar spectral signatures of the transient states [48,49]. This
mechanism postulates rapid electron injection (mainly <200 fs)
from the dye to the metal oxide, followed by further spectral
changes on the time scale of single or tens of picoseconds, and
accompanied by an increase in transient Stark shift signal
(explained by structural changes in the dye radical cation, move-
ment of electrons and/or separation of initial radical-electron
complex). We also include the bound radical-electron pair in our
deactivation scheme, but just to explain the residual signal for ZnO
and AlyOs3 cells, important on the time scale of single ns after
excitation. On the contrary, we think that the intermediate on
picosecond time scale should be explained by the intramolecular
excited CT state rather than the ground state of the radical cation
(or bounded radical cation complex with electrons). This seems to
be an important difference in both the understanding of electron
injection for these kind of dyes and the interpretation of transient
absorption results. Hence, we report here additional data and more
experiments that further support our model. First, the spectral
shape of the pre-exponential factor spectra in the VIS range (with
maximum at around 600 nm) is similar on substrates enabling
(TiO9, ZnO) and blocking (Al,03) injection, as well as that of CT state
found in solution. We have already observed this for D149 dye [23],
and the same works for D358 samples (Figs. S7, S11 and S13). The
molecular LUMO orbital associated with CT state is probably
slightly different in the isolated dye in solution compared to when
the dye is attached to metal oxide, which can justify differences in
NIR range [23]. The molecule on metal oxide is chemically bonded
to Ti, Zn or Al atoms, so part of the electron charge in CT states can
be shifted towards the metal oxide, having a more exciplex nature.

Next, we have observed (for D149 samples) that the decay of the
intermediate depends on the coadsorbent concentration and the
energy of the pump pulse, due to singlet—singlet annihilation be-
tween closely laying excited molecules [23]. The same effect is
observed for D358 cells in the current studies (Fig. S18). Such self-
quenching can only be explained by the process in excited states
(CT state), not for ground state complex. For the latter, geminate
recombination operates and it does not depend on the pump pulse
intensity. Alternatively, the enhanced quenching could be
explained by exceptionally fast recombination between free elec-
trons and dye radical cation. Therefore, we made experiments
under different negative bias applied to the working electrode and
with very small pump energy (Fig. 7A). This changes the density of
electrons in the metal oxide to a much larger extent than varying



226 J. Idigoras et al. / Materials Chemistry and Physics 170 (2016) 218—228

pump fluence (Fig. S18).

As can be seen in Fig. 7A, no significant influence of the applied
bias is observed. This proves that the kinetics in the picosecond
range are not due to charge recombination. Another argument for
the excited state nature of the observed intermediate is the fact that
we have observed emission from the D149 dye occurring with the
averaged time constant of about 100 ps [22,23]. In the emission
experiment the excitation energy density was low, around 30 pj/
cm?. So, one may argue that the emission comes from the same
species as that initially observed in transient absorption experi-
ment, but in the latter experiment, its lifetime becomes signifi-
cantly shortened (<1 ps) due to enhanced self-quenching under
higher pump energy density. Therefore, we made the transient
absorption experiment with 10 times smaller pump fluence than
that typically used (50 nJ, corresponding to density 100 pJ/cm?).
Choosing the proper probing wavelength at 605 nm (where FC and
CT states decays induce opposite signal changes) we found that
pump pulse energy hardly influences the lifetime of FC state, which
is < 1 ps for both energies (Fig. 7B). Therefore, the observed longer
emission must originate from the CT state, and its lifetime changes
with different pump pulse intensity in transient absorption ex-
periments due to self-quenching. Fig. 8 summarizes the most
important points of the indoline dye deactivation scheme.

As shown in the previous section, TiO, coating of ZnO photo-
anodes did not bring the expected improvement of electron in-
jection yield in femtosecond experiment (Fig. 6D). This indicates
that dye self-quenching depends rather on the core material (ZnO)
than on the thin shell (TiO,) to which the dyes are directly attached.
Therefore, most probably, the averaged parameters of the porous
nanostructures are more important than the microscopic parame-
ters in the vicinity of the dyes. The photophysics of the single-
t—singlet annihilation process is based on energy transfer, whose
rate, like in Forster mechanism, decreases with refractive index n of
the medium as 1/n*. The size of the pores and nanostructures is
much smaller than the light wavelength for energy transfer. Thus,
the effective (averaged) refractive index should be responsible for
the interaction between the dyes [50,51]. Such effective refractive
index is hardly changed by thin shell coating and depends mainly
on the core material. The refractive index at 600 nm is 2.6 for TiO;
and 2.0 for ZnO. Assuming about 50% porosity of the nanomaterials
filled with acetonitrile solvent (n = 1.3), the effective refractive
index can be calculated as 2.0 for the TiO, photoanodes and 1.6 for
the photoanodes with ZnO core. This, in turn, implies about 2 times
difference in 1/n* factor, which indicates two times higher rate of
energy transfer in all ZnO materials, irrespective of the coating.
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Therefore, the lower refractive index of ZnO material with respect
to that of TiO, might be another factor of the worse performance of
ZnO cells. On the other hand, if our conclusions are correct, the use
of ZnO photoanodes can be beneficial for DSSC systems with the so-
called energy relay dyes. In this concept, the extra light harvesting
is realized from the dyes that are diffusing in the electrolyte and
interact with other dye attached to metal oxide due to Forster
resonant energy transfer [52].

4. Conclusions

Several nanostructures of DSSC photoanodes made with ZnO
and TiO, materials and sensitized with indoline D358 dye have
been studied from the point of view of fast charge separation
processes and device stability. Isolated photoanodes and fully
working solar cells with liquid iodide-based electrolyte were
investigated by time-resolved laser spectroscopy techniques in the
time range from 100 fs to 100 ps. Dye regeneration was found to be
slower in ZnO MP than in TiO, nanoparticles (3—4 times). The
regeneration was even slower for ZnO NW, one order of magnitude
below ZnO MP. The efficiency of electron injection in femtosecond
transient absorption experiments was at least two times smaller for
all ZnO photoanodes than for those with TiO2 nanoparticles. The
efficiency was also slightly smaller for ZnO NW with respect to ZnO
NPH and ZnO MP, which is probably due to higher self-quenching of
the dyes attached to nanowires. Modification of the ZnO NW with
additional ZnO shell layers did not improve electron injection ef-
ficiency. Furthermore, all ZnO cells exhibited much faster degra-
dation with time than TiO, cells.

The following findings are derived from our results:

A) Time-resolved laser spectroscopy studies of complete cells
comparing several ZnO photoanode nanostructures: nano-
particles (“wet” NPH and “dry” NPG) nanowires (NW), elec-
trodeposited mesoporous structures (MP) and core—shell
nanostructures are reported for the first time, both in
completed cells and in films.

B) A new proposed protocol proves to be successful to study the
highly scattering DSSC cells with small signal to noise ratio in
transient absorption experiment (e.g. NW cells). This is based
on the global analysis in near-infrared range probing range
(800—1500 nm) and the comparison of the base kinetic
vectors from singular value decomposition analysis.

C) The solar cell samples without TBP additive in the electrolyte
were studied. The comparison of the results to those of the

(B)o 001 LS, (B ecl exc. 50 nJ x 7.8
’ probe at 605 nm exc. 500 nJ
A exc. 500 nJ (FTO glass)
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Fig. 7. (A) Dependence of the kinetics in NIR range on the applied voltage for TiO,/EL1 cell. The 1st base vector from SVD in the range 800—1400 nm under excitation with 150 n]
pulse at 520 nm are shown. (B) Transient absorption kinetics at 605 nm for TiO,/EL1 cell at different pump pulse fluence (a negligible contribution of the FTO substrate to the initial

signal is also shown).
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Fig. 8. Schematic deactivation scheme of indoline dye interacting with metal oxides in films and solar cells.

cells with TBP shows how the shift of the potential of dyes
metal oxide conduction band and dye states influence the
observed charge transfer dynamics.

D) This work reports the first time-resolved studies of indoline
dye D358. Despite structural modifications, its photo-
behaviour in solution and when attached to metal oxide
nanoparticles is similar, but not equivalent, to that of simpler
D149 indoline dye.

E) Additional transient absorption experiments were per-
formed (e.g. studies just after cell preparation, with different
bias voltage, or at very low pump pulse intensity) to provide
further evidence of the participation of dye relaxed charge
transfer state in the deactivation on metal oxides. The elec-
tron injection from this excited state takes place on the time
scale from several ps to several tens of ps. This lies in
opposite to several recent reports on DSSC systems with all-
organic dyes in which the presence of mainly sub-ps electron
injection was postulated.

F) The transient absorption results of ZnO nanostructures with
and without thin TiO, overlayers were compared for the first
time. The similarity of the results indicate that the early-time
photobehaviour of the dye depends more on the effective
parameters (e.g. refractive index) of the photoanode struc-
ture than the material being in local contact with the dye.

Based on these findings, and taking into account previous con-
tributions [14,22,23], we propose that the lower performance of
ZnO cells with respect to those of TiO, materials (observed on the
ultrafast and fast time scales below 100 ps) is a “universal” or
“intrinsic” characteristic of ZnO materials when used as photo-
anodes, possibly affecting other classes of solar cells. First, the
regeneration rate is observed to be slower for ZnO photoanodes.
Second, the dye excited state decay in the emission measurements
under small excitation energy is slower in ZnO than TiO, cells,
which indicates the role of the difference in the density of acceptor
states between ZnO and TiO,. Furthermore, the transient absorp-
tion studies reveal higher contribution of bound radical cati-
ons—electron complexes in ZnO cells due to lower dielectric
constant of this material. Moreover, with higher excitation energy
more dominant role of self-quenching in the dye deactivation oc-
curs for ZnO cells. As revealed in this contribution, this can be
explained by higher energy transfer rate in ZnO cells due to the

differences in refractive index between ZnO and TiO; — a parameter
which has not been considered so far as important in the perfor-
mance of ZnO material in photoanodes. Finally, we have found that
different morphologies and synthetic methods of ZnO nanoporous
photoanodes do not bring important differences in the photo-
behaviour of the attached indoline dyes. Therefore, most probably
all three macroscopic parameters (density of acceptor states,
dielectric constant and refractive index) contribute to the detri-
mental effect of using ZnO materials in solar cell photoanodes.
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Table S1.

Parameters of the studied D358 cells: absorbance of the films in air (Amax), Open circuit voltage
(Voc) short circuit current (Jsc) fill factor (FF), calculated number of absorbed photons (Npn) and
relative photocurrent (Jsc/Npn). Nph was calculated for each sample based on the absorption
spectra and AM1.5G data. However, it should be noted that light scattering effect was not
included in the calculation of Npn. The data in part (A) were obtained in one series of experiment
under irradiation with LED lamp, while those in part (B) were obtained in another series, for
which 1 Sun conditions were simulated by Xe lamp.

A
“ Photoanode ZnONPH | ZnOMP | ZnO NW | TiO2 TiO2
(electrolyte) (EL1) (EL1) (EL1) (ELD) (EL2)
Amax 1.2 0.9 0.3 ~4.0 ~4.0
Voc, mV 720 690 680 760 670
Jsc, mA/cm? 5.1 3.3 2.0 13.0 17.5
FF 0.55 0.60 0.40 0.65 0.65
Npn, <107, s™*cm? 6.8 6.2 3.2 9.0 9.0
Jsc/Npn, X107 mAs 0.75 0.53 0.63 1.44 1.94
(B)
Photoanode, ZnO NPH ZnO NPG
(electrolyte) (EL1) (EL1)
Amax 1.5 0.35
Layer thickness, um 3.5 1
Cell area, cm? 0.16 0.81
Deposition method screen printing spin coating
Voc, mV 690 680
Jsc, mA/cm? 4.2 1.7
FF 0.55 0.50
n, % 1.6 0.5
Npn, X108, slcm2 7.3 34
Jsc/Npn, X108 mAs 0.58 0.50
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Figure S1. (A) The decrease of the photocurrent for the D358 cells with ZnO nanoparticles
prepared by hydrothermal (NPH) and gas phase (NPG) methods (stored in the dark) with time.
The parameters of the cells used in this experiment are given in Table S1B. (B) Decrease of the

photocurrent of the TiO.-coated cells (stored in the dark) with time.



TiO2 coating of the ZnO materials

The main advantage of TiO, material over all ZnO structures for D358-sensitized solar
cells is better electron injection efficiency and better stability of the devices. Therefore, we
decided to check whether these properties depend more on the core material or on the outer layer
of the nanostructures. To do so, ZnO NW and ZnO NPH photoanodes were coated with TiO:
layers by ALD technique. The growth rate was typically 0.5 A/cycle for TiO2 on the planar
surface. The growth per cycle has been controlled by measuring the films thickness on Si-wafer
reference substrates placed in the reactor. As evidenced in Figure S2, this method gave a
continuous coating of the thickness of about 5 nm for 100 cycles. We have also checked the

effect of smaller thickness (20 cycles resulting in approximately 1 nm TiO: layer).

20 nm

Figure S2. TEM picture of TiO2 coating of ZnO NW (ALD method, 100 cycles, shell of about 5
nm thickness). Samples for TEM imaging were prepared as follows. Active part of the
photoanode was scratched off the glass substrate and dispersed in ethanol using sonication for 1h.
Afterwards, two drops of solution were applied to the TEM grid, followed by evaporation of the
solvent using diaphragm pump for 1h. Images were taken using Jeol JEM-1400 microscope with
LaB6 source and accelerating voltage of 120kV.

Table S2 collects the photovoltaic parameters of the cells under 1 Sun illumination. The
exemplary current-volatge curves of the different cells are presented in Figure S3A. As can be
seen, for both ZnO nanoparticles and nanowires, the TiO. coating yielded significantly lower
photocurrents than for the reference, uncoated cells. For electrolyte EL1, Jsc of TiO.-coated (5
nm) sample is only 14% for NPH and 7% for NW with respect to the reference bare samples.

Lower photocurrents are also reflected in IPCE spectra (Figure S3B). Interestingly, both Voc and
4



fill factor of the cells with TiO> shell increases. However, these improvements are not enough to
compensate low Jsc values and the cell total efficiencies are 6-8 times smaller than those of
uncoated counterparts. High Voc suggest that low photocurrents of ALD-treated cells could be
due to too negative shift of the potential of the conduction band. Thus, the cells filled with
electrolyte EL2 (without TBP, resulting in lowering of Voc) were checked (Table S2). The
performance of such cells was still lower, although some improvement was observed (the
efficiency of the TiO2-coated ZnO NW cells was only 4 times smaller than that of uncoated ZnO
NW). The most probable reason for small photocurrents in TiOz-coated cells is that there is very
poor charge transfer between titania shell and ZnO core. Therefore, the injected electrons are
only transported through TiO2 layer, and its contact with the electrode is limited. Indeed, for
smaller TiO2 layer thickness (1 nm) the photocurrent is even smaller (Table S2).

Table S2.
Photovoltaic parameters of the TiO coated and the reference ZnO cells: open circuit voltage
(Voc), short circuit current (Jsc), fiil factor (FF) and total efficiency (77) under irradiation of 1
Sun. Jsc was measured 1 h after cell preparation.

Photoanode, | ZnO NPH | ZnO NPH ZnO NPH ZNONW | ZnONW + | ZnONW | ZnO NW +
+ TiO2 Inm | + TiO2 5nm TiO2 5 nm TiO2 5 nm

electrolyte EL1 EL1 EL1 EL1 EL1 EL2 EL2

Voc, mV 720 570 790 620 800 490 590

Jsc, 4.4 0.3 0.6 2.0 0.13 1.2 0.23

mA/cm?

FF 0.57 0.59 0.72 0.39 0.55 0.53 0.57

n, % 1.8 0.1 0.3 0.5 0.06 0.3 0.08
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Figure S3. (A) Current-voltage curves of the indicated samples. The photocurrent of the
ZnO cells coated with TiO> layer are multiplied by 10. (B) IPCE spectra of the indicated samples.
The shape of IPCE reflects the different absorbance of the cells (high for nanoparticles of TiO>
and ZnO, low for ZnO NW).

Further confirmation of our explanation comes from the additional cell characterization
by electrochemical impedance spectroscopy and photocurrent decays spectra. The impedance
data were fitted with the equivalent circuit for DSSC which yields the charge transfer resistance
(Ret) and chemical capacitance (C.) in the oxide-electrolyte interface. These two parameters
exhibit exponential behavior for applied bias voltages around Voc. The fits of the exponential
function to R¢t and C,. dependence on the applied voltage gives the recombination reaction order
(parameter m) and trap energy distribution below the conduction band (parameter ), respectively
(Figure S4). They are collected in Table S3 for the experiments in the dark and under 1 Sun
illumination. In line with previous findings [1, 2], the dependence of the capacitance on applied
voltage is much weaker for uncoated ZnO materials than for TiO> nanoparticles (small « values).
However, for ZnO cells with TiO> coating the values of the parameter « substantially increase
towards those of TiO2 cells. Next, recombination resistance is much higher (an order of
magnitude in the dark and even more under 1 Sun) for TiO coated samples than for the reference
ones (both bare ZnO and bare TiO2, see Figure S4). This behavior is similar to the previous
findings for ZnO/ZnO core-shell photoanodes and might explain high Voc of the TiO2 coated
samples [3]. Smaller recombination is also revealed in the values of m parameter (Table S3).

They nicely correlate with fill factor of the cells (especially under 1 Sun) — the smaller is

6



recombination order, the better fill factor is. Blocking of the recombination might be also an
indication of poor charge transport between ZnO and TiO> layer — thus the charges externally
applied to the photoanode recombine harder with the electrolyte. Interestingly, the recombination
resistance under 1 Sun for bare ZnO cells decreases (because the Fermi level is shifted due to the
injected electrons), but it is almost not changed when illumination is added to TiO2 coated cells

(see Figure S4). This means that the shift in Fermi level in TiO2 shell is not “seen” in ZnO core.
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6 . .
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Figure S4. Plots of (A,C) chemical capacitance and (B,D) charge transfer resistance as a function
of applied bias voltage obtained from electrochemical impedance measurements by fitting
equivalent circuit for DSSC to the studied cells. The lines show the fit of the following functions
with the indicated fitted parameters: (A,c) C.=Co exp(a Ve/KT), where o represents trap energy
distribution below the conduction band; (B,D) Rct=Ro exp(-Ve/m KT), where m represents the
empirical estimation of the reaction order in sublinear recombination kinetics. Plots (A,B) show
results in the dark, while plots (C,D) — under 1 Sun illumination.



Table S3.
The parameters o (trap energy distribution below the conduction band) and m (reaction order in
recombination Kinetics) obtained from the fit of the following functions: C,=Co exp(a Ve/kT)
and R¢t=Ro exp(-Ve/m KT) for the indicated cells in the dark and under 1 Sun illumination.

Sample: o (dark) a (1 Sun) m (dark) m (1 Sun)
ZnO NPH 0.11 0.06 1.7 3.2
ZnO NPH TiO2 5 nm 0.26 0.42 1.7 2.0
ZnO NW 0.05 0.05 3.6 3.9
ZnO NW TiO, 5nm 0.11 0.13 2.4 3.2
TiO, 0.43 0.38 2.4 3.1

The photocurrent decays measured under O V bias reveal the transport of injected
electrons from the TiO; shell to the electrode. The results of such experiment is shown in Figure
S5, and the averaged transport times are collected in Table S4. This experiment directly shows
that the electron transport in each ZnO photoanode (NW and NPH) becomes an order of
magnitude slower when TiO> shell is applied. We think that this is the strongest proof of poor
electron transfer between TiO2 and ZnO in the studied cells. By the way, the data also shows that
the electron transport in ZnO nanowires is much faster than the one in the sintered nanoparticles
layer. It should be also noted that the transport times are longer than those measured close to Voc
(for example by IMPS technique) since the photocurrent decay times are measured under 0 V
bias. However, we observed similar behavior (significantly longer decays for TiO coated cells
than those of uncoated reference cells) at biases 0.6 V, but the temporal resolution was worse in

those experiments.



Table S4.

Half-decays of the photocurrent presented in Figure S5.

Sample: half decay, ms
ZnO NPH 24

ZnO NPH TiO2 1 nm 620

ZnO NPH TiO2 5 nm 860

ZnO NW 5

ZnO NW TiOz 5nm 40

TiO; 9

ZnO NPH +TiO, 1 nm

1.0%
ZnO NPH + TiO, 5 nm
§ 0.8 ——ZnO NW +TiO, 5 nm
5 ZnO NPH
8 ZnO NW
5 069 —Tio,
o
°
g o4
S
£
S 02
M ey !
0.0+ T T T J
0.1 0.2 0.3 1 10

Figure S5. Photocurrent decays of the indicated samples at 0 V bias voltage. The excitation light
(at 500 nm) intensity was 0.7 mW/cm?,
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Figure S6. Transient absorption kinetics probed at 670 nm for TiO2 (EL1) cells under
different indicated pump pulse energy (excitation wavelength 532 nm). The red line shows the
best fit using one-exponential function with the time constants given in Table S5.
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Table S5.
Time constants obtained from one-exponential fit of the kinetics probed at 670 nm upon
excitation at 532 nm with different pulse energies for TiO, (EL1) cell.

Pump energy Time constant, us
0.1mJ 0.60
0.5mJ 0.57
20mJ 0.50

11
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Figure S7. Pre-exponential factor spectra of the components with time constants given in the inset
obtained by multi-exponential global fit for transient absorption of D358 dye in solution.
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Figure S8. Changes in the final spectrum of the ZnO NPH cell as a function of time after cell
preparation (and indicated decreasing Jsc). The signal is normalized so that the amplitude of
initial spectrum is 1 at probing wavelength of 1100 nm. The residual signal correlates with the
rapid decay of the photocurrent (see also Figure 2B). So, it is important to compare the ZnO cells
of the same freshness, like we did.

12



(A) (B)

0.02
0.0151 TiO, (EL2) cell
0.010+ 1 .
0.01 "
0.005 | ]
0.000 \u 0.00 ‘
< - i TiO, film
! 0.005 e delave. 5 -0.014 w e _
-0.010+ Ime daelays: time delays:
——O0ps;——0.5ps ——O0ps;——0.5ps
-0.015 —_—2 ps; —10 ps -0.024 \ / —1 ps, — 3 ps
-0.020 A 50 ps; — 200 ps W 10 ps; —— 50 ps
—— - 4 200 ps; — 2500 ps
0,025 2500 ps 0.03
500 600 700 800 500 600 700 800
Wavelength, nm Wavelength, nm
C
(©)y 0, (D)
@@ . Mﬂ
AN e
4 AR X XL
0.00 — 0.000 D\ /
\ / -0.002 1
< / -
g -0.024 > ZnO NPH film 3 -0.0044 ZnO NW film
/ time delays: time delays:
——O0ps;——0.5ps -0.006 A ——O0ps;——0.5ps
20.04- ——1ps;——3ps —1ps; 3ps
' 10 ps; —— 50 ps -0.008 - 10 ps; —— 50 ps
200 ps; — 2500 ps 200 ps; —— 2500 ps
T T T T -0.010 T T T T
500 600 700 800 500 600 700 800
Wavelength, nm Wavelength, nm

Figure S9. Transient absorption spectra of the indicated samples in VIS range for selected time
delays between the pump (0.5 uJ) and probe pulses.
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Figure S10. Transient absorption spectra of the indicated samples in NIR range for selected time
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Electrolyte effect in femtosecond transient absorption

The example of the influence of better efficiency of electron injection on the transient
absorption results is the comparison between the data for TiO2/EL1 and TiO2/EL2 cells. In the
latter case the electrolyte does not contain TBP additive, which results in the commonly observed
shift of the conduction band edge towards smaller energies and an increase of the injection rate
due to either higher density of acceptor states in titania or higher dye-semiconductor electronic
coupling [4]. In our transient absorption studies the resulting higher efficiency of electron
injection in TiO2/EL2 sample is directly reflected in the final spectra (e.g. at 2.5 ns, Figure 4A vs.
S9A and Figure 5A vs. S10A), which have higher amplitude in NIR range and higher
contribution of Stark shift in the VIS range (positive amplitudes in 480-520 nm range, negative
amplitudes in 550-660 nm range) with respect to TiO2/EL1. The dynamics of the excited states
decay can also be observed in the Kinetics at single wavelength, however, there is no probing
wavelength at which only one state contributes to the transient absorption signal. Figure S15
presents the comparison of the transient absorption decay at 730 nm, where the contribution of
FC state dominates: it decays significantly faster in EL2 than ELL1. In the global analysis (Figures
S11, S12) the decay of FC state (maximum of decay amplitude at 730 nm) contributes to the
spectra of 71=0.9 ps and =12 ps components for TiO2/EL1 cell and only to that of 7=0.5 ps
component for TiO2/EL2 cell. Moreover, the amplitudes of t1 component are smaller for
TiO2/EL2 than TiO2/EL1 cell, which suggests that significant part of FC decay in electrolyte EL2
takes place on the time scale shorter than IRF of our setup (<150 fs). Similarly, the decay of CT
state (maximum of decay amplitude at 600 nm) contributes to the spectra of =12 ps and =130
ps components for TiO2/EL1 cell and only to that of =13 ps component for TiO2/EL2 cells,

being apparently faster.
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Abstract

The record laboratory efficiencies of dye-sensitized solar cells have been recently reported
using an alkoxysilyl-anchor dye, ADEKA-1 (over 14%). In this work we use time resolved
techniques to study the impact of key preparation factors (dye synthesis route, addition of co-
adsorbent, use of cobalt-based electrolytes of different redox potential, creation of insulating
Al,O3 layers and molecule capping passivation of the electrode) on the partial charge
separation efficiencies in ADEKA-1 solar cells. We have observed that unwanted fast
recombination of electrons from titania to the dye, probably associated with the orientation of
the dyes on the titania surface, plays a crucial role in the performance of the cells. This
recombination, taking place on the sub-ns and ns time scales, is suppressed in the best dye
synthesis methods and upon addition of the co-adsorbent. Capping treatment significantly
reduces the charge recombination between titania and electrolyte, improving the electron
lifetime from tens of ms to hundreds of ms, or even to single seconds. Similar increase in
electron lifetime is observed for homogenous Al,O; over-layers on titania nanoparticles,
however, in this case the total solar cells photocurrent is decreased due to smaller electron
injection yield. Our studies should be important for broader use of very promising silyl-

anchor dyes and the further optimization and development of dye-sensitized solar cells.



1. Introduction

Dye-sensitized solar cells (DSSC) [1-4] represent one of the most important emerging
photovoltaic technologies, which — thanks to potential inexpensiveness — have a real chance to
become an alternative to the hitherto used relatively expensive solar panels, dominated by
inorganic silicon cells and thin film cells (mainly CIGS). Thanks to the specific properties of
DSSC such as good efficiency under moderate sunlight intensity, possibility of making semi-
transparent systems and possibility of using dyes of different absorption bands, they can be
used in rooms, in decorations or on building facades, (i.e. in the so-called BIPV: building-
integrated photovoltaics). However, their widespread use requires improvement of the DSSC
efficiency (the highest certified one is 11.9% [5]). Another important problem is the stability
of DSSC devices.

Total charge separation in DSSC, whose quantum yield determines the maximum
current flowing in the solar cell, involves a few partial processes: electron injection from the
dye to the semiconductor (usually titania) nanostructure, the regeneration of the oxidized dye,
and charge collection from the nanostructured photoanode [1, 3-4]. To ensure quantum yields
of charge separation close to 100%, some excess energy is needed for particular partial
processes that have to compete with the undesired pathways of charge transfer. However, the
greater the excess energy (energy loss), the lower the voltage of the open circuit (Voc). The
value of this voltage, along with the photocurrent intensity, determines the actual efficiency of
the solar cell [1, 6]. For many years the dominant systems were the DSSC with ruthenium
dyes and an iodide electrolyte (containing the pairs 17/13°, whose redox reaction mechanism is
multi-electron), in which effective process of dye regeneration required particularly large
driving force [7-9]. Recently, alternative electrolytes based on cobalt ions (with single-
electron redox pair Co?*/Co®") have been developed, whose redox level is energetically lower
(has more positive potential) [10-12]. The use of these electrolytes in combination with
organic dyes without ruthenium content, has led to higher Voc values of the solar cells at
similar values of photocurrent, which has brought laboratory efficiencies of DSSC using
porphyrin dyes as high as up to 13% [13-14]. Calculations suggest that the use of cobalt-based
electrolytes and optimization of all parameters should theoretically bring the DSSC efficiency
of almost 18% (at the total energy loss reduced to 0.6 eV relatively to 0.75 eV for iodide
electrolytes) [6]. However, in the systems with cobalt electrolytes, the common problem is a

fast process of undesirable recombination of electron from the conduction band, which
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enforces the use of special methods for insulation of metal oxide nanoparticles from the
electrolyte, for the majority of dyes.

At this point the novel family of the dyes with silyl anchoring groups have been
proposed by Japanese researchers to be employed as sensitizers in DSSC [15-19]. It has been
shown that the covalent bond made by the alkoxysilyl groups on the surface of the metal
oxide nanoparticles (Si-O-Ti), is much stronger than that made by the traditional carboxylic
groups (C-O-Ti). Owing to this property, it was possible to apply the passivation of the metal
oxide surface by few rather strong acids (called multi-capping) that fill the voids between the
dye molecules and block the access of the cobalt electrolyte to the metal oxide nanoparticles.
This method could not be applied for the systems with dyes comprising carboxylic groups
because it resulted in the detachment of dye molecules from the nanoparticles surface [16].
Moreover, silyl-anchor dyes exhibit remarkable stability and resistance to water in DSSC
devices [16].

The best dye of this new family so far turned to be ADEKA-1, a silyl modification of
popular carbazole sensitizer MK2 [20-23]. For ADEKA-1 used alone the best efficiency of
DSSC was 12.5% [16], and in combination with SFD-5 (another silyl-anchor dye, absorbing
in more short-wavelength range of solar spectrum) the efficiency increased to 12.8% [18],
while in co-sensitization with LEG4 (a carboxy-anchor dye with triphenylamine electron
donor group) the best efficiency exceeded 14% [19]. According to our knowledge, this is
actually a record reported laboratory efficiency of DSSC. Therefore, it is quite likely that the
dyes with silyl anchoring groups in combination with cobalt electrolytes can instigate revival
of DSSC technology.

On the other hand, however, the studies of DSSC employing silyl-anchor dyes have
not been undertaken in other laboratories so far. One of the reasons might be difficulties with
the proper dye synthesis. Moreover, no fundamental characterisation of the dyes with silyl
anchoring groups is available. This problem needs thorough fundamental research that would
bring information on the interaction of the dyes with metal oxide nanoparticles so that the
design of new DSSC would be more effective. In particular, to the best of our knowledge, no
time-resolved studies have been performed for the dyes with silyl anchoring groups.

Therefore, in this work we employ time-resolved laser spectroscopy and
electrochemical impedance spectroscopy to study the dynamics of charge transfer in complete
solar cells sensitized with ADEKA-1 dye on the time scale from 200 fs to several seconds.

We investigate the influence of several optimization procedures (employed for DSSC
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sensitized with ADEKA-1 [16]) on the partial charge separation efficiencies. These additional
treatments are: the incorporation of co-adsorbent, the use of cobalt-based electrolytes of
different redox potential, creation of insulating Al,Os layers and molecule capping passivation
of the electrode. Moreover, we report, with much more details, the route for the most efficient
(and free from polymerization problems) synthesis of ADEKA-1 and related alkoxysilyl-
anchor dyes.

2. Experimental
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Fig. 1. ADEKA-1 dye structure (top) and 'H NMR spectra of (from the bottom): MK2, ADEKA-1,
and partially polymerized ADEKA-1 samples (ca. 30 and 5 % of monomer, respectively) in CDCls
(bottom).



2.1 Dye synthesis
2.1.1 Chemical compounds and apparatus used

All solvents were dried with molecular sieves (3A, 20% m/v). Reactions were made in
flame-dried glassware under argon atmosphere. Dimethylformamide (DMF) was allowed to
stand over CaH, for 24 h and distilled under reduced pressure immediately prior the use.

'H and **C NMR spectra were recorded at 298 K on Agilent DD2 800 spectrometer,
operating at frequencies 799.926 and 201.162 MHz, respectively, equipped with *H[**C/**N]
triple resonance probe (90° pulse width: H — 13.6 ps; *C — 6.9 ps). The samples
concentration was 0.01 M. 1D spectra were recorded using standard one-pulse sequence
(s2pul), 2D experiments were made using standard sequences with gradient pulses (gCOSY,
gHMQCAD, gHMBCAD). The *C NMR spectra were recorded with broadband 'H
decoupling. Elementary analyses were made on a Vario EL Il analyzer. FT-IR spectra were
recorded on a Bruker IFS 66s spectrometer in KBr disc (1 mg in 200 mg KBr).

2.1.2 Synthesis process
To a stirred solution of 100 mg of MK2 dye (0.105 mmol) in 2 mL of chloroform, solution of
14.6 mg oxalyl chloride (0.115 mmol) in the same solvent (200 uL) was added, followed by
addition of 100 uL. of DMF. After 1 h the mixture was cooled to 0°C and the solutions of 4-
(trimethoxysilyl)aniline (22.3 mg, 0.105 mmol) and ethyldiisopropylamine (27.1 mg, 0.210
mmol) in chloroform (200 uL) were added. The mixture was then mixed for 2 h at room
temperature. After that the solvent was evaporated, the solid residue was dissolved in 1 mL of
chloroform and 50 mL of methanol was added. The solid, blackish product was filtered off,
washed with methanol and dried in vacuum. Yield 110 mg (91 %). *H NMR (CDCls): & 8.59
(1H, s; H-29); 8.31 (1H, d, 1.7 Hz; H-8); 8.14 (1H, d, 7.4 Hz; H-5); 7.96 (1H, s; H-46); 7.72
(1H, dd, 8.4 & 1.7 Hz; H-10); 7.68 (4H, s; H-33 & 34); 7.49 (1H, dd, 8.1 & 7.5 Hz; H-3);
7.42 (1H, d, 8.1 Hz; H-2); 7.41 (1H, d, 8.4 Hz; H-11); 7.26 (1H, t, 7.4 Hz; H-4); 7.20 (1H, s;
H-14); 7.11 (1H, s; H-26); 7.03 (1H, s; H-18 or H-22); 7.02 (1H, s; H-18 or H-22); 4.39 (2H,
g, 7.3 Hz; H-44); 3.64 (9H, s; H-36); 2.86 (8H, m; H-38); 1.71 (8H,m; H-39); 1.46 (16H, m;
H-40 & 41); 1.46 (3H, t, 7.3 Hz; H-45); 1.34 (8H, m; H-42); 0.91 (12H, m; H-43). *C NMR
(CDCl3): 8 155.54 (C-31); 151.4 (C-30); 144.8 (C-25); 143.6 (C-13); 142.7 (C-29); 140.9 &
143.3 (C-17 & 21); 140.8 (C-16); 140.4 (C-1); 139.6 (C-12); 135.9 (C-34); 135.4 & 136.8 (C-
20 & 24); 129.8 (C-27); 129.2 (C-28); 128.9 & 129.1 (C-19 & 23); 129.0 & 128.3 (C-18 &
22); 128.5 (C-15); 127.4 (C-26); 126.0 (C-3); 125.7 (C-32 & 35); 125.4 (C-9); 125.1 (C-14);
6



123.9 (C-10); 123.4 (C-7); 122.8 (C-6); 120.6 (C-5); 119.5 (C-33); 119.1 (C-4): 117.9 (C-37):
117.6 (C-29); 108.8 & 108.7 (H-2 & H-11); 50.9 (C-36); 37.7 (C-44); 28.0-32.0 (C-38, 39, 40
& 41); 22.6 (C-42); 14.1 (C-43); 13.6 (C-45). IR (KBr): 3440, 3415, 2928, 2852, 2195, 1683,
1569, 1513, 1491, 1418, 1315, 1196, 1085, 825, 801, 724 cm™. Elemental analysis: calc. C
69.93; H 7.27; N 3.65; S 11.15; found C 70.02; H 7.35; N 3.59; S 11.05.ADEKA-1 structure
and atom numbering are shown in Figure 1. *H-"C HSQC and IR spectra are shown in

Figures S1-S2 (in the Supporting Information).

2.2 Cell preparation
2.2.1 Preparation of the photoanode

Glass plates of the size 16x14 mmol were cut from the FTO glass sheet (Solar 4 mmol
thickness, 10€/sq, Nippon Sheet Glass, Japan). They were cleaned using the solution of 2g
Degonex detergent in 1 | of water in ultrasonic bath for 45 minutes. Afterwards, they were
further purified by treatment in a UV-03 system (Model No. 256-220 , Jelight Company,
Inc.) for 15 min. Next they were submerged in 40 mmol aqueous solution of TiCl, for 40
minutes in 70 °C, followed by rinsing in water and ethanol. Subsequently, an approximately
8 um thick layer of mesoporous titania was deposited by screen printing twice (54T, Estal
Mono, Schweiz. Seidengazefabrik, AG, Thal) the commercially available screen printing
pastes (30NR-D or 18NR-T, Dyesol) with 8 minute paste settling on 125 °C hotplate after the
first print. No scattering layer was used, since it would prohibit transient absorption studies.
After printing and verifying thickness by the needle profilometry, the photoanodes were again
subjected to TiCl, treatment described before with concentration lowered to 20 mmol. Finally,
the electrodes with the TiO, pastes were gradually heated under an airflow at 125 °C for 5
min, 325 °C for 5 min, at 375 °C for 5 min, at 450 °C for 15 min, and at 500 °C for 15 min.

2.2.2 Counter electrode preparation

Counter electrodes were prepared by cutting 18x14 mm plates from the FTO covered
glass sheet (LOF Industries, TEC 15 €/sq, 2.2 mm thickness) and had 1 mm conical holes
sand-blasted in them. Afterwards there were cleaned in water, acetone and dried. Heating to
400 °C for 30 minutes in order to remove any organic contamination left was followed by
drop-wise deposition of 80 uL of solution of graphene nanoplatelets (1 mg per 2 mL of
acetone). Upon drying in low humidity conditions it left a uniform carbon layer on the glass

surface.



2.2.3 Dye deposition

Prior to dye deposition the photoanodes were dried in 400 °C for 30 minutes to
remove any residual water or other contaminants. Unless otherwise indicated the dye solution
had concentration of 0.2 mmol, the solvent used was toluene (dyes without co-adsorbent) or
9:1 mixture of toluene and acetonitrile (dyes with co-adsorbent). The dyes used were MK2
(Sigma) and ADEKA-1 (synthesis route described in previous paragraphs). The co-adsorbent
used was isooctyltrimethoxysilane (OTMS, Sigma Aldrich) with concentration of 0.1 or 0.2
mmol. Working electrodes were placed in the dye solution and stored in 5 °C for 16-20 hours

to enable full absorption of the dye.

2.2.4 Cell assembly

Both electrodes were connected together using a polymer seal (25 um Surlyn,
Meltronix, Solaronix SA) with conducting surfaces facing inwards. They were then filled with
electrolyte through the holes in the counter electrode and sealed with the cover glass on top.
The electrolyte consisted of 0.25 mol Co? Bis(trifluoromethane)sulfonimide (TFSI), 0.035
mol of Co**TFSI, 0.1M of LiTFSI and 0.5M tertbutylpyridine (TBP). Cobalt redox couple
used was cobalt-phenantroline (Co-Phen) in most cases (if not stated otherwise). For

comparison, some cells were prepared with cobalt-bypyridine complexes (Co-Bpy).

2.2.5 ALD and capping treatment

In some of the cells additional preparation steps were involved in order to make core
shell structures or incorporate the capping treatment. Alumina shell was deposited on the
photoanodes before submerging them in the dye using Atomic Layer Deposition (ALD)
technique. It was performed using R-200 reactor (Picosun) with deionized water and
trimethylaluminium as oxygen and aluminium sources respectively. The length of the
deposition (0.1 s or 2 s) and purge (3 s or 8 s) steps of the cycle turned out to be of high
importance as will be describe in further chapters. Capping treatment was performed by
sequentially dipping the photoanodes in the appropriate solutions and rinsing them with
toluene, just after taking them out from a dye and right before cell assembly. All capping
solutions had 1 mmol concentration in 1:1 toluene:acetonitrile solvent. For single capping
(SC) treatment the electrode was submerged in heptanoic acid solutions for 30 minutes. For
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multi capping treatment it was dipped in n-octadecyl succinic acid for 10 minutes, n-
hexadecyl malonic acid for 10 minutes, tetradecylphosphonic acid for 5 minutes,
octylphosphonic acid for 5 minutes, heptanoic acid for 10 minutes and finally
ethylphosphonic acid for 5 minutes.

2.3 Cell characterization

A current-voltage characterization of the solar cell was performed with a potentiostat
(model M101 with frequency response analyzer FRA32M module, Autolab) coupled to a
photoelectric spectrometer equipped with the option of solar simulator (Instytut Fotonowy —
Photon Institute, Poland). The sunlight conditions were simulated by a Xe lamp with AM 1.5
G spectral filter and intensity adjusted to 100 mW/cm? using a calibrated silicon cell (RR-74,
Rera Systems). It was used to obtain characteristics of the cells subjected to transient
absorption measurements. Part of the current voltage characterization was done on a solar
simulator equipped with a 450 W xenon lamp (Model No. 81172, Oriel) calibrated by using a
reference Si photodiode equipped with an IR-cutoff filter (KG-3, Schott) as well (cells to be
later analyzed by EIS). Electrochemical impedance spectroscopy (EIS) measurements were
performed using SP-300 potentiostat (BioLogic) over the range from 0.1 Hz to 7 MHz spread
in 80 measuring points distributed evenly on the logarithmic frequency scale. The obtained
curves were analyzed using the ZView software using transport line element [24]. More
information about the voltage range and equivalent circuits is presented in the Supplementary
Information.

All transient absorption studies were performed for fully assembled, working solar
cells (the same as those characterized in current-voltage measurements). The setup for
ultrafast broadband transient absorption has been described before (Helios spectrometer,
Ultrafast Systems, and Spectra Physics laser system) [25]. The pump pulses were set at
500 nm and the IRF (pump-probe cross correlation function) was about 250 fs (FWHM). The
pump pulse energy of 60 nJ corresponds to energy density of about 30 uJ/cm?. The transient
absorption measurements were performed in the spectral range of 450-850 nm and in the time
range of up to 3 ns. The nanosecond flash photolysis setup was based on Q-switched Nd:YAG
laser and a 150 W xenon arc lamp as the excitation and the probing light sources, respectively
[26]. The pump pulse wavelength was set at 532 nm and the energy was set at 0.15 mJ

(energy density of about 300 pJ/cm?).



The global analysis of the transient absorption data was performed using Surface
Explorer software (Ultrafast Systems) and Asufit program [27] for ultrafast transient
absorption and nanosecond flash photolysis, respectively. Both programs fit a multi-
exponential function (convoluted with IRF) to either the kinetic vectors of a selected number
of singular values (Surface Explorer) or to the kinetic traces for all analysed wavelengths
(Asufit). As a result of the analysis the characteristic time constants were obtained as well as
the wavelength-dependent amplitudes associated with them (also called decay associated
difference spectra or pre-exponential factor spectra).

3. Results and discussion

3.1 Effect of the synthesis route

The synthetic procedure for ADEKA-1 published previously [16] is questionable in
several aspects. First, the authors have reported using water during work-up of the reaction
mixture, i.e. extraction of polar byproducts with this solvent. It is well known, that
alkoxysilane derivatives are highly unstable in hydrolytic conditions [28-29]. In the presence
of water they undergo polycondensation (via silanol intermediate). This process is faster in
the presence of ionic substances in water. In consequence, the use of this procedure results in
a mixture of ADEKA-1 and polymeric products formed during its polycondensation.
Depending on the time of shaking with water and on its amount the organic layer contains a
mixture of monomeric and polymeric form of the dye or even only polymer (Figure 1). The
authors of the discussed procedure used column chromatography on silica to purify the
product. The second well known aspect of alkoxysilane chemistry is the tendency of these
compounds to reacting with surface of silica (and other oxide materials) [30-32]. The
presence of silanol groups on the SiO; surface results in immobilization of SiOR containing
molecules linked via SiOSi bond formation. This interaction strongly decreases the yield of
the product. If the elution of the dye is carried out slowly, almost 100% of the monomer is
covalently bonded to the silica. The fast elution allows separation of the expected fraction,
however reduces its purity. Working up of the reaction mixture according to the procedure
published previously results in isolation of minute amount of ADEKA-1 (5-10 mg). The last
questionable information is the composition of eluent. The authors have used a mixture of
chloroform-hexane (1:1 v/v). Both ADEKA-1 and MK2 dyes do not move on silica in this

solvent system. The use of pure diethyl ether, acetonitrile, chloroform-methanol (1:1) or
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chloroform-acetone (1:2) is needed to elute ADEKA. Resulting upgraded synthesis process is
described in experimental section.

During the process of optimization several batches of ADEKA-1 were obtained, with
different content of the polymerized version of the dye (ranging from monomer only through
50/50 monomer/polymer mixture to the fully polymerized batch). The polymer content was
verified by NMR in all cases. For simplicity, the samples will be named (here and in the rest
of the text) according to the monomer content, eg. “60%m” means the sample consisting of
60% of monomer and 40% of polymer. The cells made with the following samples were
investigated: 100%m, 100%m_old (the same sensitizing solution kept for more than 2
months), 60%m, 50%m and 0%m. The differences in the monomer content can be also
observed in the normalized stationary absorption spectra in toluene by examination of the
local absorption minimum around 423 nm (Figure S3). A clear minimum is present for pure
monomer synthesis (both in fresh and aged solutions), while the spectrum of fully
polymerized dye (0%m) doesn’t exhibit the characteristic minima. Moreover it turned out that
the polymerized dye has its absorption maximum slightly moved to the shorter wavelength,
while the absorption tail is extended to the red. For equal mixture of monomer and polymer,

the absorption spectrum is more similar to 100%m, but the minimum at 423 nm is flattened.

3.2. General trends observed in transient absorption

While it is hard to compare the absolute efficiencies of the all cells prepared with those
dye, and electrode treatment variants, as they were assembled in two different laboratories and
conditions, a measure of checking the dye performance can be utilized based on transient
absorption data. A simple way to test the relative efficiency of the charge separation occurring
up to 3 ns (time window of the ultrafast transient absorption setup) is a comparison of the
normalized kinetics probed at 750 nm. As previously reported by us for the reference MK2
dye [33], the combined spectrum of dye radical cation and electrons in titania has a maximum
close to this wavelength. On the other hand, the initial signal (just after excitation) is
proportional to the population of the singlet excited state of the dye. Therefore, the magnitude
of the signal left after the 3 ns (ratio of the final to initial amplitude) shows the amount of the
charge carriers that got successfully separated and did not recombine with the dye molecule
itself. The selected, representative kinetics for different ADEKA-1 cells (as well as the

reference kinetics for MK2 cell) are presented in Figure 2A. As can be seen, there is a large

11



variety of the residual amplitude for different ADEKA-1 cells, and only the best
configurations match the efficiency obtained for MK2 cell.

It should be noted that the above analysis reflects the initial charge separation
efficiency with respect to the number of absorbed photons, so it cannot be directly correlated
with Jsc of the cells having different number of absorbed dyes. The global solar cell
parameter that accounts for the differences in light absorption is total absorbed photon to
current efficiency (APCE). This parameter was estimated by dividing the number of the
photons absorbed by the dye (obtained from integration of stationary absorption spectrum of
the sensitized electrode, with subtracted spectrum of unloaded one, taking into account the
photon flux from AM1.5G data) by the photocurrent of the full working device.

(A) 104 (B)
0.81 o

0.8+ 0.7]
<
= X 0.6
Q 0.6 :" —— 50%m ALDlong ~\ ™ T o5
I 1----0%m : o
§ 0.4+ 2 100%m_old % 0.4+
z 1 --- 60%m 5 0.3

0.2 k 60%m OTMS = 021

’ l. ........ loo%m
. MK2 0.11 .
0.0 ==+ T T T T 0.0 | - T T T
01 ! 10 100 1000 0.0 0.2 0.4 0.6 0.8
Time [ps] Residual trasnient absorption signal at 750 nm

Figure 2. Kinetic of transient absorption traces at 750 nm of various cells sensitized with ADEKA-1
dye (A) and total APCE of the various cells plotted versus the relative amplitude of residual signal at
750 nm in transient absorption experiment measured after 3 ns after sample excitation (B). The
detailed parameters (various versions of ADEKA-1 dye, surface treatments and addition (or lack) of

OTMS co-adsorbent) of the cells shown in Figure (B) are presented in Table S1.

As is shown on Figure 2B and in Table S1, the amplitude of the residual signal at
750 nm well corresponds to the total APCE of the device, independently of the dye series,
coadsorbent addition and surface treatments (described in further chapters). The MK2 dye is
being used as a reference here due to its high efficiency on this timescale. If it can be matched
by ADEKA-1 on the ultrafast timescale, the alkoxysilane bonding provides ways to prevent
transport recombination on the longer timescales and improve voltage of the device (as will
be shown later on). Judging from Figure 2 and Table S1 one can see that the fully

polymerized ADEKA-1 dye gives the lowest efficiency. The cells from the aged synthesis
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(100%m_old) fares not much better. The best efficiency on the ultrafast timescales is obtained
for the fresh pure monomer synthesis.

More detailed information can be obtained by the global analysis of the transient
absorption spectra. The analysis was performed in a similar way to that recently reported by
us for MK2 cells [33]. The transient absorption spectra are decomposed using 4 time
constants plus an offset constant in the time window of an experiment. The pre-exponential
factor spectra of the fitted components are shown in Figure 3 for selected samples. The first
three components were similar for all cells, so for a better comparison between different cells
their average values (0.2 ps, 3 ps and 40 ps) were used in the final fitting. The fourth, sub-ns
component (in the range of several hundred ps) was left a variable one. The fastest component
(0.2 ps) is comparable to the IRF of the setup and it contains significant contribution of
coherent artifacts that occur during pump-probe overlap [34], so for the clarity of the
presentation it is omitted from the graphs. The two shortest components (0.2 and 3 ps) are
attributed to the electron injection process from the excited dyes. As can be seen in Figure 3,
the pre-exponential factor spectra of 3 ps component are usually negative in the range from
600 to 750 nm, which probably indicates the rise of the population of dye radical cation and
trapped electrons in titania [33], as well as a decay of the stimulated emission from the excited
state of the dye.

Longer components (40 ps and sub-ns) should be probably assigned to the fast
recombination between the injected electrons and the dyes [33, 35-38]. We think that the
factors driving such recombination can be similar to those recently reported DSSCs with
porphyrin dyes [39-40]. As has been shown, the fast recombination rates are directly
dependent on the dye molecule orientation (tilt angle) on the surface, with perpendicular
molecules having longest recombination times [40]. To account for the observed features, the
recombination mechanism “through space” was proposed rather than “through bonding”, the
former favoring recombination in the configurations with the electron donor part of the dye
closer to the titania surface. Similarly to our previous assignment for MK2 [33], the 40 ps
component represents the recombination between the electrons injected to the trap states (yet
to be successfully separated) and the dye. This recombination process occurs probably
through the dye bonding. For all ADEKA-1 cells the amplitude of 40 ps component mirrors
somehow the 3 ps one, and their relative ratio is rather independent from the cell efficiency.
On the contrary, the “sub-ns” and constant offset components vary a lot for the cells of

different performance. Therefore, we think that the sub-ns component represents the
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recombination with the dye through the empty space between the titania and the absorbing

part of the dye molecule. Since it competes with the constant offset signal of the successfully

separated oxidized dyes and charge carriers, its low amplitude and red shift is mostly

beneficial for the successful charge separation.
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Figure 3. Wavelength dependent amplitudes of the indicated time constants obtained from global

analysis of transient absorption spectra of full cells sensitized with various versions of ADEKA-1
(with the spectra of reference MK2 dye included): (A) 0%m, (B) 100%m_old, (C) 50%m, (D) 60%m,

(E) 100%m and (F) MK2.
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It is clearly visible from Figure 3 that the polymerized version (0%m) has the highest
amplitude of the sub-ns signal compared to the blue residual one. The aged dyes also exhibits
higher sub-ns signal than the constant offset one. At the moment, we do not have a clear
explanation why the old 100%m solution gives much worse performance then the fresh one,
since both stationary absorption (Figure S3) and NMR analysis do not reveal any differences
in the signals of ADEKA. One explanation might be that the dye can suffer from
isomerization with time which facilities worse orientation on nanoparticle surface and thus
higher recombination. Moving to the 50%m and 60%m synthesis, the recombination signal is
suppressed successfully and increasing the monomer content by 10% makes the
recombination signal even lower and extends it characteristic time by 100 ps. Optimized
synthesis process (100%m) results in the lowest amplitude of the sub-ns component and the
position where its spectrum changes the sign from negative to positive (intersection with
AA=0 line) shifts as far as 670 nm. The red shift of the negative amplitude in the sub-ns
component in efficient cells might be due to the Stark shift effect [26, 41-42]. As more
electrons are fully separated in better cells, they create larger electric field on the nanoparticle
surface, which leads to enhanced negative signal due to the Stark shift of dye absorption band.
Another possibility is that in better cells the orientation of molecules is more perpendicular to
the surface, which makes the direction of ADEKA-1 dipole moment change better aligned
with electric field direction, and in turn also enhances Stark shift effect [26, 41-42].

Selected fully assembled cells were also probed with transient absorption
measurements in ns-us timescale. Resulting kinetics were analyzed using global fitting multi-
exponential function and the resultant time constants with the wavelength-dependent
amplitudes (associated with teach time constant) are shown in Figure 4 (A-C). Besides the 3
components shown in the figures, an additional 20 ns component (IRF of the setup) was also
used in the fit to account for the scattered light. Two shorter components (around 200 ns and
3.5 - 4 pus) represent the decay of the oxidized dye molecules (radical cation) due to dye
regeneration (by electrolyte) and electron-dye recombination. Their spectra can be divided to
a positive part, which is an effect of absorption of oxidized dye, and a negative part
representing disappearing absorption of the ground state of dye molecules (bleach signal)
Stark shift effect. The longest time, having positive amplitude over all wavelengths,

represents electrons in titania.
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Figure 4. (A-C) Wavelength-dependent amplitudes with the indicated time constants obtained
from the global fit to the flash photolysis results of the MK2 and ADEKA-1 cells. (D) Kinetics at
7500 nm obtained in flash photolysis experiments for ADEKA-1 cell and the indicated pump pulse

energies. The inset shows the magnified initial signal.

The results for reference MK2 cells (Figure 4A) are similar to our previous report [33],
but in that work we resolved one averaged short component (about 1 ps), assigned to dye
regeneration dynamics. Here we find that this component should be rather divided into the
two contributions (200 ns and 4 ps) of slightly different pre-exponential factor spectra. Most
probably, the faster one contains significant part of electron-dye recombination, which might
be a continuation of the sub-ns recombination observed in ultrafast transient experiments
(lowering the performance of the solar cell). Indeed, for ADEKA-1 cell of worse efficiency
(Figure 4B, old solution) the contribution of the 200 ns component is higher than that in the
better cell (Figure 4C), while the amplitude of the final component (due to the electrons left in
titania) is lower in the former than in the letter cell. Moreover, the effect of the pump pulse
intensity investigated for the kinetics at 750 nm (Figure 4D) confirms this assignment. As a
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result of higher pump intensity (thus higher population of injected electrons and oxidized dyes
per nanoparticle) the contribution of fast component increases (as expected for the
recombination process), while the dynamics of the middle, microsecond component is
unchanged. Therefore, the latter can be assigned exclusively to dye regeneration process.

To summarize this part, we have observed that fast recombination plays a crucial role
in the performance of the solar cells with ADEKA-1 dye. The unwanted dye recombination,
probably associated with the orientation of the dyes on the titania surface, takes place on the
sub-ns and ns time scales. Its amount is correlated with the photocurrent of the cells corrected
for the number of absorbed dyes (total APCE). The dyes with higher content of monomers
give smaller recombination and better performance. Enhanced recombination in ADEKA-1
compared to the reference MK2 dye can be probably explained by higher electronic coupling
between dye and titania (due to different anchoring groups) and/or additional molecule
rotation possibilities present in the extended anchoring group of ADEKA-1. In the next
sections, the influence of other factors on the recombination dynamics will be presented,
which are: the effect of different position of the redox couple potential, the addition of co-
adsorbent, capping treatment and the effect of alumina protection layer. Besides the fs-us
laser spectroscopies, the electrochemical impedance spectroscopy will be also employed to

test the charge separation dynamics occurring on longer time scales.

3.3 Effect of different cobalt complex (Co-phen vs Co-bpy)

For selected MK2 and ADEKA-1 cells we have checked the effect of changing the
electrolyte redox pair from cobalt-phenenatroline to cobalt-bypyridine. The reason was to
check the effect of shifting the position of electrolyte redox potential (from 0.62V vs NHE for
Co-phen to 0.56 V vs NHE for Co-bpy) on the observed charge separation dynamics. The
macroscopic parameters were affected in the way analogous to that frequently reported: for
more positive redox potential the Voc of the cell increases, but at some point the Jsc start to
decrease due to not sufficiently fast dye regeneration. Photovoltaic parameters of example set
of MK2 cells are presented in Table S2. As can be seen, use of Co-phen instead of Co-bpy
yields on average 23 mV higher voltage at the expense of 1.2 mA/cm? lower photocurrent.
Similar effects were observed for ADEKA-1 cells (in a few configurations for which the
redox couple effect was measured): lower Voc by about 20-30 mV and higher Jsc by about
10-20%, when Co-phen is replaced with Co-bpy.
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Within the experimental error, no differences were observed between the ultrafast
transient absorption results of the cells filled with the two cobalt electrolytes, both for MK2
and ADEKA-1. This could be expected as the position of the electrolytes redox potential
should not influence either electron injection or electron-dye recombination dynamics. On the
contrary, nanosecond flash photolysis measurements revealed the difference in the dye
regeneration time constant. For MK2 cells, middle component in the global analysis (see
previous section and Figure 4) was equal to 4 us for Co-phen and 3 us for Co-bpy. Similar
shortening of the regeneration kinetics was observed for ADEKA-1 cells: the averaged time
constants decreased from 3.5 us for Co-phen to 2.5 us for Co-bpy. For both dyes the effect
can be attributed to larger driving force for the dye regeneration process when bypyridine
redox complex is used with respect to the phenenatroline one. On the one hand, the
differences in the fitted time constants between both Co complexes are not large. However,
having in mind the discovered fast recombination (occurring partially on the time scales
shorter than regeneration dynamics), even small improvements in regeneration time constant

might be responsible for the evident increase in Jsc of the cells.

3.4 Impact of addition of the coadsorbent
A common method used to improve the efficiency of the device is addition of the
coadsorbent to the dye solution. It is absorbed on the surface of the oxide between the dye
molecules, resulting in decrease in dye agglomeration and higher average distance between
dye molecules, which in turn reduces the energy transfer between them [43-44]. It can also
help in arranging the dye molecules perpendicularly to the oxide surface, which reduces the
recombination through space, which was previously reported for porphyrin dyes [39-40].
Figure 5 shows the global analysis spectrum of the 50%m and 60%m cells after the addition
of OTMS as a co-adsorbent. Indeed, the sub-ns recombination component is heavily reduced
and the residual one (constant offset) is improved in both cases (compare with Figures 3
without of the same synthesis series but without OTMS). Moreover, the sub-ns spectrum is
moved a little to the red and the characteristic time is vastly increased. This most likely
indicates that absorption of OTMS molecules on titania surface takes up empty spaces
between dye molecules and prevents their “tiling” on the surface, consequently reducing
recombination. The overall positive impact of the addition of OTMS on the sub-ns processes
is also reflected by the higher residual signal of the kinetic at 750 nm for the samples
containing OTMS, compared to their counterparts without it (e.g. Figure 2A for 60%m).
18
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Figure 5. Wavelength dependent amplitudes of the indicated time constants obtained from global
analysis of transient absorption spectra of full cells sensitized with ADEKA-1 dye and addition of
OTMS: (A) 50%M, (B) 60%M. These figures can be compared to those of the corresponding samples
without OTMS presented in Figures 3C and D.

The improvement in the charge separation efficiency comes at the expense of the
absorbance of the sample. The absorbance and number of absorbed photons was compared for
the photoanodes sensitized with the dye solutions with and without addition of the OTMS.
Resulting spectra can be seen in Supporting information (Fig. S4). Both the maximum
absorbance of the electrode and number of absorbed photons is reduced upon addition of
OTMS in both cases, as expected. Moreover, it also blue-shifts the absorbance maximum
from 512 nm to 487 nm in the cell sensitized with 50%m dye and from 509 nm to 499 nm in
the cell sensitized with 60%m one.

Looking at the performance of the cells (Table 1) one can see that the current loss
from the use of OTMS is bigger than it should be expected from the loss of absorbed photons.
Voltage on the other hand is slightly increased, despite photocurrent drop. The underlying
reasons were investigated by the electrochemical impedance spectroscopy. As can be seen in
Figure 6A, while the charge transfer resistance is the same in both cases, the transport
resistance is slightly increased upon addition of OTMS, which indicates possible lower charge
collection efficiency (calculated as a ratio of charge transfer resistance over the sum of
transport and charge transfer resistance) being explanation for lower current. Chemical
capacitance shifts by about 20mV to the higher potential (Figure 6B). Being the
representation of the number of occupied trap states in titania it is a good estimation of
relative conduction band movement. It shows that OTMS may act similarly to TBP, moving

the conduction band towards more negative potentials by 20 mV and consequently improving
19



Voc by that amount. Combining the Voc change from the CB shift (+20 mV) with the
expected loss from the lower photocurrent (-12 mV) one obtains +8 mV shift, which well
agrees with experimentally observed shift of +5 mV. No notable changes in the ideality factor
of the device or trap state density were observed.

Table 1. Comparison of the photovoltaic parameters of ADEKA-1 cells with and without addition of
OTMS to the dye solution (and also without TBP in the electrolyte) - short circuit current density
(Jsc), open circuit voltage (Voc), fill factor (FF) and sunlight conversion efficiency (Eff).

Name Jsc [mA/cm2] | Voc[mV]| FF Eff. [%]
without OTMS with TBP 6.57 757 0.768 3.85
with OTMS with TBP 5 762 0.772 2.97
with OTMS without TBP 8.5 628 0.695 3.71
[A)10000- . (B)
- = noOTMS Rct
° o noOTMS Rt = no OTMS
e OTMS Rct 1E4] * OTMS
. 1000. N © OTMSRt =
<} ° o
‘2 1004 g
2 o . O 1E-5 -
a 2 : [ ]
10 ; : : : . . ; ; ; .
0.4 0.5 0.6 0.7 0.8 0.9 0.4 0.5 0.6 0.7 0.8 0.9
Voltage [V] Voltage [V]

Figure 6. Charge transfer resistance, transport resistance (A) and chemical capacitance (B) of
ADEKA-1 cells with and without addition of OTMS.

3.5 Effect of ALD and capping
Electrochemical impedance spectroscopy was also used to determine the impact of the
capping process (single and multi-capping was analyzed) and alumina shell created by ALD
process on the efficiency of the charge transport, occurring on the timescale from ms to s.
Two series of data were obtained, one showing the effect of alumina layer and another for the
capping treatment. Photovoltaic parameters of these cells are gathered in Table 2. Slight
discrepancies in the parameters of the reference samples in both series come from the
difference in the TiO, paste used (30NR-D for cells with capping treatment and 18NR-T for
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cells with ALD treatment). Nevertheless, all the samples in the single data set were prepared
using the same materials and conditions. In the Figure 7 one can see the data gathered for the
cells created with the photoanodes subjected to the ALD treatment with varying thickness of
the alumina shell. First big impact of the alumina shell is the decreasing photocurrent with the
increase in thickness of the shell. It is attributed to lower injection efficiency caused by the
unfavorable energy levels in Al,O3. Another noticeable effect of the ALD treatment is the rise
in the charge transfer resistance with the increasing thickness of the shell (Rct), while the
transport resistance (Rt) remains mostly intact (a). It is expected fact, since the position of the
energy levels of alumina prevents the back-transfer of electrons to electrolyte. At the same
time, preparation by ALD ensures that titania layer is mostly intact (so is charge transport
through the nanoparticle network), thus transport resistance is unchanged. The capacitance of
the mesoporous layer stays unchanged as well (b). Increase in the charge transfer resistance
combined with the constant capacitance leads to much longer electron lifetimes in the cells
with alumina shell (c). With the increasing thickness of the blocking layer up to 1.5 order of
magnitude lifetime extension can be achieved, resulting in over 60 mV improvement in Voc.
However, looking at the charge collection efficiency diagram (d) even 0.2 nm thickness is
enough to obtain over 90% charge collection efficiency at the voltage corresponding to
maximum power point and thicker layers can push efficiency up to 98% (at the great expense
of current, though).

Capping treatment yields, in many ways, similar results, even though the blocking
mechanism is slightly different. The obtained data are combined in Figure 8. Again, creation
of the blocking layer at the surface of the nanoparticles, that prevents recombination, results
in large increase of charge transfer resistance (a). This time, however, instead of prohibiting
the electrons' access to the titania surface, the molecules of electrolyte suffered from the
blocked pathway of getting close to the oxide's surface (due to the existence of the capping
layer). Looking at the chemical capacitance, it seems that the capping treatment affects the
surface of titania in the opposite way than TBP or OTMS and shifts the CB edge by
approximately 30 mV in case of single capping and 55 mV in case of multi capping away
from the excited level of the dye. While lifetime is increased by almost one order of
magnitude with the use of single capping (c), the increased transport resistance counters that
positive effect and makes the charge collection efficiency remains similar to the one in

uncapped case (d). Multi capping, on the other hand, not only increases the carrier lifetime by
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almost 2 orders of magnitude, but also yields over 95% charge collection efficiency.

Moreover, the voltage and current density of the cell is significantly improved as well.

Additional parameters, namely diode ideality factor, dark current density, trap

distribution and volumetric density of trap states below conduction band, were extracted as

well, giving more insight into the effect of surface treatment. These results are gathered in

Table 3. It is evident that both kinds of treatment lead to the improvement of ideality factor m

and reduction of dark current, thus improving Voc of the device (at the same current). The

trap distribution parameter o is lowered by the treatment in both cases. When it comes to

alumina shell it may be attributed to the shell having higher conduction band edge. With the

trap states maintaining their position and averaged CB moved closer to the dye's excited state,

the distribution of traps with regard to the band edge is stretched, which is described by lower

a parameter. Similar effect is observed in the case of cells subjected to the capping treatment,

the exact mechanism however is unknown. Number of states below CB remains unchanged,

which is expected due to no impact of those processes on the titania underneath.

1000000

100000 4

10000 o

RIQ]

1000

100

10

1000

100 o

T, [ms]

= noALDR,
(a) s 02nmALD R,
4 04nmALDR,
. v 06nmALD R,
I * o noALD R
. o I 0.2nm ALD R,
b v 2 04nmALDR,
] A 1
. M 0.6 nm ALD R,
. A
A v
n
L ] A
o - v
A . A
1
[=! " . 4
x4 L] q
L]
T T T 1
0.5 0.6 07 0.8 0.9
Voltage [V]
I (c)
' A — v
! - . A ¥
~—a -
S . )
S . AL 1
—. . —
—_ '
= noALD - !
* 0.2nm ALD
4 0.4nmALD
¥— 0.6nm ALD
T T 1
0.6 0.7 0.8 0.9
Valtage [V]

1E-3 5

1E-4 o

e
@

e
o

Charge collection eff.
o o
o o

o
s
1

=3
w

(b) !
. ]
= noALD .
e 0.2nmALD *
4 04nmALD H
v 0.6nm ALD 3
L
&
v
-
y b
T T T T ]
04 05 06 0.7 0.8 09
Voltage [V]
—g———X
(d) P —
T .
/‘ g -
v 7
-
. M
“ ‘/ —=—no ALD
pa +  0.2nm ALD
e —4—0.4nm ALD
e v 0.6nm ALD
/
-
T T T T T
0.55 0.60 065 0.70 0.75
Voltage [V]

Figure 7. Parameters obtained from the EIS measurement for cells subjected to ALD treatment -

charge transfer and transport resistance (a), charge transfer capacitance (b), electron lifetime (c) and

charge collection efficiency (d).
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Figure 8: Parameters obtained from the EIS measurement for cells subjected to capping treatment -

charge transfer and transport resistance (a), charge transfer capacitance (b), electron lifetime (c) and

charge collection efficiency (d).

Table 2. Main photovoltaic parameters of the characterized cells - short circuit current density (Jsc),

open circuit voltage (Voc), fill factor (FF) and sunlight conversion efficiency (Eff).

Jsc [MA/cm2] | Voc [mV] FF Eff. [%]
No ALD 3.67 768 0.76 2.18
ALD 0.2 nm 3.2 815 0.781 2.05
ALD 0.4 nm 2 835 0.788 1.35
ALD 0.6 nm 1.84 837 0.776 1.2
No capping 5 762 0.77 2.97
Single capping 4.87 804 0.781 3.06
Multi capping 6.6 867 0.755 4.31
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Table 3. Calculated ideality factor (m), dark current density (jO), trap distribution parameter (o) and
volumetric density of trap states below conduction band (NL) for obtained cells.

m JO[mA/cm2] o NL[1/cm3]
No ALD 2.18 1.42E-06 0.30 2.56E+20
ALD 0.2 nm 2.01 1.98E-07 0.26 2.54E+20
ALD 0.4 nm 1.83 1.73E-08 0.26 2.51E+20
ALD 0.6 nm 1.89 1.52E-08 0.27 2.51E+20
No capping 1.99 1.21E-06 0.36 2.66E+20
Single capping 1.96 1.93E-07 0.28 2.54E+20
Multi capping 191 5.99E-08 0.27 2.58E+20

The type of the treatment affect the stationary absorption of the cells (Fig. S5). ALD
treatment has lesser effect on the total absorption. Initially it even increases by little bit, yet
with increase of thickness the volume of additional material leads to decrease in surface area
and consequence worse dye deposition. The capping treatment consisting of additional
dipping in solution several times after dye deposition leads to dye dissolving (however to
much lesser extent with ADEKA-1 than MK2, where capping treatment led to higher loss in
current and no voltage difference) lowering the absorption of the photoanode and
consequently number of absorbed photons. There is little to no additional shift of absorption
maxima vs the cells just with addition of OTMS, they stay around 490 nm.

Impact of the various kinds of surface treatment on the ultrafast behavior of the cells
was checked using transient absorption spectroscopy. The effect of ALD is discussed in the
next section. Multi capping sometimes increases the residual signal at 750 nm, and sometimes
slightly decreases it compared to cells with just OTMS present (Table S1). The positive action
for the early time behavior is observed in “bad” performing cells, while the opposite is found
for “good” cells (sensitized with fresh solutions of high monomer-content and with OMTS)
As described earlier, OTMS is probably acting as a mean to straighten up the dye molecules
perpendicularly to the surface and capping may act in similar way, just not as efficiently. In
the cells with sub-optimal dye orientation, it helps to make dye molecules more perpendicular
to the surface, thus reducing recombination and improving the final signal. In the cells with
optimal orientation, capping treatment may cause slight unbalance in the system, marginally

lowering the final signal.
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3.6 Importance of ALD parameters

One crucial thing that we discovered was the importance of the settings of ALD
utilized in photoanode preparation. Impact of these parameters has recently been investigated
for planar structures [45]. However, one must remember that it takes much longer time for the
precursor to penetrate and react with entire mesoporous photoanode, than it would take with
the planar substrate, so no direct transition of reaction parameters can be applied. Depending
on whether the deposition time was long enough or not, two opposite impacts on cells’
performance are observed. All the cells presented in previous chapters were prepared using
the deposition time long enough to form uniform monolayer in each cycle. Nevertheless, in
order to investigate the effect of partial ALD coating cells were prepared with the same
number of ALD cycles (with expected thickness of the shell equal to 1 nm) but differing
deposition and purge times. One method labeled “short” with 0.1 s deposition time and 3 s
purge time and another labeled “long” with 2 s deposition time and 8 s purge time was used.

Results of the cells treated in both ways, together with reference, are presented in Table 4.

Table 4. Photovoltaic performance of cells prepared with “short” and “long” ALD methods - short
circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and sunlight conversion
efficiency (Eff).

Name Jsc [mA/cm2] | Voc [mV] FF Eff. [%]
50%m+ OMTS 6.3 717 0.48 2.52
50%m+OMTS+1nm_shortALD 8.6 728 0.48 3.01
50%m+OMTS+1nm_longALD 0.2 917 0.80 0.12

As can be seen, the “short” short ALD rises the obtained photocurrent with no
difference in the fill factor and the voltage increase of the magnitude that can be attributed
solely to current increase. Longer, “long” deposition on the other hand cuts the photocurrent
almost entirely, hugely increasing voltage and fill factor instead. The first behavior can be
explained if we assume that under insufficient time to form a continuous uniform monolayer
during the first deposition cycle, next layers prefer to grow on the already created alumina
islands instead of holes with titania. This way an alumina shell with pinholes is being created.
We believe that the electrons are injected through those pinholes, so there is no big difference
in the efficiency of this process. The alumina islands between dye molecules act similarly to

the capping molecules, blocking the transport recombination and increasing charge collection
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efficiency. As a result, higher photocurrent is observed. The reported improvement of the cell
properties upon depositing oxide shells from solution could probably be explained by the
same mechanism [16]. Letting the deposition proceed with the time needed to form a full
layer (“long” ALD route) creates an uniform barrier that seems to block injection and
recombination alike. The electrons are probably injected not into titania but into very deep
trap states in alumina, rest may form surface states that recombine through space with dye
molecule. As a result, the photocurrent is very low, but the voltage is enhanced. For such low
photocurrent and dark current also suppressed the fill factor is increased significantly. No
significant difference between the two deposition routes was observed by stationary
absorption measurements.

Effect of both deposition routes on the ultrafast processes in the fully assembled cells
was checked by the global analysis of the femtosecond transient absorption measurements
(Figure 9). “Short” ALD method, similarly to the capping treatment, has no significant effect
on the ultrafast processes. It shortens the characteristic time of special recombination but
keeps its amplitude low, well below the residual signal. “Long” ALD on the other hand has a
very profound recombination (sub-ns component) signal and low residual (constant offset)
signal, which confirms the proposed blockade of injection and spatial recombination of the
charges from created surface states. These observations are further supported by residual
signal in the kinetics from Figure 2A. It can be observed there that the “long” ALD treatment

result in a huge drop in final kinetic amplitude.

0 B
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Figure 9. Wavelength dependent amplitudes of the indicated time constants obtained from global
analysis of transient absorption spectra of the cells prepared with “short” ALD treatment (A) and

“long” ALD treatment (B), both for 1 nm layers. They should be compared to Figure 5A.
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4. Conclusions

The dynamics of charge transfer in complete solar cells sensitized with very efficient
silyl-anchor ADEKA-1 dye, and with different preparation parameters, was studied on the
time scale from 200 fs to several seconds.

The most important conclusions arise from the transient absorption spectroscopy
results in the fs-ps regime. In this work we have shown that there is a time component in the
global analysis of these spectra, associated with the ultrafast spatial recombination between
dye molecule and oxide surface with characteristic time of hundreds of picoseconds (sub-ns),
that can be directly connected with the photon to current conversion efficiency. With its
increase in amplitude, the number of successfully injected electrons falls down, directly
affecting the performance of the whole device. We have proved that in the case of ADEKA-1
dye increase in the degree of polymerization leads to increase of this unwanted
recombination, so for the best devices pure monomer is desirable. We have also devised a
new, optimized synthesis process for ADEKA-1 dye providing pure monomer compound with
high yield. Addition of the co-adsorbent (OTMS) was found to decrease the unwanted sub-ns
component as well, probably by reorientation of the tilt of dye molecules on the surface of the
oxide. Creation of the uniform alumina shell led to the hampered electron injection, with the
sub-ns component’s amplitude significantly increased.

Secondly, flash photolysis measurements have shown that there is also a connection
between performance of the device and relative amplitude of the shortest component of
(assigned to sub-us electron recombination) and longest (assigned to electron population left),
with the dominance of the latter being indication of well performing device. It has also been
confirmed that Co- phenenatroline redox shuttle yields higher voltages than Co- bypyridine
one, but at the expense of the photocurrent drop, being result of slightly slower (3.5 us vs.
2.5 us) dye regeneration.

Next, electrochemical impedance spectroscopy has provided information about
slightly increased transport resistance and minute conduction band shift occurring after
addition of OTMS. We have also investigated impact of the surface treatments on charge
collection efficiency by this method. Both molecular capping and creation of insulating Al,O3
layers was found to increase the lifetime of electrons significantly and rise charge collection
efficiency over 90%. Moreover, the capping treatment causes slight (up to 55 mV) shift in

conduction band in the opposite direction compared to OTMS and results in increases in the
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voltage and photocurrent. ALD on the other hand causes voltage and fill factor increases, but
at the expense of the photocurrent drop.

Finally, we have underlined the importance of the parameters used during the atomic
layer deposition of alumina shell, which may lead to disparate results, affecting the properties
of the device in an unexpected way.

We believe that these results will enable the better understanding of alkoxysilyl dyes

and lead to development of better DSSCs in general.
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Stationary spectra
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Figure S3. Normalized stationary absorption spectra of ADEKA-1 dye in toluene with different degree

of polymerization.
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Figure S4. Stationary spectra and number of absorbed photons of the films sensitized with the
ADEKA-1 dye: 50%m (A) and 60%m (B both) with and without addition of OTMS.
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Figure S5. Stationary absorption spectra of photoanodes sensitized with ADEKA dye + OTMS with

different additional surface treatment.
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Table S1.

Cell parameters

Photovoltaic parameters of representative cells constituting Fig. 4B - photocurrent density (Jsc), open

circuit voltage (Voc), fill factor (FF) , efficiency (Eff), corrected photoconversion efficiency (Total

APCE), number of absorbed photons (Nph), absorbance of the cells close to the maximum (at 500 nm,

Ana) and the amplitude of the normalized residual signal of kinetic at 750 nm (S, after 3 ns).

Voc | FF Jsc Eff Nph Total | Sws | Amax

Cell V] [mAcm?] | [%] | [s'm™] | APCE
MK2 0.72 | 0.45 11.24 |3.64| 8.70E+20 | 0.81 | 0.70 | 1.51
100%m_old+OTMS 0.70 | 0.46 360 |[1.16|5.40E+20 | 0.42 | 0.32 | 0.71
100%m_old+OTMS+ALDshort_1nm | 0.62 | 0.37 2.16 |0.50| 5.00E+20 | 0.27 | 0.27 | 0.58
100%m_old+OTMS +multi capping | 0.67 | 0.61 2.95 1.19 | 3.80E+20 | 0.48 | 0.40 | 0.48
100%m_old+OTMS +ALDlong_1nm | 0.85 | 0.59 228 |1.14| 7.20E+20 | 0.20 | 0.19 | 1.22
0%m 0.61 | 0.52 1.17 |0.37 | 8.50E+20 | 0.09 | 0.22 | 1.56
0%m+0OTMS 0.61 | 0.66 1.27 |0.51|6.80E+20 | 0.12 | 0.27 | 1.04
50%m 0.74 | 0.54 735 292 9.30E+20 | 0.49 | 0.46 | 1.70
50%m+OTMS 0.72 | 0.50 6.57 |2.39|8.10E+20 | 0.51 | 0.69 | 1.43
50%m+OTMS+multi capping 0.70 | 0.59 4.22 1.75| 6.00E+20 | 0.44 | 0.54 | 0.85
50%m+OTMS+ALDshort_1nm 0.73 | 0.48 859 [3.02| 7.80E+20 | 0.69 | 0.59 | 1.40
50%m+0OTMS+ALDIlong_1nm 0.92 | 0.80 0.16 [0.12| 7.60E+20 | 0.01 | 0.14 | 1.54
60%m 0.72 | 0.50 6.87 |2.44| 9.10E+20 | 0.47 | 0.48 | 1.56
60%m+OTMS 0.70 | 0.55 7.43 |2.87| 8.40E+20 | 0.55 | 0.64 | 1.50
60%m+OTMS+multi capping 0.69 | 0.66 483 |220]| 6.40E+20 | 0.47 | 0.60 | 0.90
100%m 0.71 | 0.54 6.98 |2.70| 8.30E+20 | 0.53 | 0.67 | 1.32
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Table S2.

Photovoltaic performance of the MK2 cells prepared to check differences between Co-bpy and Co-
phen electrolyte - photocurrent density (Jsc), open circuit voltage (Voc), fill factor (FF) and efficiency.
In this case a scattering layer was added during the electrode preparation.

Co-bpy Co-phen
Cell no. [ Jsc[mA/cm2] | Voc[mV] FF | Eff. [%] [ Jsc[mA/cm2] | Voc[mV] | FF | Eff.[%]
1 14.26 811| 0.58 6.86 13.55 827 0.65 7.37
2 15.15 810| 0.61 7.63 14.01 827 0.67 7.80
3 14.80 797| 0.66 7.93 13.06 830| 0.66| 7.28
4 14.73 810| 0.64 7.75 13.55 837| 0.70 8.03
Averaged 14.73 807 | 0.62 7.54 13.54 830 0.67 7.62
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Impedance

All the impedance measurements were carried out on the Bio-logic SP-300 potentiostat over
the range from 0.1Hz to 7MHz in 80 measuring points distributed evenly on the logarithmic
frequency scale. The voltage range used differed depending on sample Voc, yet typically it
was spanning from OV to 0.9V in 50mV increments. Obtained data was analyzed by the
ZView software using different equivalent circuits for high, medium and low voltage regimes
(Figure S6). At high voltages the TiO, is conductive (Rt=0), current flows entirely through it
meaning RC element corresponding to FTO is negligible. There is also Warburg diffusion
element present , which can be neglected at lower voltages. Upon lowering voltage transport
resistance appears and therefore transport line element has to be used. At low voltages TiO; is
insulating and all the charge transport goes through FTO-electrolyte interface and electrolyte-
counter electrode interface. Diode ideality factor, dark current density, trap distribution and
volumetric density of trap states below conduction band were calculated from the exponential
fit of the Rct and Cct parameters as described elsewhere [S1]. Conduction band shift
(originating from the capping layer or coadsorbent addition) was estimated based on voltage
shift needed to overlap Cct curves of the cells being compared.

R=eries Rct Rcounter wWidiff
t'i"'l"!-E
a Cct Ccounter
— —
R=zeries Transport_line Rcounter
b Cfto Cocounter
v B, >3
rFaJ ra
Rseries Rfto Rcounter
C Cfto Ccounter

> >

Figure S6. Equivalent circuits for high (a), medium (b) and low(c) voltage regimes.

[S1] Fabregat-Santiago, F.; Garcia-Belmonte, G.; Mora-Ser6, 1.; Bisquert, J.,
Characterization of Nanostructured Hybrid and Organic Solar Cells by Impedance
Spectroscopy. Phys. Chem. Chem. Phys. 2011, 13, 9083-9118.
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wynikdw oraz napisatem wiekszos$¢ manuskryptu.
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[5] J. Sobu$, M. Zidtek, Optimization of absorption bands of dye-sensitized and perovskite tandem
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Oswiadczam, ze mdj udzial w pracy J. Sobus, J. Kubicki, G. Burdzinski, M. Ziotek,
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J. Sobus$, J. Karolczak, D. Komar, J. A. Anta, M. Zidtek, Transient states and the role of excited
state self-quenching of indoline dyes in complete dye-sensitized solar cells, Dyes & Pigments, 113
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badan czasow zaniku fluorescencji metodg skorelowanego w czasie liczenia pojedynczych fotonéw
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barwnikow organicznych.

A) J. Sobus, G. Burdzifiski, J. Karolczak, J. 1digoras, J. A. Anta, M. Ziotek, Comparison of TiO2 and ZnO Solar
Cells Sensitized with an Indoline Dye: Time-Resolved Laser Spectroscopy Studies of Partial Charge Separation
Processes, Langmuir, 30 (2014) 2505.

B) J. Sobus, J. Karolczak, D. Komar, J. A. Anta, M. Ziolek, Transient states and the role of excited state self-
quenching of indoline dyes in complete dye-sensitized solar cells, Dyes & Pigments, 113 (2015) 692.

Z wyrazami szacunku

Jerzy Karolczak



Poznan. dn. 13.01.2016

Dr Mariusz Jancelewicz

Centrum NanoBioMedyczne UAM
ul. Umultowska 85
61-614 Poznan

Oswiadczenie o wspolautorstwie

Oswiadczam, ze jestem wspotautorem nastepujacej publikacji:

Jesus ldigoras, Jan Sobus. Mariusz Jancelewicz, Eneko Azaceta. Ramon Tena-Zaera. Juan A.
Anta. Marcin Ziolek. “Effect of different photoanode nanostructures on the initial charge
separation and electron injection process in dye sensitized solar cells: A photophysical study with
indoline dyes”. Materials Chemistry and Physics 170 (2016) 218-228.

Moj udzial w powyzszej pracy polegal na osadzeniu warstw dwutlenku tytanu (TiO,) na
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