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Abstract
The growing energy demand of the mankind has lead to the extensive use of fossil
fuels. The burning of oil, coal and natural gas has increased the global temperature
and atmospheric carbon dioxide percentage to a dangerously high level. Therefore,
carbon-neutral energy sources such as solar cells are needed.
In order to design more eﬀective solar cells, a deep understanding of the primary photochemical processes in the cells is needed. Ultrafast time-resolved spectroscopy, especially
transient absorption methods, are a very useful tool for investigating the reaction kinetics
in order to optimize the solar cell performance.
In this thesis, kinetics of the photoinduced processes at the interface of an organic
monomolecular layer and a semiconductor are studied. Such structures may be used
as the active material e.g. in dye-sensitized solar cells. Two diﬀerent types of organic – semiconductor hybrids were prepared: fullerenes (C60 ) immobilized on colloidal
semiconductor quantum dots (QDs), and zinc phthalocyanine (ZnPc) derivatives on
nanostructured titanium dioxide (TiO2 ) and zinc oxide (ZnO) surfaces. The driving force
of photocurrent generation in these systems is a photonic excitation leading to an electron
transfer reaction across the organic – semiconductor interface. The observed electron
transfer rates vary from a few picoseconds in ZnPc monolayers on TiO2 to ca. 100 ps in
QD – fullerene systems.
Phthalocyanine derivatives are very attractive sensitizing dyes for solar cell applications
because of their excellent stability and strong absorption in the red part of the spectrum.
A drawback with these compounds is their tendency towards aggregation. It reduces
the solar cell eﬃciencies due to intra-aggregate losses. There are two common methods
for aggregation-reduction: the use of molecular co-adsorbates and substitution of the
phthalocyanine core with bulky side groups. Both mechanisms were observed to lower
the degree of aggregation in the ZnPc samples. The substitution method proved to be
more eﬃcient in terms of the lifetime of the charge-separated state.
To more realistically mimic a solar cell, a hole-transporting material (HTM) was used.
Its eﬀect on the primary photoinduced reactions in the phthalocyanine – semiconductor
samples was studied. With the chosen HTM, spiro-MeOTAD, the charge separation
was observed to occur ﬁrst at the phthalocyanine – HTM interface, followed by electron
injection into the semiconductor material.
Complete solar cell samples were prepared in order to link the ultrafast spectroscopy
results to actual solar cell performance. A correlation between the degree of aggregation
and the produced photocurrent was conﬁrmed. The less aggregated samples produce a
higher photocurrent per number of absorbed photons. This study indentiﬁes bottlenecks
in modern hybrid organic – semiconductor solar cell design and suggests solutions for
improving the solar cell performance.
iii

Tiivistelmä
Ihmiskunnan energiankulutus kasvaa jatkuvasti, ja tähän saakka energiaa on tuotettu
lähinnä fossiilisilla polttoaineilla. Öljyn, hiilen ja maakaasun poltto on nostanut sekä
ilmakehän hiilidioksidipitoisuuden että maapallon lämpötilan vaarallisen korkeiksi. Siksi
tarvitaan hiilineutraaleja energiantuotantomuotoja, kuten aurinkokennoja.
Syvällinen ymmärrys aurinkokennoissa tapahtuvista valoindusoiduista kemiallisista reaktioista on tärkeää suunniteltaessa uusia, tehokkaampia aurinkokennoja. Ultranopea aikaerotteinen absorptiospektroskopia tarjoaa oivan välineen aurinkokennojen reaktiokinetiikan
tutkimukseen kennojen hyötysuhteen optimoimiseksi.
Tässä työssä tutkittiin valon aikaansaamia prosesseja orgaanisten yhdisteiden ja puolijohteiden rajapinnoilla. Tällaisia rakenteita voidaan käyttää esimerkiksi väriaineherkistetyissä
aurinkokennoissa. Työssä tutkittiin kahta orgaanisen aineen ja puolijohteen hybridirakennetta: fullereeneja kvanttipisteiden pinnalla, ja ftalosyaniineja nanorakenteisen titaanidioksidin ja sinkkioksidin pinnalla. Kaikissa näytteissä havaittiin valon aikaansaamia
elektroninsiirtoreaktioita, jotka johtavat sähkövirran syntymiseen aurinkokennonäytteissä.
Reaktioiden nopeus vaihteli muutamasta pikosekunnista (ftalosyaniini titaanidioksidin
pinnalla) noin 100 ps:iin (fullereenit kvanttipisteiden pinnalla).
Ftalosyaniinijohdannaiset ovat aurinkokennokäyttöön hyvin soveltuvia väriaineita. Niillä
on voimakas absorptio esityisesti punaisessa osassa spektriä, ja ne ovat hyvin stabiileja.
Haittapuolena on niiden aggregoitumistaipumus. Aggregoituminen pienentää aurinkokennojen hyötysuhteita aggregaattien sisäisten häviöiden takia. Aggregoitumisen vähentämiseen on yleisesti käytössä kaksi menetelmää: seosaineet ja tilaa vievien sivuryhmien
substituutio ftalosyaniinirakenteeseen. Kumpikin menetelmä vähensi aggregoitumista
ftalosyaniinikerroksissa, mutta substituutiomekanismi oli tehokkaampi, kun tarkastellaan
varausten erottumisen elinaikaa.
Rakenteeseen lisättiin aukonkuljetusmateriaalia (spiro-MeOTAD) oikean aurinkokennon
toiminnan simuloimiseksi. Aukonkuljetusmateriaalin vaikutusta valoindusoitujen reaktioiden kinetiikkaan tutkittiin. Havaittiin, että varausten erottuminen tapahtuu ensin
orgaanisen aineen ja aukonkuljetusmateriaalin rajapinnassa, minkä jälkeen ftalosyaniini
luovuttaa elektronin puolijohteeseen.
Aikaerotteisten spektroskopiamittausten tulokset haluttiin myös linkittää todellisiin aurinkokennojen hyötysuhteisiin. Ftalosyaniinien aggregoitumisen ja aurinkokennojen tuottaman valovirran välillä havaittiin selkeä korrelaatio. Vähemmän aggregoituneet näytteet
tuottavat suuremman sähkövirran absorboituneiden fotonien lukumäärää kohti. Työn
tulokset auttoivat tunnistamaan modernien hybridiaurinkokennojen suunnittelussa esiintyviä pullonkauloja. Tulosten perusteella voidaan esittää keinoja kennojen hyötysuhteiden
parantamiseksi.
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1 Introduction
The world energy supply was over 160 PWh in 2016, more than 80% of which was
produced with fossil fuels (oil, coal, and natural gas). 1 The extensive use of fossil fuels
has, however, increased the atmospheric carbon dioxide levels to more than 400 ppm,
compared to 280 ppm in the pre-industrial times. 2 The increase in the CO2 concentration
in the atmosphere has lead to global warming of about 1 °C since the beginning of
industrialization. The Intergovernmental Panel on Climate Change (IPCC) stated in their
recent report that if the climate change can be stopped at 1.5 °C, the consequences will be
much less harmful than at 2 °C. The risks on biodiversity and ecosystems, food and water
supplies, and human health and security are estimated lower at a 1.5 °C warming than
2 °C. 3 The global warming can only be stopped by radically reducing the carbon dioxide
emissions produced by the mankind. Thus, we need alternatives to the conventional
energy sources.
The Sun is the ultimate source of clean, renewable, carbon-neutral energy. The potentially
available solar energy has been estimated to be between 440 and 14000 PWh annually,
well exceeding the total energy consumption even with the constantly increasing energy
demand. Development of cost-eﬃcient photovoltaic devices with mass production methods
is perhaps the most convenient way to fulﬁll the energy needs in the future.
In addition to the conventional silicon solar cells, novel solar cell types are constantly being
developed. All-organic solar cells are very cost-eﬀective because they can be produced with
e.g. printing and roll-to-roll techniques. As a drawback, the power conversion eﬃciencies
of organic solar cells are lower than for silicon solar cells. Hybrid organic – semiconductor
solar cells are a promising alternative to the organic solar cells, combining the advantages
of both material types. Dye-sensitized solar cells (DSSCs) were ﬁrst reported by Grätzel
and O’Regan in 1991. 4 They consist of an interconnected network of TiO2 nanoparticles
sensitized with an organic dye. This photoanode is sandwiched between a conducting
glass sheet and a top electrode, using a liquid electrolyte or a solid hole-transporting
material (HTM). With solid hole-transporting materials, some of the typical downsides of
liquid-electrolyte DSSCs can be overcome: the electrolyte does not corrode the photoactive
materials, and there is no possibility for leakage. The best DSSC-type solar cells reach
power conversion eﬃciencies more than 10%. 5 Using a solid hole-transporting material
and co-sensitization by two diﬀerent kinds of dyes, Kakiage et al. reported a DSSC with
over 14% power conversion eﬃciency. 6
When designing new materials for solar cells, their properties need to be comprehensively
characterized. Knowledge on the reaction kinetics of the primary photoinduced reactions
in a solar cell is essential when optimizing the cell structure and composition. Ultrafast
time-resolved spectroscopy techniques are a versatile tool for studying reaction kinetics in
the picosecond – millisecond time scales. This work utilizes ultrafast transient absorption
1
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(TA) spectroscopy (the so-called pump probe method) in determining the reaction kinetics
in the primary reactions involved in photocurrent generation in solar cell samples.

1.1

Research Objectives and Questions

The goal of this work is to understand the chemical reactions at an interface between an
organic compound and a semiconductor substrate that are induced by photonic excitation.
The reaction kinetics are studied using ultrafast transient absorption spectroscopy, and
the eﬀect of changes in the organic compound on the kinetics are studied in a series of zinc
phthalocyanines (ZnPcs). Being known for their tendency towards molecular aggregation,
ZnPcs lose some of their potential in photovoltaic devices. There are a few methods to
reduce the aggregation. This work investigates two methods for aggregation reduction,
and compares the eﬀectiveness of these methods in enhancing the photoinduced electron
transfer from the phthalocyanine into the semiconductor electrode. The thesis aims to
answer the following questions:
• What kinds of photoinduced reactions occur in diﬀerent organic – semiconductor
systems? How do the reaction kinetics change in diﬀerent semiconductor materials?
• How can the aggregation be reduced, and how do the electron transfer kinetics
change in aggregated vs. non-aggregated ZnPc – semiconductor systems?
• How does adding a HTM eﬀect on the ZnPc layer morphology, degree of aggregation,
and the electron transfer kinetics?
• How do ZnPcs perform in solid-state dye-sensitized solar cells? Does the reduction
in aggregation induce an increase in photocurrent generation?
Papers I and II study the photoinduced reactions in three diﬀerent organic – semiconductor
systems: quantum dot – fullerene hybrids, phthalocyanines on zinc oxide nanorods and
phthalocyanines on titanium dioxide nanoparticles. The systems diﬀer in composition,
physical state as well as the direction of the electron transfer. The binding of the organic
compound onto the semiconductor surface remains the same for all three systems: the
organic molecules are bound to the semiconductor with carboxylic acids.
Papers III and IV investigate the phthalocyanine aggregation on zinc oxide and titanium
dioxide surfaces. Two methods for aggregation reduction are studied: co-adsorbates and
bulky substituents on the phthalocyanine core. At the spotlight in these publications was
to ﬁnd an explanation why the aggregation reduces the power conversion eﬃciencies in
solar cell samples.
The addition of a HTM in the model samples was also studied in Papers III and IV. The
HTM is a vital component in an actual solar cell, and therefore it is essential to know
how it interacts with the dye-sensitized semiconductor layer.
Finally, full solid-state dye-sensitized solar cells were built in Paper IV. The solar cell
performance was studied for a phthalocyanine derivative known for its aggregation
tendency. Reduction of the aggregation was expected to have an eﬀect on the solar
cell performance of the sample: a less aggregated sample expectedly induces a larger
photocurrent.

1.2. Outline

1.2
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Outline

The core content of this thesis are ultrafast time-resolved absorption spectroscopy studies
for diﬀerent organic – semiconductor hybrids. Understanding the primary photoinduced
reactions e.g. in a solar cell is crucial when designing new solar cell materials. Structurally,
the thesis is divided in ﬁve chapters.
Chapter 1 provides the motivation for this work. The research questions that the thesis
aims to answer are also formulated in this chapter.
Chapter 2 introduces the reader to the background behind this work: properties of
the used photoactive materials (both organic and semiconductor materials),
binding of organic compounds onto the semiconductor surface, the typical
processes at an organic – semiconductor interface, and solar cell architectures.
Chapter 3 describes the experiments carried out for this thesis. The diﬀerent thin ﬁlm
preparation methods used to fabricate the samples are depicted. Also the
sample characterization methods are introduced, with main focus on the
ultrafast transient absorption spectroscopy. Furthermore, the data ﬁtting
models used to analyze the time-resolved data are brieﬂy described.
Chapter 4 summarizes the most important results that were published in Papers I – IV.
The two aggregation-reducing mechanisms and their eﬀect on the electron
transfer kinetics are compared. The small energy distribution model that
was used in publication III is used for all ZnPc samples to simplify the
TA spectrum interpretation and to obtain more convergent results. Finally,
performance of the ZnPcs in solid-state dye-sensitized solar cells was studied.
Chapter 5 ﬁnishes the thesis. The most important results are summarized in this
chapter. To conclude the thesis, the future prospects of this research in the
ﬁeld of photovoltaics are discussed.

2 Background
2.1
2.1.1

Photoactive materials
Semiconductors

In regard to their electric conductivity, all materials can be divided in three categories:
metals, semiconductors and insulators. What distinguishes these diﬀerent groups from
each other is the size of the band gap between the valence band (VB) and the conduction
band (CB). In metals, the band gap is essentially nonexistent, whereas in semiconductors
and insulators it is ﬁnite. What diﬀerentiates semiconductors from insulators is the size
of the band gap: semiconductors can be thermally excited to have some electrons in the
conduction bands, whereas insulators need an external energy source to be excited.
There are a few four-valent elements that are intrinsically semiconducting, such as silicon
and germanium. The conductivity of these materials can be increased by doping the
material, that is, adding ﬁve-valent or three-valent atoms into the crystal structure (n-type
doping and p-type doping, respectively). Most semiconductors are, however, compounds.
Common compound semiconductors include CdSe, GaAs, InAs, ZnS, as well as many
metal oxides such as ZnO, TiO2 and Cu2 O. Most compound semiconductors are either por n-type semiconductors in their pristine form, but they can also be doped to give the
desired composition and electron or hole mobility.
Quantum dots
Quantum dots (QDs), or semiconductor nanoparticles (NPs), are a class of semiconductor
materials with some very unique properties brought about by their small size.
Quantum dots can be produced from a variety of materials, including III-V and II-VI
semiconductors (GaAs, InAs, InP, CdSe, CdS, CdTe, ZnS), 7–9 heavy-metal-free alloys
(e.g. ClSeS and CuInS2 ), 10,11 and perovskites. 12–14
Typically, quantum dots are 2-10 nm in diameter. The small size gives rise to quantum
conﬁnement, leading to a larger band gap compared to bulk materials. QDs are often
synthesized from materials with a rather small bulk band gap (< 1.7 eV), so that the
quantum conﬁnement renders the QD band gap in the visible wavelength range. The
band gap, and therefore, the color of the quantum dots is directly tunable by varying the
QD size. Figure 2.1 presents the absorption and emission spectra for a series of cadmium
selenide QDs. The QD diameters range from ca. 3 to 5.5 nm.
Quantum dots can be synthesized with a few diﬀerent methods: molecular beam epitaxy
(MBE), plasma synthesis and colloidal synthesis. MBE produces single quantum dots on
a solid semiconductor substrate. Epitaxial QDs can especially be used in optoelectronic
5
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Figure 2.1: (a) Absorption and (b) emission spectra of a series of semiconductor quantum dots.
The absorption and emission band positions shift to the red with the increasing quantum dot
diameter.

and microwave applications, such as lasers and transistors. 15 Nonthermal plasmas can
be used as a gas-phase QD fabrication method. Especially covalently bonded QDs
(e.g. elemental QDs) are often fabricated with the plasma synthesis. 16,17 Liquid-phase,
colloidal synthetic methods are probably the most common ways to manufacture QDs. 18–20
Colloidal synthesis resembles conventional chemical synthesis. The precursor materials
are combined in an organic solution and heated, which arises a nucleation mechanism
followed by nanocrystal growth. The chemical syntheses have been ﬁne-tuned to produce
highly monodisperse QD ensembles. The QDs used in this thesis were prepared with
a chemical synthesis and stored as a powder for delivery and storage. For enhanced
emission intensities, the QD surface can be covered with a larger band gap material. This
inorganic shell passivates the surface defects in the QD, leading to a decreased number of
electron traps in the QD surface and therefore increasing the ﬂuorescence eﬃciency.
Intrinsically, semiconductor QDs are not soluble. They can, however, be modiﬁed to be
soluble in either water or organic solvents by covering the surface with suitable organic
molecules, capping agents. The capping should bear a suitable functional group for
binding to the QD surface, e.g. thiol, carboxylic acid or phosphine oxide. The capping
molecules coordinate onto the QD surface atoms, and the bond strength depends on
the functional group. The functionality of the tail section of the capping molecule then
determines the solubility of the capped QDs: carboxylic ends enable water-solubility,
whereas long hydrocarbon tails make the QDs soluble in nonpolar organic solvents.
In this thesis, semiconductor core-shell QDs (CdSe/ZnS core/shell) were used. The role
of the QDs is diﬀerent from any other semiconductor material used in the thesis: in
addition to serving as the semiconductor surface for binding organic molecules, the QDs
themselves act as the photoactive material. The QDs are excited with visible light, giving
rise to an electron transfer reaction from the QD into the organic electron acceptor.

2.1.2

Organic compounds

Fullerenes
Fullerenes are one of the several allotropic forms of carbon. The most commonly known
allotropes, diamond, graphite, and graphene, consist of a continuous network of carbon
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Figure 2.2: A schematic presentation of a core-shell quantum dot capped with a hydrophobic
organic compound.
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Figure 2.3: Structures of fullerene and phthtalocyanine.

atoms. On the contrary, fullerenes can be thought of individual molecules consisting merely
of carbon atoms. Fullerenes can take various shapes from spherical and ellipsoidal structures to carbon nanotubes. 21 The most commonly known fullerene, buckminsterfullerene
(C60 ), consists of pentagonally and hexagonally ordered carbon atoms (Figure 2.3). The
chemical and physical properties of C60 are quite unique. It has very high electron aﬃnity
(up to 6 electrons), and an exceptionally low reorganization energy in electron transfer
reactions. Moreover, the fullerene anion C−
60 has a very distinct absorption band in the
near-IR, making analysis of the electron transfer kinetics involving this species reliable
and reproducible. 22,23 Fullerenes are insoluble in their pristine form, but they can be
chemically modiﬁed to be soluble in suitable organic solvents. In this thesis, the only
fullerene referred to is C60 and its derivatives.
Phthalocyanines
Phthalocyanines (Pcs) belong to the vast class of macrocyclic tetrapyrrole compounds.
Unlike porphyrins and chlorophylls that are structurally very close to Pcs, phthalocyanines
are not found in nature. Phthalocyanines were ﬁrst discovered in the beginning of the
20th century, and ever since their discovery, they have largely been used as industrial
pigments. 24 Their high molar absorption coeﬃcients, chemical modiﬁability, and superior
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H-aggregates

J-aggregates

Figure 2.4: Schematic presentation of (a) H-type and (b) J-type aggregates. In H-aggregates,
the phthalocyanine macrocycles are perpendicularly oriented towards the aggregate axis, whereas
in J-aggregates the angle between the mean axis of the molecule and the axis of the aggregate
approaches zero.

thermal and chemical stability make them likewise attractive for various applications
such as catalysis, photodynamic therapy, optical ﬁlters, and photovoltaics. 25–27 Structure
of the unsubstituted phthalocyanine is presented in Figure 2.3. The central cavity can
coordinate a metal atom, yielding a metal phthalocyanine (MPc). Various metals have
been used in diﬀerent phthalocyanines, inducing changes in the chemical and optical
properties in the compounds.
A major drawback for the use of phthalocyanines in e.g. photovoltaic applications is their
tendency towards aggregation. The π-electron clouds of two adjacent phthalocyanine
molecules tend to interact and the molecules agglomerate together. Hence, the aggregation
is often described as π − π stacking.
Aggregation in organic dyes can be divided in two categories: the H- and J-aggregates.
The diﬀerent aggregation stages can be clearly distinguished in the absorption spectra of
the phthalocyanine. Compared to the spectrum of monomeric Pc, the aggregated spectrum
shows a decrease in the absorption intensity as well as the growth of a new absorption
band on the short-wavelength side of the monomer absorption. The blue-shifted band
might even become the dominant feature in the spectrum. Historically, the H-aggregates
were named after the blue-shift (the hypsochromic shift). For J-aggregates, however, a
completely new, intense absorption feature emerges on the long-wavelength side of the
monomeric absorption band. The red-shifted J-aggregates (J presumably for Jelley, who
discovered the red-shifted aggregates) are much less common than H-aggregates. 25
On a molecular level, the diﬀerent aggregates are explained by diﬀerent positioning of the
individual molecules in the aggregates. For phthalocyanine aggregates, the Pc molecules
are organized at a certain tilt angle (α) between the long axis of the molecule and the axis of
the aggregate (Figure 2.4). In H-aggregates, the tilt angle is 90°(sandwich-type aggregates),
whereas in J-aggregates, the tilt angle approaches zero (end-on aggregates). 25,28 The
molecular orientations inside the aggregates are schematically presented in Figure 2.4.
As mentioned, aggregation changes the optical properties of the Pcs drastically. The
close proximity of two or more adjacent Pc molecules also aﬀects the performance of
Pc-based photovoltaic devices. When an aggregated ensemble of Pcs is excited, the
closely-packed molecules interact with each other, opening up relaxation channels that
compete with the desired reactions (electron and/or energy transfer into an external
acceptor). Therefore, it is crucial to avoid and reduce the aggregation as much as possible.
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In solar cell applications, phthalocyanines are adsorbed onto a semiconductor surface,
resulting in a solid thin ﬁlm. In a system like this, there are two eﬀective ways to reduce
the aggregation: (i) “dilution” of the ﬁlm by mixing the Pc with a suitable co-adsorbate,
and (ii) substituting the phthalocyanine core with bulky substituents.
The use of molecular co-adsorbates has been a popular approach in aggregation-reduction.
The aim is to incorporate other molecules with roughly the same size in the Pc matrix.
With another molecule in the thin ﬁlm, the Pc molecules stay further away from each other
and therefore retain their monomeric form. The method is simple because no chemical
modiﬁcation of the phthalocyanine itself is needed. Chenodeoxycholic acid (CDCA) has
received a lot of attention as a co-adsorbate in photovoltaic applications. 29–34
Chemical modiﬁcation of the phthalocyanine structure is a more delicate procedure
towards reduced degree of aggregation. Bulky substituents especially in the β positions
of the Pc core (Figure 2.3) comprise steric hindrance, and thus increase the distance
between two adjacent Pc molecules in any environment (solution and thin ﬁlms). In
addition to aggregation-reduction, substitution of the Pc core may have a major eﬀect
on the optical properties of the compound, as well as its solubility in organic solvents.
Therefore, careful planning and synthetic eﬀort are needed for creating compounds with
reduced aggregation together with other properties suitable for the desired application. It
has been shown, however, that the substitution approach is more eﬃcient in reducing the
aggregation in photovoltaic devices through increased performance of the devices. 32,35–38
In this thesis, both methods are tested and their eﬀect on the kinetics of the photoinduced
reactions is evaluated. Five diﬀerent phthalocyanine derivatives with diﬀerent substitution
are used. The degree of aggregation is also excpected to be diﬀerent in the diﬀerently
substituted Pc derivatives. Two diﬀerent co-adsorbates (CDCA and oleic acid, OA) and
their eﬀect on the aggregation is studied.

2.2
2.2.1

Organic–semiconductor interfaces
Semiconductor surfaces

Transparent conductive oxides (TCOs) are often used as electrodes in dye-sensitized
photovoltaic devices. For optimal performance of the devices, a high photocurrent is
needed. The current results from photoinduced charge separation reactions at the organic –
semiconductor interface. In other words, the more eﬃcient the interaction between the
organic dye and the semiconductor, the higher the eﬃciency of the solar cell. The most
eﬀective interaction between the two moieties is achieved with a dense monolayer of
the organic sensitizer on the semiconductor surface. A ﬂat monolayer, however, cannot
absorb enough light for the photocurrent generation to be very eﬃcient. The solution
is to increase the speciﬁc surface area of the semiconductor substrate by “folding” or
wrapping the surface. When the folding is done in a very minuscule size domain, one can
talk about nanostructured semiconductor electrodes. For nanostructured materials, the
speciﬁc surface area can be hundreds of times larger than the apparent (macroscale) area
of the electrode.
Nanostructured semiconductors come in various shapes and morphologies. Spherical
nanoparticles are perhaps the most common, and the TiO2 nanoparticles and quantum
dots used in this thesis are essentially nanospheres with diﬀerent sizes. 4,39 The third
material used in this thesis, zinc oxide, is well-known for its substantial selection of
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available nanomorphologies. ZnO can be produced in cylindrical assays (rods, wires and
tubes), tetrapods, spheres and shells, helices as well as propeller-like structures. 40–43
The QDs used in this thesis are used in their colloidal form and no apparent area is to be
deﬁned, but TiO2 is used as an mesoporous network of interconnected nanoparticles, and
ZnO as pillar-like nanorods (ZnOr). TiO2 NP ﬁlms are known to have a speciﬁc surface
area of 100 – 200 times the apparent area, whereas ZnO nanorods increase the apparent
area by 30 – 50 times. TiO2 nanoparticle ﬁlms are commonly used in DSSC applications.
The electron mobility in ZnO is, however, at least an order of magnitude greater than in
TiO2 . 44 ZnO is also a safe, naturally abundant and cost-eﬃcient material. Therefore, there
has been a growing interest in replacing TiO2 in solar cells with ZnO-based structures.

2.2.2

Self-assembled monolayers

The history of self-assembled monolayer (SAMs) is often thought to have begun in the
1980s, when Nuzzo and Allara reported the adsorption of dense alkanethiolate monolayers
on gold surfaces. 45,46 Research on the topic, however, dates back all the way to the 1940s,
when Zisman et al. reported on dense monolayers of several diﬀerent organic compounds
on clean metal surfaces. 47 The early experiments did not reach large interest, because
the potential of this simple method was not yet recognized. Nowadays, self-assembly is a
widely used method covering a broad range of substrates, compounds as well as binding
groups.
Ulman 46 deﬁnes SAMs as “ordered molecular assemblies formed by the adsorption
of an active surfactant on a solid surface”. In other words, organic compounds with
suitable functional groups spontaneously form dense monolayers on a solid surface upon
immersing a solid substrate into a solution containing the compound in a low to moderate
concentration. The variety of available substrate materials is broad: metals, other elements
(such as silicon), oxides, and other covalently bound compounds are the most commonly
used. 46,48–53
Both the substrate and the binding anchor are chosen according to the desired application.
Thiols and thiolates are often used on metal surfaces, phosphonic acid and carboxylic acid
on metal oxides, and siloxanes on silicon oxide (glass and quartz). The binding strength
varies from the near-covalent bonds in thiols on Au surfaces to electrostatic interactions
in acid – metal oxide systems. Figure 2.5 presents possible diﬀerent binding modes for a
carboxylic acid anchoring group on a metal oxide surface. The two-dentate binding modes
result in stronger binding than the unidentate modes, chelating and bridging modes being
the most stable and thus the most common binding modes for carboxylic acids on ZnO
and TiO2 surfaces.
The advantage of the SAM method over several other thin ﬁlm preparation methods lies
in the simplicity of the deposition. No harsh conditions (e.g. vacuum) are needed, nor is
specialized equipment. SAMs can be produced on both planar and curved surfaces, and
even on porous surfaces (taken that the pore size in the substrate structure is considerably
larger than the size of the adsorbate). Reaction conditions (solvent, concentration,
temperature, immersion time, etc.) for SAM deposition depend largely on the substrate –
adsorbate system. As an example, dye monolayers for dye-sensitized solar cells are
typically prepared from a millimolar solution, at room temperature, and with 20 – 24 h
immersion time. Optical absorbance of SAM layers is expected to be proportional to
the surface area (taken that the monolayer formation is complete). Therefore, SAM
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Figure 2.5: Possible binding modes for a carboxylic group on a metal oxide surface: (a) electrostatic interaction, (b) double-handed hydrogen bonding, (c) single-handed hydrogen bonding,
(d) ester-like bonding, (e) bridging, and (f) chelating. 54

absorption can be used as an estimate of the speciﬁc surface area compared to a ﬂat
surface. 55
In this work, carboxylic acid is used as the SAM anchoring group. It is known to form
good-quality monolayers on metal oxides, and given that the electronic structure of the
used QD material (ZnS in the QD shell) is similar to ZnO, COOH group is expected to
produce a rather stable bond on the QD surface as well.

2.3

Photoinduced processes at organic–semiconductor
interfaces

When an organic molecule is attached onto a semiconductor surface, it is doomed to
interact with the semiconductor. There are two possibilities for the processes following
photonic excitation: energy transfer (EnT) and charge transfer (CT). An energy transfer
process would end up in the energy acceptor in the excited state and the energy donor
back in the ground state (eq. 2.1):
D∗ + A → D + A∗ .

(2.1)

In a photovoltaic device, however, it is crucial to get electrons to ﬂow into an external
circuit, and therefore energy transfer reactions are not desired in such applications.
Diﬀerent photoinduced processes at an organic – semiconductor interface are illustrated in
Figure 2.6. Positions of the energy levels of the organic compound with respect to the
conduction and valence bands of the semiconductor play a key role in determining the
direction of the electron transfer.
In Figure 2.6(a) and 2.6(b), the semiconductor acts as the photoactive moiety. If the CB
edge of the semiconductor is located higher in energy than the lowest unoccupied molecular
orbital (LUMO) of the organic compound, electron transfer from the semiconductor to
the organic compound can occur (Figure 2.6(a)). Respectively, if the highest occupied
molecular orbital (HOMO) of the organic compound lies higher in energy than the
semiconductor VB edge, an electron may transfer from the organic HOMO to the
semiconductor VB, leaving an electron vacancy in the organic HOMO. This process is
also termed a photoinduced hole transfer (Figure 2.6(b)).
The situation is opposite in Figure 2.6(c) and 2.6(d): The organic moiety is excited, and
depending on the mutual orientation of the energy levels, either photoinduced electron
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Figure 2.6: Schematic presentation of possible electron transfer reactions at an organic –
semiconductor interface: (a) Photoinduced ET from the semiconductor CB to organic LUMO;
(b) Photoexcitation followed by ET from organic HOMO to semiconductor VB; (c) Photoinduced
ET from organic LUMO to semiconductor CB; (d) Photoexcitation followed by ET from
semiconductor VB to organic HOMO.

transfer from the organic LUMO to the semiconductor CB (Figure 2.6(c)) or photoinduced
hole transfer from the organic HOMO to the semiconductor VB (Figure 2.6(d)) may take
place. For example in dye-sensitized solar cells, the process depicted in Figure 2.6(c) is
the primary photoinduced process.
Kinetics of these ET processes are aﬀected by various factors, such as the binding strength
of the organic compound, the energy level positions, and the density of states in the
semiconductor. Separation of all the diﬀerent factors is rather diﬃcult, but for an ET
process to be as eﬀective as possible, at least the following properties should be optimized:
Energy levels. As visualized in Figure 2.6, positioning of the semiconductor CB edge
and organic LUMO level determine whether an electron transfer reaction is thermodynamically possible.
Density of states (DOS). The energy levels are continuously spread in the semiconductor conduction band. The distribution of the energy levels can be expressed
with a density function, and the higher the density, the more states there are ready
to accept an electron. Therefore, a high DOS at the conduction band renders a fast
electron transfer process in an organic-to-SC electron transfer. In SC-to-organic
transitions, the density of states does not play such a remarkable role, because the
excited electron quickly relaxes to the conduction band edge and is then transferred
into a single molecular orbital.
Orientation of the organic molecules. Organic chromophores always have a certain
degree of freedom in a SAM. Thus, they can take diﬀerent conformations on the
semiconductor surface. The tilt angle of the molecules may vary, and thus the
distance of the photoactive moiety and the semiconductor varies as well. Because
the electron transfer reaction in these organic – semiconducor systems occurs in the
through-space regime, the distance has a direct impact on the ET rate. The closer
the chromophore is to the semiconductor surface, the faster the electron transfer.
Molecular aggregation. For an eﬃcient solar cell, it is convenient to load as much of
the photosensitizer in the cell as possible. In very dense monolayers, however, the

2.4. Solar cells

13

organic molecules might interact with each other, opening competitive relaxation
channels for the excited state, as already discussed in more detail in Section 2.1.2.
In solar cell applications, two aggregation-reducing mechanisms are predominant:
bulky substitution of the dye as well as the use of co-adsorbates. For a SC-to-organic
electron transfer, the aggregation does not have such a remarkable eﬀect on the ET
rate: the organic compound remains in the ground state as long as it receives the
electron and anionizes.
Electronic coupling. The ET rate between a donor and an acceptor moiety strongly
depends on the electronic coupling between the two moieties. The electronic
coupling is in turn proportional to the overlap of the organic molecular orbitals
and the semiconductor energy bands, and is therefore also dependent on the dye –
semiconductor distance. In the high coupling regime, the ET is adiabatic and
believed to occur via a concerted motion of nuclei, through a transition state. In
the low coupling (or non-adiabatic) regime, on the other hand, the ET reaction
mechanism is a quantum-mechanical transition from the donor to the acceptor. A
non-adiabatic ET reaction may be as fast as an adiabatic ET, if the DOS of the
acceptor is high enough, i.e. for an organic-semiconductor system with the LUMO
of the organic dye inside the semiconductor CB.

2.4

Solar cells

Grätzel and O’Regan 4 opened a new era in solar cell research by publising a new type
of solar cells in the early 1990s, the dye-sensitized solar cell (DSSC). Compared to
the conventional Si solar cells, dye-sensitized cells are a low-cost and environmentally
sustainable choice. They are based on a TiO2 nanoparticle ﬁlm sensitized with an organic
dye. The cells are completed with an electrolyte solution and a counter electrode. The
highest eﬃciencies for DSSCs range to more than 14%. 6 For the family of dyes chosen for
this thesis, phthalocyanines, the highest power conversion eﬃciencies obtained are close
to 7%. 56,57
There are, however, some obstacles to overcome before DSSCs may become a mainstream
solution for solar energy harvesting. Especially the liquid electrolyte poses corrosion
and leakage problems in long-term use. During the recent years, there has been a
growing interest in replacing the liquid electrolyte by a solid hole-transporting material
(HTM). These kind of DSSCs are called solid-state DSSCs (ssDSSCs). Several solid
HTMs have been investigated, including both polymers (e.g. poly(3-hexylthiophene,
P3HT) and small molecules (e.g. 2,2’,7,7’-tetrakis(N,N -di-p-methoxyphenylamino)-9,9’spirobiﬂuorene, spiro-MeOTAD). 58,59
Figure 2.7 presents the basic structure of a solid-state DSSC. The photogenerated electrons
move from the sensitizer dye into the TiO2 NPs and further towards the bottom electrode
(FTO). The dye cations are regenerated by hole transfer into the HTM and the top
electrode (Ag).
Performance of a solar cell is measured using a solar simulator. The solar spectrum is
mimicked with a standardized (AM1.5) light source, and electric current through the cell
is measured over a certain voltage range, yielding a current – voltage curve (IV-curve). A
typical IV-curve is presented in Figure 2.8. Current ﬂowing in the solar cell is plotted
in Figure 2.8 with red. Some of the quantities characterizing the cell are indicated in
the plot: short-circuit current (Jsc ) is the current at zero bias voltage, and open-circuit
voltage (Voc ) is the voltage at open circuit conditions (current = 0).
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Figure 2.7: Schematic structure of a solid-state dye-sensitized solar cell.
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Figure 2.8: Example of an IV curve (red) and the calculated power generated by the solar cell
(blue). The short-circuit current (Jsc ) and open-circuit voltage (Voc ) are indicated in the plot.
The negative power and current values indicate work generated by the device. Maximum power
point (Pmax ) shown in magenta, together with the corresponding current and voltage values.

The blue plot indicates the power generated or consumed by the cell; the negative
values indicate net power generated by the cell. The point where the generated power is
maximized is indicated in the plot with magenta (Pmax ). The corresponding current and
voltage values (Jmax and Vmax , respectively) are likewise indicated.

Eﬃciency of the cell is described with a few diﬀerent characteristic numbers. The overall
eﬃciency is best described with the power conversion eﬃciency, η (eq. 2.3). Goodness
of the sample in regard to the shape of the IV-curve is portrayed by the ﬁll factor, F F
(eq. 2.2). The number of photons converted into electrons in the cell are described by
two quantities, the incident photon-to-current eﬃciency, IP CE (or the external quantum
yield, eq. 2.4), and the absorbed photon-to-current eﬃciency, AP CE (internal quantum
yield, eq. 2.5).
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The photon-to-current eﬃciencies here are wavelength-dependent quantities. They are
calculated from a so-called photocurrent action spectrum (PCAS). The short-circuit
current of the cell is measured as a function of excitation wavelength (monochromatic
illumination). By comparing the generated Jsc to the input power (Pin ) at a certain
wavelength, the number of electrons generated per each photon arriving at the device can
be calculated. The resulting IPCE spectrum should follow the shape of the absorption
spectrum of the sample. APCE takes into account the number of absorbed photons in
the sample, better describing the ability of the device to convert photons into electrons if
the absorbance is low.

3 Materials and Methods
This chapter presents the experimental methods that were used in the thesis. Section 3.1
introduces the photoactive compounds. The thin ﬁlm preparation methods used to build
the solid samples are described in Section 3.2, and the methods used to characterize
the samples are brieﬂy discussed in Section 3.3. Because the ultrafast spectroscopy
instruments require the most handwork, they are described in deeper detail than the
routinely used absorption and emission spectrometers as well as the scanning electron
microscope. The data ﬁtting models used to analyze the time-resolved data are also
described. More details on the experimental methods can be found in publications I – IV
and the references therein.

3.1
3.1.1

Compounds
CdSe/ZnS quantum dots

The CdSe/ZnS quantum dots used in the thesis (Paper I) were purchased from PlasmaChem GmbH. The QDs consist of a spherical cadmium selenide (CdSe) core and an
epitaxial zinc sulﬁde (ZnS) shell of approx. 0.6 nm thickness. 60 The shell passivates the
QD surface, giving rise to the high ﬂuorescence quantum yields. Furthermore, the QDs
are covered by an organic capping agent (trioctylphosphine oxide, TOPO) to make the
QDs readily soluble in hydrophobic organic solvents.

3.1.2

Organic photoactive compounds

Structures of the organic photoactive compounds used in the thesis are presented in
Figure 3.1. The fullerene derivative C60 was synthesized at the Laboratory of Chemistry
and Bioengineering at Tampere University of Technology. 61,62 The zinc phthalocyanines
(ZnPc 1 – ZnPc 5) were synthesized at Universidad Autónoma de Madrid. 29,32,37,63 All
of the compounds studied here bear a carboxylic group that serves as the anchor when
assembling onto semiconductor surfaces (QDs, TiO2 NPs, and ZnO nanorods).
Fullerene derivatives are known for their electron-accepting properties. 22,64,65 For the
QD – C60 hybrids, a fullerene derivative with moderate solubility in organic solvents was
chosen. Moreover, the carboxylic anchor group has a higher binding constant on QD
surfaces than the original QD capping agent (TOPO), enabling the C60 to replace some
of the native capping molecules and bind to the QD surface.
The phthalocyanines ZnPc 1 and ZnPc 2 are structurally very alike, the only diﬀerence
being the length of the spacer between the carboxylic anchor and the phthalocyanine core.
They have bulky substituents in the phtalocyanine peripheral area, making them less prone
to aggregation than the less substituted ZnPc 3 and ZnPc 4. The least substituted ZnPc,
17
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Figure 3.1: Structures of the organic compounds.

ZnPc 5, is known to aggregate in organic solvents and in solid ﬁlms. 29,32,37 Therefore,
ZnPcs 1 – 4 were selected for studying the eﬀect of substitution on the phthalocyanine
aggregation on semiconductor surfaces, whereas ZnPc 5 is a good candidate for the
co-adsorbate studies.

3.2
3.2.1

Sample preparation methods
QD–C60 hybrids

QD – fullerene hybrids are QDs where the fullerene derivative has replaced some of the
capping agent molecules on the QD surface, and is either chemically or electrostatically
bound to the semiconductor surface. The binding mechanism is essentially a SAM on a
semiconductor substrate (Section 2.2), but only a few organic molecules being linked to
each individual QD.
Preparation of the QD – fullerene hybrids was described in Paper I. Brieﬂy, the QDs were
dispersed in hexane and mixed with C60 in increasing concentrations. Absorption and
emission spectra as well as the ﬂuorescence lifetimes were recorded before the C60 addition
and after each addition. For the transient absorption measurements, the QD-to-C60 ratio
was chosen based on the titration experiments. In the TA samples, the QD emission was
quenched by more than 90%, leading to the assumption that most of the QDs in the
solution were hybridized with at least one fullerene molecule.

3.2.2

ZnO nanorod growth

ZnO is known for its ability to form nanostructured single-crystalline ensembles in various
shapes. In this thesis, ZnO was used thanks to its good electron transport properties

3.2. Sample preparation methods

19

(electron mobility in single-crystalline ZnO should be at least an order of magnitude
greater than in TiO2 NP ﬁlms). 66,67 ZnO nanorods oﬀer a well-structured nanoscale
substrate with an increase in the speciﬁc surface area of ca. 10 – 20 times compared to a
ﬂat layer. Growth of the ZnO nanorods is relatively easy to control using a hydrothermal
method. 68 The method consists of two steps: ﬁrst, a thin ZnO seed layer is prepared.
Then, the single crystal nanorods are grown on top of the seed layer.
The ZnO seed layers were prepared by spin-coating a zinc acetate (ZnAc) precursor
solution (ZnAc in 2-methoxyethanol:ethanolamine 96:4 by volume) onto UV-ozone treated
ITO substrates. For all spin-coated layers in this thesis, a Laurell WS-400B-6NPP/LITE
spin-coater was used. To convert the ZnAc to ZnO, the substrates were annealed in air at
380 °C for 20 min. The resulting seed layer is thin (ca. 25 nm) and porous. 68
The actual nanorod growth was carried out at 85 °C. The ZnO seed layer substrates were
placed upside down in a container ﬁlled with the ZnO nanorod precursor solution, zinc
nitrate and hexamethylene tetramine (HMTA) in H2 O. The container was then placed
in a water bath and the nanorods were grown for 6 h (1 h warming up the precursor
solution, 5 h actual nanorod growth). After the reaction, the ZnO nanorod substrates
were rinsed with milli-Q H2 O and dried in air. The nanorods were approx. 790 ±25 nm
in length and 38 ±1 nm nm in diameter (Paper III).

3.2.3

TiO2 layers

TiO2 NP layers were used for transient absorption measurements as well as for ssDSSCs.
Since many samples were directly used for both purposes, the sample preparation is
described for the photovoltaic device fabrication. Some of the samples were used only for
TA measurements. Those samples were prepared without layers such as the top electrode;
crucial for the solar cell function but not directly involved in the primary photoinduced
reactions.
FTO pre-cleaning and patterning
The TiO2 layers were prepared on ﬂuorine-doped tin oxide (FTO, surface resistivity
7 Ω/2) coated glass substrates. The substrates were purchased as 30×30 cm sheets. The
large sheets were cut to approx. 2×2 cm substrates with a glass cutter.
The substrates were patterned with a grinding tool (Dremel) using a grinding stone.
Figure 3.2a depicts the pattern that was ground on the substrates, serving 4 parallel
solar cell samples on each individual substrate. After the patterning, the substrates were
cleaned in an ultrasonic bath in Hellmanex® III washing agent and 2-propanol.
TiO2 compact layer
A typical hole-blocking layer in TiO2 -containing solar cells is a thin, continuous layer of
TiO2 . This blocking layer, or compact layer, can be produced via a variety of methods:
spray pyrolysis 69–71 , sputtering 72,73 , sol-gel method 74 , cathodic arc plasma 75 , liquidphase deposition 76 and spin-coating. 77 In this thesis, spin-coating was chosen since the
process is simple and easy to modify.
The TiO2 compact layers (CL) were prepared by spin-coating an acidic solution of
titanium isopropoxide onto the pre-cleaned FTO substrates. The spin-coating solution
was prepared by ﬁrst mixing 1.5 ml of ethanol with 21 μl of HCl (2 M aq.), and then
dissolving 210 μl of titanium isopropoxide in 1.5 ml EtOH. These two solutions were mixed
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(a)

(b)

FTO
TiO2 NP | ZnPc
Spiro-MeOTAD
Ag

Figure 3.2: (a) FTO patterning, and (b) schematic structure of the ssDSSC samples.The active
area is the intersection of the Ag top electrode and the TiO2 NP | ZnPc, depicted by the dashed
lines.

dropwise with vigorous stirring. The resulting Ti isopropoxide solution was spin-coated
on top of the FTO substrates, followed by annealing in air at 120 °C for ca. 10 min.

TiO2 NP mesoporous layers
The TiO2 NP layers serve as a mesoporous substrate for the organic sensitizing dyes, as
well as an electrode in the ssDSSCs. The layers were prepared by either screen-printing
or spin-coating. Screen-printing is a very feasible technique when it comes to producing
several samples at a time with high reproducibility in thickness. The downside, however,
is that whenever the desired ﬁlm thickness changes, a new printing screen with diﬀerent
mesh properties is needed. With the spin-coating technique it is easier to produce diﬀerent
ﬁlm thicknesses for testing purposes for small sample batches.
A printing screen with 77 – 55 mesh (mesh thickness 87 μm) was used to produce 2 μm
thick TiO2 NP electrodes. Solaronix Ti-Nanoxide T/SP nanoparticle paste was screenprinted on top of the FTO | TiO2 CL substrates. The resulting TiO2 NP ﬁlms were
dried for ca. 15 min in air to let the solvent evaporate. For thinner TiO2 NP samples,
Dyesol 18 NR-T TiO2 paste, diluted at a 2:5 weight ratio in EtOH, was spin-coated on
top of the FTO | TiO2 CL substrates, followed by annealing in air at 120 °C for ca. 10
min to evaporate the solvent residues.

TiCl4 treatment
The surface roughness of TiO2 NP layers can be increased by treating the layers with
titanium tetrachloride (TiCl4 ), leading to higher dye loading in a DSSC and therefore
higher eﬃciencies. 78,79 First, an aqueous stock solution of TiCl4 was prepared: 1.56 ml
of H2 O was frozen in a small vial together with a stirring bar. Once frozen, the vial was
placed in an ice bath and 440 μl of TiCl4 was added dropwise. The solution was stirred
for 10 min, and the resulting 2 M solution was stored in the freezer. Strictly speaking,
the result is not an aqueous solution of TiCl4 ; TiCl4 reacts with the H2 O to form several
diﬀerent titanium oxides and oxychlorides. 80 The details of these reactions are beyond
the scope of this work, and this procedure is simply referred to as TiCl4 treatment.
For the TiCl4 treatment, the stock solution was diluted to 0.02 M, and the TiO2 NP
substrates were immersed into the solution at 70 °C for 30 min, and thoroughly washed
with milli-Q H2 O.

3.2. Sample preparation methods

21

Sintering
All of the aforementioned TiO2 layers were sintered in a furnace to burn the solvents and
binding agents and to form solid nanoparticle layers. The samples were placed into the
furnace at room temperature, and the temperature was increased at a rate of 20 °C/min
up to 475 °C. This temperature was maintained for 45 min, followed by slow cooling to
avoid cracking of the substrates.

3.2.4

SAMs

The ZnPcs used in this thesis were deposited onto the ZnO nanorods and TiO2 NP
surfaces via the self-assembly method. The details for the monolayer formation (choice of
solvent, concentration, reaction time) vary according to the compound and the substrate.
For the ZnO nanorods, 30 min reaction time was suﬃcient, whereas with the thicker
TiO2 NP layers, 20-24 h reaction times were used.
The choice of solvent for the ZnPc SAMs on ZnO nanorods is explained in Paper III. Brieﬂy,
toluene was the ﬁrst solvent tested. Unfortunately, absorbances for the ZnOr | ZnPc 1
SAMs were consistently lower than for ZnOr | ZnPc 2. Therefore, two-component solvent
mixtures were tested. Toluene:EtOH mixtures did not produce good-quality SAMs, but
t-BuOH:MeCN 1:1 (vol:vol) seemed to produce good-quality ZnOr | ZnPc SAMs with
absorbances close to 0.2 at the maximum. Concentrations of the studied SAM solutions
varied from 0.03 to 0.1 mM, 0.03 mM being concentration used for the t-BuOH:MeCN
solutions.
Based on the experiences with ZnOr SAMs, the SAMs on TiO2 NPs were consistently
prepared from t-BuOH:MeCN. However, due to the higher speciﬁc surface area of the
TiO2 NPs, higher solution concentrations were needed. The dye concentration in these
solutions was typically 0.1 mM. When studying the eﬀect of co-adsorbates (Paper IV), the
co-adsorbates were added directly to the SAM solutions in molar proportions 1:1 . . . 1:100.
This means that the co-arsorbate concentrations in the solutions ranged from 0.1 to
10 mM.
The samples were immersed into the SAM solutions in ambient conditions. After the
reaction, the unbound ZnPc molecules were removed by immersing the samples for 5 min
into the same solvent that was used for the monolayer formation. Absorption spectra
for the samples were measured before and after each reaction, with care taken that the
samples were positioned in the absorption spectrometer sample compartment similarly in
both cases. Therefore, the absorption spectra should be comparable and the substrate
spectra could be subtracted from the sample spectra, giving the absorbance of the dye
layers only.

3.2.5

Hole-transporting layer: Spiro-MeOTAD

The hole-transporting layer, spiro-MeOTAD, was deposited on top of the ZnPc SAMs on
ZnO nanorods and TiO2 NPs by spin-coating. The purpose of the hole-transporting layer
is to transfer the photogenerated holes into the solar cell cathode as well as to serve as an
electron reservoir for dye regeneration.
For the ZnO nanorod samples, spiro-MeOTAD was dissolved in anhydrous chlorobenzene.
For the TiO2 NP samples for ssDSSCs, small amounts of LiTFSI and t-BP were added
for enhanced hole-transporting capability. Also, the spiro-MeOTAD concentration was
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higher for the TiO2 NP samples because of the thicker ﬁlm and larger speciﬁc surface
area of the TiO2 NP ﬁlms compared to ZnOr.

3.2.6

Solar cell samples

For ssDSSC samples, Ag top electrodes were prepared. The TiO2 | ZnPc | spiro-MeOTAD
samples were masked with a shadow mask to obtain four parallel solar cell samples on
each substrate. The resulting active electrode areas were ca. 2 mm2 . The ssDSSC samples
are illustrated in Figure 3.2b.
The Ag top electrodes were prepared using an Edwards Auto 306 vacuum evaporator under
a high vacuum (ca. 5×10−6 mbar). The silver is placed as a granule onto a molybdenum
boat, that is then resistively heated. Given the reduced pressure, the silver melts and
evaporates at lower temperatures than at atmospheric pressure. Once evaporated from the
granule, the gaseous Ag atoms travel through the sample chamber and immobilize on the
substrate surface. The electrode thickness was ca. 75 nm, giving a reasonable conductivity
for the top electrode without penetrating the silver too much into the spiro-MeOTAD
layer.

3.3
3.3.1

Sample characterization
Scanning electron microscopy

Scanning electron microscopy was used to investigate the morphology of TiO2 NP and
ZnO nanorod surfaces (Papers II – IV). A FE-SEM instrument (Carl Zeiss Ultra 55) was
used for the imaging. Two types of images were taken: top images to show the quality
of the topmost layer of the substrate, and cross-section images to examine the sample
thickness, layer quality as well as spiro-MeOTAD inﬁltration. Typically, the images were
taken with a 30 μm aperture and 0.75 – 1.5 kV acceleration voltage. Low acceleration
voltages were used especially for the spiro-MeOTAD-containing samples to avoid the
electron beam passing through the organic material.

3.3.2

Steady-state spectroscopy

Steady-state absorption and emission spectra were used for routine analysis of the
samples and to plan the time-resolved measurements. Absorption spectra of the samples
were measured using Shimadzu UV-1800 and UV-3600 UV-Vis-NIR spectrophotometers,
typically in the wavelength range 300 – 850 nm. Emission spectra were recorded using a
ISA – Jobin Yvon – SPEX – Horiba Fluorolog-3-111 ﬂuorometer, typically with excitation
at 440 nm and monitoring in 480 – 850 nm range. The raw signals were corrected using a
correction function supplied by the manufacturer.

3.3.3

Time-resolved spectroscopy

Emission decay kinetics were studied for the QD – C60 hybrids (Paper I) using the timecorrelated single photon counting (TCSPC) method (PicoQuant GmbH.). The samples
were excited at 483 nm by a pulsed laser diode. The excitation wavelength was chosen
to be as close to the local minimum of C60 absorption as possible to excite mainly the
QDs. Fluorescence decays of the samples were recorded using a photomultiplier tube
in 0 – 200 ns range. The QD emission maxima for each QD sample were used as the
monitoring wavelengths.

3.3. Sample characterization
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Figure 3.3: Simpliﬁed scheme of the pump-probe instrument.

Ultrafast transient absorption spectroscopy was used to investigate the kinetics of the
photoinduced processes both in solutions (QD-C60 hybrids, Paper I) and in solid samples
(TiO2 NPs and ZnO nanorods, Papers II – IV). Conceptually, all transient absorption
measurements consist of collecting time proﬁles of the sample absorption after a photonic
excitation. This can be done at one wavelength or multiple wavelengths at a time, the
latter resulting in a transient absorption spectrum. Since most compounds have diﬀerent
absorption spectra in the ground, excited, and ionic states, the time evolution of the
absorption at diﬀerent wavelengths reveals which intermediate states are present in the
samples at diﬀerent times.
The time-resolved transient absorption spectra were measured in the picosecond time
scale using the so-called pump-probe method. The heart of a pump-probe system are
two ultrashort light pulses, the excitation (pump) pulse and the monitoring (probe)
pulse. Both pulses are generated from the same fundamental pulse using e.g. an optical
parametric ampliﬁer (OPA) or a white-continuum generator (WCG). One of the pulses is
passed through a delay line, providing a tunable time gap between the pump and probe
arrival at the sample. Absorption spectra of the sample are measured at diﬀerent time
delays after the excitation, providing the transient absorption data. Figure 3.3 depicts a
simpliﬁed scheme of the pump-probe instrument.
In the system used in this thesis, the fundamental pulses at 800 nm are generated
using a Libra F laser system (Coherent Inc.) at a pulse repetition rate 1 kHz. The
fundamental pulse duration is approx. 100 fs, and the pulse energy 1 mJ. The fundamental
pulse is then split in two: the majority (ca. 90%) is guided into the OPA (Topas C,
Light Conversion Ltd.) to produce an excitation pulse at the desired wavelength (483 nm
for the QD – C60 hybrids and 695 nm for the ZnPcs on semiconducting supports), and
then directed into the sample compartment. The rest (10%) of the fundamental pulse is
used for the monitoring. The beam is directed into a white continuum generator (sapphire
crystal), split into reference and signal beams and then guided into the sample. Before
the white continuum generator, the probe pulse is passed through a delay line to provide
a tunable time gap between the pump and probe arrival at the sample. The signals were
measured using an ExciPro TA spectrometer (CDP Inc.) with a CCD array for the visible
wavelengths or an InGa array for the NIR wavelength range.
The measurements were carried out either in cuvettes made of special optical glass with
2 mm optical path length, or by directly guiding the beam at the solid samples. Typically,
the spectra were measured by averaging over 5 s. To avoid photodegradation, the solution
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samples were stirred during the measurements to obtain a fresh specimen for each arriving
pump pulse. For the solid samples, moving the sample during the measurement was not a
feasible option (overlap of the pump and probe beams might be lost), so the degradation
was monitored by checking the signal intensity again after the measurements. If a similar
signal intensity was obtained again after the measurement, the sample was considered
not degraded. Moreover, the ZnO nanorod samples (Papers II and III) were measured
in N2 atmosphere to avoid degradation.

3.3.4

Fitting of the time-resolved data

A home-made program was used for data analysis. The aquired signals were ﬁrst ﬁtted
globally using a multiexponential global ﬁtting model:
ΔA(λ, t) = A0 (λ) +



− τt

Ai (λ)e

i

,

(3.1)

where Ai (λ) are the pre-exponential factors and τi are the time constants for each decay
component. The multiexponential ﬁtting model was used for time-resolved emission
and absorption data alike. For the QD emission time proﬁles, weighted averages of the
lifetimes (τavg ) were calculated in order to be able to compare the diﬀerent samples in a
quantitative manner:

τ i Ai
τavg = 
.
Ai

(3.2)

Due to the heterogeneity of the samples, the multiexponential ﬁtting model did not yield
adequate ﬁtting quality. For the QD samples, decay models were developed for both the
emission decays and the TA data that take into account the distribution in the lifetimes
due to the statistical nature of the hybrid formation (Paper I).
For the emission decays, as many as four exponential components were needed to achieve
an adequate ﬁtting quality. Therefore, the data were ﬁtted using the so-called maximum
entropy method (MEM). The MEM ﬁtting model extracts a distribution of the decay
lifetimes with the smallest number of components. 81,82 The emission decay is written as
∞
I(t) =

t

p(τ )e− τ dτ,

(3.3)

0

where τ is the time constant, and p(τ ) is the probability density to ﬁnd a decay with a
time constant τ . The probability density is adjusted to minimize the function
∞
(p(τ ) − p(τ ) ln p(τ )) dτ,

S=

(3.4)

0

keeping the weighted mean square deviation, χ2 , close to unity. For all the presented
results, the χ2 value is in the range 0.99 – 1.05. The MEM ﬁtting model allowed to
estimate the number of non-hybridized QDs in the dispersions, and therefore, helped to
estimate the average QD-to-C60 ratio in the hybrids.

3.3. Sample characterization
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The number of C60 molecules per QD in each hybrid follows the Poisson statistics
reasonably well. 83–85 Therefore, the relative concentration of C60 molecules in each
hybrid, c, can be estimated. For the TA data, the decay is then written as


t
− t
A(t, c) = A0 exp − − c(1 − e τET ) ,
τ0

(3.5)

where the pre-exponential factor A0 is determined by the population of the excited state
immediately after excitation, τ0 is the lifetime of a non-hybridized QD, and τET is the
electron transfer time constant for an ideal 1:1 hybrid, i.e. the intrinsic ET time constant.
The total electron transfer time constant, τ , is inversely proportional to the number of
fullerenes in a hybrid (τ = τET /n).
Similarly, the surface traps in the QDs are considered to follow Poisson statistics, and a
relative surface trap concentration can be estimated. Furthermore, the charge recombination needs to be taken into account in the model. The CR is expected to be rather slow,
and it is ﬁtted with a single exponential term. Thus, the global ﬁtting model is written as


t
t
t
A(t, λ) = A0 (λ) exp − − ct (1 − e− τt ) − c(1 − e− τ0 )
τ0




t
t
+ A2 (λ) exp −
,
+ A1 (λ) exp −
τ1
τCR

(3.6)

where ct is the relative concentration of surface traps in the QD, τt is the quenching time
constant for a QD with a single trap, τ1 is the time constant associated with the vibrational
relaxation of the photoexcited QDs, and τCR is the charge recombination time constant.
The ﬁtting yields three decay associated spectra: A0 (λ), A1 (λ), and A2 (λ), associated
with fast thermalization, the QD excited state and the QD – C60 charge-separated state,
respectively. The Poisson ﬁtting model allows to separate the spectral features of the
fullerene anion more clearly than the exponential ﬁtting model. Furthermore, it helps to
reveal the spectroscopic features of QD cations.
For the phthalocyanine samples, a so-called small energy distribution model was used in
combination with the multiexponential model. 86 In the small energy distribution model,
some of the exponential components were replaced with a term allowing for variation in
the Gibbs free energy (or, if needed, in the reorganization energy) of the electron transfer
reaction:

1
f (t) = √
πΔE

X
−X



x2
exp −
ΔE 2





t ax
exp − e kB T
τ0


dx,

(3.7)

where ΔE is the width of the distribution in the Gibbs free energies. The integration
limit X should be large enough to cover the entire distribution in the energy values
(X  ΔE). τ0 is the non-disturbed time constant (according to the classical Marcus
0 +λ0
is a factor that determines how sensitive the decay proﬁle is
theory), a = − ΔG2λ
0
to energy distribution, ΔG0 is the non-disturbed Gibbs free energy, and λ0 is the nondisturbed reorganization energy. 86
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The small energy distribution model accounts for the variations in the electron transfer
rates in the Pc – semiconductor samples. The local environments of the individual Pc
molecules are diﬀerent due to e.g. diﬀerent orientations on the semiconductor surface,
causing a distribution in the ET time constants. With the small energy distribution
model, the number of components in the ﬁtting is reduced and all the components are
based on parameters that are physically meaningful. Furthermore, the diﬀerent samples
can be compared in a quantitative manner.
NB! The longest-lived transient absorption time constants (for all measurements shown in
the thesis) are rather inaccurate due to the fact that the time window of the experiments
is limited to 6 ns.

3.3.5

Solar cell characterization

Performance of the solar cell samples was studied under white light illumination as well
as monochromatic illumination at diﬀerent wavelengths.
Overall performance of the solar cells was studied by measuring the current-voltage
curves (IV curves) in the dark and under white light illumination. The white light was
produced with a standardized (AM 1.5) solar simulator (Sciencetech SS150), and the
samples were excited at one sun (100 mW/cm2 ). The IV curves were measured with a
source/monitoring unit (SMU, Agilent Tech. E5272A).
A home-built system was used for the photocurrent spectrum measurements. A xenon lamp
(Oriel Apex, Newport Corp.) was coupled with a computer-controlled monochromator
(CM110, Spectral Products). The light was directed at the sample at approx. 3 cm2 spot.
The Agilent SMU was used for measuring the photocurrent at zero bias voltage at 10 nm
intervals. The incoming light power was measured using a photodiode (S120VC, Thorlabs,
Inc.) at the same wavelengths.

4 Results and Discussions
This chapter describes the most important results and observations made in Papers I – IV.
Some of the results, especially in Section 4.2 dealing with the reduction of aggregation in
ZnPc monolayers, have been revised. The transient absorption spectra have been reﬁtted
using the small energy distribution model (eq. 3.7) to reduce the number of used decay
components and to make the results more easily interpretable.

4.1

Photoinduced electron transfer on diﬀerent semiconductor
surfaces

Photoinduced processes were investigated on two diﬀerent types of organic – semiconductor
interfaces: in QD – C60 hybrids and in SAMs of phthalocyanine derivatives on TiO2 NPs
and ZnO nanorods. On a phenomenological level, however, the processes are not too
diﬀerent. The electronic states involved are the ground and excited states as well as ionic
states of organic compounds, and valence and conduction bands of semiconductors.
Figure 4.1 presents SEM images of the three semiconductor platforms. The QDs were
deposited on a Si wafer for imaging purposes. There are large clusters of several QDs as
well as individual QDs to be seen. The individual QDs are approx. 6 ± 1 nm in diameter
and reasonably well resolved in the SEM image (Figure 4.1a). The ZnO nanorods
(Figure 4.1b) and TiO2 NPs (Figure 4.1c) were imaged using real sample substrates,
cleaved for the cross-section imaging. The ZnO nanorods are approx. 800 nm in length and
30 nm in diameter. The TiO2 NP ﬁlm is deposited on top of the FTO | TiO2 CL, and the
mesoporous ﬁlm thickness is approx. 2.5 μm. Individual TiO2 NPs are approx. 15-20 nm
in diameter. 87

4.1.1

QD–fullerene hybrids (QD–C60 )

The QD – C60 hybrids are a unique system in that the semiconductor support actually
serves as the chromophore as well. Also, the direction of the electron transfer is opposite
to that observed on other semiconductors in this thesis: from the QDs to the organic
compound.
Figure 4.2 shows typical titration data for a QD – C60 system. The quantum dots have a
rather high emission quantum yield and a relatively narrow (FWHM < 40 nm) emission
spectrum. When hybridized with the C60 , the QD emission is quenched, indicating either
energy or electron transfer (Figure 4.2). The titration experiments, however, provide no
evidence on the nature of the QD-C60 interaction since the fullerene does not emit.
The C60 excited and anion states have absorption features distinguishable from the
ground-state absorption. The transient absorption decay component spectra for QDs
27
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Figure 4.1: SEM images of the three semiconductor surfaces: (a) CdSe/ZnS QDs on Si support,
(b) cross-section of ZnO nanorods (Paper III), and (c) cross-section of TiO2 NP ﬁlm. Inset:
high magniﬁcation top image of the same sample.
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Figure 4.2: (a) Emission spectra and (b) ﬂuorescence decay curves for the QD570 and QD570 –
C60 hybrids. The inset in (a) shows the decrease of the emission intensity as well as the average
ﬂuorescence lifetime as a function of the fullerene content. Paper I.
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Figure 4.3: Decay component spectra for the QD570 – C60 hybrid using (a) exponential ﬁt and
(b) Poisson ﬁt of the TA data. Excitation wavelength was 440 nm. Paper I.
Table 4.1: Estimated QD – C60 molar ratios, fullerene anion formation time constants (τC − ),
60

intrinsic electron transfer time constants (τET ), and charge recombination time constants (τCR )
for the studied QD – C60 hybrids. Paper I.

Sample

QD – C60 ratio

QD540
QD570
QD600
QD630

1:2.4
1:2.0
1:1.9
1:1.7

Exponential
τC − τET
60
(ps) (ps)
80
194
43
86
50
96
77
132

ﬁt
τCR
(ns)
2.2
7.8
12
6.7

Poisson ﬁt
τET τCR
(ps) (ns)
453
14
655
13
133
14
98
50

with 540 nm emission maximum with C60 are presented in Figure 4.3a.
The raw signals were ﬁtted into a sum of ﬁve exponentials. Not all of the decay components
have a clear physical meaning, but due to the statistical (and therefore heterogeneous)
nature of the hybrid formation, they were needed in order to obtain a good-quality ﬁt. The
most important decay components are the formation (43 ps, red) and decay (7.8 ns, blue)
of the fullerene radical anion (C−
60 ). The former describes the rate of electron transfer from
the QD conduction band to the C60 , and the latter the charge recombination from the
C60 radical anion into the QD valence band. Table 4.1 summarizes the decay components
for all QD samples. In the table, time constant for the C−
60 formation is denoted with τC − ,
60

and the charge recombination with τCR , respectively. The C−
60 formation lifetimes are,
however, not directly comparable for diﬀerent QD sizes due to the changing QD-to-C60
ratio from sample to sample. Therefore, the intrinsic electron transfer time constants
(τET ) were estimated by multiplying τC − by the relative amount of C60 present in each
60
QD – C60 hybrid.
In Paper I, the Poisson ﬁtting model was also used. The decay component spectra with
the Poisson model (eq. 3.6) are presented in Figure 4.3b. In the ﬁtting, the shortest-lived
component (hot exciton cooling; black) and the longest-lived component (decay of the
C−
60 ; blue) were still ﬁtted to exponential functions, but the middle components were
replaced by the term accounting for the surface traps as well as the Poisson distribution
of the C60 molecules in the hybrids (red).
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Figure 4.4: Absorption spectra of ZnPc 1 on TiO2 NPs (blue), ZnO nanorods (red, multiplied
by 8), and in t-BuOH:MeCN solution (gray, dashed). Paper II.

Comparing to the multiexponential ﬁtting model, the Poisson model makes the picture
clearer and more informative. Now there are only three components: hot exciton cooling,
−
formation of the C−
60 (or electron transfer) and decay of the C60 (charge recombination).
However, when compared to the multiexponential ﬁt, the Poisson model gives remarkably
longer lifetimes. The lifetimes are compared in Table 4.1.
For example, for the QD570 sample, the intrinsic electron transfer time constant obtained
from the multiexponential ﬁt is 86 ps, whereas it is 655 ps for the Poisson model. A reason
for this discrepancy might lay in the simpliﬁcations made in the Poisson model. It has to
be noted that the Poisson model is a simpliﬁcation of a heterogeneous system, and thus
tends to overestimate the electron transfer time constants. For example, there is most
probably a distribution of electron transfer time constants due to the diﬀerent orientations
of individual C60 molecules on the QD surface. The linker connecting the binding COOH
group to the C60 core is somewhat ﬂexible, giving rise to several possible orientations
and thus several distances between the active moieties. However, the advantage of the
Poisson model is the more clearly resolved C−
60 band.

4.1.2

ZnPc on ZnO nanorods and TiO2

Roles of the organic moiety and the semiconductor are reversed in ZnPc – semiconductor
systems compared to the QD – C60 hybrids. Upon photoexcitation, electron transfer is
expected from the excited organic sensitizer into the semiconductor conduction band.
Kinetics of the electron transfer, or injection, are investigated for ZnPc 1 on two substrates:
ZnO nanorods and TiO2 NPs.
Thickness of the used TiO2 NP layers varied from 2 to 3 μm. Given the greater layer
thickness and the mesoporous structure of the TiO2 NPs, the speciﬁc surface area is
100-fold compared to a ﬂat surface. For the ZnO nanorods, the increase in the surface area
is ca. 20-30-fold. The diﬀerence in the surface areas is well seen in absorption spectra of
the phthalocyanine SAM prepared on both substrates. Figure 4.4 presents the absorption
spectrum of ZnPc 1 on both TiO2 NPs and ZnO nanorods.
Absorbance of the phthalocyanine is almost 10 times higher on TiO2 NPs (blue) than on
ZnO nanorods (red, raw data multiplied by 8). The diﬀerence can be explained by the
diﬀerent speciﬁc surface areas of these two substrates. The shape of the phthalocyanine
absorption spectrum, however, is very similar on both substrates. Moreover, the spectral
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Figure 4.5: Transient absorption component spectra of ZnPc 1 on (a) TiO2 NPs and (b)
ZnO nanorods. Paper II.

shape is very similar to the spectrum of ZnPc 1 in solution (gray, dashed), indicating no
phthalocyanine aggregation.
Figure 4.5 presents the transient absorption decay component spectra for ZnPc 1 on
TiO2 NP and on ZnO nanorods. The results were ﬁtted to a sum of exponential (eq. 3.1)
and small energy distribution (eq. 3.7) functions. The small energy distribution model
reduces the number of needed components and therefore simpliﬁes the interpretation of
the spectra. On the ﬁrst look, the spectra seem similar for the TiO2 and ZnO nanorod
samples. However, there are diﬀerences especially in the relative intensities of the decay
components.
The shortest-lived components (0.5 ps for both samples, denoted with magenta) is associated with the thermal relaxation of the singlet excited state. The decay components
denoted with red (2.7 ps for TiO2 and 5.4 ps for ZnOr) bear features typical of phthalocyanine cation formation: a negative peak centered at 860 nm and a broad negative band
between 500 and 600 nm. Opposedly, the longest-living components (23 ns for TiO2 ,
50 ns for ZnOr, denoted with blue) have the same features with positive intensity. They
are associated with the decay of the same state, Pc+ .
The main diﬀerence between the two semiconductor substrates is found in the relative
intensities of the longest-lived (blue) components and the middle-lifetime components in
the spectra (23 ps for TiO2 , 180 ps for ZnOr, denoted with green). For the TiO2 | ZnPc 1
sample, the 23 ps component is much stronger in intensity than the long-lived component.
For the ZnOr | ZnPc 1 sample, on the contrary, the long-lived component is much more
intense than the 180 ps component. Both the middle-lifetime and the long-lived components bear spectral features of Pc+ decay, but with very diﬀerent lifetimes. Evidently,
there are phthalocyanine cations with very diﬀerent local environments. It is not clear,
though, why the lifetimes diﬀer so much for the samples on diﬀerent substrates.
In Paper II, the green component was associated with the recombination of an intermediate
interfacial charge transfer complex (ICTC) for the ZnOr sample. For the TiO2 NP sample,
existence of the ICTC is not a feasible explanation for this component, since several
reports have shown much faster electron injection in TiO2 systems. 44,88 Instead, the 23 ps
component was associated with charge recombination inside a single TiO2 nanoparticle
before the photogenerated electron hops from one nanoparticle to the next. As soon as
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the electron leaves the nanoparticle where it was generated, it continues its way as a free
carrier.
Equation 4.1 schematically presents the fate of the electron on TiO2 and ZnOr surfaces.
τinj

Pc* −−→

e− |⏐Pc+
⏐
τint
Pc

τ

−−l→

Pc+
⏐
⏐
τcr
Pc

(4.1)

τinj describes the electron injection, corresponding to the short-lived components in
Figure 4.5. The state denoted with e− | Pc+ is the ICTC in the case of ZnO nanorods.
For TiO2 , it can be thought of the charge separated state at short time intervals (before
the electron leaves the ﬁrst TiO2 nanoparticle). This state can either recombine (τint )
or dissociate to give free charge carriers in the semiconductor CB (τl ). The ﬁnal chargeseparated state recombines with τCR .
−1
Experimentally, one can observe τinj , τCR , and τint
+ τl−1 = τs . The time constants
do not directly reveal which portion of the photogenerated ZnPc cations is recombined
and which portion facilitates a free electron in the semiconductor CB. This information
can, however, be retrieved from the relative amplitudes of the TA signal for the diﬀerent
samples. The population of long-lived cations was modelled in Paper II, and it seems that
at longer delay times, > 20 ps, the portion of cations is higher in the ZnOr | ZnPc 1 sample
than in TiO2 | ZnPc 1. In other words, in the TiO2 sample, the cations are generated
faster, but due to the interfaces between individual nanoparticles, they also recombine
faster, and eventually (at long delay times) the cation yield is higher in ZnO nanorods. It
has to be noted, however, that in a functioning solar cell, a few tens of picoseconds should
be well enough for the dye regeneration through hole transfer into the HTM. Therefore,
both materials should perform as eﬃciently in solar cells.

4.2

Aggregation reduction in phthalocyanine SAMs

Papers III and IV were dedicated to reducing the phthalocyanine aggregation in SAMs
on diﬀerent semiconductor surfaces with two diﬀerent methods. The eﬀect of the reduced
aggregation on the photoinduced electron transfer eﬃciency is also discussed.

4.2.1

Aggregation reduction through bulky substituents

In Paper III, phthalocyanines with bulky substituents (ZnPc 1 – ZnPc 4) were used. The
substituents were designed to sterically hinder the stacking of neighboring ZnPc molecules,
thus reducing aggregation and undesired intermolecular interactions.
Based on steady-state absorption spectra, none of the compounds shows clear signs of
aggregation. Typically, H-type aggregation induces blue-shift in the absorption maximum
as well as broadening of the spectrum. For the ZnPcs studied here, probably the most
pronounced absorption changes are observed for ZnPc 3. Figure 4.6 shows the absorption
spectra for ZnPc 3 in solution and as a SAM on ZnO nanorods. The absorption maximum
is slightly shifted to the red (11 nm in the SAM compared to the solution), and the
FWHM changes from 29 nm (solution) to 55 nm (SAM). The shift in the absorption
maximum is, however, not typical for H-type aggregates, and could be caused by the
diﬀerent environment in the SAM compared to the solution.
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Figure 4.6: Absorption spectra of ZnPc 3 in t-BuOH:MeCN solution and as a SAM on
ZnO nanorods. The absorbance of ZnO nanorods has been subtracted. Paper III.

Even though the steady-state absorption spectra do not reveal clear evidence of aggregation, the situation is diﬀerent when looking at the transient absorption data. Figure 4.7
shows the decay component spectra for ZnPc 2 and ZnPc 3 SAMs on ZnO nanorods. The
data presented in Paper III were reﬁtted using a combination of the multiexponential
(eq. 3.1) and small energy distribution (eq. 3.7) models. Similar data for ZnPc 1 can be
found in Figure 4.5b, and for ZnPc 4 in ref. 89.
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Figure 4.7: Transient absorption decay component spectra for (a) ZnOr | ZnPc 2 and
(b) ZnOr | ZnPc 3. Reﬁtted from Paper III using a combination of the exponential (eq. 3.1) and
the small energy distribution (eq. 3.7) models.

The spectral interpretation for ZnPc 2 is very similar to ZnPc 1. The shortest-lived
component (0.6 ps, denoted with magenta) is attributed to the thermal relaxation of the
singlet excited state. The 5.7 ps component (red) describes the formation of the Pc cation.
The longest-lived component (41 ns, blue) is associated with the cation decay, or charge
recombination. The middle component for ZnPc 2 (99 ps, green), however, cannot be
explained by recombination in the intermediate ICTC like in the case of ZnPc 1. There
are additional bands at ca. 590 and 1000 nm. In Paper III, these bands are associated
with the phthalocyanine anion (Pc – ). The only feasible pathway leading to the formation
of Pc – is intermolecular charge separation in the phthalocyanine aggregates:
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Pc∗ −Pc → Pc+ −Pc− .

(4.2)

For ZnPc 3, the phthalocyanine cation features are surprisingly observed already in the
shortest-lived component (0.6 ps, magenta). The same features are further observed
in the 9.5 ps component (red), indicating that there are phthalocyanine cations with
diﬀerent environments present in the ZnPc 3 sample. The 70 ps component (green) shows
features typical of both Pc cation and Pc anion decay. These two observations point to
the presence of phthalocyanine aggregates. The longest-lived component (44 ns, blue) is
again assigned to the decay of the Pc+ . The electron injection and charge recombination
lifetimes for the samples are summarized in Table 4.2.
It is a bit surprising that the electron injection time constants for ZnPc 1 and ZnPc 2
are practically similar. ZnPc 2 has a longer spacer between the binding group and the
phthalocyanine core, and thus a longer electron injection time constant is expected. Some
explanations are given by molecular modelling carried out in Paper III. For ZnPc 1 and
ZnPc 2, the similar electron injection time constants are explained by the molecular
orientation on the semiconductor surface. The longer spacer gives ZnPc 2 more degrees
of freedom to tilt on the ZnO surface, despite the seemingly rigid structure of the spacer
(triple bond). As a result, the distances from the Pc core to the ZnO are rather similar
for the two phthalocyanines.

4.2.2

Aggregation reduction by co-adsorbates

The second method to reduce phthalocyanine aggregation that was investigated in the
thesis was to use a phthalocyanine with small substituents and a co-adsorbate to suppress
the intermolecular interactions between individual phthalocyanine molecules (Paper IV).
Two co-adsorbates were used: chenodeoxycholic acid (CDCA) and oleic acid (OA). TiO2
was chosen as the semiconductor substrate due to the faster electron injection as well as
the higher speciﬁc surface area, leading to higher phthalocyanine absorptions.
The phthalocyanine used in Paper IV, ZnPc 5, is known to aggregate in concentrated
solutions and on semiconductor surfaces. However, with the well-known co-adsorbate
CDCA, it shows moderate solar cell eﬃciencies in liquid electrolyte dye-sensitized solar
cells. 29 Figure 4.8 shows the absorption spectra for ZnPc 5 in solutions with and without
a co-adsorbate, as well as in a SAM on TiO2 NP.
The spectral broadening is apparent in the solution spectra, Figure 4.8a. Solution with a
200-fold molar excess of CDCA is considered non-aggregated. Compared to that, the other
spectra are considerably broader, and the ﬁne structure in the bands is lost. Moreover, the
band centered at ca. 630 nm gets much more pronounced in the spectrum of ZnPc 5 alone.
The relative intensity of this band compared to the Q band maximum (at ca. 690 nm)
can be used as the ﬁrst measure on the degree of aggregation.
Absorption spectrum of the SAM of ZnPc 5 without a co-adsorbate (Figure 4.8b, denoted
with blue) is even further broadened compared to the solution spectrum. The aggregated
band at 630 nm is in fact higher than the monomeric absorption band for this sample.
Adding a co-adsorbate clearly reduces the aggregation (seen in the normalized absorption
spectra in Figure 4.8c). However, also the absolute absorbance of the sample decreases
drastically, as shown in Figure 4.8b. The co-adsorbates bind onto the TiO2 surface
together with the ZnPc, taking some space on the semiconductor surface. At the same
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Figure 4.8: Absorption spectra of ZnPc 5 with an increasing concentration of CDCA in (a) tBuOH:MeCN solutions, (b) SAMs on TiO2 NPs, and (c) SAMs on TiO2 NPs with a normalized
absorbance scale. Paper IV.

time, they prevent the ZnPc 5 molecules from stacking together and therefore reduce the
unwanted Pc – Pc interactions.
Figure 4.9 shows the decay component spectra for SAMs of ZnPc 5 and ZnPc 5 with a
50-fold molar excess of CDCA. The data originally published in Paper IV were reﬁtted
using a combination of the exponential (eq. 3.1) and the small energy distribution (eq. 3.7)
models. The observations that can be made are rather similar to other systems discussed
previously. The non-aggregated sample, ZnPc 5 + CDCA 1:50 (Figure 4.9a), shows
electron injection with associated time constant 0.5 ps (magenta) and charge recombination
in the 2 ps – 42 ns components. Spreading of the decay over such a large range of lifetimes
probably arises from the diﬀerences in the local environment for individual phthalocyanine
molecules. There is always a distribution of orientations in which the co-adsorbates
and ZnPc 5 are organized, and therefore, each ZnPc 5 molecule might exhibit diﬀerent
kinetics on the TiO2 surface. For the heavily aggregated sample (ZnPc 5, Figure 4.9b),
the shortest decay component (77 fs, magenta) is considerably shorter than for the less
aggregated samples. Moreover, the short component bears features of both Pc cation
and anion formation. The short component is therefore attributed to charge separation
inside the phthalocyanine aggregates. The 6.9 ps component (red) is associated with the
electron injection into the TiO2 , resulting in a better resolved Pc+ spectrum. The longer
components (79 ps, green, and 20 ns, blue) are associated with charge recombination in
both the aggregates (79 ps) and the long-lived cation (20 ns).
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Figure 4.9: Decay component spectra for (a) ZnPc 5 + CDCA 1:50, (b) ZnPc 5, and (c)
ZnPc 5 + CDCA 1:10. Excitation wavelength was 695 nm. Reﬁtted from Paper IV using a
combination of the exponential (eq. 3.1) and the small energy distribution (eq. 3.7) models.

For the samples with moderate amounts of the co-adsorbate (Figure 4.9c), the results
fall rather logically in between the non-aggregated and the heavily aggregated samples.
The charges separate with a 0.15 ps time constant (magenta) in the Pc aggregates, the
electron injection is completed in 1.8 ps (red), and charge recombination time constants
range from 95 ps (green) to 37 ns (blue).
Similar samples were prepared with oleic acid (OA) as the co-adsorbate (1:10 and 1:100
molar excess compared to ZnPc 5). Unfortunately, the samples degraded during the TA
measurements, and the results might not be reliable especially for the ZnPc 5 + OA 1:100
sample. Figure 4.10 presents the decay component spectra for these samples. The data
were reﬁtted using the exponential (eq. 3.1) and the small energy distribution (eq. 3.7)
models. The decay components are similar to the CDCA-containing samples: charge
separation inside the Pc aggregates in ca. 0.2 ps (magenta), electron injection in less than
ten picoseconds (red), and charge recombination ranging from ca. 100 ps to several tens
of nanoseconds (green and blue).
Table 4.2 summarizes the time constants obtained from ultrafast transient absorption
spectroscopy for the studied ZnPc derivatives. The electron injection from the excited
phthalocyanine occurs within the ﬁrst few ps for all of the samples. Interestingly, the
electron injection time constants are much closer to each other in the compounds bearing
bulky substituents, the major diﬀerences arising from the structural diﬀerences in the
compounds. The compounds bearing the bulkiest substituents (ZnPc 1 and ZnPc 2)
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Figure 4.10: Decay component spectra for (a) ZnPc 5 + OA 1:10 and (b) ZnPc 5 + OA
1:100. Excitation wavelength was 695 nm. The samples were degraded during the measurements,
which might render the results unreliable. Reﬁtted from Paper IV using a combination of the
exponential (eq. 3.1) and the small energy distribution (eq. 3.7) models.
Table 4.2: Time constants for the photoinduced processes at diﬀerent ZnPc – semiconductor
interfaces. τinj is the time constant for electron injection, τICT C for the recombination of the
ICTC complex, τagg for the charge separation inside the ZnPc aggregates, and τCR for the charge
recombination of the Pc cations (see text for details). Reﬁtted from Papers II – IV using a
combination of the exponential (eq. 3.1) and the small energy distribution (eq. 3.7) models.
Compound
ZnOr | ZnPc
ZnOr | ZnPc
ZnOr | ZnPc
ZnOr | ZnPc

1
2
3
4

τinj
(ps)
5.4
5.7
0.7
1.4

τICT C
(ps)
180
-

τCR
(ps)
(ns)
50
99
41
70
50
850

Compound
TiO2 | ZnPc 1
TiO2 | ZnPc 5
+ CDCA 1:10
+ CDCA 1:50
+ OA 1:10
+ OA 1:100

τagg
(ps)
0.08
0.15
0.4
0.2

τinj
(ps)
2.7
6.9
1.8
0.5
7.8
1.2

τCR
(ps) (ns)
23
23
79
20
95
37
87
42
109
48
22
3.6

have the longest electron injection time constants, apparently due to the steric hindrance
caused by the substituents.
In the co-adsorbate containing systems, charge separation inside the aggregates seems
to get faster with more severe aggregation, leading to shorter intra-aggregate CS time
constants. The electron injection is faster for the co-adsorbate containing systems
compared to ZnPc 1 – ZnPc 4. There are possibly two factors contributing to the faster
electron injection: the TiO2 substrate and the aggregation. As discussed in Section 4.1, the
electron injection is generally faster on TiO2 surfaces than on ZnO nanorods. Moreover,
the electron injection gets faster with reducing degree of aggregation. In the less aggregated
systems, there are more monomeric phthalocyanine molecules present capable of injecting
an electron into the semiconductor when excited, making the injection faster and more
eﬃcient.
The charge recombination rates do not seem to follow a clear trend according to the degree
of aggregation. This is not surprising, considering the nature of the charge recombination
process. It is the back electron transfer from the CB of the semiconductor material into
the HOMO of the (monomeric) phthalocyanine cation.
The degree of aggregation in the phthalocyanine samples evidently has an eﬀect on the
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Table 4.3: Relative transient absorptions for the Pc cations and Pc anions. The ΔArel. were
calculated by dividing ΔA at the selected decay time by ΔA at 540 nm at short delay time
for characteristic Pc+ and Pc – wavelengths. Pc+ yield was calculated by dividing ΔArel.
P c+ by
ΔArel.
P c∗ . Reﬁtted from Papers III – IV using a combination of the exponential (eq. 3.1) and the
small energy distribution (eq. 3.7) models.

Sample
ZnOr | ZnPc 1
ZnOr | ZnPc 2
ZnOr | ZnPc 3
ZnOr | ZnPc 4
TiO2 | ZnPc 5
+ CDCA 1:10
+ CDCA 1:50
+ OA 1:10
+ OA 1:100

ΔArel.
P c∗
0.91
0.79
1.19
0.37
0.56
0.57
1.09
0.75
1.56

ΔArel.
P c+
0.38
0.27
0.29
0.20
0.06
0.06
0.08
0.12
0.09

Pc+ yield
0.42
0.34
0.24
0.55
0.10
0.10
0.07
0.17
0.06

ΔArel.
P c−
0.09
0.11
0.18
0.08
0.27
0.19
0.06
0.23
0.05

electron injection kinetics. The time constants, however, do not provide direct information
on the degree of aggregation. Instead, the TA signal intensities at diﬀerent delay times
can be used to estimate the aggregation degree, at least on a qualitative level.
First, the eﬃciency of the electron injection reaction is aﬀected by the aggregation.
By estimating the number of monomeric (or long-living) phthalocyanine cations in the
samples, one can estimate the eﬃciency of electron injection and therefore the degree
of aggregation. A high yield of long-lived Pc cations (calculated from the transient
absorption signal intensity at 860 nm at 2 ns delay) can be considered as an indication of
low degree of aggregation; the Pc+ – Pc− pairs recombine in the picosecond time scale.
The presence of aggregates results in the formation of phthalocyanine anions in the
samples due to the intra-aggregate charge separation. As mentioned, the Pc – signal
at ca. 1000 nm is stronger for the more severely aggregated samples. Therefore, using
the Pc – signal intensity, at least relative estimates on the aggregation degree can be
drawn. Quantitative estimation of the degree of aggregation is diﬃcult due to the diﬀerent
absolute absorbances of the samples. The transient absorptions were taken at a moderate
delay (30 ps), after the charge separation in the aggregates but before the recombination.
Table 4.3 presents the relative Pc+ and Pc – yields for the studied ZnPcs. The data
presented in Papers III – IV were reﬁtted using the exponential (eq. 3.1) and the small
energy distribution (eq. 3.7) models to obtain a better comparison between the diﬀerent
sample types.
Similar trends on the aggregation degree can be observed in both the Pc cation yield
and the Pc anion yield. Considering the sample series with bulky substituents, the least
aggregated samples are ZnPc 1 and ZnPc 4. They have the highest Pc+ yields (0.42 for
ZnPc 1 and 0.55 for ZnPc 4, respectively) and the lowest Pc – absorptions (0.09 and 0.08,
respectively) in this sample series. ZnPc 3 appears the most aggregated given the lowest
Pc+ yield (0.24) and the highest Pc – absorbance (0.18).
Looking back at the chemical structures of the compounds, the low aggregation in
ZnPc 1 seems reasonable: the Pc peripheral substitutes are large and bulky, rendering
the molecules quite large and non-planar. Likely reasonable is the highest aggregation
in ZnPc 3, with smaller substituents and a more exposed Pc core prone to stacking.
The aggregation tendency of ZnPc 2, on the other hand, is somewhat surprising. It is
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structurally very similar to ZnPc 1, the only diﬀerence being the length of the spacer
between the Pc core and the binding carboxylic group. Perhaps the increased freedom
at the semiconductor surface, brought about by the longer linker, enables an enhanced
stacking in the layer compared to ZnPc 1. The signs of low aggregation in ZnPc 4 are also
somewhat surprising, given it is structurally somewhat similar to ZnPc 3 The peripheral
substituents are even smaller in ZnPc 4 than in ZnPc 3, and the linker is longer.
For the co-adsorbate containing samples, the Pc+ yield does not correlate with the
expected degree of aggregation. The absolute absorbances of the samples might be too
diﬀerent to reliably compare these samples. The Pc – signal, however, shows a clear trend:
a decrease in the relative Pc – absorption with an increase in the co-adsorbate content.
The least aggregated samples, ZnPc 5 + CDCA 1:50 and ZnPc 5 + OA 1:100, have Pc –
intensities of 0.06 and 0.05, respectively, whereas the anion absorption for ZnPc 5 without
co-adsorbates is 0.27.
It can be also noted in Table 4.3 that oleic acid is not as eﬃcient in reducing the sample
aggregation as CDCA. The Pc – signal intensity is consistently higher for a similar coadsorbate content. Apparently the larger CDCA molecules take up more space at the
semiconductor surface, pushing the phthalocyanine molecules away from each other more
eﬀectively than OA molecules.

4.3

Long-lived charge separation: Spiro-MeOTAD

In a working solar cell, a hole-transporting material (HTM) is needed. In this work, a
solid HTM, spiro-MeOTAD, was used because of the easy deposition using spin-coating
and no need of liquid electrolytes in the cells.
Figure 4.11 presents cross-sectional SEM images of ZnO nanorods and TiO2 NPs covered by
spiro-MeOTAD. Complete coverage of the semiconductor by spiro-MeOTAD is essential
for optimal solar cell performance. For ZnO nanorods (Firue 4.11a), it can be seen that
the spiro-MeOTAD coverage is rather good, the spiro-MeOTAD layer extends to the
nanorod bottom, and the voids between individual nanorods are ﬁlled by the HTM. For
the TiO2 NP layers (Figure 4.11b), the HTM is visual in the SEM images throughout
the whole TiO2 layer. There is an overlayer of spiro-MeOTAD seen at the top of the
image; it is needed for functioning solar cells. High magniﬁcation images of the bottom
part of the TiO2 layer before and after adding spiro-MeOTAD are shown in Figures 4.11c
and 4.11d, respectively. According to the images, spiro-MeOTAD seems to ﬁll the voids
between the nanoparticles all the way to the bottom.

4.3.1

Steady-state absorption

Figure 4.12 presents the eﬀect of spiro-MeOTAD on the absorption spectra of the ZnPc
SAMs. The eﬀect is rather diﬀerent for the non-aggregated samples and the aggregated
samples. For the samples with low degree of aggregation (Figures 4.12a, 4.12b and 4.12f),
the spiro-MeOTAD layer does not cause major diﬀerences in the shapes of the absorption
spectra. Spiro-MeOTAD itself has a low, broad absorbance through the visible spectrum
and a sharp absorption maximum at 390 nm. The absorption of the non-aggregated
samples is essentially a superposition of the SAM and spiro-MeOTAD absorptions.
For the aggregated samples (Figures 4.12c, 4.12d and 4.12e), the situation is diﬀerent. The
spectrum gets sharper and narrower upon spiro-MeOTAD addition, and the absorption
intensity increases. This is often considered as a sign of reduced aggregation. Being a small
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Figure 4.11: Cross-sectional SEM images of (a) ZnOr | ZnPc 1 | spiro (Paper III),
(b) TiO2 | ZnPc 5 | spiro, (c) close-up image of TiO2 | ZnPc 5 and (d) close-up image of
TiO2 | ZnPc 5 | spiro.
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Figure 4.12: Absorption spectra of spiro-MeOTAD-coated SAMs on the diﬀerent semiconductor
substrates. Data from Papers III-IV.

molecule compound, spiro-MeOTAD inﬁltrates in between the ZnPc molecules in the
SAMs. Apparently it also induces changes in the morphology of the ZnPc aggregates. The
ratio of the 630 and 690 nm bands can be used as a measure of the degree of aggregation,
as discussed earlier. This ratio does, however, not change in the ZnPc 5 | spiro-MeOTAD
sample (Figure 4.12d). It seems then that the relative portion of aggregated ZnPc
molecules does not change upon spiro-MeOTAD addition, but the aggregates are more
homogeneous and better organized.

4.3.2

Charge separation eﬃciency

Spiro-MeOTAD has a major eﬀect on the ZnPc transient absorption data. Let us ﬁrst examine the simplest cases with low degree of aggregation: ZnPc 1 and ZnPc 5 + CDCA 1:50.
Figure 4.13 presents the transient absorption decay component spectra for these two
samples. The data were ﬁtted with a combination of the exponential (eq. 3.1) and the
small energy distribution (eq. 3.7) models.
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Figure 4.13: Transient absorption decay component spectra for (a) ZnOr | ZnPc 1 | spiro,
and (b) TiO2 | ZnPc 5 + CDCA 1:50 | spiro-MeOTAD. The samples were excited at 695 nm.
Papers III-IV.

Spiro-MeOTAD has an evident eﬀect on the transient absorption of these samples. Let
us compare the TA signals presented in Figure 4.13 to the signals from the same samples
without spiro-MeOTAD: ZnPc 1 on ZnO nanorods (Figure 4.5b) and ZnPc 5 + CDCA
1:50 (Figure 4.9a). Upon addition of spiro-MeOTAD, new bands emerge at ca. 530, 590
and 1000 nm. Moreover, a smooth rise in the absorption is observed in the NIR range.
These bands were attributed to the ZnPc anion and to the spiro-MeOTAD cation in
Papers III and IV. The Pc – spectral features were discussed in the section dealing with
phthalocyanine aggregation, and it was noted that the 590 nm and the 1000 nm bands are
attributed to Pc – . The 530 nm band as well as the absorption rise in the NIR wavelengths
are attributed to spiro-MeOTAD cation. Moreover, the long-lived components do not
show features of the phthalocyanine cation, indicating that the dye molecules have been
regenerated through the electron injection.
The data were ﬁtted using a combination of the exponential (eq. 3.1) and the small energy
distribution (eq. 3.7) models. For ZnOr | ZnPc 1 | spiro, a reasonable ﬁt accuracy was
obtained using two exponentials and two small energy distribution components. The
shortest exponential function (τ ≈ 70 fs, not shown) bears features of the ZnPc singlet
excited state, and is attributed to thermal relaxation of the excited ZnPc. The 12 ps
component (denoted with black) is attributed to the formation of the phthalocyanine
anion, having some features of spiro+ formation as well. The 85 ps component (red) is
associated with the decay of the Pc – , and the spectrum is transformed into the long-lived
spectrum (25 ns, blue), describing the decay of the spiro-MeOTAD cation.
For TiO2 | ZnPc 5 + CDCA 1:50 | spiro-MeOTAD, altogether 4 exponential functions and
2 small energy distribution components were needed to obtain a good-quality ﬁt. The
singlet excited state relaxation was ﬁtted with two exponents (16 and 70 fs, not shown).
Formation of the phthalocyanine anion is described by the 1.1 ps band (black), but the
Pc – decay was ﬁtted with a combination of an exponential (8 ps, green) and a small
energy distribution (170 ps, red) function. Again, the long component (35 ns, blue) is
attributed to the spiro-MeOTAD cation decay.
There are two possible pathways for the long-lived charge separation in the semiconductor | ZnPc | spiro systems:
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Figure 4.14: Transient absorption decay component spectra for TiO2 | ZnPc 5 | spiro. Reﬁtted
from Paper IV using a combination of the exponential (eq. 3.1) and the small energy distribution
(eq. 3.7) models.

SC | Pc∗ | spiro → SC− | Pc+ | spiro → SC− | Pc | spiro+

(4.3)

SC | Pc∗ | spiro → SC| Pc− | spiro+

(4.4)

→ SC− | Pc | spiro+

In the ﬁrst pathway (eq. 4.3), the excited phthalocyanine ﬁrst injects an electron into the
semiconductor and then recombines via a hole transfer to the spiro-MeOTAD layer. In
the second pathway (eq. 4.4), the charge transfer occurs in reversive order: the charge
separation at the ZnPc | spiro interface occurs ﬁrst, yielding a phthalocyanine anion and a
spiro-MeOTAD cation. The Pc anion then injects the extra electron into the conduction
band of the semiconductor. Based on our data, the second pathway dominates the
excited-state relaxation, because Pc anion signals would not be expected for the ﬁrst
pathway. Moreover, the formation of the spiro-MeOTAD cation and the Pc – share the
same lifetimes, indicating that the reactions indeed follow the pathway in eq. 4.4.
Splitting of the Pc – decay into two components for the TiO2 | ZnPc 5 + CDCA 1:50 | spiro
sample might arise from aggregation. If there are some Pc aggregates in the sample
resulting in Pc+ – Pc – pairs, it is likely for the Pc anions in these aggregates to recombine
much faster than the monomeric phthalocyanine anions. Thus, the 8 ps component could
be attributed to the decay of Pc anions inside the aggregates, and the 170 ps component
to the electron injection from the phthalocyanine anion into the semiconductor.
Eﬀect of aggregation
With the heavily aggregated samples, the situation gets more complex. There are additional relaxation pathways induced by the aggregation, making ﬁtting and interpretation
of the TA data more diﬃcult. Figure 4.14 shows the decay component spectra of an
aggregated sample (TiO2 | ZnPc 5 | spiro). The data originally published in Paper IV
were reﬁtted using a combination of the exponential (eq. 3.1) and the small energy
distribution (eq. 3.7) models. The short-lived component (0.19 ps, black) is attributed to
Pc – formation. The components with moderate time constants (23 ps, green; and 80 ps,
red) bear features of both Pc+ and Pc – decay, and the longest-living component (27 ns,
blue) shows the rising absorption of spiro+ at the NIR range. The signal at the NIR
range is, however, rather weak compared to the visible range.
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Table 4.4: Time constants for the spiro-MeOTAD containing samples. τagg. is the time constant
for intra-aggregate charge separation, τCS for the charge separation at the ZnPc | spiro interface,
τET for the electron transfer from the Pc – into the semiconductor, and τCR for the charge
recombination. Reﬁtted from Papers III – IV using a combination of the exponential (eq. 3.1)
and the small energy distribution (eq. 3.7) models.

Sample
ZnOr | ZnPc 1
ZnOr | ZnPc 2
ZnOr | ZnPc 3
ZnOr | ZnPc 4
TiO2 | ZnPc 5
+ CDCA 1:10
+ CDCA 1:50
+ CDCA 1:100
+ OA 1:10
+ OA 1:100

τagg.
(ps)
1.1
0.2
0.12
0.09
0.08
0.14

τCS
(ps)
12
11
1.5
0.5
1.3
1.2
1.1
0.5
1.0
1.7

τET
(ps)
130
125
104
120
322
182
170
151
102
152

τCR
(ns)
22
31
29
12
35
37
35
42
18
31

The very fast formation of phthalocyanine anions is not expected for the reaction pathway
depicted in eq. 4.4. The charge separation at the ZnPc | spiro interface yields phthalocyanine anions in the 1-10 ps timescale for the non-aggregated samples. Decay of the Pc anion
band is split into several exponents, indicating that there are anions with very diﬀerent
local environments present. Moreover, the components associated with the Pc – decay
also bear features of the phthalocyanine cation. These facts indicate that the majority
of the excited ZnPcs relax through intermolecular charge transfer and recombination
inside the aggregates. Formation of the spiro-MeOTAD cation is not resolved for this
sample. The long-lived component, however, shows the spiro+ band, indicating that some
phthalocyanine molecules get in contact with the HTM layer and undergo the charge
separation at the ZnPc | spiro interface.
Similar analysis for the samples containing moderate amounts of the co-adsorbates (CDCA
and OA, 1:10) show that the samples still contain a high number of aggregates and that
the number of electrons leaving the ZnPc layer is low. The vast majority of the ZnPc
molecules relax through the charge separation and recombination inside the aggregates.
Table 4.4 summarizes the time constants for the diﬀerent photoinduced processes in the
spiro-MeOTAD-containing samples.
Time constants for the charge separation at the ZnPc | spiro-MeOTAD interface (τCS ) are
considerably longer for the ZnPcs aggregation-protected with bulky substituents (ZnPc 1
and 2) than for the ZnPcs with smaller substituents (ZnPc 3 – 5). Probably the bulky
substituents in ZnPc 1 and 2 comprise a steric hindrance for eﬃcient contact between the
HTM and the phthalocyanine. For the aggregated samples, the Pc – formation is spread
across two components, the shorter one arising from the intra-aggregate charge separation
(τagg. ) and the longer one associating with the Pc | spiro charge separation (τCS ).
Time constants for the electron transfer from Pc – into the semiconductor (τET ) are
surprisingly similar for all samples, ranging from ca. 100 to 300 ps. There are no
diﬀerences between the diﬀerently substituted phthalocyanines, even though the electron
injection time constants without the spiro-MeOTAD overlayer showed a clear dependence
on the substituent size. This would indicate that the environment for the electron transfer
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Table 4.5: Relative transient absorptions for the Pc cations, Pc anions, and spiro-MeOTAD
cations. The ΔArel. were calculated by dividing ΔA at the selected decay time by ΔA at 540 nm
at short delay time for characteristic Pc – and spiro+ wavelengths. Spiro+ yield was calculated
rel.
by dividing ΔArel.
spiro+ by ΔAP c∗ . Reﬁtted from Papers III – IV using a combination of the
exponential (eq. 3.1) and the small energy distribution (eq. 3.7) models.

Sample
ZnOr | ZnPc 1
ZnOr | ZnPc 2
ZnOr | ZnPc 3
ZnOr | ZnPc 4
TiO2 | ZnPc 5
+ CDCA 1:10
+ CDCA 1:50
+ CDCA 1:100
+ OA 1:10
+ OA 1:100

ΔArel.
P c∗
1.06
1.21
0.85
1.02
0.64
0.80
0.71
0.87
0.72
0.84

ΔArel.
P c−
0.52
0.50
0.22
0.44
0.18
0.22
0.36
0.28
0.14
0.20

ΔArel.
spiro+
0.34
0.20
0.20
0.35
0.09
0.15
0.13
0.19
0.02
0.12

spiro+ yield
0.32
0.17
0.23
0.35
0.13
0.19
0.18
0.22
0.03
0.14

is diﬀerent with and without the HTM. It was discussed earlier that upon inﬁltration
into the phthalocyanine SAM, spiro-MeOTAD helps the Pc molecules to organize better
on the semiconductor surface. Probably the molecules take such conformations that
the distance between the Pc core and the semiconductor surface is rather similar for all
samples, leading to minor diﬀerences in the electron transfer rate.
The charge separation eﬃciency was estimated for the spiro-MeOTAD-containing samples
with a similar manner than for the samples without spiro-MeOTAD in Section 4.2.2 and
presented in Table 4.5. The data presented in Papers III – IV were reﬁtted for this sample
series as well. As discussed earlier, the expected reaction pathway goes through a charge
separation at the ZnPc | spiro interface, followed by electron injection from the Pc anion
into the semiconductor. Thus, TA signal intensities of the Pc anion and spiro-MeOTAD
cation are plausible options for estimating the charge separation eﬃciency. For Pc – ,
1000 nm was chosen as the representative wavelength and 30 ps as the representative
time. For spiro-MeOTAD, the most distinctive spectral feature is the rising absorption
at the NIR wavelengths. At 1250 nm, there are no other species absorbing at longer
delays (2 ns). Thus, the relative absorption change at this wavelength can be taken as an
indicator of the number of formed spiro-MeOTAD cations, and therefore, and indicator
of the eﬃciency of the charge separation at the Pc | spiro interface.
The TA signal intensities are not perfectly comparable for the diﬀerent substrates. However, similar trends can be observed for both aggregation-reducing methods. The least
aggregated samples (ZnPc 1, ZnPc 4, and ZnPc 5 with a large excess of co-adsorbates)
show the highest Pc – and spiro+ intensities. Whenever the aggregation increases, eﬃciency of the charge separation decreases. For the samples with bulky substituents, the
Pc anion intensity increases by more than 130% when comparing the least aggregated
sample (ZnPc 1; 0.52) to the most severely aggregated sample (ZnPc 3; 0.22). Moreover,
the spiro-MeOTAD cation yield is also increased by almost 40% (0.32 for ZnPc 1, 0.23
for ZnPc 3, respectively). The use of co-adsorbates is almost as eﬃcient in reducing
the aggregation. When comparing ZnPc 5 with and without a co-adsorbate, the Pc –
intensity increases by 100% (0.18 for ZnPc 5, 0.36 for ZnPc 5 + CDCA 1:50, respectively) and spiro-MeOTAD cation intensity by close to 40% (0.13 for ZnPc 5, 0.18 for
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ZnPc 5 + CDCA 1:50, respectively).
It has to be noted that in the oleic acid containing samples, the relative Pc anion and
spiro-MeOTAD cation intensities are consistently lower than for CDCA with the same
molar excess. Thus, it would seem that oleic acid is less eﬃcient in lowering the degree
of aggregation in the samples. The reason for this might lay in the structure of the coadsorbates. The steroid core of CDCA requires more space on the TiO2 surface than OA
with a long hydrocarbon tail. Thus, more OA is required for a similar aggregation-reducing
eﬀect.

4.4

Photocurrent generation

Solar cell performance of ZnPc 5 was investigated by building full ssDSSCs. Performance
of the cells was studied by standard IV measurements, and more interestingly, the incident
photon-to-current eﬃciencies were estimated.
Figure 4.15 presents the IV curves for two sample series with CDCA and OA as the
co-adsorbates. The solar cell characteristics are summarized in Table 4.6.
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Figure 4.15: IV curves for solar cells using ZnPc 5 as the sensitizer with increasing concentration
of co-adsorbates. Data from Paper IV.

The two sample series are not directly comparable, because the series with CDCA was
prepared with a spin-coated TiO2 NP layer and not the screen-printed layer. The prepared
spin-coated layers were thinner than the screen-printed layers (0.8 μm for the spin-coated
layers and 2.5μm for the screen-printed layers, respectively). Samples inside one sample
series can, however, be compared.
The aggregation-reducing eﬀect of CDCA and OA is not evident based on the solar cell
data. The power conversion eﬃciency decreases upon co-adsorbate addition (with the
exception of CDCA in 1:10 ratio). The loss in eﬃciency arises mostly from the decreasing
short-circuit current. Remembering the absorption spectra, the decrease in the power
conversion eﬃciency can be explained by the smaller amount of dye adsorbed onto the
TiO2 surface. Thus, a more detailed analysis taking into account the number of absorbed
photons is needed.
Incident photon to current eﬃciency (IPCE) spectra were measured to better resolve
the eﬀect of the aggregation reduction. The resulting values were converted to absorbed
photon to current spectra using eqs. 2.4 – 2.5. Both the IPCE and APCE spectra are
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Table 4.6: IV characteristics for the ssDSSC samples. A total of eight parallel samples were
prepared for each structure. The values are presented for the sample with the highest power
conversion eﬃciency for each structure. Isc is the short-circuit current density, Uoc open-circuit
voltage, FF ﬁll factor, η overall power conversion eﬃciency, and IPCEmax and APCEmax the
maximum values for the incident photon-to-current eﬃciency and the absorpbed photon-to-current
eﬃciency, respectively. Data from Paper IV.
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Figure 4.16: Photocurrent action spectra. Data from Paper IV.

presented in Figure 4.16, and the maximum values for both eﬃciencies are listed in
Table 4.6. The PCE results presented in Paper IV were estimated using the white light
IV measurement data; the results presented here utilize monochromatic illumination.
The IPCE values follow the same trend already seen in the overall eﬃciencies of the devices:
the decreasing absorption decreases the produced photocurrent due to the decreased dye
content in the layers. The reduced aggregation is visible in the IPCE spectra as the
decrease in the photocurrent at ca. 630 nm. Looking at the APCE spectra, diﬀerences
between the samples are easy to notice. For ZnPc 5 without co-adsorbates, the maximum
APCE is approx. 4%. With the CDCA-containing samples, the APCE value increases by
85%. On the contrary, APCE values for the OA-containing samples are even lower than
for ZnPc 5 without the co-adsorbates. It seems that adding oleic acid does not increase
the number of phthalocyanine molecules capable of injecting electrons into the external
circuit and therefore contributing to the photocurrent.

5 Conclusions
This thesis investigated the photoinduced processes at an organic – semiconductor interface.
The studied systems included semiconductor QD – C60 hybrids as well as ZnPc selfassembled monolayers on ZnO nanorod and TiO2 NP surfaces. Special attention was
paid on diﬀerent methods for aggregation-reduction in the ZnPc samples. The following
conclusions can be drawn based on the presented results:
• Electron transfer reactions were observed in organic – semiconductor hybrids in
both directions, from organic to semiconductor and from semiconductor to organic
material. The ET rates vary from a few picoseconds to a few tens of picoseconds
depending on the system.
• Aggregation of aggregation-prone phthalocyanines can be reduced both by functionalizing the phthalocyanine core with bulky substituents and by adding molecular
co-adsorbates. The substitution mechanism was observed to be more eﬀective in
reducing phthalocyanine aggregation in terms of lifetime of the charge-separated
state. However, the electron injection was slower for the substituted ZnPc samples
than for the co-adsorbate containing samples.
• Adding spiro-MeOTAD as a HTM induces a reaction sequence where the charges
ﬁrst separate at the ZnPc | spiro interface, followed by electron injection from the
ZnPc anion into the semiconductor. This reaction sequence is rather slow, but
apparently long enough for photocurrent generation. The HTM seemed to be
in good contact with the ZnPc SAM, and especially for the aggregated samples,
spiro-MeOTAD inﬁltrates between the aggregates and renders the SAM in a better
organized state.
• The studied ZnPcs were successfully utilized as sensitizers in solid-state dyesensitized solar cells. The absorbed photon-to-current eﬃciency was increased
with a decreasing degree of aggregation. Unfortunately, using co-adsorbates lowered
the absorbance of the samples, such that the overall power conversion eﬃciency was
left lower than without the co-adsorbate.
It was noted that the electron injection from a zinc phthalocyanine into the semiconductor
CB was faster for TiO2 NP than for ZnO nanorods. Unfortunately, also the charge
recombination was faster, apparently due to the interfaces between individual NPs. It was
stated, however, that in a complete solar cell sample, the electrons are withdrawn from the
TiO2 NP layer into the anode suﬃciently fast, so that the eﬀect of charge recombination
on the solar cell performance is minor. Thus, both materials should be suitable for solar
cell photoanodes. The potential of ZnO as a photoanode material is being studied quite
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intensely; ZnO would be a cost-eﬀective, naturally abundant alternative to TiO2 . The
results presented in this thesis support this conception.
When studying the eﬀect of aggregation, the most interesting ﬁnding was that the
substitution of the ZnPc core had such a large eﬀect on the electron injection time
constants. When comparing the series of ZnPcs on ZnO nanorod surface, the electron
injection time did not actually depend on the degree of aggregation, but on the size
of the substituents attached on the phthalocyanine core. As a downside, the faster
electron injection also meant a faster CR. Therefore, the aggregation-protection with
bulky substituents not only prevents the phthalocyanines from aggregation, but also
provides longer lifetimes for the charge-separated state.
Based on the ﬁndings reported in this thesis, it is recommended to use chemical aggregationreducing methods when designing novel solar cell architectures utilizing phthalocyanines.
The highest yield of long-living Pc cations was obtained with the phthalocyanine with
the bulkiest substituents, ZnPc 1. With spiro-MeOTAD as the HTM, over 30% of the
excited phthalocyanine molecules generated a charge-separated state.
When utilizing phthalocyanines for solar cell applications, one admittedly needs to take
into account the rather narrow spectral coverage of the compound. Phthalocyanines
absorb mainly in the red wavelengths, and the shorter wavelength regions of the solar
spectrum are left unutilized. A broader spectral coverage could be obtained by mixing
the phthalocyanines with other dyes whose absorption falls in the 400 – 600 nm range.
Mixing of diﬀerent dyes might also reduce the tendency of the phthalocyanine molecules
to form aggregates, which would further increase the potential of these compounds in
photovoltaic devices.
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ABSTRACT: Photoinduced electron transfer (ET) in CdSe/
ZnS core−shell quantum dot (QD) − fullerene (COOH−C60)
hybrids was studied by the means of time-resolved emission
and absorption spectroscopy techniques. A series of four QDs
with emission in the range 540−630 nm was employed to
investigate the dependence of the electron transfer rate on the
QD size. Emission of the QDs is quenched upon hybrid
formation, and the quenching mechanism is identiﬁed as
photoinduced electron transfer from the QD to the fullerene
moiety due to the fullerene anion signature observed in
transient absorption. In order to obtain quantitative information on the ET reaction, several kinetic data analysis techniques were
used, including a conventional multiexponential ﬁtting and a maximum entropy method for emission decay analysis, as well as a
distributed decay model based on the Poisson distribution of fullerenes in the hybrids. The latter gradually simpliﬁes the
interpretation of the transient absorption spectra and indicates that the spectra of QD cations are essentially similar to those of
neutral QDs, diﬀering only by a minor decrease in the intensity and broadening. Furthermore, only a minor decrease in the ET
rate with the increasing QD size was observed, the time constants being in the range 100−200 ps for all studied QDs. The charge
recombination is extended to 10 ns or longer for all hybrids.

■

INTRODUCTION

of picoseconds. The latter is one of the possible reasons
reducing the emission quantum yield, and in many cases, it is
attributed to surface defects. The defects are not present in
each QD and there can be diﬀerent defects in diﬀerent QDs,
which makes virtually all QD samples heterogeneous. In fact,
for high quality QDs, only a minor part of QDs have such
defects, but since there is always a distribution of sizes and
shapes, some heterogeneity remains, which also aﬀects the
electronic properties of the QDs.
Another important advantage of the QD−organic hybrid
approach is the relative simplicity of the hybrid assembly. The
organic counterpart has to be provided with a proper binding
group, such as thiol or carboxyl in the case of CdSe QDs, and
the complex formation takes place spontaneously in solutions.5−7,9 A downside of this approach is the statistical nature
of the hybrid formation, resulting in a distribution of hybrids
with diﬀerent number of organic ligands per QD.
Examples of successful formation of CdSe QD-organic
hybrids with photoinduced electron transfer properties include
QD−fullerene,6,9,12 QD−anthraquinone,13,14 QD−Co(III),15,16
and QD−rhodamine5 complexes. In the three former cases, the
QD acts as an electron donor, and in the latter as an electron
acceptor, though there are competing energy transfer reactions.
The electron transfer was studied by time-resolved spectrosco-

The interest in semiconductor quantum dots (QD) rises
rapidly due to their advanced photophysical properties and the
possibility to relatively simply tune their key characteristics in
order to better suit the requirements of various applications,
ranging from solar cells1 and light emitting devices2 to
molecular3 and ion sensors.4 Even greater functionality and
ﬂexibility can be achieved by combining QDs with organic dyes
to form hybrids with advanced photoinduced energy or
electron transfer properties.5−9 One essential advantage of
such hybrid systems is the possibility to tune the energetics of
the electron transfer reaction by simply changing the QD size,
which means that the same synthetic routes could potentially
be used to produce electron donating and electron accepting
QDs with respect to an organic counterpart and thus control
the direction of the transfer.
One of the most widely used types of quantum dots are
CdSe QDs and their core−shell modiﬁcations. They are
available commercially in a range of sizes corresponding to
virtually any emission wavelength in the visible part of the
spectrum. They are characterized by emission quantum yields
of 50% and higher, and long lifetimes of the excited state,
typically greater than 20 ns. The photodynamics of these QDs
have been intensively studied by time-resolved spectroscopy
methods.10,11 The studies have shown that a number of
important processes take place at early times of the excitation
relaxation, including exciton thermalization in the subpicosecond time domain and electron or hole trapping in a few tens
© 2015 American Chemical Society
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py techniques, and considering the rather strong spectroscopic
responses of the QDs, monitoring the changes in QD emission
or absorption behavior upon addition of organic molecules is a
typical approach to study the photoinduced interactions
between the QDs and organic dyes. This, however, leaves
questions on the distinguishing between the charge and energy
transfer reactions, as well as on the determination of the
lifetime of the charge separated state, as spectral properties of
the charged QDs are not well studied.
This study is devoted to QD-fullerene hybrids (schematically
presented in Figure 1) where the QD acts as an electron donor

Figure 2. Schematic representation of the conduction band energies
for the studied QDs compared to the LUMO level of fullerene. The
QD core diameters are taken from ref 20. The driving force for the
electron transfer decreases as the QD size increases.

dependence on the ET kinetics in such core−shell QD−
fullerene systems has been reported.
The investigation was carried out using two complementary
methods allowing to monitor the QD emission decays with a
picosecond time resolution and the transient absorption of the
whole hybrid with a femtosecond time resolution.

■

METHODS AND MATERIALS

Materials. Core−shell CdSe/ZnS quantum dots were
purchased from PlasmaChem GmbH. According to the
manufacturer, the QDs consist of a spherical CdSe core capped
with an epitaxial ZnS shell of ca. 0.6 nm thickness.20 The QDs
are capped with trioctylphosphine oxide (TOPO) and they are
dispersible in nonpolar organic solvents. Four diﬀerent QD
sizes with diﬀerent emission wavelengths (emission maxima at
approximately 540, 570, 600, and 630 nm) were utilized.
Synthesis of the fullerene derivative (COOH−C60) used in
this study was described elsewhere.21,22 The QD−fullerene
hybrids were assembled using a fullerene derivative with a
carboxylic acid functionalization for binding. The carboxylic
acid binding has been utilized in QD−organic hybrids by e.g.
Zhu et al.13 Thus, the carboxylic acid binding is assumed to be
rather stable.
Sample Preparation. The QDs were supplied as a powder.
They were dispersed in hexane in 5 to 20 μM concentrations
for steady-state and transient absorption measurements,
respectively.
QD−COOH−C60 complexes were prepared by adding
COOH−C60 solution (0.55 mM in CHCl3) into the QD
dispersion under vigorous stirring in a series of diﬀerent
concentrations. The ﬁnal COOH−C60 concentrations were
calculated from the estimated QD molar absorption coeﬃcients
in order to yield QD−COOH−C60 ratios from 1:0.5 to 1:2.
Steady-State Spectroscopy. The UV−vis absorption
spectra of the QD−COOH−C60 hybrids were measured with
a Shimadzu UV-3600 UV−vis-NIR spectrophotometer. The
ﬂuorescence emission spectra were recorded with an ISA−
Jobin Yvon−SPEX−Horiba Fluorolog-3-111 ﬂuorometer. The
raw signals were corrected using an instrument response
function provided by the manufacturer.
Time-Correlated Single Photon Counting. The ﬂuorescence lifetimes were measured using a time-correlated single
photon counting (TCSPC) system by PicoQuant GmbH. The
TCSPC system consists of a PicoHarp controller and a PDL800-B driver. The samples were excited by a pulsed laser diode
(LDH-P-C-485) at 483 nm. Fluorescence decays were
monitored at the emission maxima of the quantum dots.
Time resolution of the TCSPC system was approximately 120
ps.

Figure 1. Schematic presentation of a 1:1 QD−COOH−C60 hybrid.

and the fullerene moiety as an electron acceptor. Unlike in the
previous QD-fullerene hybrid studies,6,9 core−shell QDs were
used as they are more stable, better protected from the capping
agent eﬀects, and have a higher emission quantum yield
compared to core-only QDs. The core−shell QDs have been
used previously in hybrid structures with diﬀerent dyes, and
eﬃcient photoinduced electron transfer was reported for a
variety of systems.12,13,15,16 Also, a decrease in the electron
transfer rate with an increase in the shell thickness was studied,
and a damping factor of 0.35 Å −1 was reported for the charge
separation rate.13 Within this study, QDs with 6 Å shell
thickness were used, which may lead to a 5−10 times
deceleration of the photoinduced electron transfer compared
to core-only QDs, though direct comparison is complicated by
the fact that the shell-free QDs have a higher density of defects,
which reduces the eﬃciency of the electron transfer.
The study is aimed at (1) a careful analysis of the fullerene
transient absorption response, and (2) attempting to evaluate
the spectra of positively charged CdSe/ZnS core−shell QDs. A
set of four QDs was used to compare the dependence of the
charge separation and recombination time constants on the QD
size. The band gap of the QDs decreases as the QD size
increases, which leads to a smaller energy diﬀerence between
the quantum dot conduction band (CB) and the fullerene
LUMO level (see Figure 2) for the larger QDs, and therefore, a
reduced driving force for the electron transfer. Previous studies
with core-only CdSe QD−C60 hybrids have shown6 that the
electron transfer rate indeed decreases with the increasing QD
size. Electron transfer reactions have been demonstrated in
several CdSe/ZnS core−shell QD−C60 hybrids,9,17−19 but to
the best of our knowledge, no detailed analysis of the QD size
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Figure 3. (s) Absorption and (b) emission spectra, (c) ﬂuorescence decay curves and (d) the decrease of the emission intensity as well as the average
ﬂuorescence lifetime as a function of the fullerene content for the QD570 and QD570−COOH−C60 hybrids.

function to improve the accuracy of the ﬁts at short delay
times. Typically, the ﬁtting procedure was started with a
reasonably small number of exponents and then increasing the
number as long as the ﬁt goodness, the σ-value, was improved
by at least 10%.
For the emission decays, as many as four exponents were
needed in the ﬁts for reasonable ﬁt goodness. Since there was
no clear discrimination criteria for the number of exponents to
be used for data ﬁtting, and since the studied systems were
intrinsically heterogeneous, the emission decays were additionally ﬁtted using the so-called maximum entropy method
(MEM).23,24 This method aims at extracting a decay lifetime
distribution with the smallest number of components. The
emission decay is presented as

Transient Absorption Spectroscopy. The transient
absorption spectroscopy measurements were carried out using
a femtosecond pump−probe system. A Libra F laser system
(Coherent Inc.) was used to create fundamental light pulses at
800 nm at a repetition rate of 1 kHz. The pulse energy was 1
mJ, and the pulse duration was approximately 100 fs. The
fundamental beam was split in two, and the majority of the
beam energy (roughly 90%) was directed to a Topas C optical
parametric ampliﬁer (Light Conversion Ltd.) to produce
excitation pulses at the desired wavelength. The rest of the
fundamental beam was delivered to a white continuum
generator (sapphire crystal) for sample probing. The probe
beam was split in two to record reference and signal responses.
The measurement system (ExciPro, CDP Inc.) was equipped
with a silicon CCD array for measurements in the visible part of
the spectrum, and an InGa diode array for the near-infrared
(NIR) wavelengths. The measurements were carried out by
comparing responses with and without excitation using a
chopper synchronized with the fundamental laser pulses. The
spectra were typically acquired by recording 5000 shots, i.e.
averaging over 5 s. Excitation energies were suﬃciently low to
avoid multiple exciton generation; this was veriﬁed by recording
a series of measurements with diﬀerent excitation energies for
the same sample. No excitation energy dependence of the
response was observed. Two wavelength ranges were recorded:
visible (460−740 nm) and NIR (880−1100 nm).
Analysis of Time Resolved Spectroscopy Data. The
time-resolved data, transient absorption and emission decays,
were ﬁrst ﬁtted to a sum of exponentials. The exponential
functions were convoluted with the instrument response

I (t ) =

∫0

∞

p(τ )e−t / τ dτ

(1)

where τ is the lifetime and p(τ) is the probability density to ﬁnd
a decay with the lifetime τ, which is adjusted to minimize the
function
S=

∫0

∞

(p(τ ) − p(τ ) ln p(τ )) dτ

(2)

but keeping the value of the weighted mean square deviation,
χ2, close to unity. A homemade program implementing the
algorithm proposed by Velotta et al.23 was used for this data
analysis. For all the presented results, the χ2 was in the range
0.99−1.05.
A global ﬁt was applied to the transient absorption data to
obtain the so-called decay component spectra, that were used
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Table 1. QD Core Diameters (ϕcore), Molar Masses (M), Measured Band Edge Absorption Maxima (λabs), Estimated Molar
Absorption Coeﬃcients (ε), Measured Emission Wavelengths (λem), and Fluorescence Quantum Yields (ΦF) for the Studied
Series of QDs

a

sample

ϕcorea [nm]

Ma [Da]

λabs [nm]

ε [M−1 cm−1]

λem [nm]

ΦF [%]

QD540
QD570
QD600
QD630

2.6
3.3
4.0
5.4

59 000
93 000
173 000
375 000

521
550
592
619

12 000
40 400
33 800
120 900

541
565
605
634

23
37
11
28

According to manufacturer specifcations.

where ct is the relative concentration of traps. This model does
not account for the thermal relaxation in case of excitation at a
wavelength shorter than the lowest energy absorption band of
the QD. According to our preliminary multiexponential ﬁttings,
this process is much faster than all the others, and will be
accounted for by an additional exponent with a (short) time
constant τ1. Next, the transient absorption decay of QDs only
was ﬁtted to A1 exp(−t/τ1) + A0 exp[− t/τ0 − ct (1− e− t/τt)] at
the wavelength corresponding to the lowest energy absorption
band. This gives an estimation for τ0, τ1, τt, and ct. Finally, we ﬁt
the transient absorption decay of QD−COOH−C60 to eq 5
plus exp(−t/τ1) and exp(−t/τCR) to determine τET, c, and the
charge recombination time constant, τCR.

to identify the transient states. The method is described
elsewhere.25,26 Brieﬂy, the decays at all wavelengths were ﬁtted
to a sum of exponents with the same time constants, but the
pre-exponential factors were allowed to vary from wavelength
to wavelength. A home-written program was used for this type
of data analysis. However, the multiexponential ﬁtting has no
physical meaning in this case. To distinguish between
contributions from diﬀerent processes and reactions overlapping in time, a model describing the photophysics of QD−
COOH−C60 hybrids more realistically has to be used. There
are two main goals for using this more realistic model: (1)
better separation of the C−60 signal in the NIR part of the
spectrum and (2) distinguishing the spectral features of QD
cations from those of excited QDs.
The ﬁrst problem in developing a physically meaningful
model is the simultaneous formation of hybrids with diﬀerent
QD−fullerene ratios. The proportion between the diﬀerent
hybrids is described reasonably well by Poisson statistics:17,27,28

pn =

c n −c
e
n!

■

(3)

where n is the number of fullerene molecules in the hybrid, pn is
the probability to ﬁnd a hybrid with n fullerenes, and c is the
relative molar concentration of fullerenes. We will assume that
the Poisson statistics hold in this case and no free COOH−C60
is left in the dispersion. The second assumption is that the
electron transfer time constant is inversely proportional to the
number of fullerenes in the hybrid, i.e. τET/n, where τET is the
ET time constant in a 1:1 hybrid (the so-called “intrinsic” ET
time constant). Now we need to sum the decays with diﬀerent
rates and account for the diﬀerent concentrations in diﬀerent
hybrids, which was shown to yield28
A(t , c) = A 0 exp[−t /τ0 − c(1 − e−t / τET )]

(4)

where τ0 is the lifetime of a nonhybridized QD and A0 is a
constant determined by the initial population of the excited
state. This model has the apparent drawback of predicting a
monoexponential decay for QDs without fullerenes (c = 0),
which is not correct due to the intrinsic heterogeneity of the
QD sample caused by the surface defects and the distribution of
QD sizes (see Figure 3c for the ﬂuorescence decay curve of the
QDs). There are QDs with long lifetime (≥20 ns), but also
QDs with a much shorter lifetime, resulting in a more complex
emission decay proﬁle. In the ﬁrst approximation, the surface
traps can be considered in a similar manner assuming Poisson
distribution for the traps and a constant quenching time
constant, τt, for a quantum dot with a single trap. Then one can
write28
A(t , c , ct ) = A 0 exp[−t /τ0 − ct(1 − e−t / τt )
− c(1 − e−t / τET )]

RESULTS AND DISCUSSION

The interactions between QDs and COOH−C60 were
investigated both by steady-state and time-resolved spectroscopic methods. The absorption and emission spectra for the
studied quantum dots can be found in the Supporting
Information. Table 1 summarizes their basic spectroscopic
properties. It has to be noted that the molar absorption
coeﬃcients (ε) presented in Table 1 are rather rough
estimations. The ε values were estimated using the average
molar weights provided by the QD manufacturer;20 concentrations of the measured QD dispersions were calculated
according to the weighed masses and these molar weights. The
molar absorption coeﬃcients were then estimated using the
measured absorbance data. Thus, any error in either the
estimated molar weight or in weighing the QD powder might
result in errors in the ε values. The CdSe core diameters
presented in Table 1 were estimated by the QD manufacturer
according to the procedure reported by Yu et al.29 All QDs had
ca. 0.6 nm ZnS shell according to the manufacturer
speciﬁcation.
Typical of highly monodisperse colloidal QDs, the emission
spectra for all QDs are narrow, with fwhm less than 40 nm. The
Stokes shifts for the diﬀerent quantum dots range from 10 to 20
nm, and the measured emission maxima are very close to those
reported by the manufacturer. Fluorescence quantum yields
(ΦF) of the QDs were determined using Rhodamine 6G
(Rh6G, 8 μM in EtOH; ΦF = 0.98) as a standard compound.
The QDs were dispersed in hexane in ca. 1 μM concentration,
and the samples were excited at the intersection of sample and
Rh6G absorptions. The absorption and emission spectra for the
ΦF measurements can be found in the Supporting Information.
Despite the fact that the emission spectra are narrow, the
ﬂuorescence quantum yields remain under 40% for all QD
sizes. In fact, only the QDs with the emission maximum at 570
nm (QD570) showed a ΦF value greater than 30%. The
ﬂuorescence quantum yields are higher than for core-only QDs,
where the surface defects suppress the emission, but fairly low
in comparison with other core−shell QDs; the most

(5)
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Table 2. Fluorescence Lifetimes (τi) and Relative Pre-Exponential Factors (Ai) as Well as the Average Lifetimes (τav) for the
QD570 and QD570−COOH−C60 Hybrids

a

QD−COOH−C60 ratio

τ1 [ns]

A1 [%]

τ2 [ns]

A2 [%]

τ3 [ns]

A3 [%]

τ4 [ns]

A4 [%]

τav [ns]

1:0
1:0.5
1:1
1:2

0.14
0.12
0.18
0.086a

45.1
57.6
63.5
79.5

4.40
2.01
1.63
0.80

13.5
22.5
25.1
17.2

20.0
11.0
7.86
3.52

39.5
12.5
7.7
2.7

67.8
26.6
24.4
18.4

2.0
7.4
3.7
0.5

9.91
3.87
2.02
0.39

On the time resolution limit of the measurement.

Figure 4. Decrease of (a) emission intensity and (b) average lifetime as a function of the fullerene content for the diﬀerent QD−COOH−C60
hybrids.

sophisticated synthesis methods result in QDs with ΦF values
higher than 50%, and even approaching unity.13,30−32 Therefore, suspicions about an incomplete surface passivation by the
ZnS shell arise. This would lead to surface traps of some kind
and therefore to a reduced emission intensity. However, the
broad, red-shifted surface trap emission typical of core-only
QDs is not observed.13
Titration of QDs with COOH−C60. The QD−COOH−
C60 hybrids were prepared using a carboxylic acid functionalized fullerene derivative (see Figure 1). Upon addition of
COOH−C60 to a QD dispersion, fullerene molecules bind on
the QD surface through the COOH group, partly replacing the
weakly bound native trioctylphosphine oxide (TOPO) ligands.
Since the carboxyl group is a stronger ligand than TOPO, we
expect that there are no free fullerenes left in the dispersion. As
reported for several core-only QDs,33−37 the capping agent
itself may have drastic eﬀects on the photophysical properties of
QDs. Therefore, in order to investigate the eﬀect of the COOH
group on the QD emission intensity, stearic acid was added to a
dispersion of QDs, and the emission spectra and lifetimes of the
QD−stearic acid complexes were measured. No noticeable
changes in either emission spectra, quantum yields or lifetimes
were detected up to 1:100 relative concentration of stearic acid.
The eﬀect of COOH−C60 on the quantum dot emission
intensity was investigated in so-called titration experiments. In a
typical titration, COOH−C60 solution was added into the QD
dispersion in three diﬀerent relative concentrations (QD−
COOH−C60 molar ratios ranging from 1:0 to 1:2). For each
sample, steady state absorption and emission spectra as well as
emission decays were measured. The excitation wavelength
(440 nm) for the emission measurements was chosen to be at a
local minimum of COOH−C60 absorption in order to minimize
direct excitation of the C60 moiety. The decrease in the
integrated emission intensity as well as in average emission
lifetimes were recorded.
Figure 3 shows the absorption and emission spectra as well as
the ﬂuorescence lifetimes for the titration of QD570. The
absorbance of the fullerene moiety is relatively small compared

to the QD absorbance over the majority of the measured
wavelength range; however, at wavelengths shorter than 400
nm, the fullerene absorbance gets more pronounced. The
absorption spectrum of the hybrid is a superposition of the QD
and fullerene absorbances, which suggests that there are no
ground state interactions between the moieties. The eﬀect of
the COOH−C60 on the emission intensity and the ﬂuorescence
lifetime is, however, drastic. Adding COOH−C60 in a 1:0.5
molar ratio already quenches the emission of the QDs down to
ca. 40% of the original value. With the 1:2 molar ratio, the
emission intensity is reduced down to less than 10% of the
initial value. Assuming that the residual emission intensity
describes the amount of QDs left without any fullerenes,27 the
quenching is somewhat stronger than expected. This
discrepancy can be explained by the fact that the QD
concentrations, and therefore, the QD−COOH−C60 molar
ratios, are only rough estimations.
Similar changes can be observed in the time-resolved
measurements. The emission decay curves for QD570 and
the corresponding hybrids are shown in Figure 3, and the ﬁtting
results are summarized in Table 2. It has to be noted that for
the QDs only already, the emission decay is not monoexponential. Thus, a multiexponential ﬁtting model was used,
and up to four exponents were needed to obtain a reasonable ﬁt
(χ2-value close to one). In addition to the individual lifetime
components, average lifetimes were calculated for each QD−
COOH−C60 molar ratio using the ﬁt data. The average
lifetimes are also presented in Table 2. To get more insight into
QD and hybrid photophysics, the emission decay data were
analyzed by another approach as well, the maximum entropy
method (MEM). The results of this analysis will be discussed
later. The general trend is, however, shortening of the lifetimes
as the fullerene content in the hybrid increases.
The emission quenching is essentially similar for the other
QD sizes. Figure 4 summarizes the decrease in the integrated
emission intensities as well as the average lifetimes as a function
of the COOH−C60 concentration for all QD sizes. No apparent
trend of the quenching eﬃciency dependence on the QD size
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was observed. There are at least two reasons for this. First, the
concentrations of QDs were calculated based on the estimated
molar masses provided by the QD manufacturer, and thus they
are assumed to be rather inaccurate. Second, for any QD size, a
2-fold excess of COOH−C60 is enough to bring the emission
intensity down by at least 80% from the original value. This
indicates that as soon as the hybrid is formed, the emission
eﬃciency and lifetime are dropped down by more than an
order of magnitude, and the static quenching rather reﬂects the
concentration ratio than the eﬃciency of the interaction
between the QD and fullerene in the hybrids. Absorption and
emission spectra as well as ﬂuorescence decay curves for all the
QD−COOH−C60 titrations can be found in the Supporting
Information.
Evidently, the use of a four-exponential ﬁtting has no clear
justiﬁcation and does not provide much information on the
processes taking place during the excitation relaxation. It is
widely accepted that a distribution of lifetimes is expected for
heterogeneous systems like QD−COOH−C60 hybrids. Therefore, the maximum entropy method (MEM) was used to
analyze the emission decays.23,24 A series of 100 lifetimes
distributed evenly in the logarithmic scale was used for the
MEM analysis, and the results for the titration data for QD570
as well as the QD570−COOH−C60 hybrids are presented in
Figure 5. First of all, for all samples there is a relatively sharp

peak at 21 ns. This peak is attributed to nonquenched QDs
without defects or any other imperfections, which could reduce
the excited state lifetime. This peak decreases rapidly as the
relative COOH−C60 concentration increases. The peak can be
used as an indicator of the relative amount of nonhybridized
QDs in the QD−COOH−C60 hybrid samples. Second, even for
the QDs only, there is a sensible number of QDs with emission
lifetimes much shorter than 21 ns. This can be seen directly
from the decay curves of pure QDs that all have a faster decay
at the beginning. To quantify this observation, one can divide
the spectrum in two parts at 11 ns and calculate the relative
intensity for the QDs with a lifetime shorter than this
discrimination value. For QD570, the relative amount of the
short-lived QDs is 35%. The short lifetime of these QDs is
most probably due to diﬀerent sorts of imperfections and
defects, and this estimation suggests that from defect-free QDs
the emission quantum yield would be 35% higher than that
obtained from steady state emission measurements, i.e., it
would be close to 50%. One can also notice that there is a
distinct but minor band at 75 ns.
Addition of COOH−C60 has a 2-fold eﬀect on the lifetime
spectrum. First, the number of free QDs decreases as
mentioned above, and second, new bands with increasing
intensities are formed at the short lifetime side. At the same
time, there are no distinct peaks corresponding to the lifetimes
of QD−COOH−C60 hybrids with a molar ratio 1:1, 1:2, and so
on, which could be expected in the case of ideal hybrid
structures. This can be interpreted in favor of a number of
arrangements with diﬀerent distances and orientations of QD−
COOH−C60 complexes, and consequently a distribution of
lifetimes for distinct complexes with the molar ratios 1:1, 1:2,
etc. Qualitatively, the results presented in Figure 5 are
consistent with the expectation: the increase of the fullerene
concentration increases the relative amount of quenched QDs
and reduces the lifetime of the dots.
Essentially the same results were obtained for the other QD
sizes (see Supporting Information). In all cases, there is a peak
at around 20 ns, the intensity of which decreases as the relative
concentration of COOH−C60 increases, and the relative
contribution of the short-lived part increases. Furthermore,
the time resolution limit (roughly 100 ps) restricts the lifetime
analysis as the strong peaks for the samples with high COOH−
C60 concentration are found at this limit for all samples.
Calculating the relative concentration of the short-lived QDs

Figure 5. Emission decay distribution obtained from the MEM
analysis for the QD570 and QD570−COOH−C60 hybrids.

Figure 6. Transient absorption decay component spectra for the QD570 and QD570−COOH−C60 hybrid measured by the pump−probe method.
Excitation wavelength is 440 nm.
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Figure 7. Transient absorption (TA) vs emission (TCSPC) decays for the QD570 and QD570−COOH−C60 hybrid. The transient absorption
signals at 555 nm were inverted and scaled to match the normalized emission decays at 570 nm.

gives ﬂuorescence quantum yields close to 50% from the defectfree QDs for all QD sizes.
Clearly, addition of the fullerene derivative into a QD
dispersion has a drastic eﬀect on the emission intensity and
kinetics of the quantum dots. However, the only information
we can get from the emission measurements is the relaxation
kinetics of the QD excited state; no information on the
relaxation mechanism is obtained. There are at least two
possible relaxation pathways that result from the QD−
COOH−C60 interaction: photoinduced electron transfer and
energy transfer from the QD to the fullerene moiety. The
emission measurements do not reveal any information on
which relaxation pathways are active, and thus we need to turn
into transient absorption measurements.
Transient Absorption Spectroscopy. Two wavelength
ranges of interest for this study are around the ground state
absorption of the QDs, which is 500−700 nm, and around 1000
nm, where one can expect to monitor formation and decay of
the fullerene anion.6,38,39 To couple the relaxation of the QD
excitation with the anion formation, a global ﬁt of the data in
both ranges was done. The decay is nonexponential due to the
surface defects in the QDs as well as the distribution of
arrangements in the spatial organization of the QD−fullerene
linkage. However, as the ﬁrst step, a multiexponential ﬁt was
used, which required as many as ﬁve exponentials to achieve a
reasonable ﬁt goodness. Because of the nonexponential nature
of the decay, the decay model utilizing the Poisson distribution
of the hybrid formation was also implemented, and the results
of this analysis will be discussed later.
Figure 6 shows the decay component spectra obtained from
the transient absorption measurement of the QD570 as well as
the QD570−COOH−C60 hybrid. For the quantum dots only
(Figure 6(a)), the main spectral feature is the ground-state
bleach (GSB) signal centered at 550 nm. The fastest decay
component (0.49 ps) with an induced absorption at ca. 500−
600 nm is attributed to the QD relaxation to the lowest excited
state,10,40,41 i.e. hot exciton cooling. This assumption is
supported by the fact that the induced absorption is absent
when the sample is excited directly at the ﬁrst excitonic band
(at 550 nm for QD570, see Figure S8 in Supporting
Information).
The 1.7 ps component shows a recovery of the QD ground
state absorption and some small induced absorption on the red
side of the ground-state bleach band, that probably still shows a
trace of the hot exciton cooling. The red-shifted absorption
could as well result from fast trapping of the exciton. Similar

features in the two shortest lifetime components are observed
for QDs alone as well as the QD−COOH−C60 samples and
will not be discussed further.
The rest of the components at the visible range describe the
ground state bleach recovery. Noticeably, there is still a
reasonable amount of the absorption left after several
nanoseconds. The lifetime for the longest-living component
(12 ns) exceeds the time window of our measurement system
(ca. 6 ns), and thus it is rather inaccurate. In the NIR part of
the spectrum, the signals are broad and featureless. There is a
small induced absorption that decays with time together with
the ground state bleach signal.
There are clear diﬀerences in the TA signals for the QD−
COOH−C60 hybrid sample at delay times longer than a few
picoseconds (TA decay component spectra shown in Figure
6b) when compared to the QDs only sample. First, the ground
state bleach signal at the visible wavelengths recovers
signiﬁcantly faster in the QD570−COOH−C60 sample: the
lifetimes describing the GSB recovery are shorter than for the
QDs only sample, and the intensity of the longest-living decay
component is much smaller for the QD570−COOH−C60
hybrid than for QD570. The second major diﬀerence is
found in the NIR spectral region. There is a band centered at
ca. 1040 nm, the formation of which is associated with the 43
ps component and that decays with the 7.8 ns time constant.
This band is assigned to the fullerene radical anion
(C60−).6,21,38,39 The only feasible pathway leading to the C60−
radical anion is through a photoinduced electron transfer from
the excited quantum dot. Thus, the 43 ps decay component in
Figure 6b describes the electron transfer from the QD to
fullerene (photoinduced charge separation), and the 7.8 ns
component the back electron transfer (charge recombination).
Given that the QD emission overlaps somewhat with the
fullerene absorption, an energy transfer between these two
moieties could be possible and would result in QD emission
quenching as well. The energy transfer would yield the fullerene
singlet excited state. The fullerene singlet state has a minor
band around 1050 nm, that is less pronounced in intensity and
shifted to the red compared to the anion radical. The signal for
the singlet excited state can be diﬃcult to discriminate from the
C60− signal, if they cannot be observed separately.26 However,
the intersystem crossing is an eﬀective pathway for the fullerene
singlet excited state relaxation, and the energy transfer from the
excited QD to the fullerene moiety would eventually lead to the
formation of a fullerene triplet excited state, that should show
an absorption in the 700−800 nm region.42−44 However, no
17567

DOI: 10.1021/acs.jpcc.5b04251
J. Phys. Chem. C 2015, 119, 17561−17572

Article

The Journal of Physical Chemistry C

Figure 8. Transient absorption decays at 555 and 1040 nm for the QD570 and QD570−COOH−C60 hybrid. The transient decays at 555 nm were
scaled and inverted for comparison.

Table 3. Estimated QD−C60 Molar Ratios, Fullerene Anion Formation Lifetimes (τC60−), Intrinsic Electron Transfer Lifetimes
(τET), and Charge Recombination Lifetimes (τCR) for the Studied QD−COOH−C60 Hybrids
sample

QD−C60 ratio

τC60− [ps]

τET [ps]

τCR [ns]

τET(Poisson) [ps]

τCR(Poisson) [ns]

QD540
QD570
QD600
QD630

1:2.4
1:2.0
1:1.9
1:1.7

80
43
50
77

194
86
96
132

2.2
7.8
12
6.7

453
655
133
98

14
13
14
50

the absorption of QD cations (QD+) is almost indistinguishable
from that of neutral QDs.
Comparison of the decay component spectra leads to the
same conclusion: the charged QDs are spectroscopically very
similar to neutral QDs. The longest-lived component (Figure
6b) has a clear band at 1040 nm, but only a very weak bleaching
of the QD ground state band at 555 nm, the latter being most
probably due to a small amount QDs without fullerenes. The
component assigned to the charge separation, 43 ps, shows
some reshaping of the spectrum in the near IR part, and gradual
recovery of the 555 nm band in the visible region. There are no
new visible spectral features, that could be assigned to QD+
within the framework of exponential data ﬁtting, and the only
evidence for the electron transfer reaction comes from the
characteristic anion band of fullerene.
The TA decay component spectra for QD540, QD600, and
QD630 as well as the corresponding QD−COOH−C60 hybrids
are presented in the Supporting Information. It has to be noted
that the C60− radical anion signal gets somewhat weaker for the
larger QDs. This might result from a smaller driving force for
the electron transfer for the hybrids with larger QDs, and thus a
slower and less eﬃcient formation of the charge-separated state.
Table 3 summarizes the transient absorption results for all
QD samples. When comparing the electron transfer rates in
diﬀerent-sized quantum dots, one needs to take into account
the diﬀerent QD−COOH−C60 ratios in the diﬀerent QD
samples. Because the quenching eﬃciency of the fullerene
derivative varied for the diﬀerent QD sizes, diﬀerent QD−
COOH−C60 ratios were used in the transient absorption
measurements; the samples were prepared so that the emission
intensity was suppressed by at least 80%. The QD−COOH−
C60 ratios have been estimated utilizing the method described
by Morris-Cohen et al.27 using the pump−probe signals at long
delay times (>2 ns) at the GSB wavelength of each QD sample.
The lifetimes associated with COOH−C60 radical anion

induced absorption bands were observed for any of the QD−
COOH−C60 hybrid samples in this region, which led us to the
conclusion that the QD excited state relaxes primarily through
the photoinduced electron transfer to the fullerene, not through
the energy transfer.
For the quantum dots alone, the ground state bleach
recovery results from the depopulation of the singlet excited
state of the QDs and repopulation of the ground state, and thus
the GSB recovery rate should correspond to the emission decay
rate measured by the TCSPC method. The transient absorption
and TCSPC decays for QD570 are compared in Figure 7.
Indeed, the TA decays correspond very well to the ﬂuorescence
emission decays for these QDs. For the QD570−COOH−C60
sample, the situation is more complex. The singlet excited state
of the QD−COOH−C60 hybrid does not relax back to the
ground state.Instead, the exited state relaxes yielding a chargeseparated state (QD+−C60−). Therefore, one could expect a
diﬀerent decay rate for the transient absorption and TCSPC
signals. However, we observe that the GSB signal recovers
together with the relaxation of the excited state (Figure 7).
It is well-known that electrons in the conduction band have a
much stronger eﬀect on the QD absorption spectrum than
holes in the valence band,27,40,41 which makes monitoring of
the QD cations problematic. Instead, one can compare the
transient absorption decays at 555 and 1040 nm for QDs only
and QD−COOH−C60, presented in Figure 8. For the QDs
only, the signal in the NIR part of the spectrum disappears
essentially with a similar rate as in the visible part. On the
contrary, the NIR response of QD−COOH−C60 is virtually the
same as in the visible part only for a short period of few tens of
ps, but then the NIR signal stays almost constant, whereas the
decay at 555 nm shows almost complete recovery of the
bleached band within the time scale of the transient absorption
measurements, 6 ns. The absorption band at 1040 nm was
attributed to C60−, as it has a relatively long lifetime of ca. 8 ns.
Almost complete recovery of the band at 555 nm indicates that
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formation have been scaled according to the QD−C60 ratio to
yield the intrinsic electron transfer time constant.27
The electron transfer rate seems to correlate reasonably well
with the QD size. With the exception of QD540, the electron
transfer slows down with the increasing QD size. However, the
diﬀerences between the diﬀerent QD sizes are rather small.
This observation is in good agreement with the estimated
conduction band (CB) energies45 for the QDs (see Figure S11
in Supporting Information). Although the method for
estimating the quantum dot energy levels was developed for
core-only QDs, the results can qualitatively be applied in the
case of core−shell QDs as well. The model suggests that the
diﬀerences in the CB energies decrease with the increasing size,
resulting in a smaller ET driving force for the larger QDs.
Similar size dependence for the ET rate was earlier observed for
core-only QD−C60 hybrids by Bang and Kamat.6 They
concluded that the electron transfer reaction occurs in the
Marcus normal regime, i.e. the electron transfer gets slower
with increasing QD size. Our results support this conclusion.
We implied the classical Marcus theory46 to estimate the
reorganization energies and electronic coupling for the ET and
CR reactions. The results indicate that the reorganization
energies are fairly similar for all QD sizes being roughly 0.6−0.7
eV, and thus, no major diﬀerences in the ET rates can be
expected. The electronic coupling is the factor determining the
distance dependence of the ET reactions. The electronic
coupling was estimated based on the classical Marcus theory as
well, and it is also insensitive to the size of QDs, being roughly
0.002 eV. The most straightforward interpretation of this
outcome is that the distance of the fullerene moiety from the
QD surface, rather than from the QD center, determines the
electronic coupling.
The charge recombination rate does not depend strongly on
the QD size either. In fact, the diﬀerences in the QD valence
band (VB) energies are even smaller than for the CB energies
(Figure S11), which suggests that the back-electron transfer
would occur with a rather similar rate in diﬀerent-sized QDs.
Furthermore, the measured CR lifetimes are rather inaccurate
due to the limited time window of the used measurement
system (ca. 6 ns), and thus, no further conclusions about the
correlation between the QD size and the CR rate can be drawn.
The exceptionally slow electron transfer (and fast charge
recombination) in the QD540−COOH−C60 hybrid could
result from less optimal QD surface due to defects, which trap
the electrons and therefore hinder the electron transfer.
Another explanation could be the smaller size of the QDs;
perhaps the COOH−C60 orientation on the QD surface is less
optimal for electron transfer on the smaller QDs.
The excitation of the QD occurs in the CdSe core. However,
to be available for the ET to the fullerene moiety, the excited
electron needs to travel through the ZnS shell, i.e., the CB
electron and fullerene LUMO wave functions need to overlap.
The inorganic shell is known to act as an additional barrier for
the electron transfer. However, the study on the eﬀect of the
ZnS shell thickness on the electron transfer rate in CdSe QD−
anthraquinone hybrids revealed a damping factor of 0.35 Å −1
only.13 The shell thickness of the QDs used in this study was
ca. 6 Å, which can result in eight times slower ET compared to
that of core-only QDs. However, the higher probability of
defects in the core-only QDs may result in an overall lower ET
eﬃciency compared to the better protected core−shell QDs.
Furthermore, it has been demonstrated that an increase in the
shell thickness slows down the charge recombination much

more than the charge separation. Therefore, using core−shell
QDs in the QD−organic hybrids seems feasible, not only
because of the higher emission quantum yields that provide a
simple method for following the ET reaction by the emission
quenching, but also because of the prolonged CS lifetimes.
The results of the Poisson ﬁtting procedure applied to
QD570 and the corresponding hybrid are presented in Figure
9. The ﬁts are reasonably good considering that a very

Figure 9. Transient absorption decays for the QD570 and the
QD570−COOH−C60 hybrid at 550 nm (symbols) ﬁtted to the model
assuming a Poisson distribution of fullerenes and surface traps (solid
lines). See text for details.

simpliﬁed model was used. The best ﬁt parameters are τ0 = 10
± 3 ns, ct = 0.34 ± 0.1, τt = 6 ± 4 ps, c = 2.1 ± 0.3, and τET =
650 ± 130 ps. In fact, the value of ct can be estimated without
ﬁtting, it is the relative contribution of the fast (≈6 ps) decay at
the beginning. The value of τt is not accurate, as there are
diﬀerent types of traps. The value of c is reasonable and agrees
with the steady-state emission quenching. Finally, the value of
τET looks to be overestimated. Two possible reasons for this are
the ﬁxed value of τ0 = 10 ns taken from the decay ﬁt for the
QDs only, and the ignored distribution of τET due to the
“ﬂexibility” of the QD−fullerene linkage (the distribution of
orientations of the fullerene moiety with respect to the QD
surface).
Considering that the decay model provided by eq 5 gives a
reasonable approximation at the wavelength of the strongest
transient absorption response, we can extend it to ﬁt the data in
the whole spectrum range. To do so, we will assume that the
charge recombination is slow and can be accounted for by a
single exponential term. Thus, our global ﬁt model is
⎡ t
A(t , λ) = A 0(λ) exp⎢ − − ct(1 − e−t / τt )
⎣ τ0
⎤
⎛ t⎞
− c(1 − e−t / τ0)⎥ + A1(λ) exp⎜ − ⎟ + A 2 (λ)
⎦
⎝ τ1 ⎠
⎛ t ⎞
exp⎜ −
⎟,
⎝ τCR ⎠

(6)

where τCR is the time constant for the charge recombination
and A0(λ), A1(λ), and A2(λ) are the decay component spectra
associated with a fast thermalization, excited and charge
separated states, respectively. The ﬁt results, the spectra
A0(λ), A1(λ), and A2(λ), are presented in Figure 10 with the
17569

DOI: 10.1021/acs.jpcc.5b04251
J. Phys. Chem. C 2015, 119, 17561−17572

Article

The Journal of Physical Chemistry C

Figure 10. Decay component spectra for the QD570−COOH−C60 hybrid obtained from the global transient absorption data ﬁtting to eq 6. The
plot on the right presents the same data with extended absorption scale. See text for details.

new ﬁt parameter being τCR = 13 ± 9 ns. As expected, the
spectrum of the charge separated state (A2(λ)) has a very weak
absorption around 560 nm, as compared to that of the excited
state (A0(λ)), roughly 30 times lower. Second, the fullerene
anion is much clearer in A2(λ) than in the long-lived
component obtained from the exponential ﬁt (presented in
Figure 6b). This was the aim for developing the model, and can
be attributed to a better separation of the remaining excited
state transient absorption of QDs (small fraction of QDs
without fullerenes) and QD cations. Third, although the
absorption of the charge separated state, A2(λ), around 560 nm
is weak, its shape is clearly diﬀerent from that of the excited
state, A0(λ) . The A0(λ) spectrum suggests the bleaching of the
ground state absorption, but the A2(λ) spectrum is consistent
with a broadening of the band and a reduction in the intensity
at the maximum, though the overall diﬀerence in absorption
spectra of neutral QDs and positively charged QDs is minor
and does not exceed 5%.
Although the model allows to minimize the number of
intermediate states in the excitation relaxation and gives
reasonable spectra for those states, it is deﬁnitely an
oversimpliﬁcation in particular in the assumption that all 1:1
hybrids have the same time constant for the charge separation
and that there is only one type of surface traps with the same
trapping time constant. QD570 are the best QDs in the series
in that they have the lowest concentration of traps and thus the
highest emission quantum yield. The same data analysis
procedure was applied to the other QD−COOH−C60 hybrids,
and the transient absorption decays as well as the decay
component spectra can be found in Supporting Information.
The ﬁtted τET and τCS values are shown in Table 3. However,
the high concentration of traps and the broader spreading of
the trapping times start to interfere with the electron transfer
time constant and makes the separation of τt and τET even less
accurate. Nevertheless, the general trends and observations are
the same for all hybrids: (1) the identiﬁcation of the fullerene
anion spectra is more clear with this model; (2) the spectral
response of the QD cations is a few tens of times lower than
that of the excited QDs; (3) the spectral perturbation of the
QD cation is a minor broadening and reduction in the intensity.
Table3 summarizes the results from both the exponential
ﬁtting and the Poisson ﬁtting of the transient absorption
signals. The two diﬀerent ﬁtting models do not yield very
comparable results. As noted earlier, the Poisson ﬁt tends to
overestimate the electron transfer time constants, and in fact,

based on the Poisson ﬁt, the electron transfer would seem faster
in the larger quantum dots. This result, however, does not seem
reliable based on the present discussion on the energy levels
and the Marcus theory. Comparing the charge recombination
time constants is likewise diﬃcult, because the ﬁtted lifetimes
are longer than our measurement window. Therefore, the main
advantage of the Poisson ﬁtting procedure seems to be the
easier observation of the C60− band as well as the identiﬁcation
of the QD cation spectral features in a qualitative manner.

■

CONCLUSIONS

Photoinduced electron transfer in CdSe/ZnS core−shell
quantum dot (QD)−fullerene (COOH−C60) hybrids was
studied. The results show that after excitation of the quantum
dot, the electron transfer to the fullerene moiety takes place in
ca. 100−200 ps, and the charge separated state has a lifetime of
several nanoseconds. The CS time constant is rather long for
the QD−COOH−C60 hybrids, despite the fact that the
fullerene moiety is bound to the QD surface with a
considerably shorter linker than, e.g., in the CdSe QD−C60
hybrids built by Bang and Kamat.6 This can be attributed to the
eﬀect of the QD shell which increases the barrier for the
electron transfer.
We used a carboxyl-acid functionalized fullerene derivative
for the hybrid formation instead of the more widely used thiol
binding. The advantages of the carboxylic group over the thiol
group are the more simple synthesis and the much weaker
eﬀect of binding group on QD photophysiscs. Furthermore,
carboxyl-bound chromophores have previously shown to
successfully adsorb on CdSe/ZnS QDs.13 Our results also
suggest that the binding is rather reliable, leaving no unbound
fullerene in the dispersion.
In addition to the widely used multiexponential ﬁtting
procedure, more advanced methods of data analysis were
utilized. The emission decay data were analyzed using the socalled maximum entropy method (MEM), that produces a
distribution of the ﬂuorescence lifetimes and therefore
describes the heterogeneous QD ensemble in a more realistic
way than just an exponential ﬁtting. In particular, a peak around
20 ns was observed for virtually all hybrids. It corresponds to
the nonhybridized QDs, and can be used to evaluate the
relative concentration of fullerenes in the sample more
accurately. At the same time, no distinct peaks were observed
for complexes with the molar ratios 1:1, 1:2, etc., which
suggests a relatively strong heterogeneity of the complexes.
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The transient absorption spectroscopy data were analyzed
taking into account the statistical manner of the QD−COOH−
C60 hybrid formation. The results of this analysis revealed the
fullerene anion signature at the NIR spectral region more
clearly than a simple multiexponential ﬁtting. Furthermore, the
spectroscopical features of the QD cations were revealed: the
QD cation spectrum is broader and less intense than that of
neutral QDs in the ground state. However, the diﬀerence in the
absorption spectra is minor.
Apparently the inorganic shell protects the hybrid in two
ways: (1) by suppressing the eﬀects of surface defects, and
therefore enhancing the ﬂuorescence quantum yields of the
QDs as well as the yield of charge separation, and (2) by
prolonging the lifetime of the charge-separated state while not
retarding the electron transfer too much. The eﬀect of the shell
still needs to be veriﬁed in future studies by comparing the ET
rates in core-only and core−shell QDs with the same
chromophore.
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Titanium dioxide (TiO2 ) and zinc oxide (ZnO) semiconductors
have similar band gap positions but TiO2 performs better as
an anode material in dye-sensitized solar cell applications.
We compared two electrodes made of TiO2 nanoparticles
and ZnO nanorods sensitized by an aggregation-protected
phthalocyanine derivative using ultrafast transient absorption
spectroscopy. In agreement with previous studies, the primary
electron injection is two times faster on TiO2 , but contrary to the
previous results the charge recombination is slower on ZnO.
The latter could be due to morphology differences and the
ability of the injected electrons to travel much further from the
sensitizer cation in ZnO nanorods.

1. Introduction
Titanium dioxide (TiO2 ) is the most widely used anode material in
dye-sensitized solar cell (DSSC) applications [1], and the highest
2018 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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2.1. Materials
The chemical structure of the phthalocyanine (Pc) used is shown in ﬁgure 1 and its synthesis is described
elsewhere [16]. Ethanol (EtOH) (≥99.5% by mass) was purchased from Altia Plc. Acetonitrile (MeCN),
t-butanol (t-BuOH), ethanolamine, hexamethylene tetramine, 2-methoxyethanol, toluene, zinc acetate
dihydrate and zinc nitrate hexahydrate were purchased from Sigma-Aldrich. TiO2 nanoparticle paste
was purchased from Solaronix (Ti-Nanoxide T/SP) and from Dyesol (18NR-T). Fluorine–tin oxide (FTO)coated glass substrates (TEC7) were purchased from Sigma-Aldrich and cleaned as described in [18].

2.2. Samples
Previously developed and tested procedures were used to prepare nanostructures [15,19–21]. In brief,
TiO2 nanoparticle (anatase, average size 20 nm) ﬁlms were prepared by spin-coating on FTO glasses
pre-coated by a thin TiO2 compact layer [19,20]. The thickness of the TiO2 nanoparticle layer was
determined by scanning electron microscope (SEM) (ﬁgure 2a) and was typically 2–2.3 μm. ZnO nanorod
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power conversion efﬁciencies achieved for DSSCs so far were achieved for cells built on a layer of TiO2
nanoparticles [2]. There are a few promising alternative materials under development, probably the most
well known being ZnO [3]. ZnO has a band gap position very close to that of TiO2 , but has higher
electron mobility. It is naturally abundant and a few inexpensive methods exist to produce nanoparticles,
nanorods and nanowires for DSSC applications. However, the power conversion efﬁciencies of most
ZnO-based DSSCs are lower than those of the best TiO2 -based DSSCs [4]. However, for TiO2 and ZnO
cells with identical morphologies, the efﬁciencies of the two anode materials match each other well,
though different factors contribute to their efﬁciencies [5]. This stimulated our research on the primary
electron injection, regeneration, recombination and other reactions at the semiconductor–sensitizing dye
interfaces of the two materials [6].
A large number of comparative studies carried out with different sensitizers indicated that electron
injection is faster on TiO2 than on ZnO [7–11]. It has also been demonstrated that photoinduced electron
injection itself is not a simple single-step reaction. At ﬁrst, an electron–cation complex is formed at the
interface which later may yield a ‘free electron’ in the conduction band (CB) of the semiconductor [12,13].
The primary photoinduced electron injection from a sensitizer to an anode can be monitored by ultrafast
absorption spectroscopy, which is observation of the sensitizer cation formation in most cases. The
separation of the electron–cation complex does not change sample absorption in the visible (Vis)–near-IR
(NIR) range, but can be studied by ultrafast terahertz spectroscopy (e.g. [12,14]), and it has been shown
that the electron leaves the interface faster in the case of TiO2 than in ZnO. A characteristic time scale
for this process is around a picosecond for the TiO2 interface and up to a few hundreds of picoseconds
for ZnO.
It should be noted, however, that for both semiconductor materials (TiO2 and ZnO) the electron
injection is sufﬁciently fast for most of the studied sensitizers, and the time constant of the charge
separation at the interface alone should not lead to a dramatic difference in the efﬁciency of photocurrent
generation. Another clear difference between TiO2 and ZnO materials used as photo-anodes is the
crystallinity and electronic band structure. Mostly, anatase TiO2 nanoparticles are used to fabricate photoanodes. ZnO nanoparticles are also commonly used for photo-anodes. Also ZnO nanorods with a distinct
wurtzite crystal structure are an attractive alternative material not fully exploited yet [3]. ZnO belongs to
the group of direct band gap semiconductors, whereas TiO2 has a more complex band structure, which
also affects the charge separation at the anode surface [13].
The aim of this study was to compare primary photoinduced reactions on TiO2 and ZnO anodes.
Standard TiO2 anatase nanoparticles were used to prepare TiO2 anodes. ZnO nanorods were selected
as a model system for the ZnO anodes, as these anodes have well-deﬁned crystallinity (wurtzite) and
morphology [15]. Based on our previous experience, a special phthalocyanine derivative was selected as
the organic sensitizer [16–18]. This phthalocyanine (Pc) has speciﬁcally designed bulky peripheral groups
which prevent aggregation and eliminate inter-chromophore interactions. An important advantage of the
Pc selected for this study is the strong and sharp absorption features of the ground, excited and cation
states, which allow reliable and quantitative characterization based on ultrafast transient absorption
measurements. Another important feature is picosecond electron injection, which allows the ‘pure’
excited state to be observed with an instrument limited to 100 fs in time resolution.
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Figure 1. Phthalocyanine (Pc) structure.
(a)

(b)

Figure 2. SEM cross-section images of (a) a TiO2 |Pc sample (the lighter-coloured layer in the bottom is FTO with a thin compact layer;
the scale bar is 1 μm) and (b) a ZnO|Pc sample (the lighter-coloured layer in the bottom is ITO with a thin seed ZnO layer on top; the scale
bar is 200 nm).

photo-anodes were prepared using a hydro-thermal method on indium–tin oxide (ITO)-coated glasses
following the procedure described previously [15,18]. The typical length of the nanorods was 800–
1000 nm and diameters were around 50 nm (ﬁgure 2b). For the studied samples, the speciﬁc surface area
of the ZnO nanorod samples was estimated to be approximately 10 times smaller than that of the TiO2
samples.
Self-assembled monolayers (SAMs) of Pc were deposited by dissolving Pc in a mixture of
BuOH : MeCN 1 : 1 (by volume) at a concentration of 0.03–0.1 mM, immersing the substrates into
solution for 30 min and washing away the phys-adsorbed excessive Pc with pure solvent, as described
elsewhere [18].

2.3. Instruments
Absorption spectra of the samples were measured using a Shimadzu UV-3600 UV-VIS-NIR
spectrophotometer. The sample morphology was investigated using a ﬁeld emission SEM (FE-SEM;
Carl Zeiss Ultra 55). Ultrafast transient absorption (TA) responses of the samples were measured
using a pump–probe system described previously [20,22]. Brieﬂy, samples were excited at 695 nm
(pump) by roughly 100 fs pulses at a repetition rate of 1 kHz (Libra F, Coherent Inc., coupled with
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Figure 3. Absorption spectra of TiO2 |Pc and ZnO|Pc samples after subtracting substrate spectra, and Pc in mixture of BuOH : MeCN.
The spectrum of ZnO|Pc sample was multiplied by eight to match the scale.
Topas C, Light Conversion Ltd). White continuum probe pulses were generated by a small fraction
of fundamental pulses produced by the generator (Libra F) focused on a sapphire crystal. The timeresolved transient absorption spectra were recorded using an ExciPro TA spectrometer (CDP, Inc.) in
two wavelength ranges: 460–770 nm and 850–1050 nm. Home-developed software (decﬁt.py) was used to
process and analyse the pump–probe measurements. The program carries out group velocity dispersion
compensation, convolution with an instrument response function and a global data ﬁt to a sum of
exponential, stretched exponential and distributed decay functions [23].

3. Results
3.1. Samples
Absorption spectra of the Pc-sensitized samples are presented in ﬁgure 3 together with the solution
spectrum. The absorption spectra of the substrates, TiO2 nanoparticle ﬁlm and ZnO nanorod array were
subtracted; therefore, the spectra shown represent absorption of Pc SAMs. Owing to the thickness and
morphology differences, the TiO2 samples had an approximately 10 times higher surface speciﬁc area
than the ZnO samples [15]. Therefore, to compare Pc spectra in TiO2 and ZnO, the spectrum of the
ZnO|Pc sample was multiplied by 8. The resulting absorption spectra of the Pc SAMs on both ZnO and
TiO2 are reasonably close to each other in shape, and show no evidence of Pc aggregation. One may
notice a red shift (by roughly 8 nm) and some differences in the shapes of the spectra in the Q-band
area (650–710 nm region) of the SAMs compared with the solution. However, the band width is the same
37 nm (full width half-maximum) in both cases, which indicates no aggregation effect on the spectra of
the SAMs.

3.2. Transient absorption spectroscopy
The photoinduced reactions in the samples were studied by measuring the transient absorption
responses (pump–probe method) in two wavelength ranges, 460–770 nm and 850–1050 nm, with
excitation at 695 nm. The time-resolved differential absorption spectra of TiO2 |Pc and ZnO|Pc samples
at selected delay times are presented in ﬁgure 4. At a qualitative level, the spectra at a short delay time,
e.g. at 0.2 ps, can be attributed to the singlet excited state of Pc formed immediately after the excitation,
and at a longer delay time, e.g. at 1 ns, they can be attributed to the Pc cation [24]. The responses of two
samples in ﬁgure 4 have much in common in terms of spectral shapes, though lifetimes and relationships
between different spectral features are clearly different.
The transient absorption response of the ZnO|Pc sample can be ﬁtted reasonably well by a sum
of three exponential and one distributed decay functions as discussed in [18]. The resulting decayassociated component spectra are presented in ﬁgure 5b. These are spectra of the transient absorption
responses associated with corresponding ﬁt functions, exponential and distributed decays denoted as
‘exp(. . .)’ and ‘dist(. . .)’, respectively. To obtain an equally good ﬁt of the TiO2 |Pc data, a combination
of two exponents and two distributed decays had to be used (ﬁgure 5a). The spectral shapes are highly
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Figure 4. Time-resolved transient absorption spectra of (a) TiO2 |Pc and (b) ZnO|Pc samples at a few selected delay times. The data were
corrected for the group velocity dispersion.
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Figure 5. Transient absorption component spectra of Pc on (a) TiO2 nanoparticles and (b) ZnO nanorods. The fit model consisted of
the sum of the exponential and distributed decays denoted as exp(. . .) and dist(. . .), respectively, with characteristic time constants
indicated in brackets. The NIR part of the spectra (λ > 800 nm) is magnified two times.
similar for the two sets of the component spectra, even though the relative intensities and corresponding
time constants are different.
The wavelength of most different decay proﬁles of the transient absorptions of TiO2 and ZnO samples
is 865 nm. The normalized decays at 865 nm are shown in ﬁgure 6. This ﬁgure illustrates also the ﬁt
quality (solid lines): there were no regular deviations of the ﬁts from the data through the whole spectrum
range and typical sigma-values were 0.01–0.02 mOD.

4. Discussion
4.1. Long-lived charge separation
In both cases, the longest-lived components (ﬁgure 5) have decay times much longer than the maximum
delay time available to the instrument (6 ns); therefore, the calculated decay time values are not accurate.
However, the spectra of the components are very much alike and show a relatively narrow absorption
band at 865 nm and a broad absorption band around 560 nm in addition to strong bleaching of the Qband around 700 nm. These features are typical for the Pc cation, Pc+ [18,24,25]. The relative intensities
of the long-lived components are rather different in the two samples, being much stronger in the
ZnO|Pc sample.

4.2. Electron injection
Another component with clear and distinct features is the distributed decay component with an average
time constant of 2.7 ± 0.2 ps in the case of the TiO2 |Pc sample and 5.4 ± 0.7 ps for the ZnO|Pc sample. It
has a sharp band at 650 nm, a relatively sharp negative peak at 870 nm and a broad negative peak around
560 nm. These features are consistent with transition from the singlet excited state to the Pc cation, which
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Figure 6. Transient absorption decays at 865 nm of Pc on TiO2 and ZnO. The symbols are the measured data points and the solid lines are
the fits.

is caused by electron injection to TiO2 ,
τinj

+
TiO2 | Pc∗ −→ TiO−
2 | Pc .

(4.1)

The distributed decay model operates with three parameters [23]: the average (or non-disturbed) time
constant (τinj ) indicated for the corresponding decay components in ﬁgure 5, the width of the free and/or
reorganization energy distribution (E), and the sensitivity factor (a). The time constant is approximately
two times larger for the ZnO|Pc sample, but the other two parameters are nearly identical for the two
samples, E = 0.022 ± 0.004 eV and a = 1.0 ± 0.2 for TiO2 |Pc and E = 0.028 ± 0.007 eV and a = 1.2 ±
0.3 for ZnO|Pc. This means that the electron injection is two times faster in the TiO2 |Pc sample, but
otherwise the mechanism of electron transfer is the same.
There is a fast 0.5 ps component in the response of both samples. It has an effect of a minor absorption
decay in the visible part of the spectrum and some reshaping around 850 nm, but it does not lead to
the formation of an intermediate state with new distinct spectral properties (ﬁgure 4). This component
is tentatively attributed to the thermal relaxation of the singlet excited state and will not be discussed
further.

4.3. Fast charge recombination at the interface
The last component to discuss is that of the 180 ps time constant in the case of the ZnO|Pc sample and the
23 ps average time constant (distributed decay component) for the TiO2 |Pc sample. The spectral shapes
of this component are rather close for the two samples but the relative intensities are different. It is a
minor component for the ZnO|Pc sample and one of the strongest for the TiO2 |Pc sample. Furthermore,
the spectra of these components resemble those of the longest-lived component, with differences mainly
seen in the shape of the broad band in the 500–600 nm range and an absorption shoulder (TiO2 |Pc)
or a minor band (ZnO|Pc) in the 950–1050 nm range. The latter can be associated with a Pc anion,
which has two characteristic bands: one is close to 1000 nm in the NIR and the other is at 590 nm in
the visible part of the spectrum, as was observed for ZnO|Pc covered with a hole-transporting material
(electron donor) [18]. The appearance of a Pc anion could be explained by the partial aggregation of the
Pc molecules and an intra-aggregate charge separation in the process Pc∗ − Pc → Pc+ − Pc− . This could
be a reasonable explanation in the case of the ZnO|Pc sample, though for the ZnO|Pc sample it is a
minor process in any case. However, in the case of the TiO2 |Pc sample, there is no band at 1000 nm and
the component shape in the 500–620 nm range does not match that of the Pc anion, having a broad band
in the 500–600 nm range rather than a relatively narrow anion band at 590 nm. It is more reasonable to
attribute this component to a Pc cation, which leaves a question on the origin of two Pc cations with
drastically different lifetimes, 23 ps and 23 ns (TiO2 |Pc) and minor differences in the spectral shapes.
A typical interpretation of a very diverse decay time of one and the same state is inhomogeneity of
the Pc arrangement on the TiO2 surface. However, this can also be ruled out for two reasons. Firstly,
the bulky peripheral groups and rigid core of Pc makes a diverse conformation distribution unlikely.
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There are reports on a two-step charge separation at the semiconductor–organic interface [9,11,12,14]. In
the ﬁrst step, a coupled electron–hole pair is formed with the electron in the CB but electrostatically
bound to the sensitizer cation, Pc+ . This state is also termed the interfacial charge-transfer complex
(ICTC) [13]. It may recombine or the electron may leave the interface and become a ‘free’ carrier in
the CB. In the spectral range studied, the measured transient absorption response is dominated by the
response of the Pc sensitizer, a cation in both the coupled and non-coupled Pc+ states. Therefore, electron
migration from the close proximity of the Pc+ to the bulk of the semiconductor is expected to have only
a minor effect on the transient absorption spectrum shape, which is consistent with the minor spectral
differences of the two long-lived components in ﬁgure 5.
Taking this two-step charge transfer as a working hypothesis, one could conclude that there is a
relatively large probability of charge recombination of the ICTC in the case of TiO2 |Pc, as the molar
absorption coefﬁcients of the ‘free’ cation Pc+ and cation in the ICTC must be almost the same. The
gradual decay of the signal at 865 nm within a few tens of picoseconds (ﬁgure 6) points to the complex
recombination but not to the electron shift to the bulk of TiO2 . However, this conclusion contradicts
previous studies. First of all, terahertz spectroscopy of similar TiO2 samples suggests that the ICTC
dissociates by yielding free electrons in the CB within 1 ps [12,14], much shorter than the 23 ps time
constant discussed here. On the contrary, for ZnO samples, this dissociation time is extended to 100 ps
and agrees reasonably well with the 180 ps reported here. Secondly, Chegui and co-workers [13] have
shown that the fates of the injected electron are very different in TiO2 and ZnO due to the different
electronic band structures, a direct band gap in ZnO and an indirect one in TiO2 , and ICTC is formed
at the ZnO|Pc interface but not at the TiO2 |Pc interface. Therefore, our results are consistent with an
intermediate ICTC complex in the ZnO|Pc sample only.
The 23 ps time constant corresponds to an electron diffusion length of a few tens of nanometres
in bulk TiO2 , roughly the size of a nanoparticle. This leads us to the assumption that the fast charge
recombination is associated with the probability of the electron remaining in the same nanoparticle
into which it was injected. The free electron and Pc+ cannot recombine as soon as the electron jumps
to another nanoparticle, and 23 ps is an average time for the free electron to move from one TiO2
nanoparticle to another. The characteristic size, the length, of ZnO nanorods is much larger and the
carrier mobility is much higher in ZnO, therefore the same fast recombination mechanism in not efﬁcient
in ZnO| samples since free electrons move quickly away from the recombination centre, Pc+ . This
assumption has no direct proof, however.

4.5. Dynamics of the Pc cation on TiO2 and ZnO surfaces
The band at 865 nm is a characteristic feature of the Pc cation. Unfortunately, the singlet excited state of
Pc also has relatively high absorption at this wavelength, which is the reason why the electron injection
(reaction (4.1)) does not lead to an absorption rise at this wavelength in the ﬁrst few picoseconds of
electron injection and cation formation. Nevertheless, at relatively long delay times when the singlet state
has already relaxed, e.g. >10 ps, the signal at 865 nm can be used as an indicator of the [Pc+ ] population.
Comparison of the transient absorption decays at this wavelength is shown in ﬁgure 6. Obviously, the
charge recombination at the TiO2 |Pc interface is faster than that at the ZnO|Pc interface, and the most
drastic drop of the signal at 865 nm (TiO2 |Pc sample) takes place within the ﬁrst 10 ps after the excitation.
A very simpliﬁed reaction scheme for both samples is
Pc*

τinj

−→

e− | ⏐Pc+
⏐
τint
Pc

τl

−→

Pc+
⏐
⏐
τcr

(4.2)

Pc

where e− | Pc+ is the ICTC or any other fast disappearing charge separated state, τint is the time constant
of this state charge recombination, τl is the time constant to form a ‘long-lived’ charge transfer state, and
τcr is the ﬁnal recombination time constant of Pc+ . Experimentally observable time constants are τint ,
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Secondly, the same diversity could be expected for both semiconductor substrates, but in the case of ZnO
the fast charge recombination (180 ps) is a minor process, whereas in the case of TiO2 it is almost the
dominating process.
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Figure 7. Modelled dynamics of the singlet excited state, Pc* and cation, Pc+ , populations in the TiO2 |Pc (solid lines) and ZnO|Pc (dotted
lines) samples. The population of Pc cations was calculated for all Pc+ and for long-lived Pc+ , see text for the details.

−1
τcr and τs = (τint
+ τl−1 )−1 , which are the time constants of the picosecond, 20–200 ps, and nanosecond
components in ﬁgure 5.
To model the process dynamics, the ﬁt results at 865 nm will be used. Then, we will assume that:

(i) the picosecond component is solely due to the relaxation of the singlet excited state, Pc*; thus the
average time constants for the singlet state relaxation are τinj = 2.4 ± 0.2 ps and 5.4 ± 0.7 ps for
the TiO2 |Pc and ZnO|Pc samples, respectively;
(ii) only the excited state, Pc*, and cation, Pc+ , contribute to the transient absorption at this
wavelength, and absorption of two cations in scheme (4.2) is the same;
(iii) immediately after excitation only Pc* is formed, which means that the time resolution of the
instrument is sufﬁcient to resolve the cation formation and it has zero population at zero time.
Within this model, the population decay of the excited state is
[Pc∗ ](t) = dist(t, τinj , E, a),

(4.3)

where the function dist() is computed as presented in [23], and it depends on the ‘non-disturbed’ or
average time constant, τinj , the energy distribution width, E, and the sensitivity factor, a. The population
decay of the singlet excited state is shown in ﬁgure 7 by the red lines.
The time proﬁle of the total cation population (‘all Pc+ ’ in ﬁgure 7, blue lines) can be computed as
the difference between the normalized decays at 865 nm (Aλ=865 nm (t)) and [Pc∗ ](t), though this does
not give an ‘absolute’ value of the Pc+ population since the ratio of molar absorbances of Pc+ and Pc* is
not known. In other words, the sum ‘Pc*’ and ‘all Pc+ ’ in ﬁgure 7 is the normalized measured decay at
865 nm, or the ﬁts shown in ﬁgure 6.
Next, the proportion in the branching reactions of the e− | Pc+ state can be evaluated from the relative
intensities of the decay components with the time constants 23 ps and 23 ns (in the case of the TiO2 |Pc
sample), which gives
aint
τint = τc
(4.4)
al + aint
and
τl = τc

al
,
al + aint

(4.5)

where τc is the measured time constant of the middle decay component (23 ps for TiO2 ). The green lines
in ﬁgure 7 show cation populations minus the population of the e− | Pc+ states; ﬁgure 7 also presents the
dynamics of the ‘long-lived’ cations.
The most reliable part here is the separation of the singlet, Pc*, and cation, Pc+ , as it is based on
sharp spectral differences between the two states. Division on the ‘short’- and ‘long’-lived Pc cations
(states e− |Pc+ and Pc+ in scheme (4.2)) is rather phenomenological, but it reﬂects the experimental
observation that the cation Pc+ decay has fast, 23 ps, and slow, 23 ns, components with approximately
two-thirds accumulated in the fast decay in the case of the TiO2 |Pc sample. This is not the case for the

.................................................

0.8

8

rsos.royalsocietypublishing.org R. Soc. open sci. 5: 180323

population (norm.)

1.0

Downloaded from http://rsos.royalsocietypublishing.org/ on August 5, 2018

Figure 7 summarizes the discussion of the differences between the TiO2 nanoparticles (anatase) and ZnO
nanorods (wurtzite) as the electron-collecting materials photosensitized by a Pc. The experimental results
suggest that the primary electron injection is faster in the TiO2 sample, in agreement with numerous
previous observations. But the charge recombination is also faster in TiO2 . Furthermore, a relatively
large number of the injected electrons recombine with the Pc cation on the semiconductor surface within
a few tens of picoseconds in the case of TiO2 , but not in ZnO. Overall, the yield of Pc cations and thus
the yield of the electrons injected into the anode is higher in ZnO at delays longer than 20 ps with the
difference increasing with the delay time. This advantage of ZnO nanorods may be due to two factors:
higher electron mobility in ZnO than in TiO2 , and a longer travelling distance in ZnO nanocrystals and
nanorods, which helps to separate electrons and surface cations, Pc+ , more efﬁciently in the case of ZnO.
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ABSTRACT: Phthalocyanines (Pc) are well-known light-harvesting
compounds. However, despite the tremendous eﬀorts on phthalocyanine
synthesis, the achieved energy conversion eﬃciencies for Pc-based dyesensitized solar cells are moderate. To cast light on the factors reducing the
conversion eﬃciency, we have undertaken a time-resolved spectroscopy
study of the primary photoinduced reactions at a semiconductor-Pc
interface. ZnO nanorods were chosen as a model semiconductor substrate
with enhanced speciﬁc surface area. The use of a nanostructured oxide
surface allows to extend the semiconductor-dye interface with a hole
transporting layer (spiro-MeOTAD) in a controlled way, making the
studied system closer to a solid-state dye-sensitized solar cell. Four zinc
phthalocyanines are compared in this study. The compounds are equipped
with bulky peripheral groups designed to reduce the self-aggregation of the
Pcs. Almost no signs of aggregation can be observed from the absorption spectra of the Pcs assembled on a ZnO surface.
Nevertheless, the time-resolved spectroscopy indicates that there are inter-Pc charge separation−recombination processes in the
time frame of 1−100 ps. This may reduce the electron injection eﬃciency into the ZnO by more than 50%, pointing out to a
remaining aggregation eﬀect. Surprisingly, the electron injection time does not correlate with the length of the linker connecting
the Pc to ZnO. A correlation between the electron injection time and the ”bulkiness” of the peripheral groups was observed. This
correlation is further discussed with the use of computational modeling of the Pc arrangements on the ZnO surface.

■

INTRODUCTION

and thus, they have been extensively studied in DSSC
applications.4,6−13 The power conversion eﬃciency for Pcbased DSSCs, however, is lower than that of the best DSSCs
based on porphyrin derivatives or ruthenium dyes.8−11
The power conversion eﬃciency of a solar cell is probably
the most important parameter characterizing the cell, providing
information on the cell performance at a glance. However,
when taken alone it does not allow to shed light on the
numerous factors contributing to the cell performance. This
information would be gravely needed especially if the cell
performance is not optimal. The photoinduced electron
injection in phthalocyanine- or porphyrin-based DSSCs take
place in the femto- to picosecond time scale,5,14−17 and

Dye-sensitized solar cells (DSSCs) have received a great
attention in the research community ever since the ﬁrst report
by O’Regan and Grätzel.1−3 When compared to conventional
silicon-based solar cells, DSSCs are low-cost, lightweight, and
easily scalable. When comparing to all-organic bulk heterojunction solar cells (BHJs), on the other hand, DSSCs provide
a way to circumvent the need for a stable low−band gap
polymer, which is often the bottleneck in BHJ design.4,5
Careful design of the dye is the key to enhance the power
conversion eﬃciency in DSSCs. The dye should be photostable,
it should have appropriate energy levels when compared to the
semiconductor conduction band (i.e., it should be a good
electron donor), and it should absorb throughout the solar
spectrum. Especially, high molecular extinction is needed at
around 700 nm, where the solar photon ﬂux is maximized.
Phthalocyanines (Pc) meet all of these requirements fairly well,
© 2017 American Chemical Society
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therefore, ultrafast spectroscopic methods are needed to
analyze the reaction kinetics and to explain the reasons leading
to diﬀerences in the performance in diﬀerent solar cell designs.
Although the photoinduced electron injection is fast, there
are a number of alternative deactivation reaction pathways that
can compete with it. Probably the most common and wellknown deactivation pathway is aggregation of dyes, which may
increase the nonradiative relaxation rate through intermolecular
interactions or other processes sensitive to aggregation
(internal conversion and intersystem crossing).
Reducing aggregation is crucial for improving the solar cell
performance. It has been previously reported that the
aggregation can be reduced either by adding cosensitizers
such as CDCA, or by adding bulky substituents into the
phthalocyanine core.5,12,13 Matsuzaki et al.5 noted that the
substituent approach enhances the performance even more
than the use of cosensitizers. This rises the importance of a
quantitative evaluation of the degree of aggregation in the Pcs.
For phthalocyanine sensitizers particularly, the aggregation has
a remarkable eﬀect on the solar cell performance.13,18−20
A faster electron injection is a natural way to increase the
competitiveness of the desired electron transfer process. The
electron transfer reaction is controlled to a great extent by the
distance between the semiconductor substrate and the
sensitizing dye. Therefore, a detailed understanding of the
sensitizing dye orientation and molecular packing on the
semiconductor surface is critical for improving the charge
transfer parameters. An important tool for analysis of such
interfaces is computational modeling. It can address many
aspects of practical importance including conformations and
arrangements of organic molecules on semiconductor oxide
surfaces.20−23
In real solar cell devices, the photoinduced electron injection
from the sensitizing dye into the semiconductor is just the ﬁrst
step in a series of charge transfer reactions leading to
photocurrent generation. In this respect, solid-state hole
transporting materials (HTMs) have aroused a growing interest
in the recent studies.24,25 When compared to liquid electrolytes,
solid HTMs provide a less complex solar cell design and a
better thermodynamic stability.26 The most widely used solidstate HTM is spiro-MeOTAD, with which over 7% overall
power conversion eﬃciency has been reported.24,27 Furthermore, direct spectroscopic evidence on the hole transfer into
the spiro-MeOTAD layer from the sensitizing dye and on the
dye regeneration kinetics can be obtained.28,29
Herein we report on a time-resolved spectroscopy study of a
series of zinc phthalocyanines on zinc oxide (ZnO) surface.
Some of the phthalocyanines were already tested in TiO2 DSSC
applications, demonstrating a reasonable eﬃciency up to 6%.
Unlike in the previous experiments, ZnO nanorods were used
here to prepare model samples. ZnO is the second most widely
used electrode material after TiO2.30−32 One of its advantages is
higher electron mobility, but more importantly for this study,
vertically aligned ZnO nanorods have simpler morphology.
Thus, ﬁlling the voids between the nanorods by the HTM can
be reliably monitored by electron microscopy. The experimental results, supported by computational modeling, suggest
that the peripheral substituents play an important role both in
reducing aggregation eﬀects and in achieving a fast electron
injection into the semiconductor.
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METHODS AND MATERIALS

Materials. Ethanol (EtOH) (≥99.5% by mass) was
purchased from Altia Plc. Acetonitrile (MeCN), tert-butanol
(t-BuOH), ethanolamine, hexamethylene tetramine, 2-methoxyethanol, toluene, zinc acetate dihydrate, and zinc nitrate
hexahydrate were purchased from Sigma-Aldrich. 2,2′,7,7′Tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spirobiﬂuorene
(hereafter denoted as spiro-MeOTAD or spiro) was purchased
from Lumtec (Luminescence Technology Corp.). All solvents
and chemicals were used without further puriﬁcation. ITOcoated glass substrates (12 × 35 mm, ca. 30 Ω square
resistance) were purchased from Solems and cleaned before use
as described elsewhere.29
Chemical structures of the zinc phthalocyanines used are
shown in Figure 1. Synthesis of the Pcs and their operation in

Figure 1. Chemical structures of the zinc phthalocyanines used in this
study. The designations in the parentheses indicate the names of the
compounds used in previous publications, see the main text for details.

DSSCs were reported previously. Compound 1 was published
by Ragoussi et al. (as TT58),12 compound 2 by Ragoussi et al.
(as TT40),11 and compound 3 by Tejerina et al. (as ZnPc1a).13
The synthetic procedure, sample preparation details as well as
the photophysical behavior of compound 4 on ZnO nanorods
were reported elsewhere (as ZnPc).29
Sample Preparation. The ZnO nanorods (ZnOr) were
grown by a hydrothermal method. The growth method has
been extensively described earlier.29,33 Brieﬂy, a ZnO seed layer
was prepared by spin-coating a 0.23 M zinc acetate sol (in 2methoxyethanol:ethanolamine 96:4 by volume) onto UVozone treated (15 min) ITO substrates (1500 rpm, 60 s),
and calcined at 380 °C for 20 min to produce ZnO. Then, the
substrates were immersed upside down into the nanorod
precursor solution (0.03 M zinc nitrate and 0.03 M
hexamethylene tetramine in deionized Milli-Q H2O) at 85 °C
for 6 h. After the reaction, the substrates were removed from
the precursor solution, rinsed thoroughly with Milli-Q H2O,
and dried in air. Typically, the hydrothermal growth produced
ZnO nanorods approximately 790 ± 25 nm in length and 38 ±
9595
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Figure 2. (a) Absorption spectra of ZnOr|1 SAMs prepared from diﬀerent solvents: t-BuOH:MeCN (blue), toluene (pale blue) and toluene:EtOH
1:1 (gray); (b) absorption spectra of ZnOr|1 (blue), ZnOr|2 (red), and ZnOr|3 (green) SAMs prepared from t-BuOH:MeCN. The absorbance of
ZnO nanorods has been subtracted from all spectra.

Modeling. In order to assess the morphology and
conformations of the large Pc molecules on the ZnO surface
in a more real condition, we have carried out a canonical
ensemble−molecular dynamics simulations at room temperature (298 K) in a constant volume (NVT-MD) using Nose−
Hoover thermostat, as implemented in the Forcite module of
Materials Studio package.35 The Dreiding force ﬁeld36 was used
to evaluate the atomic forces, and the 100 ps trajectories for the
studied Pc|ZnO systems were calculated with a 1 ps time step.
The nonbonded electrostatic and van der Waals forces were
controlled by Ewald and atom-based summation methods with
the cutoﬀ distance of 9.5 Å.
The hexagonal wurtzite structure of ZnO is the most
common phase under ambient conditions. The structure
consists of tetrahedrally coordinated zinc cations and oxygen
anions. To model the most energetically favorable nonpolar
(101̅0) ZnO surface, we chose a 6-layer slab with the vacuum
thickness in nonperiodic direction of 40 Å. Diﬀerent supercells
consisting of 6 × 3 × 6, 6 × 3 × 9, and 6 × 3 × 12 ZnO unit
cells were used to test the interaction between the neighboring
Pc molecules. For further calculations, we adapted the 6 × 3 ×
9 supercell, since no appreciable correlations in the relaxed
surface geometry were found in simulations with a larger
supercell. The single phthalocyanine molecule was thus
anchored onto a surface area of 29 × 31 Å, which corresponds
to a surface coverage of 1/4 of a monolayer. This coverage was
chosen to allow the dye to freely change its orientation and tilt
angle on the surface. The phthalocyanine molecules were
attached onto two zinc atoms via the carboxylic acid groups in a
bidentate bridging mode, which ensures a strong chemical
bonding and is predominant according to previous reports.37
The models were optimized by allowing both surfaces of the
slab, dye, and linker, to relax.

1 nm in diameter, as presented in Figure S1 in the Supporting
Information.
The ZnO nanorod substrates were annealed at 300 °C for 30
min immediately prior to the monolayer formation. To deposit
self-assembled monolayers (SAMs) of the Pcs, the ZnO
nanorod substrates were immersed into solutions of the Pc’s,
typically for 30 min. The solutions were prepared in either
EtOH, toluene, toluene:EtOH 1:1 (by volume), or tBuOH:MeCN 1:1 (by volume) at 0.03−0.1 mM concentrations. After the reaction, the substrates were removed from
the Pc solutions and washed by immersing them for 5 min into
the pure solvent.
The sensitized ZnO nanorod samples were coated with a
hole transporting layer, spiro-MeOTAD, following a reported
procedure.29 The spiro-MeOTAD layer was prepared by spincoating (2000 rpm, 30 s) a 82 mM solution in anhydrous
chlorobenzene onto the sensitized ZnO nanorod substrates.
Sample Characterization. Absorption spectra of the
samples were measured using a Shimadzu UV-3600 UV−visNIR spectrophotometer in the range 350−850 nm. Absorption
spectra of the compounds in t-BuOH:MeCN solutions can be
found in Figure S2 in the Supporting Information.
Energies of the excited states of the phthalocyanines were
estimated by using diﬀerential pulse voltammetry (DPV) (see
the Supporting Information for details). The measurements
show relatively small diﬀerence between the compounds (±0.1
eV), but for all Pcs the energy of the excited state is almost 1 eV
above the lower edge of ZnO conduction band, which is in
agreement with the general notion that Pcs are good
photosensitizers in DSSC applications.7,8
The sensitized ZnO nanorod samples with and without the
spiro-MeOTAD layer were imaged using a ﬁeld emission
scanning electron microscope (FE-SEM, Carl Zeiss Ultra 55).
Ultrafast transient absorption (TA) responses of the samples
were measured using a pump−probe system described
previously.17,34 Brieﬂy, the samples were excited by laser pulses
at two wavelengths, 400 and 695 nm (Libra F, Coherent Inc.,
coupled with Topas C, Light Conversion Ltd.). A white
continuum generator (sapphire crystal) was used to produce a
probe beam. The TA responses were measured using an
ExciPro TA spectrometer (CDP Inc.) equipped with a CCD
array for the visible spectral range (460−770 nm), and an InGa
diode array for the near-infrared wavelengths (840−1045 and
1050−1260 nm). The pulse repetition rate of the laser system
was 1 kHz and the spectra were typically acquired by averaging
over 5 s. All measurements were carried out with the samples
placed in a chamber ﬁlled with nitrogen.

■

RESULTS

Sensitization of ZnO Nanorods. Compounds 1 and 2
were previously studied in DSSCs.12 Then, SAMs of the
compounds were deposited onto mesoporous titanium dioxide
nanoparticle ﬁlms from a toluene solution with 4−8 h reaction
time. We discovered, however, that in the case of ZnO
nanorods, 30 min reaction produces approximately the same
absorbance as the longer reaction (see Figure S3 in the
Supporting Information for the absorbances of 2). Therefore,
30 min reaction time was used in all reactions hereafter.
Unfortunately, the absorbances for ZnOr|1 samples prepared
from toluene solutions were consistently lower than those for
ZnOr|2 samples. This was unexpected, since the two
compounds are very alike in structure, the only diﬀerence
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being the length of the spacer connecting the carboxylic group
to the phthalocyanine core. Thus, we concluded that toluene
might not be an appropriate solvent for the SAM formation for
compound 1. Two-component solvent mixtures were tested:
toluene:EtOH (1:1 by volume) and t-BuOH:MeCN (1:1 by
volume). Absorption spectra for the ZnOr|1 samples prepared
from diﬀerent solvents are presented in Figure 2a. For the
toluene:EtOH mixture, absorbance of the ZnOr|1 sample was
essentially zero. The t-BuOH:MeCN mixture, on the other
hand, produced a ﬁlm with a maxmimum absorbance of 0.17. In
fact, we observed that t-BuOH:MeCN produced ﬁlms with
maximum absorbances of 0.15−0.2 for all of the compounds
(see Figure 2(b)), higher than the absorbances achieved using
other solvents. This absorbance indicates nearly complete layer
formation on ZnO surface with area per molecule being
roughly 2 nm2 (see the Supporting Information for details).
Therefore, t-BuOH:MeCN was chosen as the solvent mixture
to prepare the samples for further studies. Absorption spectra
for ZnOr|2 and ZnOr|3 prepared from diﬀerent solvents are
presented in Figure S4 in the Supporting Information.
The absorption maximum positions as well as the
bandwidths of the absorption spectra (as fwhm) for the
studied compounds can be found in Table 1. When comparing

spectral broadening upon monolayer formation suggest that the
degree of aggregation is low in the ZnOr|4 samples.
Spiro-MeOTAD Coating. The interactions between the
Pcs and a hole transporting material were investigated using
samples coated with spiro-MeOTAD. The hole transporting
layer may aﬀect the system behavior in two ways. First, it may
capture the hole left in the Pc SAM after an electron is injected
from the photoexcited Pc into the ZnO. This is the role of the
HTM in dye sensitized solar cells.38 Second, the primary charge
separation reaction may take place at the Pc|spiro-MeOTAD
interface, thus changing the sequence of the photoinduced
charge transfer reactions.29,39
Absorption spectra of the sensitized ZnO nanorods coated
with spiro-MeOTAD are shown in Figure 3, and the absorption
maximum positions as well as the bandwidths are summarized
in Table 1.

Table 1. Absorption Maximum Positions (λAmax, ± 1 nm)
and Bandwidths (FWHM, ± 3 nm) of the Absorption
Spectra for the Phthtalocyanines in Solution and SAMs on
ZnO Nanorodsa

a

sample

λAmax/nm

fwhm/nm

1 in t-BuOH:MeCN
ZnOr|1
ZnOr|1|spiro
2 in t-BuOH:MeCN
ZnOr|2
ZnOr|2|spiro
3 in t-BuOH:MeCN
ZnOr|3
ZnOr|3|spiro
4 in butanol
ZnOr|4
ZnOr|4|spiro

676 and 691
694
695
679 and 693
698
699
687
698
687
679
681
688

37
36
33
40
47
40
29
55
45
19
34
32

Figure 3. Absorption spectra of ZnOr|1|spiro (blue), ZnOr|2|spiro
(red), and ZnOr|3|spiro (green). At 500−830 nm, the values have
been multiplied by 10 for clarity. The absorbance of ZnO nanorods
has been subtracted from all spectra.

Spiro-MeOTAD has a broad, yet small absorption across the
whole visible range and a sharp band centered at ca. 390 nm.
Absorption spectra of the ZnOr|dye|spiro samples are close to
superpositions of the dye and spiro-MeOTAD absorptions,
though for all three dyes the Q-band width is smaller in the
presence of spiro-MeOTAD. The most pronounced change was
observed for 3, for which the bandwidth decreases from 55 to
45 nm upon addition of the HTM (See Figure S5 in the
Supporting Information for the absorption spectra before and
after the spiro-MeOTAD coating). For this compound, also the
Q-band maximum shifts to the blue by 11 nm and actually
coincides with the absorption maximum in solution. This is in
contrast to the change reported by Hakola et al. for 4,29 for
which the addition of the spiro-MeOTAD layer shifted the
absorption maximum to the red and decreased the bandwidth
slightly.
Sample Morphology. Morphology of the spiro-MeOTAD
layer was investigated by scanning electron microscopy. SEM
images of Pc-sensitized and spiro-MeOTAD-covered ZnO
nanorods as well as pristine nanorods are presented in Figure 4.
The spatial resolution of the utilized SEM instrument is ca. 5
nm, and therefore, the zinc phthalocyanine SAM cannot be
resolved from the SEM images. The spiro-MeOTAD layer,
however, is clearly visible in all three samples as a gray layer
around the nanorods. Practically all the voids between the rods
seem to be ﬁlled with spiro-MeOTAD. Compared to the ZnO
nanorods alone (Figure 4d), the individual nanorods are not
seen as clear and there are some darker areas on the nanorod
surfaces, indicating a close to complete inﬁltration of spiroMeOTAD into the ZnO nanorod layer. The images suggest

The values for 4 have been published earlier.29

the absorption spectra of the phthalocyanine SAMs to those
measured from the corresponding t-BuOH:MeCN solutions,
minor changes were observed. For compounds 1 and 2, the
split feature in the Q-band observed for solutions disappears
upon SAM formation. The deformation of the absorption
spectrum shape induces a minor red-shift in the position of the
absorption maximum. The bandwidth, however, remains
practically unchanged for these two compounds. This suggests
that there is little or no molecular aggregation in the ZnOr|1
and ZnOr|2 samples.
For compound 3, the changes are more pronounced. The
absorption maximum of the SAM sample is 11 nm red-shifted
when compared to the t-BuOH:MeCN solution, and the
absorption spectrum is clearly broadened (fwhm 29 nm for the
solution and 55 nm for the ZnOr|3 sample, respectively). It
seems that there are some molecular aggregates in the ZnOr|3
sample due to the smaller substituents attached to the Pc core.
The absorption spectrum of 4 was published earlier.29 Brieﬂy,
a minor shift in the absorption maximum as well as a small
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Figure 4. Cross-sectional SEM images of (a) ZnOr|1|spiro, (b) ZnOr|
2|spiro, (c) ZnOr|3|spiro, and (d) ZnOr.

that the spiro-MeOTAD coverage is fairly homogeneous, and
most of the Pc molecules are covered by the HTM layer.
Transient Absorption. Transient absorption measurements were carried out for SAMs prepared from tBuOH:MeCN. Absorbances of all three samples studied here,
ZnOr|1, ZnOr|2 and ZnOr|3, were roughly the same and very
close to that reported previously for ZnOr|4,29 which suggests
that the dye content in the monolayer was similar for these four
phthalocyanines.
For the samples without spiro-MeOTAD, there was
practically no diﬀerence in the transient absorption responses
regardless of the excitation wavelength (400 or 695 nm). SpiroMeOTAD, however, already has absorption at 400 nm. Thus,
for spiro-MeOTAD-containing samples, it would be diﬃcult to
distinguish between the transient absorption signals arising
from the Pc and the spiro-MeOTAD layers. At 695 nm,
however, spiro-MeOTAD does not absorb, and selective
excitation of the Pcs is achieved. Therefore, only the
measurements carried out with excitation at 695 nm will be
presented and discussed below.
The transient absorption raw data of ZnOr|1 and ZnOr|1|
spiro with corrected dispersion are presented in Figure 5. The
response of ZnOr|1 is relatively simple (Figure 5a). There is a
decay with a few picosecond time constant and after that the
transient spectrum stays relatively constant with two characteristic features: (i) a relatively narrow absorption band at 860 nm
and (ii) a broad absorption in the 540−600 nm range. A similar
behavior was observed for ZnOr|4 in a previous study.29 These
spectral features are typical for phthalocyanine cations.6,40
Therefore, this reaction was attributed to an electron injection
from the singlet excited state of the phthalocyanine into the
ZnO nanorod conduction band.
Addition of spiro-MeOTAD changes the response drastically
at delay times of a few picoseconds and longer (Figure 5b).
There is a new narrow absorption band close to 540 nm at long
delay times (>0.5 ps). Furthermore, two distinct bands at 590
and 990 nm at a few picoseconds delay time (5−100 ps) are
observed. One can also notice an increasing absorption toward
longer wavelengths (>1100 nm) at long delay times (>0.5 ps).
The band at 540 nm and the broad absorption in the IR range
are typical of a spiro-MeOTAD cation,38,41 and the bands at
590 and 990 nm are indicative of a Pc anion.29,42 Therefore, at a

Figure 5. Two-dimensional transient absorption maps of (a) ZnOr|1
and (b) ZnOr|1|spiro. Time scale is linear until 1 ps, and logarithmic at
longer delays. The vertical blue strip around 695 nm arises from
scattered excitation light.

qualitative level, the observed transient absorption response
suggests a primary charge separation at the Pc|spiro interface,
which yields a Pc anion and a spiro-MeOTAD cation in a few
picoseconds delay time. Then, the Pc anion injects an electron
into the ZnO nanorod in a few tens of picoseconds, leaving a
long-lived state with the electron in the ZnO and the hole in
the spiro-MeOTAD layer.
The heterogeneity of the system makes the quantitative
analysis of the transient absorption data complicated. In
particular, diﬀerent molecular conformations and orientations
of the Pc molecules on the ZnO surface can result in a
distribution of distances and energies associated with the
electron injection from the excited Pc into the ZnO. This
heterogeneity results in a nonexponential time dependence of
the reaction. If the distribution, however, is relatively narrow, a
so-called distributed decay model can be used to overcome the
problem.43 This approach was used previously in order to
analyze the transient absorption responses of 4 on ZnO
nanorods,29 and will be followed here.
Compound 1. The simplest ﬁt model to get a reasonably
good approximation for the ZnOr|1 sample consists of three
components: an exponential component with a time constant
close to 0.3 ps, and two distributed decay components with
average time constants of 5 ± 0.6 ps and 11 ± 5 ns,
respectively. The resulting decay component spectra are
presented in Figure 6a, together with time-resolved spectra at
two characteristic delay times. The ﬁt goodness can be
improved by roughly 15% by adding one more exponential
component, which results in splitting the fast component (0.3
ps) in two components with time constants 0.06 and 0.6 ps, but
the main contribution of both of these components lies around
the excitation wavelength (695 nm) and is due to the response
perturbation by the scattered excitation light. Therefore, the
fast response (<0.4 ps) will be ignored for now.
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Figure 6. Transient absorption decay component spectra (lines with symbols) and time-resolved spectra (dashed lines) of (a) ZnOr|1 and (b) ZnOr|
1|spiro.

Figure 7. Transient absorption decay component spectra (lines with symbols) and time-resolved spectra (dashed lines) of (a) ZnOr|2 and (b) ZnOr|
2|spiro.
12 ps

ZnOr|Pc*|spiro ⎯⎯⎯⎯→ ZnOr|Pc−|spiro+

The main part of the transient absorption response at delay
times of >0.4 ps can be decomposed in two components, as was
presumed in the qualitative analysis above. The long-lasting
response (11 ns) has a band at 865 nm, almost zero absorption
at >960 nm, a broad absorption band around 560 nm and a
bleached Q absorption band (around the excitation wavelength,
695 nm). This state can be identiﬁed as the Pc cation, Pc+. The
shorter-lived component (5 ps) is associated with the electron
injection from the excited state of the Pc to the ZnO, ZnOr|Pc*
→ ZnOr−|Pc+.
The transient absorption data of ZnOr|1|spiro can be ﬁtted
very well with a four-component model. The fastest component
has a time constant of only 60 fs, and it is solely due to the
disturbance by the excitation light. The three other decay
components are presented in Figure 6b, together with two
time-resolved spectra at diﬀerent delay times. The most distinct
feature of the ﬁt is the narrow band at 995 nm, which is formed
with an average time constant of 12 ± 5 ps and decays with an
average time constant of 85 ± 27 ps. There is another relatively
sharp band at 585 nm with the same time constants for
formation and decay as the 995 nm band. The decay of both of
these bands leaves a transient absorption spectrum with a band
around 530 nm and a smoothly rising absorption toward the
longer wavelengths starting from 1000 nm. The latter can be
identiﬁed as the spectrum of spiro-MeOTAD cation, and the
bands at 585 and 995 nm can be attributed to the Pc anion,29
which suggests that the main reaction course in this case is

85 ps

⎯⎯⎯⎯→ ZnOr −|Pc|spiro+

(1)

Compound 2. The transient absorption responses of the
ZnOr|2 and ZnOr|2|spiro samples were more complex
compared to compound 1 (see Figure S6 in the Supporting
Information for the 2D transient absorption maps). The
minimum number of components to achieve a reasonable
approximation is ﬁve for both sets of data. The fastest
components with time constants of <0.1 ps are due to the
excitation pulse disturbance and a side eﬀect of the dispersion
compensation, and will be ignored. The four other components
(>0.1 ps) for each sample are presented in Figure 7 together
with three time-resolved spectra at characteristic delay times.
Although the main spectral features of the ZnOr|2 and ZnOr|2|
spiro samples are similar to those of the samples with 1, the
behavior of 2 is apparently more complex.
The diﬀerence in transient absorption responses of ZnOr|1
and ZnOr|2 samples, Figures 6a and 7a, respectively, lies in the
fast 0.6 ps and middle 100 ps components observed for the
ZnOr|2 but not for ZnOr|1. These components are not strong,
but they do have a feature at 990 nm, at the absorption
wavelength of the Pc anion. The 100 ps component also shows
decays at 585 and 865 nm, which are characteristic wavelengths
of the Pc anion and cation, respectively. Presumably, there is a
minor relaxation channel when the excited state of Pc generates
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Figure 8. Transient absorption decay component spectra (lines with symbols) and time-resolved spectra (dashed lines) of (a) ZnOr|3 and (b) ZnOr|
3|spiro.

layer, the charge separation (CS) time constant, τCS, refers to
the CS at the Pc|spiro interface, and the electron transfer, τET,
refers to the electron injection from the Pc anion into the ZnO
that is observed in samples with spiro-MeOTAD as the
consequence of the CS at the Pc|spiro interface. The transient
absorption responses for 4 were analyzed and published
previously.29
Modeling. The electron transfer reactions are largely
controlled by the distance between the dye and the
semiconductor surface plane. To study the distances, molecular
dynamics (MD) modeling was employed. The MD modeling
provided valuable information on the morphology and the
mutual conformations in the organic−semiconductor interface
that occur at real temperatures.
Figure 9 represents typical arrangements of the studied Pc
molecules on the ZnO surface that were taken as an average
from the molecular dynamics modeling at room temperatures.
Since the electron density of the excited molecular orbital is
distributed over the conjugated π-system, or the Pc macrocycle,
the distance from the macrocycle edge to the semiconductor
surface is the key parameter to compare the rates of electron
transfer for diﬀerent Pcs. The corresponding distances between
the ZnO (101̅0) surface plane and the nearest edge of the Pc
macrocycle are listed in Table 3.
An important outcome of the modeling is that a longer linker
ensures more degree of freedom for the single anchored
molecule, resulting in a strong tilting and eventually in a shorter
distance between the dye and the surface. In particular,
compound 2 has a long linker and it therefore exhibits a high
ﬂexibility and strongly tilts toward the surface. This results in a
substantial decrease in the distance between the Pc macrocycle
and the ZnO surface by ca. 2.7 Å comparing to an upright
position of the molecule. By contrast, tilting of the bulky 1
molecule with a shorter linker results in lowering of the Pc−
ZnO distance only by 0.9 Å due to the steric restrictions.
Modeling of compounds 3 and 4 indicates that they do not
tilt signiﬁcantly, but the speciﬁc structure of 4 allows its
macrocycle plane to appear much closer to the surface
compared to 1 and 2.

a charge-separated state (CS) between two Pc molecules that
then recombines without injecting an electron into the ZnO.
One can expect this type of a process to take place in Pc
aggregates. These aggregates should be located relatively far
from the ZnO surface, which will provide a competing
quenching channel for the Pc excited state. This option will
be discussed later in more detail.
The transient absorption response of ZnOr|2|spiro (Figure
7b) is reasonably similar to that of ZnOr|1|spiro (Figure 6(b)).
Components with time constants 11 ps, 125 ps and 31 ns of
ZnOr|2|spiro are well comparable to those of ZnOr|1|spiro (12
ps, 85 ps and 25 ns), with the main diﬀerence being the relative
intensities of the Pc anion bands. An additional component in
the response of ZnOr|2|spiro has a time constant of 1.1 ± 0.4
ps, which is close to 0.6 ± 0.2 ps of the sample without the
spiro-MeOTAD layer, and it has also very similar spectrum
shape. This is reasonable and indicates that the fast reactions in
the ZnOr|2 structure are not aﬀected by the spiro-MeOTAD
layer, that has an eﬀect on the TA response only at a few
picosecond delay and longer.
Compound 3. The results of the transient absorption
measurements of the ZnOr|3 samples with and without spiroMeOTAD are rather similar to those of the samples with 2, and
are presented in Figures 8 and S7 in the Supporting
Information. However, for the ZnOr|3 sample, the two fast
components, 0.7 and 9 ps, have possibly to be assigned in a
reverse manner, as will be discussed later. Another diﬀerence
between the samples is the relatively simple behavior of the
ZnOr|3|spiro sample. Only three components were suﬃcient to
ﬁt the data at delays >0.1 ps.
With the tentative assignment discussed above, the time
constants of the diﬀerent reactions for all three samples are
summarized in Table 2. The electron injection time constant,
τinj, is taken from the samples without the spiro-MeOTAD
Table 2. Time Constants for the Electron Injection (τinj),
Charge Separation (τCS), and Electron Transfer (τET)a
compound
1
2
3
4
a

τinj/ps
5.0
5.7
0.7
1.4

±
±
±
±

0.6
0.7
0.2
0.4

τCS/ps
12
11
1.4
0.5

±
±
±
±

6
2
0.3
0.3

■

τET/ps
85
125
82
120

±
±
±
±

27
20
5
35

DISCUSSION

Pc Distance from the Surface. There are a few
unexpected results in Table 2. First of all, the electron injection
time constants for 1 and 2 are practically the same, even though
2 has a longer linker and one would expect a longer distance

The time constants for 4 were published previously.29.
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Figure 9. Relaxed geometries of (a) ZnOr|1, (b) ZnOr|2, (c) ZnOr|3, and (d) ZnOr|4 after MD simulations. The macrocycle planes are rendered in
a ball-and-stick model whereas other atoms are not shown by balls.

measured for 3 at delays <10 ps was ﬁtted with two
components with mixed features. The ﬁt goodness can be
improved by adding one more component but the resulting ﬁt
components are spectrally indistinguishable, indicating the
coexistence of a few conformers. Second, the models were
constructed to ﬁnd orientations of single dyes on ZnO surface,
which is achieved at a low surface density of Pcs. Compound 3
is the least protected from intermolecular interactions as will be
discussed below, and apparently such interactions have a
stronger eﬀect on the surface organization of 3 compared to the
other studied compounds. Third, measuring the distance from
the Pc macrocycle edge to the ZnO surface plane in the
framework of the chosen model essentially underestimates the
bond lengths and neglects the actual wave function shapes on
both the Pc and the ZnO, which may have an impact on the
electron transfer rates, especially at distances as short as a few
ångström.
It is worth noticing that the time constant for the electron
transfer from the Pc anion into the ZnO nanorod is roughly
100 ps for all the four Pcs (τET in Table 2). First, it is much
slower than the electron injection from the Pc excited state, τinj,
though in both cases the electron from the Pc LUMO is
injected into ZnO. Most probably this diﬀerence is due to
electrostatic interactions, particularly due to the presence of the
spiro-MeOTAD cation nearby, which increases the potential
barrier for the electron injection starting from the Pc anion as
compared to the excited state. Second, according to our
modeling, a characteristic time of motion of a Pc attached to
the ZnO surface is in the range 50−100 ps, close to the electron
transfer time constant τET. Certain reorganization might be
required to achieve a conformation favorable for the electron
transfer from the phthalocyanine anion. However, this motion
does not aﬀect the electron injection of the excited Pc, τinj, and
charge separation, τCS, which are much faster (<15 ps).
Eﬀect of Aggregation. One of the goals in sensitizing
semiconductors with organic dye molecules is to make the dye
monolayer as dense as possible. Unfortunately, the higher the
monolayer density, the higher the aggregation of dyes, which
introduces alternative channels for the excited state relaxation
and reduces the eﬃciency of the electron injection. A common
practice to minimize the undesirable eﬀects caused by
aggregation is to equip the molecule with bulky peripheral
groups that do not allow two dye molecules to stack together
but that have no eﬀect on the photophysical properties of the
chromophores. All the four phthalocyanines discussed here
have such aggregation-reducing groups. Although the quantitative evaluation of the degree of aggregation is rather complex,
the ﬁrst indication of aggregation is the change in the
phthalocyanine absorption spectrum shape upon monolayer
formation. As discussed earlier, there are some diﬀerences

Table 3. Distance between the ZnO (101̅0) Surface Plane
and the Nearest Pc Macrocycle Edge in an Upright
Alignment of the Adsorbed Dye (dup) and after MD
Relaxation (dtilt)
compound

dup/Å

dtilt/Å

1
2
3
4

4.02
6.63
4.02
2.95

3.10
3.89
3.03
2.62

between the Pc core and the ZnO surface, leading to a slower
injection (Figure 1). If the linker between the ZnO surface and
the Pc core is perpendicular to the surface, the diﬀerence in the
distances must be roughly 2.8 Å. Assuming a through-space
electron injection with a typical damping factor of 0.4 Å−1,44,45
the electron injection is expected to be three times faster from 1
into the ZnO than from 2, which is apparently not the case. A
similar electron injection time constant can be interpreted as a
similar distance between the Pc core and the ZnO surface for
these two compounds. The linker can be tilted, but obviously,
the tilt angles must be diﬀerent for 1 and 2. This is in line with
the modeling results showing a much larger tilt for 2 (Figure 9)
and a vanishing diﬀerence in the macrocycle edge to ZnO
surface distance for these two Pcs (Table 3). Therefore, we can
conclude that 1 and 2 have diﬀerent tilt angles, providing
roughly the same distances between the Pc core and the ZnO
surface for these two phthalocyanines, and thus roughly the
same electron injection time constants.
Out of the four phthalocyanices presented in Table 2, the
slowest electron injection is observed for 1 and 2 that have the
most bulky peripheral groups. These two phthalocyanines are
the most restricted when approaching the ZnO surface. The
two other phthalocyanines, 3 and 4, are more relaxed in
conformations that allow them to stay closer to the ZnO
surface.
Modeling suggests the shortest edge-to-surface distance for 4,
in line with the faster electron injection observed experimentally.29 Despite the only slightly smaller edge-to-surface
distance for compound 3, the electron injection is faster than
for compounds 1 and 2. There are at least three reasons for
this, also showing the complexity of the problem. First, the
distance estimations were done for the snapshot conformations
that were deduced from the molecular dynamics simulations
and shown in Figure 9. These geometries represent the most
probable arrangements of the molecule that were averaged from
the simulations at real temperatures. Out of the four
compounds modeled, 3 is the least restricted and has the
most diverse set of conformers. The same conclusion can be
drawn indirectly from the TA measurements. The fast response
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in 3 diﬀer from those in 1 and 2, and this is reﬂected in a
diﬀerence in the absorption spectrum of the singlet excited
state, 0.85 vs 1.21, for 860 nm band relative to that at 605 nm.
Still the relative intensity of the cation band (around 860 nm at
long delay time) is at least two times smaller for 3 comparing to
1, suggesting a lower electron injection yield in the ZnOr|3
sample relative to the ZnOr|1 sample, meaning that there is a
competing process reducing the injection eﬃciency. Actually, 3
is structurally more similar to 4, for which the similar relative
band intensities are also presented in Table 4. However, the
diﬀerence in the intensities of 605 and 860 nm bands at the
singlet excited state for these two phthalocyanines is fairly large,
1.21 vs 0.36, making further comparison rather unreliable.
To get some quantitative evaluation on the aggregation
process, leading to an inter-Pc charge separation and
subsequently to the appearance of a Pc anion as discussed
previously, relative intensities at the 995 nm band at a 30 ps
delay time are listed in Table 4. At this delay time, the
absorption is maximal but the singlet excited state has mostly
disappeared. The ZnOr|3 sample has the strongest relative
absorption at this wavelength (0.31, at least two times larger
than for any other compound). Thus, ZnOr|3 is the most
aggregated sample out of the four studied here.
Eﬃciency of Hole Injection to HTM. As discussed
previously, addition of spiro-MeOTAD changes the spectrum
of the long-lived state quite drastically. Table 4 presents the
relative intensity at 1250 nm as an indicator of the spiroMeOTAD cation band. The near-infrared wavelength was
chosen to represent this moiety for selectivity reasons: no
absorption at 1250 nm is expected to arise from the Pcs, as is
clearly seen from the samples without spiro-MeOTAD. In
addition to the spiro-MeOTAD cation, the remaining Pc
cations (or anions) also contribute to the absorption at 530 nm.
Thus, by choosing the near-infrared band we can selectively
compare the yield of holes in the spiro-MeOTAD layer in the
diﬀerent samples. Comparison of the relative intensities at 1250
nm suggests that 1 and 4 have the highest yield of holes in the
spiro-MeOTAD layer (band ratios are 0.76 and 0.64,
respectively). For the ZnOr|2|spiro sample (ratio is 0.30), the
yield of holes is roughly two times lower than the ZnOr|1|spiro
sample. This comparison should be reasonably accurate, since
the two phthalocyanines are structurally very similar, though
the proportion of the 860 and 605 nm bands is unexpectedly
high for the ZnOr|1|spiro sample. The lower yield of holes in
the ZnOr|2|spiro sample can be explained by the higher degree
of aggregation, and eventually a diﬀerent type of packing of the
2 molecules on the ZnO surface compared to 1. According to
the data presented in Table 4, the lowest yield of holes was
observed in the ZnOr|3|spiro sample (ratio is 0.19), that also
has the strongest Pc anion feature without the spiro-MeOTAD
layer. Most probably, 3 forms the most aggregated layer on the
ZnO surface, and has the lowest eﬃciency of the long distance
charge separation. Both 1 and 4 are expected to have a long
distance charge separation yield close to unity.
Eﬀect of HTM on Pc Layer Organization. Another
interesting result is the change in the rate of the primary charge
separation reaction of the samples upon addition of the spiroMeOTAD layer, summarized in Table 2. There are two
competing charge transfer reactions after the excitation of the
Pc, (i) the electron injection into ZnO before the spiroMeOTAD deposition, τinj, and (ii) the charge separation at the
Pc|spiro interface, τCS. With the exception of 4, an obvious
problem is that τCS is longer than τinj. The charge separation is

between the solution and monolayer spectra for all the studied
phthalocyanines (Figures 2b and S2 in the Supporting
Information). The diﬀerences are relatively small and little to
no aggregation eﬀects can be expected based on the spectra.
The transient absorption measurements, however, reveal one
indication of the aggregation: a sharp absorption band at 995
nm is observed for ZnOr|2 and ZnOr|3 samples, but not for
ZnOr|1 and ZnOr|4. The band corresponds to the Pc anion,
and the most reasonable cause for anion formation is the charge
separation in the Pc aggregates: Pc*Pc → Pc+Pc−. This process
can compete with the electron injection into ZnO: ZnOr|Pc*
→ ZnOr−|Pc+, and may reduce the eﬃciency of the injection.
The Pc anion may inject an electron into ZnO and thus result
in the ZnOr−|Pc+ state. However, this process competes with
the intermolecular charge recombination, making the electron
transfer from the excited state obviously less eﬃcient than in
the absence of competing reactions.
Although the absolute value of the electron injection
eﬃciency cannot be easily evaluated from the transient
absorption measurements, a relative comparison can be done
based on the transient absorbance intensities at a few
characteristic wavelengths and delay times. Taking compound
1 as the reference, one can assume that at a short delay after the
excitation (roughly at 0.3 ps after excitation), the transient
absorption spectrum is that of the singlet exited state. It has two
maxima, one at 605 nm and another at 855 nm (Figure 6a,
time-resolved spectrum at 0 ps delay). Relative to 605 nm,
absorption of the band at 855 nm is 0.85 (Table 4). Relative
Table 4. Transient Absorptions at Selected Wavelengths and
Delay Time Relative to That at 605 nm Shortly after
Excitation (ca. 0.3 ps)a
sample
ZnOr|1
ZnOr|1|
spiro
ZnOr|2
ZnOr|2|
spiro
ZnOr|3
ZnOr|3|
spiro
ZnOr|4
ZnOr|4|
spiro

860 nm
at 0.3 ps

860 nm
at 4 ns

995 nm at
30 ps

530 nm
at 4 ns

1250 nm
at 4 ns

0.85
2.55

0.58
0.46

0.06
2.30

−
0.65

0.01
0.76

0.81
1.19

0.26
0.07

0.12
0.65

−
0.38

0.00
0.30

1.21
0.91

0.29
0.07

0.31
0.33

−
0.49

0.00
0.19

0.36
1.30

0.29
0.53

0.06
0.68

−
0.99

0.01
0.64

a

The wavelengths and delay times are indicative since the values were
taken from the maxima which varies within 10 nm from sample to
sample. Results shown for 4 were taken from data published
previously.29.

absorption of the Pc cation band with maximum at 865 nm is
0.58 (Figure 6a, spectrum of the 11 ns component). For
compound 2 (Figure 7a), however, the ratios are 0.86 and 0.26.
The relative intensities at 855 nm/605 nm, 0.85 for 1 and 0.86
for 2, are essentially the same, as can be expected since two
singlet excited states are compared for rather similar
phthalocyanines. The second pair of ratios, 855 nm at 4 ns
relative to 605 nm at 0.3 ps, 0.58 for 1 and 0.26 for 2, shows
more than 2-fold diﬀerence, suggesting that the relative yield of
the Pc cation is roughly two times lower for the sample with 2.
Similar calculations for compound 3 give the relative
intensities 1.21 and 0.29 for the band at 860 nm right after
excitation and at 4 ns delay, respectively (Table 4). Substituents
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nevertheless a dominating reaction pathway for the Pc excited
state relaxation with the spiro-MeOTAD layer. This means that
the addition of the spiro-MeOTAD layer gradually slows down
the electron injection from the Pc into the ZnO. This
observation suggests that the alignment of the phthalocyanine
molecules on the ZnO nanorod surface is diﬀerent with and
without the spiro-MeOTAD layer.
Some narrowing of the absorption Q-band upon addition of
spiro-MeOTAD layer was noticed (see Table 1) for all four
samples, also suggesting a change in arrangement. Actually,
narrower bands can be interpreted as lower degree of
aggregation. This can be rationalized by assuming that the
spiro-MeOTAD molecules partially penetrate between the Pc
molecules, which can be visualized by a more upright alignment
of the Pcs in the SAMs covered by spiro-MeOTAD, resulting in
an increase in the distance from the ZnO surface and a slower
electron injection into the ZnO, respectively.
Out of the three studied phthalocyanines studied here, 1 is
the least aggregated. No eﬃciency losses in converting the
excitation photons to electrons in the conduction band of ZnO
and to holes in the HTM, respectively, were detected in timeresolved spectroscopy study of the system. Therefore, 1 can be
considered as a good candidate for solar cell applications.
However, it is important to pay attention to the time constant
of the electron injection into ZnO, which is close to 5 ps and
roughly one order in magnitude slower than that for a
porphyrin on ZnO surface.16 Typical electron injection times
for good sensitizers on TiO2 are also much faster (0.1−2
ps).14,20,46 Nevertheless, the 1 cation lifetime is rather long
(>10 ns) and should be suﬃcient for the hole utilization by a
suitable hole transporting material, e.g., spiro-MeOTAD.
Unfortunately, even small, barely detectable aggregation may
reduce the charge injection eﬃciency gradually through an
intra-aggregate charge separation−recombination sequence.
According to the presented results, the eﬃciency of the
electron injection into ZnO for 2 is 50% lower than that for 1.
This diﬀerence can only be identiﬁed by an ultafast transient
absorption spectroscopy study, whereas simple steady state
absorption spectra are unable to reveal any diﬀerences between
the samples.
Performance of Phthalocyanines in DSSCs. Three of
the studied Pcs were tested in traditional DSSC on TiO2
electrodes, combined with a triiodide/iodide electrolyte.12,13
Although the operational environments are diﬀerent with that
used in this study, the spectroscopic results presented here
agree well with the solar cell studies reported. The internal
photon-to-current eﬃciency (IPCE) was the highest for DSSC
sensitized with compound 1, reaching 95% at maximum. One
can conclude that the primary electron injection eﬃciency at
TiO2|1 interface is at least 95%. For compound 3, the IPCE at
the maximum was close to 70%, which can be explained by the
aggregation and loss in eﬃciency due to the intermolecular
charge separation according to the results presented here.
The reason to use ZnO nanorods in this study instead of
TiO2 is that we have to ensure a complete coverage of the Pc
monolayer by the spiro-MeOTAD HTM. This task is rather
complicated in the case of a ﬁne mesoporous TiO2 nanoparticle
ﬁlm, but reasonably easily achievable for ZnO nanorods by
taking cross-sectional SEM images of the samples. The same
ZnO nanorod structures and spiro-MeOTAD can be used for
preparing solid state DSSCs.47 This may have an advantage of
higher electron mobility in bulk ZnO compared to TiO2.
However, a practical complication is to ﬁnd such deposition

conditions for the HTM that it covers all nanorods which have
a distribution of lengths, but the HTM layer is not too thick
and does not add additional resistivity. This work is under way
at present.

■

CONCLUSIONS

■

ASSOCIATED CONTENT

Phthalocyanines are well-known and eﬃcient light-harvesting
and electron-donating dyes, which makes them attractive for
use in applications such as solar cells. On the other hand, the
known drawback of phthalocyanines is their strong tendency
toward aggregation. Four zinc phthalocyanine derivatives
discussed above were designed to gradually reduce the
aggregation by the addition of bulky peripheral groups, and
our results indicate that this goal was largely achieved. Electron
injection initiated by the excitation of the dyes was observed for
all four compounds. However, the electron injection eﬃciency
may vary by more than 50% from sample to sample, being
reduced by competing intermolecular charge separation−
recombination reactions for two of the phthalocyanines. The
rate of the electron injection is very diﬀerent for the diﬀerent
compounds, and can hardly be predicted considering only the
linker connecting the Pc to ZnO surface. It seems that
whenever possible, phthalocyanines tend to adopt a conformation with as close as possible positioning of the
macrocycle to the ZnO surface. Molecular dynamics modeling
of the zinc phthalocyanines has proved the assumption that the
macrocycles of all the four molecules examined tend to tilt at
diﬀerent angles relative to the ZnO surface, showing reasonable
correlation with the measured reaction time constants. The
distance between the macrocycle and the semiconductor
surface is determined by factors such as conformations and
spatial arrangement of the aggregation-reducing groups, but not
solely by the linker length. This makes the design of optimal
phthalocyanine dyes a challenging task.
S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.7b01562.
Cross-sectional SEM images of the hydrothermally
grown ZnO nanorods, molar absorption coeﬃcients of
compounds 1, 2, and 3 in t-BuOH:MeCN, absorption
spectra for SAMs of the compounds prepared from
diﬀerent solvents, absorption spectra of ZnO nanorods
sensitized with 3 before and after the spiro-MeOTAD
layer addition, HOMO and LUMO energies estimated
from diﬀerential pulse voltammetry, estimations of area
per Pc molecule on ZnO surface, and 2D transient
absorption maps for the ZnOr|2 and ZnOr|3 samples
with and without spiro-MeOTAD (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*(K.V.) E-mail: kirsi.virkki@tut.ﬁ.
*(N.V.T.) E-mail: nikolai.tkachenko@tut.ﬁ.
ORCID

Kirsi Virkki: 0000-0003-4976-3917
Nikolai V. Tkachenko: 0000-0002-8504-2335
Notes

The authors declare no competing ﬁnancial interest.
9603

DOI: 10.1021/acs.jpcc.7b01562
J. Phys. Chem. C 2017, 121, 9594−9605

Article

The Journal of Physical Chemistry C

■

ACKNOWLEDGMENTS

■

REFERENCES
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ABSTRACT: Understanding the primary processes of charge separation (CS) in solid-state
dye-sensitized solar cells (DSSCs) and, in particular, analysis of the eﬃciency losses during
these primary photoreactions is essential for designing new and eﬃcient photosensitizers.
Phthalocyanines (Pcs) are potentially interesting sensitizers having absorption in the red side
of the optical spectrum and known to be eﬃcient electron donors. However, the eﬃciencies of
Pc-sensitized DSSCs are lower than that of the best DSSCs, which is commonly attributed to
the aggregation tendency of Pcs. In this study, we employ ultrafast spectroscopy to discover
why and how much does the aggregation aﬀect the eﬃciency. The samples were prepared on a
standard ﬂuorine-doped tin oxide (FTO) substrates covered by a porous layer of TiO2
nanoparticles, functionalized by a Pc sensitizer and ﬁlled by a hole transporting material
(Spiro-MeOTAD). The study demonstrates that the aggregation can be suppressed gradually by using co-adsorbates, such as
chenodeoxycholic acid (CDCA) and oleic acid, but rather high concentrations of co-adsorbate is required. Gradually, a few times
improvement of quantum eﬃciency was observed at sensitizer/co-adsorbate ratio Pc/CDCA = 1:10 and higher. The timeresolved spectroscopy studies were complemented by standard photocurrent measurements of the same sample structures, which
also conﬁrmed gradual increase in photon-to-current conversion eﬃciency on mixing Pc with CDCA.

1. INTRODUCTION

dye regeneration by electrolytes in the sub-nanosecond time
domain in the case of liquid DSSCs.9,10
Solid-state DSSCs (ssDSSCs) are relatively new development in which the liquid electrolyte is replaced by a solid hole
transporting material (HTM).11−13 This makes such devices
more robust and attractive for large scale applications, though
the best eﬃciencies achieved are roughly 2 times lower than
that of traditional liquid DSSCs.14 Few speciﬁc challenges of
ssDSSCs are selection of suitable small molecules for the HTM
and pore ﬁlling by the material,15 which aﬀect the conversion
eﬃciency drastically and put restrictions on the thickness and
porosity of the TiO2 layer. A common requirement for both
liquid and ssDSSCs is design and syntheses of cost eﬃcient
sensitizers which have high absorption in the green-red part of
the spectrum and close to unity quantum yield of CS at
semiconductor−organic interfaces.12,16,17
Among a wide range of sensitizers tested in DSSC
applications, porphyrin derivatives gained considerable attention recently,16,18−20 and porphyrin-based sensitizers were used
to achieve the highest eﬃciencies in both types of DSSCs.1,14
The most eﬃcient sensitizers are complex molecules with

The performance and competitiveness of dye-sensitized solar
cells (DSSCs) are improving constantly with the power
conversion eﬃciency (PCE) exceeding 12% in laboratory
conditions.1,2 However, the achieved eﬃciency is still behind
the theoretical limit by a factor of 2, and research eﬀorts are
refocused to examine and eliminate all pitfalls resulting in the
eﬃciency loss. The ﬁnal characterization of solar cells is done
by measuring I−V characteristics and calculating the maximum
PCE or the external quantum eﬃciency. The PCE is the
principal characteristic of the solar cells, but it depends on
many internal processes and presents a cumulative eﬀect of
losses at diﬀerent stages starting from the light caption and
primary photoinduced charge separation (CS) to power losses
due to resistivity of electrodes.3 Eventually, optimization of the
DSSC should be done for all the processes involved and has to
be based on the knowledge of all the individual steps of photonto-current conversion. The very ﬁrst events of the photon
conversion are extremely fast taking place in the femto- to
picosecond time domain and were under active investigation
for the past few decades using ultrafast optical and terahertz
spectroscopy methods.4−8 The reactions of interest include
light harvesting by sensitizers and electron injection to
semiconductors in the picosecond time domain and following
© 2018 American Chemical Society
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speciﬁcally designed peripheral groups reducing interchromophore aggregation and implementing the so-called push−pull
strategy when the sensitizer is complemented by electron
donating and/or withdrawing groups accelerating electron
injection to TiO2 from the photoexcited sensitizer.1,14,21,22
These are complex state-of-the-art compounds produced using
multistep synthetic routes in very small amounts.
Although porphyrin derivatives are very versatile compounds
for solar cell applications, they have a disadvantage of exhibiting
relatively low absorption intensity in the green-red part of the
spectrum. Therefore, another dye from the same group of
tetrapyrrole macrocyclic compounds, phthalocyanine (Pc), has
attracted attention because it is an equally good electron donor
and has a strong absorption band in the red part of the
spectrum.17 A number of Pc derivatives have been tested in
DSSCs and demonstrated reasonably good eﬃciencies,23,24
though the ﬁnal PCE was roughly 2 times lower than that of the
best porphyrin and Ru-dye derivatives. Aggregation tendency of
Pcs was considered to be the main reason for the eﬃciency loss.
This stimulated the synthesis of Pcs with speciﬁcally designed
bulky peripheral groups to reduce the aggregation,25,26 though
this approach requires again multistep synthesis and thus
gradually increases the cost of the compounds. Another
possibility to solve the aggregation problem is to use coadsorbate compounds mixed with the photoactive Pcs during
the sensitization process.27 An advantage of this approach is
that it does not require synthesis of new and expensive
compounds. This method was tested in a number of studies
and has proven to increase the conversion eﬃciency but the
eﬃciency gain was not as large as one could hope for.
The aims of the study reported herein are to use a reasonably
inexpensive sensitizer, Pc derivative known as TT1,23 to
examine the primary photoreactions in ssDSSC model systems,
to study the aggregation eﬀect on the carrier generation, and to
ﬁnd out to which extent co-adsorbate may reduce the eﬃciency
loss due to aggregation. To reduce the aggregation, the Pc was
mixed with the widely used co-adsorbate, chenodeoxycholic
acid (CDCA).28,29 In addition, oleic acid (OA), a well-known
lipid molecule, was tested as a replacement for CDCA. The
ssDSSC model samples were completed by inﬁltrating the layer
of photosensitized TiO2 nanoparticles by the HTM, SpiroMeOTAD (Spiro).30,31 The primary photoreactions in the
samples were studied by the ultrafast transient absorption (TA)
spectroscopy technique also know as the pump−probe method.
Both Pc and Spiro have distinct spectroscopy features of their
transient states, cations and anions,32−34 which allow to
establish reaction mechanisms and do quantitative evaluation
of reaction rates and eﬃciencies. To compare the results of
spectroscopy studies with “real life” use case of ssDSSCs, silver
electrodes were deposited on top of the HTM and standard
solar cell characterization was carried out for the same sample
structures. For the comparison purpose, the quantum yields of
photon-to-electron conversion were estimated. The comparison
shows that CDCA can eﬀectively reduce aggregation and even
as simple Pc as TT1 can reach close to unity quantum yield of
photocurrent generation.

Figure 1. Compounds used to functionalize TiO2 nanoparticle ﬁlms.

Samples were prepared on ﬂuorine-doped tin oxide (FTO)coated glass substrates coated by a thin TiO2 compact layer, on
top of which TiO2 mesoporous layers were prepared by screenprinting or spin-coated as described in Methods and Materials
section below. The typical thickness of screen-printed layer was
2.5 μm and of spin-coated 0.8 μm. Cross-section electron
microscopy images of a few samples are shown in Supporting
Information Figure S1.
2.1. Absorption Spectra. 2.1.1. Pc Aggregation on the
TiO2 Surface. Absorption spectra of Pcs change signiﬁcantly
upon aggregation. This change can be used for monitoring the
degree of aggregation. The absorption spectrum of the Pc in a
good solvent, ethanol (EtOH), at a low concentration (roughly
0.8 μM) is shown in Supporting Information Figure S2. The
spectrum has relatively narrow band at 677 nm, the Q-band,
and a shoulder in the 600−650 nm range. However, to deposit
the Pc onto TiO2, the concentration of Pc must be much
higher. Furthermore, it was noted previously that for similar
Pcs, a 1:1 (vol/vol) mixture of tert-butanol and MeCN is a
better solvent for self-assembled monolayer (SAM) deposition
on ZnO.35 It turned out that the same mixture allows
deposition of stable SAMs on TiO2. Absorption spectra of
the Pc in this solvent at a concentration close to what was used
for the SAM depositions (roughly 50 μM) are shown in Figure
S3 in the Supporting Information. There is noticeable
aggregation of Pc in this solution, which also can be reduced
by adding a co-adsorbate such as CDCA. The absorption
spectra for the Pc/CDCA mixtures with diﬀerent Pc/CDCA
ratios can also be found in Figure S3.
Absorption spectra of a series of Pc SAMs on TiO2 with
varying relative concentrations of the co-adsorbates are
presented in Figure 2. As a rough approximation, the
absorption spectra in the Q-band area (580−720 nm) can be
presented as superposition of two bands, a “blue” band with
maximum close to 630 nm and a “red” band with maximum in
the 680−690 nm range. A clear sign of aggregation is high
relative intensity of the blue band and broadening of the red
band. These are typical features of Pc aggregates, and sharp rise
of the blue band can be tentatively attributed to H-type
aggregation or formation of face-to-face aggregates.36 The
spectrum of the sample without the co-adsorbate is the
broadest and it has the highest relative intensity at the blue
band, which can be considered as the highest degree of
aggregation in this series.
As a measure of aggregation, the relative intensities of the
blue band with respect to the red band were calculated by
decomposing the spectrum on two Gaussian bands and

2. RESULTS AND DISCUSSION
The chemical structure of zinc carboxyphthalocyanine (Pc)
derivative used in this study is presented in Figure 1 together
with those of two co-adsorbates, CDCA and OA. 2,2′,7,7′Tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spirobiﬂuorene
(Spiro-MeOTAD or Spiro) was used as the HTM.
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Figure 2. Absorption spectra of Pc SAMs on TiO2 with diﬀerent relative concentrations of (a) CDCA and (b) OA. Solid lines are measured spectra
after subtracting spectra of TiO2-covered substrates and dotted lines are two band approximations of the Q-band area.

kept in the dark. On the contrary, practically no detectable
degradation was noticed for the Pc/CDCA = 1:50 sample after
a week of storage. Degradation was lower for lower OA
concentration, for example at Pc/OA = 1:10 the degradation
was less than 20% (of absorption intensity) after a few days.
2.1.2. Eﬀect of Spiro on Pc Absorption. Addition of the
HTM had also a strong eﬀect on the steady-state absorption
spectra of the samples, as illustrated in Figure 3. In all samples,

calculating the ratio of the band intensities (see Table S1 in the
Supporting Information). According to this aggregation degree
estimation, CDCA reduces the aggregation more eﬃciently
than OA. The ratio decreases from 1.18 for the pure Pc SAM to
0.83 and 0.5 for relative CDCA concentrations of 10 and 50,
respectively. However, for OA it decreases to only 1.0 and 0.65
for relative OA concentrations of 10 and 100, respectively. It
has to be noted that the lipid structure of the OA molecule
might take less space in the SAM than the steroid base CDCA,
thus resulting in higher surface density of Pc in OA
environment than in CDCA.
Furthermore, the surface binding rate of Pc, CDCA, and OA
may diﬀer and the ratio of molecules Pc/CDCA or Pc/OA on
the TiO2 surface may diﬀer from the corresponding ratios in
the sensitization solution used to deposit SAM. Estimation of
the surface density is a complicated task in this case, but one
can compare decrease of absorption intensities at increased coadsorbate concentrations and make some qualitative conclusions. This analysis is presented in Supporting Information
(Table S1, Figure S6, and corresponding comments), and it
suggests that (1) co-adsorbate to Pc molecular ratio on the
TiO2 surface is few times lower than that in the layer deposition
solution (relative proportion Pc is few times higher in solid
samples), which is probably due to higher binding rate of Pc
compared to CDCA and OA, and (2) at the same Pc to coadsorbate molar ratio, the average surface density of the Pc is
higher in the OA samples than in the CDCA samples, resulting
in a higher absorption for the Pc/OA samples compared to the
Pc/CDCA samples. Because accurate estimation of the Pc/coadsorbate ratio on the TiO2 surface was not possible at this
stage, the samples will be distinguished by the molar ratio in the
sensitization solution in this study, meaning that, for example,
the ratio 1:10 refers to the ratio in the solution used to prepare
the sample. This is justiﬁed by reasonably proportional decrease
of Pc density with increase of the co-adsorbate concentration in
the solution as presented in Supporting Information Figure S6.
Even at the highest relative co-adsorbate concentrations
shown in Figure 2, the Pc spectra are still not a perfect match
with the Pc spectrum in a good solvent at a low concentration
(Figure S2). This can be interpreted as some remaining
aggregation. Another reason for the diﬀerence is the completely
diﬀerent environment in the SAMs compared to a solution.
Higher concentrations of the co-adsorbates were tested but the
absorption of such samples was lower with the spectrum shape
remaining essentially the same.
Samples with OA co-adsorbate were observed to degrade
faster than the CDCA-containing samples. In particular at Pc/
OA = 1:100, the sample became colorless after 2 days when

Figure 3. Absorption spectra of Pc SAMs before (blue) and after (red)
deposition of Spiro hole transporting layer and absorption spectrum of
a reference Spiro sample (green dashed line). Solid lines are measured
spectra (after subtracting spectra of TiO2-covered substrates) and
dotted lines are two band approximations of the Q-band area.

the absorption intensity increased slightly in the Q-band region
and the spectra became slightly narrower after the deposition of
Spiro. It can be noticed that Spiro has negligible absorption in
the green-red part of the spectrum. Its absorption dominates in
the ultraviolet (UV)-blue region, and it is seen as a sharp rise at
wavelengths shorter than 420 nm in Figure 3. Therefore, the
absorption in the 550−750 nm region is solely due to the Pc.
For the sample shown in Figure 3, the width of the band at
620−630 nm decreases from 30 to 23 nm and for the band at
680−690 nm from 27 to 19 nm on addition of the Spiro layer,
which is typically interpreted as lower aggregation degree.
However, the band ratio remains virtually the same, 1.23 and
1.25, respectively, which leads to a conclusion that relative
proportion of H-type aggregates is the same. If the ratio is taken
as a measure of aggregation degree, one may conclude that the
type of aggregation does not change, but the aggregates are
more homogeneous after Spiro deposition, which results in the
band narrowing. Similar changes were observed for other
samples, see Figures S4, S5 and Table S1 in the Supporting
Information. Importantly, no detectable degradation was
observed for any of the samples covered with the Spiro hole
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Figure 4. (a) TA spectra and (b) decay component spectra for the Pc/CDCA = 1:50 sample. Excitation wavelength was 695 nm.

Figure 5. (a) Time-resolved TA spectra and (b) decay component spectra for the Pc sample without a co-adsorbate. Excitation wavelength was 695
nm. The response in the NIR (840−1060 nm) is multiplied by 2 for clarity.

transporting layer within a few weeks, regardless of which coadsorbate was used.
These changes in the absorption spectra upon addition of the
Spiro layer can be rationalized assuming that Spiro has a
tendency to ﬁll the space between the Pc molecules, resulting in
weaker inter-Pc interactions and thus a lower degree of
aggregation. This phenomenon is desired as it may also
improve the eﬃciency of the hole collection from the Pc
monolayer after electron injection into TiO2. It also may result
in an eﬃcient electron or hole transfer at the Pc|Spiro interface,
as was reported previously,35 and will be discussed below.
As a summary of the examination of the steady-state
absorption spectra, the Pc/CDCA = 1:50 sample is taken as
the model example of a virtually nonaggregated sample,
although the absorption spectrum of the sample is not a
perfect match with the absorption spectrum of this Pc in a good
solvent (Figure S2 in the Supporting Information).
2.2. TA Responses of TiO2−Pc Samples. First, the
samples without the Spiro layer were studied. The timeresolved TA spectra of the least aggregated sample, Pc/CDCA
= 1:50, are shown in Figure 4a at a few selected delay times.
The spectra were corrected for the group velocity dispersion
and the instrument response function (roughly 0.1 ps), which is
essential for a short delay times and fast decay components.
Therefore, the spectrum at 0.02 ps delay time can be
considered as an “ideal” spectrum formed instantly after the
excitation and can be taken as the spectrum of the singlet
excited state, Pc*. It has a relatively ﬂat absorption in the 470−
610 nm range and a broad absorption at >850 nm that slowly
decreases toward the longer wavelengths. At later delay times,

the spectrum is transformed to show a broad absorption band
around 540 nm and a relatively sharp band near 860 nm. Both
of these features are typical of the Pc cation,32,35,37,38 which is in
agreement with the expected electron injection from the excited
Pc* into TiO2.
In this case, the expected sequence of reactions following
photoexcitation of Pc is
τinj

τcr

TiO2 |Pc* → TiO2−|Pc+ → TiO2 |Pc

(1)

where τinj is the electron injection time constant and τcr is the
time constant of the charge recombination (CR) at the TiO2|Pc
interface. Despite this rather simple reaction chain, at least ﬁveexponential ﬁt had to be used to obtain a reasonably good
approximation of the TA decays in the 460−1050 nm
wavelength range (Figure 4b). However, one can notice that
there is no signiﬁcant diﬀerence in the component spectra
shapes in a wide time domain covering several time constants of
the ﬁt (5 ps, 100 ps, and 19 ns). This indicates inhomogeneity
in the sample which leads to essentially “nonexponential” decay
kinetics of the CR at the TiO2 |Pc interface. Similar
nonexponential decays were reported for virtually all similar
systems.4−6,9 On a qualitative level, the fast component, 0.12 ps,
has features indicating formation of the bands at 540 and 860
nm and can be attributed to the electron injection from Pc* to
TiO2 with τinj = 0.12 ps. The following component, 0.95 ps,
results in the formation of a better pronounced cation spectrum
(Figure 4a, spectrum at 2 ps delay time). It is a mixture of
competing electron injection and nonradiative excited state
relaxation reactions most probably. After that the spectrum
shape virtually does not change and this decay can be attributed
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to the CR at the semiconductor−sensitizer interface which is
known to be essentially nonexponential7,9 and in this case is
spread in the time interval from few picoseconds to tens of
nanoseconds.
The corresponding time-resolved and decay component
spectra for the sample without any co-adsorbate are shown in
Figure 5. Although the TA response of the sample seems to be
similar to that with CDCA, there are a few essential diﬀerences.
First of all, it is even more diﬃcult to ﬁnd a delay time at which
the singlet excited state of the Pc would be well-resolved in the
sample without a co-adsorbate. The shortest time constant
obtained from the ﬁt, 70 fs, is shorter than the time resolution
of the instrument (roughly 100 fs), and although it can be
assigned to the excited state relaxation, the corrected spectrum
generated for a very short delay time (0.015 ps, in Figure 5a)
has features deviating gradually from that of the singlet excited
state in the visible part of the spectrum, and it has low and
“noisy” intensity in the near-infrared (NIR) part of the
spectrum. This mismatch between the visible and NIR parts
is most probably due to the limited accuracy of the group
velocity compensation but not to any real phenomenon.
Second, one can notice a relatively high absorption in the 950−
1000 nm range for the aggregated sample and even a broad
band at these wavelengths in the decay components with time
constants 1 and 14 ps. The Pc anion is known to have an
absorption band in this wavelength range,33,39−41 though the
band is broader than typically observed for Pc anions, which
can be attributed to rather random aggregation of Pcs on the
TiO2 surface. Appearance of this band can be interpreted in
favor of a CS reaction in the excited aggregates, or intraaggregate CS, with a time constant τagg
τagg

Pc* − Pc ⎯→
⎯ Pc+ − Pc−

Figure 6. Time-resolved TA spectra of Pc/OA = 1:10 sample. The
response in the NIR (840−1060 nm) is multiplied by 2 for clarity.

Pc* relaxation are the electron injection into TiO2 and intraaggregate CS. This leads to the disappearance of the Pc singlet
excited state within the time interval close to 100 fs. The
samples are quite heterogeneous, however, and the Pc*
relaxation is not exponential. A “tail” of the singlet relaxation
is extended to the picosecond time domain. We cannot exclude
nonradiative intra-aggregate relaxation, but its contribution
does not seem to be high and it is diﬃcult to quantify.
The wavelength range of the most diﬀerent decay proﬁles for
the studied samples is 900−1050 nm. Figure 7a presents decays
at 990 nm as an example. Two intermediate states have the
main contribution to the TA at this wavelength: the singlet
excited state, Pc*, and the Pc anion, Pc−. Being the least
aggregated sample, the Pc/CDCA = 1:50 sample shows the
fastest decay at this wavelength because there is no intraaggregate CS and thus no Pc− formed. Respectively, the sample
with no co-adsorbate shows the strongest response at the
middle delay times, roughly 1−20 ps, being the most
aggregated and thus the most eﬃcient in generating Pc−.
However, the ﬁnal relaxations of the Pc/CDCA = 1:10 and coadsorbate-free samples are roughly the same, indicating that the
relaxation of Pc− is not sensitive to the concentration of CDCA.
The OA co-adsorbate is less eﬃcient in reducing aggregation
eﬀect, according to the relative intensity of the TA at 990 nm in
the 1−20 ps delay time interval. The decay of the sample with
OA co-adsorbate is slightly slower than that with CDCA;
however, the diﬀerence is rather minor.
Another important wavelength is 860 nm, because this is the
wavelength of maximum absorption of the Pc cation, Pc+. The
decays at 860 nm are presented in Figure 7b for the same set of
samples. Unfortunately, the singlet state has also relatively high
absorption at this wavelength. Therefore, the transition Pc* →
Pc+ has virtually no eﬀect on the absorption. Another
intermediate state which has a signiﬁcant contribution to the
absorption at this wavelength is the Pc anion, Pc−. The anion
absorption band is at 990 nm, but at shorter wavelengths it has
a ﬂat absorption with intensity at 860 nm close to half of that at
990 nm (see below).
Assuming that the Pc/CDCA = 1:50 sample is virtually
nonaggregated, the decay at 860 nm can be used to monitor the
CR process at the semiconductor−sensitizer interface, eq 1.
Then, the ﬁrst conclusion is that the CR is essentially a
nonexponential process, as can be expected. The TA intensity
drops by roughly 50% during the ﬁrst 3 ps, indicating that 50%
of the Pc+ have recombined. Roughly half of the left cations
relax in the following 10 ps. For the remaining part,
recombination is shifted to hundreds of picoseconds, and
roughly 10% of the Pc cations have a lifetime extended to the

(2)

Although the mechanism of CS may be more complex and
may involve formation of an intermolecular exciplex prior the
complete CS, as was reported for Pc−fullerene dyads with
strong electronic coupling.42 In any case, this is the process
competing with the electron injection into TiO2 from the
initially generated excited state, Pc*, and it reduces the lifetime
of the singlet excited state compared to that of the
nonaggregated sample (Pc/CDCA = 1:50). Within this
simpliﬁed model, the observed singlet state relaxation time
constant is τs = (τinj−1 + τagg−1)−1 ≈ 70 fs, and τagg ≈ 0.13 ps, or
roughly equal to τinj.
The TA response of the Pc/CDCA = 1:10 sample takes an
intermediate position between responses of the two samples
discussed above (see Figure S7 in the Supporting Information).
The time-resolved spectra of the Pc/OA = 1:10 sample are
presented in Figure 6. The response is very similar to that of
the sample with CDCA as the co-adsorbate, though the spectra
at longer delay time are slightly stronger, for example, at 2000
ps, indicating that relative yield of the long-lived Pc+ is
marginally higher in the sample with OA. However, the yield of
the long-lived Pc+ is small in both cases being not more than
20% relative to that of the Pc/CDCA = 1:50 sample.
Because of the rapid degradation of the Pc/OA samples,
especially at high OA concentrations, reliable spectroscopic
data were not obtained.
The primary CS in both series of samples with CDCA and
OA was at the limit of the time resolution of the instrument
used, 100 fs. Within this time resolution limit, the two coadsorbates have the same eﬀect on the relaxation of the singlet
excited state, Pc*. The two main processes contributing to the
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Figure 7. Normalized TA decays at (a) 990 and (b) 860 nm for four samples: Pc SAM without a co-adsorbate, two diﬀerent relative concentrations
of CDCA, 1:10 and 1:50, and OA at 1:10.

Figure 8. (a) Time-resolved TA spectra and (b) decay component spectra of the sample with Pc/CDCA = 1:50 covered by Spiro. The ﬁt model
combined exponential distributed decay functions35 denoted as exp(τ) and dist(τaver), respectively. Excitation wavelength was 695 nm. The NIR
response (840−1260 nm) is multiplied by 2.
τagg

TiO2 |(Pc* − Pc) ⎯→
⎯ TiO2 |(Pc+ − Pc−)

nanosecond time domain. This is rather fast CR. For example,
the longest reported half times are >1 ns for porphyrin
sensitizer9,43 and much more than 1 ns for Ru-dyes.10 Rather
fast CR at the TiO2|Pc interface is surprising and undesired
result. It was noticed that the electron injection from sensitizer
into TiO2 takes place in two steps.7 The ﬁrst step is an
electrostatically coupled electron−cation complex is formed,
and then, the electron leaves the surface and becomes a “free”
carrier in the conduction band of TiO2. A possible explanation
of a faster recombination is that the electron−cation complex is
more stable for Pc than for porphyrin and Ru-dye sensitizers
studied previously. This would result in a competition between
the CR of the complex and the electron promotion into the
TiO2 bulk, which leaves a long-lived cation on the surface. In
the case of the TiO2|Pc interface, the competition is shifted in
favor of the ﬁrst process, surface complex recombination, which
is deﬁnitely an undesired process.
For the samples without co-adsorbates or relatively low
concentration of co-adsorbates (e.g. 1:10), the cation band at
860 nm cannot be used as an indicator of the CS eﬃciency at
the TiO2|Pc interface, because the electron injection is
competing with CS (eq 2) in the Pc aggregates. The reason
for the slower decay of these samples is the slower relaxation of
the intra-aggregate charge separated state compared to the CR
at the TiO2|Pc interface.
One can presume that the Pc− formed as the result of intraaggregate CS may later inject an electron into TiO2 and thus
contribute to the CS at the organic−semiconductor interface
through a two-step process

τel

→ TiO2−|(Pc+ − Pc)

(3)

An indication of this process is a slower decay of TA at 860
nm (Pc+ indicator) compared to that at 990 nm (indicator of
Pc−) for the co-adsorbate-free sample. However, we did not
come up with a method of quantitative separation of these two
processes. In a qualitative level, the remaining absorption at 860
nm (indicator of Pc+) is not higher than that of the least
aggregated sample with still measurable absorption at 990 nm
(indicator of Pc−). Therefore, the eﬃciency of reactions in eq 3
is low for all samples.
2.3. Samples with Spiro Overlayer: Eﬀect of the Hole
Transporting Layer. The eﬀect of the HTM, Spiro, on the
photoinduced CS at the organic−semiconductor interface of
the least aggregated sample is very similar to that reported for
aggregation protected Pcs on ZnO nanorods.35 The timeresolved TA spectra of the Pc/CDCA = 1:50 sample covered
by the Spiro layer are shown in Figure 8a, and the global ﬁt
results using the model combining exponential and distributed
decay (see ref 35 for details) are presented in Figure 8b,
respectively. Comparing to the sample without the HTM layer,
the most obvious diﬀerence in the TA response is a rather sharp
band at 990 nm which forms with a time constant close to 1 ps
and decays with a time constant close to 170 ps (see Figure S7
in the Supporting Information). This band can be attributed to
the anion Pc−.35,39,40 Another characteristic feature of the anion
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is the band close to 590 nm, which is most clearly seen in the
170 ps component.
The ﬁrst qualitative conclusion which can be made
comparing TA measurements of the Pc/CDCA = 1:50 sample
with and without Spiro, presented in Figures 8 and 4,
respectively, is that Spiro not only penetrates through the
whole 2 μm thick TiO2 layer, but it is in contact with most Pc
sensitizers. This conclusion becomes evident after comparing
time-resolved spectra at long delay time. The spectra of the
sample with Spiro holds mainly the features of the Spiro cation,
the band 590 nm and very weak and featureless absorption in
the 850−1100 nm range, and only a minor bleaching at 650 nm
which may arise from minor population of Pc not interacting
with Spiro. Whereas features of the Spiro-free sample is a band
at 860 nm and relatively strong bleaching at 650 nm compared
to the broad and featureless induced absorption band at 500−
600 nm.
Assuming that Pcs are nonaggregated in the sample with
Spiro and the intra-aggregate CS can be excluded, the only
feasible reaction to generate Pc− is the CS at interface between
Pc and Spiro

nm corresponding to Pc , which would later transform into a
broad band around 530 nm and a broad absorption in the NIR
region. The observed TA response of the TiO2|Pc/CDCA|
Spiro sample has no such features. Furthermore, the singlet
excited state features for the Pc can be noticed in the timeresolved spectra at delay times as long as 0.2 ps as sub-band
structures in the 590−650 nm region. Therefore, the main
relaxation pathway of the excited state is the sequence of
reactions 4 and 5, with average reaction time constants τsp ≈ 1
ps and τet ≈ 170 ps.
The TA responses of the most aggregated sample, Pc layer
without the co-adsorbate, are shown in Figure 9. The essential

τsp

Pc*|Spiro → Pc−|Spiro+

(4)

where τsp is the time constant for the hole transfer from the
excited Pc to Spiro. The spectra at long delay times (e.g. at
1000 ps, Figure 8a) and the spectrum of the long-lived
component (>20 ns, Figure 8b), respectively, can be attributed
to the Spiro cation.11,34,35,40 It has a band at 530 nm and a
broad absorption in the IR region which is observed as a slowly
rising absorption toward the longer wavelengths starting from
1000 nm. Therefore, relaxation of the Pc− can be attributed to
the electron injection into TiO2
τet

TiO2 |Pc−|Spiro+ → TiO2−|Pc|Spiro+

Figure 9. Time-resolved TA spectra of the TiO2|Pc|Spiro sample. The
NIR response (840−1260 nm) is multiplied by 2.

diﬀerence with the nonaggregated sample at short delay times is
the virtually nonresolved singlet excited state of the Pc. Overall,
the spectra of pure Pc samples with (Figure 9) and without
(Figure 5a) Spiro are very similar at least within the ﬁrst 100 ps
relaxation time, though the Pc− band is more pronounced in
the sample with Spiro top layer. This suggests that intraaggregate CS is the dominating reaction pathway. At longer
delay times, a broad NIR band attributed to Spiro+ becomes
visible, though the intensity of the band is much lower for the
sample without a co-adsorbate. The global exponential ﬁtting of
the TA data is presented in Figure S9 in the Supporting
Information. The ﬁtting results suggest that the intra-aggregate
CS takes place with a time constant τagg ≈ 0.16 ps, and the
following relaxation of the Pc− takes place in the time interval
1−300 ps. These time constants are slightly longer than in the
case of the sample without Spiro, but the diﬀerence is rather
marginal.
Comparison of the TA spectra in Figures 8 and 9 indicates
that at long delay times the yield of the long-distance CS state,
TiO2−|Pc|Spiro+, is higher in the Pc/CDCA = 1:50 sample,
which is seen as higher relative intensities at 530 and 1250 nm.
However, there are probably still some losses in the longdistance CS yield at few hundred picosecond delay time even in
the 1:50 sample, because the component with the 170 ps time
constant (Figure 8b) has an IR tail with intensity rising toward
longer wavelengths, though this IR tail is smaller in intensity
than that of the longest lived component (>20 ns in Figure 8b).
This means that some of the Pc anions may relax as the result
of CR at the Pc−|Spiro+ interface, instead of donating an
electron to TiO2. The eﬀect of this relaxation on the solar cell
performance depends on time needed for the hole to reach the
cathode, if holes leave the HTM faster than the relaxation
constant, the relaxation will have no considerable eﬀect on the
cell performance.

(5)

where τet is the time constant of the electron transfer from Pc−
into TiO2.
In addition to the reaction sequence depicted by eqs 4 and 5,
the long-distance CS state can be obtained by a competing
process. Here, the electron is ﬁrst injected from the Pc* into
TiO2, followed by the hole transfer from the Pc+ to the Spiro
τinj

τht

TiO2 |Pc*|Spiro → TiO2−|Pc+|Spiro → TiO2−|Pc|Spiroo+
(6)

where τht is the time constant of the hole transfer from Pc+ to
Spiro.
The electron injection time constant, τinj, in the sample
without Spiro is roughly 0.12 ps, and it competes with the CS at
Pc*|Spiro having time constant of ≈1 ps. In a homogeneous
system, a process with a few times longer time constant would
be very ineﬃcient. The Pc monolayer on TiO2 is, however, not
homogeneous. Even more importantly, noticing a gradual
change in the absorption spectra of the samples with and
without Spiro, one can expect that Spiro changes the packing of
the Pc molecules on the semiconductor surface. More
speciﬁcally, it is likely that Spiro molecules tend to penetrate
between the Pcs, thus reducing inter-Pc interactions and
enforcing an upright orientation of the Pc molecules on the
TiO2 surface. The latter has an eﬀect of increased distance from
the Pc core to the surface and will result in a slower electron
injection into TiO2.
The reaction sequence in eq 6 would result in a relatively
sharp transient band at 860 nm and a broad band around 540
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The TA responses for the samples with Pc/CDCA = 1:10
and Pc/OA = 1:10 are shown in the Supporting Information
(Figures S10−S13). The responses take intermediate positions
between the sample with high concentration of CDCA (Pc/
CDCA = 1:50) and the sample without a co-adsorbent, though
the response of Pc/CDCA = 1:10 is very close to that of Pc/
CDCA = 1:50 sample, whereas the response of the Pc/OA =
1:10 sample is closer to that of the pure Pc sample.
2.4. Solar Cells. To study the eﬀect of aggregation of
photocurrent generation in solar cells, silver electrodes were
deposited on top of the samples with Spiro hole transporting
layer, and standard current−voltage (I−V) characteristics
where measured in the dark and under “one sun” (AM 1.5)
illumination. Typical I−V curves are presented in Figure 10 for

from the available data. This number can be evaluated from the
excitation photon ﬂux and sample absorption.
The Pc samples have main absorption bands in the range
580−720 nm, which is commonly referred to as the Q-band
area. Another absorption band commonly referred to as the
Soret band is at wavelengths shorter than 400 nm and its
intensity is few times lower than that of the Q-band. Also, the
sun intensity is maximal in the Q-band area and decreases
sharply at <400 nm. Therefore, the spectral area of signiﬁcance
for the studied samples is the Q-band area, and for all samples,
it is within the range 550−750 nm. The sunlight intensity does
not change much within this range having the average value
P650 = 1.24 W m−2 nm−1 with standard deviation 0.12 W m−2
nm−1.44 Therefore, to compare light harvesting eﬃciencies of
the samples, average absorptances, aav, were calculated in the
range 550−750 nm. As an example, the values of aav are 0.37,
0.29, and 0.045 for Pc/CDCA samples with ratios 1:0, 1:10,
and 1:100, respectively, which means that the pure Pc sample
(1:0) absorbs 37% of photons in the range 550−750 nm, and
the 1:100 sample absorbs only 4.5% of photons in this range
(see Figure S14 in Supporting Information).
2.4.1. Photocurrent Generation Eﬃciency. To compare the
quantum eﬃciency of the photocurrent generation, the short
circuit Isc was divided by aav, to account for absorbed photons
only. Reference samples without the co-adsorbate were
prepared a few times (ﬁve series) during the tests, and the
ratios Inorm = Isc/aav for these samples were averaged and used
to normalized the ratios obtained for all other samples, thus
calculating “relative” current values Irel(x) = Inorm(x)/Inorm(0),
where x is the co-adsorbate concentration and Inorm(0) is the
average or all samples without the co-adsorbate. The results of
calculations are presented in Figure 11 as a function of the

Figure 10. Current−voltage characteristics of Pc/CDCA = 1:20
sample in the dark (dashed lines) and under illumination (solid lines).
One sample had four electrode pairs with an overlap area of roughly 2
mm2.

Pc/CDCA = 1:20 sample. Each sample had four electrode pairs
with an overlap area of roughly 2 mm2. The variation in I−V
curves of diﬀerent electrode pairs on the sample was reasonably
small, as can be seen in Figure 10.
The obtained PCEs were in the range 0.1−0.4% for the
samples discussed here. This is roughly 1 order in magnitude
lower than the eﬃciencies reported for the best ssDSSCs with
the same Pc.31 However, the primary goal of this part is to
compare the results of ultrafast spectroscopy study of the
primary photoreactions with the properties of the complete
ssDSSCs. Therefore, the samples were optimized to get most
out of the spectroscopy measurements but not to achieve the
highest PCE. The aim is also to get a fair comparison of
diﬀerent sensitizer/co-adsorbate combinations. This means in
particular that all samples have to be prepared with the same
TiO2 base structure to ensure that the samples inﬁltrated by
Spiro similarly. The thickness of the TiO2 ﬁlm was selected
such that the absorption of Pc at maximum (Q-band) is close
to 1 (OD), which is the maximum reasonable value for accurate
pump-probe measurement. As the result, the absorption of the
sample with a high relative concentration of co-adsorbate (e.g.
Pc/CDCA = 1:100 in sensitization solution) was rather low,
around 0.15 (OD), which is still suﬃcient for TA measurements but far from optimum for eﬃcient power conversion.
The parameter of interest for this study is the internal
conversion eﬃciency (ICE), or the ratio of the generated
electrons to absorbed photons, ϕICE. The electron ﬂux can be
obtained directly from the measured short circuit current, Isc (I
at V = 0 in Figure 10). However, the number of absorbed
photons cannot be measured directly and has to be evaluated

Figure 11. Relative photocurrent generation eﬃciencies, Irel, plotted as
a function of relative co-adsorbate concentration. Values are
normalized to the average of the samples without the co-adsorbate.
The lines are indicating trends for visual guidance.

relative co-adsorbate concentration and show increase or
decrease of ICE of the sample relative to the average value of
samples without the co-adsorbate. Although there is relatively
large deviation of the result for the samples with the same
composition, addition of CDCA has a clear eﬀect of gradual
increase of the quantum eﬃciency of the photocurrent
generation. According to this estimation, the quantum
eﬃciency is roughly 3 times higher for 1:10 and 1:20 samples,
and it increases furthermore for 1:100 and 1:200 samples.
The same results are summarized in Table 1 by averaging
relative eﬃciencies (Irel) for the samples of the same
composition. Also, it has to be noted that the standard
deviation of the relative eﬃciencies were rather high, 20−50%.
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2b) suggest a gradual decrease in the aggregation degree. One
possible explanation for this diﬀerence between CDCA and OA
is the length diﬀerence between the molecules. A rough
estimation of the CDCA molecule length is 1.2 nm, which is
close to or a little shorter than the length of Pc molecules
standing upright on the TiO2 surface. The length of OA is
roughly 1.6 nm, or longer than the Pc molecule, which may
prevent a suﬃcient contact between the Pc and Spiro needed
for eﬃcient electronic interactions at the Pc|Spiro interface and
may thus explain the lower hole transfer eﬃciency to Spiro in
the OA-containing samples. However, this explanation is in
contradiction with the observed change in the Pc absorption
spectrum after the deposition of Spiro. Still it seems to be
reasonable to suggest that some structural diﬀerence between
the Pc/CDCA and Pc/OA SAMs is responsible for the
diﬀerence in the photophysics of the samples. Another obvious
reason for the relatively poor results with OA co-adsorbate is
rather fast sample degradation especially at higher OA
concentrations, as was mentioned above.
The absolute value of the quantum eﬃciency can be
estimated using excitation power density, P650, short circuit
current, Isc, and average absorptances, aav (see Supporting
Information for the details of calculations). This estimation
suggests that the quantum yield of photon-to-electron
conversion is roughly 13% for the samples without the coadsorbate, close to 40% for 1:10 and 1:20 Pc/CDCA samples,
and approaches 100% for 1:100 and 1:200 samples. The latter
is least accurate as the estimation accuracy depends critically on
average absorption calculation, which in turn depends on
accuracies of subtracting “background absorption” of TiO2 and
spectra correction procedure after the deposition of Spiro.
The absolute values of external PCEs for this series was
higher for Pc/CDCA = 1:10 and 1:20 samples than for the
samples without CDCA by a factor of 2 (0.4 vs 0.15%). For
1:100 samples the eﬃciency dropped down to that of the
samples without CDCA, but average absorptance, aav, of the
1:100 sample is only 0.045 (in the 550−750 nm range),
whereas for the sample without CDCA aav ≈ 0.5, or the 1:100
sample uses absorbed photons 10 times more eﬃciently than
the sample without CDCA. The 1:100 sample is not eﬃcient in
absorbing light because its optical density is only 0.12 at the
maximum of the Q-band (695 nm) and the spectrum band
width is roughly 30 nm only. One obvious approach to increase
cell eﬃciency could be to increase the thickness of TiO2
nanoparticle ﬁlm, though in this case the thickness must be
increased by 10 times at least (to be ≥20 μm), which will create
another problem of pore ﬁlling with the HTM.15
Another approach to increase the PCE of Pc-based solar cells
is to use co-adsorbates with chromophores, which would work
as a light harvesting subsystem in a way similar to that reported
by M’Sabah et al.,45 absorbing the solar light and delivering the
excited state energy to Pc by the nonradiating energy transfer
mechanism. This approach may also help to solve another
problem of Pc sensitizers, weak absorption in the green part of
the spectrum, if the light harvesting co-adsorbate is designed to
cover the green-yellow part of the spectrum. Also, mixing Pc
with sensitizers utilizing the green-yellow part of the spectrum,
such as porphyrins,17 may also help to solve the problem.

Table 1. Relative Eﬃciency of the CS at the Semiconductor−
Organic Interface of Spiro-Containing Samples Estimated
from TA and Photocurrent Measurementsa
sample

ΔArel (2 ps)

ΔArel (2 ns)

Irel

Pc only
Pc/CDCA = 1:10
Pc/CDCA = 1:20
Pc/CDCA = 1:50
Pc/CDCA = 1:100
Pc/CDCA = 1:200
Pc/OA = 1:10
Pc/OA = 1:75
Pc/OA = 1:100

0.15
0.25

0.12
0.16

1.0
3.1
3.2

0.29
0.27

0.14
0.20

0.13

0.06

0.16

0.13

6.7
9.6
1.5
1.6
1.4

a

The relative TA values (ΔArel()) were calculated by taking
absorbance change at 1250 nm at 2 ps and 2 ns delay time and
dividing by the change at 860 nm right after the excitation, and relative
photocurrents (Irel) are the short-circuit currents of the samples with
to that without the co-adsorbate and normalized to average sample
absorptance (aav) in the 550−750 nm range (see the text for details).

The eﬃciency estimation of the long-distance CS based on
spectroscopy is more complex as it requires quantitative
knowledge of the absorption spectra of the intermediate states
of interest, namely, primary excited sensitizers and states
involved in photocurrent generation. The conduction band
electrons in TiO2 have no distinct spectroscopic features which
can be seen on top of TA responses of Pc and Spiro. However,
the Spiro cation has two features, the band at 530 nm and the
broadband absorption at >1000 nm. The NIR absorption of
Spiro+ seems to be a better choice because the Pc cation and
anion have negligible absorption at the red side of the measured
range. Therefore, the TA response at 1250 nm can be used as
an indicator of the Spiro+ yield at least at delay time >1 ps, that
is, after relaxation of the singlet excited state of Pc which also
has some absorption at this wavelength, as can be seen in
response of all samples at short delay time (<0.1 ps). The
primary excited sensitizer in our case is the singlet excited state
of Pc. The absorption at a short delay time (e.g. at 0.02 ps in
Figure 9) is the strongest at 860 nm, and it can be taken as the
measure of the number of excited Pcs. Therefore, the ratio of
the absorbances at 1250 nm at a long delay time to that at 860
nm right after the excitation, ΔArel = ΔA1260/ΔA860, must be
proportional to quantum yield of (absorbed) photons to hole
conversion. These relative absorption changes were calculated
for two delay times, 2 ps and 2 ns, and presented in Table 1
(denoted as ΔArel(2 ps) and ΔArel(2 ns), respectively).
A common trend for both ΔArel and Irel seen in Table 1 is the
increase in the eﬃciency of Spiro+ and current generation with
the increase of CDCA concentration, though the increase of Irel
is larger than of ΔArel. According to the TA responses discussed
above, this increase can be attributed to the lower Pc
aggregation upon addition of CDCA, suppressing the undesired
intra-aggregate CS. Interestingly, at a longer delay time, 2 ns,
the yield is virtually the same for three ﬁrst samples in the table.
This may be interpreted in favor of a relatively fast hole
diﬀusion to the electrode, so that slow (nanosecond) CRs does
not aﬀect photocurrent generation. Though TA measurements
are rather diﬃcult after top electrode deposition and were not
carried out.
Both TA and photocurrent measurements do not show
signiﬁcant increase in photon-to-current eﬃciency on addition
of OA co-adsorbate, although the absorption spectra (Figure

3. CONCLUSIONS
Aggregation of Pcs is usually considered as the most
detrimental factor to the eﬃciency of Pc-sensitized DSSCs.
The results reported here are in full agreement with this notion
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layer, the substrates were sintered again at 475 °C. The TiO2
nanoparticle ﬁlm thickness was approx. 2.5 μm for the screenprinted layers and approx. 800 nm for the spin-coated layers,
respectively. Typical cross-section electron microscopy images
are shown in Supporting Information Figure S1.
To increase the surface roughness in the TiO2 layer and
therefore to adsorb more dye, the TiO2 substrates were treated
with aqueous TiCl4. A 2 M aqueous stock solution of TiCl4 was
prepared: 1.56 mL of Milli-Q H2O was frozen with a stir bar,
440 μL of TiCl4 was added dropwise in an ice bath, and the
solution was stirred for 10 min. The 2 M stock solution was
then diluted into 0.02 M, and the substrates were immersed
into this solution at 70 °C for 30 min and washed thoroughly
with Milli-Q H2O. The substrates were sintered after the TiCl4
treatment, and after sintering they were ready for staining.
To deposit SAMs of the Pc with and without the coadsorbates, the substrates were immersed into solutions of the
Pc, typically for 20 h. The solutions were prepared in t-BuOH/
MeCN 1:1 (vol/vol) at 0.1 mmol/L concentration. The coadsorbates were added into the solutions at diﬀerent Pc to coadsorbate molar ratios ranging from 1:10 to 1:100 or using
concentration of co-adsorbates up to 10 mM. After the
reaction, the substrates were removed from the Pc solutions
and washed by immersing them for 5 min into the t-BuOH/
MeCN mixture.
The sensitized TiO2 samples were coated with a hole
transporting layer, Spiro, following a reported procedure. Spiro
was doped with bis(triﬂuoromethane)sulfonimide lithium salt
(LiTFSI) and 4-tert-butylpyridine (t-BP) for a better hole
conductivity. The hole transporting layer was prepared by spincoating typically a 214 g/L solution of Spiro with 23 mM of
LiTFSI and 233 mM of t-BP in anhydrous chlorobenzene onto
the sensitized TiO2 substrates. The solution was allowed to
diﬀuse into the TiO2 mesoporous layer for 30 s after the
spreading. Then, the samples were rotated for 60 s at 1000 rpm.
To ensure that suﬃcient amount of Spiro was deposited, crosssection scanning electron microscopy (SEM) images of the
samples were taken, in which a thin Spiro layer on top of the
TiO2 ﬁlm can be seen (see Supporting Information Figure S1).
For the solar cell measurements, the sample structure was
ﬁnalized by thermally evaporating a 75 nm Ag electrode on top
of the sample structure at a high vacuum (approx. 10−6 mbar).
The electrode areas were typically 2−3 mm2.
4.3. Instruments. Absorption spectra of the samples were
measured using a Shimadzu UV-1800 UV−Vis−NIR spectrophotometer in the range 350−850 nm.
The sample morphology was investigated using a ﬁeldemission SEM (Carl Zeiss Ultra 55).
Standard solar cell characterization was carried out by
measuring I−V curves (Agilent Tech. E5272A source/
monitoring unit) in the dark and under one sun (AM 1.5)
illumination (Sciencetech SS150 solar simulator).
Ultrafast TA responses of the samples were measured using a
pump-probe system described previously.46,47 Brieﬂy, the
samples were excited by laser pulses at 695 nm (Libra F,
Coherent Inc., coupled with Topas C, Light Conversion Ltd.).
A white continuum generator (sapphire crystal) was used to
produce the probe beam. The TA responses were measured
using an ExciPro TA spectrometer (CDP, Inc.) equipped with a
CCD array for the visible spectral range (460−770 nm) and an
InGa diode array for the NIR wavelengths (840−1045 and
1050−1260 nm). The pulse repetition rate of the laser system
was 1 kHz and the spectra were typically acquired by averaging

and indicate that intra-aggregate CS is the main mechanism of
the excited state deactivation. A traditional method to reduce
aggregation is to use co-adsorbate molecules. One of the most
widely used compounds for this purpose is CDCA. For
comparison, we have used OA as well. Addition of the coadsorbate reduces the aggregation gradually, as can be seen
from the steady-state absorption spectra change and transient
responses of the samples.
Addition of a hole-transporting layer of Spiro-MeOTAD
changes the primary CS events quite drastically, switching the
main reaction route to the CS at the organic−organic interface,
Pc|Spiro, instead of the electron injection at TiO2|Pc. In the
case of aggregated Pc layer deposited without the co-adsorbate,
the intramolecule interactions compete with the CS and reduce
the eﬃciency of CS at the Pc|Spiro interface. However, mixing
Pc with CDCA at ratios larger than 1:20 (in sensitizing
solution) reduces the aggregation eﬀect to a negligible level,
thus generating the Pc−|Spiro+ state with almost unity yield.
The increase in quantum yield of photocurrent generation
was also conﬁrmed by depositing top electrodes on the TiO2|
Pc|Spiro structures and comparing short circuit currents of the
cells. An estimation suggests that the quantum yield of photonto-current conversion is less than 15% for samples without the
co-adsorbate but can be increased to almost unity by mixing Pc
with CDCA at ratio 1:100. However, at this ratio, the PCE is
few times lower than for the best sample in the series because
of very low absorption of the sample (OD < 0.15 at the Q-band
maximum).

4. METHODS AND MATERIALS
4.1. Materials. EtOH (≥99.5% by mass) was purchased
from Altia Plc. 2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9′-spirobiﬂuorene (Spiro-MeOTAD or Spiro) was
purchased from Lumtec (Luminescence Technology Corp.).
TiO2 nanoparticle paste was purchased from Solaronix (TiNanoxide T/SP) and from Dyesol (18NR-T). CDCA and OA
were used as co-adsorbates to reduce aggregation in the Pc
monolayers. They were purchased from Sigma-Aldrich along
with all other solvents and chemicals and used without further
puriﬁcation. FTO-coated glass substrates (TEC7) were
purchased from Sigma-Aldrich and cleaned as described
below. Zinc carboxyphthalocyanine (Pc, Figure 1) derivative
used in this study and also known as TT1 was synthesized
according to a protocol described elsewhere.23
4.2. Samples. The FTO-coated glass substrates were cut to
approx. 20 × 20 mm substrates and patterned by mechanical
etching with a grinding tool. After the patterning, the substrates
were washed by 15 min sonication in 2% aqueous Hellmanex
III solution, followed by 15 min sonication in 2-propanol, and
dried under vacuum.
A thin TiO2 compact layer was used as a hole-blocking layer.
The layer was prepared by spin-coating (3000 rpm, 30 s) a 0.22
M solution of titanium isopropoxide in acidic EtOH (13 mM of
HCl) onto the cleaned and patterned FTO substrates, followed
by sintering at 475 °C for 45 min in air. For better ﬁlm quality,
the spin-coating and sintering procedure was repeated.
TiO2 mesoporous layers were prepared by screen-printing
and by spin-coating. For the screen-printed layers, the TiNanoxide T/SP paste was screen-printed on top of the
substrates through a 77−55 mesh (mesh thickness, 87 μm). For
the spin-coated layers, the Dyesol 18 NR-T paste was diluted in
EtOH at a 2:5 weight ratio and spin-coated (1000 rpm, 45 s)
onto the substrates. After depositing the TiO2 mesoporous
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B. E.; Burkhard, G. F.; Tétreault, N.; Grätzel, M.; Moser, J.-E.;
McGehee, M. D. The Effect of Hole Transport Material Pore Filling
on Photovoltaic Performance in Solid-State Dye-Sensitized Solar Cells.
Adv. Energy Mater. 2011, 1, 407−414.
(16) Urbani, M.; Grätzel, M.; Nazeeruddin, M. K.; Torres, T. MesoSubstituted Porphyrins for Dye-Sensitized Solar Cells. Chem. Rev.
2014, 114, 12330−12396.
(17) Ragoussi, M.-E.; Ince, M.; Torres, T. Recent Advances in
Phthalocyanine-Based Sensitizers for Dye-Sensitized Solar Cells. Eur. J.
Org. Chem. 2013, 6475−6489.
(18) Imahori, H.; Umeyama, T.; Ito, S. Large π-Aromatic Molecules
as Potential Sensitizers for Highly Efficient Dye-Sensitized Solar Cells.
Acc. Chem. Res. 2009, 42, 1809−1818.
(19) Higashino, T.; Imahori, H. Porphyrins as excellent dyes for dyesensitized solar cells: recent developments and insights. Dalton Trans.
2015, 44, 448−463.
(20) Brogdon, P.; Cheema, H.; Delcamp, J. H. Near-InfraredAbsorbing Metal-Free Organic, Porphyrin, and Phthalocyanine
Sensitizers for Panchromatic Dye-Sensitized Solar Cells. ChemSusChem 2018, 11, 86−103.
(21) Krishna, N. V.; Krishna, J. V. S.; Singh, S. P.; Giribabu, L.; Han,
L.; Bedja, I.; Gupta, R. K.; Islam, A. Donor-π-Acceptor Based Stable
Porphyrin Sensitizers for Dye-Sensitized Solar Cells: Effect of πConjugated Spacers. J. Phys. Chem. C 2017, 121, 6464−6477.

over 5 s. Typical time resolution of the instrument was 100 fs.
Data collected in the three wavelength ranges were ﬁtted
globally to a sum of exponential functions or a combination of
exponential, stretched-exponential, and distributed decay
models.48 The ﬁt program accounted for the instrument
response (through a deconvolution process) and did the group
velocity dispersion compensation. Therefore, the generated
time-resolved spectra were free of dispersion and had an
“improved” time resolution.
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