TAMPEREEN TEKNILLINEN YLIOPISTO
TAMPERE UNIVERSITY OF TECHNOLOGY

Julkaisu 798 « Publication 798

Kimmo Kaunisto

Energy and Electron Transfer in Organic Multilayered
Thin Films Containing Oriented Porphyrin—Fullerene Dyad

Tampere 2009



Tampereen teknillinen yliopisto. Julkaisu 798
Tampere University of Technology. Publication 798

Kimmo Kaunisto

Energy and Electron Transfer in Organic Multilayered
Thin Films Containing Oriented Porphyrin—Fullerene
Dyad

Thesis for the degree of Doctor of Technology to be presented with due permission for

public examination and criticism in Festia Building, Auditorium Pieni Sali 1, at Tampere
University of Technology, on the 27th of March 2009, at 12 noon.

Tampereen teknillinen yliopisto - Tampere University of Technology
Tampere 2009



ISBN 978-952-15-2128-7 (printed)
ISBN 978-952-15-2154-6 (PDF)
ISSN 1459-2045



Abstract

Photoinduced intermolecular energy and electron transfers in organic multilayered thin
films were studied using electrical and spectroscopic methods. Intra- and interlayer processes
were mainly investigated by the time-resolved Maxwell displacement charge and flash-
photolysis techniques. Electrochemical photocurrent measurements were used to
characterize the photovoltaic properties of the model thin film photocells. The samples were
prepared by the Langmuir-Blodgett and spin-coating methods as ordered film structures to
provide a parallel vertical electron transfer in all parts of the films. To demonstrate the role
of each functional layer in photoinduced reactions, various layer sequences were analyzed
and the results from different measurement methods were combined to identify the processes
in the films.

A monolayer of oriented porphyrin—fullerene dyad, an electron donor—acceptor molecule,
was used to initiate the vectorial electron transfer in the films. A phenyl vinyl thiophene
derivative, PVT3, was shown to be capable of both energy and secondary electron transfers
to the porphyrin—fullerene dyad when deposited adjacent to the porphyrin moiety. The
charge separation distance was extended and charge separated state lifetime was prolonged
by depositing poly(hexylthiophene), PHT, in contact with PVT3. In the final charge
separated state of such a complex film, the holes are located in the PHT network and the
electrons in the fullerene sublayer with the charge recombination in a time domain of
seconds. Poly(phenylene quinoxaline), PPQ, was used as an electron acceptor from the
fullerene radical anion, increasing the charge separation lifetime for a porphyrin—fullerene—
PPQ layer sequence.

Crucial role of the excited porphyrin—fullerene dyad for the overall charge transfer
efficiency in the cells with a phthalocyanine derivative, ZnPH4, as an electron donating
moiety to the dyad, was demonstrated. The electron transfer from ZnPH4 to the porphyrin
cation was shown to be extremely efficient yielding the phthalocyanine cation and fullerene
anion moieties. In addition, the electron transfer from PHT to ZnPH4 was demonstrated to
be efficient in the corresponding heterojunction.

An electrical signal lifetime was longer compared to that of the optical signal, although
the same final transient charge separated state of the film was monitored. The difference in
decay times is explained by charge ejection to the molecular environment as the final charge
separated state of the system, generating the long-lived free charges that affect more the

electrical signal but are less pronounced in the optical signal.
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1. Introduction

Most of the mankind’s energy need is covered with the non-renewable energy sources
such as oil, coal, and natural gas [1]. Combustion of these fossil fuels has harmful effects on
Earth’s ecosystem by exposing air and water systems to pollutants like nitrogen oxides,
sulfur dioxide, and heavy metals. Carbon dioxide, as the main combustion product of the
fossil fuels, is considered to be one the most prominent contributors to the greenhouse effect
accelerating global warming [2].

The limited supply of non-renewable energy sources has created, together with their
harmful side-effects, demand for sustainable and clean energy sources such as solar,
hydroelectric, and wind power. Energy emitted by the sun onto the Earth (120 000 TW [3])
exceeds 8000 times the annual energy need of the humankind (15 TW [1]), and therefore
makes the sun as the ultimate energy source. Therefore, circa 0.02 % solar energy harvesting
efficiency would be enough to replace all the other energy sources by the photovoltaic
technology. The energy produced [3] by the photovoltaic and solar thermal panels is only
about 1 and 15 GW, respectively, showing the need to overcome cost-efficiency limiting
factors in solar energy utilization.

Since the introduction of the first solar cell in 1941 [4,5], photovoltaic technology has
evolved but still to date most of the photovoltaic devices are based on the semiconductor p-n
junction [6,7]. Together with the conventional semiconductor based photovoltaic, more cost-
effective dye-sensitized and organic solar cells have been introduced [7-16]. Light-to-
current efficiency and overall performance of these third generation photovoltaic have
enhanced steadily [10,17-21], and dye-sensitized photocells are already commercially
available [10].

Systems designed to achieve the light energy to electric current conversion are based on
photoinduced charge carrier generation, which is in organic photovoltaic typically produced
by a photoinduced electron transfer (ET) reaction between donor and acceptor sites. In the
natural photosynthetic reaction center, the photoinduced ET is used to ignite the reaction
chain leading to the conversion of light energy and carbon dioxide to sugars and oxygen
[22,23]. The working principle of this Earth’s most crucial reaction pathway is mimicked in
artificial photovoltaic systems with much simpler molecular architecture. In the natural
photosynthesis, chlorophylls are utilized to harvest energy of photons and transfer it to the

reaction center [23]. In artificial systems, chlorophylls are typically replaced with similar



macrocyclic compounds, such as porphyrins or phthalocyanines, as light absorbers at the
visible region and as electron donating assemblies [24-26].

Electron donating and accepting parts, with typically at least one of them being capable
of absorbing light energy, are needed to enable the photoinduced ET reaction. Close contact
of the chromophores is required for an efficient charge separation (CS) [27,28] but as a
drawback, in such systems charge recombination (CR) is fast as well. Slowing down the CR
is desired in order to utilize the potential of the charge separated (CS) state in the following
processes [29]. Fullerene has gained a lot of interest as an electron accepting moiety [30-32]
because of its excellent electron pooling properties [31,33] and rather slow back ET rate
[34]. The CR can be retarded even more by evacuating charges further apart with secondary
electron donors and acceptors [VI1,29,35]. Photophysical interaction between the
chromophores must be analyzed in detail to construct molecular assemblies with desired
charge transfer (CT) characteristic.

In the present work, photoinduced intermolecular energy and electron transfer reactions
were studied in sandwich-like organic multilayer film structures using electrical and
spectroscopic methods. The primary ET from porphyrin to fullerene in a covalently linked
electron donor—acceptor (D-A) dyad [I1,V,27] was used to initiate the electron movement in
perpendicular to the plane of the films. A thiophene derivative was utilized as an energy and
electron donor to the dyad. A phthalocyanine derivative and a p-type semiconducting
polymer were used as hole conducting moieties (electron donors) in the molecular systems.
An n-type semiconducting polymer was studied as an electron acceptor from the fullerene
radical anion.

The compounds and the constructed film structures were studied as possible candidates

for organic photoactive thin film devices such as solar cells.



2. Background

A brief introduction to the photovoltaic principles and the molecular assemblies capable
of the photoinduced ET is given in this chapter. A short introduction to the conducting

polymers and the Langmuir—Blodgett film deposition theory is provided as well.

2.1. Photovoltaic principles

The photovoltaic effect used in solar cells enables direct conversion of light energy
emitted by the Sun into electricity.

Possibility of obtaining photovoltaic applications with intriguing advantages such as
flexibility, thinness, lightweight, and low cost make organic electronic materials attractive
candidates for solar cells [19,36-39]. Power conversion efficiency of an organic photocell
has increased steadily [14,15,18,19,21] and model devices with efficiency exceeding 6 %
[17,40] have been introduced, being, however, far from the efficiencies of their inorganic
counterparts (typically in the range of 10-15 %) to date [6]. High production costs of the
conventional solar cells have limited their large-scale utilization for electricity production
[6].

Photovoltaic applications capable of the light energy to electric current conversion can be
divided to the first, second, and third generation devices by their physics. The first
generation devices [7,41] are based on silicon wafers being the most used solar cells in the
markets to date [20]. The second generation [6,8] is based on thin film technology of
inorganic semiconductors, i.e. basically a thin film approach of the first generation concept.
The third generation consists organic [20,42—-45] and organic-inorganic composite [11,46—
50] devices. Long-term future of photovoltaic will be based on second and third generation
devices since the first generation cells are unlikely to become any more cost-efficient
[6,8,44].

2.1.1. Inorganic solar cells

A conventional photovoltaic cell is constructed by forming a p-n junction between p-
doped (electron deficit) and n-doped (excess of electrons) inorganic semiconductor (typically
silicon) [7]. The work function difference between the p- and n-type parts results a transition

region with a built-in electric field at the interface. After the light absorption, the excited



electrons in the conduction band and the corresponding holes in the valence band
(throughout the p-n junction volume) are separated by selective contacts of the n- and p-type
regions with the conduction and valence bands, respectively [7]. The charge extraction is
reliant on the built-in electric field to enhance the conversion process. The generated
negative and positive charge carriers are collected to the electric circuit via the
corresponding electrodes. Rather good electrical conductivities of doped semiconductors
enable efficient charge ejection to the external circuit.

In the second generation photovoltaic, a thin layer of photoactive material is deposited on
a supporting substrate keeping, however, the basic operation principle same as in the
conventional silicon wafer based cells [6,51,52]. Thickness of the semiconducting material
can be as low as 1 um, and thus almost any material is inexpensive enough to be used in the
cells. Hydrogenated alloy of amorphous silicon and cadmium telluride have been among the
most successful materials for such devices reaching power conversion efficiencies typically
from 9 to 12 % [52]. The thin film technology reduces substantially the material
consumption improving the cost-efficiency and giving the highest power-to-weight ratio of
any photovoltaic to date. To further improve the photovoltaic performance of the thin film
concept, multi-junction devices (tandem cells) with efficiencies above 30 % have been
introduced [51].

2.1.2. Third generation solar cells

The distinguished characteristic of organic solar cells in contrast to the conventional ones
is the mechanism of charge carrier generation [44]. In organic solar cells the charge carriers
are generated and simultaneously separated across the heterointerface in contrast to the free
electron—hole pairs that are directly produced in the bulk inorganic semiconductors and are
separated at the junction as a subsequent process. Photoexcitation (bound electron-hole pair,
exciton) in organic cells is transiently localized and cannot thermally dissociate. Charge
generation via interfacial exciton dissociation results in a photoconversion process that
differs from that in conventional devices.

Organic electronic materials exhibit poor charge carrier mobility and small exciton
diffusion length compared to the inorganic semiconductors [43]. However, the poor charge
mobility is partly balanced with high absorption coefficients (typically >10°cm™) of

organic compounds, giving relatively high absorption for layers even < 100 nm thick.



The first organic solar cells were based on a single organic layer between two metal
electrodes of different work functions [42,43,53]. The rectifying behavior of such a device
can be explained by formation of a Schottky barrier between the metal of lower work
function and a p-type organic layer. This provides a depletion region with strong electric
field in which exciton dissociation to charge carriers takes place. Due to the small exciton
diffusion length of most organic materials (< 20 nm), only minor fraction of the generated
excitons contribute to the photocurrent (PC). Such a device is exciton diffusion limited since
an increase in the film thickness (i.e. in the sample absorbance) does not enhance the charge
extraction because excitons further away from the depletion region are unable to dissociate
as free charges. For such photocells low power conversion efficiencies, typically in the range
of 107 to 1072 %, are obtained [43].

The most developed organic photovoltaic to date are based on an electron D-A
heterojunction concept (D-A photocells) creating a large potential drop between the donor
and acceptor sites [15,16,19,38,42,43,45]. The exciton dissociation into the free charge
carriers is mediated by this strong interfacial electric field caused by the abrupt change of
potential energies at the interface. The photoinduced CS takes place when an exciton reaches
such an interface within its lifetime. The efficiency of charge carrier generation in organic
solar cells is still far from those 80-90 % values typical in conventional devices. The D-A
assembly is sandwiched between the electrodes matching the acceptor LUMO (lowest
unoccupied molecular orbital) and donor HOMO (highest occupied molecular orbital) levels
with the cathode and anode work functions, respectively, for efficient charge collection at
both electrodes.

To reach the electrodes, the charge carriers need a driving force that typically results
from the gradient in the electrochemical potentials of electrons and holes in the D-A
junction [42,43]. The gradient is established by the difference between the donor HOMO and
acceptor LUMO levels creating the field induced drift current. The release in electron energy
is used to separate electron and hole from their Coulomb potential. The second driving force
is the concentration gradient of the respective charges producing the diffusion current.
Charge transport after the exciton dissociation proceeds by hopping between localized states
rather than transport within a band (as with inorganic semiconductors) resulting low
mobilities and decreased charge collection at the electrodes compared to conventional
semiconductor cells [15]. The CR in D-A photocells is greatly reduced compared to the
single layer concept since electrons and holes travel in distinct n- and p-type materials,

respectively, and thus are separated from each other.



Light energy conversion to electric current in organic photovoltaic can be divided into
four steps: (i) exciton formation as a result of photon absorption, (ii) exciton diffusion to the
D-A interface, (iii) exciton dissociation into the separated charge carriers, (iv) charge
transport to the corresponding electrodes (electrons to the cathode and holes to the anode).

To construct the electron D-A interface, either a bilayer or bulk heterojunction [54]
concept can be utilized [15,42,43]. In a bilayer device, p-type electron donor and n-type
electron acceptor materials are in separate layers and stacked together with a planar interface
between them. The CS takes place at the interface, and therefore a bilayer device is exciton
diffusion limited. The efficiency of such a cell is limited by the charge generation in the
region < 20 nm around the interface. Thus, an increase in the film thickness creates only an
optical filtering effect decreasing the photovoltaic response of the device. Power conversion
efficiencies of circa 4 % have been reported for the bilayer device architecture [55,56].

In a bulk heterojunction device, donor and acceptor materials are blended together in a
bulk volume to form such an interpenetrating network in which the D—-A interface is within
the exciton diffusion length from the absorbing site [42,43]. The major advantage of the bulk
heterojunction is a large interfacial area between the donor and acceptor parts that enables
efficient exciton dissociation within their lifetime in the whole film volume. However, since
the donors and the acceptors are mixed together as a homogenous blend, there is no preferred
net direction in which the charge carriers should move after the exciton dissociation.
Therefore, a symmetry breaking condition (e.g. selective electrodes with different work
functions) is needed to generate a driving force to enhance the charge collection at the
electrodes. Otherwise, only concentration gradient acts as a driving force for charges. In
addition, continuous pathways for the p- and n-type networks to the contacts must be
established making the bulk heterojunction devices extremely sensitive to the nanoscale
morphology of the blend. Efficiencies of circa 3.5 % have been reported for the bulk
heterojunction concept [57,58].

The third generation photocells are majority carrier devices where the carrier generation,
separation, and recombination takes place at the interface, in contrast to the inorganic
counterparts that are minority carrier devices in which these processes happen in the bulk
semiconductor [44]. Despite the intensive research in the field of organic photovoltaic, the
fundamental physics of organic D—A photocells is still poorly understood [15].

One the most advanced organic-inorganic composition device is a dye-sensitized solar
cell, also known as the Gratzel cell [7,11,49,59-61]. The dye-sensitized photocell is

composed of an organic dye as the light absorber, a nanocrystalline metal oxide (typically
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titania, TiOy) as an electron transporting moiety, and a liquid (or a solid) hole transporting
material. The TiO, n-type semiconductor is used to capture a high energy photoexcited
electron from the dye molecule and transport it to the electrode via its conduction band. The
remaining positive hole on the valence band of the dye is replenished by an electron from the
hole transporting medium. Power conversion efficiency of circa 11 % has been reached for
the dye-sensitized cell with solution based electrolyte [11].

In addition, to construct an efficient inorganic-organic hybrid solar cell, semiconducting
nanocrystals (e.g. CdSe, ZnO, or PbS) can be blended together with semiconducting
polymers as in the bulk heterojunction concept [46,47,50,62]. Excitons are dissociated with
high yield as free charge carriers at the inorganic-organic interface. Efficiency of about 3 %
has been reported for such a cell [63].

2.2. Donor-acceptor assembly

The photoinduced ET between distinct molecular sites is reminiscent of the reaction
center in the natural photosynthesis system. During the process, an electron is transferred
from a donor (D) to an acceptor (A) resulting in oxidized and reduced species, respectively.
Close center-to-center distance between the donor and acceptor sites, as well as light
absorbing ability of at least one of the chromophores involved is required for the
photoinduced ET to take place. If the donor and the acceptor are parts of the same molecule,
the ET is called intramolecular, and intermolecular if they are not. The photoinduced ET in a
covalently linked D-A dyad molecule, with the donor site being capable of absorbing light,

can be presented as follows:

D-A +hv — D*~A — D*-A",

where D* is the photoexcited donor, D* is the donor radical cation, A is the acceptor radical
anion, and hv represents a photon. In this simple reaction, light energy absorbed by the donor
is transformed to the electrochemical potential of the CS state. The HOMO and LUMO
energies of the donor need to be higher than the respective energies of the acceptor for the
energetically favorable ET in a D-A interface.

If the excited state energies of donor and acceptor are close to each other, energy transfer
(ENT) between the sites may take place prior to the ET reaction. This can be presented

similarly to the earlier scheme as:



D*-A — D-A* — D*-A",

where A* represents the excited acceptor. In addition, decay back to the ground state may
take place from any state without the electron or energy transfer reactions to happen.
Detailed theoretical background for the light-induced and dark ET reactions is given in

the classical Marcus theory of electron transfer [64,65].

2.2.1. Porphyrin and phthalocyanine

Porphyrins and phthalocyanines having planar macrocyclic structures are together called
porphyrenoids. The parent porphyrin contains four pyrrole subunits connected via methane
bridges, and is referred to as porphine (Figure 2.1). Substituted porphines are called
porphyrins. Porphyrins have highly m-conjugated macrocyclic structure (22 m-electrons)
producing their strong light absorbing character in the visible region and good electron
donating properties [25,42,43,66].

e
SRS
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Figure 2.1. Chemical structures of porphine, phthalocyanine, and Cg, fullerene.

In phthalocyanines, four pyrrole rings are benzo fused to isoindoles and interconnected
via aza bridges as shown in Figure 2.1. Phthalocyanines have alternating nitrogen-carbon
atom ring structure with four isoindole groups providing the delocalized w-electron system
(18 m-electrons), and thus their aromatic nature with similar absorption and ET characteristic
to porphyrins [42,43,67]. The photophysical and reduction-oxidation (redox) properties of
the macrocycles are, however, different despite the structural similarities [66].

Porphyrins exhibit a strong absorption band, called the Soret band, at circa 410-450 nm
(molar absorption coefficient € > 200 000 M™*cm™ [66]), and four weaker absorption bands,
called the Q bands, at wavelengths circa 450-750 nm. The Soret band corresponds to the
transition from the ground state (Sp) to the second electronic excited singlet state (S,) and the
Q band transitions from the Sy to the first excited singlet state (S;). The phthalocyanines



possess the corresponding Soret and Q band absorptions at wavelengths circa 320-360 and
670-750 nm, respectively. Compared to porphyrins, phthalocyanines exhibit much stronger
absorbance at the Q band region (¢ = 200 000 M~‘cm™ [25]) making them better candidates
for light energy harvesting materials.

Properties of the porphyrenoids, e.g. redox potentials and solubility, can be altered by
peripheral substituents or introducing desired metal atom into the central cavity of the
macrocycle [68]. Non-metallated porphyrins and phthalocyanines with two imine hydrogens
in the central cavity are called free-base structures.

Porphyrins have important roles in some biological processes [66,69], as well as in
artificial energy and electron transfer systems [22,70-73]. Phthalocyanines are traditional
industrial dyes, but have been utilized e.g. as optical recording materials [74], catalysts for
oxidative degradation of pollutants [75], photosensitizers in photodynamic therapy [76], and
in energy and electron transfer systems [24,70,77].

2.2.2. Fullerene

The general class of carbon compounds with close cage structure is called fullerenes.
Number of carbon atoms in fullerenes range from 20 to 100 [78,79], while the most common
and the smallest stable one is a buckminsterfullerene, Cgo, with 60 carbon atoms [80-82]. Ceo
has highly symmetric truncated icosahedron structure with 12 pentagonal and 20 hexagonal
faces resembling the shape of football (Figure 2.1) with diameter of circa 0.7 nm [82].
Carbon atoms are sp®-hybridized in a Cso molecule providing the sea of 60 delocalized
n-electrons over the molecule surface and the aromatic nature of buckminsterfullerene [80-
82].

Ceo is capable of reversibly accepting six additional electrons [33,83] making it a good
electron acceptor, and thus many fullerene based electron D—-A assemblies have been
introduced [84-87]. The rigid spherical carbon framework of Cgp is stable, but not totally
nonreactive and therefore it can be functionalized [80,88]. Functionalization does not change
the properties of fullerene, although it disturbs the delocalization of the m-electron system
[34]. Ceo possesses a moderate absorbance throughout the visible region and more intense
absorption in the UV region shorter than 300 nm.

In the Thesis, fullerene refers to Cgo that was used as a primary electron acceptor in most

of the studied CT systems.



2.2.3. Porphyrin—fullerene dyad

In a porphyrin—fullerene dyad, electron donating (porphyrin) and accepting (fullerene)
sites are covalently linked to each other. Such dyads have been proved to be capable of the
photoinduced intramolecular ET from porphyrin to fullerene yielding the porphyrin cation
and fullerene anion moieties [VI,24,26,31,32,72,73,89-96]. Because of stronger light
harvesting ability of porphyrin in the visible region, mainly the porphyrin part is
photoexcited and fullerene acts as an electron acceptor in its ground state.

In the dyads, the ENT from porphyrin to fullerene competes with the ET due to the
almost equal excited state energies of the compounds [27,97], and may be faster in nonpolar
solvents than the ET [32,98,99]. The complete CS state in the porphyrin—fullerene dyads is
demonstrated to be formed via the intramolecular exciplex state [27,95], which is related to
the closeness of the excited state energies of the donor and acceptor moieties.

Short center-to-center distance in covalently linked D—A dyads provides the fast CS, but
as a drawback, also the back ET is often rapid. By expanding the linker length [100] or
introducing secondary electron donors or acceptors [VI1,29,99,101-103] to the system,
longer charge separation distance is reached prolonging the lifetime of the CS state.
However, the longer distance between the donor and acceptor sites decreases the CS yield by
reducing the overlap between the molecular orbitals of donor and acceptor parts. Using two
molecular linkers to attach the donor and acceptor parts to each other, more pronounced
face-to-face orientation between the sites is achieved increasing the CS efficiency [23,27].

2.3. Conducting polymers

Conducting polymers were discovered in 1976 [104,105]. The discovery of oxidative
doping of polyacetylene, to modify its conductivity over eleven orders of magnitude from
insulator to metallic, initiated an extensive research and development on the field of organic
semiconductors.

Unique features of organic materials with electrical properties of metals are responsible
for growing interest in the development of conducting polymers [106-109]. The major
advantages of conducting polymers are their attractive mechanical properties and
processibility combined with the electrical and optical characteristics of metals and inorganic
semiconductors. Polymers have ability to coat large areas providing applications e.g. for

displays [110] and mechanically flexible electronics [111]. Conducting polymers have been
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utilized in thin film electronics such as thin film transistors [112], memory elements [113],
light emitting diodes [111,114], polymer photodetectors [115], and photovoltaic cells [116].

All the valence electrons of traditional polymers are bound in sp-hybridized covalent
bonds, and thus there are no mobile electrons in their backbone for electronic transport
yielding the insulator characteristic of these materials. Intrinsic electrical conductivity of
polymers arises from the conjugated m-electron system of the polymer backbone formed in
the sp®-hybridization of carbon 2s and 2p orbitals [42,43,106,108,109,117,118].

The free p-orbitals of the sp>-hybridized successive carbon atoms along the linear carbon
chain overlap to produce the m-electron delocalization over the polymer, and therefore
creating a highway for charge mobility along the polymer backbone. The n-band is divided
into n-bonding (valence band) and m*-antibonding (conduction band) molecular orbitals.
Since each orbital can hold two electrons per atom, the zn-band is completely filled and the
n*-band remains empty. Because there is the lack of partially filled bands and a rather small
energy gap between the =-orbitals (circa 1-3 eV), conjugated polymers exhibit
semiconductor characteristic and possess absorption in the visible region. Pristine (undoped)
polymers with intrinsic conductivity are typically composed of carbon, hydrogen, and simple
heteroatoms such as nitrogen or sulfur [117]. Conjugated polymers to date are in their
pristine form insulators or exhibit only semiconducting properties [108].

Conductivity of the conjugated polymers can be controlled over the range from insulator
to metallic by doping [108,109,117]. In doping, electrochemical potential (the Fermi level)
of polymer is moved into the energy region with high density of electronic states. Doping
introduces into the polymer charge carriers that are able to move along the m-bonded
highway of polymer backbone. Charge carrier in a repeating unit experiences attraction from
the neighboring one resulting delocalization of carriers throughout the polymer chain, and
thus giving origin to the charge mobility. Mobility of charges is extended over the bulk
through the interchain ET.

In the chemical doping, chemical dopants are used to oxidize (p-type conductor) or
reduce (n-type conductor) the conjugated polymer to create positive or negative charges,
respectively, into the polymer chain [108,109,117]. Conjugated polymers can be doped to
high density of charge carriers since every repeating unit has potential for a redox reaction.
lodine and bromine are typical oxidants used for the p-type doping and alkali metals typical
reductants for the n-type doping. The n-type doping is much less common since elemental
oxygen from the atmosphere reacts with the electron rich polymer dedoping the polymer

back to the neutral state. Besides the chemical doping, polymers can be doped e.g. by
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electrochemical, photodoping, or acid—base protonation processes to create additional charge
carriers to the structure [108,109,117].

Electrical conduction in conjugated polymers is a complex phenomenon, and to date no
single model can be used to comprehensively describe it [108,117]. Conduction in polymers
differs from that in conventional semiconductors and it is often referred to as redox
conduction rather than the electronic one [108,109,117]. In polymers, electrical conductivity
is ascribed mainly to the motion of charge carriers such as polarons, bipolarons, and solitons.
Polaron is a charge stabilized by a local structural distortion in the polymer chain. Bipolaron
is combination of two polarons, and is formed with high doping levels where bipolaron is
more favourable than two individual polarons. Formation of bipolaron may lead to
generation of two distinct degenerate energy levels that is called a soliton. The soliton can be
described as domain boundary between the two possible degenerate ground state
configurations of the polymer chain. The soliton (two delocalized charges) is formed from a
single bipolaron and is able to move along the polymer backbone. Polarons, bipolarons, and
solitons are delocalized over several monomer units and electrical conductivity is
characterized best as hopping of charges between the delocalized charged states. Delocalized
charges form energy bands in bulk decreasing the actual band gap of the polymer, and thus
increasing the semiconducting characteristic of the material. Short conjugation length of
polymers is one of the key limiting factors of conductivity.

The discovery of photoinduced ET from conducting polymer to fullerene Cg in year
1992 created new potential applications to utilize the conjugated polymers [119,120]. Since
then, numerous studies developing organic photovoltaic by using conducting polymers have
been carried out [45,121-127]. Conjugated polymers act typically as electron donors in the
ET systems since photoexcitation promotes excited electrons to the polymer antibonding n*-
orbital [109]. The ET rate from a poly(p-phenylene vinylene) derivative to fullerene is
demonstrated to be three orders of magnitude faster than the competing relaxation processes
in the polymer [128], and therefore the ET quantum yield approaches unity. The discovery of
extremely fast CS in the conducting polymer/Cgo blend initiated vigorous development of the
polymer photovoltaic. However, to solve the limiting factors in organic photovoltaic
efficiency, new materials with advanced optical and electrical characteristics such as light

harvesting capability and conductivity are needed.
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2.4. Langmuir-Blodgett films

The Langmuir-Blodgett (LB) technique is a well known method for making highly
oriented homogenous organic ultrathin films with the thickness of one molecule
(a monolayer), and depositing them onto a solid substrate [129,130].

Films with thicknesses of few nanometers have a potential to be useful components in
commercial applications such as displays, sensors, and electronic circuits [129-131]. The LB
technique enables precise control over the layer thickness and possibility to construct
multilayer structures with desired layer sequences on large areas, making it a powerful thin
film deposition method.

Irving Langmuir was the first to perform systematic studies on floating monolayers on
water subphase in late 1910’s and early 1920’s [130]. The first formal detailed description of
transferring the floating monolayer onto a solid substrate was given by Langmuir’s co-
worker Katherine Blodgett in 1935 [132]. Therefore, a floating monolayer is called the
Langmuir film and a built-up monolayer assembly the Langmuir-Blodgett film.

The “modern” period of the LB technology dates to the early 1970°s when Kuhn and co-
workers studied monolayer organization [129,133]. This work was the first study towards the
functional systems in a molecular scale and coincides with the beginning of microelectronics
revolution, which enabled the practical use of the technique.

The LB film preparation is separated to two steps, the homogenous Langmuir film
formation over an aqueous subphase and the actual LB film deposition onto a solid substrate
(Figure 2.2) [129,130]. Anisotropic interaction between the molecules of interest and the
subphase is needed for homogeneous monolayer formation. Molecules having separated
hydrophilic and hydrophobic regions possess amphiphilic nature and have no tendency to
form a layer more than one molecule thick when extended over the subphase area. Such
molecules are anchored to the aqueous subphase from their hydrophilic end (usually via
dipole moments or by hydrogen bonding), while the hydrophobic end is pointing towards the
air making the molecule insoluble to the subphase. Polymers and molecules with non-
amphiphilic structure (insoluble to the subphase) do not form oriented monolayers with long-
range order [129,130]. Such layers have typically thicknesses more than one molecule and
display more or less amorphous nature. The LB deposition of non-amphiphilic molecules

(including polymers) typically requires mixing them into an amphiphilic matrix.
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Figure 2.2. The Langmuir-Blodgett method. (a) Amphiphilic molecules extended over the subphase. (b)
Formation of the Langmuir film. (c) Langmuir-Blodgett film deposition. (d) Deposition of a multilayer film

structure.

The reduction of surface tension by the molecules on it is called the surface pressure (77)
of a monolayer, and it depends on the area available per molecule [129,130]. Reducing the
surface area increases the interaction between the molecules, and thus raises the surface
pressure. A plot of surface pressure against area per molecule in constant temperature is
referred to as a surface pressure—area (/7-A) isotherm. During the monolayer compression
the Langmuir film undergoes phase transitions, which are determined by the physical and
chemical characteristics of the amphiphile and the subphase. Initially loosely packed and
inhomogeneous monolayer, referred to as a two-dimensional gas, over the subphase
undergoes transition to a liquid-expanded state if compressed to smaller area. Upon further
compression a transition to a liquid-condensed state takes place, and finally a solid state is
reached that is followed by the monolayer collapse if further compressed. In the collapse, the
oriented homogenous monolayer is destroyed producing a three-dimensional structure.

The monolayer deposition onto a solid substrate is accomplished by moving the
vertically oriented substrate through the subphase surface while keeping the surface pressure
constant (Figure 2.2c and 2.2d) [129,130]. The floating monolayer is adsorbed onto the
substrate, and a multilayer film structure can be deposited by redipping the substrate through
the monolayer. The monolayer does not experience any major changes in organization

during the deposition [129]. The LB deposition is traditionally carried out in the solid phase
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but this is not essential as long as the film is not expanded, i.e. interaction of the molecules
in the monolayer is high enough to be deposited unbroken onto a substrate [130]. Typically
surface pressures 10—-40 mN/m are used for the deposition but to reach the best result,
deposition conditions of each compound have to be established empirically. The quality of a
deposited LB film is described by a transfer ratio (a ratio between the decrease in the
monolayer area during the deposition and the area of the substrate) [129,130]. In the ideal
deposition the transfer ratio equals unity. Transfer ratios outside the range of 0.95-1.05 are
typically indicative of the poor film homogeneity.

The isotherm can be used to estimate the molecular area of a single molecule.
Nevertheless, the measured area per molecule (mean molecular area, mma) merely
represents an average without a guarantee that it corresponds to the real area of any
particular molecule, even in extremely homogenous monolayers [129]. Unrealistically small
molecular areas can be obtained as a result of molecule aggregation on the subphase or by
formation of a layer thicker than one molecule [129,130]. Various inhomogeneities such as
crystalline packing, grain boundaries, and defects (e.g. impurities and holes) typically exist
in monolayers even if they were constructed with outmost precaution.

An alternative way for monolayer deposition is to use horizontal dipping instead of the
vertical one. In the horizontal method, referred to as the Langmuir-Schaeffer (LS) technique,
a horizontally oriented substrate is lowered into contact with the monolayer without
penetrating the subphase surface [134]. Similarly to the LB deposition, the monolayer is

adsorbed onto the substrate surface.

2.5. Aim of the study
The aim of the Thesis was to study photoinduced energy and electron transfers between
organic molecular thin films. The multilayer film concept was introduced to enable multistep
ET reactions between the layers. Each layer had its own function in the film system in order
to increase the number of CS states and the distance between the positive and negative
charges. Increased distance prolongs the lifetime of CS enhancing the probability of charges
to be utilized in the following processes. Light harvesting layer was used as an energy
transfer assembly to enhance the charge separation.
Photoinduced processes were studied to develop understanding on the interaction
between different organic substances in solid state. This knowledge can be utilized in

designing organic photovoltaic devices.
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3. Materials and methods

This chapter provides a brief introduction to the film characterization techniques used in
the Thesis, and describes the studied compounds. More detailed descriptions about the
experimental techniques are given in the publications referred by the Roman numerals or

references therein.

3.1. Compounds

Molecular structures of covalently linked porphyrin—fullerene dyads DHDG6ee [II-1V],
TBD6a [1], and ZnDHD6ee [1] used in this study are presented in Figure 3.1. In the DHD6ee
and ZnDHD6ee dyads, polar groups are located at the porphyrin end making it hydrophilic,
and in TBDG6a the polar groups are close to the fullerene moiety. In addition, molecule
structures of a phthalocyanine derivative, ZnPH4 [II1,1V], a phenyl vinyl thiophene
derivative, PVT3 [I,IV], a p-type semiconducting polymer regioregular
poly(hexylthiophene), PHT [I-1V], and an n-type semiconducting polymer poly(phenylene
quinoxaline), PPQ [I], used to extend the CS in the studied molecular assemblies are shown
in Figure 3.1.

. N\
OH \ N\ N= O’Q
O N

DHD6ee (M = 2H)
ZnDHD6ee (M=2Zn)

: /s\csH\mS/ /S\CBTN *{@NN@*
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PHT,D PPQ, A

Figure 3.1. Molecule structures and acronyms of the compounds. Porphyrin—fullerene dyads are referred to
P-F when the film structures are described.
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The D-A dyads were utilized to produce the primary photoinduced ET from porphyrin to
fullerene initiating the charge transfer to the desired vertical (perpendicular to the plane of
the films) direction in the samples. PVT3 was exploited as light harvesting material in blue
region in order to promote energy and electron transfers to a porphyrin—fullerene dyad. PHT
and ZnPH4 were used as secondary electron donors and hole conducting materials.
Furthermore, PHT increased the light harvesting in green region and ZnPH4 in red region.
PPQ was studied as an electron acceptor from the fullerene radical anion [135]. The primary
ET from porphyrin to fullerene in the D—A dyads [V,27,136], as well as the secondary
electron donation from PHT to the porphyrin cation of the dyad [VII], have been
demonstrated earlier.

In the following, when the film structures are described, the acronym P-F is used for
simplicity for all the dyads indicating the location of the porphyrin (P) and fullerene (F)
moiety. Compounds PHT, ZnPH4, PVT3, and PPQ are denoted as D (for electron Donor),
E (for Electron donor), L (for Light absorber), and A (for electron Acceptor), respectively.

The synthesis [137] and the influence of metallization [90] of the dyads are, as well as
the synthesis of ZnPH4 [138], described in the literature. The synthesis of PVT3 is
presented in paper I. Polymer PHT was purchased from a commercial source and PPQ
[135,139] was received from the University of Potsdam. Octadecylamine, ODA, was used as
a matrix compound for the LB film preparation.

The studied thin film samples were prepared by the LB [I-1V], LS [I], and spin-coating
[111,1V] methods. The LB and LS methods are described in detail in chapter 2.4. The spin-
coating is another well-known method to construct uniform thin films on a flat substrate. The
studied solution is placed on a substrate, which is then rotated with high speed to spread the
fluid over the substrate to form a uniform layer. The film thickness can be altered by varying
rotation speed, rotation time, solution concentration, or by changing the solvent. In contrast
to the LB method, spin-coated layers are normally thicker than one molecular layer and
disordered. Typically, high quality films with thicknesses from few nanometers to

micrometer range can be produced by spin-coating.
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3.2. Spectroscopic methods

Steady-state spectroscopic techniques were mainly used to determine the deposited film
quality and the ground state absorption characteristics of the samples. Time-resolved
methods were utilized to identify the photoinduced intra- and interlayer processes in the
films by determining the transient states of the chromophores after the photoexcitation.

3.2.1. Steady-state absorption and fluorescence

Absorption spectra of the films were measured with a conventional UV-Vis absorption
spectrophotometer in 300-800 nm range. The absorption spectrum provides a way to verify
the film transfer in the layer deposition, and was typically used to evaluate the sample
quality after each deposition. Furthermore, the absorption spectra were used to determine the
wavelength regions where individual chromophores absorb. This was used to select the
excitation wavelength in time-resolved measurements so that only a particular chromophore
was excited at a time. Time-resolved changes in the absorption after the photoexcitation
were interpreted by comparing the ground state spectrum to the time-resolved one [II,1V].
Molecular aggregation can be estimated from the absorption spectra [140,141], and that was
utilized to estimate the LB film formation properties of PVT3 [I]. Absolute absorption
values of the samples were used to calculate the photovoltaic parameters of model cells
[1,11].

Steady-state fluorescence experiments were performed with continuous excitation and
emission intensity was followed in 400-800 nm range. Fluorescence measurements were
used to detect the PVT3 emission quenching due to the photoinduced energy and electron
transfer reactions to the P-F monolayer [I].

3.2.2. Time-resolved absorption and fluorescence

Optical scheme of the flash-photolysis system used for the time-resolved absorption
measurements in micro- to millisecond timescale is shown in Figure 3.2. In the flash-
photolysis method, the sample is photoexcited by a strong light pulse called the pump. The
pump pulse is used to excite the sample molecules to higher energy levels producing changes
in absorption. Reduced population on the ground state produces the decreased ground state
absorption (called bleaching) at the corresponding wavelengths. Similarly, transient states

formed upon the excitation have their individual absorption characteristics giving rise to the
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increased absorption at the respective wavelengths. Thus, due to the population disturbance
caused by the photoexcitation, sample undergoes negative and positive absorption changes
that are monitored as a function of time at the given wavelengths. Signal decay describes the
excited state recombination back to the ground state. Relaxation processes initiated by the
pump pulse are monitored by the pulsed or continuous light called the probe, i.e. absorption

changes in the probe are monitored as a function of time after the pump excitation.

pulsed laser
(10 ns pulses)

oscilloscope PMT

Figure 3.2. Simplified scheme of the flash-photolysis measurement system.

In this study, thin film samples for the laser flash-photolysis experiments were measured
by using the total internal reflection mode in order to increase sample absorption [I1,1\V]. The
excitation source was the first (lex= 720 nm) or second (Aex= 430 nm) harmonic of a
Ti-sapphire laser pumped by the second harmonic of a Q-switched Nd:YAG laser (532 nm),
or the third harmonic of the Nd:YAG laser (1ex= 355 nm) with 10 ns pulses. Cylindrical lens
was used to broaden the excitation pulse to cover the probed part of the sample. Continuous
white light from a xenon lamp was used as the probe.

The probe light was focused on 45° end of a substrate using a lens (Figure 3.2). The
probe light coming from another end after dozens of internal reflections was collected and
transmitted to a monochromator, and finally to a photomultiplier (PMT). A digital
oscilloscope was used to record the signal at the given wavelength. Then the wavelength was
changed and a new decay curve was measured in the same conditions. This way transient
absorption decays were recorded in the absorption range of 450-880 nm in order to obtain
time-resolved absorption spectra of the samples. Transient decays at different timescales
were measured to compare decay Kinetics of the films. Measurements were performed at

room temperature in nitrogen atmosphere to inhibit the effect of molecular oxygen.
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The time-correlated single photon counting (TCSPC) method was used to determine
fluorescence lifetimes of PVT3 in the films with and without a porphyrin—fullerene dyad
monolayer [I]. The fluorescence decays were fitted with a sum of three exponentials. Time
resolution of the TCSPC instrument was circa 60-100 ps (full width half maximum of the

instrument response function).

3.3. Electrical methods

A photovoltage (PV) method was utilized to study vectorial photoinduced ET in thin film
samples. Electrochemical PC experiments were used to study the current generation of
model photocells under the illumination. All the electrical measurements were performed in

air at room temperature.

3.3.1. Photovoltage

To study photoinduced ET in thin films, the time-resolved Maxwell displacement charge
(TRMDC) method [142-144] was used [I,111]. Organized molecular monolayers with similar
spatial orientation of the electron donor with respect to the acceptor throughout the whole
film can be deposited by the LB method. Similarly, by using the LB and spin-coating
methods ordered multilayer film structures with interlayer ET to the same vertical direction
in the whole film system can be constructed. The TRMDC method is a powerful tool to
measure such a vertical electron movement in perpendicular to the plane of the film.

Simplified scheme of the TRDMC measurement circuit is shown in Figure 3.3. After the
photoexcitation, vertical electron movement in the sample induces charges on the electrodes,
and the difference of voltage is measured as a function of time. Since the photoactive part of
the sample is insulated from the electrodes, the observed TRMDC signal is produced only by
the vectorial photoinduced ET in the direction perpendicular to the plane of the film in the
active layer. Thus, only the vertical electron movement is detected leaving lateral charge
movements unnoticeable. Capacitance of the sample C; (together with the input capacitance
of the amplifier) can be roughly estimated as 200 pF. The sample establishes together with
an amplifier input resistance (Rin) an RC circuit with a time constant of zrc = RinCs. In this
study, the used input resistance was 100 MQ giving the typical time-constant of 20 ms. The
TRMDC signals were measured in time domains much shorter than the zrc resulting to the

negligible discharge of the capacitor Cs over the load Ri,, and therefore the measured voltage
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was basically the potential at Cs. Thus, the PV amplitude is directly proportional to the
number of CT states and to the distance of CS.

: / substrate
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Figure 3.3. Schematic view of the photovoltage measurement circuit.

In this study, samples were excited by 10 ns laser pulses at the wavelengths 430, 436 or
710 nm. The excitation source was a tunable Ti-sapphire laser (pumped by the second
harmonic of a Q-switched Nd:YAG laser). The time-profile of the PV decay after the
photoexcitation was recorded with a digital oscilloscope. Time resolution of the PV
measurements was circa 20 ns determined by the excitation pulse width and the bandwidth
of the amplifier. A liquid InGa drop was used as a second electrode. Typically more than ten
ODA monolayers were used to insulate the photoactive part from both electrodes.

The PV technique is a direct and simple method to measure ET reactions but it cannot be
used to identify the charged species. The method is sensitive to all charges in the sample
without assigning them to any specific cation or anion moieties. In addition, studied donor-
acceptor sites must have similar spatial orientations for the electronic transitions to be
observed, since only vertical charge movement is detected.

The time-resolved spectroscopic [145] methods are typically used to characterize ET
reactions. High sample absorbance and excitation power density are often needed for the
spectroscopic studies in contrast to the PV experiments. Even a sample with a film thickness
of one molecular layer can be measured with the PV technique using rather low excitation
intensity. However, the spectroscopic methods usually provide the reaction Kinetics

revealing also the transient species that are produced in the photoinduced transitions.
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3.3.2. Photocurrent

The PC generation characteristics of model photocells were determined by using a three-
electrode photoelectrochemical cell [I,111]. In contrast to the PV measurements, the PC
response is affected only by the charges that reach the electrodes and are transferred to the
electric circuit. Thus, the PC measurements determine the photovoltaic properties of a model
photocell, i.e. ability of the cell to generate current under the illumination.

The PC measurements were performed in a three-electrode cell with ITO as a working
electrode, platinum wire as a counter electrode, and Ag/AgCI (saturated KCI) as a reference
electrode. The ITO electrode was modified by depositing the photoactive films onto it. The
counter electrode was in contact with the active layers via the aqueous electrolyte containing
1,1"-dimethyl-4,4 bipyridinium dichloride (methyl viologen, MV%**) as an electron acceptor.
MV?* supports the natural direction of ET in the studied thin film cells. KCI was used as a
supporting electrolyte. Model photocells were illuminated step-wise and the current
generation was monitored as a function of time. In addition, current-voltage (IV) curves and
incident photon to current efficiency (IPCE) spectra were determined. Excitation source was
a Xenon lamp coupled with a monochromator and deviations in the excitation intensity were

taken into account.
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4. Results and discussion

This chapter provides a brief summary about the most significant results introduced in
the publications 1-1V.

At first, multilayer deposition by the LB and spin-coating methods is introduced. Layer
arrangement in the films and the corresponding energy levels of the components are
presented to visualize the possible energy and electron transfer scheme in the studied
molecular systems. Interaction between the molecular layers after the photoexcitation is
identified by analyzing together the results from the different measurement techniques. The
photoinduced interaction between PVT3 and P-F was studied, and both the energy and
electron transfers were demonstrated to take place. The CT system was further extended by
introducing PHT to the film structure as an electron donor to PVT3. Polymer PPQ was
utilized as an electron acceptor from the fullerene radical anion. Finally, the phthalocyanine
derivative was studied as an antenna layer to P-F instead of PVT3. A monolayer of oriented
porphyrin—fullerene dyad was used to initiate the ET to the desired vertical (perpendicular to
the plane of the films) direction in the samples [V]. The PC experiments were used to
characterize photovoltaic properties of the model photocells.

For porphyrin and chlorin type of macrocycles, an extremely fast internal conversion
S,—S; is demonstrated to happen in tens of femtoseconds [27,29,146]. Similar internal
conversion is assumed to happen in the phthalocyanine derivative as well. Therefore, intra-
and intermolecular ET reactions for such chromophores in excited state are considered to

take place from the S; state.

4.1. Film deposition

The Langmuir-Blodgett and spin-coating methods were used to construct various film
structures to study the photoinduced energy and electron transfers in layered thin films.
Absorption spectra of the layered films were sums of their corresponding component spectra
indicating successful film deposition and weak ground state interaction between the distinct

molecular layers.

4.1.1. Langmuir-Blodgett films

The II-A isotherms were recorded for the PVT3 Langmuir films with various

concentrations in the ODA matrix, as shown in Figure 4.1, to study the LB film formation
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[I]. The LB deposition was not successful for an unmixed PV T3 layer, whereas mixing the
PVT3 in highly amphiphilic ODA matrix enabled the LB deposition up to 70 mol% PVT3
layers. The PVT3 molar fraction was chosen as 70 mol% in further studies as a compromise

between the highest surface coverage and the LB film transfer ratio.
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Figure 4.1. Surface pressure—area isotherms for the PVT3 Langmuir films of molar fractions from 10 to

100 mol% in the ODA matrix, as well as the isotherm for 100 % ODA monolayer.

The mean molecular areas of the mixed films decrease with increasing PVT3
concentration, nevertheless PVT3 has larger molecular area than that of ODA (~18.5 A? at
30 mN/m). The limiting area of PV T3 extrapolated from the isotherms is circa 7.5 AZ, while
on the basis of molecular structure, values 620 and 80 A” can be estimated for the areas of
PVT3 plane and molecule projection, respectively. Considering the estimated area of a
PVT3 molecule, the determined limiting area indicates formation of PVT3 molecule stacks
with heights of more than ten molecules. The stacks originate from the PVT3 aggregation at
the air—water interface, which is also supported by the results from atomic force microscopy
(AFM) experiments. The AFM imagining for a 70 mol% PVT3 film reveals oval PVT3
aggregates with heights about 40 nm distributed unevenly over the PVT3-rich area (Figure
4.2) [I]. Due to their non-amphiphilic nature, PVT3 molecules form at the air—water
interface a highly heterogeneous film with thickness more than one molecular layer. Relative
surface coverages of the PVT3 and ODA domains are roughly 90 and 10 %, respectively, in
a 70 mol% PVT3 film estimated from the AFM figure.
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Figure 4.2. Atomic force microscopy imaging for a 70 mol% PVT3 film on a glass substrate.

The LB film formation of the dyads has been studied earlier [V]. The relative dyad
coverage in the monolayers (similar to those used in this study) with high molar fraction of
the ODA matrix is roughly 50 %. The AFM imaging for the dyad monolayers showed
extremely flat films with dyad molecules inhomogeneously distributed over the film area
[V].

The absorption spectra for LB layers of the studied compounds are shown in Figure 4.3.
The molar fractions of ZnDHD6ee, DHD6ee, PVT3, and PHT [147] were 18, 10, 70, and
60 mol%, respectively, in the ODA matrix. The PPQ and TBD6a layers were deposited by
the LS method as 100 % films. The absorption maximum of the dyads around 430 nm
(Figure 4.3a) corresponds to the porphyrin Soret band (transition So—S,). The PVT3 layer
has a rather broad and strong absorption band with the maximum at 411 nm (Figure 4.3b)
increasing light harvesting substantially at the wavelengths less than 500 nm [I]. Absorption
spectra of the PVT3 layers differ from each other by their amplitude [I,1V] showing weak
reproducibility of the PVT3 LB deposition. Each PVT3 layer has an individual molecule
aggregation and that causes the absorption differences.
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Figure 4.3. Absorption spectra of the (a) porphyrin—fullerene dyads, (b) PVT3 (L) and PHT (D) LB layers,
and the PPQ (A) LS layer used in the studied films.

4.1.2. Spin-coated films

The ZnPH4 layer was deposited by the spin-coating method, as well as the PHT layer in

the samples with ZnPH4. The porphyrin—fullerene dyad on ZnPH4 was deposited by the LB

method as 10 mol% DHD6ee monolayer. The absorption spectra of the spin-coated ZnPH4

and PHT layers are presented in Figure 4.4. The absorption bands of ZnPH4 around 400

and 710 nm correspond to the phthalocyanine Soret (transition So—S;) and Q (So—S1)

bands, respectively.
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Figure 4.4. Absorption spectra of the spin-coated ZnPH4 (E) and PHT (D) layers used in the studied films.

4.1.3. Layer arrangement in model cells

The porphyrin—fullerene dyad monolayer was deposited with the porphyrin moiety
towards the substrate (substrate|porphyrin—fullerene) in the samples initiating the electron
movement away from the substrate. The electron donating (including PVT3) and accepting
layers were deposited to support the CS started by the dyad. The layer arrangement of each
compound in the samples is illustrated visually in Chart 4.1. The PV and PC amplitudes are

negative if the ET takes place to the desired vertical direction in the studied films.

Chart 4.1. Layer arrangement of model cells in the photovoltage and photocurrent experiments. The layer

order was same in the spectroscopic studies. Arrows show the direction of the electron transfer in the films.
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The schematic energy level diagram of the studied compounds and the model
photovoltaic cells is shown in Chart 4.2. Energy levels of ITO [148], PHT [149], PPQ
[135], and MV?* [150] are taken from the literature. Oxidation potential of PVT3, as well as
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oxidation and reduction potentials of the dyads and ZnPH4 were defined by differential
pulse voltametry in solution. Reduction potential of PVT3 was determined by subtracting
the band gap (circa 3.0 eV from the absorption spectrum) from the oxidation potential. The
oxidation and reduction potentials correspond to the HOMO and LUMO levels, respectively,
of the compounds.

Chart 4.2. Schematic energy level diagram of the studied compounds and the model photovoltaic cells. Two
HOMO levels of the porphyrin—fullerene dyad correspond to those of the P (5.4 eV) and ZnP (5.2 eV) moieties
of the DHD6ee and ZnDHD6ee dyads, respectively. The LUMO level of the dyads corresponds to that of the

fullerene moiety.
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The secondary electron donation from PHT, PVT3, and ZnPH4 to the porphyrin cation
is supported by the higher (or equal) HOMO levels of the donors compared to the oxidation
potentials of the dyads. This level is free in the porphyrin cation moiety of the dyad in the
CS state. Similarly, the higher HOMO level of the next electron donor with respect to the
previous one in the layer sequence supports the hole transfer towards the 1TO electrode. The
HOMO levels of the donors are lower than the work function of ITO supporting the hole
transfer to ITO via the organic layers.

The ET from the fullerene anion to MV is supported by the higher LUMO level of the
fullerene moiety of the dyad compared to the reduction potential of MV/?*. The LUMO and
HOMO levels of the donors are higher than those of P-F supporting the energetically
favourable ET from excited donors to fullerene. Similarly, high LUMO levels of the donors
hinder electron movement towards the ITO electrode. The ET from the fullerene anion to
PPQ is not energetically favourable due to the higher LUMO level of PPQ. As earlier, the
higher HOMO and LUMO levels of PHT compared to those of ZnPH4 support electron
donation from PHT to ZnPHA4.
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4.2. Energy transfer

Since fluorescence of a PVT3 (= L) film covers the Q band absorption of the studied
porphyrin—fullerene dyads, and is partly quenched in the presence of the dyad monolayer,
interlayer ENT from excited PVT3 to the dyad can be assumed [I]. To enable an efficient
energy donation from PVT3 to porphyrin, PVT3 was deposited adjacent to the porphyrin
moiety of the dyad to construct a PVT3|P-F (= LP-F film) bilayer sequence. The PVT3 and
P-F single layers were measured as references. Photoinduced ENT was mainly studied by
the spectroscopic time-resolved absorption and fluorescence techniques [1,I1V]. The transient
absorption and fluorescence characteristic of the P-F monolayer are presented in detail in
papers Il and V, respectively.

The time-resolved fluorescence decays of the LP-F and L films obtained from the
TCSPC experiments are shown in Figure 4.5. The rate constants determined from the three-
exponential fit of the decays are presented in Table 4.1. Fluorescence decays for these
molecules in solution follow the mono-exponential recombination dependence. In the case of
a film, three exponents were needed for a good fit quality. This shows that the molecules
have inhomogeneous surroundings in the studied films, but there is no real physical meaning
for the components needed for fitting. The P-F monolayer in the film structure decreases the
lifetimes of the fastest and the second-fastest PV T3 fluorescence components circa 7.5 and
1.5 times, respectively, when mainly PVT3 is photoexcited (Table 4.1). Shorter time
constants of the LP-F film demonstrate the emission quenching in the presence of P-F
monolayer. Quenched PVT3 fluorescence supports the assumption of ENT between the

layers, although it cannot be distinguished from the interlayer ET.
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Figure 4.5. Time-resolved fluorescence decays of the PVT3 and PVT3|P-F films for monitoring at 510 nm

(Zex= 404 nm). The solid curves correspond to the three-exponential fits.
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Table 4.1. Fluorescence lifetimes, z;, and pre-exponential factors, a;, of the PVT3 and PVT3|P-F films

obtained from the exponential fit of the fluorescence decays in Figure 4.5.

Film L LP-F
71 (PS) 180 24

a 0.146 0.286
7, (ps) 730 440
a, 0.080 0.086
73 (ps) 2810 2060
as 0.004 0.004

The time-resolved absorption spectra from the flash-photolysis experiments of the LP-F,
L, and P-F films for excitation at 355 nm are compared to each other in Figure 4.6. The
broad transient absorption of the PVVT3 single layer with the maximum at 620 nm is assigned
to the triplet state of thiophene derivative [151,152]. The transient absorption of PVT3
triplet is quenched roughly to half in the presence of P-F monolayer (Figure 4.6). Quenching
cannot be explained only by the 34 % lower absorption of the bilayer structure [IV], and
therefore it supports the hypothesis of an interaction between the molecular layers after the
photoexcitation. The photoinduced ENT in the LP-F structure can be described as a

projection of the transfer on perpendicular to the plane of the molecular film:

LP-F + hv — L*P-F — LP*-F, (1)

where the star describes the site of excitation.
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Figure 4.6. Time-resolved absorption spectra of the PVT3|P-F film and its corresponding single layers at 5 ps
delay time (L= 355 nm). Note the magnification factor of the bilayer spectrum used to ease the comparison

between the PVT3|P-F and PVT3 spectra.
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The time-resolved spectrum of the bilayer is not a sum of its components even if the
shape is dominated by the PVT3 triplet absorption, demonstrating photoinduced interaction
between the PVT3 and P-F layers. For excitation at 355 nm, mostly PVT3 is photoexcited
(Figure 4.3) and no transient bands of dyad should appear, as can be seen from the P-F
spectrum in Figure 4.6, unless PVT3 transfers its excitation energy to porphyrin. The
transient absorption bands of the LP-F film at 490 and around 700 nm are not observed for
the PVT3 single layer, and are much stronger than those of the dyad monolayer. Both bands
correspond to the transient bands of porphyrin cation of the dyad [I1], assigning them for P*
in the bilayer film. The transient absorption of porphyrin cation on the LP-F spectrum
demonstrates the interlayer ENT to P-F, which is then followed by the primary ET from
porphyrin to fullerene producing the porphyrin cation moiety. As discussed earlier, the
quenched PVT3 fluorescence and transient absorption in the presence of P-F support the
hypothesis of the ENT as well.

The increased transient absorption of the LP-F film around 820 nm is assigned to the
PVT3 radical cation [151-153] and will be discussed in chapter 4.3.1.

4.3. Electron transfer

Photoinduced intermolecular ET in complex multilayer film structures was studied by the
time-resolved PV and flash-photolysis techniques. The results from both measurement
methods were combined to characterize the CT processes in the films.

4.3.1. PVT3 as electron donor to porphyrin—fullerene dyad

To study PVT3 as a secondary electron donor to a porphyrin—fullerene dyad, the
PVT3|P-F film sequence, similar to that used to study ENT in chapter 4.2, was investigated.
The corresponding single layers were measured as references. The PV responses of the P-F
and LP-F films for excitation at 436 nm (both P and PVT3 chromophores are photoexcited),
as well as that of a PHT|PVT3|P-F (= DLP-F) structure, are shown in Figure 4.7 [1]. The
relative PV amplitudes (Uo,:) and the signal half-lives (zy,) for the studied films composed of
the PHT, PVT3, PPQ, and P-F layers are presented in Table 4.2 [I]. However, the role of
PHT and PPQ to the ET reactions will be discussed in detail in sections 4.3.2 and 4.3.3,
respectively. The half-lives were determined from a power-law U(t) ~ t* [154,155] fit of the

PV decays, although in the complex films the CR followed it poorly [I1].
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Figure 4.7. Time-resolved photovoltage responses of the P-F, PVT3|P-F, and PHT|PVT3|P-F films.

Table 4.2. Relative photovoltage amplitudes (Uo,) and half-lives (z,) for the studied film structures composed
of the P-F, PHT, PVT3, and PPQ layers (1= 436 nm).

Film Uout, a.U. Ty, S
ITO|P-F 1 9.2x10”
ITO|LP-F 4.2 4.9x10%
ITO|DLP-F 8.4 9.7
ITO|P-FA 0.9 1.6
ITO|LP-FA 9.3 4.0x10°
ITO|DLP-FA 11.3 6.8
ITO|L 0.6 2.8x10%
ITO|D 0 -~

ITOJA 0 -

In the LP-F film, the PV amplitude is enhanced circa three times compared to the
amplitude sum of the corresponding single layers (Table 4.2) indicating increased distance of
charges and/or increased number of the CS states. Since signal decay for the LP-F film is
fast right after the excitation, same as for the dyad monolayer, the primary decay process in
the bilayer is assigned to the CR between the porphyrin and fullerene moieties. Signal half-
live for the LP-F film is, however, 4-orders of magnitude longer than that for the dyad alone.

The increased PV amplitude and the fast primary decay process in the LP-F film are, at
least partly, ascribed to the ENT from PVT3, which is then followed by the ET from
porphyrin to fullerene, and finally the CR. Similarly, the enhanced PV amplitude and the
prolonged signal half-life are assigned to the increased CS distance, i.e. to the secondary ET
from PVT3 to the porphyrin radical cation. The increased CS lifetime is produced by the

longer distance between the positive and negative charges containing the lateral charge
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hopping in the corresponding molecular networks as well. In addition, the slow signal decay
for the LP-F film is also partly affected by the slow PV recombination in the PVT3 single
layer.

The normalized time-resolved absorption spectra of the LP-F, DLP-F, and L films for
excitation at 430 nm are presented in Figure 4.8 [IV]. Both PVT3 and P-F are photoexcited
at the excitation wavelength used. The PVT3 triplet absorption with the maximum at 620 nm
dominates the spectral shape of the films. If the LP-F transient spectra with excitation at 355
nm (Figure 4.6) is compared with excitation at 430 nm, the increased absorption above 650
nm and the weaker band of porphyrin cation at 490 nm are observed for the 430 nm
excitation. The increased absorption above 650 nm is assigned to the PVT3 cation [151—
153], but may also be affected by the porphyrin cation absorption. Thus, in the case of dyad
photoexcitation at 430 nm, the secondary ET from PVT3 to P* after the primary CS in the

dyad is more pronounced.
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Figure 4.8. Normalized time-resolved absorption spectra of the PVT3|P-F, PHT|PVT3|P-F, and PVT3 films
at 5 ps delay time (Aex= 430 nm).

The results obtained from both PV and flash-photolysis experiments support the ET from
PVT3 to P*-F". If the electron and energy transfers are described as transfers perpendicular
to the plane of the molecular film and the individual vertical steps contain the lateral
migration of charges as well, the photoinduced reactions in the LP-F sequence for excitation

at 355 nm (Eq.2) and at 430 nm (Eq. 3) can be presented as follows:

LP-F + hv — L*P-F — LP*-F— LP*-F" — L'P-F )

and
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LP-F + 2 hv — L*P*-F — L*P*-F — L'P-F 3)

In L*P*-F and L*P"-F excitation is not obligatory on the neighboring L and P-F but within
the migration distance. In the final transient CS state the positive charges are located in the
PVT3 network and the electrons in the fullerene sublayer.

4.3.2. PHT as electron donor

The film sequence DLP-F was measured to study the charge migration from PHT to P-F
through the PVT3 layer. Since PHT was demonstrated of being able to donate electrons to
PVT3 [I,IV], the CT through the whole film structure was expected yielding the final
transient state D*LP-F~, in which the positive charges are located in the PHT layer and the
electrons in the fullerene sublayer.

The time-resolved PV response of the DLP-F film is presented in Figure 4.7. Introducing
PHT to the layer structure increased the PV amplitude two times compared to that of the
LP-F film and prolonged the signal half-live to a time domain of seconds (Table 4.2). The
PV amplitude of the PHT single layer is negligible for excitation at 436 nm. The enhanced
PV amplitude is now assigned only to the extended CS distance due to the electron donation
from PHT to the PVT3|P-F part of the film. The long CS distance together with the lateral
charge migration in the corresponding layers produces the slower CR in such a complex
film. The CR is hindered because back reaction can happen only when electrons and holes
locate vertically next to each other.

Vertical charge migration through the layers explains also the slow signal rise for the
DLP-F layer sequence (Figure 4.7).

The normalized time-resolved absorption spectrum of the DLP-F film is shown in Figure
4.8 [IV] together with the spectra of the LP-F and L films. Obvious differences in the
transient spectra are observed when more functional layers are added to the film structure.
The decreased transient absorption of the multilayer DLP-F film above 650 nm, if compared
to the LP-F sample, can be assigned to the missing absorption of PVT3 cation. PVT3 acts as
energy and electron donor to the dyad, as concluded earlier, but recombines back to the
ground state via the interlayer ET from PHT. The increased transient absorption intensity of
the DLP-F film above 650 nm, if compared to that of the PVT3 single layer, is now
assigned to the PHT cation [Il]. Similarly, the decreased absorption below 620 nm is

assigned to the PHT ground state bleaching caused by formation of the PHT cation. Only
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the transient absorption of PHT cation and PVT3 triplet can be resolved from the DLP-F
spectrum, as could be expected if charge migration through the whole film is assumed.
Considering the results obtained from both the PV and flash-photolysis measurements, the
photoinduced CT reactions in the DLP-F film for excitation close to 430 nm can be
presented as follows:

DLP-F + 2 hv — DL*P*-F — DL*P*-F" — DL'P-F —» D'LP-F (4

Summarizing, in DL*P*-F excitation is not obligatory on the neighboring L and P-F. After
formation of the primary CS state DLP*-F", the electron donation from PVT3 and/or PHT
to both porphyrin and PVT3 radical cations takes place, producing the final transient CS
state of D'LP-F~ where the positive charges are located in the PHT layer and the negative

charges in the fullerene sublayer.

4.3.3. PPQ as electron acceptor from fullerene

Film sequences of P-F|PPQ (= P-FA), PVT3|P-FIPPQ (= LP-FA), and PHT|PVT3|
P-F|PPQ (= DLP-FA) were investigated to study the ET from the fullerene radical anion to
PPQ polymer. The PV amplitudes and the signal half-lives of the films are shown in Table
4.2. The signal amplitudes of the P-F and P-FA films are approximately the same, whereas
the signal decay is substantially slower for the sample with PPQ. The CS half-life is
increased, but not the distance between the charges or the number of CS states indicating that
the ET from the fullerene anion to PPQ is not efficient enough to increase the PV amplitude.
In the P-FA film, the amplitude is controlled by the fast recombination of the primary CS in
P-F, while the decay by the PPQ layer.

The PV responses of the DLP-F and DLP-FA films in microsecond timescale for
excitation at 436 nm are presented in Figure 4.9 [I]. The signal for the film with PPQ is
immediately after the excitation more intense, but decays considerably faster compared to
the structure in the absence of PPQ. The signal amplitudes at 300 ps after the excitation are
the same for both films, and therefore independent of presence or absence of the PPQ layer.
Thus, the fullerene anion donates an electron to PPQ, but the recombination is fast and
independent of the CT processes taking place in other parts of the film. Delayed
recombination of the primary CS in P-F (due to the secondary ET reactions) increases the
probability of ET from F~ to PPQ. The PV signal half-life of the LP-FA film is slightly

decreased, as is also the case with the DLP-FA sample, compared to the similar films
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without PPQ (Table 4.2) indicating similar behavior in the samples with PPQ as an electron
acceptor from the fullerene anion. The fast CR from PPQ indicates weak charge migration
in the polymer, i.e. rather poor electron conducting properties of the PPQ layer.
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Figure 4.9. Time-resolved photovoltage responses of the PHT|PVT3|P-F and PHT|PVT3|P-F|PPQ films in

microsecond timescale.

4.3.4. ZnPH4 as electron donor to porphyrin—fullerene dyad

To study the interlayer ET from ZnPH4 (= E) to a porphyrin—fullerene dyad, a
ZnPH4|P-F (= EP-F) film was measured [II1,IVV]. The corresponding single layers were
measured as references. The PV responses of the E and EP-F films for excitation at 430 nm
are shown in Figure 4.10. The relative PV amplitudes of the studied films when either both
ZnPH4 and porphyrin chromophores (Zex= 430 nm) or exclusively ZnPH4 (A= 710 nm)
are excited, are presented in Table 4.3.
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Figure 4.10. Time-resolved photovoltage responses of the ZnPH4 and ZnPH4|P-F films.
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Table 4.3. Relative photovoltage amplitudes (U, of the P-F, ZnPH4, and ZnPH4|P-F films for excitation at
430 and 710 nm.

. Uout, a.U.
Film 430 nm 710 nm
ITOIP-F 1 0
ITOE 6.5 1
ITO|EP-F 184.2 28

If the porphyrin and phthalocyanine chromophores are both excited, the PV amplitude of
the EP-F film is enhanced 25-fold compared to the amplitude sum of the corresponding
single layers. If only ZnPH4 is excited, the amplitude is three times higher than that of
ZnPH4 alone. To explain the increased PV amplitudes of the EP-F structure, two possible
CT mechanisms can be considered corresponding to the excitation at 430 nm (Eg. 5 and 6)
and at 710 nm (Eq. 6):

EP-F + hv — EP*-F — EP*-F" — E'P-F ()
EP-F + hv — E*P-F — E'P-F — E'P-F (6)

Higher amplitude obtained for the bilayer EP-F film is due to the ET from E to P that is
followed by formation of the E*P-F" state, yielding the longer distance between the negative
and positive charges. In the final CS state the positive charges are located in the ZnPH4
layer and the electrons in the fullerene sublayer. The interaction between excited ZnPH4 and
ground state P-F is weak, as will be discussed in detail later, excluding the ENT from
ZnPH4 to porphyrin. The ENT from porphyrin to phthalocyanine is demonstrated in the
literature [71] and may take place in the studied systems as well.

In the studied samples, the EP-F film absorbs roughly three times more photons when
excited at 710 nm compared to that at 430 nm [I11]. Assuming only ET from excited ZnPH4
to the dyad (as well as the ENT from porphyrin to ZnPH4 in the case of porphyrin
photoexcitation), three times higher PV amplitude could be expected for excitation at
710 nm. The amplitude is, however, two times lower if only ZnPH4 is excited indicating
that the reaction (5) is six times more efficient than the reaction (6). Therefore, the efficiency
of interlayer ET from excited ZnPH4 to fullerene via the porphyrin moiety of the dyad at
ground state is rather poor. The extremely high PV amplitude of the EP-F film for excitation

at 430 nm (Table 4.3) can be explained only by the enhanced CS efficiency in the bilayer
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structure with the excited dyad, and thus demonstrating the crucial role of the primary ET in
P-F for the overall CS efficiency in such a molecular system.

The PV decays for the films with ZnPH4 did not follow the power-law. However, one
can see from the graphs that the PV decay of the EP-F structure is slower compared to those
of the E and P-F single layers at both excitation wavelengths [I11], although the 7, values
were not determined. As earlier, the increased PV amplitude and the prolonged CS lifetime
of the bilayer can be explained by the vertical interlayer ET and the lateral charge hopping in
the corresponding layers.

The time-resolved absorption spectra of the EP-F, E, and P-F films for excitation at
430 nm are shown in Figure 4.11. The transient spectrum of the EP-F film is not a sum of its
components demonstrating interaction between the layers in excited state. The absorption
bleaching of the ZnPH4 single layer below 550 nm and at 750 nm corresponds to the
wavelengths of phthalocyanine ground state absorption (Figure 4.4). The transient absorption
of ZnPH4 at 620 nm is assigned to the phthalocyanine triplet state.
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Figure 4.11. Time-resolved absorption spectra of the ZnPH4|P-F, ZnPH4, and P-F films, as well as the sum
of ZnPH4 and P-F spectra at 5 ps delay time (Lex= 430 nm).

The increased transient absorption of the EP-F film below 620 nm is the most obvious
difference between the spectra of the films with and without the dyad monolayer. The
absorption below 620 nm is assigned to the ZnPH4 radical cation since it is not observed for
the E single layer, and it does not correspond to the porphyrin cation absorption. If only
ZnPH4 is excited at 720 nm, the time-resolved absorption spectra of the E and EP-F films
are identical [1V] supporting the weak interaction between the excited ZnPH4 and the non-

excited dyad.
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The results from the flash-photolysis studies support the conclusions made from the PV
measurements demonstrating the crucial role of the primary ET in porphyrin—fullerene dyad
for the overall CT efficiency in a bilayer cell with ZnPH4 and P-F. Thus, the electron
donation from ZnPH4 to P-F (Eq. 6) is rather inefficient compared to that from ZnPH4 to
P*—F (Eq. 5), as was already supposed in the PV discussion.

4.4. Photocurrent

The photovoltaic characteristics of the model photocells were studied using the
electrochemical PC technique [I,I11]. Series of molecular film structures, similar to those

used in the PV and flash-photolysis experiments were deposited directly onto ITO electrode
for the PC measurements.

4.4.1. Step-wise photocurrent

The step-wise light-on/off PC responses of the P-F, DP-F, and DLP-F films are shown
in Figure 4.12. The PC amplitudes (l,c) with zero bias voltage for the cells composed of the
P-F, PHT, PVT3, and PPQ layers are presented in Table 4.4. The PC amplitudes increase
with the number of single functional layers as far as fullerene is in contact with the
electrolyte. The PC amplitude for the DP-F film is roughly two times higher than that of P-F

alone. Adding PVT3 to the cell structure to construct the DLP-F layer sequence further
enhanced the PC generation about 3.5 times.
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Figure 4.12. Step-wise photocurrent responses of the P-F, PHT|P-F, and PHT|PVT3|P-F films for excitation
at 436 nm.
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Table 4.4. Measured and relative photocurrent amplitudes (I ;) for the films composed of the P-F, PHT,
PVT3, and PPQ layers (A= 436 nm). Two PHT or PVT3 bottom layers (marked by one D or L) had to be
used in the DP-F, LP-F, DP-FA, and LP-FA films due to the technical deposition reasons.

Film lpe, NA/MW e, a.U.
ITO|P-F 90 1
ITO|DP-F 190 2.1
ITO|LP-F 700 7.8
ITODLP-F 690 7.8
ITOIP-FA 20 0.2
ITO|DP-FA 130 14
ITO|LP-FA 340 3.8
ITODLP-FA 250 2.8
ITO|L 390 4.3
ITOD 50 0.6
ITOJA 30 0.3

The PC amplitudes for the LP-F and DLP-F films are approximately equal (Table 4.4),
although the absorbance of the former is only half from that of the LP-F film at the
excitation wavelength, showing the higher PC yield for the sample with more functional
layers. Furthermore, the PC generation of the multilayer structures (excluding the films with
PPQ) is higher than the sum of currents of the corresponding components, i.e. the PC is
enhanced because of the improved CS, rather than solely due to the increased photon
harvesting. The increased absorbance together with the long-lived CS enhance the PC
response of the multicomponent photocells.

The multilayer films with PPQ produced high PV amplitudes (Table 4.2), but the result
is opposite in the PC measurements (Table 4.4) [I]. The PC generation for the cells with
PPQ in contact with the electrolyte is weak compared to the similar films in the absence of
PPQ. The conclusion about the weak electron migration in the PPQ layer made on the basis
of the PV experiments in section 4.3.3 is now supported by the results from the PC
measurements, demonstrating the poor electrical conductivity of PPQ. It seems that PPQ is
not useful as an electron acceptor layer in such photovoltaic assemblies.

The step-wise light-on/off PC responses of the PHT|ZnPH4|P-F (= DEP-F), ZnPHA4,
and PHT|ZnPH4 (= DE) films for excitation at 710 nm are presented in Figure 4.13. The
PC amplitudes for the cells composed of the corresponding layers are shown in Table 4.5
[I11]. The P-F monolayer deposition onto the E or DE films decreases the PC generation at
each excitation wavelength. The PC decrease for excitation at 540 nm (close to the

maximum absorbance of PHT, Figure 4.4) and 710 nm is expected since the ET from

40



ZnPH4 to P-F was shown (by the PV and flash-photolysis experiments, section 4.3.4) to be
efficient only in the case of the excited dyad. The non-excited dyad monolayer only creates a

barrier for charge migration by increasing resistivity of the system.
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Figure 4.13. Step-wise photocurrent responses of the PHT|ZnPH4|P-F, ZnPH4, and PHT|ZnPH4 films for

excitation at 710 nm.

Table 4.5. Step-wise photocurrent amplitudes (l,:) for the samples composed of the P-F, ZnPH4, and PHT

layers for excitation at 430, 540, and 710 nm.

Fil lpc, HLA/MW
1im 430nm  540nm 710 nm

ITOIP-F 0.02 0 0
ITOE 0.56 0.24 6.98
ITO|EP-F 0.52 - 1.60
ITO|DEP-F 2.00 2.25 458
ITO|DE - 5.28 7.93
ITOD 0.35 0.79 0

In the case of photoexcited dyad at the excitation wavelength 430 nm, the decreased PC
amplitudes for the films with the P-F monolayer (Table 4.5) can be explained by the weak
electronic interaction between fullerene and electrolyte. The fullerene anion is energetically
more stable than its ground state creating an energy trap for electrons [156]. Efficient ET
from ZnPH4 to P*-F~ was demonstrated in the PV experiments, and therefore the PC
limiting step is the ET from the fullerene anion to electrolyte. However, the positive effect of
the dyad monolayer to the PC generation was demonstrated for the multilayer films
composed of the PVT3, PHT, and P-F LB layers [I]. Thus, it seems that the interaction

between fullerene and electrolyte functions oppositely to the current generation for the films

with rather high current amplitudes.
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As shown in Figure 4.13 and Table 4.5, the highest PC amplitudes are obtained for the
DE heterojunction. When PHT is photoexcited at 540 nm, roughly five times higher PC
response is observed for the DE film compared to the amplitude sum of the corresponding
single layers. The PC increase is lower if only ZnPH4 is photoexcited at 710 nm, but still it
is enhanced compared to that of the ZnPH4 single layer. These observations demonstrate the
efficient interlayer ET from PHT to ZnPH4 regardless of the excited chromophore.

4.4.2. Action spectra and current-voltage curves

The current—voltage curves and incident photon to current efficiency spectra of the
DLP-F and DEP-F films are presented in papers | and Ill, respectively, as well as the
photovoltaic parameters obtained for the model photovoltaic cells.

The IPCE spectra for the samples in the absence of PPQ follow the absorption of the
films demonstrating the importance of each functional layer to the photon harvesting
efficiency, and thus to the PC efficiency as well [I]. The action spectra for the films with
PPQ resemble the absorption spectrum of PPQ [I] showing its unsuitability for an electron
acceptor layer in this kind of photoactive devices.

The effect of PHT on the DEP-F action spectrum is striking and stronger than can be
predicted on the basis of the film absorption [I11]. In contrast, the influence of ZnPH4 on PC
is weaker than could be expected. Thus, the ET from excited PHT to ZnPH4 is more
pronounced than that from PHT to excited ZnPH4.

The highest photovoltaic parameters are obtained for the DE heterojunction [I11]
demonstrating the efficient CS at the interface and rather good electrical properties of the
PHT and ZnPH4 layers. For the DE film, the internal quantum yield of PC is circa 20 % at
the excitation wavelength 540 nm. The external quantum yield and the power conversion
efficiency of the DE film are about 1.4 and 0.024 %, respectively, for excitation at 710 nm.
The rather low fill factor values obtained for the model photocells (the best 24 % obtained
for the EP-F film) show the need to overcome limiting factors of the charge transport

through the system.

42



4.5. Electrical and optical signal decays

Photoinduced intermolecular ET in thin films with identical layer sequences was studied
using the time-resolved electrical photovoltage [I,111] and optical flash-photolysis [I1,1V]
techniques. Both methods were utilized to follow the final transient CS state of the films, and
thus the optical and electrical signal lifetimes should correlate with each other. The lifetime
of spectroscopic signal is, however, shorter than that of the electrical signal [11,1V] as shown
in Figure 4.14, in which normalized PV and flash-photolysis decays of the LP-F and EP-F
films are compared. Same phenomenon was observed for all the studied layer sequences.
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Figure 4.14. Normalized electrical (photovoltage) and optical (flash-photolysis) signal decays of the (a)
PVT3|P-F and (b) ZnPH4|P-F films.

Shorter lifetime of the optical signal can be explained by the different measurement
principles and phenomena taking place in the studied systems. The PV amplitude is sensitive
to the number of positive and negative charges and to the distance between them, whereas
spectroscopic signal is affected by the existence of molecular transient states. Thus, all
charges in the film have influence to the electrical signal, even if they could not be detected
by the spectroscopic methods. Extremely long-lived electron-hole pairs in the studied cells
result from vertical and lateral charge migration in the corresponding molecular layers that
may be followed by charge ejection to the molecular environment as “free” charges. Free
charges are not bound to any specific molecular moieties, and thus they cannot be detected
spectroscopically. Observed long-lived photovoltage responses (especially extremely long-
lived tails of the photovoltage signals) are produced by this kind of free electron-hole pairs.

The charge ejection as free charges is more pronounced in complex films with long CS

distance and efficient charge migration in the molecular layers. The intramolecular CS in the
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P-F monolayer results in rather similar electrical and optical responses, since the fast CR
enables only weak lateral charge hopping in the porphyrin and fullerene networks [I1V].

4.6. Organic photovoltaic cell design

In the following discussion, further improvements to the photovoltaic performance of the
model cells are considered.

The most organic photovoltaic cells to date are based on the bilayer or bulk
heterojunction concept. The directionality of ET in a layered cell is reached by depositing
active layers onto each other with respect to their energy levels and electrode work
functions. In addition, difference between the HOMO and LUMO levels of donor and
acceptor, respectively, affect together with the electrode work functions the maximum
possible voltage produced by the cell. Due to the short exciton diffusion length and the low
charge carrier mobility in organic electronic materials, the total cell thickness must be a
compromise between the maximum absorbance and the minimum serial resistance. The
maximum thickness of 100 nm has been typically considered as the upper limit for an
organic photovoltaic cell.

In a layered device, the thickness of every functional layer has to be optimized with
respect to other layers in order to reduce optical filtering and decrease the layer resistivity.
The cell thickness in bulk heterojunction can be increased without decreasing the exciton
dissociation yield due to the short separation of the donor and acceptor parts. However, the
low charge mobility in organic materials limits the bulk heterojunction film thickness, and
thus the absorbance cannot be increased indefinitely. Electrodes with different work
functions are needed to enable symmetry breaking condition in the bulk heterojunction based
devices.

To increase the conductivity of the films used in this study, the insulating ODA matrix
should not be used. Impurities in the films typically act as charge traps reducing the charge
mobility. To minimize the number of impurities in the film, only ultrapure compounds
should be used (even commercial compounds may need further purification). Samples can be
thermally treated in rather high temperatures to reduce number of charge traps such as holes
and grain boundaries in the films.

To maximize the light harvesting of a photocell, the visible spectrum should be covered
as completely as possible. This can be obtained by introducing the studied compounds P-F,
PVT3, PHT, and ZnPH4 to the cell structure. The PHT|ZnPH4 heterojunction establishes
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an efficient CS interface and it seems promising for photovoltaic applications. The high
internal quantum yield of ET from PHT to ZnPH4, together with the broad absorption at the
visible region enables efficient light-to-current conversion in such a device under the solar
spectrum. Both compounds have good electron donating properties, and thus they provide an
efficient hole transfer assembly next to anode. To further increase the light harvesting, PVT3
can be included to the layer structure enhancing the absorption in blue region. The
porphyrin—fullerene dyad can be utilized as an efficient CS interface.

Taking into account the energy levels of the compounds (Chart 4.2), a model layered
photovoltaic cell could be constructed as ITO|PHT|ZnPH4|PVT3|P-Fxn|2" electrode. The
number of P-F layers (n) should be optimized empirically. To further improve the cell
performance and protect the P-F part of the sample, an electron accepting layer from the
fullerene anion can be introduced to the film structure. The LUMO level of PVT3 does not
support in ground state the electron accepting from excited ZnPH4, but it may act as an
electron acceptor from ZnPH4 in its cationic state. The sample ITO|PHT|ZnPH4|
P-Fxnlelectron acceptor|2nd electrode may work efficiently as well, since efficient ET from
ZnPH4 to P-F was demonstrated and the electron acceptor is used to provide a good
electrical contact with the second electrode. In these model sample structures, PHT enables
good electric contact with the ITO electrode and PVT3 acts as a light harvesting layer in
blue region. ZnPH4 is used to increase absorbance at near IR region and establish efficient
CS junction with PHT. The oriented P-F monolayer (deposited by the LB or LS method) is
used to initiate the ET reactions to the desired vertical direction, i.e. from ITO towards the
second electrode.

Bulk heterojunction concept can be introduced to the film structure in order to avoid the
LB and LS deposition of the dyad. Bulk heterojunction can be combined with the bilayer
concept to exploit the favourable properties of both device architectures. PVT3 can be mixed
with P-F to enable efficient energy donation and exciton dissociation in such a blend. This
kind of bulk heterojunction can be combined with the bilayer concept to construct ITO|PHT]|
ZnPH4|PVT3+P-F|2" electrode cell. To make the manufacturing easier and further
improve the exciton dissociation, PHT and ZnPH4 can be blended together as well,
constructing ITO[PHT+ZnPH4|PVT3+P-F|2™ electrode cell. Furthermore, an electron
accepting layer adjacent to the second electrode can be used to increase the cell efficiency.
With the introduction of the bulk heterojunction concept to the cell design, the directionality

of ET is partly lost but it is compensated by the enhanced absorption (or at least a possibility
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to increase the film thickness) and exciton dissociation. Since in such samples each layer is
spin-coated, the major problem is to find solvents suitable for the layer-on-layer deposition.

If the second electrode work function is lower than that of ITO (e.g. that of Au), the film
structure should be reversed to attain the electron movement in the direction which is helped
by the built-in electric field. Molecular oxygen has negative effect on both PC generation
and stability in organic photovoltaic. Encapsulation is the method to protect photoactive
layers and electrodes from oxygen and humidity. Promising studies of cell encapsulation
have already been carried out [157,158].

4.7. Future perspectives

Organic solar cells have unlimited number of potential applications because of their
possibility of being thin, flexible, and lightweight. Polymeric solar panels could be painted
over rooftops and windows to enable solar energy harvesting. Such photovoltaic layers could
also be printed on laptops and mobile phones to provide charger in the device itself, and thus
enable continuous charging in light. These are only few examples for the optimistic future
perspectives of organic photovoltaic.

However, many problems in organic photovoltaic must be overcome before these visions
will be realized. The most crucial weaknesses of organic photovoltaic to date are poor power
conversion efficiency and operating lifetime, as discussed earlier. These major problems
need to be resolved before organic revolution may truly begin. This study was aimed to
increase the knowledge on the fundamental physics of organic electronic systems. Increased
understanding on the interaction of organic electronic materials can be used in designing
new and more sophisticated organic photovoltaic applications in the future.

Organic materials capable of electric conduction can be utilized also in other applications
than solar cells. Organic materials are already used to construct light emitting diodes
[111,114]. Organic gas- and photo-sensors have been introduced as well [159,160]. The
unique features of organic electronic materials create possibilities for new applications that

would be impossible using traditional semiconducting materials or metals [161].
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5. Conclusions

Intermolecular energy and electron transfers in organic multilayer thin films were
studied. The photoinduced processes were characterized by constructing various layer
sequences, which were then measured by mainly the time-resolved Maxwell displacement
charge and flash-photolysis techniques. In addition, electrochemical photocurrent
measurements were carried out to study the photovoltaic performance of the complex film
structures. The results from each measurement method were combined in order to identify
the photoinduced processes in the films. The samples were prepared by the Langmuir—
Blodgett and spin-coating methods onto flat substrates.

The oriented porphyrin—fullerene dyad monolayer was utilized to initiate the electron
transfer in perpendicular to the plane of the films. Excited phenyl vinyl thiophene derivative,
PVT3, was demonstrated to perform both the energy and electron transfers to the porphyrin—
fullerene dyad. The charge separation was further extended by depositing PVT3 between
hole conducting polymer poly(hexylthiophene), PHT, and the porphyrin moiety of the dyad
yielding the final transient charge separated state, in which the holes are located in the PHT
network and the electrons in the fullerene sublayer. In such a complex film structure, the
lifetime of the electron transfer state was prolonged to a time domain of seconds due to the
long charge separation distance and the lateral charge hopping in the corresponding
molecular networks. The electron conducting property of n-type polymer poly(phenylene
quinoxaline) derivative, PPQ, was found to be rather poor for such photovoltaic devices.

The crucial role of the excited dyad for the overall charge transfer efficiency in the model
cells with phthalocyanine derivative, ZnPH4, as a secondary electron donor to the dyad was
demonstrated. The electron donation from ZnPH4 to the porphyrin cation was extremely
efficient producing the ZnPH4 cation and fullerene anion moieties. In addition, an efficient
charge separation in a heterojunction composed of the PHT and ZnPH4 layers was shown.

The electrical signal lifetime was longer than that of the optical signal for similar samples
in same measurement conditions. The difference in decay times is explained by charge
ejection to the molecular environment as the final transient state of the systems, generating
the long-lived free charges that produce the electrical signal but are less pronounced in the
optical signals.

The multistep electron transfer through the sandwich-like film structure producing the
long-lived charge separated state can be utilized in the development of photoactive

molecular devices such as photosensors and photovoltaic cells.
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