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Abstract
Photoinduced processes in hybrid semiconductor-organic nanostructures were studied
in this thesis. The work was divided into three tasks: (1) preparation of ZnO thin films
and nanorod arrays in a controlled and cost-effective way, (2) functionalization of the
ZnO surfaces with organic, photoactive layers and (3) study of photoinduced reactions
on the surfaces by both steady state and time-resolved methods.
Aluminum doped zinc oxide (AZO) electrodes were tested as an alternative for the traditionally used indium tin oxide semitransparent electrodes in organic solar cell devices.
The electrodes were prepared by atomic layer deposition method. Devices with AZO
electrodes showed performance comparable to that of the reference device but were
more stable in open air showing no degradation during 40 days time interval.
ZnO nanorod arrays were prepared and used as model substrates to study electronic
interactions at semiconductor-organic interface. The growth was optimized to achieve
well-aligned nanorods with high specific surface area. To control the semiconductor
electronic properties, while keeping the morphology unchanged, the nanorods were
further modified with thin layers of Al2O3 or TiO2 prepared by atomic layer deposition.
Self-assembled monolayers (SAM) of three different porphyrin derivatives and one
phthalocyanine derivative were formed on the ZnO nanorods using carboxylic acid or
siloxane as anchor groups. The fastest electron transfer from zinc porphyrin (ZnP) to
the semiconductor was observed for the ZnO nanorods modified with a 5 nm layer of
TiO2 (<0.2 ps). On the contrary, the charge recombination was not any faster compared
to that of ZnP on the unmodified nanorods. This indicates that the charge recombination depends mainly on the semiconductor bulk properties, whereas the charge separation is determined by the surface properties of the semiconductor.
The charge generation mechanisms in the hybrid systems consisting of zinc phthalocyanine (ZnPc) SAM on ZnO nanorods covered by a spin coated layer of hole transporting materials, P3HT or Spiro-OMeTAD, were studied with time-resolved absorption
spectroscopy. After selective excitation of ZnPc the primary electron transfer step was
controlled by the hole transporting material. In the system with P3HT the first reaction
step is a fast (1.8 ps) electron transfer to ZnO, whereas in the Spiro-OMeTAD system a
fast (0.5 ps) hole transfer from the excited ZnPc to Spiro-OMeTAD is the dominant primary electron transfer step. However, in both cases long-lived (> 5 ns) chargeseparated states are formed. In these states electrons are localized in ZnO and the
holes in the organic donor layer, while ZnPc is in the ground state.
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1

Introduction

The world’s energy consumption is growing rapidly and there is a need for new environmental friendly energy sources. Solar energy has a huge potential, about 885 million terawatt hours (TWh) of irradiation reach the surface of the earth every year. This
means that sun can provide in a few hours the amount of energy we currently consume
in a year. Furthermore, the solar energy is a clean, climate friendly and inexhaustible
energy source and is relatively well-spread over the world.1 However, only 2.6% of
electricity consumption in Europe is produced by photovoltaic systems.2 The huge gap
between the potential and use of solar energy represents a great motivation for this
thesis.
Organic and hybrid semiconductor-organic solar cells can be generally described as
sandwich-type structures where the light absorbing material, dye, is assembled between transparent and metal electrodes. In organic solar cells, the basic operation
principle can be described in four steps: (1) in the sun irradiation the excited state, exciton, is formed, (2) the exciton diffusion to the organic-organic interface yields (3) the
primary energy conversion process, the charge separation, and (4) in the final step, the
charges are transported to the electrodes, the holes to an anode and electrons to a
cathode.3 In hybrid solar cells, the first and last steps are similar to those of organic
solar cells, but the charge separation takes place at a semiconductor-dye interface,
where the excited dye injects an electron to the conduction band of the semiconductor
and the ground state of the dye is restored by the electron transfer from the hole transporting material.4-6
With respect to design of new solar cell architectures, the development of new materials and a deep understanding of reactions taking place at the interfaces are important
aspects. New materials are essential in terms of cost and performance of the devices.
The interfaces between the layers play a key role since they control the charge injec-
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tion and collection processes.5,7,8 The study of photoinduced reactions at the interface
is rather challenging. The interface structure in real devices is a complex one and several reactions are taking place simultaneously; therefore effects of individual reactions
are difficult to distinguish. Furthermore, the time scale of photoinduced phenomena at
the organic-organic and semiconductor-organic interfaces is short, typically in a femtoto picoseconds time domain. The real-time measurements in this time scale can only
be acquired by ultrafast optical spectroscopy methods which require samples with specific optical properties. This highlights the importance of preparing model samples with
simple organic-semiconductor and organic-organic interfaces, which would allow investigation by these advanced spectroscopy techniques.
The main research goal was to investigate the photoinduced charge transfer at the
semiconductor-organic interface. There were two objectives to reach the main goal, (1)
preparation of ZnO films in a controlled and cost-effective way and (2) functionalization
of ZnO surfaces with organic, photoactive layers.
This Thesis summarizes the results from the four articles. The results are presented in
Chapter 4 in the following order:


The study of aluminum doped zinc oxide electrodes in photovoltaic applications
is presented in Section 4.1. Electrodes were prepared by atomic layer deposition method and the performance was compared to the most common transparent electrode material, indium tin oxide.



Preparation of model sample templates is described in Section 4.2. Hydrothermal growth of ZnO nanorods was optimized in terms of experimental conditions to achieve well-aligned structure with high specific surface area. Furthermore, while keeping the morphology unchanged, the surface properties were
modified by a layer of Al2O3 or TiO2, both prepared by atomic layer deposition.



Finally, Sections 4.3 and 4.4 presents the study of photoinduced interactions at
the semiconductor-organic interface. Three porphyrin and one phthalocyanine
derivatives were studied as the organic sensitizer. The interactions were studied by both the steady state and time-resolved techniques.
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2

Background

The interface between semiconductor electrode and dye sensitizer plays a key role in
all types of hybrid solar cells and is fundamentally important in several fields, including
photo- and electrochemistry, and molecular electronics.7 This Chapter describes the
theoretical background of the field: introduction to transparent conductive oxides, atomic layer deposition, self-assembled monolayers of organic chromophores, and photoinduced interactions at the semiconductor-dye interface.

2.1 Zinc oxide thin films and nanostructures
Transparent conductive oxides (TCO) are widely utilized in technological applications.911
For example, thin films of TCOs are used as electrodes in optoelectronic devices,
such as light emitting diodes and solar cells.3,4,12 Three of the most common TCOs for
electrode applications are indium oxide (In2O3), tin oxide (SnO2) and zinc oxide (ZnO).
Typically the oxides are doped with tin (In2O3:Sn = ITO), fluorine (SnO2:F = FTO) and
Al (ZnO:Al = AZO). ITO, FTO and AZO have wide optical band gaps (≥ 3.3 eV) and
thus are transparent at wavelengths > 360 nm.13 Among the TCOs, ITO is probably the
most studied material because it has many important properties such as low electrical
resistivity, high transparency and good substrate adherence.14 On the other hand, ITO
has some limitations and drawbacks, low abundance in the earth crust makes ITO expensive material and moreover, ITO is harmful for the humans and for the environment.15
ZnO is an attractive candidate for replacing ITO because it is non-toxic and inexpensive material. The abundance in earth’s crust is 400 times higher than that of ITO (40
vs. 0.1 ppm).13 ZnO thin films are used in organic solar cells as a buffer layer16 and
when doped as TCO in organic and hybrid solar cells.17,18 ZnO fims can be prepared on
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large areas by several methods including sputtering, pulsed laser deposition, and
atomic layer deposition (ALD).13,19
One important advantage of ZnO is its ability to form a rich variety of nanostructures
including rods, wires, tubes, flowers and they all have well-controlled surface morphology.20-26 ZnO nanostructures are known to grow as single crystals resulting in excellent
electrical properties along the nanostructure.27 The nanostructures grown on a flat surface have increased specific surface area but it is still smaller than that of the nanoparticle film with the same thicknesses.28,29 This fact may limit the use of ZnO nanostructures in some applications.
In this thesis the study is focused on the growth of the ZnO nanorods (ZnOr) by the
hydrothermal growth method. Among all ZnOr preparation methods, the hydrothermal
growth is widely used because of its simplicity and low-cost. One practical advantage
of this method is the low growth temperature (< 100 °C), which allows a great choice of
substrates.30 The hydrothermal growth is a two-step process consisting of the seed
layer formation on the substrate and the actual growth of ZnOr. The ZnO seed layer is
an important prerequisite for the growth of the well-aligned dense ZnOr arrays. This
can be understood by the nucleation theory. In most cases, the activation energy barrier is higher for a homogenous nucleation of solid phases than for a heteronucleation. 31
Also the interfacial energy barrier is smaller between the crystals and substrates than
between the crystals and solution. Therefore, the heteronucleation onto a substrate
takes place at a lower saturation ratio than the homogenous nucleation in solution.
Forming a proper seed layer of the ZnO crystals on the substrate is the most straightforward way to control the morphology and orientation of the nanorods. Sputtering and
spin coating of colloidal solutions are the two most commonly used methods but other
methods, like atomic layer deposition can also be used.32-34
The actual growth of ZnOr is taking place typically in an aqueous solution of zinc nitrate
(Zn(NO3)2) and hexamethylenetetramine (HMTA) at temperatures between 4095 °C.35,36 Zinc complexes are formed when hydroxide ions react with zinc ions. The
ZnOr growth process can be summarized in the following chemical reactions.21,37
1. Zn(NO3)2 → Zn2+ + 2NO3−
2. (CH2)6N4 + 6H2O →6HCHO + 4NH3
3. NH3 + H2O → NH4+ + OH−
4. Zn2+ + 2OH− → ZnO + H2O
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Upon heating zinc nitrate produces Zn2+ ions (reaction 1) and HMTA decomposes to
formaldehyde and ammonia (reaction 2). OH− ions are produced by the reaction of
ammonia with water (reaction 3). The solid ZnO is finally formed according to reaction
4. The actual role of HMTA is not fully understood in literature, but it is generally accepted that HMTA acts as a weak base and it slowly releases hydroxide ions into solution.30,37

2.2 Atomic layer deposition
Atomic layer deposition (ALD) is a chemical thin film deposition technique based on the
alternate, saturated surface reactions at the gas-solid interface. The ALD method was
developed for commercial use in Finland in the late 1970s by Tuomo Suntola and coworkers. The first ALD processes were aimed at manufacturing nanolaminate insulators (Al2O3/TiO2) and zinc sulfide phosphor films for thin film electroluminescent displays. The list of available ALD materials is currently wide ranging for example from
oxides, nitrides, and sulfides to metals. Currently, ALD is part of number of industrial
applications where precise nanometer thick, pinhole free conformal films on any shape
and geometry are required.38-40 One example of commercial applications is anti-tarnish
coating of silver jewelry and coins as illustrated in Figure 2.1.

FIGURE 2.1 ALD anti-tarnish coating for silver jewelry and coins.40

2.2.1 ALD operation principle
ALD utilizes highly reactive precursor chemicals, each containing different elements of
the material being deposited. Each precursor is introduced separately into the reactor
in a cyclic manner. The precursor molecules form a chemisorbed monolayer on the
substrate surface and the following inert gas pulse prevents the gas-phase reactions
and removes the volatile byproducts from the reaction chamber. As a simple example
from the ALD cycle, the deposition of aluminum oxide is schematically illustrated in
Figure 2.2. One cycle consists of four steps: (1) exposure of the first precursor, tri-
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methylaluminum, (2) purge or evacuation of the reaction chamber, (3) exposure of the
second precursor, water, and (4) purge or evacuation. This four-step cycle is repeated
as many times as necessary to obtain the desired film thickness. Depending on the
process, one cycle increases the film thickness by 0.1-3.0 Å.38,39,41
Reactant A

Reactant B

By-product

ALD reaction cycle

Step #4
purge

Step #3
Reactant B

Step #2
purge

Step #1
Reactant A

Substrate before
deposition

FIGURE 2.2 Schematic illustration of ALD cycle, modified from ref 41.

2.2.2 Benefits and limitations
The advantages of ALD are based on the surface controlled, self-saturating film growth
principle. It is worth emphasizing that in order to achieve the benefits an ideal ALD process is needed. In addition to the proper selection of the precursors, the pulse and
purge times, the precursor flux and the deposition temperature should be optimized.
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Maybe the most unique benefit of ALD is extreme film uniformity on 3-D parts and porous materials and particles. An accurate and simple film thickness control down to the
nanometer level is also one big benefit of ALD. Except the very first cycles when the
surface is converted from the bare substrate to the film material, each cycle deposits
the same amount of material. The ALD processes have a high reproducibility being
operated without in situ control or tuning, and the processes run automatically, without
the need for continuous operator attendance. Many ALD processes may be performed
over a relatively wide temperature range. Therefore, a common growth temperature is
often found for different materials, thereby making it possible to deposit multilayer
structures in a continuous manner. The control of material composition at atomic level
is easy. The doping level can be controlled by switching a fraction of deposition cycles
to precursor containing a dopant. Major drawback of ALD is generally a rather low
growth rate since in the best case only one atomic layer is deposited during one cycle.
This can be partly compensated by scaling up the process and expressing the productivity in terms of film volume.38,39,41

2.2.3 Precursors
The choice of proper precursors is the key issue in a successful design of an ALD process. The requirements for precursors are not the same as in the case of other chemical gas-phase reactions, because instead of gas-phase, all the reactions should take
place at gas-solid interface. At the deposition temperature, the precursors must have
sufﬁcient volatility and no self-decomposition is allowed. The reactions between the
surface sites and the precursor molecules should be aggressive and complete. It’s also
important that precursors do not cause any etching of the substrate or the growing ﬁlm.
The precursors used in industrial applications should also be available at a reasonable
price, be non-toxic, and safe to handle.39

2.2.4 Misconceptions of the ALD process
There are two general misconceptions concerning ALD process. Both are relevant in
this thesis and therefore are briefly discussed here. First, one may think that ALD
growth proceeds always in a layer-by-layer manner. This is often not true and only a
fraction of monolayer of grown material is deposited in each cycle. The reason for this
can be steric hindrances between the bulky ligands in the chemisorption layer. Another
reason for the submonolayer deposition per cycle growth is limited number of reactive
surface sites. For instance, when the number of –OH groups on the surface decreases
with the increase of temperature, the growth rate decreases.39,41
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Another misconception is that ALD would produce atomically smooth films. This may
be true for amorphous and monocrystalline films, but not for the polycrystalline films.
The nucleation and the film growth of polycrystalline films results in measurable surface
roughness and it increases with the film thickness.39

2.3 Self-assembled monolayers
Self-assembled monolayers (SAMs) can be described as organic assemblies that are
formed by the adsorption of molecular constituents from solution or gas phase onto
solid surface. The technique can be used to form uniform layers of different classes of
organic and bio-organic compounds on variety of metal and metal oxide surfaces. The
research interest of SAMs has increased over the past years. First reports on SAMs
date back to 1940s and nowadays SAMs are important part for example in hybrid optoelectronic devices such as dye sensitized solar cells.4,42,43
SAM formation is a spontaneous reaction where the reactive group of the anchor reacts with the surface atoms of the substrate, e,g. with hydroxyl groups of oxide surfaces.43 A thiol group is common anchor for gold and some metal surfaces42,43 whereas for
metal oxides, there are more anchor groups available.44,45 The immobilization can take
place for example via carboxylic and phosphonic acid, siloxane, and anhydride anchors.46-49 The big advantage of the SAM deposition technique is its simplicity. Any
special arrangements (e.g. no high vacuum) are not needed, a substrate is dipped into
the solution for a certain period of time and a monolayer is assembled. To achieve
good quality SAMs many factors like, solvent, temperature, concentration and immersion time should be optimized.50 Ethanol is widely used solvent for preparing SAMs and
typical concentrations are at the level from µM to mM.43
An important property of SAMs is that they can be deposited on high curvature surfaces including porous surfaces if the characteristic size of pores is much greater than the
size of molecules. The optical absorption of a SAM deposited on any non-flat surface is
expected to be proportional to the effective surface area if the monolayer formation is
completed. Therefore comparison of the absorptions of SAMs deposited on different
types of porous surfaces is a relatively simple but informative way to monitor the effective surface area.51
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2.4 Photoinduced processes at semiconductor-dye interface
Photoinduced electron transfer (ET) at a semiconductor-dye interface resembles that in
a donor-bridge-acceptor complex, where the dye (electron donor) is assembled on the
semiconductor (electron acceptor) through molecular spacer and anchor (bridge).52
Electron injection from the excited dye to the semiconductor is thermodynamically possible when the lowest unoccupied molecular orbital (LUMO) of the dye lies higher in
energy than the semiconductor conduction band (CB).6 This is illustrated schematically
in Figure 2.3.

CB

e- LUMO (D*)

energy

hv

HOMO (D)
VB
ZnO, TiO2

Sensitizing
dye

FIGURE 2.3 Scematic illustration of the energy level alignments at semiconductor-dye interface upon photoinduced electron transfer reaction.

Study of the primary electron transfer from the dye molecule to the metal oxide is a
challenging task because several factors need to be taken into account as summarized
in Figure 2.4. To achieve an efficient interfacial ET, prerequisites for the dye layer are:
(1) a stable interfacial electronic coupling between the dye molecules and the metal
oxide, (2) a dense and optimized packing of the dye molecules in the layer, and (3) an
appropriate distance between the dye and metal oxide. The stable coupling is achieved
if the dye has an anchor group, which reacts with the surface hydroxyl groups of the
metal oxide and forms a chemical bond.7,53 In addition to the type of the anchor group,
the number of anchor groups and their position in the dye molecule have an impact on
the molecular orientation, coupling strength and thus on the interfacial ET kinetics.54-56
The packing density of the dye molecules should be optimized to avoid the excited
state quenching due to the intermolecular interactions in the dye layer itself. Appropriate bulky substituent groups in the dye and possible small molecules as coadsorbates
are the two main ways to reduce aggregation effects in the dye layer.57-59 The ET rate is
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also found to depend on the distance from the dye to the metal oxide surface. The
longer the distance, the slower the ET is. Therefore the spacer group(s), which links
the anchor group to the chromophore part of the dye molecule, is another key factor
determining the rate of the ET processes.60-62
Considering the metal oxide properties, the most crucial factor may be the density of
electron accepting states in the conduction band. The higher the density of the states
(DOS) the faster the ET is. The DOS depends on the material and if the material bulk
properties are compared, TiO2 has a higher DOS than ZnO.6,63 It is important to notice
that the nanostructure properties can differ from the bulk properties. As the feature size
decreases, the number of surface atoms increases relative to that in bulk and therefore
the properties change. The role of the metal oxide nanostructure in ET is always a
case-sensitive depending on the morphology and the preparation method.51,64
hv

Packing density

Substituents

Electron
transfer

Tilt angle
Electronic
coupling

Spacer group
Anchor group(s)

Semiconductor, e.g. ZnO or TiO2

Morphology
Density of
Material
states
Preparation methdod

FIGURE 2.4 The factors determining the ET kinetics at a semiconductor-dye interface.

Upon photoexcitation of the dye molecules assembled on semiconductor, a few reactions can take place. At least two states can be formed in the dye layer, the singlet excited state and the cation, the latter can be formed after the primary electron transfer
from the LUMOs of the excited dye to the electron accepting states in CB of the semiconductor.58 However, excited state of the dye can be deactivated via the intermolecular interactions in the dye layer. To distinguish between the two reactions, the dye layer
can be assembled on the insulating metal oxide, for example on the aluminum oxide
(Al2O3). Its CB energy high enough to prevent the ET and the singlet excited state
quenching is expected to originate only from the intermolecular interactions in the dye
layer itself.
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3

Materials and methods

This chapter describes the studied compounds, film preparation methods and the main
characterization methods utilized in this thesis. More detailed description and the experimental details are found in publications I-IV and references therein.

3.1 Compounds
3.1.1 Compounds for photoactive thin films
Compounds used to prepare thin films are shown in Figure 3.1. Aluminum doped zinc
oxide films were studied as light transparent electrodes in organic solar cells using regioregular poly(3-hexyl thiophene-2,5-diyl) (P3HT), 3,4,9,10 perylene-tetracarboxylic
diimide (PTCDI) and tris(8-hydroxyquinoline) aluminum (Alq3) as photoactive layers.
Approximately 20 nm layer of P3HT was prepared by spin coating and PTCDI (40 nm)
and Alq3 (6 nm) were deposited by vacuum thermal evaporation.
Hole transporting materials, P3HT and Spiro-OMeTAD ((2,2',7,7'-Tetrakis-(N,N-di-4methoxyphenylamino)-9,9'-spirobifluorene) were studied in publication IV. P3HT is wellknown hole conductor in organic solar cells3,65 but recently it is also used in solid state
solar cells.66 Spiro-OMeTAD is a common hole conductor in solid state dye sensitized
solar cells (DSSC).67,68 Both films were prepared by spin coating on top of ZnPc SAM
on ZnO nanorods.
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FIGURE 3.1 Molecular structures of the compounds for the thin film preparation.
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3.1.2 Porphyrin and phthalocyanine derivatives
SAMs of three porphyrin derivatives and one phthalocyanine derivative were formed on
ZnO, TiO2, and Al2O3. The molecular structures are shown in Figure 3.2. 5-(4Carboxyphenyl)-10,15,20-triphenyl-21,23H-porphyrin (CPTPP) was a commercially
available chromophore and 5-(4-carboxyphenyl)-10,15,20-tris(2,4,6-trimethylphenyl)
porphyrinatozinc(II) (ZnP) was synthesized at the Department of Molecular Engineering
in Kyoto University. 2-{3-[10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin-5-yl]phenoxy}
ethyl4-(triethoxysilyl) butanoate (P-Si(OEt)3) and zinc 4-(1,15,22-trimesitylphthalocyanine-8-yl)benzoic acid (ZnPc) were synthesized at the Department of Chemistry and Bioengineering in Tampere University of Technology.

CPTPP

P-Si(OEt)3

ZnP

ZnPc

ZnO, TiO2 or Al2O3

FIGURE 3.2 Molecular structures of chromophores assembled on metal oxide surfaces.

CPTPP, ZnP and ZnPc are bound to metal oxide surfaces with carboxylic acid anchor
which is close proximity to the chromophore core. P-Si(OEt)3 has a long, nonconjugated linker connecting the triethoxysilane anchor to the porphyrin core. ZnP resembles structurally CPTPP, but has Zn metal in central cavity and methyl substituents
at the 2,4,6-positions of the meso-phenyl rings. P-Si(OEt)3 and ZnPc have big substituent groups, tert-butyl and mesitylene, respectively.
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3.2 Film preparation
The details of the film preparation are described in following Sections 3.2.1 - 3.2.3. Hydrothermal growth of ZnO nanorods and formation of self-assembled layers are described in details because both relay on manual work and small experimental details
have an effect on the final result. Atomic layer deposition is a computer controlled process and reproducibility is high therefore only the most important parameters are described.

3.2.1 ZnO nanorods
ZnO nanorods were prepared in two steps. At first, the ZnO seed layer was formed on
the substrate and after that the ZnOr were grown by hydrothermal method. Two different seed layers, denoted as A and B, were prepared by the spin coating of zinc acetate
dihydrate solution on the ITO substrates followed by annealing. To ensure a good hydrophilicity, the substrates were treated with nitrogen plasma (publications II,III) or UV
ozone (publication IV) for 10 minutes before the spin coating. To prepare seed layer A,
0.01 M zinc acetate in ethanol was spin coated on ITO and then annealed in air at
350 °C for 20 min. Both the spin coating and the annealing were repeated three times.
Seed layer B was formed by using 0.23 M zinc acetate dissolved in a mixture of 2methoxyethanol and ethanolamine 96:4. The spin coating and annealing were performed in the same manner as for seed A, but only one layer of zinc acetate was spin
coated on ITO.
The actual growth of ZnOr was performed in plastic (polymethylpentane) staining jars
in water bath. 10 substrates were placed in the jar filled with Zn(NO3)2 and HMTA as
shown schematically in Figure 3.3. The distance from the substrates to the bottom of
the jar was 3 cm and the total volume of reagent solution was 300 ml. For the growth
process optimization the concentrations of the reagents were either 0.02 M or 0.05 M
and the growth temperature varied from 80 to 90 °C.
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a)

b)
substrates

12*35 mm

3 cm

FIGURE 3.3 Schematic illustration of the ZnOr growth arrangement. a) Top view and b)
side view. Gray line in figure b) corresponds to the level of the reagent solution.
The growth time of ZnOr varied from 2 to 10 hours. The growth solution was at room
temperature when the jar was placed into water bath. The warming up of the solution to
the target growth temperature took approximately one hour. The growth time was
counted from the time when the growth temperature was reached. For the growth of
1.5 µm long ZnOr, the reagent solution was changed after each 5 hours of growth. This
was done by rinsing the samples and the jar with milli-Q water and then placing the
plates and a new solution of Zn(NO3)2 and HMTA again into the jar. After the desired
growth time, ZnOr samples were rinsed with milli-Q water and dried in air. Finally, the
ZnOr samples were annealed in air at 300 °C for 30 minutes. For the long time storing,
the ZnOr jars were filled with nitrogen.

3.2.2 ZnO, TiO2 and Al2O3 by atomic layer deposition
Atomic layer deposited films were used as transparent electrodes in solar cell prototypes and as modification layers of ZnO nanorods. Three materials, ZnO, Al2O3, and
TiO2 were deposited. Diethylzinc (DEZ), trimethylaluminum (TMA) and titanium tetrachloride (TiCl4) were used as zinc, aluminum, and titanium precursors, respectively. In
all processes water was an oxygen source and nitrogen was a carrier and purging gas.
Pulse and purge times were process and device dependent. The resistivity of the ZnO
film was reduced by aluminum doping. The relative level of Al-doping was 2.8%. In
practice this was achieved by adding one TMA/water cycle after 35 DEZ/water cycles.
The aluminum doped ZnO films (AZO) were deposited at two temperatures, 150 and
250 °C. The depositions of ZnO, Al2O3 and TiO2 modification layers on ZnO nanorods
were performed at 200 °C at Aalto University.
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3.2.3 Self-assembled monolayers
CPTPP, ZnP, and ZnPc were dissolved in alcohols and attached on metal oxide surfaces via carboxylic acid anchors. The experimental details are summarized in Table
3.1.
TABLE 3.1 Concentrations, solvents, and reaction times used for the deposition of selfassembled monolayers of CPTPP, ZnP, and ZnPc, respectively.

Compound

Concentration

Solvent

Reaction time

CPTPP

0.20 mmol/l

ethanol

1h

ZnP

0.20 mmol/l

methanol

1h

ZnPc

0.05 mmol/l

butanol

16 h

After measuring the absorption spectrum of each metal oxide substrates, the plates
were heated in oven at 150 °C for 30 minutes and cooled to 80 °C before immersing
the plates into solution. After the desired reaction time the plates were rinsed carefully
with pure solvent to remove any unbound molecules from the surface. The reaction
time was optimized to be as short as possible to get saturated absorption. Too long
reaction times may increase the degree of aggregation, especially in case of CPTPP,
which has no substituents in the porphyrin phenyl rings.
The formation of P-Si(OEt)3 SAM on MO surfaces was based on the reaction between
the triethoxysilane anchor and MO. 0.08 mM P-Si(OEt)3 was dissolved in distilled toluene and small amount of isopropyl amine was added to reaction vessel. The reaction
was accomplished in two hours under argon at 105 °C. Well dried reaction vessel and
substrate were required for the successful SAM formation.
The major practical difference between the carboxylic acid and the triethoxysilane anchor group is the fact that the carboxylic acid anchor can be used for several SAM reactions whereas solution of porphyrin with the triethoxysilane anchor can be used only
once. For the real applications this has to be taken into account, but for laboratory test
studies this is not essential. Typically, using 20 ml solution of P-Si(OEt)3, seven SAM
samples (12*35 mm) could be prepared simultaneously.
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3.3 Microscopy
Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) are versatile methods to characterize the metal oxide surfaces. The measurements were performed to ensure that the surfaces of the prepared metal oxide films could be used
further for organic film deposition. The resolution, especially in z-scale is significantly
better for AFM than for SEM and therefore the roughness of AZO electrodes is determined by AFM. On the other hand, AFM cannot be used to study non-flat surfaces
such as nanorods, in which case SEM becomes the key method of structural characterization. In addition, SEM offers relatively high scanning speed enabling the convenient
study of relative large surface areas. In typical SEM measurement, 3 keV accelerating
voltage is used and the aperture size is set to 20 or 30 µm depending on the charging
of the sample surface. In cross-section SEM imaging, one has to pay attention to sample preparation, because the interface can be damaged easily. Briefly, after scratching
part of the front side of the cross section SEM sample by a diamond pen, the plate is
cleaved by tilting both halves downwards. As a result, part of the cross-section stayed
untouched and is suitable for SEM imaging.

3.4 Spectroscopy
3.4.1 Infrared spectroscopy
Fourier Transform Infrared spectroscopy (FT-IR) is an informative tool for structural
characterization of organic molecules. Infrared radiation excites different types of vibration modes of the chemical bonds in the molecule. Each functional group has characteristic absorption band(s) in the infrared spectrum that can be used for the compound
identification.69
In this thesis, the covalent bonding of ZnP carboxylic acid anchor to the metal oxide
was proved by the FT-IR spectroscopy. The spectra were acquired in attenuated total
reflectance (ATR) mode. In ATR mode, the IR-beam is directed trough ATR crystal
onto sample surface (0.5 - 3 µm), reflected back to the crystal and passed to the detector. The benefit of the ATR-mode is minimal sample preparation. The only requirements are good contact between the sample and the crystal and lower refractive index
of the sample than that of the crystal.69 The bond formation was followed by comparing
characteristic carboxylic acid stretching bands (ν(C=O) and ν(C-O)) in the solid compound and ZnP SAMs.50,70,71

18

3.4.2 Steady state absorption and emission spectroscopies
Steady state absorption spectra were recorded with a standard spectrophotometer
(Shimadzu UV-360). The measurements reveal the ground state absorption spectra of
the chromophores, which is important factor when selecting appropriate excitation
wavelengths for time-resolved measurements. Steady state absorption is also simple
and fast method to verify the quality of the SAMs. When forming SAMs of chromophores on ZnOr substrates, it is essential to measure each substrate spectrum before
SAM formation because the scattering of ZnOr substrate is relatively strong especially
in the porphyrin absorption region. If the substrate spectrum is not measured, the accurate estimation of the SAM absorption may be a challenging task.
Steady state emission measurements were the first tool to study the interactions at
porphyrin SAM-metal oxide interface. The samples were excited at absorption maximum wavelength. SAMs on Al2O3 were used as a reference samples to distinguish between possible reaction pathways. CB of Al2O3 is high enough to prevent ET thus the
excited state quenching is assumed to take place only by intermolecular interactions in
the dye layer.

3.4.3 Time resolved spectroscopy
The fluorescence lifetimes were determined by the time-correlated single photon counting (TCSPC) method. All the measured samples were excited at 405 nm and fluorescence decays were monitored close to the particular emission maximum wavelength.
The steady state emission intensities and fluorescence lifetimes of each studied compound on TiO2 and ZnO were compared to those on Al2O3. If the relative quenching of
the steady state emission intensity was observed to be greater than the relative shortening of emission lifetime, it indicates that there are some fast processes taking place,
which are not resolved by TCSPC system due to instrument time resolution limit (60-70
ps).
The fast photoinduced reactions were studied by recording time resolved transient absorption spectra using the pump-probe method.72 The method relies on the fact that
molecules have different absorption spectra in the ground and excited state and in cationic or anionic form. Therefore intermediate states and their lifetimes can be identified
due to their spectral signatures and spectral transformation times, respectively. Based
on this information, the reaction pathways can be resolved. As a result of the pumpprobe measurements the time dependence of transient absorption (TA) signals at each
wavelength are obtained. The data were analyzed by fitting the TA decay curves globally with a multiexponential and/or distributed decay models.73
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4

Results

This chapter provides a summary of the most important results and findings presented
in publications I-IV. At first, the use of aluminum doped zinc oxide films as a transparent electrode in photovoltaic applications is discussed. Secondly, the study of photoinduced reactions at ZnO-organic layer(s) interface is described. Attention has been paid
to careful sample preparations and finally to the study of photoinduced reactions.

4.1 Aluminum doped ZnO films as transparent electrodes
Two kind of AZO films prepared by ALD were studied as transparent electrodes in layered organic solar cells. AZO 1 refers to film deposited at 150 °C with the last cycle of
TMA/water, the last cycle of AZO 2 film deposited at 250 °C was DEZ/water. The Aldoping level and the number of deposition cycles were the same for both films. The
surface morphology of the AZO films was characterized by SEM and AFM. SEM images of the AZO films are shown in Figure 4.1, which illustrates that both films are uniform and have been grown as wedge-shape crystallites, as it is characteristic for ALD
grown ZnO films.74,75
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a)

b)

FIGURE 4.1 SEM images of aluminum doped zinc oxide films deposited at a) 150 °C
(AZO1) and b) 250 °C (AZO 2).

Root Mean Roughness (RMS) values determined by AFM were 5.9 nm and 2.7 nm for
AZO 1 and 2 films, respectively, and 3.3 nm for ITO. Previous studies have shown that
the roughness of the ZnO films depends markedly on the film thickness. 76,77 The RMS
value of the AZO film doubled when the film thickness increased from 90 nm to 170 nm
as the consequence of higher growth rate at lower deposition temperature. Unlike one
could expect the resistivity of the films is the same. Although AZO 2 film is thinner than
AZO 1 the sheet resistance of both films was approximately 500 Ω/sq. The decreased
resistivity with the increased deposition temperature may be related to different crystalline growth direction at different temperatures. At 150 °C the [100] direction is observed
to be dominant whereas at 250 °C the [002] direction dominates the crystalline
growth.19 By increasing the film thickness and by optimizing the doping procedure the
resistivity of the AZO films can be decreased to the same level as that of the ITO film
(25-35 Ω/sq).19,78,79 In spite of the relatively high resistivity of the AZO, it is not the factor
limiting the studied solar cell performance because the photocurrent generated at active layers of P3HT-PTCDI junction was < 20 µA under the experimental conditions
used. Thus the voltage drop (< 0.01 V) caused by the AZO electrode resistivity can be
neglected.
A series of know photoactive compounds were deposited between the transparent and
the metal electrodes. The structure of the layered solar cell is presented in Figure 4.2.
The electrode next to electron donor (P3HT) is the anode whereas the electrode next
to the electron acceptor (PTCDI) the cathode. Thus, in devices 1 and 2 the expected
photoelectron flow is from Au toward AZO and in devices 3 and 4 from ITO or AZO
toward Au. Each sample had at least five electrode pairs and at least couple of similar
devices were prepared.
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Alq3 (6 nm)

Alq3 (6 nm)

PHT (20 nm)

PTCDI (40 nm)
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and 2 (AZO 2)

Device 3 (ITO)
and 4 (AZO 1)
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FIGURE 4.2 Schematic illustrations of solar cell structures. The blue arrow indicates the
direction of the photoelectron flow.

Absorption spectra of two solar cell prototypes (without top electrodes) are shown in
Figure 4.3. The absorption of the organic layers is clearly seen in the range of 450 600 nm. Due to the transparency differences between the ITO and AZO electrodes a
small difference in absorption spectra is observed, but the spectra of the organic layers
are essentially the same. The spin coating of P3HT on AZO|PTCDI does not dissolve
evaporated PTCDI layer thus the order of the active layers does not affect the sample
absorption.

AZO 1
ITO
AZO 1|PTCDI|P3HT
ITO|P3HT|PTCDI

0.5
0.4

A

0.3
0.2
0.1
0.0
400

500
600
700
wavelength, nm

800

FIGURE 4.3 Absorption spectra of the solar cell prototypes and the transparent electrodes
AZO1 and ITO.

Current-voltage (J-V) characteristics of the devices were measured in order to investigate possibility to use AZO electrodes in photovoltaic applications. The J-V characteristics of the devices with AZO and ITO electrodes are presented in Figure 4.4 and the
photovoltaic parameters of the devices are summarized in Table 4.1.
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FIGURE 4.4 Current-voltage characteristics of the solar cell prototypes with AZO and ITO
electrodes measured a) immediately after device preparation and b) 40 days
(AZO) and one day (ITO) after the device preparation.
TABLE 4.1 Effect of time on short circuit current (ISC), open circuit voltage (UOC), fill factor
(FF) and power conversion efficiency (η) of the measured devices. In the device,
1a refers to the electrode a and 1b to the electrode b.

Device

Measurement

ISC
(mA/cm2)

UOC
(V)

FF

η
(%)

1a

AZO1|PTCDI|P3HT|Alq3|Au

immediately

2.13

0.37

0.50

0.36

1a

AZO1|PTCDI|P3HT|Alq3|Au

after 18 days

2.08

0.40

0.52

0.41

1b

AZO1|PTCDI|P3HT|Alq3|Au

Immediately

2.24

0.36

0.45

0.39

1b

AZO1|PTCDI|P3HT|Alq3|Au

after 40 days

1.97

0.39

0.54

0.43

2

AZO2|PTCDI|P3HT|Alq3|Au

immediately

1.95

0.39

0.49

0.38

2

AZO2|PTCDI|P3HT|Alq3|Au

after 8 days

1.88

0.42

0.53

0.42

3

ITO|P3HT|PTCDI|Alq3|Au

immediately

1.58

0.37

0.50

0.29

3

ITO|P3HT|PTCDI|Alq3|Au

after 1 day

1.54

0.34

0.37

0.20

By comparing the results recorded immediately after the deposition of the top electrode,
it was observed that the photovoltaic performances of the devices 1 and 2 are very
similar to that of the reference device 3, but the order of the organic layers and photocurrent generation direction is switched to opposite (the gold is the cathode in case of
the device 3 and the anode in the devices 1 and 2). Device 4, which was otherwise
identical to the reference device 3 but AZO replaces ITO, had significantly lower efficiency compared to other devices and the results are not shown in the Table 4.1. This
result may be related to a poor performance of the AZO-P3HT interface, either the adhesion of P3HT to AZO is weak or the spin coated P3HT layer is too thin to form uni-
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form film. From the theoretical point of view, the devices 1 and 2 may have better performance than the device 4 since the HOMO and LUMO levels of the P3HT and PTCDI
layers have better matching to the corresponding work functions of the electrodes
when AZO is used as the electron collecting electrode and Au is as the hole collecting
electrode.74,80,81
Considering the measurements right after the device preparation, the results suggest
that both of the AZO films work as well as the ITO film in organic photovoltaic devices.
The difference in deposition conditions of the AZO electrodes and apparent difference
in the crystalline structures has no significant effect on the device performance. Also
deposition of aluminum oxide in the last cycle of the ALD process (device 1) had no
detectable effect. Taking into account the ambient measurement conditions and the
non-optimized active layers the obtained power conversion efficiencies are in the expected level.82
For the degradation testing the samples were stored in open air in dark at room temperature and the J-V measurements were repeated after certain period of time. The
results are given in Table 4.1. There was no remarkable drop in short circuit current (ISC)
for the device 1 after 18 days of storing. When the measurement was performed 40
days after the sample preparation, ISC has decreased by roughly 15%, but due to a
small increase in open circuit voltage the total power conversion efficiency has increased slightly. Similar time trend was observed for device 2, indicating that both
types of the AZO electrodes have a positive effect on photovoltaic device durability.
The biggest difference is found by comparing the AZO and ITO devices. Initially ISC is
somewhat lower for ITO and decreases remarkably in one day. The shape of the J-Vcurve is also changed as it can be seen from Figure 4.4b, resulting in decreased power
conversion efficiency. The ITO-P3HT interface and the ITO electrode itself may be responsible for the fast degradation of the ITO device. Two degradation phenomena
have been observed previously. The one is an exchanging reaction between oxygen in
the outer monolayer of ITO and diffused oxygen and another is the diffusion of indium
through the entire device to the counter electrode.83-84
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4.2 Growth of ZnO nanorod templates
The study of AZO electrode discussed above have shown that ZnO is suitable wide
band gap semiconductor for organic and hybrid semiconductor-organic solar cells.
However, the layered structure used in the previous study is not optimal for constructing efficient solar cell, since absorption near the interface area responsible for the primary charge separation is weak. A known approach to solve the problem is to use a
nanostructured template to build the interface with increased specific surface area. This
approach is used in DSSC, where the working interface is interface between the layer
of TiO2 nanoparticles on a fluorine doped tin oxide electrode and SAM of dye sensitizer.
ZnO may provide a more elegant and versatile solution to the problem, since a simple
and non-expensive method exists to grow ZnO nanorods on a desired electrode surface. This section is devoted to developing a routine for growing ZnO nanorods suitable
for solar cell applications.

4.2.1 Optimization of the hydrothermal growth of ZnO nanorods
The hydrothermal growth of ZnO nanorods was optimized to achieve well-ordered arrays of ZnOr with high specific surface area. This is a prerequisite not only for solar
cells but also for time-resolved studies of interfacial photoinduced reactions because
the absorption of the dye monolayers on a flat surface is too low for the measurements.
Good alignment of ZnOr is essential requirement because it corresponds to ideal morphology. In this hypothesis, the interactions between the porphyrin molecules assembled on the neighboring nanorods can be neglected.
The effect of the ZnO seed layer, precursor concentration, growth temperature, and the
growth time on the ZnOr morphology was studied first. Two types of the seed layers,
denoted as layers A and B, were prepared by the spin coating. The essential difference
in preparation process of seed layers A and B was the precursor concentration and the
number of the spin coated layers. Seed layer A was prepared by spin coating of 0.01 M
zinc acetate three times, whereas in the case of seed layer B only one layer of 0.23 M
zinc acetate was spin coated. Typically, the ZnOr were grown on ITO substrates but
also FTO substrates were used for DSSC experiments. The main reason to use the
ITO coated (100 nm) glass substrates instead of clean glass plates was a better adhesion of the spin coated seed layer.
SEM images of the layers A and B are shown in Figure 4.5a,b, which demonstrate
clearly the difference between them. Seed layer A consists of particles with 10-20 nm
diameters and according to the cross-section SEM image (not shown) thickness of the
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layer is approximately 10 nm. Seed B is approximately 25 nm thick and has a porous
morphology. Small pores in the film (diameter less than 10 nm) are most probably due
to the decomposition of zinc copolymers during the annealing.85
Figure 4.5c,d shows nanorods grown on seed layers A and B while keeping reaction
conditions otherwise the same. The seed layer act as a nuclei for ZnOr growth and has
strongest effect on the ZnOr density and orientation.34,86,87 The alignment of the ZnOr
grown on the seed layer B is almost perpendicular to the substrate surface and the
density is higher compared to that of seed layer A.

FIGURE 4.5 SEM images of seed layers a) A and b) B, c) ZnOr grown at 80 °C for 4 h on
the seed A (diameter 40 nm, average length 350 nm) and d) ZnOr on the seed
layer B (diameter 35 nm, average length 250 nm).

In contrast to previous studies, the seed layer has only minor effect on the average
diameter of the ZnOr, which is mainly determined by the precursor concentration.34,88,89
This can be clearly seen in SEM image shown in Figure 4.6, by changing the concentration from 0.02 M to 0.05 M the average diameter increases from 40 nm to 100 nm. In
principle, the larger diameter should increase the effective surface area if the density
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remains the same. Apparently this is not true because ZnOr with larger diameter start
to fuse together leading to smaller surface area.

FIGURE 4.6 SEM images of ZnOr grown at 80⁰C for 6 h on seed layer A using a) 0.05 M
and b) 0.02 M precursors.

The growth temperature determines the ZnOr growth rate if other growth parameters
are kept constant. In the 80-90 °C temperature range, both the length and diameter
increases with the temperature. The optimum temperature for the growth of high aspect
ratio of ZnOr was determined to be 85 °C.
The ZnOr length depends linearly on the growth time as long as precursor concentration is sufficient. When long (> 1 µm) ZnOr were grown, the precursor solution was
changed after 5 hours growth to ensure a stable growth rate.

4.2.2 Effective surface area of ZnO nanorods
The effective surface area of the ZnOr was estimated by absorption spectroscopy.
CPTPP SAMs were deposited on ZnOr grown in different conditions and the absorption
increase was compared to the absorption value of the same monolayer on the flat ZnO
surface (0.03). Figure 4.7 shows the dependence of the increased surface area on the
length of ZnOr for three different series of the ZnOr substrates.
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FIGURE 4.7 Dependence of the surface area on the ZnO nanorod lengths grown at 80 °C
on seed A (black solid line, squares) and seed B (black dotted line, triangles) and
those of grown at 85 °C on seed B (gray solid line, circles).

ZnOr grown on seed A (at 80 °C) have smaller surface area compared to that of the
ZnOr grown on seed B (at 80 °C or 85 °C). The main reason for this is the lower density of ZnOr, because the diameter is even greater if seed A is used (see Figure 4.5c).
The surface area increases almost linearly with the length of ZnOr, though small deviations from the linear dependence can be attributed to a variation in the seed layer morphology and growth conditions leading to some differences in the ZnOr dimensions.
The growth temperature of ZnOr has no detectable effect on the surface area for nanorods of the same length, though the growth rate is higher at higher temperature.
Approximately 1.5 µm long ZnOr were prepared for the study of photoinduced electrontransfer processes at porphyrin-metal oxide interface (publications II and III). The
growth was performed at 85 °C using porous seed layer (type B) and 0.02 M precursor
solutions. SEM image and schematic illustration of the sample dimensions are shown
in Figure 4.8. The increase in the surface area is not linear in the length range of 0.9 1.5 µm, because longer ZnOr starts to fuse together at their roots. However, the absorption of studied porphyrin derivatives on 1.5 µm long ZnOr was sufficient for timeresolved absorption measurements. The measurements were also carried out with a
thin (2-5 nm) modification layer deposited on top of ZnOr, which had no detectable effect on the effective surface area, as will be discussed later.
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FIGURE 4.8 Optimized structure of ZnO nanorods for the study of photoinduced electrontransfer processes at an porphyrin-metal oxide interface.

For the study of photoinduced charge transfer through ZnPc layer (publication IV), the
ZnOr were grown at 85 °C using type B and 0.02 M precursor solutions. In this case
the growth time was five hours which resulted in 600 nm long ZnOr. This length was a
compromise between reasonably high ZnPc monolayer absorption and the sufficient
infiltration of hole transporting materials into ZnOr structure.

4.3 Preparation of photoactive ZnO-organic structures
4.3.1 Porphyrin monolayers on metal oxides
Before studying the photoinduced processes at porphyrin-metal oxide interface, the
monolayer formation was confirmed by steady state absorption and FT-IR spectroscopy methods.
Absorption spectra of the free base porphyrin SAMs on the modified ZnOr substrates
are shown in Figure 4.9. Typical features of the porphyrin spectrum, Soret band, and
four or two Q bands, are observed in all spectra. Among all SAMs, CPTPP SAMs have
highest absorption. CPTPP is the only porphyrin derivative, which has no substituents
in the porphyrin phenyl rings, thus the packing density is expected to be the highest.
Lack of the substituents results also in increased aggregation as indicated by the highest red-shifted absorptions relative to the solution spectra. The effect of ZnOr modification layer (2 or 5 nm layer of TiO2 or Al2O3) on the effective surface area cannot be determined because the variation in surface area of ZnOr grown on identical conditions
was stronger than the effect of the modifying layer.
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FIGURE 4.9 Absorption spectra of a) CPTPP, b) P-Si(OEt)3 and c) ZnP SAMs on ZnOr,
ZnOr|Al2O3 (2 or 5 nm) and ZnOr|TiO2 (2 or 5 nm).

The binding mode of ZnP layer to semiconductors was studied by the FT-IR-ATR spectroscopy method. The ATR spectra of the solid ZnP powder and the ZnP bound to MO
substrates are shown in Figure 4.10. The spectrum of solid ZnP has characteristic carboxylic acid stretching bands ν(C=O) and ν(C-O) at around 1700 and 1280 cm−1, respectively. Upon binding these bands disappear and symmetric (ν(COO−as) and asymmetric (ν(COO−s) stretching bands of carboxylate groups appear at around 1400 and
1600 cm-1. These characteristic features are observed when ZnP is bound to all studied
substrates.
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FIGURE 4.10 FT-IR-ATR spectra of a) ZnP powder, b) ZnOr|ZnP, ZnOr|TiO2|ZnP and
ZnOr|Al2O3|ZnP samples.

The FT-IR-ATR signal intensity is low in the case of ZnOr based samples, but still a
clear difference to the spectrum of solid unbound ZnP is found. The disappearance of
strong ν(C=O) band in the ZnP SAM spectra rules out the ester type binding mode and
also indicates that no unbound ZnP is left on the metal oxide surfaces. The difference
between the symmetric and asymmetric stretching bands of carboxylate group suggests that ZnP is covalently bound to all studied surfaces by bidentate binding mode.

4.3.2 Phthalocyanine monolayer and hole transporting film on ZnO
SEM images of the solid samples consisting of ZnPc monolayers assembled on ZnO
nanorods covered with hole transporting material (P3HT or Spiro-OMeTAD) are shown
in Figure 4.11.

FIGURE 4.11 Cross section SEM images of a) ZnOr|ZnPc, b) ZnOr|ZnPc|P3HT, and c)
ZnOr|ZnPc|Spiro-OMeTAD.

The spatial resolution of the SEM used in this study is limited to 5-10 nm, thus ZnPc
SAM on ZnOr cannot be distinguished. However, P3HT and Spiro-OMeTAD layers fill
relatively large volumes and are seen in the images as gray areas around and between
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the ZnOr. As a result single nanorods are not seen in Figure 4.11b and c as clearly as
in Figure 4.11a. SEM images illustrate that Spiro-OMeTAD infiltrates better to ZnOr
compared to P3HT. This is expected since it has lower molecular weight and spatial
size than P3HT.90
The absorption spectra of ZnPc in butanol and the studied samples are shown in Figure 4.12. The absorption maximum of the Q-band ZnPc in butanol is at 679 nm. ZnPc
SAM on ZnOr has maximum at 681 nm and the spectrum is slightly broadened as
compared to the solution spectrum, having bandwidths (FWHM) of 35 and 19 nm in
SAM and butanol, respectively. Such a small shift in the absorption maximum position
and only a minor increase in the band width indicates a relatively small degree of aggregation of ZnPc in SAM. As illustrated in Figure 4.11 and discussed in chapter 4.2.2,
there is always variation in effective surface area of ZnOr which explains the observed
difference in the ZnPc absorption between the samples. P3HT film has characteristic
broad absorption in the range 400-620 nm. Film of Spiro-OMeTAD on ZnOr is almost
transparent; the main absorption band around 390 nm is seen as a sharp absorbance
rise towards shorter wavelengths starting from 450 nm. 91 The spectra of
ZnOr|ZnPc|P3HT and ZnOr|ZnPc|Spiro are almost superposition of its components, but
ZnPc Q band is red-shifted by 7 nm. The shift is an indication of the change in the environment of ZnPc SAM caused by the close contact to HTM.
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Figure 4.12 Absorption spectra of ZnPc in BuOH (gray), ZnOr|ZnPc (black), ZnOr|P3HT
(cyan), ZnOr|ZnPc|P3HT (blue), ZnOr|Spiro-OMeTAD (orange), and
ZnOr|ZnPc|Spiro-OMeTAD (red). Spectrum of ZnOr has been subtracted from
each film structure.
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4.4 Photoinduced processes at semiconductor-dye interface
Photoinduced interactions between the porphyrin SAMs and two semiconductors, ZnO
and TiO2, were studied. (II and III) The effect of semiconductor was investigated by
modifying the ZnOr surface by a thin layer of TiO2 or Al2O3 and by comparing interfacial
ET kinetics on TiO2 nanoparticle film and on TiO2 coated ZnOr substrates. In most
complex system, a layer of hole transporting material was added on top of the ZnOzinc phthalocyanine nanostructure. (IV) The charge transfer reactions were followed
both at ZnO-ZnPc and ZnPc-hole transporting material interfaces.

4.4.1 Role of the chromophore
The interactions at metal oxide-porphyrin SAM interfaces were monitored first by comparing emission intensities and fluorescence lifetimes of the SAMs. The aim was to find
out, how the structure of arrangement of porphyrins in the SAM affects the photoinduced interfacial reactions. At the same time, it was possible to determine the optimum
thickness for TiO2 and Al2O3 modification layers. The steady state emission spectra of
the porphyrin SAMs on ZnOr, ZnOr|TiO2 and ZnOr|Al2O3 are shown in Figure 4.13.
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FIGURE 4.13 Normalized emission spectra with respect to the relative amount of the excitation light absorbed by the films of a) CPTPP, b) P-Si(OEt)3, and c) ZnP SAMs
on ZnOr, ZnOr|Al2O3 (2 or 5 nm) and ZnOr|TiO2 (2 or 5 nm).

Even though all the porphyrins SAMs have compatible absorptions, the emission properties are quite different. P-Si(OEt)3 SAM shows only a weak emission intensity dependence on the metal oxide properties compared to that of CPTPP and ZnP SAMs.
The difference in the emission intensities of CPTPP and ZnP on ZnOr|Al2O3 (5 nm) and
on ZnOr|TiO2 (5 nm) are approximately 17 times, whereas there is only two times difference in the case of P-Si(OEt)3. The weak dependence can be attributed to the relative long linker in P-Si(OEt)3 resulting in an increased distance between the chromophore and the metal oxide and thus reduced the interaction between the two.60
Emission decays of the porphyrin SAMs on ZnOr, ZnOr|TiO2 and ZnOr|Al2O3 were
measured by TCSPC method and fitted with the bi-exponential fit model. The calculated average lifetimes together with relative emission intensities and lifetimes are presented in Table 4.2. The relative emission intensities and the average lifetimes were
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normalized with respect to those on ZnOr|Al2O3 (5 nm), where only intra-molecular interactions are expected to occur.
TABLE 4.2 Average emission lifetimes (avg) of CPTPP, P-Si(OEt)3, and ZnP SAMs on
metal oxides. χ2 is weighted mean square deviation. Relative the emission intensities and lifetimes relative to sample on ZnOr|Al2O3 (5 nm) are presented in the
last two columns.

avg (ns)

χ2

rel. em. (660 nm) rel. avg (ns)

ZnOr|Al2O3 (5 nm)

0.69

1.19

1.00

1.00

ZnOr|Al2O3 (2 nm)

0.59

1.29

0.77

0.86

ZnO

0.20

1.88

0.18

0.29

ZnOr|TiO2 (2 nm)

0.21

1.74

0.13

0.30

ZnOr|TiO2 (5 nm)

0.08

1.40

0.06

0.12

ZnOr|Al2O3 (5 nm)

1.37

1.21

1.00

1.00

ZnOr|Al2O3 (2 nm)

1.62

1.16

1.01

1.18

ZnOr

1.04

1.65

0.61

0.76

ZnOr|TiO2 (2 nm)

1.09

1.77

0.54

0.80

ZnOr|TiO2 (5 nm)

1.11

1.72

0.55

0.81

ZnOr|Al2O3 (5 nm)

0.34

1.9

1.00

1.00

ZnOr

0.10

1.1

0.20

0.29

ZnOr|TiO2 (5 nm)

0.12

1.4

0.06

0.35

CPTPP

P-Si(OEt)3

ZnP

CPTPP SAM shows a strong emission intensity and lifetime dependence on the type of
metal oxide substrate; therefore it was selected as a model compound for the thickness
optimization of the ZnOr modification layer (2 or 5 nm). A relatively thick layer of Al 2O3
is expected to cancel all interfacial electronic interactions. The difference in the emission lifetimes of CPTPP SAM on the ZnOr|Al2O3 (2 and 5 nm) is rather small. Therefore
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one may safely assume that 5 nm layer is thick enough to prevent the interactions and
the emission quenching is exclusively due to CPTPP aggregation in the SAM. On the
contrary, there is more than two-fold difference in the emission intensity and lifetime of
CPTPP SAM on 2 and 5 nm TiO2 layers. Based on these observations, a 2 nm layer of
TiO2 is not thick enough to switch surface properties completely from that of ZnO to
TiO2 one.
Another method to ensure complete ZnOr surface modification with 5 nm layer of Al2O3,
DSSC experiments were performed using ZnP which is a well-studied sensitizer in
DSSC.54 The photocurrent-voltage characteristics are shown in Figure 4.14 and the
performance parameters are summarized in Table 4.3. The efficiency of the
ZnOr|Al2O3|ZnP solar cell is almost zero (ƞ = 0.001%). On the other hand, the
ZnOr|ZnP, ZnOr|ZnO, and ZnOr|TiO2|ZnP cells have reasonable efficiencies compared
to the low cell absorbance. Based on these results, 5 nm thick layers of Al2O3 and TiO2
were concluded to be sufficient to modify the ZnO surface and were used in the further
time-resolved absorption experiments.

FIGURE 4.14 J-V characteristics DSSCs based on ZnOr photoanodes and ZnP sensitizer.

36

TABLE 4.3. Photovoltaic properties of the studied DSSCs.

Photoanode

Jsc

Uoc
2

FF

ƞ

(mA/cm )

(V)

(%)

ZnOr

1.0

0.40

0.42

0.17

ZnOr|ZnO

0.59

0.39

0.43

0.10

ZnOr|Al2O3

0.01

0.24

0.43

0.001

ZnOr|TiO2

0.54

0.55

0.67

0.20

Estimation of the CPTPP, or specially ZnP SAM-metal oxide interactions by comparing
emission lifetimes is not accurate. There is more than two fold difference in the relative
emission intensities and lifetimes. This indicates that faster (< 70 ps) quenching processes may take place and those cannot be resolved by TCSPC method.

4.4.2 Role of the semiconductor
The photoinduced ultrafast processes at the semiconductor-ZnP interface, which were
not resolved by TCSPC, were studied by the time-resolved absorption method. With
the excitation at 560 nm, the singlet excited state is populated and it yields an instant
rise of the TA signal at 660 nm as shown in Figure 4.15. The slower rise of the absorption at this wavelength can be attributed to the electron transfer from ZnP to metal oxide i.e. formation of ZnP cation. Only the decay of the signal observed for
ZnOr|Al2O3|ZnP sample, therefore there is no ET from ZnP to the underlying semiconductor through Al2O3 layer.
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FIGURE 4.15 Transient absorption responses of the ZnP SAMs on metal oxides. The time
scale is linear up to 2 ps and logarithmic after 2 ps. The signal intensity of sensitized TiO2 nanoparticle film, TiO2p|ZnP, is divided by the factor of ten to fit the
scale.

Although 660 nm is the optimum wavelength for monitoring ZnP cation state, the singlet excited state also has a contribution to the TA response at this wavelength.58,92
Thus the contributions of these two states cannot be separated totally. The decay profiles of the ZnOr|Al2O3|ZnP, ZnOr|TiO2|ZnP, and ZnOr|ZnP in Figure 4.15 look roughly
the same. However, TCSPC measurements summarized in Table 4.2 show that the
lifetime of the ZnP singlet excited state is much shorter in ZnOr|TiO2|ZnP, and
ZnOr|ZnP samples than that in ZnOr|Al2O3|ZnP. Therefore the TA response of
ZnOr|TiO2|ZnP and ZnOr|ZnP at this delay time can be attributed to the ZnP cation
state. In addition, the DSSC measurements (Table 4.3) suggest that the ET is very
inefficient process in the case of ZnOr|Al2O3|ZnP. These three observations, i) the rise
of the absorption at 660 nm in sub-picosecond time, ii) much shorter emission lifetime
for ZnOr|TiO2|ZnP and ZnOr|ZnP only, and iii) negligible photocurrent generation for
ZnOr|Al2O3|ZnP, lead us to a conclusion that origin of the transient absorption decays
of these systems at 660 nm are different, although the lifetimes shown in Table 4.4 are
roughly the same. For ZnOr|TiO2|ZnP and ZnOr|ZnP the signals at few ps delay and
longer are mainly due to ZnP cation, whereas in the case of ZnOr|Al2O3|ZnP it arises
from the singlet excited state. The signal intensities in the TA responses are rather
weak thus the accuracy of the calculated lifetimes is approximately 30%.
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TABLE 4.4 Lifetimes and amplitudes of decay components obtained from transient absorption decays. 1: formation of porphyrin radical cation, 2 and 3: two decay time
constants.

sample

τ1
rise

τ2
decay

τ3
decay

ZnOr|ZnP

0.3 ps

50 ps [60%]

2.3 ns [40%]

ZnOr|TiO2|ZnP

< 0.2 ps,
unresolved

50 ps [50%]

3.1 ns [50%]

ZnOr|Al2O3|ZnP

not formed

50 ps [60%]

2.5 ns [40%]

TiO2p|ZnP

0.9 ps

84 ps [20%]

> 2 ns [80%]

The formation of ZnP cation after ET from excited ZnP to metal oxide is fastest in
ZnOr|TiO2|ZnP (< 0.2 ps). The reaction is slightly slower in ZnOr|ZnP (0.3 ps) but still
much faster than in TiO2|ZnP system (0.9 ps). This is a clear indication that the semiconductor nanostructure has a strong influence on the ET rate. The TiO2 nanoparticle
film is randomly packed and has grain boundaries and therefore electronic states differ
from the bulk at every nanoparticle interface. On the contrary, one-dimensional ZnOr
are single crystals and can provide a direct pathway for electron transport along the
nanorods.27 A 5 nm thick TiO2 shell modifies the ZnOr surface electronic properties
thus resulting in faster ET reaction (< 0.2 ps vs. 0.3 ps). The layer may be too thin to
have well defined crystal structure, but is thick enough to change the electronic structure of the ZnOr surface. Although the band gaps of bulk ZnO and TiO2 are very close
to each other, TiO2 has higher density of states than ZnO which is one reason for the
faster ET rate.6,63 The role of the surface electronic states in ET reaction rate has been
under discussion.93 It has been suggested that at ZnO-sensitizer interface the ET proceeds via an intermediate state of coupled electron-hole pair and this state is a major
factor limiting the ET rate. The intermediate state is related to the ZnO properties because no stepwise ET was observed for the reference TiO2 samples, and its origin remains still unclear. Moreover, it is known that the ET at the ZnP-semiconductor interface is sensitive to the molecule arrangement because the reaction takes place through
the space.58,62,94 The surfaces of the semiconductors are heterogeneous and despite
similar sensitizing conditions, variation in the tilt angles as well as different types of the
porphyrin aggregates are possible. So far, the effect of these factors on the ET is under
discussion since experimental determination of exact molecular organization on semiconductor surface is extremely challenging task.62
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Although the TiO2 layer on ZnOr increases the ET rate, only a small difference in the
charge recombination rate between the ZnOr|ZnP and ZnOr|TiO2|ZnP was observed.
Though the calculated longer lifetimes are somewhat different for these samples, there
is no visible difference in the decay profiles (Figure 4.15). Addition of TiO2 layer results
in a small decrease in the amplitude of the ~50 ps decay component. Reasons for the
decrease can be the higher conductivity of the ZnOr core than that of the TiO2 shell and
the slightly lower energy level of the ZnO conduction band of than that of TiO2.95 Therefore photo-injected electrons in the ZnOr|TiO2|dye structures move across the TiO2
layer into ZnOr and the recombination rate is mainly determined by ZnOr. Among all
measured samples, the charge recombination is slowest in TiO2p|ZnP. One possible
explanation can be that the bulk carrier mobility of ZnO and TiO2 contributes to the rate
of charge recombination – the faster charge migration in ZnO makes the charge recombination faster. The latter should not have a negative effect on the solar cell performance, since the higher carrier mobility is also beneficial for the efficient charge
transport to the external circuit.

4.4.3 Role of hole transporting material
Charge transfer reactions in a three component systems consisting of zinc phthalocyanine monolayer on ZnO nanorods and a layer of hole transporting material (HTM) on
top were studied by transient absorption method. The reaction steps after selective
excitation of ZnPc and P3HT were identified and corresponding rate constants were
determined.
At first, electron injection from excited ZnPc to ZnO nanorods without HTM was followed. In principle, the ET is the first order reaction for each individual ZnPc molecules
and should follow exponential decay kinetics, but the measured signal is cumulative
response of large number ZnPc molecules in SAM on the ZnO nanorods and there is
variation in local environment between ZnPcs, which converts exponential decay kinetics to a sum of exponents with time constants randomly distributed around some average value. A mathematical model to deal with the case was developed and successfully applied to analyze ET in molecular films, and it was used in this study as well.96,97 A
tentative interpretation of the results shown in Figure 4.16 is the electron injection from
the photo-excited ZnPc to ZnO nanorods with 1.4 ps average time constant and the
charge recombination with 850 ps average time constant. The important spectral features to distinguish between the singlet excited state and ZnPc cation, ZnPc+, are the
featureless excited state absorption in the ranges 470-600 nm and 900-1300 nm and
the bands located at 550 nm and 850 corresponding to the ZnPc cation.98,99
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FIGURE 4.16 Decay component (line+symbol) and time resolved (dashed line) spectra of
ZnOr|ZnPc. The spectrum of singlet excited ZnPc is shown by the red dashed
line and the spectrum of the ZnPc cation by the green line.

Time resolved transient absorption spectra of ZnOr|P3HT were obtained with excitation
at 500 nm and are shown in Figure 4.17. Except of very fast subpicosecond spectral
perturbations in the 600-650 nm range the main features of the transient absorption
response is the bleaching of the ground state absorption of P3HT at < 630 nm and
smoothly rising absorbance in the NIR region (850-1050 nm). To fit the data with reasonable accuracy, a five exponential model had to be used. 0.2, 0.8, 7, 100 and > 10
ns time constants have equal contribution to the decay and rather minor differences in
corresponding decay component spectra. Considering a very wide divergence of the
time constants, the results characterization by a single (average) lifetime is rather
meaningless.
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FIGURE 4.17 Calculated time resolved spectra of ZnOr|P3HT. Excitation wavelength was
500 nm.
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The transient absorption response of ZnOr|ZnPc|P3HT to the excitation at 680 nm (selective excitation of ZnPc) is more complex, but can be understood at qualitative level
by comparing the responses at different wavelengths and time resolved spectra at different delay time, as presented in Figure 4.18. A distinct feature of the transient absorption response is that the recovery of the ZnPc ground state absorption (decay at
707 nm) coincides with bleaching development of the P3HT ground state (decay at
551 nm and negative band at 500-600 nm).

FIGURE 4.18 2D map of TA signals of a) ZnOr|ZnPc|P3HT, and b) transient absorption
decay curves of the same sample at 551 and 707 nm (linear time scale till 1 ps
and logarithmic after 1 ps). Excitation wavelength was 680 nm.

Since P3HT is not excited directly, the only possibility how it gets involved is considering electronic interaction between the ZnPc layer and P3HT. The energy transfer can
be excluded from the very beginning since excited state energy of P3HT is much higher in energy than that of ZnPc. The interaction cannot be only an electron transfer between the photo-excited ZnPc and P3HT since as P3HT gets involved, ZnPc returns to
the ground state. Thus, the most reasonable and simple explanation is two step electron transfer as denoted in the Scheme (1).
(1) ZnOr | ZnPc* | P3HT → ZnOr− | ZnPc+ | P3HT → ZnOr− | ZnPc | P3HT+
The second reaction step is hole transfer from the ZnPc cation to P3HT. Based on this
reaction scheme the transient absorption data were fitted globally using a model consisting of a picosecond exponent to account for the primary electron transfer from ZnPc
singlet excited state, a distributed decay to account for the hole transfer from ZnPc + to
P3HT, and a long-lived exponent accounting for the long-lived holes in P3HT+. Results
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of the fit are presented in Figure 4.19. The obtained exponential lifetime (1.8 ps) for the
ZnOr|ZnPc* → ZnOr−|ZnPc+ reaction correlates well with that obtained for the sample
without P3HT layer (1.4 ps). The hole transfer is much faster than the charge recombination at the ZnOr|ZnPc interface (30 ps vs. 850 ps), which means that an efficient hole
transfer can be expected in this system.
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FIGURE 4.19 Transient absorption decay component spectra (lines with symbols) and time
resolved spectrum at 0.1 ps after excitation (dashed line) of ZnOr|ZnPc|P3HT.

Results of global fitting of the transient absorption data of ZnOr|ZnPc|Spiro are presented in Figure 4.20. Reference sample ZnOr|Spiro was also measured but no signal
was detected with 680 nm excitation.
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FIGURE 4.20 Decay component spectra of ZnOr|ZnPc|Spiro. Excitation wavelength was
680 nm.
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The essential features of the transient absorption spectra are (1) bands at 575 and
960 nm which are formed and decayed with 0.5 and 120 ps time constants, respectively, (2) a component with time constant > 5 ns which has a band at 525 nm, and (3) a
rising absorption at > 1100 nm. The most reasonable assignment of the bands at 575
and 960 nm is to ZnPc anion100 and of the bands at 525 nm and the broad band at
1150-1350 nm is to Spiro-oMeTAD cation.91,101,102 The scheme (2) describes the reaction steps.
(2) ZnOr|ZnPc*|Spiro → ZnOr|ZnPc−|Spiro+ → ZnOr−|ZnPc|Spiro+
The primary charge separation takes place between the excited ZnPc* and SpiroOMeTAD with roughly 0.5 ps time constant, and the following electron injection from
ZnPc anion to ZnOr takes place with 120 ps time constant.
According to the results obtained for ZnOr|ZnPc, the electron transfer from the photoexcited ZnPc to ZnOr takes place in the same time domain (1.4 ps) as the first reaction
in the scheme (2). Therefore one can expect a competing relaxation pathway to be:
(3) ZnOr|ZnPc*|Spiro → ZnOr−|ZnPc+|Spiro → ZnOr−|ZnPc|Spiro+
In this case the 5 ps time constant shown in Figure 4.20 can be attributed to the second reaction step (ZnOr|ZnPc+|Spiro → ZnOr|ZnPc|Spiro+) and the time constant
0.5 ps is the total relaxation time of the singlet excited state (ZnPc*) via both channels,
ZnOr|ZnPc*|Spiro → ZnOr|ZnPc−|Spiro+ and ZnOr|ZnPc*|Spiro → ZnOr−|ZnPc+|Spiro,
respectively.
Selective excitation of P3HT in ZnOr|ZnPc|P3HT structure is achieved using 500 nm as
excitation wavelength. As shown in Figure 4.21 the TA response of ZnOr|ZnPc|P3HT is
at short delay time (0.3 ps) almost identical to the response of ZnOr|P3HT. The only
noticeable difference is the negative absorption in the ZnPc Q band region at 690 nm
which appears after few picoseconds delay time.
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FIGURE 4.21Time resolved spectra of a) ZnOr|P3HT and b) ZnOr|ZnPc|P3HT after 500 nm
excitation. The delay times indicated in a) applies also in b).

There are two possible explanations for the negative band around 690 nm, an energy
transfer103 ZnPc|P3HT* → ZnPc*|P3HT and an electron transfer ZnPc|P3HT* →
ZnPc−|P3HT+. In both cases, a long distance charge separated state
ZnOr−|ZnPc|P3HT+ is expected to be formed in few tens – few hundred picoseconds
time domain. If there would be energy transfer leading to formation of a ZnPc excited
species, the charge separated state is formed in 30 ps time constant (Figure 4.19). In
the case of the electron transfer, the corresponding time constant is 120 ps like it was
observed for ZnOr|ZnPc|Spiro (Figure 4.20) and ZnPc anion band centered at 575 nm
should be seen in the TA spectrum. However, there were no sign of ZnPc anion neither
in the visible nor in the infrared part of the spectrum and the recovery of ZnPc ground
state bleaching at 690 nm agrees well with 30 ps time constant. Therefore the energy
transfer is the proposed mechanism for the interaction between excited P3HT and
ZnPc.
The charge generation in the studied systems, ZnOr|ZnPc|P3HT and ZnOr|ZnPc|SpiroOMeTAD was different but the both mechanisms are known for this type of hybrid
structures.104 Figure 4.22 summarizes the results from the transient absorption measurements. In ZnOr|ZnPc|P3HT system, the excitation of either ZnPc or P3HT leads to
an electron transfer from ZnPc to ZnO nanorods which is followed by the hole transfer
to P3HT. The first charge transfer step in ZnOr|ZnPc|Spiro is electron transfer from
Spiro-OMeTAD to ZnPc followed by electron transfer from the ZnPc anion to ZnO nanorods.
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FIGURE 4.22 Schematic illustration of the main charge generation mechanism in the studied system. ZnO corresponds ZnO nanorods, HTM corresponds to hole transporting material, P3HT or Spiro-OMeTAD. Also the measured time constants for
each reaction step are shown.

The reason for the different charge generation mechanism in such similar samples is
interesting question to be discussed. Only few studies were undertaken to compare
these HTM and the comparison was based on the final solar cell performance leaving
the photoinduced charge generation mechanism unanswered.90 In general, the prerequisite for the hole transfer from excited ZnPc to HTM is the lower lying HOMO level for
ZnPc than that for HTM. Apparently both HTMs have higher HOMO level than ZnPc but
reported values for P3HT66,67 and Spiro-OMeTAD67,105,106 are too close to each other to
explain different reaction pathway (-4.8 to -5.2 eV vs. -4.9 to -5.1 eV). Another important factor can be the distance between ZnPc and HTM. Spiro-OMeTAD is relatively
small molecule, at least if compared to P3HT which has hexyl chains surrounding the
hole conducting polythiophene core. If the alkyl chains are separating ZnPc and P3HT
core, the short intermolecular distance in ZnPc|Spiro interface is the reason for the
primary electron transfer at ZnPc|Spiro interface.
Both ZnOr|ZnPc|P3HT and ZnOr|ZnPc|Spiro-OMeTAD are promising designs for solid
state solar cell applications. ZnOr can be considered as an ideal template to build interpenetrating network of electron and hole conducting materials where the ZnOr would
conduct the electrons to an electrode. In order to prepare a reasonably efficient device
the surface area of ZnOr should be optimized and the infiltration of the HTM material
into ZnOr should be so complete that no rods are pointing towards the metal electrode.
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4.5 Outlook and prospects
New materials are a prerequisite to improve the existing ones and to design new photovoltaic devices. The actual devices are rather complex structures having several interfaces where the photoinduced reactions are taking place. In this thesis, the study of
the reactions triggered by light was started from the simple sample configurations. At
the same time, the method to prepare semiconductor nanostructures suitable for solar
cell applications was developed. Finally, the photoinduced reactions were studied both
at semiconductor-organic and organic-organic interfaces in ultrashort time domain from
femtoseconds to nanoseconds.
Atomic layer deposition is a versatile method to prepare aluminum doped zinc oxide
films which were tested as transparent electrodes in organic solar cells. The films were
successfully deposited at 150 °C and probably even lower temperatures are possible to
use to deposit the same films onto flexible polymer substrates. The film morphology
depended on the deposition temperature but it did not affect the device performance.
Once the usability of ZnO semiconductor for solar cell applications was confirmed, the
focus of the studies was turned to ZnO nanostructures with special attention paid to
photoinduced interfacial interactions. The sample requirement for the time resolved
absorption measurements is high enough absorption thus monolayers of porphyrins
and phthalocyanine derivatives were formed on arrays of ZnOr. Therefore a routine
procedure was developed to produce desired ZnOr substrates. As was pointed out in
the results and also observed experimentally recently, the seed layer formation is the
most critical factor in order to get well-aligned ZnOr. The actual energy alignments in
the ZnO-dye systems can be determined by the advanced spectroscopy methods such
as X-ray and ultraviolet photoemission spectroscopy.107,108
Electron transfer and charge recombination from ZnP and ZnPc to ZnOr were observed
to take place in the same time domain (0.3 ps vs 1.4 ps and 1.2 ns vs. 0.85 ns). Taking
into account the different absorption spectrum of ZnP and ZnPc, the time constants
correlate reasonably well with the reported power conversion efficiencies in DSSCs.
ZnP has been studied by other groups as a sensitizer in TiO2 DSSC with liquid electrolyte for which power conversion efficiency of 4.4 % was reported.54 ZnPc studied here
was synthesized during this thesis and is not yet used as sensitizer is DSSC. However,
the power conversion efficiency for similar type of phthalocyanine is reported to be
3.5 %.109
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The results of photoinduced interfacial interactions presented here are good continuation for the study of the same phenomena in solutions and in organized, solid films. A
natural continuation for this study would be the preparation of hybrid solar cells based
on the studied structures. The time-resolved spectroscopy results suggest that the primary electron transfer reaction from the excited dye to semiconductor is fast and is not
limiting the final device performance. Instead, the future studies should focus on optimization of the efficient hole collection and transport in the system. Also by using the
model sample template developed in this thesis, the photoinduced interactions at ZnOdye interface could be studied using other organic chromophores such as perylene
derivatives.110,111
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5

Conclusions

This thesis was devoted to the preparation and the photochemical studies of hybrid
semiconductor-organic structures. The main focus was at fundamental characterization
of the photoinduced reactions in the structures, though some photovoltaic devices were
prepared to demonstrate the functionality of the structures in practice. The following
conclusions can be drawn based on the reported results:
1. Aluminum doped zinc oxide films are superior transparent electrodes in photovoltaic applications compared to traditionally used ITO. Atomic layer deposition method
enables to prepare films at relatively low temperatures with accurate control of doping level.
2. ZnO nanorod arrays are versatile model substrates to study electronic interactions
at semiconductor-organic interface. The hydrothermal growth method of nanorods
provides reasonable control of morphology, and electronic properties of nanorods
can be further altered by atomic layer deposition of alternative semiconductors.
3. Knowledge of the photoinduced charge transfer reaction mechanisms and their
rates at the semiconductor-dye interface is obtained by ultrafast spectroscopy
methods. Semiconductor surface properties have a clear influence to electron
transfer rate. A thin layer of TiO2 on ZnO nanorods accelerated charge separation
at semiconductor- zinc porphyrin interface but does not affect charge recombination.
4. Array of ZnO nanorods is a versatile platform to construct both DSSC-like and organic bulk heterojunction like solar cells. This was demonstrated by first functionalizing nanorods by zinc phthalocyanine monolayer and covering the structure by a
layer of hole transporting material. A cascade of photoinduced reactions in organic
layers results in electron localized in ZnO and hole in the hole transporting layer
within few hundreds of picoseconds.
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Aluminum doped zinc oxide (AZO) ﬁlms were studied as an alternative transparent electrode material
to indium tin oxide (ITO) in organic photovoltaic devices. The AZO ﬁlms were prepared by atomic layer
deposition from diethylzinc, water and trimethylaluminum precursors. The same number of deposition
cycles resulted in 170 and 90 nm thick ﬁlms at deposition temperatures of 150 and 250 1C, respectively.
Uniform ﬁlms with wedge-shaped crystallites were observed at both temperatures. The functionality of
the AZO electrodes in photovoltaic applications was tested using known organic photoactive layers.
Devices with AZO electrode showed comparable performance to the reference device where ITO was
used as transparent electrode. Moreover, the devices with AZO electrode were stable in open air
showing no degradation during 40 days time interval.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
Transparent conductive oxides (TCO) are widely used as
electrodes in thin ﬁlm photovoltaic devices such as solar cells
and light emitting diodes. Among TCO ﬁlms indium tin oxide
(ITO) is most used because of its combination of technologically
important properties [1]. However, the development of other
semiconductors is important because availability of ITO is limited,
which makes it an expensive material. Moreover, indium is
harmful for the environment [2,3] and for humans [4]. When
considering the total environmental aspects and recycling of the
organic solar cell the thin layers of electrode and active materials
become minor factors since the weight fraction is very small
compared to, e.g., the carrier substrate [5]. Zinc oxide (ZnO) is
attractive alternative for ITO and has received great attention in
recent years. The main advantages of ZnO are low materials costs
and prerequisites for large-area technology [6]. An n-type
conductivity of ZnO can be increased by doping with trivalent
atom, such as aluminum, gallium or indium [7]. In photovoltaic
applications ZnO is used as a buffer layer or, when doped, as a
transparent conductor [2,3,8–12]. ZnO thin ﬁlms can be prepared
by a variety of methods, including sputtering [2,3,10,13], pulsed
laser deposition [14] and chemical vapor deposition [15]. Recently
ZnO ﬁlms are prepared by novel techniques such as solution
coating/printing [16,17]. If cost effective, low-temperature process for the deposition of ZnO and other TCOs on large-area
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substrates is considered, atomic layer deposition (ALD) is an
attractive deposition method. ALD is the chemical vapor deposition technique based on alternate pulsing of the precursor gases
and vapors onto the reaction chamber and self-terminating gas–
solid reactions. Gas-phase reactions are prevented by the inert gas
purge between the precursor pulses and the ﬁlm thickness is
controlled by the number of reaction cycles. Films can be easily
doped by switching a fraction of deposition cycles to precursor
containing a dopant. The self-limiting nature of the growth yields
conformal ﬁlms with accurate thickness control and relatively
straightforward scale-up. Major drawback of ALD is generally
rather low growth rate since at a best case only one atomic layer
is deposited during one cycle. This can be partly compensated by
scaling up the process and expressing the productivity in terms of
ﬁlm volume [18]. Method was developed by Suntola and
co-workers in the 1970s for the fabrication of thin ﬁlms for
electroluminescent ﬂat panel displays [19]. Nowadays ALD has a
wide range of applications including catalysts, sensor technology
and microelectronics. More detailed description of the method
and its applications can be found elsewhere [20–22].
This work has a few motivations. First one is to ﬁnd a cost
effective way to fabricate TCO. Secondly, materials differ in their
work functions and their adhesion to organic layers may vary.
Therefore, it is of fundamental interest to study the effect of the
TCO electrode on organic solar cell performance. Finally, the
particular interest to ZnO TCO layers deposited by ALD method is
driven by the fact that ZnO layers can be deposited at relatively
low temperature (o150 1C) using reactive, volatile organometallic precursors which opens possibility to design structures with
alternating organic-TCO layers.
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In this work aluminum doped zinc oxide (AZO) ﬁlms grown by
ALD were studied as light transparent electrodes in photovoltaic
applications. A series of known photoactive layers of polyhexylthiophene and perylene diimide derivatives [23] were deposited
on top of AZO electrodes and their performance was compared
with similar structures deposited on ITO electrodes. Also the
stability of the devices was tested.

Table 1
Structures of the studied devices.
Device

Cell structure

1
2
3
4

AZO 1 | PTCDI | PHT | Alq3 | Au
AZO 2 | PTCDI | PHT | Alq3 | Au
ITO | PHT | PTCDI | Alq3 | Au
AZO 1 | PHT | PTCDI | Alq3 | Au

2. Experimental
Depositions of the AZO ﬁlms were carried out in a ﬂow-type
reactor F-120 manufactured by ASM-Microchemistry Ltd. Diethylzinc (DEZ) and trimethylaluminum (TMA) purchased from Strem
Chemicals Inc. were used as zinc and aluminum precursors,
respectively. In both cases water was used as an oxygen source
and nitrogen (99.999%) as a carrier and purging gas. During the
process the pressure inside the reactor was about 10 mbar.
Pulsing times of the precursors were 0.7 s for DEZ and water and
0.4 s for TMA. Nitrogen purges were 1.0 s long. In order to reduce
ﬁlm resistivity, the ZnO was doped by aluminum at relative level
of 2.8% [24]. Two different procedures were used for AZO
deposition on optical grade glass substrates. In the ﬁrst method
the deposition was performed at 150 1C. After 35 cycles of
DEZ/water pulses one cycle of TMA/water pulses was introduced
into the reactor. This series was repeated 26 times in order to
deposit 170 nm thick ﬁlm. Because the last deposition cycle was
TMA/water the top surface layer of the ﬁlm is expected to be
aluminum oxide (AZO 1). In the second method the deposition
temperature was 250 1C. The deposition cycles were the same as
in the ﬁrst method, but followed by 5 cycles of DEZ/water pulses
after the last TMA/water pulse. In this case ZnO is expected to be
the surface layer (AZO 2). Due to lower growth rate of AZO at
higher temperatures the ﬁlm thickness is only 90 nm for the same
number of cycles as in the ﬁrst method [24,25]. The lower growth
rate was observed previously and was attributed to the increased
decomposition of water at higher temperatures and therefore the
density of hydroxyl groups on the surface is decreased [18,21,24].
Before deposition of the active organic layers AZO ﬁlms were
cleaned from the dust in ultrasonic bath using 2-propanol as a
solvent. Plates were dried under vacuum at 120 1C for 60 min.
The reference device was fabricated on ITO-coated glass
substrate (Pgo Germany) with sheet resistance of 8 O/&. Before
deposition of the active layers ITO plates were cleaned carefully in
ultrasonic bath in acetone, chloroform, sodium dodecyl sulphate
(40 mg/l), distilled water and 2-propanol. Plates were dried under
vacuum at 150 1C for 60 min.
All organic compounds were commercially available and used
without puriﬁcation. PHT (regioregular poly(3-hexyl thiophene2,5-diyl, purchased from Rieke Metals) was spin coated at
2000 rpm for 60 s from a 2 g/l chloroform solution and annealed
under vacuum at 120 1C for 30 min. The thickness of the PHT ﬁlm
was estimated from the steady-state absorption spectra calibrated by WYKO NT1100 proﬁlometer. PTCDI (3,4,9,10 perylenetetracarboxylic diimide, purchased from Alfa Aesar) and Alq3
(tris(8-hydroxyquinoline) aluminum, purchased from Sigma
Aldrich) were deposited by thermal evaporation in BOC Edwards
Auto-306 evaporation chamber. The thickness of the PTCDI and
Alq3 layers were monitored during evaporation process using
quartz crystals calibrated by optical proﬁlometer. Finally, approximately 50 nm thick Au electrodes were thermally evaporated through a mask. The active areas of resulting photovoltaic
devices (the overlapping areas between TCO bottom electrodes
and top gold electrodes) were approximately 3 and 1 mm2 for
AZO and ITO devices, respectively. Samples were measured and
stored in air at room temperature.

The structures of the devices are shown in Table 1. The
thicknesses for the AZO 1 and 2 ﬁlms were 170 and 90 nm,
respectively, and 40, 20 and 6 nm for PTCDI, PHT and Alq3 ﬁlms,
respectively. PHT was used as an electron donor and PTCDI as an
electron acceptor layer. The role of the Alq3 layer was to block the
diffusion of Au atoms into the active layer [26]. Device 3 was
prepared for the reference and the characteristics of the structure
have been studied earlier [23].
Absorption spectra of the samples were measured by Shimadzu UV-360 spectrophotometer. Surface morphology was studied
with Carl Zeiss Ultra 55 ﬁeld emission scanning electron
microscope (SEM) and Veeco dimension 3100 atomic force
microscope (AFM). The resistivities of the AZO ﬁlms were
measured by multimeter applying gold plated stripe electrodes
to the samples. Current–voltage (I–V) characteristics in dark and
under simulated AM 1.5 (1000 W/m2) sunlight illumination were
measured by Agilent E5272A source/monitor unit. AM 1.5
sunlight illumination was produced by Luzchem LZC-SSL solar
simulator with the ﬁltered Xe-lamp.

3. Results and discussions
SEM and AFM measurements were performed to investigate
the surface properties of the deposited ﬁlms to ensure that the
newly prepared electrodes can be used for organic ﬁlm deposition. Roughness of the ﬁlms was determined by AFM. Root mean
roughness (RMS) values were 5.9 and 2.7 nm for AZO 1 and 2
ﬁlms, respectively, and 3.3 nm for ITO. AFM images of the ﬁlms
can be found in Appendix A. Previous studies have shown that the
roughness of the ZnO ﬁlms depends markedly on the ﬁlm
thickness [27,28]. The RMS value of the AZO ﬁlm doubled when
the ﬁlm thickness increases from 90 to 170 nm.
Figs. 1 and 2 shows SEM micrographs of the AZO ﬁlms. Figures
with lower magniﬁcation can be found in Appendix A. As Figs. 1
and 2 illustrate, the ﬁlms are uniform and have been grown as
wedge-shape crystallites. The morphology of the surface is
characteristic for ALD grown ZnO ﬁlms and it is in agreement
with previously published studies [8,25,29]. The size of the
crystallites is approximately 80–100 nm for AZO 1 and 60–80 nm
for AZO 2 electrode types. The smaller crystallites in AZO 2 can be
attributed to the higher deposition temperature when the ﬁlm
thickness is almost two times lower compared to deposition at
lower temperature. Unlike one could expect, the resistivity of the
ﬁlm is independent of the ﬁlm thickness. Although AZO 2 ﬁlm is
thinner than AZO 1, the sheet resistance of both ﬁlms is
approximately 500 O/&. The decreased resistivity with
increased deposition temperature may be related to different
crystalline growth directions at different temperatures. At 150 1C
the [1 0 0] direction is observed to be dominant whereas at 250 1C
the [0 0 2] direction dominates the crystalline growth. In order to
decrease the resistivity of the AZO ﬁlms to the same level as the
ITO ﬁlm the thickness of the AZO ﬁlm should be increased up to
1 mm, which would decrease the transparency of the layer
gradually [25]. Also by optimizing the doping procedure the
resistivity of the AZO ﬁlms can be decreased [30,31]. In spite of

ARTICLE IN PRESS
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Fig. 1. SEM image of aluminum doped zinc oxide deposited at 150 1C (AZO 1).
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Fig. 3. Absorption spectra of the devices 1 (AZO 1 9 PTCDI 9 PHT) and device 3 (ITO
9 PHT 9 PTCDI), and of the electrodes before deposition of organic layers (sample
codes AZO 1 and ITO).

Table 2
Effect of time on short-circuit current (ISC), open-circuit voltage (UOC), ﬁll factor
(FF) and power conversion efﬁciency (Z) of the measured devices. In the device
names ‘‘1a’’ and ‘‘1b’’, ‘‘a’’ refers to electrode a and ‘‘b’’ to electrode b.
Device

Measurement

ISC (mA/cm2)

UOC (V)

FF

Z (%)

1a
1a
1b
1b
2
2
3
3

Immediately
After 18 days
Immediately
After 40 days
Immediately
After 8 days
Immediately
After 1 day

2.13
2.08
2.24
1.97
1.95
1.88
1.58
1.54

0.37
0.40
0.36
0.39
0.39
0.42
0.37
0.34

0.50
0.52
0.45
0.54
0.49
0.53
0.50
0.37

0.36
0.41
0.39
0.43
0.38
0.42
0.29
0.20

Fig. 2. SEM image of aluminum doped zinc oxide deposited at 250 1C (AZO 2).

the relatively high resistivity of the AZO this is not the factor
limiting the device performance because the photocurrent
generated at PHT-PTCDI junction was o20 mA under
experimental conditions used. Thus, the voltage drop ( o0.01 V)
caused by the AZO electrode can be neglected.
Absorption spectra of two ﬁlms (without top electrodes) are
shown in Fig. 3. The absorption of the organic layers is clearly
seen in the range 450–600 nm. Due to the transparency
differences between the ITO and AZO electrodes a small
difference in absorption spectra is observed. The order of the
active layers does not affect the sample absorption.
Current–voltage characteristics of the devices were measured
in order to investigate possibilities to use AZO electrodes in
photovoltaic applications. The electrode next to electron donor
(PHT) is an anode and electrode next to electron acceptor (PTCDI),
a cathode. Thus, in devices 1 and 2 the expected photoelectron
ﬂow is from Au toward AZO and in devices 3 and 4 from ITO or
AZO toward Au. Each sample had at least ﬁve electrode pairs and
couple of similar devices was prepared. Because of the defects on
the structure (e.g. dust particles shown in Fig. 1) few of the
electrodes were short-circuited. The photovoltaic parameters of
the devices are summarized in Table 2 and the I–V characteristics
of the devices 1 and 3 are presented in Fig. 4. In Table 2 the letters
‘‘a’’ and ‘‘b’’ indicates different contacts in the same device.
By comparing the results recorded immediately after the
removing of the samples from the vacuum it was observed that
the photovoltaic performance of the devices 1 and 2 is very

Fig. 4. Current–voltage characteristics of the device 1 (square) and 3 (triangle)
under 1000 W/m2 simulated AM 1.5 solar illumination.

similar to that of the reference device 3. The order of the organic
layers and photocurrent generation direction is switched to
opposite (the gold is cathode in case of device 3 and anode in
devices 1 and 2). Device 4, which is structurally identical to the
reference device 3, had signiﬁcantly lower efﬁciency compared to
other devices and therefore the results are not presented here.
The reasons for the weak performance of AZO as a hole collecting
electrode is not clear. It may be related to a poor performance of
the AZO–PHT interface, either the adhesion of PHT to AZO is weak
or the spin coated PHT layer is too thin to form uniform ﬁlm. From
the theoretical point of view, devices 1 and 2 may have better
performance than device 4 since the HOMO and LUMO levels of
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the PHT and PTCDI layers have better matching to the corresponding work functions of the electrodes when AZO is as the
electron collecting electrode and Au is as the hole collecting
electrode [8,32,33]. Additionally the work function of AZO could
be adjusted by ozone treatment [12].
A few minor differences between devices utilizing the ITO and
AZO electrodes can be noted from Table 2 and Fig. 4. The most
essential is a higher short-circuit current of the AZO-based
devices. A small variation in the performance is observed between
device 1 and device 2 and between different electrodes in device
1, but the deviations are not signiﬁcant. The results suggest that
both of the AZO ﬁlms work as well as the ITO ﬁlm in organic
photovoltaic devices despite the difference in deposition conditions of the AZO electrodes and apparent difference in the
crystalline structures. Also deposition of aluminum oxide in the
last cycle of ALD process (device 1) had no detectable effect.
Taking into account the ambient measurement conditions and
non-optimized active layers the obtained power conversion
efﬁciencies are in the expected level [23,26].
In general, relatively poor stability of the organic solar cell is one
of its major drawbacks and numbers of studies have shown that
degradation of the cells is a complex process, which is not yet fully
understood [34]. In previous studies doped ZnO was used as the
anode together with the Al cathode and devices were operated in
inert atmosphere to prevent fast oxidation of Al [2,8,10]. To allow
device operation in open air the Au top electrodes were used in this
study. Au has a higher work function than Al and is considered to be
a less favorable electrode material [3,23,26]. For the purpose of
degradation testing the samples were stored in open air in dark at
room temperature and the I–V measurements were repeated after
certain period of time. The results are given in Table 2.
There was no remarkable drop in short-circuit current (ISC) for
device 1 after 18 days of storing. When the measurement was
performed after 40 days from the sample preparation, ISC has
decreased about 15% but due to small increase in open-circuit
voltage the power conversion efﬁciency is even increased. Similar
time trend was observed for device 2, indicating that both types of
the AZO electrodes have a positive effect on photovoltaic device
durability. The biggest difference is found by comparing the AZO
and ITO devices. Initially, ISC is somewhat lower for ITO and
decreases remarkably in one day. The shape of the IV-curve is also
changed as it can be seen from Fig. 5, resulting in decreased power
conversion efﬁciency.
The ITO–PHT interface and the ITO electrode itself may be
responsible for the fast degradation of the ITO device. Two
degradation phenomena have been observed previously. One is an
exchanging reaction between oxygen in the outer monolayer of

Fig. 5. Current–voltage characteristics of device 1 (square) measured 40 days after
device fabrication and device 3 (triangle) measured one day after the device
fabrication.

ITO and diffused oxygen and the other is the diffusion of indium
through the entire device to the counter electrode [35]. Stability
and efﬁciency of the ITO based devices has been improved by
inserting a buffer layer between ITO and active layers [9,11],
which is not required in the case of AZO electrode.

4. Conclusions
In summary, the AZO thin ﬁlms have been studied as an
alternative transparent electrode material to ITO for organic
photovoltaic applications, using known donor (PHT) and acceptor
(PTCDI) layers as device testing platform. AZO ﬁlms were
deposited successfully at 150 and 250 1C using an ALD technique
resulting in 170 and 90 nm thick ﬁlms, respectively. Films were
grown uniformly with reasonably low surface roughness. Both the
AZO ﬁlms showed performance comparable to that of the
reference device where ITO was used as TCO electrode. It is
important to emphasize that the aim of this study was to ﬁnd
alternative TCO for ITO and deposition method, which offers the
possibility to use low temperatures. Better power conversion can
be obtained by optimizing the active layers. The biggest
advantage of the AZO electrodes compared to the ITO electrode
containing reference device was the stability—no sample degradation was observed in ambient conditions during 40 days.
The presented results demonstrate that ALD is a promising
method for the deposition of AZO thin ﬁlms at relatively low
temperatures and can be used as replacement for the ITO
electrode.
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ABSTRACT: Dense arrays of zinc oxide nanorods with high specific surface areas were grown by hydrothermal method and
functionalized by self-assembled monolayer (SAM) of porphyrins. The growth process was optimized to obtain dense arrays of
nanorods with diameter of 60−80 nm and length up to 1.5 μm. The increase in the effective surface area was monitored by
comparing the absorbances of SAM deposited both on the flat and nanorod surfaces of ZnO. To alter further semiconductororganic SAM interactions, a 2 or 5 nm thick layer of either Al2O3 or TiO2 was deposited on the ZnO nanorods. The present
results show that both carboxylic acid and triethoxysilane anchors can be used to form porphyrin SAMs on the studied metal
oxide substrates, and the electronic interactions between the metal oxide and porphyrin SAM are strongly modified by a thin
layer of Al2O3 or TiO2. These hybrid semiconductor-organic SAM constructions present promising model systems for advanced
spectroscopy studies of semiconductor-organic interfaces with high degree of control over electronic interactions and system
morphology.

■

INTRODUCTION
Photoinduced electron-transfer properties at an organic−
inorganic semiconductor interface play an important role in
many systems such as photovoltaic and sensor devices.1 In real
devices, the interface structure is a complex one, and several
reactions take place simultaneously; therefore, effects of
individual reactions are difficult to distinguish.2 To study any
specific reaction in details, we need simple model systems
consisting of metal oxide substrate and organic dye molecule
attached on it. Moreover, the semiconductor-organic interfacial
electronic interactions are extremely fast taking place in
picosecond and subpicosecond time domains. To resolve
them, advanced time-resolved optical spectroscopy methods
must be used, which, in turn, requires systems with relatively
high absorptions. This kind of model systems can be
© 2011 American Chemical Society

constructed by depositing organic layer on nanostructured
semiconductor layers with high specific surface area such as
arrays of nanorods grown on flat substrates.3
Zinc oxide (ZnO) is well known for its versatile ability to
form several types of nanostructures with controlled morphology. Great attention has been paid to synthesis techniques of
ZnO nanorods (ZnOr) and in particular to hydrothermal
growth, which is a convenient method due to its simplicity and
low costs. Although ZnO nanorods have smaller surface area
than ZnO nanoparticles at the same nanostructure thickness,
the ZnO nanorods have advantages of well-controlled surface
Received: November 1, 2011
Revised: December 20, 2011
Published: December 29, 2011
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Figure 1. Molecular structures of the studied CPTPP and P-Si(OEt)3 porphyrins.

in immobilization of dye molecules on metal oxide surfaces,7,8
whereas the triethoxysilane anchor is less common because of
synthetic and stability reasons.10 However, triethoxysilane is an
excellent alternative because it has been observed to have
strong binding properties to TiO2, thus improving the
durability of photovoltaic devices,10a and it can be used to
form SAMs on many other oxides.10b In the third part of the
study, the ZnOr surface was modified by a thin layer of Al2O3
or TiO2 deposited by ALD method. The present results show
that both the carboxylic acid and triethoxysilane anchor groups
can attach porphyrins to all studied metal oxide substrates. In
addition, preliminary photophysical studies of the SAMs show
that the electronic interactions between the metal oxide and
porphyrin SAM can be strongly modified by a thin layer of
Al2O3 or TiO2.

morphology and 1-D crystallinity, which both are important
properties in optoelectronic applications.4
Well-defined semiconductor-organic interfaces can be
constructed by forming self-assembled monolayers (SAMs) of
organic compounds on metal oxides.5 The self-assembly
method has been in active development during past decades.
It can be used to form uniform layers of different classes of
organic and bio-organic compounds on variety of metal and
metal oxide surfaces, including ZnO.6 Among the dye
molecules used for the organic−inorganic semiconductor
interface, porphyrins are one of the most attractive molecules
because of their high absorption in the visible part of the
spectrum, excellent electron-donating properties, and welldeveloped synthetic routes.7 Several types of model porphyrins
have been synthesized, and the effect of distance and
orientation on the photophysical and electrochemical properties at the organic dye-semiconductor interface has been
intensively studied.8 Studies have been focused on the synthesis
of porphyrins with different substituents and anchoring units,
whereas less effort has been paid to constructing the model
hybrid inorganic semiconductor-organic interfaces.
The electronic properties of the supporting semiconductor
substrate, ZnOr in this report, can be altered by depositing a
thin layer of other metal oxide on it by atomic layer deposition
(ALD) method. Conformal coatings can be deposited by ALD
also for nonflat substrates.9 An important advantage of ALD
method is that morphology of the substrate remains essentially
the same, whereas the band gap and positions of valence and
conduction bands can be tuned in a rather wide range. This
allows the comparison of the electronic interaction between
different metal oxides and organic SAM under otherwise the
same conditions.
In the first part of this work, a hydrothermal growth of
vertically oriented ZnOr was optimized to prepare semiconductor substrates with a high specific surface area. Several
studies have been done to understand factors affecting the
properties of the ZnOr grown by hydrothermal method,4
although the growth conditions have to be optimized for each
application separately because small changes in reaction
conditions may affect significantly the ZnOr morphology.4d
Second, SAMs of free-base porphyrins with carboxylic acid or
triethoxysilane anchor groups were formed on the metal oxide
substrates. The carboxyl acid group is widely used as an anchor

■

EXPERIMENTAL SECTION
Hydrothermal Growth of ZnO Nanorods. ZnO nanorods were fabricated by a two-step hydrothermal method:
formation of seed layers on flat substrates and the actual growth
of the nanorods.11 The chemicals and solvents utilized in this
study were purchased from Sigma Aldrich and used without
purification. ITO coated glass substrates were cleaned by the
method previously described.12 Two types of seed layers,
denoted as layers A and B, were prepared by spin coating. To
prepare seed layer A, 0.01 M zinc acetate (C4H6O4Zn·2H2O,
≥98%) in ethanol was spin-coated on N2 plasma-treated (10
min) ITO surface (1500 rpm, 60 s), followed by annealing in
air at 350 °C for 20 min. Spin coating and annealing were
repeated three times. Seed layer B was formed by using 0.23 M
zinc acetate dissolved in a mixture of 2-methoxyethanol
(CH3OCH2CH2OH) and ethanolamine (NH2CH2CH2OH)
96:4. Solution was stirred at 60 °C for 2 h and cooled to room
temperature. Spin coating and annealing were performed in the
same manner as that for seed A, but only one layer of zinc
acetate was spin-coated on ITO. Precursor solutions for growth
of ZnOr were prepared in ion-exchanged Milli-Q-water by
mixing zinc nitrate (Zn(NO3)2, ≥99%) and hexamethylenetetramine (C6H12N, 99%), keeping their volume ratio 1:1. The
concentration was either 0.02 or 0.05 M. The growth at 80, 85,
or 90 °C was carried out in a sealed beaker by immersing the
substrates upside down in the precursor solutions for 2−10 h.
2337
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Figure 2. SEM images of (a) seed layer A, (b) seed layer B, (c) ZnOr grown at 80 °C for 4 h on the seed A (diameter 40 nm, average length 350
nm), and (d) ZnOr on the seed layer B (diameter 35 nm, average length 250 nm).

removed from reaction vessel and washed by sonicating twice
in toluene and once in dichloromethane for 15 s. To form 5-(4carboxyphenyl)-10,15,20-triphenyl-21,23H-porphyrin (CPTPP,
98%, purchased from Porphyrin Systems) SAM on ZnO, TiO2,
and Al2O3 surfaces, ∼0.0002 M solution of CPTPP in ethanol
was prepared. Substrates were heated to 150 °C for 30 min and
cooled to 80 °C before immersion into solution for 1 h. After
reaction, the samples were rinsed and immersed in ethanol to
remove residual porphyrin molecules.8a
Characterization. The morphology and the size distribution of the ZnO nanorods were studied using field-emission
scanning electron microscope (FE-SEM, Carl Zeiss Ultra 55).
Absorption spectra of the samples were measured by Shimadzu
UV-360 spectrophotometer. Fluorescence spectra were recorded with a Fluorolog 3 fluorimeter using the correction
function supplied by the manufacturer. A time-correlated
single-photon counting (TCSPC) system (PicoQuant) consisting of a PicoHarp controller and PDL-800-B driver was used
for time-resolved fluorescence measurements. The samples
were excited by the pulsed LED (LDH-P-C-405B) at 405 nm.
Fluorescence decays were monitored at 660 and 650 nm for
CPTPP and P-Si(OEt)3 samples, respectively. Time resolution
of the TCSPC measurements was approximately 60−70 ps
(fwhm).

After the reaction, the samples were removed from the solution,
rinsed with Milli-Q water, and dried in air.
Modification of the Nanorods. ZnO nanorods grown by
using the seed layer B, 0.02 M precursors, the growth
temperature of 85 °C, and growth time of 10 h (changing
precursor solution after 5 h), were used for surface modification
study. The nanorods were ∼1.5 μm in length and 60−80 nm in
diameter. The ZnOr surfaces were modified by depositing
either 2 or 5 nm thick layer of TiO2, Al2O3, or ZnO by atomic
layer deposition (ALD) using Beneq TFS-500 reactor. The
growth temperature for all films was 200 °C. TiO2 was
deposited using titanium tetrachloride and water, Al2O3 using
trimethylaluminum and water, and ZnO using diethylzinc and
water, respectively. The flow rate for all precursors was 200
sccm (standard cubic centimeters per minute). The average
growth rates are expected to be 0.7 to 0.9, 1.1, and 2 Å per cycle
for TiO2,13 Al2O3,14 and ZnO,14a respectively. The modified
ZnOr substrates are denoted as ZnOr|ZnO, ZnOr|Al2O3, and
ZnOr|TiO2 in the Results and Discussion.
Self-Assembled Monolayers of Porphyrins on Nanorod Surfaces. Studied porphyrin chromophores are shown in
Figure 1. The synthesis of the 2-{3-[10,15,20-tris(3,5-ditertbutylphenyl)porphyrin-5-yl]phenoxy}ethyl 4-(triethoxysilyl)butanoate (P-Si(OEt)3) and the procedure of one-step selfassembling is published elsewhere.10b Porphyrin (2 mg) was
dissolved in toluene (20 mL), and isopropylamine (0.4 mL)
was added. Solution was injected in the reaction vessel under
argon flow. After 2 h of reaction at 105 °C, samples were

■

RESULTS AND DISCUSSION
Optimization of the Hydrothermal Growth of ZnO
Nanorods. The effect of the ZnO seed layer, precursor
2338
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Figure 3. SEM images ZnOr grown at 85 °C for 10 h using (a) seed layer A (diameter 40−250 nm, length 1200 nm) and (b) seed layer B (right,
diameter 50−100 nm, length 1500 nm). The concentration of precursors was 0.02 M.

effective surface area if the density of nanorods remains the
same. Apparently, this is not the case because nanorods fuse
together approximately half of their length (Supporting
Information Figure S2a).
Three growth temperatures (80, 85, and 90 °C) were tested
to increase the aspect ratio of ZnOr. The growth rate increases
with the temperature;4g that is, the length of ZnOr increases
(Supporting Information Figure S3). At the highest studied
temperature (90 °C) also the diameter of ZnOr is slightly
increased. Therefore longer (l > 1 μm) ZnOr for interface
studies was grown at 85 °C.
Regardless of the seed layer type, almost a linear increase in
the length as a function of the growth time can be observed at
the growth temperature of 80 °C (Supporting Information
Figure S4). The consumption of the precursor ions is faster at
higher temperatures (85 °C), and thus the growth rate slows
down after 6 h of reaction.
Effective Surface Area of ZnOr Estimated by the
Absorbance of SAM. An important property of SAMs is that
they can be deposited on high curvature surfaces including
porous surfaces if the characteristic size of pores is much greater
than the size of molecules. Absorption of a SAM deposited on
any nonflat surface is expected to be proportional to the
effective surface area if the monolayer formation is completed.
In the case of ZnOr, the length of nanorods is the main factor
determining the effective surface area, although the diameter
and density vary during the growth process and affect the
effective area as well. Therefore comparison of absorptions of
SAMs deposited on different types of nanorods is a relatively
simple but informative way to monitor the morphology of
ZnOr.5d
To estimate the effective surface area of ZnOr grown in
different conditions, CPTPP SAMs were deposited on the
ZnOr. Absorption spectra of CPTPP SAMs on one series of
ZnOr substrates (l = 300−900 nm) are shown in Figure 4. The
scattering of the longer ZnOr is relatively high at the porphyrin
Soret band region around 420 nm (Supporting Information,
Figure S5). Although the absorption spectra for each ZnOr
substrate, measured before the deposition of SAM, were
subtracted from the sample spectra, accurate estimation of the
SAM absorption is not possible in this wavelength range. The
absorption maxima of CPTPP in SAM Soret bands are redshifted (15 nm) compared with that in ethanol, and the bands
are broadened.8e Figure 5 shows the dependence of CPTPP
SAM absorption at 430 nm on the nanorods length for three

concentration, growth temperature, and the growth time on the
ZnOr morphology was studied.
Two types of seed layers, denoted as layers A and B, were
prepared by spin coating. The essential difference in
preparation process of seed layers A and B was the precursor
concentration (higher for B) and number of spin-coated layers.
(See the Experimental Section for details.) SEM images of the
layers A and B are shown in Figure 2a,b, which demonstrate
clearly the difference between them. Seed layer A consists of
particles with 10−20 nm diameters, and according to the SEM
image (not shown), thickness of the layer is ∼10 nm. Seed B is
∼25 nm thick and has a porous morphology. Small pores in the
film (diameter <10 nm) are most probably due to the
decomposition of zinc copolymers during the annealing.15
As previously described, the seed layer acts as a nuclei and
thus directly affects the growth of ZnOr.4a,b,e Figure 2c,d show
nanorods grown on seed layers A and B while keeping reaction
conditions otherwise the same. The seed layer has strongest
effect on the ZnOr density and orientation. The alignment of
ZnOr grown on the seed layer B is almost perpendicular to the
substrate surface, and the density is higher compared with A.
The effective surface area of ZnOr is increased with the density,
which is confirmed by the increased absorption of the
porphyrin SAM on the surface, as will be later discussed. In
contrast with previous studies,4b the seed layer has only a minor
effect on the average diameter of the ZnOr, which is mainly
determined by the precursor concentration.
One interesting and not so much reported finding is that the
seed layer has an effect on the diameter distribution of the
ZnOr.4d As illustrated in Figure 3, thin nanorods (d = 40 nm)
grown on seed A were fused together resulting in nanorods
with diameter of ∼200 nm. This is due to the poor alignment of
the nanorods. The ZnOr growing in a direction deviating from
the substrate normal will easily meet other rods and grow
together.4a Wide diameter distribution is observed only at the
growth temperature of 85 °C. Further experiments are needed
to find out the reason why individual rods do not fuse together
at lower growth temperature (80 °C), but those are beyond the
aim of this study.
The precursor concentration has the largest effect on the
diameter of ZnOr. Our results are consistent with the previous
studies by Vayssieres4f and others.4b,d The diameter of ZnOr
increases with the precursor concentration, no matter which
seed layer is used (Supporting Information Figures S1 and S2).
In principle, larger diameter should result in an increase in the
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as that of the absorption. The number of emitted photons
depends nonlinearly on the absorption at high absorbances at
the excitation wavelength. In the present study, if ZnOr is
shorter than 500 nm (A = 0.4 at 430 nm), the emission
intensity of CPTPP SAM increases almost proportionally with
the absorption, whereas for longer ZnOr (A > 0.65 at 430 nm),
the increase in the emission intensity is somewhat slower than
that of the sample absorption.
The dependence of the effective surface area increase on the
ZnOr size and density can be estimated quantitatively using a
simple geometrical model. If the nanorods are supposed to be
packed in square lattice with a period D and have square crosssection with a thickness of d (obviously D > d) and length l,
then the area of one nanorod wall is 4ld and the increase in the
effective surface area is

Figure 4. Absorption spectra of CPTPP SAMs on ZnOr substrates
grown on seed B at 85 °C with different lengths of nanorods
(indicated in the plot) and of CPTPP in ethanol solution.

r = (4ld + D2)/D2 = 1 + (4ld)/D2

(1)

There are always some variations in the diameter and length
of ZnOr grown by the hydrothermal method, and only rough
estimations of the dimensions can be done based on the SEM
figures shown in Figure 6. According to eq 1 after reactions for
2 and 4 h at 85 °C, the expected increases in the effective
surface areas of ZnOr are 15 (l = 300 nm, d = 30 nm, D = 50
nm) and 22 (l = 500 nm, d = 40 nm, D = 60 nm) times,
respectively.
For the quantitative determination of the absorption increase
due to increase in the effective surface area, one needs to
measure absorption of the CPTPP SAM formed on a flat
surface. Because CPTPP cannot self-assemble on quartz or
glass substrates, a 2 nm layer of ZnO was deposited on glass
substrate by ALD, and the SAM was formed on it under
conditions similar to that on ZnOr (absorption spectrum is
presented in Supporting Information Figure S7). It should be
kept in mind that the effective surface area of 2 nm ZnO layer
on glass can be more than 1 due to the layer roughness.
Therefore the absorption is expected to be slightly higher than
that on ideal flat surface. At 430 nm, the absorbances of the
CPTPP SAMs formed on ZnOr are 0.34 (l = 300 nm) and 0.42
(l = 500 nm), respectively. The absorbance of the monolayer
on the flat surface is 0.03. Therefore, the increase in the
effective surface area leads to 11- and 14-fold increases in
absorption for 300 and 500 nm long nanorods, respectively. For
shorter ZnOr (l = 300 nm), the estimation is reasonably
accurate, but for the longer (l = 500 nm), the expected value,
22, is apparently higher than the actually measured, 14. Longer
ZnOr is partially fused at its roots, which is the most probable
reason why the actual surface area is smaller compared with the
theoretical one.

Figure 5. Dependence of absorbances (at 430 nm) of CPTPP SAMs
on the ZnO nanorod length grown at 80 °C on seed A (blue) and seed
B (black) and those of grown at 85 °C on seed B (red).

different series of the ZnOr substrates. ZnOr grown on seed A
(at 80 °C) has a smaller surface area compared with that of the
ZnOr grown on seed B (at 80 or 85 °C), as indicated by the
lower absorbances of CPTPP SAMs. The main reason for this
is the lower density of ZnOr because the diameter is even
greater if seed A is used (Figure 2c). The absorption increases
almost linearly with the length of ZnOr, although small
deviations from the linear dependence can be attributed to a
small variation in nanorods deposition conditions leading to
some differences in the nanorod lengths. Some of the nanorods
grow slower than others or start to grow later, and the relative
amount of such nanorods increases with the growth time
(Figure 3). The growth temperature of ZnOr has no detectable
effect on the surface area; the higher growth temperature
increases only the growth rate of ZnOr.
Emission spectra of CPTPP SAMs on ZnOr (l = 300−900
nm) were measured and are presented in Supporting
Information (Figure S6). The estimation of the effective
surface area in terms of the emission intensity is not as simple

Figure 6. SEM images of ZnOr grown at 85 °C for (a) 2 and (b) 4 h (Seed B, 0.02 M precursors).
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Evaluation of Electronic Interactions between TiO2,
Al2O3, or ZnO and SAM. Electronic interactions between
three metal oxides, TiO2, Al2O3, and ZnO, and porphyrin SAM
were studied. The difference between TiO2 and ZnO is not
expected to be large because these semiconductors have rather
similar band gaps, but Al2O3 is an insulator and may have a
large effect on semiconductor−SAM interactions. Two types of
porphyrins were used to form SAMs: CPTPP and P-Si(OEt)3.
As illustrated in Figure 1, these porphyrins differ from each
other: CPTPP has carboxylic acid anchor directly in the mesophenyl ring, whereas P-Si(OEt)3 has a much longer linker with
triethoxysilane anchor and bulky tert-butyl groups at the meta
positions of the meso-phenyl substituents. Taking these
structural factors into account, one may expect that the two
porphyrin SAMs have different degree of aggregation, tilt
angles, and distance between chromophores and metal oxide
surfaces. As a consequence, differences in the interactions
between the porphyrin SAM and the semiconductor are
expected.2a
Absorption spectra of the CPTPP and P-Si(OEt)3 SAMs on
the modified ZnOr substrates are shown in Figure 7. Typical

The interactions at semiconductor-organic SAM interfaces
were monitored by comparing fluorescence intensities and
lifetimes of the SAMs. The fluorescence of the porphyrin SAM
on the semiconductor surface can be quenched due to (1) the
intermolecular interactions in the SAM and (2) the interaction
with metal oxide surface.16 In the case of Al2O3, the
fluorescence is expected to be quenched only due to
intermolecular interaction in the SAM, whereas on ZnO and
TiO2, the interaction with metal oxide is expected to contribute
strongly to the fluorescence quenching. The emission spectra of
the both SAMs on TiO2, Al2O3, and ZnO surfaces are shown in
Figure 8. Emission intensities are normalized with respect to

Figure 8. Normalized emission spectra with respect to the relative
amount of the excitation light absorbed by the film of CPTPP (a) and
P-Si(OEt)3 (b) SAMs on ZnOr, ZnOr|Al2O3 (2 or 5 nm) and ZnOr|
TiO2 (2 or 5 nm).

the relative amount of the excitation light absorbed by the film.
The shapes of the spectra are comparable, and there is
practically no difference in emission intensities between the
same SAMs on ZnOr|Al2O3 2 or 5 nm. Considering that Al2O3
is a dielectric medium and cannot contribute to the
fluorescence quenching, one can conclude that a few
nanometers separation between porphyrin SAM and semiconductor surface is sufficient for prohibiting electronic
interactions between the SAM and semiconductor. The
remaining fluorescence quenching for the SAMs on Al2O3 is
due to porphyrin aggregation in the layer, which is in
agreement with numerous previous studies.2a,8b,e
Even though both porphyrins form SAMs with compatible
absorptions, the emission properties are quite different. PSi(OEt)3 SAM shows strong emission on all oxide substrates
compared with that of CPTPP SAM. This can be explained by
the two major differences in the structure of the porphyrins.
First, the bulky tert-butyl groups in P-Si(OEt)3 reduce
aggregation and self-quenching due to intermolecular interactions in the SAM. The second reason for stronger emission of
P-Si(OEt)3 SAM is a longer linker, which increases the distance
between the chromophore and the surface and reduces the

Figure 7. Absorption spectra of CPTPP (a) and P-Si(OEt)3 (b) SAMs
on ZnOr, ZnOr|Al2O3 (2 or 5 nm) and ZnOr|TiO2 (2 or 5 nm).

features of the free base porphyrin, Soret band, and four Q
bands are observed in all spectra. Small shifts in absorption
spectra of CPTPP SAMs on different metal oxide surfaces are
attributed to inaccurate subtraction of the substrate spectra
(Supporting Information, Figure S8). The absorbances of
CPTPP SAMs are roughly 1.5 times higher, and the absorption
maxima are red-shifted by ∼5 nm compared with those of PSi(OEt)3 SAMs, suggesting tighter packing of CPTPP on oxide
surfaces.2a,8e Because the effective surface area of core ZnOr is
varying slightly from sample to sample, there is difference in the
absorbance between the same SAM formed on the modified
ZnOr substrates. The absorption spectrum of P-Si(OEt)3 SAM
on ZnOr|ZnO (2 or 5 nm) was similar to that of ZnOr, and
thus the spectrum is not shown.
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Table 1. Fluorescence Lifetimes (τi) and Pre-Exponential Factors (a) Calculated from Bi-Exponential Fits Of TCSPC Decays of
CPTPP and P-Si(OEt)3 SAMs on Oxide Surfacesa
sample

τ1 [ns] a1 [%]

τ2 [ns] a2 [%]

τavg [ns]

χ2

rel. emission (660 nm)

rel. τavg

ZnOr|Al2O3 (5 nm)|CPTPP
ZnOr|Al2O3 (2 nm)|CPTPP
ZnOr| CPTPP
ZnOr|TiO2 (2 nm)|CPTPP
ZnOr|TiO2 (5 nm)|CPTPP
ZnOr|Al2O3 (5 nm)|P-Si(OEt)3
ZnOr|Al2O3 (2 nm)|P-Si(OEt)3
ZnOr|P-Si(OEt)3
ZnOr|TiO2 (2 nm)|P-Si(OEt)3
ZnOr|TiO2 (5 nm)|P-Si(OEt)3

0.46 73.2
0.41 78.6
0.17 90.4
0.16 93.2
0.062 93.2
0.81 51.9
0.94 47.4
0.70 78.3
0.63 79.2
0.61 75.6

1.31 26.8
1.26 21.4
0.49 9.6
0.88 6.2
0.39 6.8
1.98 48.1
2.23 52.6
2.28 21.7
2.86 20.8
2.65 24.4

0.69
0.59
0.20
0.21
0.08
1.37
1.62
1.04
1.09
1.11

1.19
1.29
1.88
1.74
1.40
1.21
1.16
1.65
1.77
1.72

1.00
0.77
0.18
0.13
0.06
1.00
1.01
0.61
0.54
0.55

1.00
0.86
0.29
0.30
0.12
1.00
1.18
0.76
0.80
0.81

τavg is amplitude-weighted lifetime and χ2 is weighted mean square deviation. Relative emission maximum and the fluorescence lifetime are
presented in the last two columns.

a

interaction between the two.8e The latter can also explain the
weak dependence of the emission intensity on the supporting
semiconductor for P-Si(OEt)3 SAM compared with that of
CPTPP SAM. The emission intensity of CPTPP is the highest
on the ZnOr|Al2O3 (5 nm) and lowest (17 times lower) on
ZnOr|TiO2 (5 nm). On the contrary, P-Si(OEt)3 SAMs on
ZnOr|Al2O3 (2 or 5 nm) have only approximately two times
higher emission intensity than on ZnOr or ZnOr|TiO2 (2 or 5
nm).
Emission decays of the porphyrin SAMs on ZnOr and ZnOr|
TiO2 or Al2O3 were measured by time-correlated single photon
counting (TCSPC) method. The results of biexponential decay
fits, comparison of emission intensities, and average fluorescence lifetimes are presented in Table 1. Some examples of
the decay curves are presented in the Figure 9. A relatively thick

semiconductor quenching effect is observed for ZnOr|TiO2 (5
nm) with the average rate constant of 1.1 × 1010 s−1. On the
basis of these experiments, a 2 nm layer of TiO2 is not thick
enough to switch surface properties completely from ZnO to
TiO2. The fluorescence lifetime is almost the same as that for
ZnO sample, and the emission intensity is decreased only
slightly.
The self-quenching in the P-Si(OEt)3 SAM is weaker than in
CPTPP SAM, and the average fluorescence lifetime on ZnOr|
Al2O3 (5 nm) is 1.37 ns. Only minor decrease in the
fluorescence lifetimes can be seen when the layers are deposited
on ZnOr or ZnOr|TiO2 (2 or 5 nm). The reasons for these
observations are the structural differences between CPTPP and
P-Si(OEt)3, as previously discussed. Table 1 presents the
relative emission intensities, and the average fluorescence
lifetimes are normalized with respect to those on ZnOr|Al2O3
(5 nm), where only intramolecular interactions are expected to
occur.
The relative fluorescence intensity and lifetime are in a
reasonable agreement for P-Si(OEt)3 SAM, but more than two
time difference can be seen for CPTPP SAMs on ZnOr|TiO2.
This indicates that faster unresolved quenching processes may
take place. Recent studies of dye-sensitized TiO2 nanoparticles
indicate that interfacial electron transfer takes place in
picosecond and even subpicosecond time domains.2 Preliminary studies of CPTPP SAMs on ZnOr and ZnOr|TiO2 (5 nm)
and ZnOr|Al2O3 (5 nm) were carried out using femtosecond
pump−probe method (Supporting Information, Figure S9).
The results revealed the presence of the ultrafast quenching
processes and even indicated that the interfacial electron
transfer can be the mechanism of enhanced fluorescence
quenching in the case of ZnOr|TiO2 and ZnOr|Al2O3 samples.
However a more thorough investigation with wider range of
SAM compounds is required to distinguish in-layer and
interfacial interactions and also to establish the nature of
interfacial interactions.

Figure 9. Fluorescence decay curves of CPTPP SAM on Al2O3 (red
square), ZnO (black triangle), and TiO2 (blue circle) surfaces.

layer of Al2O3 is expected to cancel all electronic interactions of
the SAM with the oxide surface. The difference in the emission
lifetimes of CPTPP SAM on the ZnOr|Al2O3 (2 and 5 nm) is
rather small. Therefore, one may safely assume that 5 nm is a
thick enough layer to prevent the interactions, and the
fluorescence quenching is exclusively due to aggregation of
the CPTPP molecules in SAM. For ZnOr|Al2O3 (2 nm), the
lifetime is somewhat shorter, 0.59 vs 0.69 ns, and additional
minor quenching of the fluorescence can be attributed to a
weak interaction between ZnO and porphyrin SAM through 2
nm thick layer of Al2O3. Much stronger quenching is observed
for CPTPP SAM on ZnOr, in which case the average emission
lifetime is 0.2 ns. Comparing this lifetime to that of the same
SAM on ZnOr|Al2O3 (5 nm), one can estimate the average rate
constant of the quenching due to interaction between the SAM
and the ZnO to be 3.6 × 109 s−1. The strongest SAM-

■

CONCLUSIONS

Dense arrays of ZnO nanorods can be grown in a controlled
way by optimizing the ZnO seed layer, precursor concentration,
and reaction temperature. The absorption of porphyrin SAM
on the ZnOr surface gives valuable information about the
sample morphology. The absorbance of SAM increased with
the specific surface area of nanorods, and the effect of the
length and density of ZnOr on the surface area was easily
observed. For shorter nanorods (l < 500 nm) a simplified
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calculation model can be used to evaluate dependence of the
increase in effective surface area on the ZnOr size and density.
Furthermore, the surface electronic properties of the
nanorods can be modified by depositing a thin layer of Al2O3
or TiO2 on ZnOr by the ALD method. At least two types of
anchor groups, carboxylic acid or triethoxysilane, can be used to
form SAMs with compatible density of molecules on all three
types of nanorods. On the basis of the preliminary photophysical studies, the effect of the modification layer on
interactions at the interface is the largest for the CPTPP
SAMs, where the molecules are tightly packed closer to the
surface. The fluorescence of CPTPP SAM is quenched
efficiently when the layer is formed on the 5 nm thick TiO2.
On the contrary, a 5 nm thick layer of Al2O3 act as an insulating
barrier, canceling the interfacial interactions and enabling
studies of photophysical properties of the SAM itself.
On the basis of the presented results, the ZnO nanorod
arrays are versatile model substrates to study electronic
interactions between the organic SAM and supporting
semiconductor surface. The hydrothermal growth method of
ZnOr provides reasonable degree of morphology tuning to
construct organic SAMs of interest, and electronic properties of
ZnOr can be altered in a controlled way by ALD method.
These kinds of model systems enable detailed interfacial studies
by time-resolved spectroscopic methods.
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Figure S1. SEM images of ZnOr grown at 80⁰C for 2.5 h on seed layer B using 0.05 M (a) and 0.02 M

(b) precursors.

2

Figure S2. SEM images of ZnOr grown at 80⁰C for 6 h on seed layer A using 0.05 M (a) and 0.02 M (b)

precursors.

Figure S3. SEM images of ZnOr grown at 80⁰C (a), 85⁰C (b) and 90⁰C (c) for 4 h on a seed layer B

using 0.02 Mprecursors.

3

Figure S4. The length of ZnOr grown on seeds A at 80⁰C (black) and on seed B at 80⁰C (blue) and

85⁰C (red) as a function of the reaction time. The precursor solution is not changed during the growth.

Figure S5. Absorption spectra of ZnOr substrates grown on seed B at 85⁰C for 2-10 h.

4

Figure S6. Emission spectra of CPTPP SAM on ZnOr. (Nanorods were grown on seed B at 85⁰C for 2-

10 h using 0.02 M precursors).

Figure S7. Absorption spectrum of CPTPP SAM on glass | ZnO (2 nm).

5

Figure S8. Absorption spectra of the a) oxide substrates of CPTPP SAMs and b) P-Si(OEt)3 SAMs, c)
absorption spectra of CPTPP SAMs and d) P-Si(OEt)3 SAMs on oxide substrates without substrate
subtraction.

6

Figure S9. Decay component spectra (lines with symbols) of CPTPP SAM on ZnO (a), TiO2 (b), and
Al2O3 (c) surfaces. The component lifetimes are indicated in the plots. The black solid lines present the
time resolved spectra right after the excitation (at 0 ps). The zero delay time spectrum of the Al2O3
sample agrees well with the transient spectrum of the singlet excited state of porphyrin (as expected).
However in the case of ZnO and TiO2 samples the increased absorption in the 600-700 nm range
indicate presence of some amount of porphyrin cations, which are formed with time constant shorter
than the time resolution of the instrument. In a qualitative level the porphyrin cations are longer-lived in
TiO2 than in ZnO sample (0.8 vs 0.3 ps). However more advanced studies are required for quantitative
evaluation of the excitation relaxation processes in such samples.
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a b s t r a c t
Electron transfer at metal oxide–organic dye interface on ZnO nanorod (ZnOr) templates was studied by
femtosecond absorption spectroscopy method. Further conﬁrmation of the electron transfer was
obtained from photoelectrical studies. The fastest electron transfer from zinc porphyrin (ZnP) to semiconductor was observed for ZnOr modiﬁed by a 5 nm layer of TiO2 (<0.2 ps). The charge recombination
processes were not affected by the TiO2 being faster than at the interface of TiO2 nanoparticle and ZnP.
This indicates that the charge recombination depends mainly on semiconductor bulk properties whereas
the charge separation is determined by the organic-semiconductor interface.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Controlled surface functionalization and in-depth understanding of photoinduced processes at the organic dye–inorganic semiconductor interface are the key factors to improve the efﬁciency of
photovoltaic devices [1–4]. Sensitizer–semiconductor interface in
real devices is a complex object and the surface properties vary
depending on multiple factors [4,5]. Therefore the use of simpliﬁed
model samples is essential to gain fundamental knowledge on
electron transfer (ET) processes. So far, the major part of those
samples consists of new organic photoactive molecules assembled
on the ﬁlm of commercial TiO2 nanoparticles [6–11]. These studies
give valuable information for the design of the sensitizers. At the
same time, the effect of semiconductors properties on the interfacial ET processes was widely discussed, though the key factors
affecting the processes need better understanding [4,5].
ZnO has been considered as a good alternative to TiO2 for photovoltaic applications [1,3,12–15]. Bulk band gaps of ZnO and TiO2
are similar, whereas ZnO has higher electron mobility than TiO2.
There are some advantages to use ZnO nanostructures in fundamental ET studies. Firstly, several fabrication methods are available
and various controllable morphologies are possible to prepare.
Secondly, Atomic Layer Deposition (ALD) is an accurate method
to deposit additional layers of metal oxides (MO) conformally on
ZnO nanostructures [15]. The core–shell structures were the shell
⇑ Corresponding author.
E-mail address: hanna.hakola@tut.ﬁ (H. Hakola).
0009-2614/$ - see front matter Ó 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cplett.2013.11.028

is prepared by ALD are promising materials for practical applications such as photoanodes in dye sensitized solar cells (DSSC) or
photoelectrochemical water splitting systems [15–18].
The aim of this letter was to study fundamental ET processes at
metal oxide (MO)–organic dye interface. The samples were
prepared using ZnO nanorods (ZnOr) as templates, covering them
with a 5 nm layer of Al2O3 or TiO2 and depositing zinc porphyrin
(ZnP) photosensitizer layer on top of the MO nanostructures. Femtosecond transient absorption (TA) measurements were performed
to study in detail the electron transfer kinetics from ZnP to MO. To
link primary reactions at the sensitizer–semiconductor interface
with real applications, the DSSC experiments were carried out
using the same structures as in the TA study.

2. Materials and methods
2.1. Sample preparation
The preparation of ZnOr substrates for spectroscopic measurements has been described in detail previously [19]. Brieﬂy, ZnOr
were grown by hydrothermal method and were modiﬁed by growing a 5 nm thick layer of Al2O3 or TiO2 by ALD. A 2 lm thick layer of
TiO2 nanoparticles (Solaronix: Ti-Nanoxide-T, denoted later as
TiO2p) was formed on the glass substrates by a standard doctor
blading technique [10]. 5-(4-Carboxyphenyl)-10,15,20-tris(2,4,6trimethylphenyl)porphyrinatozinc(II) (ZnP) shown in Figure 1
was chosen as a sensitizer for this study [11]. The modiﬁed ZnO
substrates and TiO2p ﬁlm were sensitized in a 0.2 mM ZnP in
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Figure 1. Structure of studied zinc porphyrin, ZnP.

methanol at room temperature for 1 h [10]. Finally, the plates were
rinsed thoroughly with methanol in order to remove all physisorbed ZnP molecules. The samples are denoted as ZnOr/ZnP,
ZnOr/Al2O3/ZnP, ZnOr/TiO2/ZnP and TiO2p/ZnP later in the text.
The preparation of ZnOr on FTO substrates for the DSSC experiments was similar to that as described for ITO [19]. The only
difference was the number of spin coated ZnO seed layers. Two layers were required to ensure conformal ZnO seed layer on a rough
FTO substrate. In addition to Al2O3 or TiO2 modiﬁcation layers,
one set of ZnOr on FTO was modiﬁed by a 5 nm layer of ZnO. The
FTO/ZnOr based electrodes were immersed into 0.2 mM ZnP in
methanol for 24 h and after the reaction rinsed carefully with pure
solvent. Otherwise the DSSC samples were prepared as previously
described [10].

2.2. Sample characterization
The morphology of ZnOr and TiO2 nanoporous ﬁlms were studied using a ﬁeld emission scanning electron microscope (FE-SEM,
Carl Zeiss Ultra 55). Absorption spectra were recorded by a
Shimadzu UV-360 spectrophotometer. Steady state emission was
measured by Fluorolog 3 ﬂuorimeter using the correction function
supplied by the manufacturer and all samples were excited at
430 nm. A time-correlated single-photon counting (TCSPC) system
(PicoQuant GmbH) consisting of a PicoHarp controller and PDL800-B driver was used for time-resolved ﬂuorescence
measurements. The samples were excited by a pulsed LED (LDHP-C-405B) at 405 nm and ﬂuorescence decays were monitored at
605 nm. Time resolution of the TCSPC measurements was approximately 60–70 ps (FWHM). The Fourier transform infrared attenuated total reﬂectance (FT-IR-ATR) spectra were measured using a
Perkin Elmer Spectrum One FT-IR Spectrometer equipped with a
diamond crystal. The contact force between the sample and the
crystal was kept the same for all samples and 64 scans were recorded with a resolution of 2 cm1.
For the transient absorption measurements, an integrated onebox femtosecond laser system (Integra-C 3.5 mJ, Quantronix) was
used to pump two home-built non-collinear parametric ampliﬁers
(NOPAs) delivering pump (560 nm) and probe (660 nm) pulses for
the experiment. The detection of transient absorption was done
using traditional two beam arrangement (probe and reference
beams) giving a detection limit well below 0.1 mOD over 1000
shots. The mutual polarization of the pump and probe pulses
was set to magic angle (54.7°). The time-resolution in the
experiment was determined to be 80 fs by sum-frequency
cross-correlation signal generated in 0.1 lm thick BBO-crystal at
the sample position. A fast (100 fs) response was observed for

all ZnOr based samples regardless of TiO2, Al2O3 or ZnP layers
(Figure S1) and is tentatively attributed to two-photon absorption
in ZnO [20]. This fast response was subtracted from the sample
signals shown below but it reduces the accuracy of measurements
in a short time scale, <200 fs.
The photocurrent–voltage performances were measured with a
solar simulator (PEC-L10, Peccell Technologies) providing AM 1.5
excitation spectrum (100 mW/cm2). The active area of the studied
cell was 0.16 cm2. Two cells of each sample type were measured
and the average values are presented in the results.

3. Results and discussion
3.1. Sensitization of nanorods
Steady state absorption spectra of ZnP in methanol and ZnP
SAMs on metal oxides are shown in Figure 2. The solution spectrum agrees well with the previous studies [10]. The absorbances
of ZnP SAMs on ZnOr, ZnOr/Al2O3 and ZnOr/TiO2 are 0.3–0.7 at
maxima, the Soret bands, and 0.02–0.04 at the strongest Q bands
observed at around 550 nm. These absorbance values are in agreement with those of recently published for free base porphyrin
SAMs on similar ZnOr and suggest reasonably high coverage of
the semiconductor surfaces by ZnP [19]. The variation in sample
absorbances is mainly due to some differences in effective surface
area of ZnOr templates (Figure S2). In addition, the light scattering
by the nanorods disturbs the measured spectra of ZnP SAMs especially in the Soret band region. Despite the spectrum of each particular substrate has been subtracted from the spectrum of its
corresponding ZnP SAM sample, the quantitative comparison of
the sample absorbances is rather inaccurate. Nevertheless, it is evident that TiO2p/ZnP has signiﬁcantly higher (approximately ten
times) absorbance than that of ZnP SAMs on ZnOr substrates. This
is directly related to the higher effective surface area of the 2 lm
thick mesoporous TiO2p layer as compared to that of ZnOr
(Figure S3).
The binding mode of ZnP layer on semiconductors was studied
by FT-IT-ATR spectroscopy method [9,21,22]. The ATR spectra of a
solid ZnP powder and ZnP bound to MO substrates are shown in
Supporting information (Figure S4). The spectrum of solid ZnP
has characteristic carboxylic acid stretching bands m(C@O) and
m(CAO) at around 1700 and 1280 cm1, respectively. Upon binding
these bands disappear and symmetric ðmðCOO
as Þ and asymmetric
ðmðCOO
s Þ stretching bands of carboxylate groups appear at around
1400 and 1600 cm1. These characteristic features are observed

Figure 2. Absorption spectra of ZnP in methanol (solid gray) and in the ZnOr/ZnP
(short dot), TiO2p/ZnP (dash), ZnOr/TiO2/ZnP (solid black), and ZnOr/Al2O3/ZnP
(dash dot) samples. Except TiO2p/ZnP, all the spectra are multiplied by a factor of
ten in the range 490–850 nm.
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when ZnP is bound to all studied substrates. The FT-IR-ATR signal
intensity is not high in case of ZnOr based samples, but still a clear
difference to the spectrum of solid unbound ZnP is found. The
disappearance of strong m(C@O) band in ZnP SAM spectra rules
out the ester type binding mode and also indicates that no unbound ZnP is left on the metal oxide surfaces. The difference between the symmetric and asymmetric stretching bands of
carboxylate group suggests bidentate binding mode of ZnP on all
studied metal oxides.
3.2. Photoinduced electron transfer at the interface

ZnOr
ZnOr/ZnO
ZnOr/TiO2

1.0
0.8

ZnOr/Al2O3

0.6
0.4
0.2
0.0
0.0

After photoexcitation, at least two states can be formed in the
ZnP layer, the singlet excited state, ZnPS, and the ZnP radical cation,
ZnP+, which can be formed after the electron transfer from ZnPS to
the semiconductor [7]. However, there are other possible deactivation reactions for ZnPS, such as intermolecular interactions and enhanced non-radiative relaxations in the ZnP layer itself.
Fluorescence spectra of ZnOr/ZnP, ZnOr/Al2O3/ZnP, and ZnOr/
TiO2/ZnP shown in Figure 3 illustrates a strong dependence of
the ﬂuorescence intensity on the semiconductor substrate. The
ﬂuorescence intensity is strongest for ZnOr/Al2O3/ZnP and most
quenched for ZnOr/TiO2/ZnP. This supports our hypothesis that
the 5 nm layer of Al2O3 blocks the interactions between ZnP and
ZnOr, leaving the intermolecular interactions in the ZnP layer as
the major pathway for ZnPS quenching. For other samples, the formation of ZnP+ is the major reason for reduced ﬂuorescence intensity [15,19]. The measured average ﬂuorescence lifetime for the
ZnOr/Al2O3/ZnP is 0.34 ns, and in case of ZnOr/ZnP and ZnOr/
TiO2/ZnP the lifetime is close to the TCSPC instrument resolution,
being approximately 0.1 ns (Figure S5). This also indicates that in
the latter case the ZnPS relaxation is strongly accelerated by interaction with the ZnO or TiO2. The ﬂuorescence of the TiO2p/ZnP was
quenched signiﬁcantly stronger than that for ZnOr/TiO2/ZnP and
practically no signal was detected under otherwise identical measurement conditions. One reason for this can be increased intermolecular interactions. The probability of the dye–dye interactions in
porous TiO2p ﬁlm can be high because the pore size is only few
nanometers (Figure S3).
DSSC experiments provided another proof that Al2O3 layer suppress effectively the ZnP+ formation. The photocurrent–voltage
characteristics are shown in Figure 4 and the performance parameters are summarized in Table 1. The efﬁciency of the ZnOr/Al2O3/
ZnP solar cell is almost zero (g = 0.001%). On the other hand, the
ZnOr/ZnP, ZnOr/ZnO and ZnOr/TiO2/ZnP cells have reasonable
efﬁciencies compared to the low cell absorbances. Also for the
same reason the photocurrent is roughly proportional to the cell

Figure 3. Emission spectra of the ZnOr/Al2O3/ZnP (dash dotted) ZnOr/ZnP (short
dot), and ZnOr/TiO2/ZnP (solid) samples.

0.2

0.4

0.6

Voltage / V
Figure 4. IV–characteristics of studied samples based on ZnOr photoanodes.

Table 1
Photovoltaic properties of the samples and the absorption at the strongest Q band at
550 nm.
Photoanode
ZnOr
ZnOr/ZnO
ZnOr/Al2O3
ZnOr/TiO2

Jsc
(mA/cm2)

Uoc
(V)

FF

1.0
0.59
0.01
0.54

0.40
0.39
0.24
0.55

0.42
0.43
0.43
0.67

g

A550 nm

(%)
0.17
0.10
0.001
0.20

0.060
0.045
0.030
0.040

absorption for all cells except of ZnOr/Al2O3/ZnP. The most remarkable differences between the ZnOr/ZnP or ZnOr/ZnO/ZnP and ZnOr/
TiO2/ZnP cells are found in Uoc and FF. Adding the TiO2 layer on
ZnOr increases the Uoc by 38% (from 0.39 to 0.55 V) and FF by
60% (from 0.43 to 0.67).
The most detailed information on photoinduced processes at
MO–ZnP SAM interface was obtained from TA measurements.
The preliminary experiments were carried out by acquiring spectra
in the range 460–760 nm (see SI, Figure S6) at varying the excitation densities. The aim was to ﬁnd the excitation energy limit at
which the signal decay proﬁle does not depend on the excitation
density. This study indicated that the sensitivity of the primary
used system is not sufﬁcient and another instrument optimized
for detection of weak signals was used. However, this system is designed for TA decay measurements rather than for spectra studies.
Therefore the most of the measurements were done with excitation at 560 nm and monitoring at 660 nm using 0.03 mJ/cm3 excitation density.
Although 660 nm is optimum wavelength for monitoring, ZnP+,
ZnPS state also has a contribution to the TA response at this

Figure 5. Transient absorption response of the ZnP SAMs on metal oxides. The
signal intensity of TiO2p/ZnP is divided by the factor of ten.
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wavelength [6–8,23]. At ﬁrst, with the excitation at 560 nm, the
ZnPS is populated and it gives an instant rise of the TA signal shown
in Figure 5. The slower rise of the absorption at this wavelength
can be attributed to the formation of ZnP+ [6–8]. The slower part
of the rise was not observed for ZnOr/Al2O3/ZnP sample, therefore
there is no ET from ZnP to the semiconductor in this case. The analysis for the TA decays is not that straightforward, since the contributions of the ZnPS and ZnP+ cannot be separated. The decays of
ZnOr/Al2O3/ZnP, ZnOr/TiO2/ZnP and ZnOr/ZnP look roughly the
same (Figure 5 and Table 2). The signal intensities in TA responses
were rather weak thus the accuracy of the calculated lifetimes
shown in Table 2 is approximately 30%. However, the TCSPC measurements show that at least at 100 ps delay time the population of
ZnPS of ZnOr/TiO2/ZnP and ZnOr/ZnP samples is much lower than
that of ZnOr/Al2O3/ZnP; therefore the TA response of ZnOr/TiO2/
ZnP and ZnOr/ZnP can be attributed to the decay of ZnP+. In addition, the DSSC measurements (Figure 4) suggest that the ET is very
inefﬁcient process in the case of ZnOr/Al2O3/ZnP. These three
observations, the rise of absorption in subpicosecond time for
ZnOr/TiO2/ZnP and ZnOr/ZnP only, much shorter ﬂuorescence lifetime of the same samples and no photocurrent generation for
ZnOr/Al2O3/ZnP, lead us to conclusion that origin of the transient
absorption decays of these samples at 660 nm is different,
although the lifetime is roughly the same. For ZnOr/TiO2/ZnP and
ZnOr/ZnP the signal decay is mainly due to ZnP+, whereas in the
case of ZnOr/Al2O3/ZnP it arises from ZnPS.
Transient absorption kinetics of TiO2p/ZnP is in agreement with
previous studies carried out in presence of 1:1 tert-butanol:acetonitrile [7]. In our experiments carried out in air atmosphere, a clear
rise of TA is seen for TiO2p/ZnP with a time constant of 0.9 ps. At
the ZnOr/ZnP interface, the ET is faster and takes place in a subpicosecond time domain (0.3 ps). Even faster ET was observed for
ZnOr/TiO2/ZnP, but the time constant of the process interferes with
the response of the ZnOr substrate and therefore can only be determined on a qualitative level to be <0.2 ps.
In part, these results are in contradiction with previous studies
of ET dynamics on sensitized TiO2 and ZnO nanoparticle thin ﬁlms,
which reported faster ET for TiO2 than for ZnO [24–26]. Comparison however is not straightforward to make because the sensitizers
and nanostructures are different. Compared to TiO2p/ZnP, we observe faster ET not only for ZnOr/TiO2/ZnP but also for ZnOr/ZnP.
This is a clear indication that the semiconductor nanostructure
has a strong inﬂuence on the ET rate. The TiO2 nanoparticle ﬁlm
is randomly packed and has grain boundaries and therefore electronic states differ from the bulk at every nanoparticle interface.
On the contrary, one-dimensional ZnOr are single crystals with
wurtzite structure and can provide a direct pathway for electron
transport along the nanorods unlike the ﬁlm of nanoparticles.
Looking at only samples based on nanorods (ZnOr/ZnP and ZnOr/
TiO2/ZnP), TiO2 enhances the ET rate. A 5 nm layer of TiO2 may
be too thin to have well deﬁned crystal structure but is thick enough to change the electronic structure of the ZnOr surface.
The faster ET for TiO2 than for ZnO can be attributed to differences in conduction band electronic structures of TiO2 and ZnO
[24,25]. Although the band gaps of bulk ZnO and TiO2 are very
close to each other, TiO2 has higher density of states than ZnO. This

Table 2
Lifetimes and amplitudes of decay components obtained from transient absorption
decays. s1, formation of porphyrin radical cation; s2 and s3, two decay time constants.
Substrate

s1 rise

s2 decay

s3 decay

ZnOr
ZnOr/TiO2
ZnOr/Al2O3
TiO2p

0.3 ps
<0.2 ps, unresolved
Not formed
0.9 ps

50 ps
50 ps
50 ps
84 ps

2.3 ns (40%)
3.1 ns (50%)
2.5 ns (40%)
>2 ns (80%)

(60%)
(50%)
(60%)
(20%)

deﬁnitely is one reason for the faster ET rate, although in the case
of sensitized ZnO nanorods and nanoparticle ﬁlms the role of conduction band electronic structure in ET reaction rate has been under discussion [26,27]. It has been suggested that ET proceeds via
intermediate state at ZnO–sensitizer interface and this state is a
major factor determining the ET rate. The intermediate state is related to ZnO properties because no stepwise ET is observed for the
reference TiO2 samples but its origin is still under intense study
[26,27]. Moreover, it is known that the ET at ZnP–semiconductor
interface takes place through the space and is sensitive to the molecule arrangement on the surface and in particular to the tilt angle
of ZnP [7,8,28]. The surfaces of the semiconductors are heterogeneous and despite similar sensitizing conditions, variation in tilt
angles as well as different types of porphyrin aggregates are possible. So far, the effect of these factors on the ET remain unclear since
experimental determination of exact molecular organization on
semiconductor surface is extremely challenging task [8].
Although TiO2 layer on ZnOr increases the ET rate, only a small
difference in the charge recombination rate between the ZnOr/ZnP
and ZnOr/TiO2/ZnP is observed. Though the calculated longer lifetimes are somewhat different for these samples there is no visible
difference in the decay proﬁles (Figure 5). The TiO2 layer decreases
slightly amplitude of 50 ps decay component. One reason for this
can be that the conductivity of the ZnOr core is higher than TiO2
shell and the energy level of the conduction band of ZnO is slightly
lower than that of TiO2 [15]. Therefore photoinjected electrons in
ZnOr/TiO2/dye structures move across the TiO2 layer into ZnOr
and the recombination rate is mainly determined by ZnOr. Among
all measured samples, the charge recombination is slowest in TiO2p/ZnP. One possible explanation can be that the bulk carrier mobility of ZnO and TiO2 contributes to the rate of charge recombination
– the faster charge migration in ZnO makes charge recombination
faster. The latter should not have a negative effect on the solar cell
performance, since the higher carrier mobility is also beneﬁcial for
the efﬁcient charge transport to the external circuit.

4. Conclusions
For both ZnOr/ZnP and ZnOr/TiO2/ZnP interfaces the ET is
efﬁcient and fast, being faster than that at the interface of TiO2p/
ZnP. A 5 nm thick TiO2 shell on ZnOr modiﬁes the surface electronic properties thus enabling sub-ps (<0.2 ps) ET reaction. The
transient absorption measurements revealed only minor differences in the charge recombination rate between the ZnOr based
samples but a clear difference is found in DSSC experiments. TiO2
shell decreases the charge recombination as indicated by the increased open circuit voltage of the cell.
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Figure S1. Transient absorption response of ZnOr substrate.

Figure S2. SEM images of ZnOr/Al2O3 5 nm (a), ZnOr/TiO2 5 nm (b) and ZnOr (c) on ITO
substrates. Considering the variation in diameters of ZnOr and the SEM resolution, the 5 nm
thick layer of ZnO, Al2O3, or TiO2 cannot be resolved from the ZnOr core.

2

Figure S3. Cross-section SEM image of TiO2 nanoparticle film.

3

Figure S4. FT-IR-ATR spectra of (a) ZnP powder, (b) TiO2p/ZnP and (c) ZnOr/Al2O3/ZnP (dash
dot), ZnOr/ZnP (short dot), and ZnOr/TiO2/ZnP (solid).

4

Figure S5. TCSPC decays of ZnOr/Al2O3/ZnP (square), ZnOr/ZnP (circle), and ZnOr/TiO2/ZnP
(diamond). Excitation and monitoring wavelengths were 405 nm and 605 nm, respectively.

Figure S6. Decay component spectra of ZnP SAM on ZnOr/TiO2 5 nm (left figure) and
ZnOr/Al2O3 5 nm (right figure). The component lifetimes are indicated in the plots. The black
solid lines present the time resolved spectra right after the excitation (at 0 ps). The details of the
measurement system are found elsewhere*
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ABSTRACT: The photoinduced electron transfer processes were studied for
hybrid systems consisting of self-assembled monolayer of zinc phthalocyanine
(ZnPc) assembled on ZnO nanorods and a ﬁlm of organic hole transporting
material (HTM) atop. Polythiophene (P3HT) or Spiro-OMeTAD were used
as HTM. The study was carried out by ultrafast transient absorption
spectroscopy technique with selective excitation of ZnPc at 680 nm or P3HT
at 500 nm. Data analysis revealed that photoexcitation of ZnPc in the
structure ZnO|ZnPc|P3HT results in a fast (1.8 ps) electron transfer from
ZnPc to ZnO, which is followed by a hole transfer from the ZnPc cation to P3HT roughly in 30 ps. However, in the case of ZnO|
ZnPc|Spiro-OMeTAD structure, the primary reaction upon excitation of ZnPc is a fast (0.5 ps) hole transfer from ZnPc to SpiroOMeTAD, and the second step is electron injection from the ZnPc anion to ZnO in roughly 120 ps. Thus, we demonstrate two
structurally very similar hybrid architectures that implement two diﬀerent mechanisms for photoinduced charge separation found
in dye-sensitized or in organic solar cells.

■

using indolene20 and phthalocyanine21 derivatives as sensitizers
for samples prepared on TiO2 nanoparticle ﬁlms. However, to
the best of our knowledge, only a few studies were undertaken
to compare these two HTM, and even these studies compare
the ﬁnal solar cell performance,22 leaving mechanism of
photoinduced charge separation unanswered.
Investigation of primary mechanisms of photoinduced charge
transfer in three-component structures such as semiconductordye sensitizer-HTM is a challenging task, since a few reactions
can compete with each other, and potentially, the reactions can
be initiated by exciting both the dye sensitizer and the HTM, as
is in the case of P3HT used as HTM. One of the aims of this
study is to ﬁnd such systems when the reaction can be initiated
selectively at a particular component of the structure.
Therefore, zinc phtalocyanine (ZnPc) derivative was selected
as dye sensitizer as it has distinct band close to 700 nm and can
be excited selectively. At the same time, ZnPc has almost no
absorption around 500 nm, which makes possible selective
photoexcitation of P3HT if required. Phthalocyanines were
widely used as sensitizers in DSSC,23 though their drawbacks
are relatively high aggregation tendency, which reduces ET
eﬃciency, and relatively narrow absorption band, which leads
to a poor spectrum coverage.24
Another challenge of this study is to ensure compatible
conditions for the formation of the HTM layer on top of
semiconductor with dye monolayer for such diﬀerent
compounds as Spiro-OMeTAD and P3HT. Since the method
to study the primary photoreactions is ultrafast transient
absorption spectroscopy, we cannot use ﬂat layered architec-

INTRODUCTION
Hybrid nanostructures consisting of inorganic and organic
materials are under intense study due to their wide application
range in photonics and molecular electronics.1−3 To design
new devices with speciﬁc photofunctions it is important to shed
light on mechanism of light induced charge generation and
transport in speciﬁcally designed organic and hybrid organicsemiconductor systems.4 One example of such a device is dyesensitized solar cell (DSSC). Typically photoinduced electron
transfer (ET) reactions in these devices are controlled by the
dye. More speciﬁcally, by selecting the chromophore with
proper redox properties and suitable anchor group the desired
photoresponse can be achieved. This type of the ET reactions
at the inorganic−organic interface has been well-studied by
advanced spectroscopy and J−V characterization methods for a
range of organic chromophores assembled on TiO2 or ZnO
nanostructures.5−8 To get use of the charge separation (CS) at
the organic-semiconductor interface, the charge has to be
collected from the organic layer and delivered to an electrode.
In a “classic” DSSC, this is a function of electrolyte ﬁlling, but
new solid state devices utilize hole transporting materials
(HTM) for this purpose. One of the most widely used HTM is
Spiro-OMeTAD,3 which was ﬁrst described by Bach et al.9 A
hole transporting layer is deposited on top of an organic
sensitizer, thus, adding an organic−organic interface to the
system. Charge transfer processes in TiO2-dye-Spiro-OMeTAD
structures have been studied with ruthenium,10,11 indolene,12
and perylene13−15 sensitizers, as well as in perovskite-based
solar cells.16 Another common HTM is P3HT. It was ﬁrst used
as hole conductor in bulk heterojunction solar cells,17,18 but has
also been studied in solid-state dye sensitized solar cells
recently.19 Photodynamics at dye−P3HT interface was studied
© 2016 American Chemical Society
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overnight aging of the solution, it was spin-coated on UV ozone
treated (15 min) ITO surface (1500 rpm, 60 s), followed by
annealing in air at 350 °C for 20 min. The hydrothermal
growth (85 °C) was carried out in a sealed beaker by
immersing the ITO|ZnO substrates active surface down into
0.02 mol/L aqueous solution of zinc nitrate (Zn(NO3)2,
≥99%) and hexamethylenetetramine (C6H12N, 99%) for 6 h.
After the reaction, the samples were removed from the solution,
rinsed with Milli-Q water, and dried in air at room temperature
and ﬁnally annealed in air (300 °C, 30 min).
Prior deposition of ZnPc SAM on ZnO nanorods, the
substrates were heated (150 °C, 30 min). After cooling down to
room temperature, the plates were immersed into a solution of
ZnPc (0.05 mmol/L) in butanol. After a 16 h reaction, the
samples were rinsed and immersed in butanol for 5 min in
order to remove residual ZnPc molecules.
P3HT (regioregular poly(3-hexyl thiophene-2,5-diyl, 2 g/L,
Rieke Metals) was spin-coated (2000 rpm, 60 s) from a
chlorobenzene solution. Spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N-di-4-methoxyphenylamino)-9,9′-spirobiﬂuorene, Shenzhen Feiming Science and Technology Co., Ltd.) in anhydrous
chlorobenzene (70 mg/mL) was spin-coated in the same way
as P3HT. Samples were stored in nitrogen-ﬁlled vials at room
temperature. The samples are denoted as ZnO|ZnPc, ZnO|
ZnPc|P3HT, and ZnO|ZnPc|Spiro later in the text.
Characterization. The morphology of the ZnO nanorods
was studied using ﬁeld emission scanning electron microscope
(FE-SEM, Carl Zeiss Ultra 55). Absorption spectra of the
samples were measured by Shimadzu UV-360 spectrophotometer. A pump−probe setup used for transient absorption
measurements was described elsewhere.30 In brief, the samples
were excited at 500 and 680 nm (Combination of Libra-F,
Coherent Inc., and Topas C, LightConversion). The timeresolved spectra were recorded in three wavelength ranges
480−770, 850−1060, and 1140−1350 nm (ExciPro spectrometer, CDP Inc.). Overall, time resolution of the system was
150−200 fs. All measurements were carried out under a
nitrogen atmosphere. Excitation energy density was roughly 30
μJ·cm−1, which resulted in excitation eﬃciency <6% (estimated
from the ground absorption bleaching).
The data analysis was carried out using homemade software
(decﬁt), which allowed a global ﬁt of transient absorption data
to various decay models, with data convolution with the
instrument response function and group velocity compensation.30−32

tures, as the dye monolayer has insuﬃcient absorption to be
studied by this technique. At the same time, typically used TiO2
nanoparticle ﬁlms have very small pore sizes; thus, it is diﬃcult
to ensure complete coverage of the dye monolayer by P3HT.
Therefore, we have used ZnO nanorod ﬁlms as model
semiconductor surfaces. Similar to TiO2, ZnO nanorods are
employed in the design of DSSC, though they show lower
overall conversion eﬃciency.25−27 The speciﬁc surface area of
ZnO nanorods is much smaller than that of TiO2 nanoparticle
ﬁlms but suﬃcient to conduct the study. As semiconductor,
ZnO has conduction/valence band energies very similar to
TiO2 and its activity as electron acceptor in DSSC is also
compatible to that of TiO2.28,29

■

EXPERIMENTAL SECTION
All commercially available reagents and solvents purchased
from Sigma-Aldrich Co., TCI Europe, and VWR were used
without further puriﬁcations unless otherwise mentioned. The
chemical structure of zinc 4-(1,15,22-trimesitylphthalocyanine8-yl)benzoic acid (ZnPc) is shown in Figure 1, and the
synthetic route is described in Supporting Information (SI).

Figure 1. Chemical structure of ZnPc.

Solid Sample Preparation. ZnO nanorods were fabricated
by a two-step hydrothermal method: formation of seed layers
on ﬂat substrates and the actual growth of the nanorods. ITOcoated glass substrates were cleaned by sonication in 2%
Hellmanex, water, and 2-propanol, 15 min in each solvent, and
dried in the oven at 150 °C for 30 min. Seed layer was formed
by using zinc acetate dehydrate (0.23 mol/L) dissolved in a
mixture of 2-methoxyethanol (CH3 OCH 2CH 2OH) and
ethanolamine (NH2CH2CH2OH) (96:4). Solution was stirred
at 60 °C for 2 h and cooled down to room temperature. After

Figure 2. Cross section SEM images of (a) ZnO|ZnPc, (b) ZnO|ZnPc|P3HT, and (c) ZnO|ZnPcSpiro. Bigger magniﬁcations of the same samples
are shown in the ﬁgure insets.
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■

RESULTS
Characterization of Hybrid Samples. SEM images of the
ZnO|ZnPc, ZnO|ZnPc|P3HT, and ZnO|ZnPc|Spiro sample
cross sections are shown in Figure 2. Hydrothermal growth
of ZnO nanorods (ZnO) was used to prepare dense arrays of
semiconductor nanorods aligned perpendicular to the supporting surface. After 6 h growth, the nanorods are approximately
700 nm long and have 30−40 nm diameter, which is in
agreement with the previous studies.33 The spatial resolution of
the SEM used in this study is limited to 5−10 nm; thus, ZnPc
SAM on ZnO cannot be distinguished. However, P3HT and
Spiro-OMeTAD layers ﬁll relatively large volumes and are seen
in the images as gray areas around and between the ZnO. As a
result, single nanorods are not seen in Figure 2b,c as clearly as
in Figure 2a. SEM images illustrates that Spiro-OMeTAD
inﬁltrates better to ZnO compared to P3HT. This is expected
since it has lower molecular weight and spatial size than
P3HT.22 The corresponding images of the reference samples
ZnO|P3HT and ZnO|Spiro can be found in SI (Figure S2).
SEM images of the samples with and without ZnPc SAM look
similar; thus, it was concluded that ZnPc SAM has no eﬀect on
the HTM inﬁltration. The same conclusion can be drawn from
the absorption spectra shown later in the results.
The samples prepared for this study were optimized for the
TA measurements, which require predominant coverage of
ZnPc SAM by HTM, but complete ﬁlling of all the voids
between the nanorods is not a prerequisite. In fact, one of the
aims in preparing samples with P3HT was to minimize its
amount so that it does not dominate those TA signals that are
overlapping with ZnPc.
The absorption spectra of ZnPc butanol solution and the
studied samples are shown in Figure 3. Absorption maximum of

In general, absorbance of ZnPc SAM is at the expected level
when compared to porphyrin SAMs on similar ZnO
substrates.33 Therefore, we expect reasonably complete coverage of ZnO surface by the SAM.
P3HT ﬁlm has characteristic broad absorption in the range
400−620 nm, which is the dominating absorption of ZnO|
P3HT and ZnO|ZnPc|P3HT samples (Figure 3). Shoulders at
550 and 600 nm can be attributed to vibrational transitions.35
Spiro-OMeTAD ﬁlm on ZnO is almost transparent, the main
absorption band around 390 nm is seen as a sharp absorbance
rise toward shorter wavelengths starting from 450 nm.36 The
spectra of ZnO|ZnPc|P3HT and ZnO|ZnPc|Spiro are almost
sums of the spectra of its components, but ZnPc Q-band is redshifted by 7 nm. The shift is an indication of the change in the
environment of ZnPc SAM caused by the close contact to
HTM. Despite of the red shift, the bandwidth of the ZnPc Qband was not broadened but even a bit narrowed (30−32 nm)
after deposition of HTM layers. This suggests relatively
homogeneous coverage of ZnPc SAM by HTM, which does
not leave detectable amount of ZnPc with the spectrum
measured without HTM layer.
A small variation in the intensities of ZnPc absorption band
can be attributed to a variation in length and density of
nanorods, which have an eﬀect on the eﬀective surface area as
was discussed in our previous study.33
Time-Resolved Absorption. TA measurements of ZnO|
ZnPc were carried out with excitation at 680 nm. In principle,
the ET from an excited ZnPc to ZnO is the ﬁrst order reaction
for each individual molecule and should follow exponential
decay kinetics. The measured signal is cumulative response of
large number ZnPc molecules in SAM on the ZnO surface and
there is variation in local environment between ZnPcs. This
converts exponential decay kinetics to a sum of exponents with
time constants randomly distributed around some average
value. A mathematical model to deal with the case was
developed and successfully applied to analyze ET in molecular
ﬁlms,31,32 and was used in this study as well. ZnO|ZnPc data
was globally ﬁtted with a model consisting of two distributed
decays and the ﬁt results are shown in Figure 4. A tentative

Figure 3. Absorption spectra of ZnPc in BuOH (green), ZnO|ZnPc
(black), ZnO|P3HT (cyan), ZnO|ZnPc|P3HT (blue), ZnO|Spiro
(orange), and ZnO|ZnPc|Spiro (red). Spectrum of ZnO has been
subtracted from each ﬁlm structure.

the ZnPc Q-band in butanol is at 679 nm. ZnPc SAM on ZnO
has absorption maximum at 681 nm and spectrum is slightly
broadened as compared to the solution spectrum. The
bandwidths (fwhm) are 34 and 19 nm in SAM and in butanol,
respectively. Such a small shift in absorption maximum
position, and only a minor increase in the bandwidth indicate
relatively low degree of aggregation of ZnPc in SAM.7 The
same conclusion can be drawn from other noticeable features of
the absorption spectrum of ZnPc SAM. Minor Q-band at 610
nm is well preserved, and there is no typical aggregate shoulder
at the red side of the main Q-band. These observations diﬀer
this ZnPc from other phthalocyanine derivatives used in dye
sensitized solar cells, for example, from TT1, for which 3.52%
power conversion eﬃciency was reported.34

Figure 4. Decay component (line + symbol) and time-resolved
(dashed line) spectra of ZnO|ZnPc. Excitation wavelength was 680
nm. See text for details.

interpretation is the electron injection from the photoexcited
ZnPc to ZnO with 1.4 ps average time constant and the charge
recombination with 850 ps average time constant. The average
charge separation time constant agrees reasonably well with the
ET time constant found for TT1 phthalocyanine on TiO2
surface.21 Within this interpretation, the spectrum of the singlet
excited ZnPc is shown by the red dashed line and the spectrum
of the ZnPc cation by the green line. The important spectral
features to distinguish between the singlet excited state and
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ZnPc cation are the featureless excited state absorption in the
ranges 470−600 and 900−1300 nm and the bands located at
550 nm and 850 corresponding to ZnPc cation.37,38
Time-resolved TA spectra of ZnO|P3HT were obtained with
excitation at 500 nm and are shown in Figure 5. Except of very

Figure 5. Calculated time-resolved spectra of ZnO|P3HT. Excitation
wavelength was 500 nm.

fast subpicosecond spectral perturbations in the 600−650 nm
range, the main features of the TA response is bleaching of the
ground state absorption of P3HT at <630 nm and smoothly
rising absorbance in the NIR region (850−1050 nm). To ﬁt the
data with reasonable accuracy (reasonably small sigma-value
and noncorrelated residuals) a ﬁve exponential model had to be
used, which gave time constants 0.2, 0.8, 7, 100, and 15000 ps
with compatibly strong contribution to the decay and rather
minor diﬀerences in corresponding decay component spectra.
Considering a very wide divergence of the time constants, the
results characterization by a single (average) lifetime is rather
meaningless.
The TA response of ZnO|ZnPc|P3HT to excitation at 680
nm (selective excitation of ZnPc) is more complex, but can be
understood at qualitative level by comparing responses at
diﬀerent wavelengths and time-resolved spectra at diﬀerent
delay times, as presented in Figure 6. Shortly after excitation
the TA spectrum is dominated by the response of ZnPc, the
singlet excited state or cation (Figure 4 and 2D map shown in
SI, Figure S3). A distinct feature of the TA response at longer
delay time is the recovery of the ZnPc ground state absorption
(decay at 707 nm) that coincides with the bleaching
development of P3HT ground state (decay at 551 nm and
negative band at 500−600 nm at delays >10 ps).
Since P3HT is not excited directly, the only possibility how it
gets involved is electronic interaction between the ZnPc layer
and P3HT. The energy transfer can be excluded from the very
beginning since excited state energy of P3HT is much higher
than that of ZnPc (and that of the excitation light). The
interaction cannot be just an electron transfer between the
photoexcited ZnPc and P3HT since depletion of the P3HT
ground state coincides with recovery of the ZnPc ground state.
Thus, the most reasonable and simple explanation is two step
electron transfer as denoted in eq 1.

Figure 6. 2D map of ZnO|ZnPc|P3HT TA signals (a) and TA decay
curves of the same sample monitored at 551 and 707 nm (b). The
time scales are linear until 1 ps and logarithmic after 1 ps. Excitation
wavelength was 680 nm (vertical blue line in plot (a) in the range
655−680 nm is the trace of scattered excitation beam).

excited state, a distributed decay to account for the hole transfer
from ZnPc+ to P3HT, and a long-lived exponent accounting for
the long-lived holes in P3HT+. Results of the ﬁt are presented
in Figure 7. The obtained exponential lifetime (1.8 ps) for the

Figure 7. TA decay component spectra (lines with symbols) and timeresolved spectrum at 0.1 ps after excitation (dashed line) of ZnO|
ZnPc|P3HT. Excitation wavelength was 680 nm.

ZnO|ZnPc* → ZnO−|ZnPc+ reaction correlates well with that
obtained for the sample without P3HT layer (1.4 ps). The
corresponding component spectrum is also reasonably close to
that obtained for the ET in ZnO|ZnPc sample. The hole
transfer is much faster than the charge recombination at the
ZnO|ZnPc interface (30 ps vs 850 ps), which means that an
eﬃcient hole transfer can be expected in this system.
Results of global ﬁtting of the TA data of ZnO|ZnPc|Spiro
are presented in Figure 8. The minimum number of
exponential components to achieve a reasonable data
approximation was ﬁve (four are shown in the ﬁgure and the
ﬁfth is associated with 50 fs time constant and was needed to
correct the response function). Reference sample ZnO|Spiro
was also measured but no signal was detected with 680 nm
excitation.
The essential features of the ZnO|ZnPc|Spiro TA spectra are
(1) bands at 575 and 960 nm, which are formed and decayed

ZnO|ZnPc*|P3HT → ZnO−|ZnPc+|P3HT
→ ZnO−|ZnPc|P3HT+

(1)

The second reaction step is hole transfer form ZnPc cation to
P3HT. According to Figure 6b, this reaction takes place in the
2−2000 ps time domain.
Based on this reaction scheme the TA data were ﬁtted
globally using a model consisting of a picosecond exponent to
account for the primary electron transfer from ZnPc singlet
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The TA signals at 1240 and 525 nm originate mainly from
Spiro-OMeTAD cation. At 525 nm the signal is not solely
attributed to Spiro-OMeTAD cation, also ZnPc singlet excited
state and ZnPc cation have contribution thus the faster decay at
525 nm than at 1240 nm is expected. ZnPc anion decay can be
monitored at 575 and 960 nm which show similar relaxation
rates. The diﬀerence in molar absorption coeﬃcients between
these two bands is mainly responsible for the smaller amplitude
of the decay at 960 nm.39
According to the results obtained for ZnO|ZnPc, the electron
transfer from the photoexcited ZnPc to ZnO takes place in the
same time domain (1.4 ps, Figure 4). Therefore, one can expect
a competing relaxation pathway to be

Figure 8. TA decay component spectra of ZnO|ZnPc|Spiro. Excitation
wavelength was 680 nm.

with 0.5 and 120 ps time constants, respectively, (2) a
component with time constant >5 ns, which has a band at 525
nm, and (3) a rising absorption at >1100 nm. The bands at 525,
575, and 960 nm are not seen right after excitation (at 0.1 ps,
see time-resolved spectra in SI). The bands at 575 and 960 nm
become clear at a few picosecond delay time. The band at 525
nm can be also observed already at 2 ps delay but it becomes
much more pronounced after decay of the bands at 570 and
960 nm. The most reasonable assignment of the bands at 575
and 960 nm is to ZnPc anion39 and of the bands at 525 nm and
the broad band at 1150−1350 nm is to Spiro-OMeTAD
cation.9,13,16 Equation 2 describes the reaction steps.

ZnO|ZnPc*|Spiro → ZnO−|ZnPc+|Spiro
→ ZnO−|ZnPc|Spiro+

In this case, the 5 ps time constant shown in Figure 8
(relatively minor component) can be attributed to the second
reaction step (ZnPc+|Spiro → ZnPc|Spiro+) and the time
constant 0.5 ps is the total relaxation time of the singlet excited
state (ZnPc*) via both channels, ZnPc*|Spiro → ZnPc−|Spiro+
and ZnPc*|Spiro → ZnO−|ZnPc+, respectively.
When the ZnO|ZnPc|P3HT sample is excited at 500 nm the
P3HT is excited almost exclusively and TA response of this
sample is almost identical to that of the sample without ZnPc
SAM, as is illustrated in Figure 10. There is an exception in one
particular spectrum range around 690 nm, which is absorption
maximum of ZnPc. The decays monitored at 690 nm are shown
in Figure 10c. It can be noticed that the negative absorption or
bleaching of the ZnPc Q-band develops in a picoseconds delay
time, but right after excitation, the transient absorption is
positive conﬁrming that excitation at 500 nm does not aﬀect
ZnPc chromophore.
Two possible explanations for the negative band around 690
nm are energy transfer,21 ZnPc|P3HT* → ZnPc*|P3HT, and
electron transfer, ZnPc|P3HT* → ZnPc−|P3HT+. In both cases
a long distance CS state, ZnO−|ZnPc|P3HT+, is expected to be
formed in few tens to a few hundred picoseconds time domain.
Reaction scheme for the ZnPc excited state is shown by eq 1
and according to the measurements with direct excitation of
ZnPc, this long distance CS state is formed with average time
constant of 30 ps, which agrees well with the recovery of ZnPc
bleaching (Figure 10c). If ZnPc anion is formed, the electron
transfer from ZnPc− to ZnO is expected to take place in 120 ps
as was found in ZnO|ZnPc|Spiro sample. However, no sign of
ZnPc− (bands at 575 and 960 nm) was found in TA data
obtained for ZnO|ZnPc|P3HT with excitation at 500 nm

ZnO|ZnPc*|Spiro → ZnO|ZnPc−|Spiro+
→ ZnO−|ZnPc|Spiro+

(3)

(2)

The primary CS takes place between the excited ZnPc* and
Spiro-OMeTAD with roughly 0.5 ps time constant, and the
following electron injection from ZnPc anion to ZnO takes
place with 120 ps time constant. The decay proﬁles at the key
wavelengths are shown in Figure 9.

Figure 9. TA decay proﬁles of ZnO|ZnPc|Spiro at selected
wavelengths.

Figure 10. Time-resolved spectra of ZnO|P3HT (a) and ZnO|ZnPc|P3HT (b) at 0.2 ps (blue), at 1 ps (green), at 5 ps (light green), at 50 ps (red),
and at 2 ns (orange) and TA decays monitored at 690 nm (c). The decay of ZnO|P3HT is indicated by the green line and ZnO|ZnPc|P3HT by
orange line. Excitation wavelength was 500 nm.
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all possible voids in ZnO|ZnPc nanostructure. In the contrary,
P3HT is a polymer with relatively long alkyl chains surrounding
the hole conducting polythiophene core, and it is expected to
form a layer on top of ZnPc SAM with alkyl chains separating
ZnPc and polythiophene core. If this is correct, the short
intermolecular distance in ZnPc|Spiro interface is the reason for
primary ET at the organic−organic interface. The measured
time constant for this ET is 0.5 ps. The ET reaction at ZnPc|
P3HT interface is thermodynamically possible but due to
longer distances it is much slower (30 ps) than the electron
transfer from the excited ZnPc to ZnO (1.8 ps). In fact, the
driving force for the hole transfer from P3HT is the electron
vacancy at HOMO level of ZnPc, which still remains after ET
from ZnPc to ZnO, and this reaction successfully proceeds with
time constant 30 ps. Although the distance seems to be very
reasonable explanation, there are no experimental evidence for
the diﬀerent distances between ZnPc and Spiro-OMeTAD or
P3HT. Furthermore, addition of either Spiro-OMeTAD or
P3HT results in almost the same shift of ZnPc Q-band position
which was interpreted as penetration of HTM into ZnPc SAM,
though in the case of P3HT the eﬀect may be caused by alkyl
chains penetration but not the polythiophene core.
The electron injection from ZnPc to ZnO is energetically
favorable when an electron is promoted to LUMO of ZnPc.
Formally speaking this can be the excited state, ZnPc*, or
anion, ZnPc−. Our study shows that the time constants for
these two reactions, ZnO|ZnPc* → ZnO|ZnPc+, and ZnO|
ZnPc− → ZnO−|ZnPc, are very diﬀerent, 1.8 and 120 ps,
respectively. Most probably Coulomb interaction with the
cation in Spiro-OMeTAD side changes the energy balance and
slows down the ET in the latter case.
Both studied structures, ZnO|ZnPc|P3HT and ZnO|ZnPc|
Spiro, are promising architectures for real applications, for
example, solid state solar cells. Having this application in mind,
ZnO nanorods can be considered as an ideal template to build
interpenetrating network of electron and hole conducting
materials,22−24 in which case, the array of ZnO nanorods is the
required electron conducting material delivering the electrons
to an electrode. Although in order to build a device with
reasonable eﬃciency the surface area of ZnO nanorods should
be optimized and the inﬁltration of the HTM material into
ZnO nanostructure should be provided to the level when no
ZnO nanorods are pointing toward the metal electrode.

(Figures 10 and S5). Therefore, the energy transfer and charge
transfer following eq 1 is proposed as the main reaction
pathway for the CS in this case, though not all excited P3HT
are relaxing by the energy transfer to ZnPc, as will be discussed
later.

■

DISCUSSION
In recent studies of semiconductor-dye-HTM systems, two
types of the charge generation have been observed as
schematically illustrated in Figure 11.15 In the ﬁrst type of

Figure 11. Schematic illustration of the main charge generation
mechanism in the studied system. HTM corresponds to hole
transporting material. The measured time constants for each reaction
steps are shown for HTM = P3HT (top path, type 1) and HTM =
Spiro-OMeTAD (bottom path, type 2).

reactions (type 1), excitation of the dye leads to an ET to
semiconductor from the dye layer, which is followed by the
hole transfer to the HTM. In the second case (type 2), the ﬁrst
charge transfer step is ET from HTM to the dye followed by
ET from the dye (anion state) to the semiconductor.
In our ZnO|ZnPc|HTM system the type of charge generation
is determined by the HTM. The time-resolved spectroscopy
study shows that the pathway of charge transfer in ZnO|ZnPc|
P3HT is type 1 independent of which chromophore is excited,
ZnPc or P3HT. It needs to be noted that the samples were not
optimized for eﬃcient ET, when P3HT is excited. The exciton
diﬀusion length in P3HT was estimated to be around 5
nm,40−43 which means that in a thicker layer of P3HT the
probability of exciton to reach ZnPc|P3HT interface is relatively
small.
When P3HT layer is replaced by Spiro-OMeTAD, the ET
reaction is converted to type 2. TA spectrum of ZnO|ZnPc|
Spiro shows clear bands of the ZnPc anion and SpiroOMeTAD cation shortly after the excitation. Previously studied
TiO2-dye-Spiro-OMeTAD systems have also demonstrated
type 2 ET reaction.12,15,16
An interesting question to discuss is the reason for so
diﬀerent behavior of the two types of samples. If ZnPc is
excited, for the hole transfer reaction to be thermodynamically
possible, the HOMO energy of hole transporting material must
be higher than that of ZnPc HOMO. The reported energies of
P3HT HOMO are in the range −4.8 to −5.2 eV,3,19,44 and for
Spiro-OMeTAD are −4.9 to −5.1 eV.2,3,45 Apparently both
values are higher than HOMO level of ZnPc, but the values are
very close to each other to explain the diﬀerent reaction
pathway. Though one needs to be cautious with this estimation
since the conditions of measuring HOMO/LUMO energies of
the compounds and molecular arrangements in studied samples
are very diﬀerent, and actual HOMO/LUMO levels in the
samples may vary substantially form those measured in
solution. However, the distance between ZnPc and HTM is
another factor important for the eﬃcient ET and it can be
diﬀerent in the case of P3HT and Spiro-OMeTAD. SpiroOMeTAD is a relatively small molecule and it is likely to enter

■

CONCLUSIONS
The role of HTM in charge transfer reactions in three
component systems consisting of ZnO, ZnPc SAM, and either
P3HT or Spiro-OMeTAD was studied. For both sample
architectures, the energy gradient is favorable for a fast
photoinduced charge separation across the middle ZnPc
layer. A cascade of reactions triggered by light absorbed in
organic layers results in electron localized in ZnO and hole in
the top HTM layer within few hundreds of picoseconds.
However, sequence of the reactions is diﬀerent and determined
by the HTM.
For the structure with P3HT the sequence of reactions is
typical for that in dye sensitized solar cells, when the primary
charge separation takes place at semiconductor−organic
interface, ZnO|ZnPc in our case. With Spiro-OMeTAD layer
on top of the structure, the primary charge separation is at the
organic−organic interface, which is ZnPc|Spiro in this case.
This sequence of ET reactions is typically found in organic
solar cells. Our study shows that a hybrid structure where the
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operation can be switched from DSSC type to organic solar cell
can be prepared by replacing a single component. This opens a
possibility to design devices combining the best properties of
both types of solar cell architectures.
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ZnPc synthesis
The idea behind the synthesis was to prepare an A3B-substituted phthalocyanine with
“cartwheel” symmetry, axially protected from excessive aggregation.1 Statistical condensation of
the two phthalonitriles 1 and 2 by “DBU method” followed by KOH hydrolysis provided the
target substance 3 with 10% yield. The synthetic route is presented in SI Figure 1.The moderate
efficiency of the reaction must be attributed to a sterical hindrance of mesityl groups, which
restricts the formation of isomers other than with 1,8,15,22-substitution pattern. In the NMR
spectra (Figure S1) one can see well-resolved multiplets of phthalo- and carboxyphenyl-protons
(8.7-7.5 ppm), as well as the two signals from meta-aryl-protons of mesityl groups at 7.34 and
6.95 ppm with the relative intensity 2:1. Similarly, the signals of perypheral methyl groups are
found at 2.75 and 2.08 ppm (6 and 12 protons), and 2.32 and 1.83 ppm (3 and 6 protons,
respectively), which can be rationalized as the two mesityl fragments more shielded and one less
shielded present in the molecule. It must be admitted that addition of 5% of deuteromethanol to
chloroform is required to obtain a well-resolved picture, and the NMR spectrum changes slightly
with concentration of the analyte. That is, we cannot claim the aggregation completely
conquered, however good resolution and a moderate number of 13C signals let us claim that the
substance is chiefly is a monoisomeric phthalocyanine and at mg/ml concentrations is present in
solution in a non-clasterized form.
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Figure S1 Syntetic route to ZnPc.

2,3-Dicyanophenyl trifluoromethylsulfonate was synthesized as described elsewhere.1
Purification of the products was carried out either by column chromatography on Silica gel 60
(Merck) mesh size 40-63 µm or on preparative TLC plates (Merck) coated with neutral
aluminum oxide 60 F254. NMR spectra were recorded using Varian Mercury 300 MHz
spectrometer using TMS as internal standard. HRMS measurements were done with Waters LCT
Premier XE ESI-TOF bench top mass spectrometer. Lock-mass correction (leucine enkephaline
as reference compound), centering and calibration were applied to the raw data to obtain accurate
mass. The synthetic route to ZnPc is shown in Figure 1.

3

Methyl 2',3'-dicyanobiphenyl-4-carboxylate (1). K3PO4 (0.46 g, 2.16 mmol) was dissolved
in water (5 mL). Toluene (5 mL), 4-carboxymethyl phenylboronic acid (0.129 g, 0.72 mmol),
and 2,3-dicyanophenyl trifluoromethylsulfonate (0.2 g, 0.72 mmol), and Pd(dppf)Cl2·CH2Cl2 (29
mg, 0.036 mmol) were added to the vial. The r.m. was vigorously stirred under argon (90°C).
After 16 h the r.m. was cooled down and diluted with brine (10 mL). Organic layer was
collected, the water layer was extracted again with toluene (20 mL), and the combined organic
extracts were washed with water (50 mL) and evaporated to dryness. Flash chromatography on
Silica 60 (eluent CHCl3) provided the target compound as a white solid (113 mg, 60%). Data for
2: 1H NMR (300 MHz, CDCl3, TMS): δ = 8.22 – 8.17 (m, 2H), 7.88 – 7.75 (m, 3H), 7.66 – 7.60
(m, 3H), 3.96 (s, 3H) ppm.

13

C NMR (75 MHz, CDCl3, TMS): δ = 166.49, 146.42, 140.77,

134.23, 133.36, 132.86, 131.51, 130.51, 129.05, 117.76, 115.70, 115.11, 114.81, 52.68 ppm. MS
(ESI-TOF): [M+Na]+ calcd for C16H10N2O2Na+, 285.0640; found: 285.0614.
2',4',6'-Trimethylbiphenyl-2,3-dicarbonitrile (2). K3PO4 (3.1 g, 14.64 mmol) was dissolved
in water (40 mL). Toluene (40 mL), mesitylboronic acid (0.8 g, 4.88 mmol), and 2,3dicyanophenyl trifluoromethylsulfonate (1.35 g, 4.88 mmol), and Pd(dppf)Cl2·CH2Cl2 were
added to the vial. The r.m. was vigorously stirred under argon (90°C). After 16 h the r.m. was
cooled down and diluted with brine (20 mL). Organic layer was collected, the water layer was
extracted again with toluene (40 mL), and the combined organic extracts were washed with
water (3×100 ml) and evaporated to dryness. Flash chromatography on Silica 60 (eluent CH2Cl2)
provided the target compound as a white solid (670 mg, 56%). Data for 2: 1H NMR (300 MHz,
CDCl3, TMS): δ = 7.86 – 7.71 (m, 2H), 6.99 (s, 2H), 2.34 (s, 3H), 1.97 (s, 6H) ppm. 13C NMR
(75 MHz, CDCl3, TMS): δ = 147.84, 139.26, 135.53, 135.13, 133.35, 133.19, 132.22, 129.02,
21.88, 20.48 ppm. MS (ESI-TOF): [M+H]+ calcd for C17H15N2+, 247.1235; found: 247.1237.
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Zinc 4-(1,15,22-trimesitylphthalocyanine-8-yl)benzoic acid (3). Phthalonitrile 1 (47 mg,
0.19 mmol), phthalonitrile 2 (150 mg, 0.57 mmol), and Zn(OAc)2⋅H2O (87 mg, 0.475 mmol)
were mixed in pentanol (100 mL) and heated at reflux under a drying tube (24 h). The solution
was cooled down and evaporated to dryness at reduced pressure. The dark residue was dissolved
in THF (15 ml), methanol (3.5 ml) and KOH/H2O solution (1.55%, 1.55 mL) was added, and the
r.m. was stirred at r.t. (48 h). The solution was neutralized by addition of HCl (2 mol l-1, 2.1 mL),
and solvents were removed under reduced pressure. Target substance was obtained by flash
chromatography on Silica 100 (eluent CHCl3, then CHCl3/EtOH/AcOH 20/1/0.1) as a second
green band with the yield 19 mg (9.5%). Data for 3: 1H NMR (300 MHz, CDCl3, TMS): δ = 9.25
(br, 1H), 8.79 – 8.29 (m, 6H), 8.14-7.61 (m, 12H), 7.45-7.36 (m, 6H), 2.80 (br s, 6H), 2.21-2.07
(m, 18H) ppm. 13C NMR (75 MHz, CDCl3, TMS): δ = 147.84, 139.26, 135.53, 135.13, 133.35,
133.19, 132.22, 129.02, 21.88, 20.48 ppm. MS (ESI-TOF): [M+H]+ calcd for C66H51N8O2Zn+,
1051.3427; found: 1051.3401.

Figure S2 Cross section SEM images of ZnOr|ZnPc, ZnOr|ZnPc|P3HT and ZnOr|ZnPcSpiroOMeTAD. A visual difference in filling voids in ZnOr|ZnPc|Spiro-OMeTAD and ZnOr|SpiroOMeTAD structure is mainly due to the fact that in the former case ZnOr are 200 nm longer.
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Figure S3 Transient absorption response map of ZnOr|ZnPc in the visible part of the spectrum
(linear time scale till 1 ps and logarithmic after 1 ps). Excitation wavelength was 680 nm.
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Figure S4. Time resolved spectra of ZnOr|ZnPc|Spiro-OMeTAD. Excitation wavelength was
680 nm.
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Figure S5. Time resolved spectra of ZnO|ZnPc|P3HT. Excitation wavelength was 500 nm
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