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Abstract

Solar energy converts the sunlight into electricity and is one of the most encouraging
renewable, CO;-free and low cost alternative energy source to fossil fuels. Among the
different photovoltaic devices the third-generation excitonic solar cells (XSCs), which
include organic, hybrid and dye-sensitized solar cells, are promising devices for the
achievement of the three main criteria that would lead to large scale commercialization:
high efficiency, low cost and the possibility to apply simple and scalable fabrication

techniques.

The application of ZnO in XSCs has been rising over the last few years due to its
similarities with the most studied semiconductor oxide, TiO2. ZnO presents comparable
bandgap values and conduction band position as well as higher electron mobility than
TiO..1t can be synthesized in a wide variety of nanoforms applying straight forward and
scalable synthesis methodologies. Specially, the application of vertically-aligned ZnO
nanostructures it is thought to improve contact between the donor and acceptor material
in organic solar cells (0OSC), or improve electron injection in Dye sensitized solar cells

(DSCs).

The present thesis focuses on the preparation and characterization of ZnO nanostructures:
nanorods (NR), nanotrees (NTr) and core-shells (CS) and their application in DSCs and
0SCs. The optimization of the solar cell parameters to enhance its performance is also

presented here.
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Chapter 1

Introduction

1.1 Solar Energy

Interest in clean energy sources is growing nowadays due to the increasing energy
demand, the climate change and to promote a sustainable scenario. Several renewable
energy sources are being developed such as biomass, wind, hydroelectricity, geothermal
and solar. Among them solar energy is an attractive source since it is available, abundant
and CO;-free.. 2 The world energy consumption, reported by the International Energy
Agency in 20073 (see Figure 1.1), reveals that non-renewable energies encompass the
~87% of the total consumption, highly exceeding the reported 13% consumption from the
renewable sources.3 On the other hand, solar energy has a very small role on the overall
energy scene (only 0.039 %). Nevertheless, recent published road-maps on energy for the
year 2011, demonstrates a 2.5% increase on energy consumption respect to the previous
reports, and a similar world energy consumption scenario. The use of oil and nuclear
energies slightly decreased from 34.3% and 6.5%, to 32.8% and 5.8% respectively.
Probably nuclear energy will further decrease in the following years after the catastrophic
accident at the Fukushima Nuclear plant in Japan in 2011. However, the utilization of coal
energy source incremented from 25.1% to 27.2% and the natural gas was maintained at
20.9%. Renewable energy sources slightly increased from 13.1% to 13.3%. A promising
result is the increased use of solar energy, an increase of 86.3% (from 0.039% to 0.07%)
respect the previous report, yet it is only a 0.07% of the total energy statistic value.*5
Thus, an enormous effort is being invested nowadays in order to modify the world energy
consumption trend and to increment the use of renewable sources, specially, in a near
future where an increasing energy demand and the almost exhaustion of fossil fuels is

envisaged.
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Figure 1.1 World Energy consumption of the different energy sources. Non-renewables: coal, oil,
gas and nuclear and renewables: hydroelectricity, biomass, solar, wind and geothermal.3

1.1.1 Energy from the sun: the possibilities

The total energy consumption of the world is today ~14 TW (terawatts, TW = 14 x 1012
watts), and it has been calculated to increase up to 30 TW by the year 2050. Thus,
renewable energy (Eolic, solar, etc.) is the best alternative for the future, being solar
energy one of the most promising since it is a COz-free and abundant source of energy.
The Sun radiates on the surface of the earth more than 120 000 TW /year, or an amount of
~13 TW/h, that equals the total energy consumption on the planet in only one year. G.
Knies reports that in only 6h the deserts receive more energy from the sun than the
energy consumption of the world in one year. Assuming the use of only 1% of the desert or
semi-desert areas of the world, the potential for electric energy generation with solar
energy (thermal and photovoltaic) should be enough to embrace the annual demand of

energy of the world.6.7

1.1.2 Renewable Energy at European level: 20% by 2020

At European level different initiatives have been established in order to reduce
greenhouse gas emissions and increase renewable energy use. Besides confronting the
climate change, there is a growing concern to reduce the dependence of imported energy
and secure our energy supply for the future. In 2007, the 27 EU members adopted the
target of 20 % use of renewable energy by the year 2020.89
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For Spain, the 20% target implies that 45 % of the electricity must come from renewable
sources by 2020 (including biofuels). Recent studies revealed that Spain potential to
generate this level of energy can be achieved with the efficient combined use of wind and
solar energy. The estimation for a baseline scenario is 74750 MW of wind power (59800

MW onshore), 3000 MW of solar PV, and 500 MW of solar thermoelectric.10 11

1.1.3 The cost of Solar Energy

Unfortunately, the cost of solar energy is still too high. Among the different technologies to
convert solar energy into electricity, the photovoltaic has a lower price compared to, for
example, the hybrid gas-solar technology. The cost of the photovoltaic technology is ~121
€/MWh, while the gas-solar hybrid technology is ~332 €/MWh. Nevertheless, the
photovoltaic technology should be reduced in order to be competitive with the
conventional energy sources (~61 €/MWh).1213 Thus, current research efforts are being
directed towards the production of low-cost, highly efficient and stable photovoltaic

devices.b 2

The solution is then, the cost reduction of the current PV technology options. For this, we
have to understand that the cost of solar photovoltaics is calculated on the cost of Si-based
solar cell technology which is the current technology on the marketplace. Emerging
photovoltaic alternatives are being developed in order to cope with lower prices, and their
difference with respect to Si-based photovoltaic is the way these technologies adsorb the
photon from sunlight. In Si-based solar cells the absorption of light leads to the direct
formation of free electron-hole pairs in the bulk of the material and the direct production
of charge carriers.!* 15 In XSCs, the presence of organic semiconductors implies that the
absorption of photons from sunlight produces an exciton, a tightly bound electron-hole
pair, which must be split for charge generation. Exciton dissociation takes place at the
interface between the constituent semiconductors. Thus, XSCs encompass photovoltaic
systems largely dependent on interfacial processes. The reliance on the crystallinity of the
materials for photovoltaic response indicates that while highly crystalline and chemically
pure materials are required for ISCs (e.g. silicon), less pure and therefore less expensive

compounds can be applied in XSCs (e.g. Ti02).15.16
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1.1.4 Solar Cell Generations

Current photovoltaic technology can be classified by generations, based on the materials

and production used for their fabrication as:

- First generation: crystalline silicon (c-Si), which is the 85-90% of the global

annual market at present (2011).

- Second generation: thin films, currently are present on the 10-15% of the
commercial modules (2011). They are subdivided into three groups:
a) Amorphous Silicon (a-Si)
b) Cadmium-Telluride (CdTe)
c) Copper-Indium-Diselenide (CIS) and Copper-Indium-Gallium-Diselenide
(CIGS).
- Third generation: an emerging technology that uses organic semiconductors.
These cells include polymer solar cells, dye-sensitized solar cells and small
molecule solar cells, among others. They are also called excitonic solar cells (XSC)

due to its charge generation mechanism based on to the formation of an exciton.

Figure 1.2 shows the comparison between power efficiency and module cost of the
different types of solar cells.1” First generation solar cells require highly pure and highly
crystalline silicon to achieve their highest power conversion efficiency, ~20%. The
application of different materials than silicon in second generation devices permitted a
slight cost reduction. However, the inorganic materials from thin films, second generation,
cells (indium, cadmium, gallium...etc.) are not abundant on the planet and toxic. On the
other hand, third generation solar cells also reduce the cost of the module preparation due

to the application of organic materials that can be less crystalline.

16



Introduction

AD per Wp)

Module pris (1

™ 10% " Pat ) ™ 1Moy
50 Wiy SO0 W 130 Wim JOOW'm 250 Wim Performarc e

* perieriongr \Nare of X008 meortet

Emerging Photovoltaics, a promissing alternative to reduce solar energy cost

Figure 1.2 Efficiency performance Vs. the module cost of the different types of solar cells.1?

1.1.5 Solution processing low-temperature water-based techniques for XSC

Emerging solar cells have many other advantages such as large variety of organic
materials with different chemical structures easily to be modified by synthesis procedures,
can be deposited by simple techniques on flexible substrates and can also be transparent.
All those advantages make them very appealing for different applications.18-22 Some of
these applications are the production of textile utilities or for building integration. Yet, the
potential for the low cost of these emerging solar cells resides not only on the low price of
the materials applied, but due to the low-temperature printing techniques used for their
fabrication. The possibility to fabricate XSCs by scalable and low-cost printing techniques
makes these devices very attractive, since this is unachievable nowadays on crystalline
silicon solar cells. The application of printing techniques like screen printing, roll-to-roll,
gravure, offset, lithography, inject, etc., as well as the reduction of the cost, permits the
integration of other printing electronic devices such as lighting or batteries to form a
complete system (Figure 1.3).23 The current solar cell cost is 3.2€/W (first generation) and
2.2€/W (second generation). The fabrication cost of the third generation solar cells is
constantly decreasing and are estimated to be in 2020 at around 0.5€/W.17 Thus, third
generation solar cells are promising alternatives to silicon solar cells and thus, the study of

different types of excitonic solar cells are presented in this thesis.
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Roll-to-roll Printing

Figure 1.3 Flexible solar cells from different companies and the roll-to-roll equipment to fabricate
them.

1.2 Photovoltaic energy conversion

The photovoltaic devices produce electrical power from the solar photons. All the
processes involved in the production of energy will be explained in this section: the solar
photon source, photoconversion mechanism of the different solar cells, semiconductor and

other materials.

1.2.1 The photovoltaic effect

Since the discovery of the photovoltaic effect by Edmund Becquerel in 1839 from a silver
coated platinum electrode immersed in electrolyte, other researchers reported materials
with the same photovoltaic effect. Some of these materials are selenium with platinum?24 25,
selenium with gold?é and copper-copper oxide thin films in lead sulphide and thallium
sulphide. All these cells were thin film Schottky barrier devices that present a barrier to
current flow.2” The Schottky barrier is a semiconductor-metal diode system that exhibits

an electron or hole barrier. The latter effect is caused by an electric dipole charge
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distribution associated to the contact potential difference of the semiconductor and metal

materials. The current can pass through the diode in one direction but not in the other.28.29

However, the production of useful power with photovoltaic cells was not achieved until
the development of good quality silicon wafers in 1954 by Chapin, Fuller and Pearson.30
The fabrication of p-n junctions in single-crystal silicon converted the sunlight into
electricity with an efficiency of about 6%, six times higher than the previous cells.
Nevertheless, the high cost of this technology (~$200 per Watt) permitted only the use of
solar cells in space applications until mid-70s. This high price is due to the complex
production steps involved in the silicon wafers fabrication to have a high level of purity.31
The oil-crisis in 1973 started a growth of interest and investment in alternative sources of
energy. Attempts to lower the cost of solar cells were carried out using polycrystalline

silicon, amorphous silicon, and other thin film materials and organic semiconductors.

1.2.2 Solar light irradiation

The intensity of the solar radiation that reaches the atmosphere of the Earth is around
1.367 W-m-2. This intensity is measured in function of the distance between the Sun and
our planet when the radiation is perpendicular to the Earth and it is known as solar
constant. However, when the solar radiation enters the Earth’s atmosphere this intensity is
attenuated by reflection and scattering from air molecules and also for their absorption, in
particular from oxygen, ozone, water vapor and carbon dioxide. Therefore, the solar
spectrum intensity is lower when reaches the Earth’s surface. Figure 1.4 represents the
solar irradiance spectrum at the top of the Atmosphere and the Earth’s surface. The solar
spectrum is similar to one produced by a black body at a temperature of about 5800 K that
corresponds with the surface temperature of the Sun. The solar spectrum emits infrared,
visible and ultraviolet light (Figure 1.4). The higher peak intensities of the solar irradiation

are in the visible region, around 400-700 nm.32 33
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Figure 1.4 Solar spectrum of the light irradiated at the top of the atmosphere and surface of the
Earth.34

The atmosphere attenuation of the solar spectrum can be quantified by the Air Mass,
which is the optical path length that the sunlight must travel through the atmosphere to
reach the Earth’s surface (Figure 1.5). For the standard terrestrial sunlight spectrum, Air
Mass 1.5 (AM1.5), the angle 0 is 48° and the light intensity defined at 1000 W-m-2 also
called 1 Sun irradiation at these conditions.3* The sun simulation lamps for the solar cell
characterization have to be calibrated at AM1.5 and 1000 W-m-2 light intensity (which is

the higher sunlight intensity at noon and on a cloudless day).27. 33
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Figure 1.5 Representation of the Air Mass calculation for a given irradiation angle to the zenith (6).
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1.2.3 Operation mechanism

Photovoltaic cells (PV) can be represented as a one-diode equivalent circuit model (Figure
1.6) where a current (I.) is generated by the illumination of incident light. When no load
exist in the system (infinite external load, Ri.=o) and the terminals of the cell are isolated,
the voltage generated is the open circuit voltage (Voc), which is the maximum possible
voltage across a solar cell when no current is flowing. If a load is applied but there is no
external resistance (R.=0) the current formed is the short circuit current (Is), the highest
that a cell can produce, there is no voltage and no work is done in the device. The current
depends on the area of the cell and thus, the short circuit current density (Js.) is an

important parameter. 3537

PV Cell ,

Photon hu
ANNAS> CD ; b Load | R,

O

Figure 1.6 Schematic representation circuit of a photovoltaic cell.35 36

The introduction of a load with external resistance (Ri) between 0 and infinite in the
device creates a voltage (V) between 0 and V.. and a current (I) defined as V=I-R,, that can
be measured from the IV- curves (or JV-curves) under illumination. Figure 1.7 represents a
[V-curve where are represented all the important parameters for the calculation of the
power conversion efficiency (PCE); maximum power point (Pmax), maximum current point
(Imax), maximum voltage point (Vmax), open circuit voltage (V,.), short circuit current (Is)
and the maximum power area that it is called fill factor (FF). The power conversion
efficiency (n or PCE) can be determined following the equation (1.1) and using all the

parameters extracted from the IV-curves (Pi, is the power of incident light).38

_ Pmax _ Vmax * Imax _Voc‘Isc'FF
n = = = (1.1)

Pin Pin Pin
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Figure 1.7 Example of a typical IV-curve for a solar cell.3> 38

PV cells have recombination processes due to the existence of series (Rs) and shunt
resistances (Rsn) which reduce the FF value from the devices, an ideal device would have a
100% FF. Series resistance (Rs) is related to the resistance of the metal contacts, ohmic
losses in the front surface of the cell, impurity concentrations and junction depth. Shunt
resistance (Rsn) represents internal losses, such as recombination in the interface
oxide/dye for the oxide surface defects.27.39.40 An ideal cell should have a Rs=0 Q and the
Rsh should be infinite. As higher the value of Rs, and lower the value of Rshigher the solar
cell performance (Figure 1.8). The values of Rsnand Rs in this thesis were measured from

the IV-curves of the cells under illumination and defined as: Rs=dV/dlw-¢y and

Rs=dV/dI([:o).41' 42
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Figure 1.8 Effect of the modification of series resistance (a) and shunt resistance (b) in JV-curves of

a solar cell.27.43
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The dark IV-curve measurement of the PV devices provides information of significant
performance parameters and is more sensitive than illuminated IV-curves. The
information that can be extracted from dark IV-curves is the series resistance, diode factor
and diode saturation currents. All these parameters can be calculated applying a voltage
from 0 to a determined value and measuring the current at the applied voltage when the
cell is in the dark.#+47 The current density produced in the dark conditions (Jaark) has an
opposite direction than the current density obtained when the cell is illuminated. This
dark current can be defined as equation (1.2), where Jy is a constant, kg is the Boltzmann's

constant, T is temperature and m an ideality factor for a non-ideal diode equation.®.27

qV

Jaark(V) = Jo(e™ 5T — 1) (1.2)

The net current density in the cell can be calculated with the equation (1.3), using the sign

convention that determines the photocurrent positive.

J V) =Jsc = Jaar(V) (1.3)

The combination of equation (1.2) and (1.3) provides the equation (1.4) for the net

currentin the cell.

qV

] (V) =]sc —]O(QFBT - 1) (1'4)

Another technique to characterize the solar cells is the external quantum efficiency (EQE)
or incident photon to current efficiency (IPCE, it includes losses by reflection and
transmission). The latter techniques measure the I, as a function of the incident
illumination power Pj, at different A following the equation (1.5).

he Igc (V)
4\ Pip V)

EQE () = (1.5)

The internal quantum efficiency (IQE) considers only the processes involving absorbed

photons. IQE corrects the EQE by the spectral reflectance R (1), equation (1.6).
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EQE (A
IQE () = 22 @()) (1.6)

1.2.4 Photoconversion mechanism

The process taking place in a solar cell to produce electrical power follow three basic

steps:

a) Solar Light absorption generating an electron-hole pair
b) Charge separation

c) Charge transport and extraction to an external circuit.

First, the solar cells need to absorb solar photons above a certain minimum energy, called
band gap (Eg), and then generate an electron-hole pair state. The materials capable to
perform the latter process are the semiconductors. These materials have their electrons
distributed in a lower energy band completely filled called valence band (VB). When the
electrons are excited with energy higher than the band gap jump to the conduction band
(CB) and produce a hole in the VB (Figure 1.9). Depending on the E;, a semiconductor can
absorb light at different portions of the solar spectrum. The band gap can be modified by
changing the particle size or doping the semiconductor. Semiconductors can also have
atomic irregularities in the lattice structure, known as defects that act as electron traps
avoiding the electrons to reach the electrodes and decreasing the efficiency of the device.
Therefore, the properties of the semiconductors are very important and these materials

need to be carefully characterized to understand their behavior.1 48

=T
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Figure 1.9 Excitation of an electron in a semiconductor material.
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After the electron-hole pair generation, the following step is the charge separation by a
driving force that avoids the recombination of the excited electron and the relaxation of
the system to its initial state. This driving force is produced due to the presence of a p-n
junction that is the contact of a p-type and n-type semiconductor materials (or the same
semiconductor divided in two areas that are doped to present a p-type and n-type
behavior as in silicon solar cells, see section 1.3.2). P-type semiconductors are electron
rich materials in the conduction band when they are excited by light photons and thus, are
also known as donors or hole transport materials (HTM). On the other hand, n-type
semiconductors are known as acceptors or electron transport materials (ETM) due to the
facility they present to accept electrons and also have high electron conductivity. Figure
1.10 represents the main materials in a XSC. The electron and hole transport material
(ETM and HTM) are in contact through the interface only in some cases are separated by a
light-harvesting material (LHM) such a dye or quantum dot. Thus, the LHM is the
responsible for photon absorption when is present or sometimes the HTM has a dual

function acting as the light absorber and hole transport material.4®

Electrode -E e-
|
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Material (HTM)
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Figure 1.10 Schematic representation of an excitonic solar cell (XSC) showing the active materials
hole transport (HTM) and electron transport materials (ETM).

In the inorganic solar cells (ISC) (conventional first generation cells), the electron-hole
pair is formed directly in the bulk of the material and the charge separation is
instantaneously produced. This is the main difference with the third generation cells, the
presence of organic semiconductors (e.g., dyes, small molecules, organic polymers) imply

the formation of an electron-hole pair tightly bound called exciton. For this reason, third
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generation cells are also known as excitonic solar cells (XSC). The driving force in ISCs is a
build-up potential generated at the p-n junction in the bulk material. Therefore, bulk
properties such as crystallinity and chemical purity control the efficiency of conventional
solar cells and make them more expensive than XSCs as commented in section 1.1 (Figure
1.2). In the case of XSC, the exciton formed need to be split, this dissociation takes place at
the interface between the semiconductors, thus, these cells are largely dependent on
interfacial processes.1549.50 A strategy to improve the efficiency of XSCs is the control of

the interfaces through materials nanostructuration that will be explained in section 1.4.3.

The charge extraction is through the two electrically conductive electrodes. In XSCs, one
electrode is generally a glass covered with a transparent conductive oxide (TCO) that
permits the sunlight to spread within the solar cell device. TCO can be indium-tin oxide
(ITO) or fluorinated indium-tin oxide (FTO). The back electrode normally is a metal such
as silver, gold or platinum. Other extra components can be added in the XSC that offer
benefits to the device, for example, oxide buffer layers (ZnO or TiO2) to easily extract the

electrons or polymers, for example, PEDOT:PSS to help the hole extraction (Figure 1.10).

1.3 Excitonic solar cells (XSC)

Third generation solar cells also known as excitonic solar cells (XSC) can be classified
depending on the material applied or the type of p-n junction in the final device. The main
components of XSCs are the electron transport material (ETM), hole transport material
(HTM) and light harvesting material (LHM), Figure 1.10. Both types of classification are
strongly interconnected and can lead to confusion since the same XSC can have two

different nomenclatures.4®

1.3.1 Classification by type of material

Excitonic solar cells can be classified by the type of the semiconductor applied: organic or
inorganic. The inorganic semiconductors act as ETM due to their electronic properties,
some examples of the most used materials are TiO2, ZnO or CdSe among others. Many
different organic semiconductors can be applied in XSC such as dyes, polymers, quantum

dots or small organic molecules. These organic materials have properties of ETM (such as
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PCBM), HTM (polymers), LHM (dyes) or both HTM+LHM at the same time (for example
the polymer P3HT that absorbs light and transports the holes). XSCs classified by type of
material are divided in three categories: dye-sensitized solar cells (DSC), organic solar
cells (OSC) and hybrid solar cells (HSC). Quantum dot solar cells (QDSC) are another type

of solar cell that have a similar configuration to DSCs or OSCs and are also explained in this

section.
a) Dye-sensitized solar cell {D5C) d) Organic solar cell {O5C)
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Figure 1.11 Schematic representation of XSCs by the type of material applied, a) dye-sensitized
solar cells (DSC), b) solid state DSC, c) hybrid solar cells (HSC) and d) Organic solar cells (0SC).
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Figure 1.11 represents the different XSCs depending on the type of the materials applied.
The modification of these materials transforms the cell into another type. Thus, when the
liquid electrolyte is substituted for a solid state electrolyte then the dye-sensitized solar
cell (DSC) is a solid-state DSC. The replacement of the dye (LHM) and electrolyte (HTM)
from the DSC for a single organic material, such a polymer, transforms this XSC in a hybrid
solar cell (HSC). Finally, when the inorganic oxide from the HSC is exchanged by an organic
semiconductor as electron transport material (ETM), the cell is an organic solar cell (0SC).

These different types of XSCs are explained in more detail:

1.3.1.1 Dye-sensitized solar cells (DSC)

Dye-sensitized solar cells consist of an inorganic semiconductor oxide layer on a TCO
electrode, usually TiO, but others can be also applied like ZnO that act as ETM. Then, a dye
is anchored on the oxide surface, as the LHM, and a liquid electrolyte containing a redox
couple is applied, as the HTM. The most used electrolyte is iodide/triiodide in an organic
solvent. Finally a counter electrode, normally platinum, completes the device (Figure
1.11a).51-53 The dye is the light harvesting material (LHM) that absorbs the photons from
the sunlight and subsequently the exciton is formed at the interface between the dye and
semiconductor oxide. When the exciton splits into electron and hole, the electrons are
injected into the conduction band of the oxide and transported through the nanoparticle
or other nanostructure network. Then, the holes travel along the electrolyte to the counter
electrode. A successive regeneration of the dye is done by the electrolyte that after is also
regenerated by the counter electrode (Figure 1.12). The voltage obtained from the DSC
under illumination corresponds to the difference between the Fermi level of the
semiconductor oxide and the redox potential of the electrolyte. Recently, DSCs with solid-
state electrolytes have been reported in order to overcome some problems presented with
the liquid electrolytes, for example, solvent evaporation or electrode corrosion. The latter

cells are known as solid-state dye-sensitized solar cells (ss-DSC) (Figure 1.11b).16.54-56
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Figure 1.12 Schematic representation of a DSC and all the processes that take place in the
photovoltaic energy conversion: (1) light absorption, (2) electron injection to semiconductor, (3)
electron transport, (4) dye regeneration and (5) regeneration of the electrolyte.

1.3.1.2 Organic solar cells (0SC)

Organic solar cells have two organic semiconductors one ETM and the other HTM. Both
organic materials are usually mixed in a bulk heterojunction configuration in the active
layer in order to have the maximum contact between them and thus, enhance the solar cell
performance (Figure 1.11d).23 5759 The light-harvesting component, usually a polymer
(HTM), absorbs photons from the sunlight and then, an exciton is formed at the interface
between HTM and ETM. The ETM can be another conjugated polymer, but, up to now the
best material is a soluble Cgo derivative, PCBM. OSCs are also called polymer solar cells
(PSC) due to the usually application of organic polymers in these types of solar cells. These
cells have two different configurations depending on the application of PEDOT:PSS or a
layer of inorganic semiconductor oxide (Figure 1.13). The conventional configuration has a
thin film of PEDOT:PSS placed between the transparent conducting oxide (TCO) and the
active blend material. The holes, in this configuration, formed in the active interface are
transported toward the PEDOT:PSS electrode and the electrons to the other electrode. On
the other hand, in inverted configuration an inorganic oxide layer is placed now on the TCO
electrode that forces the movement of the electrons to this electrode and a PEDOT:PSS
layer is also deposited on top of the other electrode to collect the holes (Figure 1.13).
Lower photovoltaic performances have been observed in inverted OSCs, though, the

lifetime of these devices improved.21. 59 60
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Figure 1.13 Schematic representation of OSCs with a) conventional and b) inverted configuration.

1.3.1.3 Hybrid solar cells (HSC)

Hybrid solar cells are similar to OSCs with the same conventional and inverted
configurations but applying an inorganic semiconductor as ETM, for example oxides such
as TiOz, ZnO, Nb2Os or other inorganic semiconductors like CdS, CdSe. The active layer of
an HSC is a mixture of the inorganic ETM and the organic HTM that also act as LHM
(usually a polymer). Both materials are in direct physical contact and the exciton is formed
at the interface between them (Figure 1.11c).61-64 This interface can be enhanced applying
a bulk heterojunction blend configuration like in OSCs but other active layer
configurations can be used in these cells such as bilayer. The different active layer
configurations will be explained in the following solar cell classification by type of p-n

junction (section 1.3.2).

1.3.1.4 Quantum dot solar cells (QDSC)

Quantum dots (QD) or also known as quantum wells (QW) are very small particle
semiconductors that due to quantum mechanics their band gaps can be easily tunable
changing the particle size. This ability to modify their band gap is very attractive for solar
cell applications to be applied as light harvesters.e5 The use of different QDs permits to
absorb higher-energy and lower-energy photons reducing the heat loss due to carrier
relaxation via phonon emission.¢¢ 67 These PV devices can be prepared in three different

configurations:

30



Introduction

- Dye-sensitized solar cells (DSC): the dye is replaced by the QDs, which act as

the light harvesting material (LHM)¢8 - Figure 1.14a

- Hybrid solar cells (HSC): the QDs are dispersed within a polymer blend

solution and/or organic fullerene material, in this case they act as the light

absorber and/or hole transport material (HTM)¢? - Figure 1.14b

- Inorganic solar cells: the QDs act as intermediate band (IB) gap material within

the p-n semiconductor to allow more light absorption?0 - Figure 1.14c
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Figure 1.14 Schematic representation of the band gap energy levels when QDs are applied in a)
Dye-sensitized solar cells (DSCs)¢8, b)Hybrid solar cells (HSC)%° and c) Inorganic solar cells (ISCs)70.
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1.3.2 Classification by type of junction

The photovoltaic energy conversion is produced in the solar cell junction, where the
charge separation takes place (see section 1.2.4). The latter charge separation process
occurs due to the electrostatic force originated when two electronically different materials
are in contact. The contact area of these two materials is the solar cell junction. In this

section the different types of junctions between semiconductors materials are presented.

1.3.2.1 The p-n junction

The p-n junction is the standard model of an inorganic solar cell (ISC). This junction is
created when the same semiconductor is doped differently in two separate regions. One
region of the latter semiconductor presents a p-type behavior and the other an n-type
(Figure 1.15a).27 The p-type region is rich of free charge carriers (holes) in the valence
band, where the n-type region is electron rich. In the case of conventional silicon solar
cells can be doped with trivalent atoms such as boron, aluminum or gallium to produce the
p-type region and doped with pentavalent atoms such as antimony, arsenic or

phosphorous to obtain an n-type region.”!

The p-n junction acts as a selective barrier to charge carrier flow, providing the
asymmetry in resistance which is necessary for photovoltaic conversion. The control of

the doping process produces large potential barriers which allow large photovoltages.2”
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Figure 1.15 Band profiles in equilibrium of a) p-n junction, b) p-i-n junction, c) p-n heterojunction
and d) electrochemical junction. Evac = vacuum level, Er= Fermi level, Ec= conduction band, E, =
valence band, E..q = reduction band, Eox = oxidation band, Vy; = built in bias potential, ¢, = work
function of n-type material, ¢, = work function of n-type material and ¢, = work potential of the
electrolyte.2”

1.3.2.2 The p-i-n junction

The p-i-n junction is a variation of the classical p-n junction. This junction has an undoped
or intrinsic (i) layer of semiconductor between the p- and n- regions. The charge carriers
photogenerated in the i-region are driven to the contacts by the electric field and they can
survive for a large distance than in p-n junctions (Figure 1.15b). However, this junction
has also some disadvantages: a) the i-region is less conductive, thus introduces series
resistances, b) it produces recombination at forward bias conditions, where the electron
and hole are in similar number and c) if the intrinsic i-region has impurities the electric

field fall to zero.

1.3.2.3 The p-n heterojunction

The p-n heterojunction uses two different semiconductor materials with different band

gaps. Now at the junction appears a discontinuity in the conduction and valence band
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edges due to the change in the band gap. These discontinuities built charge barriers which
enhance the recombination processes (Figure 1.15c). Thus, the interface between both

materials is a critical parameter.

Excitonic solar cells (XSC) have this type of junction. In the photoconversion of the XSCs
and exciton (electron-hole bound together) in the active layer is formed and diffuses to
reach the interface of the two different materials. In this interface the charge generation
takes place. Thus, the interface is a critical parameter that needs to be optimized. If the
active layer is too thick, then the exciton can be recombined. For this reason, a thickness
optimization of the p-n heterojunction is crucial since the exciton diffusion length depends
on the materials applied. An exciton diffusion length between 10-20 nm was measured in
polymers and up to 1 pum in high-quality small molecule films. Moreover, the p-n
heterojunction must maximize the volume of available interface between the
semiconductors to increase the charge separation process.® Therefore, different p-n
heterojunctions emerged to improve the solar cell performance represented in Figure

1.16: bilayer, bulk-heterojunction and electrochemical junction.

Figure 1.16 Schematic representation of p-n heterojunctions found in XSCs: a) bilayer, b) bulk-
heterojunction, ¢) nanostructured bulk-heterojunction, d) ordered bulk-heterojunction, e)
bicontinuous bulk-heterojunction and f) Mixed heterojunction (bulk-heterojunction and
electrochemical junction).
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Bilayer p-n heterojunction

The most basic p-n heterojunction is a bilayer (Figure 1.16a). The bilayer presents a
smooth flat interface between the ETM and HTM. Since the organic semiconductors have a
short diffusion lifetime, the length of this p-n heterojunction is limited to about ~10 nm
only.”2 This restriction reduces the amount of LHM in contact with the ETM and thus,
decreases the power conversion efficiency of the device. For this reason, other p-n

heterojunctions were developed. This configuration was usually applied in HSCs.

Bulk heterojunction

In a bulk-heterojunction (BHJ) layer, the ETM and the HTM are mixed homogeneously in a
blend within the active layer (Figure 1.16b). In this way, the contact between ETM and
HTL increases and allows a thicker active layer of about ~100 nm.”3 The first reported BH]
was in polymer-fullerene OSCs achieving enhanced efficiencies.”* Other studies of the BH]
morphology observed an improvement on the cell performance when thermal treatments
were applied. The latter permits a better contact between ETM and HTM due to a crystal
organization in the active layer. The resulting p-n heterojunction after the thermal
treatment is known as bicontinuous bulk-heterojunction (Figure 1.16e).75.76 Another type,
the nanostructured BH]J, is a mixture between a bilayer and BH], where a layer of
nanoparticles presents a larger surface area compared with the bilayer to increase the
amount of LHM at the interface (Figure 1.16c). The nanostructured BH] can also be well
ordered, by the application of vertically-aligned nanorods, nanowires, nanotubes...etc.
(Figure 1.16d). This well ordered structure avoids the drawback that have the BH] layers,
where the active materials are randomly distributed and in some parts can be isolated not
achieving exciton dissociation. The introduction of well-ordered ETM nanostructures

allows a direct electron path to the electrode, reducing the recombination.

1.3.2.4 The electrochemical junction

The electrochemical junction is a variation of the p-n heterojunction, where a liquid
electrolyte is in contact with a semiconductor material. The charge transport in these
junctions is performed by a redox couple included in the electrolyte. The redox couple are

two ionic species of different state of charge (oxidized and reduced species), which

35



Chapter 1

determine the energy levels of its conduction and valence band (Figure 1.15d). The
combination of a bulk-heterojunction with an electrochemical junction represents the
configuration of the DSC active layer, where the BH] is made of the TiO, and the light

harvesting dye which are in contact with a liquid electrolyte (Figure 1.16f).

1.4 ZnO semiconductor

Zinc Oxide (ZnO) is a well-known semiconductor for its advantageous properties that
make it a suitable material for a wide range of devices: photodetectors, biomedical and
chemical sensors, transparent thin-film transistors, light-emitting diodes, laser diodes,
among others.””.78 In this section, all the ZnO properties are presented. Moreover, different
Zn0O synthesis techniques are explained and some of the different reported ZnO

nanostructures are showed. Finally, the application of ZnO in XSC is presented.

1.4.1 ZnO properties

General physical properties of ZnO are depicted in Table 1.1. The crystalline structure,
optical properties, defects, electrical conductivity, wettability and chemical properties are

explained in detail in this section.

Table 1.1 General properties of ZnO semiconductor material

Property Symbol (units) Value Reference
Molecular weight My (mol-g1) 81.39 79
Density p (g:cm3) 5606 79
Melting point mp (°C) 1975 79
Enthalpy of formation AHg (J-mol-) 6.5-105 80
Entropy of formation AS (J-mol-1-K-1) 100 81
Heat capacity Cp (J-mol-1-K-1) 41 81
Electron mobility (cm2-V-1.5°1) 200 82
Carrier concentration (cm3) 8-1013 82
Refractive index Np 2.008-2.029 79
Water solubility (mg/L) 1.6 (at 29 °C) 79
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1.4.1.1 Crystal and surface structure

The ZnO can crystallize in three different structures: hexagonal wurtzite, cubic zinc blende
and cubic rocksalt. Under ambient conditions ZnO presents hexagonal wurtzite crystalline
structure that belongs to the spacial group P6;mc (C,) (Figure 1.17c). Wurtzite is the
most stable phase since the ionicity of Zn2+ and 02 is between covalent and ionic, thus, the
wurtzite structure maintain both atoms as far as possible. The wurtzite lattice parameters
are a=3.25 A and ¢=5.21 4, it lacks of a symmetry center and thus, is a good piezoelectric
and pyroelectric material (Figure 1.18).83.8¢ The other two ZnO crystalline structures, zinc
blende and rocksalt can only be obtained under special synthesis conditions. The zinc
blende structure is only stabilized when the ZnO growth is on cubic substrates (for
example, ZnS, GaAs/ZnS, Pt/Ti/Si0,/Si) and the rocksalt structure is only obtained at high
pressures, above 10 GPa (Figure 1.17a). Polar surfaces of ZnO are another important
characteristic. The most common polar surface is the basal plane, which presents a normal
dipole moment and spontaneous polarization along the c-axis, direction [0001]. This polar

surface is the responsible of the nanorod or nanocolumn growth of ZnO along this c-axis.

Figure 1.17 Crystalline structures of ZnO semiconductor, a) rocksalt, b) zinc blende and c)

wurtzite.

Figure 1.18 Wurtzite hexagonal crystalline structure of ZnO.
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In this work, the wurtzite crystalline structure of ZnO is represented by a four-index Miller
indices (h I i k), related to the hexagonal system. Many papers report the crystalline
structure of ZnO with a three index system (h’l’ k’), Miller indices, and also the majority of
the X-rays patterns. The latter system is not erroneous but the four-index system is more
accurate in hexagonal crystalline structures due to lower symmetry of this structure
compared to cubic systems and gives many different reciprocal lattice planes.8> To convert

the three index Miller indices into four-index indices we use this expression:

h=h, =0, i=-(h'+l), k=k

1.4.1.2 Optical properties and defects

ZnO is a II-VI semiconductor transparent to visible light with a wide band gap of 3.37 eV
and high exciton binding energy of 60 meV.86 87 This high excitation binding energy
permits efficient excitonic emission at room temperature and Ultraviolet (UV)
luminescence.88 8 Therefore, the optical properties of ZnO have been studied by
photoluminescence (PL) spectroscopy.8’” The PL analysis spectrum provides information
about defects on the surface and core of the ZnO material. Depending on the ZnO
nanostructure, the PL spectra present different bands. Typically consist of a UV emission
around 380 nm related to the Near Band Edge (NBE) and related to the electronic
transition from near conduction band to valence band of the ZnO. Moreover, the PL
presents one or more visible bands related to defects or/impurities around 650 nm
(orange band) or also called deep level emission (DLE) band. The orange visible emission
band presents different contributions: known as green (550 nm), yellow (600 nm) and red
(700 nm) emission bands which are related to the ZnO defects such as oxygen vacancies
(Ovac), oxygen interstitial (0i), Zn vacancies (Znvac), Zn interstitial (Zn;) or other surface
defects like capping hydroxide (Zn(OH):). The exact defect that origins each band (yellow,
green and orange-red) is still not clear and it is a controversial subject.”290-93 The energy
levels of the different ZnO defects within the band gap have been measured and are shown
in Figure 1.19. The donor defects are zinc interstitial (Zn;i?*, Zn;*, Zn;°) and oxygen
vacancies (Ovac?*, Ovac*, Ovac?) and the acceptor defects are zinc vacancies (Znvac?, Znyac).78 It
was reported that depending on the availability of the oxygen in the synthesis of ZnO NRs,

the PL spectra will show a green or orange emission band.°? For low oxygen ZnO NR
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synthesis a green band was observed and was attributed to O.c defects.4 Some groups
associated the orange-red band centered at ~640-650 nm wavelength to the excess of
oxygen in the sample obtained using hydrothermal, electrochemical, laser deposition and

spray pyrolysis techniques having O; defects, surface dislocations or Zn; defects.%1 95
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Figure 1.19 Representation of the energy levels of different defects in ZnO: zinc interstitial (Zn;),
zinc vacancy (Znvac) and oxygen vacancy (Ovac).”8

1.4.1.3 Electrical conductivity

Most of the synthesis techniques produce ZnO n-type semiconductor initially attributed to
native point defects, such as zinc interstitial (Zn;), oxygen vacancies (Ovac) or antisites.96-98
However, more recent studies demonstrated that native point defects are not the
responsible of the ZnO n-type behavior but rather the unintentionally incorporation of
impurities. Incorporation of hydrogen was reported to act as shallow donor causing the
Zn0O n-type conductivity since hydrogen is present in all the ZnO growth techniques.
Figure 1.20 represents a calculated model of the possible sites where the hydrogen can be
introduced in ZnO and this hydrogen incorporation was also observed experimentally.??. 9%
102 Many efforts are being developed to control the ZnO electrical conductivity to achieve a
p-type behavior.?7.83 Doping the ZnO is one strategy to obtain the latter, yet, it is difficult to
succeed due to be few candidate shallow acceptors for ZnO and the low solubility of the
dopant elements in the ZnO material. Attempts on doping ZnO with group-I elements (Li,
Na, K, Cu and Ag) to fill the zinc vacancies were not successful. Despite the reports of some
research groups on ZnO p-type behavior doping with group-V elements (N, P, As and Sb) in

the oxygen vacancies, reliability and reproducibility are still big issues.103-106
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Figure 1.20 Representation of a calculation model for the possible hydrogen incorporation into the
ZnO structure: a) interstitial site, b) antibonding site and c) substitutional oxygen site.””

Electrical mobility of ZnO is strongly dependent on the quality of the ZnO material and the
temperature. The highest room-temperature electron mobility for a bulk ZnO single
crystal material grown by vapor-phase transport method was measured to be 205 cm? -V-
L.s'l with a carrier concentration of 6-1016 cm-3 (Table 1.1).83 For ZnO nanorods or

nanowires the electron mobility obtained was as high as 80 cm? -V-1.5-1.58

1.4.1.4 Wettability

Another relevant ZnO property is the surface wettability, which it is known to be easily
modified by humidity conditions or UV irradiation.6#107.108 [n XSCs is important that the
organic semiconductor material reach the whole surface area of the other semiconductor,
ZnO0 in this case, and this is more emphasized when ZnO nanostructures are applied. Thus,
the wettability surface of ZnO is a key factor for a good solar cell performance. Some
groups observed properties of superhydrophobicity and superhydrophilicity on ZnO
under different conditions. The alternation of UV irradiation and dark storage switched
the latter properties that can be controlled selectively depending on the different

applications.109-112

1.4.1.5 Chemical properties

ZnO has a high energy radiation stability that makes it attractive for space applications

and also suitable for the preparation of small-size devices due to be easily etched with all
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kind of acids and some bases. Nevertheless, the low stability of ZnO in acidic media is not a
desirable property for XSCs applications and in particular, on DSCs, where the most used
dyes have carboxylic groups, -COOH, to attach to the oxide surface. These acidic groups
from the dye dissolves and precipitates the ZnO as a [Dye-Zn2+] complex.113-115 Therefore,
several strategies to improve the ZnO stability in XSCs are currently being investigated

(see section 1.4.4.4).

1.4.2 ZnO synthesis techniques

A large variety of different synthesis techniques have been reported to obtain ZnO
nanostructured materials. The ZnO properties depend to a great extent on the preparation
conditions. However, the relationship between the growth technique, native defects
concentration and properties it is difficult to be established since many other factors play
an important role on the ZnO preparation and the XSC performance such as humidity.50.86
The synthesis techniques can be classified in two groups: high temperature (chemical and
physical vapor deposition that are vacuum-based techniques) and low temperature
methods (<100°C like hydrothermal or electrochemical depositions). In this section, the
vapor phase, hydrothermal and electrochemical deposition growth methods for the
preparation of one dimensional ZnO nanostructures such as nanorods or other ZnO

nanostructures are explained.

1.4.2.1 Towards low temperature solution processing and water-based fabrication

of ZnO

The commercialization maturity of the excitonic solar cell technology (organic, hybrid, dye
sensitized solar cells) can only be accomplished by maximizing device efficiency and
lifetime, while minimizing fabrication costs. The printing of active layers from solution
applying large-scale manufacturing technologies (i.e. roll-to-roll, slot-dye, gravure/
flexographic) is being slowly established as the best alternative for competitive-cost
device fabrication. ZnO is an important material for the printed electronics and the
photovoltaic industry.””*"''° The fabrication of vertically-aligned ZnO electrodes can be

carried out by the low-temperature hydrothermal synthesis method (LT-HM), also known
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as the chemical bath deposition (CBD). This synthesis method has received enormous
attention in recent years due to the possibility to be carried out at low temperatures, on
almost any substrate and in large areas. The later makes the technique highly attractive
for the scale-up fabrication of ZnO electrodes useful in many flexible optoelectronic

devices, like dye sensitized solar cells (DSCs).5°

1.4.2.2 Hydrothermal synthesis (HT) or chemical bath deposition (CBD)

Hydrothermal synthesis (HT) or also known as chemical bath deposition (CBD) is a low-
cost aqueous technique. Some groups reported HT synthesis at temperature between 100-
1000°C and under pressure between 1 MPa-1GPa in a sealed autoclave reactor.!17. 118
However, the advantages of a simple ZnO synthesis at low temperature (< 100°C) in
aqueous solution and under atmospheric pressure expanded the publication of a large
number of HT papers with low-cost conditions.?1.119-122 Figure 1.21 shows the formation of

ZnO nanorods on ITO substrates from an initial ZnO nanoparticles layer.

(seeds) growth

ZnO nanoparticles ZnO Nanorod ' CREE

Figure 1.21 Schematic representation of the growth of ZnO nanorods on ITO substrates using the
HT synthesis from an initial ZnO nanoparticles layer.

The HT technique consists on the formation of ZnO from the hydrolysis of Zn2+ salts in a
basic aqueous solution. The basic media is essential for the formation of ZnO
nanostructures and can be formed using strong or weak alkalis. Normally, the most used
base is hexamethylenetetramine (HMT, CsH12N4), that acts as pH buffer to control the pH
value at 6-7 to slowly supply anions of OH- (equation 1.7 and 1.8).91.120,123-125 Qther bases
applied in HT synthesis are NaOH, KOH or NH4+.126-128 When the concentration of Zn2+ and
OH- exceeds a critical value and the solution is heated, the precipitation of ZnO starts
(equation 1.9 and 1.10). Then, the obtained ZnO in the solution begin the nucleation on top

of the substrates with ZnO nanoparticles (NP) that are up-side down in the solution
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forming ZnO NRs. The ZnO NPs act as seeds for the nucleation of the ZnO generated in the
solution to allow the formation of ZnO NRs.120 All the chemical reactions involved in the

HT synthesis are described in equations 1.7-1.10.124.125

(CHz)sN4 + 6H,0 — 6HCHO + 4NH; (1.7)
NH; + H20 <> NH4* + OH- (1.8)
Zn2+ + 20H- — Zn(OH); (1.9)
Zn(OH); — ZnO + H0 (1.10)

The final ZnO nanorod dimensions and quality depend on the HT synthesis conditions, like
zinc concentration in solution, growth time or growth temperature. Furthermore, the
solution reaction should be changed after certain time to renew the precursor materials

within the solution reaction.

1.4.2.3 Vapor phase methods (VP)

Vapor phase methods have been widely applied for the ZnO nanostructures preparation.?”
129,130 Jsually, a tubular furnace is used to carry out the thermal evaporation, which is
done at high temperature (around 1000°C) and most of the times under vacuum
conditions (Figure 1.22). The morphology and phase structure of the obtained ZnO
nanostructures depend on the source materials and the reaction conditions. These
conditions are temperature, pressure, carrier gas, substrate and evaporation time period
and they should be controlled. The vapor phase process consist on the evaporation of the
starting material (gas phase) by heating above the material eutectic temperature and the
transport of this vapor with a carrier gas to another part of the furnace where the
temperature is lower and a substrate is placed (Figure 1.22). Then, the vapor is condensed
into solid material on top of the desired substrate. Some examples to obtain ZnO with a
vapor phase method use ZnO power mixed with graphite and Ar as carrier gas!31-133 or

pure Zn powder as starting source combined with O carrier gas.130.134
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Figure 1.22 Schematic representation of an example of ZnO NRs vapor phase deposition method
on a transparent conductive substrate.135

There are many different variations of vapor phase deposition methods and can be
classified in two groups: physical vapor deposition (PVD) and chemical vapor deposition
(CVD). While in PVD the target material is only evaporated and condensed back to solid
state, in CVD the starting material reacts on the surface of the substrate to form the
desired solid material. Many different deposition techniques are classified in the group of
PVD such as sputtering, pulsed laser deposition (PLD)!3¢, vapor phase epitaxy (VPE)129,
electron beam physical vapor evaporation (EBPVD) among others. On the other hand,
there are also many different types of CVD techniques such as plasma assisted CVD
(PACVD), chemical beam epitaxy (CBE), laser CVD (LCVD), metal organic chemical
deposition (MOCVD)129.137 and atomic layer deposition (ALD).138 Moreover, these methods
are also known by the mechanism involved: vapor-liquid-solid (VLS), vapor-solid (VS),
vapor-solid-solid (VSS) and oxide assisted growth (OAG). As an example of VLS is a
reaction with ZnO powder as starting material (with graphite) and Au droplets on the
substrate, used as catalyst. In the latter reaction, the ZnO is evaporated and transported to
the substrate, where the catalyst droplet (liquid phase) directs the NR growth defining its

diameter.137
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1.4.2.4 Electrochemical deposition synthesis (ED)

Electrochemical deposition (ED) is a low temperature technique in an aqueous growth
solution. The standard ED reaction uses a three electrode setup, normally with an Ag/AgCl
reference electrode and a Pt electrode as the counter-electrode (Figure 1.23).139.140 The
working electrode is the substrate where the deposition of ZnO is produced.118.129.141 The
reaction system is controlled by a constant voltage source to maintain a constant driving
force or by a constant current to keep a constant reaction rate. In the aqueous solution it is
needed a dissolved Zn?* salt and also an oxygen source that can be O; or NO3-. The latter
oxygen sources are transformed to OH- by the chemical reactions in equations 1.11 or 1.12
respectively. Then, the production of ZnO proceeds by the reactions from equations 1.9
and 1.10.141-143 The oxygen source can also be directly introduced by adding alkaline

precursors.
0,+2H,0+4e — 4 OH- (1.11)
NOs + Hz0 + 2 e — NOy + 2 OH- (1.12)

The ZnO formation rate depends on the concentration of the precursors and the voltage or
current applied in the reaction. The combination of ED with templates such as anodic
aluminum oxide (AAO) is a synthesis method known as templated growth. This permits

the control of the dimensions of the obtained ZnO nanostructures.141
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Figure 1.23 An schematic representation of a three electrode setup for the electrochemical
deposition synthesis (ED).118
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1.4.3 ZnO nanostructures

The nanostructuration of ZnO in XSCs confers unique and novel properties to the cells due
to the advantage of controlling the interface at the nanoscale level. The interfaces between
the ETM and HTM play an important role on the XSCs performance, as was mentioned in
section 1.2.4. Thus, the increase of the interfacial area is beneficial in these devices.
Additionally, the nanostructure can improve the charge transport due to a more direct
electron way to the electrode through the semiconductor. In this section we discuss the

different ZnO nanostructures with their advantageous properties.

1.4.3.1 Nanostructures for high surface area: nanoparticles and nanoaggregates

The nanoparticles (NP) and nanoaggregates form a porous interconnected network in
which the specific surface area is increased by more than 1000 times when compared with
bulk materials. These high surface-area-to-volume nanostructures have a large interface in
contact with the light harvesting material (LHM) such as the dye in DSCs so they can
adsorb a high quantity of LHM.116 Figure 1.24 shows and schematic representation of an

electrode with ZnO NPs and some examples of ZnO NPs obtained in literature.

a)

Nanoparticies

Figure 1.24 a) Schematic representation of the possible electron path taking place on a ZnO NP
electrode, b) SEM image of ZnO NPs!13 and c) SEM image of ZnO NP aggregates.144

1.4.3.2 Nanostructures for high electron transport: nanorods, nanowires, nanotips
and nanotubes

The 1-dimensional nanostructures: nanorods (NR), nanowires (NW), nanotips and
nanotubes (NT) allow a highly efficient electron transport pathway compared to ZnO

nanoparticles (NP) that are limited by grain boundaries between each nanoparticle shown
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in Figure 1.24a.50 These grain boundaries are electron traps that produce the charge
recombination. The recombination has been found to be a limiting factor that causes
energy loss and reduces the final power conversion efficiency in the XSCs.5> Therefore, the
1-D nanostructures have been widely studied in the past few years.120.145-150 Figure 1.25
shows and schematic representation of an electrode with ZnO NRs and some examples of
Zn0 nanowires and nanotubes obtained in literature. The only difference between NRs
and NWs is the aspect ratio, which is the length divided by the diameter. The NWs are
known to be longer and thinner than the NRs. Some groups defined the NRs when the
aspect ratio is between 1 and 20 and NWs when the aspect ratio is greater than 20
(nanoparticles present an aspect ratio of 1).151-154 However, the definitions NRs and NWs
are often used arbitrary in the reported papers.!s> A bibliographic review of the
application of ZnO NRs and NWs in DSCs is presented at the beginning of chapter 2 (Table
2.1).

a)

Figure 1.25 a) Schematic representation of the possible electron path taking place on a ZnO NR
electrode, b) SEM image of ZnO nanowires!45 and c) SEM image of ZnO nanotubes.153

1.4.3.3 Sophisticated ZnO nanostructures: nanotrees, core-shell, nanosheets and
nanoflowers

Other more sophisticated nanostructures such as branched NRs could introduce beneficial
improvements combining the properties of the NRs, which have good electron transport
qualities and the increased surface area when the branches are added (Figure 1.26a).156 A
porous single crystal structure is another reported option to enhance the XSC
performance. The highly nanoporous semiconductor ensures an ideal oxide-light
harvesting material interaction, in addition to an up-standing with interconnected
channels of crystalline ZnO not completely vertical to improve surface area and charge

collection (Figure 1.26d).157. 158 Several types of these ZnO nanostructures have been
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obtained: branched nanorods, nanocombs, nanorings, nanospirals, tetrapods, nanoflowers
among many others.116 159-162 Recently, hierarchical ZnO nanostructures are attracting
much attention due to the exhibited highly power conversion efficiencies in DSCs. These
reported hierarchical structures comprise nanosheets, nanoplates, dislike nanostructures,
spindle-shaped particles, aggregates, etc.119 144 163-169 Some examples of the latter ZnO
nanostructures reported in literature are shown in Figure 1.26. A bibliographic review of
the different ZnO nanostructures applied in DSCs is presented at the beginning of chapter

3 (Table 3.1).

al

Branched Nanorods

Figure 1.26 Schematic representation of the possible electron path taking place on a)branched NRs
and d) Nanoporous electrodes and SEM images of different hierarchical ZnO nanostructures: b)
Nanotrees,17? ¢) nanotetrapods,!’! e) nanosheets,'72 and f) nanoplates.11?

1.4.4 Application of ZnO in XSCs

ZnO is a promising material for XSCs due to their similarities of the ZnO properties and
other advantages over TiO», the most applied semiconductor in XSCs. Here we present the
comparison of ZnO properties with TiO,, a review of the power conversion efficiencies
obtained with different ZnO nanostructures; ZnO doped nanostructures and some

limitations of ZnO XSCs.

1.4.4.1 Comparison with TiO;

The band gap of the ZnO is similar to the band gap of TiO2 and the conduction band edge is

located at approximately the same level.50.115 A significant advantage over TiOis that ZnO
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can be prepared by a wide range of synthesis techniques and easily obtained in a large
variety of different morphologies (see section 1.4.2 and 1.4.3). Several of these synthesis
methods are low-cost, scalable for large production and suitable for many different
substrates.®1 The ZnO nanorods introduce direct electron pathways and avoid the grain
boundaries that are electron traps and produce electron recombination as occurs when
nanoparticles are used.5? The ZnO nanostructuration also permits to control the interface
between the ETL and LHM or HTL that is an important factor in XSCs (see section 1.4.3).
Moreover, ZnO has higher electron mobility and longer electron lifetimes than TiO,, and
even longer when ZnO nanorods were applied.l’3 174 The latter ZnO nanorods
improvement was due to a faster and more efficient electron transport. Both properties
are very promising for the improvement of XSCs. The latter means that ZnO has lower
charge recombination, however, up to now ZnO achieved a lower solar cell performance.
Therefore, a careful control of the solar cell parameters must be achieved to overcome
these problems. For all these reasons, we decided to study and optimize the preparation of

vertically nanostructured ZnO electrodes and its application in XSCs.

1.4.4.2 Nanostructures Vs. Power conversion efficiency

Different ZnO nanostructures were applied in XSCs reporting power conversion
efficiencies up to 7.5% for ZnO nanocrystallites.175 Figure 1.27 shows the reported DSCs
power conversion efficiencies values when applying different ZnO nanorods (for details
see Table 2.1 and Table 3.1). We can see in Figure 1.27 that many different PCE values
were obtained for the same ZnO nanostructure. Thus, the relation concerning performance
and the ZnO nanostructure is difficult to be determined since other factors also affect the
cell performance such as the ZnO layer thickness, the dye used, the type of platinum
counter-electrode, humidity, etc. Therefore, the specification of all the applied XSC

conditions is crucial to compare the cell performance.
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Figure 1.27 Power conversion efficiency (PCE) of DSCs applying different ZnO nanostructures.

1.4.4.3 ZnO doped nanostructures

Doped ZnO nanostructures with appropriate lattice elements are being analyzed to modify
the physical and chemical properties of the ZnO semiconductor. The dopant elements can
control the band gap and absorption properties or tailor the conductivity of the original
material. Many efforts on doping the ZnO have been done in order to modify its
conductivity from n-type behavior to a p-type with unsuccessful results as commented in
section 1.4.1.3. Many other research groups doped the ZnO with transition elements such
as Mn, Fe, Cu, Co or others like Ga, Mg, Sn, Al, etc,, to modify its band gap or improve its
electron transport properties.89 176-181 The doped semiconductor, Zni«Mx0, applied in XSCs
enhanced the charge generation mechanism,!7¢ increase electrical conductivity!80 and
charge carrier density!79 achieving higher efficiencies. Table 1.2 shows some examples
from literature of XSC applying doped-ZnO nanostructures. Several groups are studying
the properties of doped-ZnO films for Organic solar cells (OSC) in order to replace the

transparent conductive layer (TCO).
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Table 1.2 Literature examples of XSCs applying doped-ZnO nanostructures. ECG= Enhance charge
generation, IEC= Increase electrical conductivity, ICCD= Increase charge carrier density,

i Dye or Light
T};(ps(iZOf Nan%)lslg'uct Daogx()einntg ]);J‘(g:nntg aZtive lnteisity 2:;; (mA'-sccm'Z) (f/:] :)"ZE]: Ref.
) function blend (mW/cm?)
DSC Nanoflowers Au ECG N3 100 0.50 15.0 33 2.5 182
DSC Nanorods Al IEC N719 100 0,48 8.9 32 1.3 180
DSC Nanotips Ga IEC N719 100 - - 55 1.1 183
DSC Nanoparticles Sn ICCD N719 100 0.64 9.2 65 3.8 179
0sC Nanoparticles Nb IEC P3HT:PCBM 120 - 13.9 - 3.6 184
0sC Nanoparticles Ga IEC P3HT:PCBM 100 0.52 8.5 32 1.4 185
0sC Nanoparticles Ga IEC P3HT:PCBM 100 0.42 11.7 40 19 186
0sC Nanoparticles Al ICCD  P3HT:PCBM 100 0.50 8.9 45 2.0 187

1.4.4.4 Limitations of ZnO in Excitonic solar cells (stability)

Up to now, electrodes made of 1D-nanostructures of ZnO have never reach power
conversion efficiencies in DSCs comparable its homologue TiO oxide, ZnO around 6-7%14+
188 and TiOz-based DSCs 11.3%.189 Some causes have been related to the low surface area
of ZnO NRs, which indicates the need for long NR lengths, only obtainable after long
reaction times and time-consuming synthesis and the lower electron injection efficiency
for ZnO, an order of magnitude lower than Ti0,.173. 19 The acidic media of the Dyes
employed for DSC is also unfavourable due to the chemical instability of the oxide.50 191
Different strategies have been implemented in order to overcome these limitations. For
example, the synthesis of branched nanorods (nanoforest, nanotrees) have been applied in
order to increase surface areall8 192 neutral organic Dyes are being applied to reduce ZnO
solubility and stability problems!93-1% or the application of different nanoforms
(nanosheets!18. 192,197 nanoflowers!98), the decoration of the NR with nanoparticles,199.200
the application of different electrolytes20L.202 or the use of core-shell nanostructures203-210
where a thin layer of an inorganic semiconductor shapes an outer protective layer against
corrosion or as electron barrier to enhance the electron transport to the electrode and

reduce the recombination.
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1.5 Objectives of the thesis

1.5.1 General objective

The general objective of this work is the synthesis and characterization of vertically-
aligned ZnO nanostructures and their application in excitonic solar cells (XSC), such as dye

sensitized solar cells (DSCs) and organic solar cells (OSCs).

Vertically-aligned nanostructures (nanorods, NRs, nanowires, NWs, nanotubes, NTs, etc.)
has been chosen since they present several advantages over the nanoparticle or
nanoaggregate structures: they confer faster and more efficient electron transport, avoid
grain boundaries (less electron recombination), increase the superficial area and permit

the control of the solar cell interface.

The work encompasses the synthesis of different ZnO nanostructures, their
characterization, electrode formation and complete solar cell fabrication. A final objective
is the comparison between these nanostructures in order to find the relationship between

materials properties and device performance.

1.5.2 Specific objectives
1.5.2.1 Synthesis of vertically-aligned ZnO nanostructures

A specific objective of this work is the synthesis of the ZnO nanostructures by the
hydrothermal synthesis (or chemical bath deposition) or a modification of the same. This
specific synthesis methodology has been selected among others due to its particular
characteristics: it is a low-cost synthesis technique with the possibility to be carried out at
low-temperature and under water or alcohol solvents. Additionally, the technique permits
the formation of ZnO nanostructures on almost any substrate and at large scale (cm scale).
The later permits the compatibility of the synthesis method with large-scale fabrication, by

solution processing techniques, for the final ZnO electrodes.

A further specific objective is the control the ZnO morphology and dimensions, such as
diameter or length. For the latter, several synthesis parameters are optimized: thickness of
nucleation seeds layer, distance between the substrate and the bottom of the flask,

concentration and growth time, pressure, temperature, among others.
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1.5.2.2 Characterization of vertically-aligned ZnO electrodes

An extra specific objective is the characterization of the ZnO NRs and electrodes by several
techniques: a) Electron microscope techniques, SEM and TEM, show the ZnO
morphologies. These morphologies are important to improve the interface area and also
the infiltration of the organic material within the ZnO nanostructure. B) XRD and high
resolution TEM present the ZnO crystalline structure. A good crystallinity of the ZnO
semiconductor is a relevant factor to achieve high power conversion efficiency due to have
less electron traps and present faster electron transport properties. C) The optical quality
of the resulting ZnO NRs can be measured by photoluminescence (PL), which reveal the
ZnO surface defects. A high concentration of surface defects produces more electron
recombination in solar cells and lower power conversion efficiency. The time-resolved PL
(TRPL) can determine the electron lifetime for the different ZnO nanostructured

electrodes.

1.5.2.3 Complete solar cell fabrication and characterization

Finally, the excitonic solar cells (XSC) under investigation in this work are dye-sensitized
solar cells (DSC) and polymer solar cells (PSC). The vertically-aligned ZnO nanostructures
can be good candidates to enhance the power conversion efficiencies due to the
improvement of the contact between the dye or polymer harvesting materials and the

direct electron pathways can reduce the electron recombination processes in these cells.

1.6 Scope of the work

The different vertically-aligned ZnO nanostructures are presented in different chapters (2,
3, 4 and 5). At the beginning of each of these chapters have a short introduction and a
literature review of the reported solar cells using similar ZnO nanostructures. Then, it

follows a description of the results and finally the conclusions and references.

Chapter 1: The introduction described in this chapter provides a brief overview about the
motivation behind this research work. The goal of this chapter is to give a global

perspective on the increasing need of renewable energy, the target requirements at
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European and National level to cope their implementation by the year 2020 and how our

research work can contribute, from the research point of view, to reach these targets.

Chapter 2: Presents the synthesis, preparation and characterization of vertically-aligned
Zn0 nanorods (NR) electrodes by low-temperature hydrothermal method and their
application in Dye sensitized solar cells, DSCs. Several synthesis parameters are optimized

and the study of the effect of many factors on the DSCs is also included.

Chapter 3: This chapter describes a modified hydrothermal synthesis method applying an
autoclave reactor that is used to prepare vertically-aligned ZnO nanostructured electrodes.
The comparison of the ZnO nanostructures obtained by the low-temperature and the
autoclave hydrothermal methods and the application in DSCs is presented in this chapter.

Besides, a new ZnO nanostructure, ZnO nanotrees, were obtained and characterized.

Chapter 4: The vertically-aligned ZnO nanostructures were covered with a new
semiconductor, Indium sulfide, to enhance its properties and increase the power
conversion efficiencies of the DSCs. The preparation, characterization of the ZnO/In.S,

core-shell structure is presented and applied in DSCs.

Chapter 5: All the vertically-aligned ZnO electrodes prepared in chapter 2, 3 and 4 were
applied now in polymer solar cells (PSC). The study of the effect of their different
morphologies and the polymer blend infiltration within the nanostructures is presented

here.

Chapter 6: This chapter describes the experimental procedures: materials, synthesis
techniques, solar cells preparation and characterization instruments for all the ZnO

nanostructures from chapter 2, 3, 4 and 5.

Chapter 7: The general conclusions of this work are discussed.
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Zn0O Nanorods

2.1 Introduction

Oxide nanostructures in a vertically-aligned form are characterized by their highly
efficient charge transport and charge carrier mobility. This distinctive up-standing
nanoform provides low internal transport resistance (high resistance is usually observed
in nanospheres or nanoparticle aggregates), reducing unfavourable recombination
processes.l. 2 Moreover, ID nanostructures enhance the interfacial active area between the
oxide and organic semiconductors improving the amount of light harvested in the final
excitonic solar cell (XSC). On the other hand, the application of ZnO presents important
advantages with respect to TiO, the most used oxide in dye-sensitized solar cells (DSC). In
general, ZnO’s band gap (Eg~3.3 eV)3 is similar to the TiO; band gap (E;~3.2 eV)* and its
conduction band edge is located at approximately the same energy level (-4.2 eV vs.
vacuum).5> ¢ Yet, and the most important characteristic of all, is that only ZnO can be
prepared by low-cost, solution processable and easy scalable synthesis techniques. ZnO
fabrication can be made on almost any substrate in a wide variety of nanostructures and at
large scale.” The latter makes ZnO highly compatible with printing techniques (like roll-to-
roll, gravure printing, etc.) that are essential right now to cope with the low-cost
photovoltaic requirements. Table 2.1 summarizes the photovoltaic values reported in the
literature for DSCs applying the bare vertically-aligned ZnO NRs and NWs. Works applying
not up-standing ZnO NRs, the co-existence of other semiconductor oxide (such as TiOz) or
other ZnO nanoforms (core-shell, nanoparticles, nanotetrapods, etc.) are not included in
this table. As observed in Table 2.1, the majority of the research works describe the
application of the ZnO NRs synthesized by the hydrothermal (HT) technique and applying
the N719 commercial Dye. For easy comparison, the table is organized depending on the
ZnO NR length. A large variety of NRs lengths are observed between 0.7 to 40 pm.
Moreover, we have observed a discrepancy between the reported power conversion
efficiencies (PCE) and the NR length that do not follow a direct relationship. The latter
indicates that the solar cell performance is not only affected by the ZnO NR length, but it is

probably the result between the contributions from several parameters. The highest PCE
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applying ZnO NRs has been for long time 2.4% applying NRs of 1.9 um in length.8 The work
was reported in 2005 by the group of M. Guo et al.® and that PCE was not reproduced or
improved by any other group until recently. In 2010 and 2011 two works achieved similar
results: A 2.3% PCE was reported applying 1 um NR length and a new electrolyte,? and a
second work was reported applying 7.9 pm ZnO NR length and a new organic dye.10 A PCE
value of 3.15%, the highest PCE reported for a DSC applying vertically-aligned ZnO NRs,
have been reported by G. Y. Jung et al. with NRs of 0.7 pm in length.1! A peculiar aspect in
this work is the high short circuit current density (Jsc), 10.75 mA-cm-2, which is an unusual
value for ZnO NRs of less than 1 um in length. This is an indication of a possible error

during solar cell characterization.

Table 2.1 Literature review on vertically-aligned ZnO NRs and their application as electrodes in
DSC. HT: Hydrothermal, CVD: Chemical Vapour Deposition, MOCVD: Metal Organic Chemical Vapour
Deposition, ECD: Electrochemical Deposition, PEI: Poliethileneimine.

Film Light
Thickness Sr}:::ll::s;s Dye Inteisity (‘i;; (m A]- sccm_z) (I: /:) ?{;}E): Ref.

(um) (mW/cm?)

0.7 HT + PEI N719 100 0.56 10.75 53 3.15 11
0.9 HT N3 100 0.52 8.70 44 1.94 12
1.0 HT + PEI 7907 100 0.72 6.40 49 2.30 9
1.0 HT Rose Bengal 2 0.55 0.049 55 0.70 13
1.0 HT Mulberry 50 0.23 2.90 30 0.41 14
1.8 HT N719 - 0.47 4.79 32 0.71 15
1.9 HT N3 42 0.55 5.18 36 2.40 8
2.0 MOCVD Porphyrin based - - - - 0.60 16
2.0 ECD N3 80 0.44 3.75 62 1.30 17
2.7 HT N719 - 0.48 11.88 33 1.93 18
3.0 ECD D149 100 0.53 2.52 37 0.49 19
3.0 Zn anodization N719 100 0.76 3.60 53 1.40 20
3.0 HT N719 100 0.55 2.50 42 0.60 21
3.2 MOCVD N719 100 0.66 2.04 41 0.55 22
3.5 HT + CVD N719 100 0.76 1.17 25 0.22 23
4.0 HT N719 100 0.58 4.04 44 1.03 24
4.5 ECD D149 100 0.61 3.28 33 0.66 25
4.6 HT Mercurochrome 100 0.52 3.30 49 0.83 26
5.0 HT N3 23.6 0.34 0.49 45 0.32 27
5.0 MOCVD N719 100 0.82 1.20 61 0.60 28
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5.0 HT N719 100 0.50 3.80 30 0.70 29
5.0 HT + PEI N719 100 0.76 2.44 38 0.70 30
5.0 ECD D149 100 0.55 4.25 37 0.88 31
5.5 HT Mercurochrome 100 0.44 2.15 47 0.45 32
7.0 HT N719 100 0.55 1.50 40 0.42 33
7.2 HT N719 - 0.66 2.59 41 0.71 34
7.9 HT + PEI NKX-2883 100 0.58 7.30 55 2.30 10
8.0 HT N719 100 0.67 1.30 32 0.30 35
9.0 HT N719 100 0.54 2.25 59 0.72 36
9.3 HT N719 100 0.73 1.13 31 0.26 37
10.0 HT N719 100 0.64 5.37 49 1.69 38
10.0 HT N719 100 0.65 5.51 38 1.37 39
10.0 HT N719 85 0.72 3.96 20 0.66 40
10.0 HT C220 100 0.52 5.49 43 1.25 41
11.0 HT N719 100 0.63 4.50 36 1.00 42
11.0 HT N3 80 0.55 9.07 34 2.21 43
12.9 HT + PEI N719 100 0.47 431 43 0.87 44
13.0 HT + PEI Mercurochrome 100 0.43 4.96 37 0.79 45
14.0 HT N719 100 0.54 6.79 50 1.70 46
16.0 HT N719 100 0.76 1.84 47 0.70 47
16.0 HT + PEI N719 100 0.71 5.85 38 1.50 48
18.0 HT N719 100 0.64 2.87 48 0.85 49
20.0 CVD N719 85 0.80 1.97 39 0.73 40
20.0 HT N719 100 0.64 4.13 42 1.12 50
20.0 HT N719 100 0.77 2.96 65 1.47 51
33.0 HT N719 100 0.67 9.30 34 2.10 52
40.0 HT + PEI N719 100 0.69 4.26 42 1.30 53

In this chapter we present the preparation, optimization and characterization of vertically-
aligned ZnO nanorod (NR) electrodes and their application in dye-sensitized solar cells
(DSC). In chapter 1 section 1.3.1.1 the configuration and work mechanism of the DSC are
defined, here we replace the nanoparticle oxide semiconductor for the ZnO NRs as
represented in Figure 2.1a. The vertically-aligned ZnO NRs work as the electron transport
material (ETM), a dye is applied as light harvesting material (LHM) and a liquid electrolyte
as the hole transport material (HTL), as we can see in the band energy diagram of Figure

2.1b.6:5457 We analysed the effect of different synthesis conditions that influence the final
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Zn0 NRs formation. We also analysed the effect of different ZnO NR morphologies,
temperature, light irradiation, or the application of UV light on the photovoltaic

performance of the DSCs.
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Figure 2.1 a) Schematic representation of a DSC applying ZnO nanorods (NR) as the electron
transport material and b) the schematic representation band energy diagram vs. Vacuum, vs., NHE
(Normal Hydrogen Electrode) and vs. SCE (Saturated Calomel Electrode) of a DSC with ZnO NRs,
dye N719 aliquid electrolyte and a back metal contact of Pt.

2.2 Synthesis of Vertically-aligned ZnO NRs

Two types of transparent conducting oxide (TCO) substrates were analysed to grow
the electrodes of ZnO nanorods (NR): indium doped tin oxide (ITO) and fluorine doped
tin oxide (FTO). Our initial results indicate the same ZnO NR dimension can be
obtained independently of the substrate used (FTO or ITO). Since the FTO can be
annealed at higher temperatures (450°C) than ITO (350°C), it was chosen as the
optimal substrate to prepare ZnO NRs for DSCs. Figure 2.2 shows a schematic
representation of the steps required for the preparation of the ZnO NR electrodes.
First, a ZnO buffer layer of about 80-100 nm thick is prepared on top of the TCO
substrate by spin coating a sol-gel layer of ZnO and sintered at 4502C for 2 h (heating
ramp 32C/min). This buffer layer permits a better contact between the TCO and ZnO
nanorods (NRs), it also eleiminates recombination processes produced by the direct
interaction of the electrolyte with the FTO substrate. Next, a layer of ZnO NPs is
deposited on the FTO/ZnO substrate, this layer of ZnO nanaoparticles is required as

seeds for the posterior hydrothermal growth of ZnO NRs.6. 58,59
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Figure 2.2 a) Schematic representation of the ZnO electrodes preparation: deposition of ZnO
nanoparticles (NPs) by spin-coating and hydrothermal growth of ZnO NRs and b) SEM image of a
ZnO NR electrode.

In order to improve the ZnO electrode properties we need vertically-aligned NRs with
large active areas. One option to obtain the latter longer NRs with small diameters are
needed. Therefore, many hydrothermal synthesis conditions were studied to control
and optimize the ZnO electrodes: deposition layer of ZnO NPs, different distance
between the substrate and the bottom of the reaction flask, different solution

concentrations and growth time were studied.

2.2.1 Layer of ZnO nanoparticles

Alayer of ZnO nanoparticles (NPs), used as seeds, were deposited on top of the ZnO buffer
layer. The synthesis of the ZnO NPs was carried out by the method described by Pacholski
et al,®® which consists on the hydrolysis of zinc acetate in basic media by reflux in
methanol at 65°C for 2 hours. A white-cloudy solution containing the NPs was developed
during synthesis. The NPs suspension was analysed by TEM at different periods of time.
Figure 2.3 shows the NPs obtained at different reaction points, at early stages of the
synthesis, the NPs presented a size between 5-7 nm (Figure 2.3a) and grow until reaching

an homogeneous size of 10-12 nm after 2 hours of reflux (Figure 2.3b). By keeping the NPs

71



Chapter 2

dispersion at room temperature we observed the agglomeration of the NPs after 4 hours
at the end of the synthesis (Figure 2.3c), a behaviour also observed by M. Winterer et al..61
To avoid NP agglomeration, the synthesis of vertically-aligned Zn NRs was always carried
out applying freshly-prepared NPs. In addition, every time before spin-coating, the NPs

solution was filtered off with a 0.2 pm filter to avoid possible aggregates.58

Hlnm ¥ ﬂinm - 20nm

- -4 A —

Figure 2.3 TEM images of the ZnO NPs solution at different points during and after the synthesis: a)
at 30 min of reflux, b) at 2 h of reflux and c) at 4 hours after the synthesis was finished.

The layer ZnO NPs on the TCO/ZnO buffer layer act as nucleation points (seeds) for the
formation of vertically aligned ZnO NRs. The effect of different ZnO NPs layer thicknesses
were analysed on the obtained ZnO NRs. The ZnO NPs were deposited by spin coating,
once deposited, the substrates were heated 150°C for 10 min between coatings. The ZnO
NRs did not grow on substrates without the NPs layer, we observed only big aggregates of
ZnO attached to the surface after 30 minutes and 1 hour synthesis growth time (Figure
2.4a and d). Increasing growth times increased the inhomogeneity of the ZnO deposition.
The optimization of the NP layer deposition indicates that a minimum of three layers of
ZnO nanoparticles are required in order to initiate the nucleation and growth of the NRs.
Under these conditions, the formation of the NRs can clearly be observed after 1h (Figure

2.4b, c,eandf).
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Figure 2.4 SEM images of ITO substrates without deposition of ZnO NPs grown for a) 30 min,d) 1 h
and ITO substrates with 3 layers of ZnO NPs grown for b), c) 30 min and e), f) 1 h. (Hydrothermal
growth with a 250 mL flask, distance from the bottom 6-8 cm).

Figure 2.5 shows vertically-aligned ZnO NR electrodes grown for 1.5 h applying 3, 6 and 9
layers of NPs. The NR density was calculated from SEM images and resulted in densities of
3.3:10% NR-cm2, 3.5:102 NR-cm2 and 3.8:102 NR-cm2 for 3, 6 and 9 NPs layer respectively.
Similar NR-densities for the same HT synthesis have been reported earlier.8 62 63
Diameters were also quite similar for all the ZnO NPs layers: between 70 nm - 80 nm.
Taking into account the similar NR densities and diameters obtained by the application of

3 to 9 layers of NPs, we used 3 layers of NPs for all the ZnO electrodes preparation.

Figure 2.5 SEM images of ITO substrates with a) 3 layers, b) 6 layers and c) 9 layers of ZnO NPs
grown for 1,5 h in a small flask of 10 mL, distance from the bottom 1 cm.
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2.2.2 Distance between the substrate and the bottom of the reaction flask

Zn0O NRs with different dimensions were obtained when the substrates were grown at
different distances from the bottom of the flask.64 For this reason, this distance was
carefully optimized to obtain reproducible results. Figure 2.6 shows ZnO NRs grown at
different distances between the flask’s bottom and the ITO substrate: at 1 cm and at 7 cm.
Two different flasks were used in each synthesis, one of 10 mL for 1 cm distance and the
other was a PYREX® bottle of 250 mL for the 7 cm distance (Figure 2.6b). The length and
the diameter of the ZnO NRs were drastically affected. Substrates closer to the bottom of
the reaction flasks initiate NPs nucleation and NRs growth much earlier (Figure 2.6¢c, 30
min growth time) than the substrates placed at 7 cm distance (Figure 2.6d, 30 min growth
time) and thus, longer NRs can be obtained at closer distances. On the other hand, NRs
grown for 2 h at larger distances developed smaller diameters, of about ~20 nm (Figure
2.7b), in comparison with the ~70-80 nm diameter observed for NR grown at smaller
distances (Figure 2.7a). Since we aim for small ZnO NRs diameters in order to cope with
the electron diffusion length required in excitonic solar cells, ~20 nm,%* thus, we fixed the
NR growth distance between 6-8 cm.58.59 64 For the latter, home-made plastic holders with
3 substrate positions at 6, 7 and 8 cm from the bottom of the flask were used to fix the TCO

substrates up-side down during the hydrothermal growth.
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Figure 2.6 Synthesis of ZnO NR. a) Schematic representation of the reaction flask used for the
synthesis of ZnO NRs on TCO substrates. The distance between the substrate and the bottom of the
flask is indicated by a, b and ¢, b) Image of the large reaction bottle, c) SEM image of an ITO
substrate with 3 layers of ZnO NPs grown for 30 minutes in a small flask of 10 mL, distance from
the bottom 1 cm and d) in a big flask of 250 mL, distance 7 cm from the bottom.
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Figure 2.7 Diameter distribution for 2 h growth of ZnO NRs in a a) 10 mL flask, 1 cm distance and
b) 250 mL flask, 7 cm distance and respective inset SEM images.

2.2.3  Effect of the hydrothermal solution concentration

The concentration of the reaction solution is another important parameter to control for
the ZnO NR synthesis. We analysed two different concentrations a) 100 mM and b) 25 mM.
Figure 2.8 shows the SEM images of the resulted ZnO grown on the substrate. Cubic and
inhomogeneous ZnO nanostructures were formed for high concentrations, while the
desired ZnO NRs were obtained at 25 mM concentrations (See Figure 2.8). We chose to

work with a 25 mM equimolar solution of the reactants.58

Figure 2.8 SEM images of ITO substrates with 3 layers of NPs and grown for 1,5 h using the
reactants concentration of a) 100 mM and b) 25 mM. The reaction bottle was of 10 mL in volume
and the used distance from the bottom to the substrate was 1 cm.
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2.2.4 ZnO nanorod growth time

Our studies on the NRs length revealed that length is increased when increasing
reaction time, as expected and in well agreement with already reported works.35 65
Growth times between 1 h to 28 h were applied changing the hydrothermal solution
every 4-6 h. The ZnO NRs obtained were characterized by SEM and profilometry.
Figure 2.9 shows the graphs of the length and diameters for the different growth times

measured by SEM microscopy.58. 59, 66

a) b) .
TOO 4
g — % ,.-"'+_ S +
e 4 E f’-’_‘,.
= ] — rad
£ [ s e
= 400 o _J" ; .
2 +_| 3 ] /I
= . k =
5 ¥ f/_rf g 14 .
ﬂ Ll {* _{ i "'c:- 1 /‘
) R, L —— ] 1 ¢
Jads - ' =17
: 0 -;. :| 'I: ' EI} Fi | :I_l [ ] JI. II III ‘:II :'ID .‘II !Iﬂ
ZnC Nanored Growth Time (h) Zn0 Manorod Growth Time (h)

Figure 2.9 Variation of ZnO NRs dimensions with growth time a) diameter and b) length. Notice
that two different NR diameters are present in a).

The NR lengths varied between 600 nm and 5.2 um, for a 2 h and 22 h growth time
respectively, with no variation in NR length between 22 h and 28 h growth time. Two
different sizes of NR diameters were observed: small diameters between ~20 and ~80
nm were obtained for every growth time with and few larger diameters between 150-
600 nm observed when increasing reaction time.58 The diameters for the NRs grown at
28 h were the largest (see details in Figure 2.9). Another aspect to mention for the
synthesis at 28 h was the presence of large amounts of broken NRs attached to the
surface (some of them with huge dimensions). All the mentioned observations reveal
that even changing the solution every 4-6 h we could not avoid the formation of NRs
with large diameters, and this has been attributed to the nucleation between two or

more NRs with time.
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2.2.5 Optimum synthesis parameters to obtain vertically-aligned ZnO NRs.

All the above mentioned parameters have been optimized in order to obtain the best
conditions for the synthesis of vertically-aligned ZnO electrodes. The optimized synthesis

conditions finally obtained were:

a) Use of FTO substrate
b) Application of three layers of a fresh ZnO NPs solution
c) Distance between the substrate and the bottom of the reaction flask fixed at 6-8 cm

d) Low concentration of reactants of 25 mM

Once all the preparation parameters of the ZnO electrodes were optimized, and fixed for
all the synthesis, the ZnO NR electrodes were characterized by SEM, TEM, profilometry,

XRD, UV-vis and PL spectroscopies at different hydrothermal growth times.

2.3 7ZnO NR characterization

2.3.1. ZnO NR dimensions, aspect ratio and electrode density by SEM microscopy

analyses

The Scanning Electronic Microscopy (SEM) generates high-resolution images of the
external ZnO NR morphology. The chemical composition of the sample can be also
determined by the backscattered electrons (BSE) detector and the energy dispersive X-
rays spectrocopy (EDS) detector. Figure 2.10 shows cross-sectional and top view SEM
images of some NR electrodes grown for 6 h, 12 h, 22 h and 28 h. The lengths and
diameters were measured and are depicted in the graphs of Figure 2.9. The NR density
was measured from the SEM pictures for all the ZnO electrodes at different growth
time: 2.6-10° NR-cm2 (6 h), 2.2:10° NR-cm2 (12 h), 1.7-10° NR-cm-2 (22 h), 1.5-10°
NR:cm-2 (28 h). The NR electrode density decrease for longer NR growth times due to
the formation of NRs with larger diameters. Figure 2.11 represents the NR density and
aspect ratio for each ZnO NR length. The aspect-ratio is defined as the length of the NR
divided by its diameter.67 68 Increasing the NR length also increased the aspect ratio,
only the ZnO NRs grown for 28 h had a low aspect ratio than the electrodes grown for

22 h due to have the same NR length but with larger diameters.
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Figure 2.10 SEM images of cross section ZnO NR electrodes grown on FTO fora) 6 h, b) 12 h, c) 22
h, d) 28 h and top view electrodes grown for e) 6 h,f) 12 h, g) 22 h and h) 28 h.
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Figure 2.11 Aspect ratio (black circles) and NR density (grey triangles) for each ZnO NR length.

2.3.2. ZnO NR crystalline quality and composition by X-Ray diffraction (XRD) and

Transmission Electron Microscopy (TEM) analyses

X-ray diffraction (XRD) is a non-destructive technique which gives information about
the crystal structure, chemical composition and physical properties of materials and
thin films. The transmission electron microscopy (TEM) can also reveal information
about the crystal structure of the sample. Nevertheless, more useful information about
the morphology and the chemical composition of the ZnO NRs can be obtained by this

technique, especially with the careful application of the energy dispersive x-ray
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spectroscopy (EDS) detector. XRD analysis for all the electrodes showed a hexagonal
wurtzite structure for all ZnO NRs independently of the synthesis conditions or
reaction time.s8 66 The high intensity of the (0002) peak indicates preferential
orientation due to the vertical growth of the NRs on the TCO substrate (Figure 2.12a).
The as-prepared NRs were scratched from the electrodes and suspended in ethanol in
order to carry out TEM analyses. TEM results confirmed the good crystallinity of the
Zn0 NRs and also the NR length observed previously by SEM (Figure 2.12b NR grown
for 6 h, length 1.6 um). The selected-area electron diffraction (SAED) pattern of the NR
in Figure 2.12¢, represents the plane with directions (0002) and (10-10) from the
wurtzite structure where the NR growth is along the direction (0002) (Figure 2.12c).
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Figure 2.12 a) XRD pattern of ZnO nanorods grown on ITO, b) TEM image of a single ZnO NR of 6 h
growth time and c) Selected-area electron diffraction (SAED) pattern of the ZnO NR.

2.3.3. Photoluminescence (PL) and Time resolved photoluminescence (TRPL)

Room temperature photoluminescence (PL) spectroscopy reveals the optical properties,
providing information about the defects on the surface and core of the ZnO NRs. The PL
spectra of the ZnO NR electrodes obtained with a UV laser excitation at 325 nm is
presented in Figure 2.13a. This PL spectra presented two peaks one at ~380 nm called the
Near Band Edge (NBE) and the other broader band, called the orange band, at ~640 nm.°
As explained in section 1.4.1.2, the orange band is related to the quantity of ZnO defects
present in the sample. The PL analyses performed to the ZnO NRs indicate that the

intensity of both peaks varies for each ZnO NR electrode. The relation between the orange
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band and the NBE depending on the NR growth time was calculated as shown in Figure
2.13b. An increase of the orange band/NBE ratio is observed when increasing ZnO NR

growth time, an indication that the surface defects increase when the NR length increases.
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Figure 2.13 a) Room temperature PL spectrum for ZnO NRs electrodes grown at 6 h, 12 h, 22 h and
28 h and b) Intensity ratios for orange band peak/NBE peak of the PL spectra of the ZnO NRs
electrodes grown at different growth times.

Time Resolved Photoluminescence analyses (TRPL) of the ZnO NRs electrodes with and
without the N719 dye were performed in order to study the lifetime of the free excitons.
The ZnO NR electrodes (grown for 6 h, 12 h, 22 h and 28 h) were measured with a micro-
photoluminescence setup to guarantee that only a couple of nanorods were excited within
the laser spot, avoiding inhomogeneous broadening in the PL spectra. Figure 2.14a shows
the TRPL of the ZnO NR electrode grown for 6 h (black line). All the other electrodes
(grown for 12 h, 22 h and 28 h) had a similar spectra. The measured absolute lifetime
values for the different ZnO NR electrodes in function of the NR length are represented in
Figure 2.14b. The lifetimes of the free excitons in the ZnO NRs are between 25 and 80 ps.
The longer lifetime is for the 22 h growth time electrode, the others (6 h, 12 h and 28 h)
had a similar lifetime around 25-30 ps (see Figure 2.14b black line). These free exciton
lifetimes are similar with other reported lifetimes, between 40 and 160 ps for ZnO NRs
prepared with other synthesis techniques,’0 71 while the bulk samples are 300-400 ps,
almost an order of magnitude higher.”2 The latter is probably due to the presence of
surface states in the NRs, which act as alternative recombination sites.”’® A curious aspect
is the similar trend of the lifetimes in function of the NR lengths compared with the aspect
ratio also in function of NR length in Figure 2.11 (black line). Both graphs presented a

higher lifetime and aspect ratio for the ZnO NRs grown for 22 h.
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When the dye N719 was adsorbed on the ZnO NR electrode, the lifetime of the free
excitons was reduced for all the ZnO NR electrodes and all the electrodes presented the
same lifetime, 20 ps (Figure 2.14b grey line). This lifetime reduction is due to the
incorporation of other recombination channels when the dye is applied. The measured
experimental lifetime is a combination of a radiative recombination (the emitted photon)
and non-radiative (transfer processes to the shell or to the dye) as show in equation 2.1.
The application of the dye makes the non-radiative recombination fast (not negligible)

and, thus, the experimental effective lifetime decreases.”3-77
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Figure 2.14 a) Time resolved photoluminescence TRPL of a ZnO NR electrode grown for 6h (black
line) and after immersion of the electrode in a N719 dye solution for 2h (grey line). The excitation
energy of the laser was set to 4.66 eV (266 nm) at 300 K. b) Lifetime of the free excitons as a
function of the ZnO NR length measured from the ZnO electrodes grown for 6 h, 12 h, 22 h and 28 h
(black line) and the same electrodes with the dye N719 (grey line).
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2.4 Application in Dye-sensitized Solar Cells

The application of the ZnO NRs electrodes in DSCs is presented in this section. The
experimental condutions for the preparation of the solar cell has been described under
experimental section chaper 6, section 6.6. In general, the ruthenium (II) complex dye,
(BusN)2Ru(debpyH)2(NCS), also known as N-719 was used as sensitizer, the I3/I-
electrolyte (from Solaronix) was introduced in the solar cell after the devices were
sealed with a surlin thermal adhesive placed in direct contact with the Pt counter-
electrode (See Figure 2.15 for a schematic representation). We have noticed that many
preparation and testing parameters influence the final solar cell performance.
Environmental conditions such as relative humidity (RH %) or temperature are
important factors. Other factors are also significant considering that ZnO properties
can be modified by them like synthesis methods,?8-83 synthesis temperature,8 84 testing
atmosphere (air, vacuum),85-88 or illumination.89-92 Therefore, in order to obtain the
maximum performance of the solar cells, the following parameters were studied:
thermal treatment, dye loading time, effect of the Pt counter-electrode, NR length,
application of different dyes, effect of the UV-light, temperature, light intensity and

also long term stability tests.
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Figure 2.15 Schematic representation of all the steps for the DSC preparation applying ZnO NRs.
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2.4.1 Effect of thermal treatment

Our initial results show that DSC performance improves after sintering the as-prepared
Zn0 NRs electrodes at 450°C for 30 min. Power conversion efficiency was observed to
increase from 0.41% up to 0.53%, V.. registered slight changes from 0.43 V to 0.47 V and
Jsc improved from 2.2 mA/cm? to 3.4 mA/cm?, see Figure 2.16 (for ZnO NRs of ~1.6 pm
length, 30 min immersion time in dye solution, Pt counter electrode from solaronix ~50
nm thick). Improvement after thermal treatment has been related to the decrease of
defects, e.g. oxygen vacancies (Ovac)? 93 usually observed in amorphous oxides.?* The
incorporation of oxygen during thermal treatment is well-known to modify optical
properties of semiconductor oxides affecting photovoltaic properties. Oxygen vacancies
(or deep donor states) act as traps for electrons and thus, as recombination centres%
reducing the power conversion efficiency of the device.9” As a consequence, the optical
band gap of these materials is very sensitive to oxygen incorporation which in turn, could
be the responsible for the increase observed for V,.86 87.98 Qur electrodes were then

systematically treated in air at 450°C for 30 minutes before being applied in DSCs.
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Figure 2.16 Current-Voltage graph of two DSCs applying ZnO NRs grown for 6h (1.6 pm length),
dye-loaded for 30 min and using the Pt counter-electrode from Solaronix 50 nm thick. One ZnO
electrode was annealed at 450°C for 30 min before the DSC was prepared (black line) and the other
was not annealed (grey line)

2.4.2  Effect of the platinum counter-electrode

The counter electrode (CE) consists of a platinized TCO that is placed on top of the ZnO

electrode fixed with a polymer sealant for the suitable extraction of photo generated
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charge carriers in the device. The need of a platinized TCO is due to the inefficient
reduction of the triiodide into iodide on plain TCO due to their high over potential.
Platinum acts as catalyst for this reduction to take place and also reduces charge
recombination at the working electrode TCO/electrolyte.® Two types of Pt CE were
prepared, the first one made from a Pt-paste (T/SP), and the other was prepared by
electron beam physical vapour deposition (EBPVD). Our first DSCs were prepared with the
Pt catalyst paste (T/SP), commercially available from Solaronix, made by the doctor blade
technique on FTO substrates. The annealing process at 4502C for 30 minutes results in a
transparent Pt-CE. One layer of tape was used to fix the FTO substrates and then deposit
the Pt paste by doctor blade as described under the experimental section 6.6 (chapter 6). A
~50 nm Pt layer thickness was obtained (measured by AFM). We observed that using 2
layers of tape in the doctor blade process results in a layer of ~60 nm of Pt, which
improves the performance of DSCs. The Pt electrode made by the EBPVD produces a
metallic Pt-CE. Table 2.2 shows the best DSC data measured for electrodes of ~1.6 pm ZnO
NRs length (6 h growth time) and 2 h of dye loading time with N719 using different Pt-CEs.
All the cells presented an increase on the performance after some hours of being prepared.
The latter effect will be explained in detail in the section 2.5.3 since it is related to the UV

light.

Table 2.2 Solar cell parameters obtained with electrodes of ~1.6 um ZnO NRs, DLT of 2 h and
electrolyte AN50 at start and at maximum performance. 100 mW-cm2 (AM 1.5) light intensity and
72°C. Active area ~0.20 cm?.

. Voc Jsc FF PCE Rsh Rs
Measure Pt-CE type and thickness
(V) (mA/em?) (%) (%)  (@cm?)  (Q-cm?)
50 nm 0.45 1.92 41 0.35 1009 87
Pt-catalyst T/SP
60 nm 0.48 2.73 41 0.53 604 70
150 nm 0.49 2.02 38 0.38 1708 85
At start
EBPVD 100 nm 0.46 2.95 43 0.58 516 54
50 nm 0.42 2.72 37 0.43 466 66
20 nm 0.48 2.76 38 0.50 455 66
50 nm 0.53 1.98 45 0.47 1713 71
Pt-catalyst T/SP
60 nm 0.53 2.67 41 0.61 2318 68
150 nm 0.53 1.82 46 0.45 2010 82
At max.
EBPVD 100 nm 0.56 2.67 45 0.67 703 66
50 nm 0.55 2.46 48 0.65 1434 66
20 nm 0.60 2.33 48 0.66 2111 71
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The best DSC performance was obtained with Pt deposited by the EBPVD, with electrode
thickness below 100 nm. In the case of DSCs applying the Pt prepared by doctor blade
deposition, the best performance was achieved with an electrode thickness of 60 nm. The
latter DSCs presented similar PCEs around 0.6% (at maximum performance). The values
of the series resistance (Rs) were observed to decrease for the highest DSC photovoltaic
response. This is attributed to the improvement in the interface CE/electrolyte that
permits less recombination processes and also an increase in the current density (Jsc). In
the case of the shunt resistance (Rsy) we did not observed well agreement with respect to
the DSC PCEs, probably due to the presence of other internal recombination processes in
the cell. All the R, values increase at maximum performance corresponding with the
increase of FF and V.. Figure 2.17 represents the JV-curves at start (black line) and
maximum performances (grey line) for all the 6 types of Pt-CE studied. From the JV curves
we can see how the FF improves for the cells measured after three days stored in the dark
at room temperature. Our results indicate that it is important to specify the type of Pt-CE

used when reporting DSCs data.

Figure 2.17 DSCs JV-curves with ZnO electrodes of ~1.6 um ZnO NRs, DLT of 2 h, electrolyte AN50
and Pt-CE of a) doctor blade 50 nm, b) doctor blade 60 nm thickness, ¢) EBPVD 150 nm, d) EBPVD
100 nm, e) EBPVD 50 nm and f) EBPVD 20 nm. They were measured at 100 mW-cm2 (AM 1.5) light
intensity and 72°C. Active area ~0.20 cm?.
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2.4.3 Optimization of the dye loading time

The adsorption of the dye onto the ZnO electrode is a critical parameter that must be
carefully controlled for optimal photovoltaic performance. An optimal immersion time
of the ZnO electrode into the dye solution can avoid dye aggregation and the
consequent loss of photovoltaic response. The dye loading time (DLT) depends on the
amount of semiconductor oxide to be covered by the dye and thus, it depends on ZnO
NRs length. Therefore the dye immersion time for the different ZnO NR electrodes was
optimized as follows: ZnO NR electrodes with NR lengths of 1.6 um (6 h growth time),
3.2 ym (12 h growth time), 5.2 uym (22 h growth time) and 5.1 pm (28 h growth time)
were immersed in a 0.5 mM dye N719 solution between 10 min and 16 h. After each
dye loading time the ZnO/Dye electrode was used to assemble a complete DSC and
analyse its PCE. Figure 2.18 shows the DSC power conversion efficiencies obtained
applying the different dye loading times for each ZnO NR electrode. In general, we
observed that the photovoltaic performance increased when the dye loading time
increased until a maximum point, which is the optimum dye loading time. Longer
immersion times resulted in the decrease of performance due to dye agglomeration.
The dye N719 has 2 acid groups that interact with the Zn2+ producing the formation of

aggregates.100.101 Ap effect also observed for other Ru-based dyes such as N3.102 103
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Figure 2.18 a) Organic molecular structure of the dye N719 and DSC power conversion efficiency
at different dye loading times (DLT) for ZnO NR electrodes grown atb) 6 h, ¢) 12 h, d) 22 h and e)
28 h. All the cells were measured at 100 mW-cm2 (AM 1.5) light intensity and 72°C. Pt counter
electrode from Solaronix (~50 nm thickness). Active area ~0.20 cm?2.
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The optimum DLTs were: 2 h, 3 h, 6 h and 8 h for ZnO NRs lengths of ~1.6 pm, ~3.2 pm,
~5.2 ym and ~5.1 pm respectively (Figure 2.19).58 66 A singular aspect was the
different optimum DLTs observed for similar ZnO NR lengths of ~5.2 um (grown at 22
h) and ~5.1 um (grown at 28 h). Optimum DLT of 6 h and 8 h were obtained
respectively. The latter result is attributed to the presence of big NR diameters in the
electrode prepared at 28 h (Figure 2.9) thus, requiring a longer DLT. Different
temperatures (room temperature, 60°C and 100°C) were also tested during the dye-
loading process. However, the photovoltaic performance was not observed to improve

for higher temperatures.

Figure 2.19 Optimum dye loading times (DLT) carried out at room temperature, for ZnO NR
electrodes depending on the NR length.

2.4.4 Effect of ZnO nanorod length

In order to analyse the effect of the ZnO NR length, several DSCs were fabricated with ZnO
NR of different lengths, the solar cells were all prepared under the same conditions: ZnO
electrode thermal treatment at 4502C/30 min, 0.5 mM N719 dye solution concentration,
electrolyte AN50, Pt-CE doctor blade 60 nm. The dye loading times were those obtained
after the optimization described in Section 2.4.3. The average photovoltaic properties of
the best 5 cells (out of a set of 12 cells) from each ZnO NR length are detailed in Table 2.3.
Values are shown at the start of the measurement and after 3 days of being kept in the
dark at room temperature. Figure 2.20a represents the power conversion efficiency versus
the NR length and the improvement of the photovoltaic performance after 3 days. Longer

ZnO NRs have higher efficiencies due to the higher surface area of the oxide which permits
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to adsorb more dye. The amount of dye adsorbed on the oxide was measured by the dye
desorption method, which consist on the separation of the two electrodes, followed by the
immersion of the ZnO-dye electrode in an aqueous basic solution of 0.1 mM KOH. The dye
desorption took place after one hour, then the solution turned into a pink colour due to the
presence of the N719 dye at the same time that the ZnO electrode turned colourless.104
The quantity of dye adsorbed on the ZnO electrode was determined by UV-vis analysis of
the desorbed dye solution applying the lambert-beer law. The results were corrected by
the active area of the DSC (Figure 2.20b). ZnO electrodes grown for 22 h and 28 h have
similar NR lengths at around 5 um and yielded similar efficiencies (~0.9%). However, the
28 h electrode had more dye adsorbed owing to the longer dye immersion time optimized
at 8 h, in contrast to the 6 h for the 22h electrode. High quantity of dye adsorbed on the 28
h electrode allowed also higher Js. values, however, presented lower FF (Table 2.3). The
latter was due to the presence of more charge recombination indicated by the shunt
resistances (Rsn) (Figure 2.20b). Increasing the NR length, decreases the Rs, which is an
indication of larger internal loss due to charge recombination.5® This result was also
supported by the photoluminescence measurements where longer NRs show higher
intensity of the orange band, an indication of the higher amount of ZnO surface defects

(see Figure 2.13).

Table 2.3 Performance of DSCs made with vertically-aligned ZnO NRs (average of 5). Effect of the
ZnO NRs growth time on solar cell efficiency. 1.5 A.M., 1000 W/m?2, active area ~ 0.20 cm?2. Sun
simulator lamp temperature 72°C. Pt CE from Solaronix (~60 nm thickness). *DLT = Dye loading
time

NR NR  prr+ Vo Jee FF PCE Max

Growth Length (h) W) (mA /cm?) (%) (%) PCE

Time (h) (um) (%)

6 1.6£0.2 2 0.49 + 0.04 2.30 +0.34 44 +1 0.46 +0.05 0.53

At 12 3.2+0.5 3 0.49 + 0.02 3.98 +0.32 41+1 0.73 £0.05 0.80
start 22 5.1+0.2 6 0.52 £ 0.06 3.53+0.22 43 +2 0.78 £ 0.08 0.86
28 5.0+0.4 8 0.54 +0.05 3.92+0.46 38+5 0.79 £ 0.06 0.88

6 1.6£0.2 2 0.55 +0.03 2.23+0.31 44 + 3 0.56 +0.04 0.60

At 12 3.2+0.5 3 0.54 +£0.03 3.59+0.61 41+1 0.80 £ 0.09 0.87
max 22 5.1+0.2 6 0.54 +0.04 3.83+0.30 44 +1 0.92 £0.10 1.01
28 5.0+0.4 8 0.58 £ 0.05 4,12 +0.50 39+3 0.89 £ 0.09 1.01
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Figure 2.20a) Average performance of DSCs (of 5) showing the effect of the ZnO NRs length on the
performance. Measured at 100 mW-cm-2 (AM 1.5) light intensity and 72°C. Active area ~0.20 cm?2.
Pt-CE from Solaronix (~60 nm thickness) and b) N719 dye adsorbed and shunt resistances (Rsy) on
the ZnO NRs electrode with different NR lengths.

Figure 2.21 shows the JV-curves and IPCE graphs for the best cells obtained for each NR

length. IPCE data from our cells usually show 2 peaks, one is attributed to ZnO at ~370 nm

and the other corresponds to the dye at ~500 nm. The dye N719 has two absorption peaks

one at ~ 390 nm and the other at ~ 520 nm. The effect of the dye on the DSC performance

is usually related to the peak at ~500 nm.
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Figure 2.21 a) JV-curves for DSCs with ZnO NRs grown at 6 h, 12 h, 22 h and 28 h at maximum
performance (after 3 days) and b) IPCE spectra for the same cells. 100 mW-cm2 (AM 1.5) light
intensity and 72°C. Active area ~0.20 cm2. Pt-CE from Solaronix (~60 nm thickness).

89



Chapter 2

2.4.5 Comparison of different dyes

Ru (IT) complex dyes such as N719 or N3 have protons from carboxyl groups that dissolve
the ZnO forming [Zn2+-dye] aggregates and reduce the solar cell performance. In addition,
ruthenium is a rare and expensive metal.100.103 For this reason metal-free sensitizers are
very attractive for ZnO DSCs. Many research groups are developing new organic dyes with
higher extinction coefficients that produce high light-harvesting yield.31. 105109 The
modification of the dye molecular structure and the anchoring groups, allows the
improvement of the solar cell properties. The ideal dye should have the excited state redox
potential close to the energy of the conduction band edge of the ZnO and a strong
conjugation across the chromophore and anchoring groups from the dye to provide
effective charge transport and higher conversion efficiency.110.111 The stability of the dye is
another factor to take into account to design a good sensitizer since organic dyes are more
instable than Ru(II) complexes for their side reactions such as formation of excited triplet
states and unstable radicals.!’2 Novel sensitizers such as coumarin,!!3 heptamethine
cyanine,!%5 indoline, 106114 xanthene,!!5 polyene thyophene!09.116 and squarylium!?’ have
been reported in DSCs. Some commercial organic dyes, one indoline (D149) and three
xanthene (Eosin Y, Eosin B and Mercurochrome) were tested and compared with N719 in

our ZnO NRs DSCs. Figure 2.22 shows the molecular structures of the dyes analysed.

Figure 2.22 Molecular structures of N719, Mercurochrome, D149, Eosin Y and Eosin B dyes
analysed in this work.
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The photovoltaic parameters of the best DSCs applying the different dyes electrodes of
~1.6 um ZnO NRs length (6 h growth time) are shown in Table 2.4. Dye loading time
(DLT) of 2 h was applied in all cases. Increasing DLT up to 24 h did not show any
improvement in DSC performance. Performance improvement, typically observed with
time when the N719 dye is used, was not observed for any organic dye. The
photovoltaic performance improved depending on the dye applied as follows: N719 >
D149 > Mercurochrome > Eosin Y > Eosin B. The solvents used to dissolve the dyes
were: ethanol (for N719, Eosin Y and Eosin B), methanol (for Mercurochrome) and
acetonitrile (ACN)/tert-buthyl alcohol (tBuOH) 1:1 (for D149), applying a constant
concentration of 0.5 mM. The dye D149 had very low performances using the
electrolyte AN50, when a new electrolyte was used (0.6 M BMII, 0.03 M I, and 0.1 M
GuSCN in ACN/valeronitrile 85:15)° the cells showed an improvement in the
photovoltaic response (Table 2.4). The later indicates the positive effect of ionic
liquids in this type of solar cells, which is known to confer chemical stability to ZnO.
Nevertheless, the study of DSC applying ionic liquids is out of the scope of this thesis
work. Figure 2.23 depicts the current-voltage curves and IPCE spectra for the cells in
Table 2.4. The peak at ~530 nm (related to the dye) corresponded with the current
densities (Jsc) of the cells (Figure 2.23). A high current density was obtained with D149
dye but the FF was much lower than N719, thus DSCs with D149 had higher
recombination wich is evident in the low value of shunt resistance Rs,claculated from
the IV-curve (Table 2.4). The dye N719 has the best value of Rs (the lowest) and

Mercurochrome has the best value of Rqh (the highest).

Table 2.4 Effect of different dyes on the performance of DSCs made with ZnO NRs electrodes of
~1.6 um length (6 h growth time) and 2 h DLT. Measured at start at 100 mW-cm2 (AM 1.5) light
intensity and 72°C. Active area ~0.2 cm?. 2Electrolyte: 0.6 M BMII, 0.03 M I; and 0.1 M GuSCN in
acetonitrile-valeronitrile (85:15). Pt-CE from Solaronix (~50 nm thickness).

D Voc Jsc FF PCE Rsh R
ye V) (mA-cm?2) (%) (%) (@cm?)  (Q-cm?)

N719 0.504 2.17 40 0.44 768 92
Mercurochrome 0.480 0.71 47 0.16 2803 166
Eosin B 0.356 0.36 42 0.05 1968 305
Eosin Y 0.449 0.39 40 0.07 1681 302
D149 0.451 0.48 46 0.10 2686 272
0.484~ 2.352 31a 0.352 2762 1102
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Figure 2.23 a) Current-Voltage curves and b) IPCE graphs of DSCs with ~1.6 um ZnO NR length and
different dyes (2 h DLT). Dyes: N719 (black line), D149 (purple line), Eosin Y (blue line), Eosin B
(green line) and Mercurochrome (red line). 100 mW-cm2 (AM 1.5) light intensity and 72°C. Active
area ~0.20 cm?. Pt-CE from Solaronix (~50 nm thickness).

2.5. Specific photovoltaic analysis

2.5.1. Effect of incident light intensity

The photovoltaic response of all XCS, such as TiOz-based DSC!18 or polymer solar cells,11?
show a dependence on the incident light intensity. When light intensity increases, an
increase on the open circuit voltage (Vo) is observed. This effect has been attributed to
the increase on charge generation rate producing a large chemical potential.118 An increase
on the V,for higher incident light intensities is also observed in ZnO DSCs suggesting the
same effect detected in TiO,. In this section we analysed several solar cells made with ZnO
NRs at different light intensities, temperature and with or without the application of an
UV-filter. The analyses were carried out in a home-made solar cell described in the chapter

6- Experimental Methods, section 6.6.

Our results showed changes in Vo from 0.58 V to 0.62 V when light intensity was modified
from 1000 W- cm2 up to 1500 W- cm-2. Below 1000 W- cm-2 the values of V,. were almost
unchanged. Current densities (Jsc) increased linearly with light intensity, as was expected,
due to the presence of more amount of photons reaching the solar cell. Only FF values
were shown to decrease slightly with light intensity, with variation between 2 and 3%

(Figure 2.24).58
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Figure 2.24 Effect of ZnO-DSC with different light intensities (800-1000 W-cm2), at different
temperatures (25°C, 55°C and 75°C) and also with and without UV-filter (<400 nm). a) PCE, b) Js, c)
Voc and d) FF. Devices prepared with ZnO NR electrodes grown at 6 h (~1.6 um) and 2 h DLT in
N719. Active area ~0.15-0.25 cm?. Pt-CE from Solaronix (~50 nm thickness).

2.5.2. Effect of temperature

Temperature is expected to affect the diffusion of electrons and thus current density and
power conversion efficiency of the final DSCs.120-124 We have observed contradictory
results reported in the literature, some groups observed almost null effect of temperature
in DSCs based in TiO, when low levels of irradiation were applied,20 other groups
demonstrated that values of V,. are reduced when temperature increases.'22 Comparison
between DSC applying TiO; and ZnO should be carefully made since the properties of both
oxides are highly different and the variation of their properties with temperature can vary
from material to material. The history behind each electrode (synthesis conditions,
thermal treatments, oxide quality, etc.) can also introduce variations to the DSC

performance with temperature.
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In this work, we present the study of the effect of temperature on vertically-aligned ZnO
NR-based DSCs using the home-made holder described in chapter 6, section 6.6. In
general, we observed a decrease in photovoltaic response when temperature increases
from 25°C to 75°C. Figure 2.24 shows the changes observed with temperature on PCE, Js,
Voo, and FF for our DSCs. The most drastic effect was observed in V., which decreased
from ~0.6 V to ~0.48 V when temperature was raised. A similar trend was observed for Js,
however, below 55°C some cells maintained almost unchanged the Jsc and some other
showed a slightly decrease. At higher temperatures (55°C-75°C) the Js. decrease was
accentuated (Figure 2.24 and Figure 2.25). The latter effect is attributed to the efficient
electron diffusion observed in semiconductor oxides as temperature increases but at
higher temperatures the charge recombination is stronger than the beneficial effect of
diffusion.121.125 [PCE analyses showed this effect, the peak of ZnO at ~350 nm decreases
with the increase of the temperature but the peak at ~520 nm related to the dye had a
different behaviour, the IPCE was constant until 55°C and decreased at higher
temperatures (Figure 2.26). A slightly variation on FF between 2 and 3% was also

observed since is directly related to Voc and Jsc.58

2.
=

Pl
(4,1
[ ]
Lh

— 25

35°C
45°C
—REC
-

TR
L™

— 20
—_—C
455G
s 5 EAC
B5°C
—TEAC

[
[~
:

Ln
M

0.5+ de

004 uw-filter

(=]
=
L

Current density ;mA/cm”)
Current density imA/om’y
=

WV
b Vo
0.5 : ' 1 : : . . 0.5 : - - - - : :
H1 00 01 02 0 04 0E 0E 0.7 01 00 01 02 03 04 05 (i} -] i
Voltage (V) Voltage (V)

Figure 2.25 J-V curves for ZnO NRs DSCs grown for 6h (~1.6 pm) and 2 h DLT in N719. Measured
at different temperatures a) without UV-filter and b) with a UV-filter (<400 nm). 100 mW-.cm2 (AM
1.5). Active area ~0.20 cm?. Pt-CE from Solaronix (~50 nm thickness).
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Figure 2.26 Variation of IPCE with temperature for a DSC of NRs grown for 6 h (~1.6 um) and 2 h
DLT in N719. Pt-CE from Solaronix (~50 nm thickness).

2.5.3. Effect of UV-light

In order to study the effect of the UV-light on the ZnO NR-DSCs, we measured the cells
with and without an UV filter that cuts the light below 400 nm. As expected, lower Jsc
values were obtained when using the filter since less light hit the DSCs, a 5% less that
corresponds to UV light. The same effect with different light intensities and temperatures
was observed when a UV filter was used compared with the ZnO-NRs DSCs applying UV-
light (Figure 2.24 and Figure 2.25). Nevertheless, UV light is known to be destructive for
TiOz-based DSCs since oxygen migrates from the semiconductor oxide photo generating
holes that accelerate the oxidation of the dye.85 126 An opposite behaviour has been
reported for ZnO-based DSC and organic solar cells where the ZnO is applied as buffer
layer, where UV light seems to promote the physisorption/chemisorption of organic
molecules (polymers or dyes) on the ZnO semiconductor, improving the photovoltaic
performance of the solar cells, at least initially.0-92.127 Therefore, three cells with similar
performances were used to study the UV light effect with time, two were analysed at 1000
W-m? (one with and the other without the UV-filter) and the third one at 1800 W-m?
without UV-filter. Figure 2.27a show the response of the 3 cells at different periods of time
while keeping the devices in the dark between measurements. Cells irradiated with UV
light presented a similar trend: an initial increase in PCE (~20% for 1000 W-m and
~40% for 1800 W-m-2), followed by a stabilization period of about 180 h and, finally, a
decrease in solar cell performance after the first ~200 h of testing. The behaviour of the

sample with the UV-filter presented a good stability with null efficiency variation for the
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first 50 h of testing. Table 2.5 represents the DSCs data from Figure 2.27a at start and

maximum (after 3 days) efficiency.66
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Figure 2.27 Vertically-aligned ZnO electrodes grown for 6 h and sealed DSCs. a) Power conversion
efficiency (PCE) variation with time and b) IPCE spectra for the same sealed cell at different periods
of time: freshly prepared (0 h), after efficiency increased (24 h) and completely degraded (720 h).
Pt CE from Solaronix (~50 nm thickness).

Table 2.5 Effect of UV light on ZnO NRs-based DSC. NRs were grown for 6 h and analysed as sealed
DSC. Devices analysed at 722 C. Active area of 0.2 cm?. Values obtained for each device at start and
at maximum efficiency observed during lifetime studies. Pt CE from Solaronix (~50 nm thickness).

Light intensity Voc Jsc FF Eff

Sample (W/m?) V) (mA/cm?) (%) (%)

No Filter 1800 0.519 3.02 33 0.52

At start No Filter 1000 0.508 2.20 36 0.41
UV Filter 1000 0.486 1.30 43 0.27

No Filter 1800 0.612 3.22 38 0.75

At max No Filter 1000 0.535 2.34 39 0.49
UV Filter 1000 0.514 1.23 42 0.27

Several series of measurements resulted in different IPCE values due to some
irreproducibility (showed as error bars in Figure 2.20a and Table 2.3). Other groups have
also reported the same effect.100 The IPCE analyses for a DSC at different periods of time:
freshly prepared (0 h), once the efficiency increased after 24 h and once the device was
completely degraded at 720 h show a slight initial increase of the ~370 nm peak (related
to Zn0), which stabilizes with time, and a gradual disappearance of the peak at ~520 nm
(related to the dye) (Figure 2.27b). To understand these IPCE changes and correlate the
processes with the solar cell performance and lifetime, we decided to work with solutions

of dye N719 and ZnO NRs to study the interaction between them and exclude the
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possibility of external effects like the presence of electrolyte. Three solutions of dye N719
and ZnO NRs with the same concentration, 0.002 g of ZnO NRs scratched from an electrode
surface (grown for 6h) in 3 ml of a 0.01 mM dye N719 in absolute ethanol was divided in 3
parts. The solutions were kept sealed (in air) in 3 UV-cuvettes under constant stirring
during the time the experiment took place (about 1 week). One solution was kept in the
dark all the time (a) as reference, the other two were irradiated under the sun simulator at
1000 W-m2 with a UV-filter (b) and without (c). UV-vis absorption analyses were
performed at different periods of time, between Oh to 192h (Figure 2.28). Samples (b) and
(c) were kept in the dark between experiments and subjected to irradiation under the sun
simulator for 5 min before each UV-vis absorption measurement. Figure 2.28 shows the
UV-vis spectra of the 3 solutions and for comparison purposes the UV-vis absorption
spectra of the dye and the ZnO suspension are also included. The dye N719 has two
absorption bands, one at ~380 nm and the other at ~525 nm, attributed to metal-to-ligand
charge transfer, specifically the absorption at ~380 nm which corresponds to intraligand
(m-m*) charge transfer transition!2¢ and the ZnO NRs absorb at ~375 nm (Figure 2.28). At
the start of the experiment, the two absorption bands initially observed, stay unaltered for
a period of about 24 h for the sample kept in the dark (Figure 2.28a). The sample (b)
irradiated with the filter, the maximum peat at ~525 nm increases slightly and stabilizes
for about 24 h (Figure 2.28b). The sample (c) irradiated without the UV filter presented
the absorption bands unaffected for only 5 h and then the maximum at ~380 nm starts to
increase in intensity while the peak at ~525 nm remains unchanged. After 24 h, all the
samples registered a sudden blue-shift of the peak at ~525 nm to ~505 nm until the
complete suppression of the peak and this effect was faster when UV-light was irradiated,
sample (c). A similar behaviour was reported by Keis et al. who defined these processes as
steps between agglomeration, dissolution and [Zn2*-dye] complex formation.100 The latter
is clearly represented in Figure 2.29 where the two peaks are displayed separately in
function of time. The suppression of the ~525 nm peak was observed for the 3
dispersions, and is linked to the formation of a deprotonated form, weak electron coupling
and the detachment of the SCN-group of the N719 dye.128 129 Both absorption peaks were
suppressed with time for TiO, -N719 in reported work.128.129 However, in our case, the
peak at ~380 nm did not disappeared, initially increases and then stabilizes with time due
to the ZnO dissolution and a formation of a new compound: [Zn2*-dye] complex. In
addition, the peak at ~380 nm slightly shifted to lower wavelengths approaching the ZnO

maximum at ~375 nm which supports the formation of a new [Zn?*-dye] complex.66 Our
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results confirm that even storage of the solar cells in the dark can lead to degradation of
the ZnO with time. The interaction of the dye N719 with ZnO NRs seem to take place in 3
well-defined steps: dye diffusion, dye chemisorption and complex [Zn2+-dye] formation,
represented in Figure 2.27a. UV-light irradiation permits a faster interaction between the
dye and the ZnO (increasing the initial efficiency) but faster degradation of the cell was
also observed. Without UV-light irradiation the latter process also takes place, but in a

slower mode. The latter was also observed by other groups.130
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Figure 2.28 UV-vis spectra of a dye N719/Zn0O nanorod dispersion: (a) kept in the dark, (b)
irradiated under sun simulator at 1000 W-m-2 using a UV filter (<400 nm) and (c) irradiated at
1000 W-m-2 without filter.
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Figure 2.29 Evolution of the UV-vis absorption bands of N719/ZnO NRs dispersion with time. a)
Absorption band at ~380 nm and b) absorption band at ~525 nm. Sample (a) dark, sample (b) no
UV light irradiation and sample (c) UV light irradiation.

2.5.4. Long term stability analyses

Long-term stability analyses of the DSC were carried out at 45°C and 1000 W/mZ2. Figure
2.30 shows the degradation process for all the parameters from a DSC with ~5 um ZnO NR
length. After 40 h of irradiation the Jsc shows a faster degradation but V.. was almost
constant during all the measurement (Figure 2.30a and b). On the other hand, the
efficiency of the cell decreased exponentially (Figure 2.30d). In order to study the latter
effect, vertically-aligned ZnO NRs were scratched from an electrode and suspended in an
ethanolic solution containing the dye N719, the mixture was stirred for one month. A pink
solid was observed in the solution with time. The solid was centrifuged and washed with
ethanol before analysed. TEM studies of the solid in the solution showed a slight
degradation of the ZnO NRs, the formation of a very thin shell organic layer covering all
the NRs was observed (Figure 2.31a and b). EDS analyses indicate the presence of
ruthenium from the dye in the shell. The effect of the electrolyte was analysed by adding
some drops of electrolyte in the dye N719/Zn0O NRs solution, several pieces of aggregates
appeared over the sample (Figure 2.31c). These results show that the dissolution of the
dye is not only due to the interaction between the dye and ZnO but also by the effect
imposed by the electrolyte. SEM images of the aggregate are in Figure 2.31d and e. TGA
analyses of the aggregate showed the presence of a highly hygroscopic solid, which weight

loss was less than 1% (organic matter) below 550°C.58
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Figure 2.30 Continuous irradiation carried out at 1000 W-m- for a DSC with ~5 pm ZnO NRs
length (22 h growth time). Effect of a) Js¢, b) Vo, ¢) FF and d) PCE with time. Pt CE from Solaronix
(~50 nm thickness).

Figure 2.31 FE-TEM images. a) Solution of ZnO NRs and N719 dye, b) High-magnification image of
one ZnO NR from the solution a), c) solution of ZnO NRs with N719 dye and electrolyte. FE-SEM
images of d) big aggregates from the solution dye N719-Zn0O NRs and e) higher magnification of the
image d).
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2.6 Conclusions

In this chapter we have prepared and optimized vertically-aligned ZnO NRs electrodes on
TCO substrates. All the synthesis conditions were studied and fixed to have reproducible
results. The optimal conditions for the synthesis of vertically-aligned ZnO NRs electrodes

are:

a) FTO substrates

b) three layers of ZnO NPs deposition

c) 25 mM equimolar concentration of the hydrothermal solution

d) 6-8 cm NR growth distance of the substrates from the bottom of the flask
e) NR growth time between 2 h and 28 h.

The electrodes prepared with different NRs lengths were characterized by SEM, TEM,
profilometer, XRD, UV-vis absorption and PL measurements. Our results shows that all the
Zn0O NRs present good crystallinity with an hexagonal wurtzite structure, the NR length
and diameter increased when the growth time increases. The PL peak that corresponds to
the orange band at ~650 nm increases with NR length, an indication of the increment of

the surface defects and directly associated with recombination processes.

The application of the ZnO NR electrodes in DSCs was also optimized. We carried out the
analyses of different testing parameters that play a crucial role on the final solar cell
performance: electrode thermal treatment, platinum counter electrode, dye loading time,
NR length, comparison with different dyes, light intensity, temperature, UV-light and long
term stability analyses. Different solar cell performances were observed when various Pt-
CE were used. The power conversion efficiencies increased when the electrodes were
annealed at 450°C for 30 min and longer NR lengths were applied, moreover, longer dye
loading times were needed. Increasing the light intensity and temperature affects the
series and shunt resistances of the devices reducing the final solar cell efficiency. UV-light
irradiation produced an increase of ~20% of efficiency from the start of the
measurements for 1000 W-m2 and ~40% for 1800 W-m2 when no UV light was
irradiated, no variance from the initial performance was observed. All the devices
degraded with time but in a faster way when UV light was applied. The study of the
interaction between N719 dye and ZnO NRs by UV-vis absorption and IPCE measurements

was confirmed to take place in 3 well-defined steps: dye diffusion, dye chemisorption and
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[Znz+-dye] complex formation. Analysis of lifetime under continuous irradiation at 1 Sun

(1000 W-m-2) revealed the total dissolution of ZnO NRs after several hours.
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