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PREFACE

The work presented in this thesis was carried out at the Department of
Physical Chemistry, Uppsala University and at the Department of Center
Molecular Devices, Royal Institute of Technology (KTH) in Sweden and at the
Laboratory Thin Films of the Universidad Nacional de Ingenieria in Peru
during the years 2002 — 2006 under the main supervision of the Dr. Anders
Hagfeldt from Sweden and the Dr. Walter Estrada from Peru. Most the
experimental work was performed in Sweden.

This doctoral thesis was made as a cooperative program between the
Uppsala University and the Royal Institute of Technology - Sweden and the
Universidad Nacional de Ingenieria- Peru.

The subject is photoelectrochemical, this thesis present the efficiency
optimization and optoelectrical characterization of dye —sensitized solar cells
based on TiO, coated with aluminum oxide. The main application considered
was for energy conversion.

This thesis is based on the following papers.

Il. Dye- Sensitized Solar Cells based on nanocrystalline TiO, films
surface treated with Al ions: photovoltage and electron transport
studies

H. Alarcon, G. Boschloo, P. Mendoza, J.L. Solis and A. Hagfeldt

J. Phys. Chem. B 2005, 109, 1843-18490

Il. Modification of Nanostructure TiO; electrodes by electrochemical AI**
insertion: Effects on Dye-Sensitized Solar Cells performance
Hugo Alarcon, M.Hedlund, Erik Johanson, H. Rensmo, A. Hagfedlt and G.
Boschloo
J. Phys. Chem. C. 2007, 111, 13267-13274
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ABSTRACT

This work presents two ways of modifying the surface of TiO, with AP**,
the first way was made by depositing a TiO, suspension containing small
amounts of aluminum nitrate or aluminum chloride onto conducting glass
substrates, followed by drying, compression, and finally heating to 530 °C.
Electrodes prepared with TiO, nanoparticles coated with less than 0.3 wt %
aluminum oxide with respect to TiO, improved the efficiency of the dye
sensitized solar cell. This amount corresponds to less than a monolayer of
aluminum oxide. Thus, the Al ions terminate the TiO, surface rather than form
a distinct aluminum oxide layer. The aluminum ion surface treatment affects
the solar cell in different ways: the potential of the conduction band is shifted,
the electron lifetime is increased, and the electron transport is slower when
aluminum ions are present between interconnected TiO; particles.

The second way was made by insertion of aluminum ions using an
electrochemical process. After heat treatment these films were found suitable
as electrodes in dye-sensitized solar cells. By means of a catechol adsorption
test, as well as photoelectron spectroscopy (PES), it was demonstrated that
the density of Ti atoms at the metal oxide/electrolyte interface is reduced after
Al modification. There is, however, not a complete coverage of aluminum
oxide onto the TiO, but the results rather suggest either the formation of a
mixed Al-Ti oxide surface layer or formation of a partial aluminum oxide
coating. No new phase could, however, be detected. In solar cells
incorporating Al-modified TiO, electrodes, both electron lifetimes and electron
transport times were increased. At high concentrations of inserted aluminum
ions, the quantum efficiency for electron injection was significantly decreased.

Results are discussed at the hand of different models: A multiple
trapping model, which can explain slower kinetics by the creation of additional
traps during Al insertion, and a surface layer model, which can explain the
reduced recombination rate, as well as the reduced injection efficiency, by the
formation of a blocking layer.
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absorption coefficient or cathodic transfer coefficient (cm™).

concentration (mol dm™).
film thickness (cm)

diffusion coefficient of free electrons (cm?s™).

apparent (trap controlled) electron diffusion coefficient (cm? s™).

potential difference across space charge region

semiconductor (V).

electrode potential (V) or energy (eV).
standard electrode potential (V).
conduction band energy (eV).

Fermi energy (eV)

quasi Fermi energy (eV).

redox Fermi energy (eV).

permittivity of vacuum (F cm™).

Fermi Dirac function (dimensionless).

fill factor (dimensionless).

electrostatic potential (V).

density of states function for electron traps (cm™ eV™).
overpotential for an electrode process (V).
injection efficiency of sensitization process.
incident photon flux (cm?s™)

current density (A cm)

of
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I exchange current density for an electrode reaction (A cm™).
Jiim,a diffusion limited anodic current density (A cm).
Jim,c diffusion limited cathodic current density (A cm™).
Johoto photocurrent density (A cm™).

Jsc short circuit current density (A cm™).

Jsub current density at substrate.

Psub exchange current density at substrate.

Jj flux of species i (cm?s™).

k rate constant for a volume process (s™).

ks Boltzmann constant (eV K™).

Ly electron diffusion length (cm).

A wavelength (nm).

n electrochemical potential of species i.

u standard chemical potential of species i.

Ne conduction band electron density (cm™).

n’ equilibrium (dark) conduction band electron density (cm™).
n; number density of particles i (cm™).

n density of trapped electrons (cm™).

Ny donor density (cm™).

q elementary charge (C).

T absolute temperature (K).

) conduction band electron lifetime (s).

T electron lifetime (s).



U voltage (V).

Uphoto photovoltage (V).

v volume rate of a process (cm®s™).

Voc open circuit voltage (V).

z number of electrons transferred in an electrode reaction.



CHAPTER |
1. INTRODUCTION

1.1 Objectives

The purpose of this work is the preparation of dye- sensitized solar
cells with nanoparticles of TiO, modified with aluminum for improve the
efficiency of these kinds of devices, this way will contribute to the research for
better and cheaper materials for solar conversion applications. This type of
solar cells presents good advantages: it gives higher conversion efficiencies
at lower of light intensity than conventional solar cells, it is easy to fabricate
without demanding expensive materials.

1.2 Overview

The generation of electricity from sunlight at large scale and low cost
be not far from reality in this century. Rapidly emerging solar energy
technologies use low cost dye sensitized photovoltaic cell. Though the silicon
solar cell are more efficient in converting solar energy into electricity until
now, the non-conventional solar cell based on molecular photosensitization
by colored materials on wide band gap semiconductors is a fast growing field
of basic scientific and industrial research. The solar cells using molecular
dyes shows energy conversion with efficiencies of 10- 11%.'?

Dye-sensitized solar cell (DSSC) is a new and interesting alternative
solar cell technology that has received much attention in recent years.®° A
typical DSC comprises a dye sensitized porous nanostructured TiO, film
interpenetrated by a liquid electrolyte containing the iodine/iodide redox
couple. A convenient method to prepare nanostructured TiO. films is the
compression method: a TiO, powder film on a substrates is compressed
using a pressure of about 500 — 1000 kg cm™. &’

In efficient DSSC devices the possible recombination pathways
occurring at the TiO./dye/electrolyte interface should be minimized, allowing
charge collection at the device contacts. It has been reported that the DSC’s
efficiency can be improved by surface modification of TiO, by insulating



oxides or high band gap semiconductors that form a blocking layer between
the dye sensitizer and the semiconductor oxide.®

The electron injection from the excited state of the dye into the
conduction band of the TiO, can occur by tunneling through the very thin
insulating oxide.'? The thickness of the insulating oxide must be thin enough
to allow the passage of electrons by tunneling; otherwise it will decrease the
efficiency of the solar cell. The injected electron may recombine at the solid-
liquid interface, either with oxidized dye molecules or with the oxidized redox
couple. The insulating oxide layer can reduce the interfacial recombination.

There are several studies in which a thin layer of an insulating or wide-
bandgap oxide was added to the nanostructured metal oxide to improve the
performance of DSSC.%'® For example, the efficiency of DSSC based on TiO
and SnO, was improved by thin layers of Al,Os, Nb,Os and MgO.*' It has
been shown that Al,Os, ZrO, and SiO. overlayers on TiO, act as barrier
layers for interfacial electron transfer processes.'?

Several methods have been applied to deposit thin insulates oxides:

9.10.12 chemical vapor deposition,™ and

dip-coating in metal alkoxide solutions,
mixing of metal salts like AICI3 and AI(NOg3); with TiO2 or SnO, nanopatrticles
in solution followed by annealing.”®'"" Recently, an electrochemical
modification of nanostructured TiO, using electrochemical deposition of the
hydroxides of Mg, Zn, Al, and La was described."

Scheme 1, shows the photogeneration of the dye excited state (a), the
electron injection into the conduction band of nanoporous TiO. (b), the
regeneration of the dye ground state by electron transfer from the redox
couple (c), the charge recombination pathways of the injected electron with
oxidized dye molecules (d) and with oxidized redox couple (e), and finally dye

excited state decay to ground (f)."2

10



S/S+

L

O -08 |

i f

>

S

w 04 red/ox
\i‘ Couple

0.0 + o ¢

S+/S

TioO,

Scheme 1. Schematic representation of Electron Transfer process in dye —
sensitize blocking layer photoelectrode.

This work presents two ways of modifying the surface of TiO, with
aluminum. A very simple method is to mix metal salts into the TiO;
suspension, so that a metal oxide coating is formed upon sintering.’® The
advantage of this method is that the amount of insulating metal oxide can be
controlled accurately.

The other method consists in using an electrochemical process in
which good control of the amount of aluminum incorporated in the film of TiO»
is obtained. It is well known that small cations, such as Li* and Na*, can
intercalate reversibly into TiO, electrodes when a negative potential is
applied'®"” It was shown recently that Li-intercalation can give marked effects
on the characteristics of TiO-based DSSC.'®

The electrochemical incorporation of AIP*

into TiO2 was found to be
highly irreversible. In both cases, present the Optoelectrical characterization
of the aluminum-modified TiO, dye-sensitized solar cells is presented. The

overall effect was a modest improvement of the solar cell efficiency.
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1.2.1 Photovoltaic Cell Performance

A photovoltaic cell is a device that converts incident light into electrical
energy.

Generation of electrical power under illumination is achieved by the
capability of the photovoltaic device to produce voltage over an external load,
and current through the load at the same time. This is characterized by the
current-voltage (IV) curve of the cell at certain illumination and temperature
(Figure 1).

current

Figure1. Typical shape of the current-voltage curve of a photovoltaic cell showing
the open circuit voltage Voc, short circuit current Isc, and the maximum
power point MPP, and the current and voltage at the MPP: lyep, Ve

When the cell is short circuited under illumination, the maximum
current, the short circuit current (Isc), is generated, while under open circuit
conditions no current can flow and the voltage is at its maximum, called the

open circuit voltage (Voc). The point in the 1V-curve yielding maximum product

12



of current and voltage, i.e. power, is called the maximum power point (MPP).
Another important characteristic of the solar cell performance is the fill factor
(FF), defined as:

VOC.ISC ................................

Using the fill factor, the maximum power output of the solar cell can be
written as:

While the physical principles behind the operation of different types of
photovoltaic cells are generally different, the current-voltage curve of well
performing cells are similar, and can be characterized and compared with
each other in terms of FF, Voc, and Isc.

Finally, the energy conversion efficiency of the solar cell is defined as the
power produced by the cell (Puax) divided by the power incident on the

representative area of the cell (Piign):

The efficiency of the solar cell depends on the temperature of the cell,
and what is even more important, on the quality of the illumination, i.e. the
total light intensity and the spectral distribution of the intensity. For this
reason, a standard measurement condition has been developed to facilitate
comparable testing of the solar cells between different laboratories.

In the standard condition used for testing of terrestrial solar cells the
light intensity is 1000 W/m?, the spectral distribution of the light source is that

13



of AM1.5 global standard solar spectrum (Figure 2), and temperature of the
cell is 25°C. The power output of the solar cell at these conditions is the
nominal power of the cell, or module, and is reported in peak watts, Wp. In
practice, special solar simulator light sources are used for the standard

measurements.
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Figure 2. The standard AM1.5 global solar spectrum

1.2.2 Standard silicon solar cell
The standard silicon solar cell is based on a semiconductor pn-

junction. The cell consists of n-doped and p-doped semiconductor layers

forming the pn-junction, an antireflection coating, current collectors and a
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metal substrate for the collection of photogenerated charge carriers from n-

type (electrons) and p-type (holes) layers, respectively.

n-type semiconductors are obtained by doping with impurity atoms
(from group V in the case of silicon) having an excess valence electron with
respect to the surrounding host atoms. p-type semiconductors on the other
hand are obtained by doping with impurity atoms (from group Il in the case of
silicon) with one valence electron less than the surrounding atoms. The n-
type doping results in localized energy states just below the conduction band
edge of the host semiconductor lattice and occupied by the excess electrons
from the impurity atoms, while p-type doping results in (Figure 3) localized
empty states with energy slightly above the valence band edge of the
semiconductor.

The donor atoms in the n-type material are easily ionized by thermal
excitation, due to the closeness of the donor states and the conduction band
edge. The ionization of the donor atoms generates free electrons to the
conduction band and leaves immobile empty donor states behind. For the
same reason in the p-type material the originally empty acceptor states are
partly filled by electrons from the valence band leaving mobile holes to the
valence band.

Bringing an n-type and p-type semiconductor in contact leads to a
transport of electrons and holes across the junction until equilibrium is
reached. This can be described as equalization of the Fermi-level in the both
materials in thermal equilibrium with each other, and this process sets up a
depletion zone near the junction where there are practically no free charges,
but an electric field (potential difference) across the region.

15
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Figure 3. Formation of the semiconductor pn-junction. a) Schematic band structure
of an n-type and a p-type semiconductor showing conduction and valence
band edges BC and BV, donor level Ep in n-type material and acceptor
level E, in the p-type material and the Fermi level Er. b) pn-junction in
thermal equilibrium has the potential difference Vp across the junction.

The operation of a photovoltaic cell can be generally divided into three
basic steps:
1. Light absorption,
2. Charge separation,

3. Charge collection.

The physical or chemical processes behind these principal steps vary
among different types of solar cells and photovoltaic materials. The efficiency

16



of a solar cell depends on the efficiency of each of these steps and is

maximized by the materials selection and the cell design.
1.2.3 Dye sensitized solar cell (DSSC)

E. Bequerel the first to discover the conversion of light into electricity in
1839. He observed the generation of electricity when two electrodes were put
a conducting solution and exposed to light. In the 19" century many others
materials, including silicon, that convert light into electric energy were
discovered. At the beginning the efficiency was low, but at the present time
silicon solar cells have efficiences up to 30%.

In an entirely different historical background, photography using dyes
with silver halides grains was first discovered in 1873 by Vogel. The first
observation of injecting electrons by a dye molecule into the conduction band
a semiconductor substrate was reported in 1960’s. Highly efficiency
sensitization of titanium dioxide (T1O,) by a Ruthenium dye was first published
in 1991,% which led to the development of new a concept of generating
electricity from sunlight.

This approach of generating electricity from has many advantages over
the silicon solar cell technology. The DSSC are much cheaper to manufacture
compared crystalline silicon solar cell. Though various other wide band gap
semiconductors such as SnO,, ZnO, were studied, TiO. is chosen as an
optimum semiconductor for DSSC because it has many advantages,
including long term thermal stability and photo-stability. Also It is cheap,
abundant, non-toxic, biocompatible, and widely used in healthcare products
and paints.

In 1988, Michael Gratzel and other researches discovered that TiO- is
the best suited semiconductor for chemisorbing the dye for efficient light
harvesting and energy conversion. Substantial improvements in efficiency

have been achieved the record AM 1.5 efficiency for a DSSC is ca 10 %. >'°
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A schematic diagram of DSSC is shown in figure 4, from left to right,
the cells components are described as follows:
i) Transparent conducting SnO,:F substrate
ii) Titanium dioxide film, photosensitizer dye (adsorbed as shown figure 4)
iii) Redox electrolyte (iodine and potassium iodide in acetonitrile solution)
or regenerating the oxidized dye and,

iv) Conducting SnO.:F with Pt as counter electrode

L electron
(O injection
ol —
000 13' dye
regeneration
electron
diffusion I3
<Ij
o I'o
ionic
diffusion I 000
regeneration
of I

Figure 4. Schematic representation of the solar celf°

18



The nanocrystalline TiO> films is generally prepared using:

Commercially available colloidal TIO, powder with particle size of 25-
30 nm or a commercial product P25 (Degussa). As shown in the diagram of
Figure2 when the light is illuminated on the devices, the dye attached to TiO,
is photo-excited and injects an electron into of conduction band of TiO,.

Due to the nanocrystalline, high porous and sponge- like nature of TiO»
films, it is possible for the light to penetrate through the hundreds monolayers
of adsorbed dye molecules. The electron transfer takes place via metal-to-
ligand charge transfer (MLCT) transition.

Chelating groups such as carboxylic acids, which are grafted onto TiO;
with strong electronic coupling between 3d orbitals of TiO, and P orbitals of
bipyiridine ligand act as brinding units for efficient electron transfer. The dye
behaves exactly as chlorophyll does in natural photosynthesis. In the DSSC,
the dye absorbs the light and utilizes this energy to induce electron transfer.
Photoinjected electrons percolate rapidly through the TIO, film and are
quantitatively collected by the conducting SnO, glass. The dye is reduced
back to its original state by the electrolyte. This regeneration of the dye by the
electrolyte intercepts the recapture of the conduction band electron by the
oxidized dye. The iodide is regenerated by reduction of triiodide at the counter
electrode and the circuit is completed through the external load. Then the
solar cell is regenerative.

The whole process of heterogeneous electron transfer and
regeneration of the DSSC takes places as follows:

Anode: S+hv — §* Photo excitation
S*— ST +e (TiO,) Electron injection
28T +317 528 +1; Regeneration

Cathode: I; +2e (Pt) =31

Cell: e (Pt)y+hv = e (TiO,)

19



A Dye-sensitized solar cell is composed of four specific parts: the
titanium oxide that is like the heart of the device, the dye where the incident
light is absorbed, the electrolyte that holds the regeneration of the sensitizer

and the counter-electrode.
1.2.3.1. The semiconductor — Titanium oxide

Titanium oxide exists in three different crystal structures: rutile,
anatase and brookite. Anatase and rutile are the most common and they are
both tetragonal phases (Fig. 5) with similar densities (anatase 3.89 g/cm® and
rutile 4.26 g/cm®). They are transparent in the visible and the near infrared
ranges, and have band gaps of 3.0 eV (rutile) and 3.2 eV (anatase).

(@) (b)

Figure 5. The structure crystalline of TiO.. a) Anatase, b) Rutile

Rutile is thermodynamically more stable than anatase under normal
conditions (1.2-2.8 kcal mol')?"?? and its transformation to anatase in
generally observed at temperatures above 700°C at atmospheric pressure.

Titanium oxide is very commonly used for industrial applications

because its very interesting properties, such as high refractive index (paint

20



industry) and nontoxicity (cosmetics and health care products). Titanium
oxide is also an attractive candidate for other industrial applications because
it is hard and chemically resistant. Additionally, the thin film production of
titanium oxide is of special interest for anti-reflection coatings,® dielectric
materials, sensors.?*

At the present time, titanium oxide is of great interest for
photoelectrochemical applications. They include photocatalytic destruction of

organic pollutants in wastewater,?>2°

3-13

and photogeneration of electricity using

dye-sensitized solar cells.

1.2.3.2 The Electrolyte

The electrolyte used in the DSSC consists of iodine (I) and triiodide (l-)
as a redox couple in a solvent with possibly other substances added to
improve the properties of the electrolyte and the performance of the operating
DSSC.

The I/ I; redox couple have listed the ideal characteristics of the redox

couple for the DSSC electrolyte:

1. Redox potential thermodynamically (energetically) favorable with
respect to the redox potential of the dye to maximize cell voltage;

2. High solubility in the solvent to ensure high concentration of charge
carriers in the electrolyte;

3. High diffusion coefficients in the used solvent to enable efficient
mass transport;

4. Absence of significant spectral characteristics in the visible region to
prevent absorption of incident light by the electrolyte;

5. High stability of both the reduced and oxidized forms of the couple to
enable long operating life;

6. Highly reversible couple to facilitate fast electron transfer kinetics;

7. Chemically inert toward all other components of the DSSC.

21



Since the discovery of the DSSC about seventeen years ago,® no
redox couple preceding the performance of the I/l; couple in the DSSC has
been discovered.?” The I/ |, redox electrolyte is prepared by adding Iz to the
solvent together with some iodine salt such as Kl ,° Lil.?8

t 2/ clearly highlights the importance of the cation of the iodine

A repor
salt to the performance of the DSSC. The photocurrent output was found to
increase linearly with decreasing cation radius, the smallest cation Li- and K*
showing the best performance.

The results also showed that the relative concentration of I*to I'in the
electrolyte is an important factor to the cell performance. The electrolyte used
in the present work was: 0.1 M Lil, 0.6 M tetrabutylammonium iodide, 0.1 M I,

and 0.5 M 4-tertbutylpyridine in acetonitrile

1.2.3.3. The Solvent

Stanley et al.?® have given a number of criteria for a suitable solvent for

a high efficiency liquid electrolyte DSSC:

1. The solvent must be liquid with low volatility at the operating
temperatures (-40°C - 80°C) to avoid freezing or expansion of the
electrolyte, which would damage the cells;

2. It should have low viscosity to permit the rapid diffusion of charge
carriers;

3. The intended redox couple should be soluble in the solvent;

4. It should have a high dielectric constant to facilitate dissolution of the
redox couple;

5. The sensitizing dye should not desorb into the solvent;

6. It must be resistant to decomposition over long periods of time;

7. And finally from the point of view of commercial production, the

solvent should be of low cost and low toxicity.
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Examples of the solvents used in the electrolytes in DSSCs are:
acetonitrile,> methoxyacetonitrile,®® methoxypropionitrile,®'  glutaronitrile,

butyronitrile,®® ethylene carbonate® and propylene carbonate.?*.

1.2.3.4. The dye — N 719

The dye is a very important component of a dye- sensitized solar cell,
because it is there where the quantum conversion is performed.

The dye used in this work was bis(tetrabutylammonium) cis-
bis(thiocyanato) bis ( 2, 2’- bipyridine- 4 - carboxylic,4’- carboxylate)
ruthenium(Il) which is known as N 729 (Figure 6). This dye is adsorbed on the
surface of the nanostructured TiO, film by soaking the film in an ethanolic
solution of N719. The bonding between the dye and the TiO, should give high
stability, dense packing and efficient charge injection. The dye N719 is one of

the most efficient and most studied dyes of nanostructured solar cells.

COOTBA

COOTBA

Figure 6. Structure of the ruthenium dye employed as sensitizer of dye-sensitized
solar cell (Dye 719).
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Infrared spectroscopy studies have suggested a bridging or bidentate
chelate coordination (Figure 7) to the TiO, surface via two carboxylate groups
per dye molecule.®>® The dye exists in two redox states in the solar cell (Ru?*
and Ru®"). The valence level of neutral ruthenium (Ru4d) contains eight
electrons (d®) and therefore Ru?®* and Ru®" have six and five d-electrons,
respectively. The redox potential for the dye (Ru®**/Ru®*) dissolved in ethanol
is 1.1 V versus Normal Hydrogen Electrode,* corresponding to the energy -
5.6 eV versus vacuum. The highest occupied molecular orbitals are almost
entirely of Ru and NCS character and the lowest unoccupied molecular
orbitals are mainly of dicarboxybipyridine (dcbpy) ligand character.®® The dye
absorbs light between 300-800 nm. Two absorption maxima in the visible
wavelength region, 400 nm and 550 nm (when adsorbed onto the TiO; film)
are due to metal to ligand charge transfer (MLCT) transitions, in which an
electron, localized mainly on the Ru-NCS center in the initial state, is
transferred to the orbital set on the dcbpy ligands.®® Additives such as 4-tert-
butylpyridine (4TBP), 1-methylbenzimidazole (MBI) and carboxylic acids are
usually added to the electrolyte in order to improve the performance. The

bases, 4TBP and MBI, are rather bulky molecules.

Figure 7. Possible adsorption geometries of a carboxylate group (a) bridge and (b)
bidentate chelate on a titanium dioxide surface.
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1.2.3.5. Recombination

Recombination of the generated electrons with holes in the dye-
sensitized nanostructured TiO electrode can in principle occur both after the
electron injection or during its migration through the TiO, electrode on its way
to the electrical back contact.

The illumination of the dye-sensitized electrode, initially in equilibrium,
generates a transient electric field between the injected electrons in the TiO,
and the oxidized species in the electrolyte. This electric field could in principle
oppose further charge separation and promote recombination. However, in
the dye cell the mobile ions in the electrolyte can easily rearrange and
effectively hinder the light induced opposing fields, thus enabling an efficient
charge separation.*°

In the silicon solar cells the recombination of charge carriers in trap
states at surfaces, grain boundaries, and in the bulk degrades the cell
performance easily, and thus semiconductor materials of high crystal purity
are required. In the dye-sensitized TiO, electrode, there is, on the contrary a
vast amount of particle boundaries and a huge surface to volume ratio. Yet
the dye solar cell does not seem to suffer from the recombination losses at
the grain boundaries, at all.

The reason for this is that only electrons are transported through the
semiconductor particles, while holes (oxidized ions) are carried by the
electrolyte. The dye cell works as a majority carrier device, similar to a metal-
semiconductor junction or a Schottky diode. In the absence of holes in the
semiconductor particles, the recombination occurs mostly by loss of electrons
to an oxidized dye molecule or to a hole in the electrolyte, i.e. the oxidized
triiodide.

The former process is negligible, as assumed in most electrical models
of the cell, but may be important in near open circuit conditions, i.e. in the
case of the accumulation of electrons into the TiO, particles.*’ The latter
recombination pathway, on the other hand, is made inefficient by reaction
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kinetic reasons. The net recombination reaction at the TiOz-electrolyte

interface is a two electron reaction

I;+2e =31 il (a)

composed of sub-reactions

;LA ., (b)
I,+e =1, i, (c)
20 =S I+ .(d)

the last of which is a slow dismutation reaction and rate limiting in the net
recombination reaction. Reaction equation (c) shows that the actual electron

acceptor in the recombination reaction is 7, .
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CHAPTER I

2. EXPERIMENTAL PROCESS

This chapter describes the preparation and the experimental
techniques have been used for characterization of the electrodes and of the
solar cells.

The electrodes of the solar cells was prepared by two ways :
e Method A. Mix metal salts of aluminum into the TiO, suspension
e Method B. Electrochemical process for insertion of aluminum ion into
TiOy film.

2. 1. Electrode preparation. Method A.

Nanostructured TiO» films coated with aluminum oxide were prepared
by the following method. Different amounts of AICl3 or AI(NOs)s were added to
the aqueous solution of TiO, powder (Degussa P25) in order to obtain
between 0.1 and 3.6 wt.% of aluminum oxide in the resulting film. In addition,
pure TiO, films were prepared as a reference. The suspensions were stirred
with a magnetic stirrer for 2 min and agitated ultrasonically for 30 min.

The resulting suspension was applied onto a conducting glass
substrate (SnO,:F- coated glass, resistance 8 Q/square) by doctor blading,
using adhesive tape as frame and spacer. After deposition, the water was
allowed to evaporate at room temperature for 2 h.

The dry powder film was put between two planar steel press plates and
a pressure of 600 kg cm™? was applied using a hydraulic press.®” The working
electrode was annealed in air at 530 °C for 30 min. The mean thickness of the
obtained films was around 18 to 20 um, as measured by profilometry (Dektak

3, Veeco Instruments).
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2.2 Electrode preparation. Method B.

TiO, electrodes were prepared as explain before (Method A) without
aluminum salt. In addition, Al,O3 films were prepared in a similar way using
Degussa Alumiumoxid C powder.

Electrodes were characterized using Raman and UV-vis (Ocean Optics
HR2000 with integrating sphere) spectroscopies. Furthermore, the Al-content

in the films was determined using neutron activation analysis.

2.3 Solar Cell Preparation

The electrodes were dye-sensitized by submerging the substrate with
the deposited film for 12 h in a dye-bath consisting of 0.5 mM cis-
bis(isothiocyanato)-bis(2,2 bypiridyl-4,4 dicarboxylato) ruthenium (ll) bis-
tetrabutylammonium (N719) dye in ethanol. The excess of dye was removed
by rinsing the surface of the electrode with ethanol.

The counter electrode was platinized by applying a drop of 5 mM of dry
H.PtCls in isopropanol onto a conducting glass substrate and annealing it in
air at 380°C for 10 min. The solar cell was prepared by the fabrication of a 1.5
cm? sandwich DSSC. To fill the cell with the electrolyte a hole was made in
the counter electrode plate.

The cell was assembled using Surlyn (Dupont), which is a thin plastic
sheet (60um) that melts at around 120°C. After assembly, the cell was filled
with the electrolyte (0.1 M Lil, 0.6 M tetrabutylammonium iodide, 0.1 M I, and
0.5 M 4-tertbutylpyridine in acetonitrile). Thereafter, the hole was sealed with
surlyn and a cover glass.

Silver paint was put on the electrodes to assure the electrical contact
with the external circuit. All used chemicals were of reagent grade and

purchased from Aldrich (See Scheme 2).
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Scheme 2. Schematic representation of a solar cell.

2.4 Experimental Techniques.
In this work have been used the following techniques for characterized
the electrodes and the solar cells:

2.4.1. Photoelectron spectroscopy.

The technique of photoelectron spectroscopy (PES) measures the
ionization energies of molecules when electrons are ejected from different
orbitals, and uses the information to infer the orbital energies.

As the energy is conserved when a photon ionizes a sample, the
energy of the incident photon hv must be equal to the sum of the energy of
ionization, |, of the sample and the kinetic energy of the photoelectron, the
ejected electron (see Figure 8):

e

hv=;m VEAT i (4)

This equation can be refined in two ways; the photoelectrons may
originate from one of a number of different orbitals, each one having a
different ionization energy. Hence, a series of different kinetic energies of the
photoelectrons will be obtained, each one satisfying:
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e 1

hV:;mV2+I ...................... (5)

where [,is the ionization energy for ejection of an electron an orbital i.

Therefore, by measuring the kinetic energies of the electrons, and knowing v,
these ionization energies can be determined.
Photoelectron spectra are interpreted in terms of an approximation

called Koopma’s theorem, which states that the ionization energy I,is equal
to the orbital energy of the eject electron (I, =—¢;). Then it is possible to

identify the ionization energy with the energy of the orbital from which it is
ejected.

In XPS, the energy incident photon is so great that electrons are
ejected from the inner cores. As a first approximation, core ionization energy
are insensitive to the bonds between atoms because they are too tightly
bound to be greatly affected by the changes that accompany bond formation,
SO core ionization energies are characteristic of the individual atom rather
than of the overall molecule. Consequently XPS, gives lines characteristic of
the elements present in a compound.*?

e

hv - |,

Orbital i

Figure 8. An incoming photon carries an energy hv an energy I; is need to remove
an electron from an orbital i, and the difference appears as the kinetic
energy of the electron.”

30



The photoelectron spectroscopy (PES) measurements were performed
in an ESCA 300 spectrometer, using monochromatic Al Ko radiation
(1486.7eV). The electron take off angle was 90°. The insulating Al,O3 was
measured using a flood gun and energy calibrated using the Al2p signal. PES
measurements, as well as X-ray absorption spectroscopy (XAS)
measurements, were also performed using a Scienta SES-200 hemispherical
electron analyzer and synchrotron radiation at BL 1411 at the Swedish
national laboratory MAX-lab in Lund. The take off angle used was 70°, and
the angle between the photon polarization and photoelectron direction was 0°.

The PES spectra were energy calibrated by setting the Ti2p substrate
signal to 458.56eV and the Ti2p XAS spectra were energy calibrated through
measurement of the Ti8p peak using first and second order light.

The intensity in a PES measurement depends on the surface density
of the elements, the cross section for ejection of photoelectrons, the mean
free path of the electrons in the sample, and on the transmission of the
spectrometer. The mean free path of the electrons depends, in turn, on their
kinetic energy. Thus by changing the photon energy, the surface sensitivity in
a PES measurement can be controlled. In the present investigation,
measurements using lower photon energies are more surface-sensitive than
those performed using higher photon energies.

In the measurements comparing intensity of the Ti3p signal with the
Al2p signal for different photon energies the transmission of the spectrometer
is expected to be very similar. XAS and PES was performed on an Al-
modified TiO, electrode containing 11.8 wi% Al, where as the high
concentration of Al is expected to give most clear result. Pure TiO, and the

Al,O3 samples were used as reference.
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2.4.2. Scanning Electron Microscopy

In this technique a focused beam of electrons with a well defined de
Broglie wavelength replaces the lamp found in traditional light microscope.
Instead of glass or quartz lenses, magnetic fields are used to focus the beam.
Electrons scattered from a small irradiated area are detected and the signal is
sent to a video screen. An image of the surface is then obtained by scanning
the electron beam and the detector across the sample.

The electrons from a thermionic or field — emission cathode are
accelerated by a voltage of 1-50 kV between cathode and anode. Then the
beam is condensed and collimated by pole- pieces (magnetics lens) until it
dissipates its energy in the sample. The emitted electrons consist of
secondary electrons (SE), backscattered electrons (BSE), and Auger
electrons. Both SE and BSE carry information about the sample topography.?

Surface morphologies were studied by Scanning electron Microscopy
using a LEO 1530. The samples were prepared on a substrate of conductor
glass, a few amount of silver paint was used for maintain the electrical

contact.

2.4.3. Raman spectroscopy

In this spectroscopy, molecular energy levels are explored by
examining the frequencies present in the radiation scattered by molecules.
These scattered photons constitute the lower-frequency Stockes radiation
from the sample. Other incidents photons may be collected by the molecules,
and emerge as higher frequency anti Stockes radiation. The component of
the radiation scattered in the forward direction, without change in frequency,
is called Rayleigh radiation.

Lasers are used as the radiation sources in Raman spectrometers for

two reasons:
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First, the shifts in frequency of the scattered radiation with respect to
the incident radiation are quite small, so highly monochromatic radiation form
a laser is required if the shifts are to be observed.

Second, the intensity of the scattered light is low, so intense incident
beam, such as those from lasers are need.*?

Raman spectrometry studies in the present work were carried out
using a Renishaw Ramanscope with He/Ne laser, (633 nm, 20 mW). The
samples have been measured directly. A schematic representation is shown

in the Figure 9.

Sample
> T—p
Source Scattered
radiation
Detector

Figure 9. The basic set-up of a Raman spectrometer is shown. The detector is
orthogonal to the direction of incident radiation, so as to observe only the
scattered light.

2.4.4. Nuclear Activation Analysis

In typical NAA, stable nuclides (*Z, the target nucleus) in the sample
undergo neutron capture reactions when exposed to flux of (incident)
neutrons. The radioactive nuclides (**'Z, the compound nucleus) produced in
this activation process will, in most cases, decay through the emission of a
beta particle (#) and gamma ray(s) with a unique half-life. A high-resolution
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gamma-ray spectrometer is used to detect these "delayed" gamma rays from
the artificially induced radioactivity in the sample for both qualitative and
quantitative analysis.

The energies of the delayed gamma rays are used to determine which
elements are present in the sample, and the number of gamma rays of a

specific energy is used to determine the amount of the element in the sample.

The measured count rate (R) of the gamma rays from the decay of a
specific isotope in the irradiated sample can be related to the amount (n) of

the original, stable isotope in the sample through the following equation:

R=cl, A=cl,noo(1-e’) ey, (6)
where:

R = measured gamma-ray count rate (counts per second)
A = absolute activity of isotope **'Z in sample
¢ = absolute detector efficiency
I, = absolute gamma-ray abundance
n = number of atoms of isotope *Z in sample
@ = neutron flux (neutrons-cm?sec™’)
o0 = neutron capture cross section (cm?) for isotope AZ
A = radioactive decay constant (s™") for isotope **'Z
ti = irradiation time (s)
4 = decay time (s)

The neutron flux ¢, neutron capture cross section o, absolute detector
efficiency ¢, and absolute gamma-ray abundance |, are known, thus the
number of atoms n of isotope *Z in the sample can be calculated directly. In
most cases, however, a standard is irradiated and counted under similar
conditions as the sample, and the mass of the element in the sample (Wsam)
is found by comparing the measured count rates (R) for the sample and

standard through the following equation:
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where:

Wsam = mass of element in sample (g)
Wste = mass of element in standard (g)
Rsam = gamma-ray count rate from the sample (counts per second)
Rsia = gamma-ray count rate from the standard (counts per second)

The amount of aluminum in the samples was determined using ko
based neutron activation analysis.**The scratched film were weighed (50 mg
or 70 mg) and put in polyethylene bags; 500 ug of sodium pellet of 15 mm
diameter and 2 mm height was used as standard. These samples were put
together inside polyethylene capsules. The irradiations were carried out for 10
min in the RP-10 reactor of the Instituto Peruano de Energia Nuclear at a
neutron flux of 0.5x10' ncm? s using a pneumatic system. After adequate
decay times, the induced radioactivity of the samples and sodium standard
was measured by high resolution gamma-spectrometry using a HP Ge
detector, and a source-detector distance of 160 mm.*

The detector resolution was 1.9 keV for the 1408 keV '?Eu peak. The
spectra were acquired with a Canberra GC multichannel analyzer and
transferred to a personal computer. The evaluation of gamma spectra was
made using the DB Gamma V5.0 software. Elemental concentrations were
determined by the k, method, using the Hégdahl convention.*® The Al wt. %
measured for films obtained with different amounts of Al(NO3)s; and aluminum
ions added to TiO» suspension are shown in Table 1 and Table 2. A good
correlation is observed between the amount of aluminum added and
measured in the analyzed.

2.4.5. Cyclic Voltammetry.
Cyclic voltammetry involves the imposition of different waveform as the

potential on the working electrode; and the simultaneous measurement of the

current. The potential is normally generated with a function generator, and
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applied to the cell through a potentiostat. The current —potential curves can

be displayed with X-Y recorder at slow scan rates.

Negative and positive turn- round potentials E‘and E‘ are usually

chosen in aqueous or non-aqueous media. By scanning the potential between
these limits, it is possible to obtain highly reproducible current- voltage
behaviour. In general the reproducible behaviour depends on a series of
parameters, including electrolyte purity, and choice of turn-round potential
and rate of change of potential. The Figure 10 has shown an electrochemical
system.

Current supply

<« — Counter

Reference electrode
electrode — ]
|
Working
electrode

Figure 10. Electrochemical system
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2.4.6. Chronoamperometry.-

The potential is stepped in a square wave shape to a potential just
above the position where the peak would appear in linear sweep voltammetry.
The current is then monitored as function of time (Figure 11).

m
N

Potential —

E1 [ ¥ Instant a which the potential at steep

time —

Figure 11. Schematic representation of the chronoamperometry

The TiO, electrodes were electrochemically modified with aluminum as
follows: the TiO, electrode served as the working electrode in a standard 3-
electrode system, with a coiled Pt wire counter electrode, and an Ag/AgCl/

saturated LiCl in polypropylene carbonate reference electrode, all connected
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to an ECO Chemie Autolab PGStat 10 electrochemical interface. Aluminum
perchlorate nonahydrate and polypropylene carbonate (Aldrich) was used to
prepare a 1.0M AI(CIO4); electrolyte solution, which was partially dried over
3A molecular sieves.

The final water content of the electrolyte was estimated to be a few
percent. The electrolyte was purged with nitrogen and a nitrogen atmosphere
was maintained during the experiments. Chronoamperometric methods were
used to insert controlled amounts of aluminum: the potential was stepped to -
1.3 V for different periods of time. Electrodes were annealed at 400°C for 10
min afterwards to remove adsorbed perchlorate ions and adsorbed organic
material.

2.5 Solar cell characterization
2.5.1 Incident Photon —to- Current Efficiency (IPCE)
The Incident Photon —to- Current Efficiency (IPCE) of a solar cell
represents the ratio of the current of photogenerated electrons to the photon

flux incident on the system. For the known photodiode family, the IPCE is

named internal quantum efficiency 7(4).%

j,%

q

P,/ ..........................
hc

where j ,is the photocurrent density, P, /hc is the photon flux for a given

nA) =

wavelength and q is the elementary charge.
Experimentally, the photocurrent is recorded during illumination with
monochromatic light. Measuring the photoresponse and illumination intensity

the IPCE can be calculated according to:*#
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No - of -electrons - generating - the - photocurrent _ 1240.j ,,

IPCE = =
Incident - photons A(nm).P,

where A is the wavelength in nanometer. The phocurrent results from a
number of sequential events: absorption, electron injection, recombination

and transport.

Xenon lam
P Lens Lens Sample

=)

Water filter monochromator

Computer

Figure 12. Schematic of the experimental set-up for IPCE measurement for the solar
cells

The Incident photon-to-current conversion efficiency (IPCE) was
recorded using a computerized set-up consisting of a xenon arc lamp (300 W
Cermax, ILC Technology), a 1/8 m monochromator (CVI Digikrém CM 110), a
Keithley 2400 source/meter, and a Newport 1830-C power meter with 818-UV
detector head. The current-voltage (I-V) characteristics of the solar cells were
recorded under simulated sunlight (Lightdrive 1000 from Fusion Lightning)
using a computerized Keithley 2400 source/meter. The intensity was adjusted
to match that of 1000 W m? with AM 1.5G spectral distributions using a
filtered silicon diode (type BPW21R).

39



2.5.2 Intensity Modulated Photocurrent Spectroscopy (IMPS)
In Intensity Modulated Photocurrent Spectroscopy (IMPS) a small
sinusoidal perturbation is superimposed onto a large dc illumination level. The

time dependence incident illumination is:
[(@t)=To(1+6.Sin(@wt)) .......evvvvee. (10)

where J is the depth of the modulation and Io is the mean intensity. The
phase and amplitude of the resulting ac photocurrent is measured as a
function of the modulation frequency.

In a nanostructured semiconductor electrode the IMPS response
reflects the electron transport through the nanocrystalline film to the back
contact, under assumption that the electron life time is much larger than the
required transport time. The time constant associated with the charge
transport can be calculated from the angular frequency at which the maximum

(90°) photocurrent phases shifted occurs:

For nanocrystalline systems it has been shown that @ _, depends on

the light intensity.

Solar cell

Laser

— . Dark chamber
hv

Lock-in amplifier Current amplifier

Figure 13. Experimental arrangement for intensity modulated photocurrent
spectroscopy (IMPS)

40



The electron concentrations, lifetimes and transport times in the dye-
sensitized TiO, solar cells were measured in a system using a red light
emitting diode (Luxeon Star 1W, Anax = 640 nm) as the light source. Voltage
or current traces were recorded using a 16-bit resolution data acquisition
board (National Instruments PCI-6052E) in combination with a current
amplifier (Stanford Research Systems SR570) and a custom-made system
using electromagnetic relay switches. The relationship between potential and
charge was investigated using a combined voltage decay / charge extraction
method as follows:**’

The solar cell was illuminated for 5 s under open circuit conditions and
the voltage was left to decay for a certain period in the dark to a voltage V.
Then the cell was short-circuited and the current was measured and
integrated over 10 s to obtain Qoc(V). The charge accumulated in the TiOz
film under short circuit conditions, Qsc, was determined from the photocurrent
decay transient upon switching off the light source (current integration time
10s).

Electron lifetimes and transport times were determined by monitoring
the transient photovoltage (at open circuit) and, photocurrent response (at
short circuit), respectively, after a small change in light intensity. To the base
light intensity a small square wave modulation (<10 % intensity, 0.5 Hz) was
added, and the step response was recorded.

The current and voltage responses were well fitted using first order
decay kinetics and time constants were obtained accordingly. The direction of
illumination was always from the TiO. electrode side. Special care was taken
not to expose the solar cells to high light intensities for long times, in order to

prevent significant intercalation of Li* ions, which affects the results.™
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CHAPTER Il
3. RESULTS.

This chapter describes the results have been obtained for the films and
for the solar cells.

3. 1. Results. Method A.

Homogenous aqueous mixture of TiO, powder and different amounts
of aluminum chloride or aluminum nitrate were prepared, these mixtures were
spread out, allowed to dry, compressed, and finally annealed to oxidize the
aluminum salt.

The aluminum oxide wt. % in the mixture was calculated by assuming
that the aluminum salt completely oxidizes during annealing.

For example, 12g of TiO, was mixed with 0.05g of AI(NO3); and 18g of
water (Milli-Q) at room temperature giving a mixture of 0.1wt. % aluminum
oxide with respect to TiO..

The thickness of the aluminum oxide coating is estimated as follows:
for the 0.1wt. % aluminum oxide mixture, 0.05g AI(NOs); gives 0.12g
aluminum oxide. Using the density of Al,O3 (3.97g/cm®), the volume of Al,O3
is calculated to be 3x10™®m°. As the BET average surface area of P25 (TiOy)
is 55 m?/g, the average thickness of the aluminum oxide layer is therefore
estimated to be 0.05nm. The calculated thickness for different sample

preparations is shown in Table 1.

wt. % Aluminum oxide Thickness Al wt. % Al wt. %
Added (nm) added measured

0.1 0.05 0.052 0.061

0.6 0.30 0.312 0.380

3.6 1.80 1.872 1.253

0.0 0.00 0.000 0.000

Table 1. Calculated thickness for different amounts of added aluminum oxide.
Comparison of the Al wt. % added using AI(NOs); and measured by
neutron activation analysis. The aluminum oxide wit. % added was
calculated if the salt was completely oxidized.
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Figure 14 shows a SEM image of a compressed aluminum oxide
coated TiO film (3.6 wt. % aluminum oxide) on SnO.:F coated glass. In
comparison with an uncoated TiO, film (not shown) we observe no specific
differences indicating that the morphology remains unperturbed upon
aluminum oxide coating. Similar SEM pictures were obtained for the other

aluminum oxide concentrations (0.1% and 0.6%).

Figure 14. SEM micrograph of a compressed aluminum oxide (wt 3.6%) modified
TiO; film.

Figure 15a shows the IPCE as a function of illumination wavelength for
cells obtained using different amounts of AI(NOs); added to the TiO;
suspension. It is observed that the film obtained with 0.1 wt. % of aluminum
oxide shows a maximum IPCE of 0.80 at 550 nm.

Higher amounts of aluminum oxide in the film decreased the
photoresponse. The film prepared with 0.6 wt. % of aluminum oxide has an
IPCE of 0.75 at 550nm, whereas the film with 3.6 wt. % of aluminum oxide
has an IPCE of only 0.35 at the same wavelength. The film with 0.1 wt. % of
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aluminum oxide also has a relatively higher photoresponse for wavelengths
longer than 600 nm.

The dye incorporation was measured by desorbing the dye from films
into of 3mL of a 1TmM KOH water solution and measuring the optical
absorption spectra. The results of this experiments confirmed that the amount
of aluminum oxide does not affect the amount of adsorbed dye significantly.
To study the effect of the anion, AICI; replaced the AI(NOg3); salt and was
added to the TiO, suspension. The corresponding IPCE spectra are shown in
Figure 15b. Both aluminum salts have a similar behavior in the IPCE values,
and the cells with the highest photoresponse are those obtained with 0.1 wit.
% aluminum oxide. The cells obtained using aluminum nitrate has a higher
photoresponse than the ones prepared using aluminum chloride.

Figure 15¢c compares the photoresponse for cells using TiO, and for
the optimum cells (0.1 wt. % aluminum oxide) obtained upon adding Al(NOs3)3
or AICI; to TiO,. It is clearly observed that the measured IPCE values
increase with the aluminum oxide treatment. The maximum photoresponse of

the cell was obtained when aluminum nitrate was used.
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Figure 15. (a) IPCE spectra for samples prepared by adding different amounts of
Al(NOs); to the TiO, suspension. (b) IPCE spectra for samples prepared
by adding different amounts of AICI; to the TiO, suspension. (c) IPCE
spectra for the solar cells prepared adding aluminum salts to TiO.
suspension (0.1 wt. % aluminum oxide).
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The current-voltage curves for dye sensitized solar cell based on TiO»
with and without the incorporation of 0.1 wt. % aluminum oxide using AICl3 or
Al(NOg3); are shown in Figure 16. The solar cell prepared by adding aluminum
nitrate to the TiO, suspension (0.1 wt. % aluminum oxide) has the best

improvement in the device performance under solar illumination.
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Figure 16. Current-voltage curves of solar cells obtained using pure TiO. and adding
AI(NO;); or AICI; to TiO, suspension (0.1 wt. % aluminum oxide). The
dark current of the AI(NQOs); treated TiO: film is also shown. The light
intensity during the experiments was 1000 Wm?.

Figure 17 shows the short circuit current, Is;, open circuit voltage, Vo,
fill factor, FF, and overall efficiency, n, for solar cells with different amount of
aluminum oxide, obtained by adding AICI3 or Al(NO3); to the TiO, suspension.
The efficiency and the short circuit current show similar trends, i.e. an
increase for the cell with a concentration of 0.1 wt. % aluminum oxide and a
decrease for the cells with concentrations of 0.6 wt% and 3.6 wt. %
aluminum oxide (Figure 17a).

On the other hand, the fill factor and open circuit voltage are relatively

constant for all concentrations of aluminum oxide. The /s has a maximum
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value for the cell prepared with 0.1 wt. % of aluminum oxide added to TiO,,
For cells with higher amount of aluminum oxide the /s decreased (Figure
17b). The open circuit voltage, V,., as well as the fill factor, FF, does not
develop a significant change in the films. The V,. changes between -0.6 and -
0.73 V, whereas the FF changes between 0.56 and 0.63 (Figure 17c, 17d).
The efficiency for solar cells of TiO, with 0.1 wt. % aluminum oxide obtained
adding AICl; and AI(NOgs); and standard TiO, is 4.5, 5.6 and 3.9 %,
respectively.

Figure 18a shows the extracted charge as function of voltage. The
solar cell that has 0.1 wt. % aluminum oxide shows a larger amount of charge
at any given voltage compared to the other cells. For this concentration and at
a potential of -0.47 V, the charge is around 100 uCcm™ (the area corresponds
to the projected electrode area), which corresponds to a concentration of
about 6 electrons per particle. For this calculation, it is assumed that the
nanoparticles are spherical with a diameter of 25 nm, and that the porosity in
the films is 57 %,’ so that the number of TiO, particles in the film calculate to
be 10"cm™.

When the charge extraction data is combined with the time delay, the
lifetime of the electron (te) can be calculated as follows:*’

a0

dr (12)

T, =Q(I)(

This equation assumes a (pseudo) first order recombination reaction
for the electrons. As the voltage decay takes place in the dark, the resulting
lifetime is that of electrons in the dark, which may be longer than that under
illumination. Figure 18b shows the lifetime of the electrons as a function of the
potential of the dye-sensitized solar cell. The lifetime is in general quite long
(>0.7 s). Aluminum oxide coverage results in longer electron lifetimes at
potentials between -0.4 and -0.55 V.
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factor for solar cells prepared with different amounts of AI(NOs); () or
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Electron transport in the aluminum oxide modified TiO, solar cells was
studied using intensity-modulated photocurrent spectroscopy (IMPS). The
time constants (tvps) that are found are interpreted as transport times, which
is a reasonable approximation if the transport time is much smaller than the

electron lifetime.*®
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Figure 18. (a) Extracted charge as function of voltage. (b) Electron lifetime as
function of voltage.
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Figure 19a shows typs as a function of light intensity. The electron
transport becomes more rapid with increasing light intensity, as has been
observed in previous studies.*®' The electron transport times are nearly
identical for samples without aluminum oxide and with 0.1 wt. % aluminum
oxide, but increases significantly for samples with more aluminum oxide. The
slopes of the curves in the double logarithmic plot are very similar (-0.92).

The transport time of the electrons in the nanostructured TiO, film is
related to the electron concentration in the film. The amount of accumulated
electrons was therefore determined using photocurrent transients. Figure 19b
shows the extracted charge under short-circuit conditions as a function of light
intensity. The general trend is that the charge in the nanostructured TiO;
increases with light intensity.

The slope in the double logarithmic plot is about 0.43 for all cells. The
extracted charge from the solar cell with 0.1 wt.% aluminum oxide is
systematically higher than that of the solar cell without aluminum oxide.

Figure 19c shows the electron transport time as a function of the
extracted charge. Electron transport becomes faster as more charge is
accumulated. Interestingly, all the solar cell with aluminum oxide has an
increased electron transport time compared to the blank.
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3.2. Results. Method B.

Figure 20 shows a cyclic voltammogram of a nanostructured TiO»
electrode in 1.0 M Al(CIO4)3 / polypropylene carbonate. When the potential is
scanned in negative direction, a cathodic peak is observed at -1.3 V. In the
reverse scan a much smaller anodic peak appears at +0.08V. The cathodic
charge is much larger than the anodic one, indicating a largely irreversible
electrochemical process. The color of the electrode changed from white to a
gray / dark blue color in the first scan to negative potential, and became
lighter again at positive potential.

oo T T T T
0.000

—_ e

< -0.001 F ]

g S

=

3 -0.002| i

1.0 M AI(CIO,),

-0.003 |- scan: 0.001 V/s |

-1I.6 ' -1'.2 ' -0|.8 ' -6.4 ' oio ' o'.4 ' 0:8 ' 112
Electrode potential (V) vs Ag/AgCl

Figure 20. Cyclic voltammetry of a nanostructured TiO- electrode in 1.0 M aluminum
perchlorate in polypropylene carbonate, scan rate 1 mVs™.

After further cycling, the current decreased much after the third cycle
and a gray color was maintained. The fact that the current decreases sharply
after a few potential sweeps suggests that the electrode surface is effectively

blocked for further reaction. After annealing films became pure white. As will
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be shown later, the cathodic process is related to incorporation of aluminum
in the TiO; film.

Chronoamperometry was used to obtain electrodes with a controlled
amount of aluminum, which were used in the solar cells. The potential was
stepped to —1.3V and kept at this potential for different periods of time.

Figure 21 shows Raman spectra of the samples that were annealed at
different temperatures. The main Raman bands can be attributed to the
anatase and rutile phases. The bands at 395, 515, 640 cm™ are attributed to
Raman-active modes of anatase phase with symmetries of Big, Big and Eg,
respectively,® while the band at 450 cm™ is ascribed to the E4 modes of rutile
phase.’® A small peak is observed in 936 cm™. This peak is characteristic of
the perchlorate ion.>*
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Figure 21. Raman spectra of TiO. electrodes containing aluminum ions, annealed in
air at different temperatures. A= anatase, R= rutile
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This peak disappears after heating the electrode to 400°C for 10 min. It
was found necessary to anneal the electrodes at 400°C to improve dye
adsorption at the electrode. An X-ray diffraction study of the aluminum-
modified TiO, samples (heated to 400°C) did not reveal any peaks other than
those of TiOz and SnO; (from the substrate).

Neutron activation, analysis clearly demonstrates the presence of
aluminum in the samples, see Table 2. The weight percentage of aluminum
that was measured in the films shows a good correlation with the cathodic
charge in the chronoamperometric deposition process. More specifically, it
could be established that three electrons are needed for deposition of one
aluminum ion. In the calculations Faraday’s law was used, as well as, the
porosity of the TiO, film of 50%, and the specific density of anatase of 3.8
g/cm®. The Faradaic efficiency (wt% Al measured / wt% Al calculated from
cathodic charge) of the deposition process was calculated to be 84%.

Hereafter samples will be indicated by the calculated weight percentage of

aluminum.

Time at -1.3V(s) Al/Ti (cale. | TiO, wt.% | Al wt.% Al wt.%
at. ratio) (calc.) (calc.) measured
(+/- 0.01)

0 0.000 100.00 0.00 0.00

10 0.052 98.29 1.71 1.62

15 0.063 97.91 2.09 1.91

30 0.131 96.34 3.66 3.44

50 0.182 94.25 5.75 4.93

300 0.401 88.20 11.80 9.76

Table 2. Determination of the amount of aluminum insert into TiO» with comparison
of the amount calculated from the cathodic charge in chronoamperometric
experiment and the measured by Neutron Activation analysis.
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To investigate the composition of Al-modified TiO, samples, we report
on XAS and PES results for the 11.8 wt% Al sample below. Pure TiO, and the
Alb,O; samples were also investigated and used as a reference. XAS
measurements are sensitive towards changes in the local environment of an
element.*

The Ti2p XAS spectrum of the Al-modified TiO, sample was
dominated by the anatase crystal structure and possessed the same
characteristics of the unmodified TiO,, see Figure 22. Thus, it can be
concluded that there was no formation of an alternative phase, such as

aluminum titanate, p-Al,TiOs, as a result of the Al-modification.*®

— Tio,
TiOZ-A|

Intensity[Arb.Units]

I I I I
455 460 465 470eV

Photon Energy [eV]

Figure 22. Ti2p XAS spectra of TiO, and Al-modified TiO, films (11.8 wt%Al).

The results of the core level PES measurements are shown in Figure
23. The substrate Ti2ps» signal was measured for the TiO, and the Al-
modified TiO, sample (Figure 23b). Comparison of the Ti2ps» peak for the
two samples reveals that the Ti2ps;» peak is damped after Al-modification by
25%. The Al2p spectra are shown in Figure 23c for the Al modified TiO,
sample and the Al,O3 sample. The Al2p signal is build up by spin-orbit split



doublets, Al2ps» and Al2py, (i.e. one doublet peak with an intensity ratio 2:1,
and an energy split of 0.4eV), and the signal for the Al modified TiO, (Figure
23c) can be fitted reasonably with one such doublet. The Al2p peak in the Al-
modified TiO, sample is somewhat narrower than in the Al,O3 sample.

The O1s PES spectrum of TiO, contains two clear contributions
(Figure 23a). The peak at lower binding energies is characteristic of oxygen in
the TiO,. The smaller peak at higher binding energies in the TiO, sample is
attributed to surface adsorbed oxygen contamination (that is water and
possibly also oxidized hydrocarbons) due to ex-situ preparation of the
samples. In the case of the Al-modified TiO» sample there is an increase in
intensity of the higher binding energy peak.
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Figure 23. PES spectra of TiO., Al-modified TiO. (11.8 wt% Al) and Al,Q; films. (a)
O1s spectra, (b) Ti2p spectra and (c) Al2p specitra.

The position of this peak is at the same binding energy as that of
oxygen in the Al,O3 sample. A convolution of O1s contribution of the TiO, and
the Al,O3 samples is also shown in the O1s spectrum.

The Ti3p peak and the Al2p peak were measured using three different
photon energies, 758eV, 454eV and 150eV, and their relative intensities are
shown in Table 3. The Al2p peak increases compared to the Ti3p peak when
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going to the more surface sensitive mode that is from higher to lower photon
energies.

hv I(Ti3p) | I(AI2p) | o(Ti3p) | o(Al2p) | I*(o(Ti3p)/c(Al2p))
758 1.00 0.65 0.07 0.07 0.65
454 1.00 2.53 0.2 0.25 2.02
150 1.00 9.39 1 4 2.35

Table 3.The area of the intensity of the Ti3p and the Al2p peaks for photon energies
758eV, 454eV and 150eV, the cross section for ejection of electrons at
different binding energies (c) and the correction in intensity using the cross

section term °.
@ The data were obtained using synchrotron radiation
The binding of catechol at the surface of the Al-modified TiO;
electrodes was investigated by visible reflectance spectroscopy. Typical
reflectance spectra are shown in Figure 24. The Al-modification of the TiO;
leads to some reduction of the reflectance in the visible region.
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Figure 24. Total reflectance spectra of TiO» and Al-modified TiO, films (11.8 wt% Al)
with and without adsorbed catechol.

Brown coloration takes place upon catechol adsorption both in the
blank TiO, sample and the Al-modified TiO,, but the degree of coloration
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(corresponding to a smaller reduction of the reflectance) is less in case of the
Al-modification. This gives further evidence that the aluminum modification
does not results in a complete shell of aluminum oxide around the TiO>
particles, as part of the Ti atoms must still be exposed at the surface.

Figure 25 shows the short circuit current density, Js;, open circuit
voltage, Vo, fill factor, FF, and the efficiency n, for solar cells with different
amounts of aluminum.

The open circuit voltage and the fill factor do not change significantly
with the aluminum content of the films: V,. varies between 0.76 and 0.79 V,
whereas the FF varies between 0.56 and 0.63.

The parameter that governs the behavior of the solar cell efficiency
most is the short circuit current. Jsc reaches a maximum value for cells
prepared with 2 wt% aluminum. Higher aluminum content leads to a decrease
in Jsc and m. The efficiency for solar cells of TiO, with 2.09% Al is 5.6%, while
it is 4.4% for the blank sample.

Figure 26 shows the IPCE as a function of illumination wavelength for
cells obtained with different amounts of aluminum incorporated in the TiO,. It
is observed that the film with 2.09% of aluminum shows the highest IPCE of
0.53 at 550 nm, while at higher amounts of aluminum (11.8%) the IPCE
maximum diminished to 0.25.

The inset in Figure 26 shows normalized IPCE spectra. It
demonstrates that some improved IPCE response is found in the 550-700 nm
region for the Al-modified samples. It was checked that this effect is not
related to the amount of adsorbed dye. Dye desorption experiments, as
describe before, showed that the amount of adsorbed N719 dye was not
affected by the amount of aluminum. Using molar absorption coefficient for
N719 in basic aqueous solution of 12.5x10°> M'ecm™, the concentration of dye

in all samples was found to be 0.12 mmol cm™.
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Figure 25. (a) Efficiency, (b) short circuit current density, (c) fill factor, and (d) open
circuit voltage for dye-sensitized solar cells containing different
amounts of aluminum. The light intensity during the experiments was
equivalent to 1 sun (1000 W m? with AM 1.5G spectral distribution).
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Figure 26. IPCE spectra for samples contained at different amount of aluminum
ions. The inset shows IPCE spectra normalized at their maxima.

Figure 27 shows the results of charge extraction experiments on the
dye-sensitized solar cell performed at open-circuit potential.*” A significant
effect was found for the Al-modified samples: more charge was extracted at a
given voltage. The slopes of the log (charge)-potential plots are quite similar

for all samples.
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Figure 27. Extracted charge as a function of the open-circuit potential in dye
sensitized solar cells. The solar cells are prepared with different amount
of aluminum ions as indicated.
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Figure 28 shows the electron lifetime (1) as function of the open-circuit
potential. The relationship between 1, and the intensity follows a trend that is
generally observed in dye-sensitized solar cells: the lifetime decreases with
increasing Voc, following an exponential function.®” Aluminum-modification of
the TiO, has a pronounced effect on the electron lifetime: increased lifetimes

were found for all Al-modified samples.
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Figure 28. Electron lifetime (7.) as a function of open circuit potential.

The electron transport time, measured under short-circuit conditions is plotted
as a function of the short circuit current density in Figure 29a. An increase of
the transport time is found for samples that contained aluminum. The slope of
log- log plots of the samples fluctuates between -0.68 to -0.78, while for the
blank sample it is —0.57. Figure 29b shows the charge extracted under short
circuit conditions as a function of the short circuit current density. Significantly
more charge is extracted from aluminum-modified TiO» samples than from the

blank.
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The slopes in the log-log plot are on average 2.7 for the Al-modified
samples, while it was 2.1 for the pure TiO.. Figure 29¢ shows the electron
transport time as a function of extracted charge. Plotted in this way, the effect
of the Al-modification on the transport time is very pronounced: there is one
order of magnitude difference in the transport time for the pure TiO, and the
film with the highest Al-content.
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CHAPTER IV

4. Discussion

This chapter have been discussed the main results obtained in this work. The
discussion will be divided in two parts:

e About of solar cells made by Method (A)
e About of solar cells made by Method (B)

4.1 About of the solar cells made by Method A.

Aluminum salt treatment of TiO, affects the performance of the solar cell in
different ways, depending mostly on aluminium concentration, but also, to a
small extent on the anion of the salt that was used. AI(NOg)s is preferred over
AICls, as it gives a better overall solar cell efficiency. In what follows we shall
discuss only the results obtained for Al(NOs)s-modified electrodes. From the
concentration dependence of the solar cell efficiency we observed an
optimum for very small amounts of aluminum oxide, whereas a decrease in
efficiency is observed using higher concentrations (Figure 17). The optimum
concentration, 0.1wt % of aluminum oxide, is so low that it is insufficient to
cover the TiO, surface completely. It corresponds to only ~ 4% of full
monolayer coverage.

In the following sections, the presented findings shall be rationalized
by discussing the effects of the aluminum oxide in terms of band edge
movements (energetics), variations in loss reactions, and transport properties
(kinetics).

4.1.1. Effects on photovoltage.

The open-circuit photovoltage (Voc) of the solar cell is given by the
difference of the quasi-Fermi level of the electrons in the metal oxide and the
potential of the counter electrode, which is equal to the redox potential of the

electrolyte. The quasi-Fermi level depends on the accumulated charge in the

64



semiconductor, and will approach the conduction band edge when the
concentration of conduction band electrons is high. The potential of the
conduction band edge (Vcg) depends in general on the surface charge of the
metal oxide. Since Al,O3 is a more basic oxide than TiO,, we can expect a
negative shift of Vcg, in the case of aluminum oxide surface modification. 2

The following relationship is valid:
Voo =V, —len(”CJ (13)

q c

where KT is the thermal energy, g is the elementary charge, nc is the
concentration of electrons in the conduction band, and N¢ is the effective
density of states in the conduction band. Note that both Voc and Vcg are
given here with respect to the redox potential of the electrolyte and have
negative values.

In Figure 18a open-circuit potentials of aluminum oxide modified TiO,
solar cells are correlated with the charge present in the nanostructured metal
oxide film.

This gives a clear indication of shifts of Vog as a function of the
aluminum oxide concentration. For 0.6% and 3.6% aluminum oxide Vcg is
shifted in the negative direction compared to the blank, as it is expected from
the basic nature of aluminum oxide. There is, however, a surprising positive
shift of Vg for 0.1% aluminum oxide compared to the standard TiO» film.
Adsorption of aluminum ions will result in a more positive charge at the TiO»
electrolyte interface and a positive shift of Vgg. During heat treatment,
however, one would expect a conversion to aluminum oxide, giving a
negative shift instead. Apparently, some of the ion adsorption effect is
maintained after the heat treatment. Considering the positive shift of Vg for
the 0.1% aluminum oxide solar cell one might expect a decrease in Voc with
respect to the blank in the current-voltage characterization (Figures 16 and
17). This is, however, not the case.

From Figure 17 it follows that Vo is slightly more negative for the 0.1%

solar cell than for the blank. The reason must be a higher nc due to either a
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better injection of electrons into the metal oxide from the excited dye, or
suppression of loss reactions. A detailed investigation of the injection process
is beyond the scope of this work. Regarding loss reactions, Figure 18b shows
measurements of the lifetime of electrons in the oxide film as a function of
voltage. It is clearly observed that the aluminum oxide treatment has a
beneficial effect, giving generally higher electron lifetimes. In particular, one
notes that the lifetime of the electrons is improved at the working point of the
solar cell, which is at about (-0.43 V) as obtained from Figure 16.

As the aluminum oxide content appears to be too small to form a
blocking layer, specific suppression of recombination centers by the
aluminum ions seems the most likely explanation for this effect. The negative
shift of Vcg of the 0.6 and 3.6 wt % aluminum oxide solar cells that follows
from Figure 18a is translated into a more negative Voc in the current-voltage
curves (compared to the blank) for the 0.6% cell, but not for the 3.6% cell. A
possible cause is a reduced electron injection in the 3.6% cell, as, will be
discussed in more detail below.

4.1.2. Effects on photocurrent.

The overall photocurrent can, besides being measured in a solar
simulator, also be calculated by multiplying the IPCE times with the number of
photons at a given wavelength under AM 1.5 solar conditions and integrating
over the entire spectrum. In the analysis of the effect of aluminum ion surface
treatment on the photocurrent IPCE data shall be used for the sake of
discussion. The IPCE values can be rationalized by the following

relationship:®’

IPCE (\)= LHE(A) X Oinj X Mc (14)
where LHE(A) is the light harvesting efficiency, ¢i; is the quantum yield of
charge injection, and n. is the efficiency of collecting the injected charge at
the back contact.

Differences in LHE are not expected to be significant in the present

experiments since nanostructured films of equal thickness were used, and
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also because since the aluminum modification did not affect dye uptake. In
Figure 15c an increase of the IPCE values upon aluminum oxide treatment
(0.1%) is observed. This can be interpreted as an improved injection
efficiency since there appears to be a positive shift of the Vgg by the
aluminum ion treatment, (Figure 18a), resulting in an improved overlap of the
excited dye orbitals with the conduction band acceptor levels. Furthermore,
Figure 18b shows that the aluminum oxide treatment results in longer electron
lifetimes, indicating a reduction of loss reactions and a probable increase of
the charge collection efficiency. Comparing the IPCE values as a function of
aluminum oxide concentration one notes a large decrease in IPCE for the 3.6
wt % sample, see Figure 15a. This is most likely caused by a decrease in the
injection efficiency due to a thicker aluminum oxide layer. A careful
examination of parts a and b of Figure 15 shows a blue shift of the IPCE
spectra for the 0.6% aluminum oxide concentration with respect to the 0.1%
samples. This finding seems to confirm, the shifts of Vg as discussed above.

A negative shift of Vg can lead to a decrease of the injection efficiency
when the dye is excited with lower energy photons. A similar effect was

discussed in detail by Boschloo et al.,*®

who observed a negative shift of Vg
upon addition of 4-tertbutylpyridine to the electrolyte.

The transport of electrons in the nanostructured TiO. electrode is
affected by the aluminum oxide modification, see Figure 19. The general
trends are similar in the investigated solar cells:

The transport time decreases, and the accumulated charge in the
nanostructured electrode increases with increasing light intensity. It should be
noted that to a certain light intensity results in different fluxes of photoinjected
electrons and short-circuit photocurrents, depending on the amount of
aluminum oxide present. For a proper comparison of electron transport in the
aluminum oxide modified TiO, films, it is therefore convenient to relate the
electron transport times to the amount of accumulated charge present in the
nanostructured film. This relationship is shown in Figure 19c. The effect of the

aluminum oxide can be clearly observed in this figure: addition of aluminum
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oxide increases twps. A possible explanation is that aluminium ions will be
present at the grain boundaries between the TiO» particles. This may result in
the formation of a barrier for electron transport, as is indicated in Scheme 3a.
To test this hypothesis, an additional series of solar cells was made. A
comparison was made between cells where:
(1) The AI(NO3); was mixed with a suspension of TiO, particles
followed by pressing and sintering as before and,

(2) A pressed and sintered TiO film was treated with a precise amount
of AI(NOg)s3 in ethanol, corresponding to 0.1wt % aluminum oxide as
in the first experiment, followed by another heat treatment. The
latter treatment avoids the presence of aluminum atoms at grain
boundaries between the TiO, particles, as shown schematically in
Scheme 2b.

Aluminum oxide

TiO,, TiO, (b)

Aluminum oxide

Scheme 3. Schematic representation of aluminum oxide coated TiO, nanoporous
films. (a) prepared from a suspension of TiO, particles and dissolved
Al(NO;); followed by compression and sintering. (b) coating is made on a
compressed TiO: film.
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The results of transport and charge extraction measurements for this
series of solar cells are compared in Figure 30. No significant differences in
tmps Were found as a function of light intensity (Figure 30a). There are,
however, more electrons accumulated under short-circuit conditions in the
solar cell where the TiOz and Al(NOs)s were mixed (Figure 30b). From the plot
of timps vs extracted charge (Figure 30c) it follows that the electron transport
is unaffected by the aftertreatment of the nanoporous TiO, film with aluminum
nitrate, whereas mixing of the aluminum salt with the TiO, suspension leads
to a reduction of the speed of the electron transport. Considering the very
small amounts of aluminum ions used in these experiments, the results
should be interpreted with care, but they seem to confirm the hypothesis that
aluminum ions present between TiO, particles reduce the electron transport
speed due to the formation of an energy barrier.

The relatively slow and light-intensity dependent electron transport in
nanostructured TiO, electrodes is most often explained by using a
trapping/detrapping model.**®! Traps are localized states with energies below
the conduction band edge and located either in the bulk of the semiconductor
material, or at the semiconductor/electrolyte interface. Electrons can be
captured (trapping) and released after some time by thermal excitation
(detrapping). The power-law dependence of the electron transport time and
the extracted charge on light intensity can be explained by assuming a trap
distribution that increases exponentially towards the conduction band.**®' The
slope of the trap distribution can be determined from the double logarithmic
plots of Tivps and extracted charge vs light intensity (Figure 19a,b). It follows
from this figure that the slopes do not change significantly with the aluminum
oxide coverage. This may be an indication that traps are not located at the
semiconductor/electrolyte interface where the aluminum ion treatment is
expected to have a large effect. It also appears that the aluminum salt
treatment does not create a large amount of additional trap states, as the

charge in the film remains quite similar (Figure 19b).
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Figure 30.Comparison between solar cells: (1) prepared from a suspension of TiO.
particles and dissolved Al(NOs); followed by compression and sintering,
with 0.0 wt. % aluminum oxide (o) or 0.1 wt.% aluminum oxide ( ), (2) a
coating of AIl(NOs); is made on a compressed TiO. film, followed by
heating, corresponding to 0.1% wt aluminum oxide(®), (a) Electron
transport time as function light intensity (b) Extracted charge as function

light intensity (c) Electron transport time as function of extracted charge
from the solar cell.
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4.2. About the solar cells made by Method B.

The results of the electrochemical experiments of nanostructured TiO, in
AI®* containing electrolyte demonstrate that aluminum ions are incorporated in
the electrode when sufficiently negative potentials are applied. The precise
nature is of the aluminum deposition is not clear. The cyclic voltammogram
(Figure 20) resembles that of Li* intercalation in TiO, to some extent, with the
important difference that Li* intercalation is much more reversible.'® The peak
current in the cathodic scan was in fact quite similar in AI** and Li* containing
electrolytes. Assuming an intercalation process, the overall electrochemical
reaction may be written as follows:

X AI¥* + 3x e + TiOp — ALTiO; (15).

The inserted AI** ions, which have a significantly smaller ionic radius
than Li* (45 and 68 pm, respectively), require charge compensation by 3 Ti**
atoms in the TiO; lattice. Ti** species are in general responsible for a gray /
dark blue coloration in TiO,. Such coloration was indeed observed. The
irreversibility of the electrochemistry suggests that Al TiO, reacts further with
water or oxygen impurities to form AlOsH,.TiO,, which will be transformed in a
mix of Al,O3 and TiO, after annealing in air.

In the presence of a substantial amount of water in the electrolyte, the
reaction pathway may be different:'

2H,0 + 26> 20H + H, (16a)
AP+ 30H — AI(OH);  (16b)

After annealing in air, again a mix of Al,O; and TiO, will be formed. The
difference with reaction 15 is that probably no mixed phase of the two
components is formed. As the electrolyte used was not water-free, reaction
16 is a possible mechanism. However, no bubbles that would indicate the
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evolution of hydrogen were found. As Ti** species are appearing in the
process, evident from the darkening of the TiO. electrode, it is possible that
the initial step in reaction 16 involves the intercalation of protons, charge

compensated by Ti** species, rather than direct hydrogen evolution:

H2O + TiO2 + e— OH + HTiO2 (16c)

The PES measurements of the Ti2p peak, the Ti** species would
appear at the lower binding energy side of the main Ti** peak. The measured
Ti2p (Figure 23b) shows that no noticeable amounts of Ti** species are
present in the sample after the annealing process.

The decrease of the Ti2p peak intensity for the Al modified TiO,
compared to the TiO, sample was 25%. In a model where the aluminum is
present as a dense shell of Al,O3z covering the surface of TiO,, it can be
calculated that 10 wt% Al would correspond to a 1 nm thick Al,O3 layer (the
specific area of the nanostructured TiO. is 55 m?/g). Using a mean free path
of ~23A in Al,O3 for photons with an energy of 1000eV, such a shell structure
is expected to result in a decrease of the XPS intensity of the Ti-peaks by
35%.

Since a smaller value is observed the results indicate that the Al,O3
does not form a dense even shell. The results rather suggested that the Al-
deposition is not uniform. One explanation is that there is more deposition
near the conducting glass substrate. It is likely that part of the electrochemical
reaction take place on the SnOa:F substrate, possibly forming a blocking
layer. Another explanation is that Al is inserted into the TiO; lattice, or that
there is deposition of Al.O3; as islands on the surface of TiO,. The latter
explanation is also in agreement with the results of the catechol adsorption
study using reflectance spectroscopy.

The PES studies the Al2p peak was clearly observed in the Al modified
TiO, electrodes, see Figure 23c. This demonstrates that aluminum was also

deposited on the outmost part of the TiO, film, as 95% of the PES data is
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obtained only from the outmost ~6 nm of the film at the photon energies used.
Since a reasonable fit of the Al2p signal could be obtained with only one spin-
orbit split peak, this suggest that there is only one type of Al dominating the Al
structure, possibly as an Al,O3 layer.

This is also supported by the O1s measurements. The O1s PES
spectrum of the Al-modified TiO, sample could be modeled reasonably, with
respect to intensity and peak position, as a convolution of contributions from
the measured O1s spectra of Al,Oz and that of TiO,, see Figure 23a.

Thus in the O1s spectrum of the Al-modified TiO, sample the higher
binding energy peak is attributed to oxygen bound to Al. The position of the
O1s contribution in the Al-modified TiO, sample at the higher binding energy
again indicates no formation of aluminum titanate, in accordance with the
XAS results.>®

When the Ti3p peak and the Al2p peak were measured using three
different photon energies, 758eV, 454eV and 150eV, the area of the Al2p
peak increase compared to the Ti3p peak as the surface sensitivity of the
measurements increases, i.e. going from higher to lower photon energies,
see Table 3. Introducing corrections for the change in cross-section for the
emission of electrons from the different energy levels, o(Ti3p) and c(Al2p) do
not change the trend of the intensity relationship.

Therefore, it can be concluded that a majority of the AI** ions are
located in the surface region of the nanoparticles.

Adsorption of catechol appears to be a useful method to investigate
surface modified TiO, electrodes. Catechol forms charge—transfer complexes
on TiO., surfaces, with a strong brown color (catecholate species in a
chelating configuration),®®®? but can also give molecular adsorption, which is
colorless. In the case of aluminum oxide, the catechol adsorption occurs and
no color change is observed, due to that the charge-transfer occurs in the UV
region.®® The color change of aluminum-modified titanium dioxide samples
upon adsorption of catechol gives therefore information on the atomic
composition of the surface.

73



It is evident from the catechol adsorption experiment (Figure 24) that a
significant part of the Ti surface atoms is still exposed at the surface after Al-
modification and heat treatment. This suggests that the incorporated
aluminum is present either as a non-uniform layer (small particles) of
aluminum oxide on the TiO, surface. The reduction of the reflectance of the
bare samples in the visible region upon Al-modification must be related to a
change in the refractive index of the film.

The results of the solar cells prepared from Al-modified TiO, films
(Figure 25) show that a small but significant improvement of the efficiency,
can be obtained by the electrochemical modification. Incorporation of too
much aluminum leads, however, to a large decrease in the efficiency as the
photocurrent is much decreased. Interestingly, the photocurrent is slightly
increased when small amounts of aluminum atoms are incorporated.

This is also apparent in the IPCE spectra (Figure 26), that reveal a modest
improvement in the whole IPCE spectrum, but specifically in the 600-700 nm

region. There are several possible explanations for this improvement:

(1) A shift of the absorption spectrum of the dye upon adsorption at the Al-
modified TiO, electrode. Binding of the dye Al-atoms instead of Ti may
result in spectral shifts. To test this, N719 dye was adsorbed at
transparent nanostructured TiO, and AlxOs3 films. A small blue shift (~5
nm) was observed upon adsorption at Al,Os;. We can therefore
exclude this possibility as an explanation for the improved red

response of the in IPCE spectrum.

(2) Improved electron injection efficiency: the injection efficiency from low-
lying excited states from the N719 dye may critically depend on the
density of isoenergetic acceptor states in TiO,. Al-modification can
affect the position of the conduction band of TiO, and thereby the

number of available acceptor states. Improved red response in the
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IPCE spectrum may occur if the potential of the conduction band edge

is shifted to more positive potentials.

(3) A longer diffusion length will result in improved red response, as red
photons are on average absorbed further away from the conducting
substrate than blue or green ones.%

A series of advanced techniques was used to provide more insight on
the precise action of the Al-modification. The charge — open circuit potential
relationships shown in Figure 27 can be interpreted in two different ways. At a
given charge, a higher V¢ is observed for the unmodified TiO, sample than
for the Al-modified ones. This can imply that the conduction band edge (Vcg)
of TiO2 shifts to more positive potentials upon Al-modification. This would be
in accordance to explanation (2) of the IPCE spectral shift. Interestingly, if we
compares this result with the obtained for the Method A, the opposite effect
was found: larger Voc was obtained with Al-surface modification (except at
the lowest Al-concentration), related to a shift of the TiO, conduction band to,
more negative potential.

Because aluminum oxide is a more basic oxide than TiO,, this effect
may be explained by the tendency of Al.O3 to deprotonate the TiO, surface,
thereby shifting Vcg negatively.'?

Furthermore, Al,O3; has its conduction band edge at more negative
potential than TiO,, so that one would expect a shift to Vgg toward more
negative potentials in the case of a mixed Al/Ti oxide (compared to pure
TiOy). In the case of the electrochemical Al-modification a positive shift of Vcg
is observed. A possible explanation is that the aluminum is partially present
as bound Al*® ions at the interface, which would shift Vcg in a positive
direction, as do adsorbed cations such as Li".

An alternative interpretation of the observations in Figure 27 is an

increase of the density of traps in the electrode upon the Al-modification:
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more traps need to be filled to reach the same open- circuit potential. A higher
trap density would affect electron transport and recombination.

Longer electron lifetimes at open-circuit conditions are found for Al-
modified TiO, solar cells (Figure 28). The recombination at a given density of
electrons in the TiO; electrode is reduced by one order of magnitude upon Al-

modification. (See Figure 31)
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Figure 31. Electron lifetime as function of extracted charge at open-circuit
conditions for Al-modified TiO, solar cells.

If the electrochemical Al-modification creates a higher density of traps,
longer lifetimes can be obtained, provided that electrons are mostly trapped
and do not recombine from their trapped state, but from conduction band.®®

Alternatively, the decrease of the rate of electron recombination may
be explained by a mixed Al,O3TiO, layer or partial aluminum oxide layer that

acts as a barrier.
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Under operating conditions the electron lifetime will differ significantly
from that measured at open circuit.®® To analyze electron losses at short
circuit, relevant for the analysis of the IPCE, 1. should be determined under
short-circuit conditions. One relatively straightforward approach is to measure
the internal voltage in the nanostructured electrode under short-circuit
conditions,*” (see Figure 32) and to read out the electron lifetime

subsequently from the plot of t¢ vs. Voc (Figure 28).
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Figure 32. Open circuit Voc and internal potential in the TiO, film under short-
circuit conditions Vsc as function of monochromatic light intensity
(640 nm) VSC was determined by using a switching experiment :
The solar cell was illuminated for 5 s under short circuit conditions
before, simultaneously, the light was switched off and the cell
switched to open circuit. The voltage that develops, referred to as
VSC, gives a good indication of the electrochemical potential
under short-circuit conditions
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Since the internal voltage under short-circuit conditions is 0.1 - 0.2 V
lower than the open-circuit potential found at the same light intensity, the
electron lifetime at short circuit (te,sc) is about one order of magnitude higher
than that at open circuit. The charge collection efficiency at short circuit

conditions, which can be calculated using:*°

nc = 1'Ttr/Te, ......................... (1 8)

is therefore very high (>95%). It can be concluded that the significant
reduction in the IPCE of the 5.75 and 11.8 wt% Al samples (Figure 25) must
be due to a decrease in the electron injection efficiency instead. This may be
caused by the presence of either a mixed Al,O3TiO» layer (with high band
gap), through which tunneling becomes less efficient as the thickness
increases, or a partial aluminum oxide layer, where dye molecules adsorbed
at Al,O3 poorly inject electrons into TiOx.

Because te,sc is much larger than the photocurrent time response
(denoted here as 1), it is correct to interpret 1y directly as the transport time.
Transport of electrons through the nanostructured TiO, film is clearly affected
by the Al-modification: the transport becomes slower upon Al-modification
(Figure 29). This could be caused either by an increased density of traps in
the TiO, due to the Al-modification or possibly by the formation to barrier
between the nanocrystals upon the electrochemical Al-modification, both of
which would slow down electron transport.

A partial coverage of the TiO, by aluminum oxide is not expected to
have a significant effect on the electron transport.'

Under short-circuit conditions, the calculated diffusion length, given by:
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where D is the apparent diffusion coefficient (D= d?/(2.35t,) ),%” L is more
than 3 times larger than the film thickness d, and is hardly affected by the Al-
modification.

Differences in diffusion length have therefore negligible effects on the
IPCE spectra. The most likely the explanation for the improved IPCE
response (Figure 26) is therefore a positive shift of the conduction band
potential.

A multiple trapping model is frequently used to explain the
characteristics of transport and recombination in nanostructured TiO, solar
cells. In general, an exponential distribution of localized states below the

conduction band edge is assumed:

E-E
N(E)=Ny, exp( - FO) (20)

where N is the trap state density at Erg, which is the Fermi-level of the TiO»
in the dark (equal to the redox energy of the electrolyte), and mis the slope of
the trap distribution. The value of m can be derived from different
experimental techniques. A summary is shown in Table 4.

The slope of the trap distribution is affected by the Al-modification: m
values are about 40 % higher than for the unmodified TiO.. Another
observation is that different experimental methods result in significant
differences in the measured m values. Such differences have been observed

before.*’
TiO, Al (2.09 %) TiO;
Experiment m (meV) m (meV)
Tir — J SC 92 60
Q- Jsc 73 54
V-Q 141 103

Table 4. Parameters of the Multiple Trapping Model with exponential trap distribution
(equation 20) obtained for DSSC using different experimental techniques.

79



CHAPTER V

5. Conclusions

o Solar cells sensitized prepared using the compression method surface
modified with aluminum salt, present a solar efficiency improvement
compared to unmodified TiO. films. The best performance was
obtained with titanium dioxide films modified with a 0.1 wt. % of
aluminum oxide using aluminum nitrate. Higher aluminum oxide
concentrations generate a reduction of the photoresponse of the solar
cells.

o A weight concentration of 0.1% corresponds to less than a monolayer
coverage of aluminum oxide. It is therefore not relevant to view the
aluminum oxide coating as a layer structure, but as a termination of the
TiO2 surface with Al ions.

o The effects of aluminum salt treatments are to shift potential of the
conduction band, to increase of the electron lifetime, and to slower the
transport when the aluminum oxide coating is located in between the
interconnected TiO, particles.

o The addition of aluminum oxide in TiO, particles increases the electron
transport time, but this treatment does not induce additional trap
states. The increase must be due to additional energy barriers in the
connection between TiO, particles.

o An electrochemical method was developed to incorporate AIP* in
nanostructured TiO. electrodes. After heat treatment, the resulting
electrodes show slightly improved properties in dye-sensitized solar
cells.

o Al-incorporation appears to result in a shell of mixed Al -Ti oxide
covering the TiO; core. This shell works effectively as a barrier for both
injection and recombination: When too much Al ions are inserted, the
electron injection efficiency from excited dye molecules is decreased.
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On the other hand, the recombination of electrons in TiO, with triiodide

in the electrolyte is reduced upon Al-modification.
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CHAPTER VI
6.1 APPENDIX

(A) Model trapping / detrapping.

The rate of electron transport is a major determinant of the overall
efficiency of dye-sensitized nanocrystalline TiO, solar cells. Following electron
injection into the conduction band form optically excited dye molecules, they
can traverse the particle network and be collected at the transparent
conducting glass back contact, or can react (recombine) with redox species
(I3") or dye molecules at particle /electrolyte interface. Usually, the recapture
of an electron by the oxidized dye is prevented by an even faster
neutralization of oxidized dye by the redox electrolyte (I). The collection of
electrons competes with the recombination at the nanoparticle/redox
electrolyte interface, slow electron transport can lead to a low charge —
collection efficiency, and hence to low conversion efficiencies.

The electron transport in nanoporous semiconductor films is assumed
to proceed by diffusion because of the absence of a significant electrical
potential gradient in the film. The dynamics of the electron- transport process
in nanocrystalline TiO, films have been studied by intensity modulate
photocurrent spectroscopy (IMPS).

Electron transport have been modeled in terms of an effective diffusion
coefficient (D ¢). This diffusion depends on light intensity.

The IMPS time constant and the short —circuit photocurrent js; are important
parameters for understanding the charge-transport kinetics in dye-sensitized
solar cells.

The time constant tups represents the average time for the collection
of injected electrons, and jsc is a measure of the electron-transport rate. The
product of tps times jsc is the number of the electrons Q in the film in the

absence of recombination.
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Although the underling cause has not been established, the

dependence of js. on Q can be described by a power law; i.e (jsc o QM),

where m = 2.64. Similarly it can be shown that T,ps@ e : a double

logarithmic plot of twmps Vs jsc Yields a slope of about — 0.62.

M:aﬂinjl(x)+lM_Ut(x)+Ue(x) ...... (1)
dt q dx

where at x, n.,is the density of electrons in the conduction band, « is the
effective absorption coefficient, 7, is the charge injection efficiency, I(x)is

the photon flux or light intensity, ¢ is the unit of charge, and j, is the electron

current density. The first term on the right in the equation (1) is the rate at
which electrons are injected into TiO, by the excited dye at x.

The second term is the transport component, corresponding to the rate
at which electrons, via transport processes, are supplied to x, Ui(x)is the rate
at which the electrons are capture by traps, Ue(x) is the rate at which
electrons are thermally emitted back to the conduction band from the traps.
Recombination of electrons from surface states to the redox electrolyte is
implicitly contained in the equation (1) as the difference between the terms for
electron trapping and emission (detrapping) (Ut — Ue).The electron current
density jn is given by equation:

dE,
) (2)

, 1
Ju = qi,n, (—
q

where u, is the mobility of free electrons, and E.is the Fermi level, u, is

limited only by electron scattering at grain boundaries and impurity sites, then

it simplifies to:
. dn,
j.=D,g— " (3)
dx
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where D is the diffusion constant of free electrons (untrapped) electrons and

is calculated form the Einstein equation D, =(k,T/q)u,; where k, is the

Boltzmann constant and T is the temperature.
As shown by Sédergren et al, ®* the solution of the continuity equation

can be written in a form that resembles the diode equation describing a

conventional p-n photodiode.

. —a pn'd| L5
J:qlo(l_nmje d)_qoL—gc[ekBT_lJ (4)

n

The first term in equation (4) corresponds to the light-generated
current. It is determined simply by the amount of light absorbed and by the
injection efficiency. The second term represents the dark current of the device
associated with electron transfer from the TiO, to I3. In equation (5), L, is the

diffusion length of electrons in the TiO,, which is defined as

L =\Dr 5)

n n-n

where 7, is the electron life time.

At short circuit, in the absence of recombination (Ut(x)=Ue(x), the steady state
free electrons concentration n, at x can be obtained :

n,,1(0) o
nch(x):nc,)(0)+aT[l—0£xe “ o] (6)

n

where the boundary condition of no electron current entering or leaving the
TiO, film at the outermost TiO, /redox electrolyte interfase (Jn(d)=0) is used.
The difference between the Fermi level in the dark Erp and under light Ef is
calculated from the expression :

n,(x)
E,—-E, =kTlh—-—= (7
= Er =k L (1)
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Intensity —modulated photovoltage spectroscopy indicates that the energy

distribution of surface states N_(E) can be described by a single exponential

N (E)=Ne" " (@g)
where N, is the surface state density at E,,and m_corresponds to the slope

of the surface —state distribution curve.
As the recombination is much slower than trapping and detrapping, the quasi-

Fermi level for electrons traps is the same as E...

The term quasi Fermi level is used to describe systems in which electrons
and holes are in thermal equilibrium with the lattice, but not with each other.
This is the situation under steady illumination, where a photostationary state
is produced.

OPEN CIRCUIT

Under illumination at open circuit conditions, injection of electrons from
photoexcited dye molecules must be balanced by the sum of all routes for
electron transfer in the opposite direction. Three such routes can be
identified.

The first is the transfer of electrons from the mesoporous TiO, layer to
l3” ions in the electrolyte.®

The second is the transfer of electrons from the mesoporous oxide to
the oxidised dye molecules attached to the surface, and the third is electron
transfer to I3 ions via the SnO.:F back contact. The rate of electron injection
is determined by the light intensity and the surface coverage of adsorbed dye.
Light scattering can be neglected if the TiO, particles are sufficiently small,

and the local rate of electron injection v,,(4,x)can be calculated using the

expression for an isotropic non-scattering optical medium,

Uinj (i’ x) = ninja(ﬂ) I()e_ax (9)
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where 7 is the efficiency of electron injection from the excited state of the
dye. The absorption coefficient, a, is related to the effective molar
concentration ¢ and molar absorption coefficient gA) of the dye,

a(A)=2.303¢(A)c (10)

The rate of reverse electron transfer from the nanocrystalline TiO; to
the oxidized dye is determined by the competition between reaction
D* + ez — D (11a)
and the regeneration step
D'+ I - D + I’ (11b)
Under steady state conditions, the rate of electron transfer to D* is
given by

v,=D Kyt (12)
Dt inj kDJ’l + kn,g I:I—:|

The concentration of iodide ions in the DSSC is usually sufficiently high
(> 10%° ¢cm™) and reaction 11a can be neglected to a first approximation.

The rate of electron transfer to I3~ ions is the dominant quantity that
determines the open circuit voltage at high intensities, i.e about 1 sun. In the
absence of dissociative chemisorption of iodine, the first step in the reduction

l3" + €1io2 — I + Iz~ (13a)

can be followed either by a second electron transfer step

|2-' + e-Tioz — 21 (13b)
or by the reaction
217 =I5 + I (130)

If the step 13a is rate-determining, the expression for the rate of

‘recombination’ takes the form®,
v, =k,n[I7] (14)
This rate expression will also be valid if the mechanism involves

dissociation of I, prior to electron transfer,”® with the rate constant
incorporating the equilibrium constant for dissociation.
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The third route by which electrons can react involves transfer from the
SnO,(F) substrate to I3. We can treat this as an electrochemical process
using Butler Volmer kinetics.”' The driving force for the reaction comes from
the overpotential — the difference between the potential of an electrode and its
equilibrium (Nernstian) potential. In the open circuit case, the potential of the
SnO,(F) electrode is changed under illumination by an amount corresponding
to the open circuit voltage. In the dark, the electrode potential is equal to the
equilibrium potential of the I3/I" couple, so the magnitude of the overvoltage
under illumination is equal to the photovoltage. The current density

associated with reaction 13a can therefore be written as:’%"®

—(1-a)qU aqU
. — -0 ex ( photo | _ ex photo 1 5
.].mb .]sub |: p kBT p kBT ( )

(Note that a reduction current is taken to have a negative sign, whereas the

0

photovoltage is taken as a positive quantity). Here, j,, is the exchange

current density, which depends on the standard rate constant for electron
transfer k° and the concentrations of the redox components.”' The key point
here is that additional current flows internally via the substrate, even though
the cell is at open circuit.

The open circuit condition can now be defined in terms of the injection
rate and the recombination rates for all three routes using the equivalence

o (U (16)
qd

()

inj

= UD+ +1)13, -

where dis the thickness of the film.

In order to simplify the treatment at this point, we assume that electron
transfer to D* and electron transfer via the substrate can both be neglected.
For homogeneous illumination, the injection rate is constant over the film and

the steady state electron density is given by
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where 7, is the electron lifetime. It can be seen that this simple approach
predicts that the steady state electron density is linearly proportional to the
illumination intensity and to the electron lifetime. One way to increase the
open circuit voltage is to decrease the concentration of I3. However, this will
impose restrictions on the maximum (diffusion limited) current that the cell
can deliver. The alternative is to reduce the rate constant for electron transfer
by modification of the surface of the TiO particles with blocking layers.'?
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