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ABSTRACT

Sol-gel method provide an easy way to modify the characteristics of material. In
this study, we synthesis titanium oxide with different O/Ti ratio by sol-gel method but
not by reactive sputtering. The characteristics of titanium oxide with different O/Ti
atomic ratio is quite different, The band gap change with O/Ti ratio, when increase the
O/Ti ratio, the conduction and valence band level more approach to the band position of
titanium dioxide. The conduction band level change from 3.92 to 4.32 eV (the
conduction band level of titanium dioxide is 4.37 eV), and the valence band level
change from 7.73 to 7.60 eV (the valence band level of titanium dioxide is 7.58 eV). By
introducing the TiOy into the device, the titanium oxide with the lowest O/Ti ratio is the
best for electron transport layer of OPV, we consider that the conduction band level of
TiOy approach to the LUMO of electron acceptor, result in a good condition for electron
tansport.

On the other hand, the air stability is a serious problems for the development of
OPVs. The performance of device without protective layer degraded in the air
dramatically. However, by introducing TiOy as a shielding layer, the device will remain

high performance even storage in air for a long time.

Key words : titanium oxide ~ organic solar cell
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Chapter 1  Introduction

1.1 Preface

The oil, natural gas and coal are the main energy source. According to statistics,
the global oil stockpiles left about 50 years, natural gas about 60 years, such as coal,
nuclear energy etc. have its limit too.

The fossil oil accounted for more than 85% of the global energy consumption, it
can be seen the dependence on fossil oil .In addition, the issue of global climate
change, mainly due to massive emissions of carbon dioxide, the generated source of
CO; is the combustion of fossil energy, therefore sustainable development of the
Earth, reducing CO, emissions and improve the greenhouse effect is a global
consensus.

In order to reduce CO, emissions, the solar energy is a promising potential
alternative energy sources .The solar has many features, the distribution is broad and
non-polluting. In a nutshell, the solar energy is a clean energy. The sun generate a
huge amount of energy, the energy accepted by the sun is excess of thirty thousand
times than we need each year. How to effectively access to solar energy as an energy

source is an important issues.



1.2 Introduction for PV

1.2.1 Inorganic solar cell

The inorganic solar cells formed a p-n junction by doped semiconductor material,
when light irritated the device, the electron — hole pairs generate in both n-type and
p-type semiconductors, the generated electron and hole diffuse to the junction and

separated by the build-in electric field, producing electrical current through the device.

Fromt
Contact

Surfigie

n-layer
(electran
cornductivity)

Electric

p=layver fhols
oo L oti wit )

=g Jdunction
Cortact (eloctric Fiefd)

Back contact solar cell (Courtesy: ECH, The Metherlands)

Fig. 1-1 Structure of inorganic solar cell.!"!

The Bell Labs made the first inorganic solar cells in 1954 and the energy conversion
efficiency is about 6%, after years of research, the single crystalline silicon solar cells
have demonstrated high-energy conversion efficiencies up to 24.7% in laboratory!.,
Although the inorganic solar cells is good at high efficiency but the expensive price is a

big problem.



Table 1-1 Status of the power conversion efficiencies, as reached for inorganic solar

cells and the technology used to prepare these solar cell !

Semiconductor material Power conversion efficiency [%] Technology
Mono-crystalline silicon 20-24 Crystalline
Poly-crystalline silicon 13-18 Thick and thin-film
Gallium-arsenide 20-29 Crystalline
Amorphous silicon 8-13 Thin-film
Cadmium telluride 10-17 Thin-film
Cadmium indium selenide 10-19 Thin-film

1.2.2 Dye-sensitized solar cell

In a dye-sensitized solar cell, the organic dye molecules adsorbed at the surface of an
inorganic wideband gap semiconductor is used for absorption of light and injection of
the photoexcited electron into the conduction band of the semiconductor. After years of
research, Gritzel and co-workers improved the efficiency of DSSC by using
nanoporous titanium dioxide!®!, the porous structure provide high surface area so more
dye molecules can adsorb to the titanium dioxide. Nowadays, ruthenium dye-sensitized
solar cells reach an energy conversion efficiency of about 10% .

In the Gritzel cell, the ruthenium dye absorb light and the potoexcited electrons inject
into the TiO, conduction band. An I'/I3™ redox couple, contained in an organic solvent,
is used to regenerate the photooxidized dye molecules. In the cells, the positive charge
is transported by the liquid electrolyte to a metal electrode, where I3~ catch an electron
from counter electrode, while the negative charges injected in TiO, are collected at the

fluorine doped tin oxide (SnO2:F) electrode.



Glass
Sn0,:F

HOOGC

Counter electrode

Fig. 1-2 The device structure of dye-sensitized solar cell (DSSC).

1.2.3  Organic/Polymer solar cell
Organic/Polymer solar cell have many features like low-cost, large-area, and flexible.

To date, the best energy conversion efficiency of organic/polymer solar cell is about 5%

61 Organic/Polymer solar cell are composed of organic semiconductor. By definition,
the material that absorbs the photon and generate electron-hole pairs called donor, the
material accept the electron provided by donor called acceptor. When light irradiate the
device, the donor generates strongly bounded electron-hole pairs, the strongly bounded
electron-hole pairs are more localized in organic molecules which electrostatic
attraction can keep the electron and hole together as a “exciton” that are bound at room
temperature, if the excitons can’t be separated into free electron and hole efficiently
before the recombination occur that will cause the low performance of the device.
Therefore, in order to separate the excitons efficiently, an interface across which the
chemical potential of electron decrease must be provided. Figure 1.3 shows a interface
with the proper band alignment. The donor absorb a photon and generate an exciton.

After that the exciton diffuses to the donor/acceptor interface within its lifetime. Then,
3



because of the different chemical potential across the interface, the exciton dissociation
at the donor/acceptor interface. Afterward, the electron and hole transport to cathode

and anode respectively.

alectron
transfer

absorplion

=5

“ exciton dissociation into

donor acceptor + and = charge carriers
Fig. 1-3 The working principle of an organic solar cell. Light illuminate the donor
through a transparent electrode result in an electron is promote from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital(LUMO)
of the donor. Then, the excited electron transfer to the LUMO of acceptor and leave a

hole in the donor. the electron and hole transport to cathode and anode respectively.!”

The evolution of the organic solar cell device structure, starting with single-layer
structure, and then to double-layer structure, the final material mixed
bulk-heterojunction.

Figure 1.4 shows the band diagram of single layer structure and the energy
conversion efficiency is about 0.7%."*! The energy conversion efficiency for single layer

structure is due to inefficiently charge separation and transport.



LUMO @

Cathode

Fig. 1-4 Single layer structure and its mechanism. The photogenerate exciton can only

separate near the interface of cathode and polymer.

The bi-layer heterojunction structure creates an interface to overcome the problem of
inefficiently charge separation and transport problems in single layer structure. In 1986,
C.W Tang and his co-workers used a cooper phtalocyanine (CuPc) as a donor and
perylene derivate as an acceptor and the energy conversion efficiency is about 1%,
Although the energy conversion efficiency is higher than single layer structure but the

charge separation can only occur at the junction.

CuPe PTC

Fig. 1-5 Molecular structures of copper phthalocyanine (CuPc) and perylene

tetracarboxylic derivative (PTC)



TCO Al

Fig. 1-6 In a donor-acceptor OPV light absorption creates excitons, which diffuse to
the donor- acceptor interface, where dissociate into charge carriers, which drift toward

the transparent conductive oxide (TCO) and Al electrodes.

In order to increase the interface to efficiently separate the exictions, the
bulk-heterojunction structure has been proposed. By simple mixing the p and n-type
materials and relying on the intrinsic tendency of polymer materials to phase separate
on a nanometer dimension, junctions throughout the bulk of the material are created
that ensure quantitative dissociation of photogenerated excitons. The bulk-
heterojunction structure has been the most widely used photoactive layer. In 1994, G.
Yu and A. J. Heeger used conjugate polymer blend Cg as active layer to fabricate the

device. To date, the best efficiency for bulk-heterojunction structure is about 5%."



~ Donor

Geminant pairs

d
m-—hmﬁﬁ(ﬂﬁ@)

TCO BHJ o)
Fig. 1-7 In a BHJ OPV, light enters through the transparent conductive oxide (TCO)

electrode, generates excitons, which split into electron and hole at the donor-acceptor

interface, and dissociate into charge carriers which drift toward the electrodes.



1.3  Components of OPV

The organic solar cell can be divided into several parts,
Transparent electrode: Light irradiation side, need a transparent material.
Active layer: Absorb light and produce excitons.
Hole transport layer: Improved selectivity of the anode and smooth the surface.
Electron transport layer: Improved selectivity of the cathode and protect the
active layer.

Here, we do a brief introduction for each layer.

Electrode

Hole transport layer

Fig. 1-8 Component for each layer in OPV.

1.3.1 Active layer

Several kinds of donors and acceptors materials have been utilized as active layer in
the bulk-heterojunction solar cell. Up to now, the most suitable combination is a blend
of an organic semiconductor as a donor and a Cg derivatives, fullerene as acceptor. It
is well established that at the interface of these materials a sub-picosecond photoinduced
charge transfer occurs that ensures efficient charge generation.

So far, the most widely used combination is P3HT(Poly(3-hexylthiophene)) and

8



PCBM([6,6]-phenyl-C61-butyric acid methyl ester). In PCBM, the fullerene carries a
substituent that prevents extensive crystallization upon mixing with the conjugated
polymer and enhances the miscibility and P3HT which is known to have a high carrier

mobility and low band gap compare to the material used before.

P3aHT

Fig. 1-9 Molecule structure of P3HT and PCBM.

1.3.2 Electrode

The electrode in OPV can divide into two parts, one is transparent conductive oxide
(TCO), another is metal electrode.

Indium tin oxide (ITO, or tin-doped indium oxide) is one of t the most widely used
transparent conducting oxides. It can be deposited on substrate by E-beam evaporation,
physical vapor deposition, or sputter. However, the amount of Indium is rear in earth so
many other materials have been proposed. In recent years, graphene had been
demonstrated a promising material for transparent electrode, due to its good
conductivity and optical transparency.!'**"

Metals can be thermally evaporated to form a non-transparent or transparent
electrode or/and interfacial layer. Al, Mg/Ag, Ca/Al, Ca/Ag, Ba/Al, Au were
successfully used in OPV devices. A combination of a low work function metal (e.g. Ca,

Ba) with Ag or Al is a common way to decrease the work function of the electrode and

9



to prevent Ag and Al atoms from diffusing into the photoactive layer. The work function
of these metals ranges from 5.1 eV (Au) to 2.7¢V (Ba).

Fig. 1.12 shows the experimental results for several electrode materials as cathodes in
the normal device structure (ITO/PEDOT:PSS/P3HT:PCBM/cathode). Voc, FF and the
normalized efficiency is depicted. The pristine metals Al and Ag have the lowest
performance while in combination with Mg : Ag, LiF, Ba or Ca the device performance
is clearly improved because these materials decrease the work function of the cathode,

act as protection layer and improve the carrier selectivity.
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Fig. 1-10 Voc, FF, and normalized efficiency vs. negative electrode type '™
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1.3.3 Hole transport layer

PEDOT (poly(3,4-ethylenedioxythiophene)) is widely used conducting polymer as a
hole transport layer and transparent electrode material in organic electronic devices.
Usually PEDOT is doped with PSS (poly(styrenesulfonate)) for improved conductivity
and solubility. In the device, PEDOT:PSS can improved selectivity of the anode,
smooth the TCO (e.g. ITO) and modified the work function of the transparent electrode.

However PEDOT:PSS is highly acidic (pH~1) and corrodes ITO that will deteriorate

the device[11]. Several p-type metal oxide has been introduce into organic solar cell

successfully such as V,0s ~ MoOs ~ WO3.[12'14] However these material need to use

thermal evaporation process which is not compatible with solution process.

5
0 0
v SO,H
PEDOT PSS

Fig. 1-11 Molecule structure of PEDOT and PSS.
In recent years, the materials based on carbon is very popular and graphene oxide
(GO) is one of promising material utilizing in organic solar cell. In 2010, C. W. Chen

5] and the device exhibits

and co-worker utilized GO as hole transport layer in OPVs
power conversion efficiency of 3.5%, the efficiency is comparable to device fabricated

with PEDOT:PSS and the GO is compatible with solution process

11
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Fig. 1-12 Graphene oxide as hole transport layer in OPVs.

1.3.4 Electron transport layer

For an n-type material which facilitates electron transfer from the LUMO of the
acceptor to the conduction band of the metal oxide. In recent years, zinc oxide (ZnO)
has been introduced into OPV devices as the electron transport layer because of its high
electron mobility. Kyaw et al. prepared a ZnO electron selective layer by a sol-gel
process in an inverted OPV device on a glass substrate and achieve a PCE of 3.09%.!'%

There are few materials can be an electron transport layer for conventional type
photovoltaic and also compatible to the solution process at the same time. Titanium
oxide (TiOy) as an electron transport layer has been proposed, the device performance
obtain significantly improved.

Alkali metal salts such as caesium carbonate (Cs,COs) is required to modify the work

function of TCO for electron collecting., inverted OPV devices With Cs,CO3 exhibit
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power conversion efficiency of 4% was demonstrated.!'”! However, Cs,COs exhibits

deliquescence which affects severely the lifetime of OPV devices.
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Fig. 1-13 By introduced ZnO as electron transport layer in inverted type OPV
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1.4 Research Motivation

Although, there are many advantages of OPV, the power conversation of OPV is still
lower than the inorganic solar cell and the stability is really bad. In recent years, how to
improve the device performance have been widely studied. By introducing electron
transport layer, we can improve the device performance and air stability at the same
time. Sol-gel method provides a easy way to modify the characteristic of material. We

try to modify the titanium oxide and find a better condition for the material.
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Chapter 2 Experimental Setup

2.1  Solar Spectrum

The spectrum of the Sun's solar radiation is close to that of a black body with a
temperature of about 5,800 K. As it passes through the atmosphere, sunlight is
attenuated by scattering and absorption; the more atmosphere through which it passes,
the greater the attenuation. As the sunlight travels though the atmosphere, chemicals

interact with the sunlight and absorb certain wavelengths.

Solar Radiation Spectrum
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Fig. 2-1 Solar radiation spectrum!"!

The air mass coefficient defines the direct optical path length through the Earth's
atmosphere, expressed as a ratio relative to the path length vertically upwards, i.e. at the

zenith.

AMsz 1
L, cosé
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Here, Lo the zenith path length (i.e. normal to the Earth's surface) at sea level and
@ is the zenith angle in degrees.

Solar panels do not generally operate under exactly one atmosphere's thickness: if the
sun is at an angle to the Earth's surface the effective thickness will be greater. An AM
number representing the spectrum at mid-latitudes is therefore much more
common."AM1.5", 1.5 atmosphere thickness, corresponds to a solar zenith angle of
6=48.2°. While the summertime AM number for mid-latitudes during the middle parts
of the day is less than 1.5, higher figures apply in the morning and evening and at other
times of the year. Therefore AM1.5 is useful to represent the overall yearly average for
mid-latitudes. Consequently, the solar industry uses AM1.5 for all standardized testing

of terrestrial solar panels.
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&% ’—’:?ﬁm
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Fig. 2-2 The path length of the solar radiation through the Earth’s atmosphere in units

of Air Mass(AM) increase with the angle from zenith.!!
To analyze the device performance of photovoltaic, a Newport-Oriel solar simulator

simulating AM 1.5 sun spectrum was used to illuminate from the transparent side of the

device. Then, the I-V characteristics were recorded by keithley 2410 sourcemeter unit.
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In order to investigate the characterization of the solar cell, the current-voltage (I-V)
curve in dark and illuminating are consider. The basic parameter in solar cell are

short-circuit current(Isc) ~ open voltage(Voc) ~ fill factor(FF) ~ power conversion

efficiency(PCE). Fig. 2.3 shows a typical I-V curve of a solar cell in dark and

illumination.

2.2  Typical J-V Characteristic of solar cell
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Fig. 2-3 Characteristic of I-V curve

Short circuit current(lsc)

From I-V curve, The definition of short current is the current when we apply zero
voltage to the device. Fig. 2.3, point ¢ represent the short circuit current. If the leakage

current is not exist, the short circuit current equal to photocurrent.

Open circuit voltage(\Voc)

Generally, the open circuit voltage is determined by the difference in work functions
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of the two metal contacts. In organic solar cells, the open circuit voltage is found to be
linearly dependent on the highest occupied molecular orbital HOMO level of the donor
(p-type semiconductor quasi Fermi level) and lowest unoccupied molecular orbital
LUMO level of the acceptor (n-type semiconductor quasi Fermi level).

Charge carrier losses at electrodes lower the Voc. Open circuit voltage is also affected
by the morphology of the active layer in the polymer fullerene bulk- heterojunction

solar cells.

Fill factor(FF)

The fill factor(FF) of solar cells is determined by

FE = L vpe X Viep

lse XVoc

where Iypp and Vypp are the current and voltage at the maximum power point of I-V
curve in the fourth quadrant. The fill factor perform the diode properties of the solar cell.
In general, large serial resistance(Rs) and small parallel(Rsh) will decrease the fill factor.
By modifying the quality of the ohmic contact between polymer and metallic electrode
can improve the fill factor. Introducing an inorganic metal salt like LiF will reduce the

interface barrier at the interface barrier have been demonstrate.

Power conversion efficiency(PCE)

The definition of power conversion efficiency is the maximum output power divide to

the power of the incident light.

P B FF xVqoe x|«

max

P P

n n

]7:
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2.3  Atomic Force Microscope

The Atomic Force Microscope (AFM) is used to imaged the surface topography of a
sample down to sub-nanometer scale. The AFM however requires no conductivity; here
tip sample interactions are based on mechanic short or long-range forces.

The basic setup of an AFM consists of a measuring unit, a controller and a computer,
which is collecting the data. To accomplish a full image, the sample is scanned
line-by-line over a rectangular area with typically some few hundred line using a sharp

tip. There are three basic measurement modes for the AFM : Contact mode ~ non-contact

mode and tapping mode. The different of which lies in the different tip sample
interaction used to control a constant distance between tip and sample. In the contact
mode the tip is touching the sample with a certain pressure, leading to a bending of the
cantilever at which end the tip is mounted. Both the non-contact and tapping mode used
extend tip sample interaction via van der waals long-range forces over several nm
distances.

For soft organic materials the tapping mode offer destruction less measurement at
high resolutions. In the case of tapping or non-contact mode, a quartz piezo is used to
excite the cantilever to oscillations. The amplitude of these oscillations is depending on
the interactions with the sample surface and its basically the more damped the closer the
tip approaches to the surface. To keep a constant distance to the surface, the feed back
loop maintains constant amplitude of the cantilever oscillation, which lies typically
between 20 and 100 nm for the tapping mode and less for the non-contact mode. The
amplitude is detected via a reflected laser spot unto a split photodiode detector, and the
controller electronics applies a corresponding correction signal to the z-piezo of the

scanner.
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2.4  UV-Visible absorption spectroscopy

UV-Visible absorption spectra were recorded by a Jasco UV-Visible System.
Before the measurement, we correct the baseline to normalize the incident light. Then,

the sample and the reference glasses were put into each holder as illustrated in Fig. 2.4

Incident light [ | L

™

Detector

4

Incident light

™

Detector

k 4

L

Fig. 2-4 Schematic illustration of absorption spectroscopy setup

The absorbance(A) and transmittance(T) are defined as :

o £ i

IO

A=—logT = —log(IL)

0
Where I and I are the intensity of light at a certain wavelength passing through the

sample and reference, respectively. The absorption spectra were obtained by plotting A

as a function of wavelength.

23



2.5 Cyclic Voltammetry

Cyclic voltammetry is a type of electrochemical measurement. In a cyclic
voltammetry experiment the working electrode potential is ramped linearly versus time
like linear sweep voltammetry. Cyclic voltammetry takes a step further than linear
sweep voltammetry which ends when it reaches a set potential. When cyclic
voltammetry reaches a set potential, the working electrode's potential slope is inverted.
The change of slope can happen several times during the experiment. The current at the
working electrode is plotted versus the applied voltage. Cyclic voltammetry is generally

used to study the electrochemical properties
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Fig. 2-5 Typical cyclic voltammogram where iy and i, show the peak cathodic and

anodic current respectively for a reversible reaction

Cyclic voltammetry experiments are typical carried out in a three electrochemical
cell consisting of a platinum working electrode, a platinum counter electrode and a

silver-silver chloride (Ag/AgCl) reference electrode. Because the onset values for
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oxidation and reduction potentials of a reactant are determined versus Ag/AgCl. The
redox couple ferrocene/ferricenium ion (Fc/Fc") was used as external standard. The
estimations were done with the relation given as follows

EC =[-€(Eyetws.ag/agery — E T AgCI))] —4.8eV

where includes the ferrocene value of -4.8Ev with respect to the vacuum level.
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2.6 AC Impedance Spectroscopy

Impedance spectroscopy, and also known as electrochemical impedance spectroscopy
(EIS), measures the dielectric properties of the materials. It is based on the interaction of
an external field with the electric dipole moment of the sample, often expressed by
permittivity.

This technique measures the impedance of a system over a range of frequencies, and
therefore the frequency response of the system, including the energy storage and
dissipation properties, is revealed. Often, the data obtained by EIS is expressed
graphically in a Bode plot or a Nyquist plot.

Impedance is the opposition to the flow of alternating current (AC) in a complex
system. A passive complex electrical system comprises both energy dissipater (resistor)
and energy storage (capacitor) elements. If the system is purely resistive, then the
opposition to alternating current (AC) or direct current (DC) is simply resistance.
Almost any physico-chemical system, such as dye-sensitized solar cell, organic solar
cell, oscillatorsand even biological tissue possesses energy storage and dissipation
properties. EIS examines them.

This technique has grown quickly in stature over the past few years and is now being
widely employed in a wide variety of scientific fields such as fuel cell testing,

biomolecular interaction, and microstructural characterization.
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2.7  X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique
that measures the elemental composition, chemical state and electronic state of the
elements that exist within a material. XPS spectra are obtained by irradiating a material
with a beam of X-rays while simultaneously measuring the kinetic energy and number
of electrons that escape from the top 1 to 10 nm of the material being analyzed. XPS
requires ultra-high vacuum (UHV) conditions.

XPS is a surface chemical analysis technique that can be used to analyze the
surface chemistry of a material, or after some treatment, for example: fracturing, cutting
or scraping in air or UHV to expose the bulk chemistry, ion beam etching to clean off
some of the surface contamination, exposure to heat to study the changes due to heating,
exposure to reactive gases or solutions, exposure to ion beam implant, exposure to

ultraviolet light.
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Fig. 2-6 Basic components of XPS system.'
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Chapter 3 Preparation and Analysis of Titanium

Oxide with Different O/Ti ratio

Titanium oxide prepared by sol-gel method is a promising material as an electron
transport layer in conventional type photovoltaic. Sol-gel method is easy to control
materials by modulation of reaction conditions e.g. temperature, pH, etc.

Here, by control the synthetic variables, we prepare the titanium oxide with

different O/Ti ratio.

3.1 Introduction of Titanium Oxide

A.J. Heeger et al. synthesis TiOx by sol-gel method, introduce TiOx into
bulk-heterjunction OPV and enhanced the device performance successfully.*! The use
of TiOy provides several opportunities; specifically, the TiOy layers enable higher
performance from single cells, longer lifetime as a result of prevented the intrusion of
oxygen and water vapor'¥, and the fabrication of the tandem cell architecture!'”!

The TiOy functions as an electron transport layer. Owing to the oxygen deficiency,
the TiOy layer is n-type doped. As a result, the inclusion of the TiOy layer between the
charge-separating layer and the aluminum cathode does not result in an increase in the
series resistance!'®!. Moreover, since the conduction band level match to the Fermi
energy of aluminum, there is facile electron transfer from the TiOy electron transport
layer to the aluminum cathode. Moreover, the TiOx functions as a hole-blocking layer

since the valence band level of TiOy is sufficiently electronegative and below the

HOMO of electron acceptor, to block holes.
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3.2 Sol-Gel Method

A colloid is a suspension in which the dispersed phase is so small (~1-1000nm) that
gravitational forces are negligible and interaction are dominated by short-range forces
such as van der Waals attraction and surface charges. A sol is a colloidal suspension of
solid particles in a liquid, these type of colloids can be used to generate particles from
which ceramic materials can be made!'’.

In the sol-gel process the precursors (starting compounds) for preparation of a colloid
consist of a metal or metalloid element surrounded by various ligands. Transition metal
alkoxides, M(OR)z, are widely used as molecular precursor to glasses and ceramics.
Metal alkoxides are in general very reactive due to the presence of highly
electronegative OR groups that stabilize M?. For coordinatively saturated metals in the
absence of catalyst, hydrolysis and condensation both occur, then followed by proton
transfer from the attacking molecule to an alkoxo or hydoroxo-ligand within the

transistion state and removed of the protonated as either alcohol(alcoxolation) or

water(oxolation)™*.(mechanism of sol-gel method be depicted in figure 4.1)
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There are many potential application of sol-gel-derived materials. Applications for
sol-gel processing derive from the various state (e.g. films, fibers and powers). There
are many advantages of sol-gel process, such as better homogeneity from raw materials,
lower temperature of preparation, select the appropriate conditions can be prepared a
variety of new materials...etc.

Films and coatings represent the application of sol-gel process”.. Thin films formed
by dipping or spinning and may be processed quickly without cracking. The early
applications for sol-gel films were in optical coatings as reviewed by Schroder'®. Since
then, many new used for sol-gel films have been proposed in electronic, protective...etc.
Livage and coworker have reviewed the electronic properties of transition metal oxide
by sol-gel method, including titania, vanadia, and tungsten oxide.l”™ Protective film!
impact corrosion, promote adhesion, or provide planarization. Electronic passivation of
a surface requires a dense, high-purity, pin-hole free film exhibiting high dielectric
strength, low conductivity, and low surface state densities. In silicon-based
microelectronics applications, sol-gel films are a low-temperature alternative to thermal

Sio2M1Y1,
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3.3  Synthesis Procedures of Titanium Oxide

Chemicals:

Titantum(IV) isopropoxide: Ti(OCH(CH3),)s purum grade 98%

2-methoxyethanol: purum grade 98%
Ethanomine: purum grade 98%
CH,

Fig. 3-2 Structure of Titanium(IV) isopropoxide(left) 2-methanoxyethanol(middle) ~

Ethanolamine(right)

Apparatus:

Four-neck flask (250ml) ~ L-shape valve - Celsius thermometer ~ cork ~ agitator ~ reflux

condenser

Methods:

I.  Add 50ml 2-methoxyethanol into a 250ml four-neck flask and put a small agitator
of size about 2.5cm in length into the four-neck flask.

II.  Stir the agitator and add 10ml Titanium(I'V) isopropoxide slowly to the four-neck
flask to avoid the temperature increases dramatically. After a while, Sml

enthanolamine was added.
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IV.

VL

Slowly raise the temperature of the system to 80°C for 2 hours under high purity

argon flow in order to get rid of oxygen and water molecules.
After 2 hours, the solution was heated to 120°C for 1 hour.

Repeat the thermal procedure( 80°C and 120°C ).

Turn off the hot plate, when the system was cooled down to room temperature, the
final product solution was collected by pouring them into a jar which can be sealed

later.

Fig. 3-3 Different reaction time of titanium oxide

3hrs(left) ~ 6hrs(middle) ~ 9hrs(right)
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3.4 Characteristics of Crystallinity, Particle Size and

Atomic Ratio

3.4.1 X-ray Diffractometry

X-ray diffractometry (XRD) investigate the crystal structure of the titanium oxide
we made. The samples were prepared by spin casting the films on Si wafer. Because the
three species of titanium oxide were treated at low temperatures, the film were
amorphous as confirmed by X-ray diffraction (XRD). (Fig. 3.4). The typical XRD peaks
of the anatase crystalline form appear only after sintering the spin-cast films at 450 °C
for 2 hrs as shown., and the diffraction feature identical to the XRD patterns for the

standard values of JCPDS No.21-1272(anatase TiO, crystal).

TiO

X

[P astnetn Mgty trensamtertbatnsan]

TiO,

Intensity

20 0 40 0 60

Fig. 3-4 X-ray diffraction pattern of titanium oxide, as synthesis(color orange to red,

reaction time for3hrs ~ 6hrs and 9hrs, respectively.)
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anneal at 450 °C(bottom)
3.4.2 X-ray photoelectron spectroscopy

To investigate the composition of synthesized TiOx, high resolution XPS in
accordance with Ti 2p and O 1s was shown in Fig. 3.5. Integrated peak area incorporate
with sensitivity factor (1.798 for Ti 2p and O 1s 0.711) was applied for composition
calculation. The O/Ti ratio was found to increase with respect to prolonging hydrolysis
duration. The O/Ti ratio could be controlled in the regime from 1.5 to 1.9. (shown as
Table 3.1) The lateral representation for TiOx with different composition were

demonstrated as low, medium and high respected to the hydrolysis duration.
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Fig. 3-5 XPS quantification of atomic composition for reaction (a)3hrs ~ (b)6hrs ~
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(c)%hrs

Table 3-1 O/Ti atomic ratio for different reaction time.

Low(3hrs) Medium(6hrs) High(9hrs)

1.51 1.68 1.91

Calculated O/Ti ratio indicated the synthesized TiOx from sol-gel approach is
chemically non-stoichiometric compound. Deconvolution of Ti 2p spectra for TiOx with
different O/Ti ratio was shown in Fig. 3.6. The TiO,.x component was found to decrease
with prolonging hydrolysis duration. Binding energy shift from 457.6 eV to 458.1 eV
was also observed with respect with duration. More interestingly, color of synthesized
TiOy gel was found to turn from light yellow to deep orange with prolonging duration as
indicated in in Fig. 3.6. Since color of transition metal compound is highly affected by
coordination number, color change from colorless to yellow of titanium complex was
observed due to coordination change from 4 to 5.'”! Recall the TEM image in Fig. 3.7,
particle size growth was highly affected by hydrolysis duration. With the aspect of
crystal growth, dangling bond is commonly appeared in small size nanostructure,
number of such dangling bond trend to truncate with enlarge size of nanocrystal (i.e.
through maximize the coordination number of central atom). Regarding the above
evidences and compare the binding energy of anatase phase TiO2 (459.1 eV) ' the
binding energy shift toward higher binding energy region could attribute to the

progressing enhancement of coordination number during hydrolysis.
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Fig. 3-6 Ti 2p XPS spectra of titanium oxide with different reaction time after

deconvolution. Reaction for (a) 3hrs (b) 6hrs (¢) 9hrs

3.4.3 Transmission electron microscopy

As the reaction time become longer, the color of titanium oxide become more
deep (it’s from light yellow to deep oxblood red ). From TEM image, the particle size
of titanium oxide increase with the reaction time (Fig. 3.7). The diameter w is about

~10nm for the lowest O/Ti ratio and ~20 nm for the highest O/Ti ratio.
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We could explain that, the more reaction time we made the more alcoxolation or
condensation reaction occur, so the radical bond to the others and expand to a more

larger particle in 3-dimension.

(b)

=2 nm

Fig. 3-7 TEM image of titanium oxide(a)reaction time = 3hrs (b)6hrs (¢) 9hrs
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3.5 Determine the Energy Gap and Conduction Band Level

of Titanium Oxide

3.5.1 UV-Visible spectroscopy

Deposited titanium oxide film of different O/Ti ratio solution on glass by spinning
and measure the absorbance spectrum. Fig. 3.8 is the absorbance spectrum of different
species, the IR and UV range is not obvious different, but 350nm-500nm is quite
different. From the spectrum, the absorption of titanium oxide with high O/Ti is more

than others.

1.0

low O/Tiratio(1.5)
medium O/Ti ratio(1.7)

o 08 high O/Ti ratio(1.9)
g L
ﬂ 0-6 -
f 3
= 04
w b
i 02}
0.0

300 400 500 600

Wavelength(nm)

Fig. 3-8 Absorbance spectrum for different O/Ti ratio.

The band gap of material can be determined the Tauc plot!'?. Tauc’s plot shows the
quantity hv (the energy of the light) on the abscissa and the quantity (ahv)" on the

ordinate, where a is the absorption coefficient of the material. The value of the exponent
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r denotes the nature of the transition; for example, r = ' for indirect transitions
2 2
(ahv) “=B"" (hv -Eg) 3.1)

The resulting plot has a distinct linear regime which denotes the onset of absorption.
According to equation (3.1), the interception of x-axis represent for the band gap of the
material. Figure 4.8 show the result, the energy band is 3.75e¢V ~ 3.62eV ~ 3.25¢V for
three different O/Ti ratio, respectively. The energy gap is about 3.2ev for TiO,

nanoparticle, so when the reaction time more longer, the O/Ti ratio approach to 2:1 and

the energy gap approach to TiO;.

20
low O/Tiratio(1.5)
15 medium O/T1ratio(1.7)
o [ | ——high O/Tiratio(1.9)
T
S w0}
S -
0 . i
2.5 3.0 3.5 4.0

Photon energy(eV)

Fig. 3-9 Tauc plot of titanium oxide with different O/Ti ratio

3.5.2 Cyclic voltammetry measurement

From the Tauc plot, we know the band gap is quite different from the O/Ti ratio. If
a material that can be used as an electron transport layer, the level of conduction band

preferably lower than the LUMO of the electron acceptor, here, PCBM.
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Cyclic voltammetry is a useful tool to determine the band position of an unknown
material. By utilized a known material (Ferrocene) as a reference, we can get the band
position of the unknown material which relative to the band position of reference. By

equation (4.2), we can calculate the band position of material relative to vacuum level.

Ec= [_e(Eonset(vs.Ag/AQCI) B E(Fc/Fc*vs.Ag/AgCI))] —4.8eV (3.2)

From data of cyclic voltammetry, the onset position for low ratio to high is -1.22V ~
-1.17V ~ -0.94V, respectively. By equation (3.2), we calculate the band position relative
to vacuum is 3.92eV ~4.11eV ~4.32eV. Then, combine to the band gap (Fig. 3.9), we can

get the level of conduction and valance band. Fig. 3.14 shows the band diagram of the
titanium oxide of different O/Ti ratio. By data of absorption and cyclic voltammetry, we

also determine the band position of TiO, nanoparticle.( Fig. 3.13)
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Fig. 3-10 Cyclic voltammograms of titanium oxide with different O/Ti ratio

low(left), medium(middle), high(right).
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Fig. 3-11 Cyclic voltammograms and Tauc plot of TiO,

Table 3-2 Summarized of the conduction and valence band level

Medium 0.48 4.11 3.62 73
High 0.48 -4.32 3.28 7.6
TiO, 0.48 -4.37 321

Fig. 3.12 shows the band diagram with different O/Ti ratio. When increase the O/Ti
ratio, the band gap become smaller and the position of conduction and valance band
change simultaneously. The position of conduction band decrease from 3.92eV to
4.32eV when 4.37eV for TiO; nanoparticle. The position of valance band increase from
7.73eV to 7.60eV when 7.58eV for TiO, nanoparticle. In a nutshell, more reaction time

we made, more O/Ti ratio we get and the band diagram is more like to TiO;

nanoparticle.
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Fig. 3-12 band diagram of titanium oxide with different O/Ti ratio.
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Chapter 4 The Performance of Device with Different
Titanium Oxide as Electron Transport

Layer

4.1  Fabrication of Polymer Solar Cell with Titanium Oxide

The photovoltaic device was fabricated as following procedures, ITO substrates were

etched and clean with acetone ~ methanol ~ DI water : Hydrogen peroxide : Ammonia

(volume ratio, 5:1:1) and isopropanol then dried with nitrogen flush.

Device structure shows in Fig. 4.1. Substrates were treated with oxygen plasma for 5
minutes after that the work function of ITO will increase and the surface become
hydrophilic. PEDOT:PSS as hole transport layer was spin-cast on the ITO
substrate(5000rpm, 50s), it can also smooth the ITO surface. The photoactive layer was
deposited on the top of the PEDOT:PSS layer by spin coating using a 10:8 weight ratio
blend consisting of P3HT and PCBM dissolved in chlorobenzene. The titanium oxide as
electron transport layer was spin-cast (3000rpm ,30s) on the top of the photoactive layer

then annealed at 80°C in air(10minutes) to remove the residual solvent. The aluminum

electrode was deposited by thermal evaporation in a vacuum at a pressure about 5x 10

Torr. Before the measurement, the device will anneal 150°C to crystallize the

photoactive layer then get a better performance.
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Al
TiOx

Active
layer

PEDOT:PSS
TCO

Fig. 4-1 Structure of the device with TiOy

Clean with acetone ~ methanol -
DI water : hyperoxide : aminia(5:1:1) and isopropanol

!

PEDOT:PSS(5000rpm,50s)

}

P3HT : PCBM(weight ratio,10:8)(700rpm,60s)

!

Ti0x (3000rpm,30s)

)

Deposited Al electrode by thermal evaporation.

Fig. 4-2 the flow chart shows the procedure for preparing device.
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The band diagram of the entire device depict in Figure 5.3. The n-type material
which facilitates electron transfer from the LUMO of the acceptor to the conduction
band of the metal oxide. The conduction band level of TiOy is lower than the LUMO of
PCBM, so the photoinduced electrons in active layer will transfer to TiOy. And the
valance band level of TiO; is lower than the HOMO of PCBM so it can also block the

hole carries and reduce the recombination.

3.3eV

92eV

4.2¢V

6.1cy

7.58eV
7.73eV |

Fig. 4-3 Band diagram of the device
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4.2 Device Performance with TiO, Dispensed in Different

Solvent

Because the concentration of original TiOx solution is too high to spin on the top of
active layer, it will be difficult to form a uniform film so we will dilute the solution. We
use alcohols (2-methoxyethanol) as our solvent during synthesis process, in order to get
a miscible solution we choose several alcohols as our dilute solvent.

We use butnol, pentanol, hexanol as our dilute solvent, volume ratio of 1:100 to dilute
the original solution. Fig. 4.4 shows the device performance using different dilute
solvent. The short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor
(FF), and power conversion efficiency values for device are summarized in table 4.1.
The insertion of TiOx as an electron transport layer between active layer and Al
electrode result in a substantial increase Voc and Jsc, leading to an enhancement in
power conversion efficiency (4.11%) for dilute in butanol. Pentanol also enhance the
performance but not better than butanol as the dilute solvent, but hexanol not only

decrease efficiency but also reduce the overall performance.

Table 4-1 Summaries of the device performance of conventional polymer solar cells

using TiOy as electron transport layer dilute in different solvent.

Voc(V) Jsc(mA/em2) FF(%) n (%)

Conventional 0.57 9.40 57.2 343
Butanol 0.64 9.69 63.1 4.11
Pentanol 0.59 9.46 58.2 3.51
Hexanol 0.57 3.87 54.3 297
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Fig. 4-4 Current-voltage characteristics of the polymer solar cells consisting of TiOy as

an electron transport layer. dilute in different solvent.

Generally speaking, the nanomorphology is important for device performance. Fig.
4.5 shows the morphology and phase image of the active layer covered by TiOy dilute in
different solvent. From AFM image, the morphology is not obviously different form
solvent but the phase image is quite different. the roughness values is 3.78 nm(in

butanol) ~ 4.96 nm(in pentanol) and 5.56 nm(in hexanol), respectively.

Fig. 4.6(a) shows the phase image of the active layer, the contrast is very strong
because of the phase separation of P3HT and PCBM. When TiOx spin on the active
layer, the phase image is different from P3HT:PCBM. Fig. 4.6(b)-(d) show the phase
image of TiOx spin on the active layer. The butanol as solvent result in a uniform thin
film in the active layer when pentanol is a semi-continuous. However, hexanol as dilute

solvent cause a non-continuous film so reduce the device performance. Based on these
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results, butanol is a good dilute solvent that can form a uniform, dense film on active
layer. Because of this, it reflects the reason of butanol as a solvent can have better
performance. In the follow-up study, we select butanol as a solvent to mix with our

original solution.

26.2nm 61.6nm

3 um

Fig. 4-5 the morphology of titanium oxide dilute in different solvent.
(a)original active layer(b)cover by titanium oxide(dilute in butanol) (c) cover by

titanium oxide(dilute in pentanol) (d) cover by titanium oxide(dilute in hexanol)
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Fig. 4-6 the phase image of titanium oxide dilute in different solvent.
(a)original active layer(b)cover by titanium oxide(dilute in butanol) (¢) cover by

titanium oxide(dilute in pentanol) (d) cover by titanium oxide(dilute in hexanol)
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4.3  Device Performance with Different O/Ti Ratio

4.3.1 Device performance

From Fig. 4.3, titanium oxide with different O/Ti ratio can be used as the electron
transport layer because of their conduction band level is lower than the LUMO of
PCBM, so we spin the different titanium oxide on top of active layer and observe the
effect of different conduction band level on our devices. Fig. 4.7 shows the device
performance using different O/Ti ratio. The short-circuit current density (Jsc),
open-circuit voltage (Voc), fill factor (FF), and power conversion efficiency values for
device are summarized in table 4.2. From table 4.2, we can see when increase O/Ti ratio,
the performance is quite different. The devices with low O/Ti ratio have the best
performance and the value of Jsc, Voc, FF, is higher than device without TiOy. The
device with medium O/Ti ratio enhanced the device performance slightly. However, the
device with high O/Ti ratio degraded overall performance. Fig. 4.8 shows the EQE
spectrum of device fabricated with and without the TiOy. For the device with the TiOx
layer, the result demonstrate a substantial enhancement in the EQE over the spectrum

that respond to the enhancement of Jsc.
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Fig. 4-7 J-V curve of the device with different TiOx
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Table 4-2 Summaries of the device performance of different O/Ti ratio.

Yoc(V) Jsc(mA/cm?) FF(%) 1N (%)
Conventional 0.57 9.19 576 323
Low 0.63 9.33 66.7 4.11
Medium 0.57 9.38 58.1 3.28
High 0.51 9.21 54.6 263
100
—— With TiO

—— Without TiO_

80

60

40

EQE(%)

20

400 500 600 700 800

Wavelength(nm)

Fig. 4-8 External quantum efficiency spectra for devices with and without the TiOy

We clearly see an improvement in Voc, Jsc, and fill factor (FF) for the devices with
titanium oxide with low O/Ti ratio, resulting in efficient device performances. The Voc
increases from 0.57 V (for the device with no interlayer) to 0.63 V and the FF improves
dramatically up to 66.64%. This yields power conversion efficiency (PCE) of 4.11%.
The device with medium O/Ti ratio also improve the performance (Voc=0.57,

Jsc=9.38mA/cm2, FF=58.12% PCE=3.28%)), but its effect is less than the device with
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low O/Ti ratio.(Voc=0.63, Jsc=9.83 mA/cmZ, FF=66.64% PCE=4.11%). However, the
device with high O/Ti ratio not only did not improve the device but cause decay
(Voc=0.51, Jsc=9.21 mA/cm?®, FF=54.59%, PCE=2.63%).

The morphology is important for device performance, so the various device
performance also may be caused by the different of morphology. Fig. 4.9 shows the
AFM image of the devices with different O/Ti ratio. From these images, these three
species don’t have obvious different, all these species have the similar morphology.
Therefore, the morphology will not be the main reason for the different device

performance that may cause by other factor.

6.89 nm

Fig. 4-9 AFM image of titanium oxide with different O/Ti ratio (a)low O/Ti

ratio(b)medium O/Ti ratio(c)high O/Ti ratio

4.3.2 The effect of band diagram

Because each device only the TiOy layer was different, the characteristics of TiOx
must dominate the device performance. Review the above result, the most different
characteristics for different O/Ti ratio is the band position.

Recall the band diagram of entire device (Fig. 4.3 ), the conduction level of TiOy is
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very different from O/Ti ratio. TiOx provide an appropriate conduction band position is
important for the electron transport from PCBM. Here, the conduction band position of
different TiOy is 3.92ev for low O/Ti ratio, 4.11ev for middle O/Ti ratio and 4.32ev for
high O/Ti ratio. The conduction band position effect device performance is mentioned
in the literature.”

Y. Yang et al. modified the titanium oxide by doping Cs and the device
performance is greatly improvement. They explained that the improvement of device
performance is from the conduction band position changing. The conduction band level
of TiO2 is 4.3 eV, which is slightly higher than the work function of 4.2 eV of the Al
electrode. This results in unfavorable electron charge extraction from the active layer to
the electrode. However, the modified titanium oxide formed a better Ohmic contact that
is created by the decreased conduction band level of the titanium oxide layer (3.93 eV)
such that the interfacial layer facilitates electron transport from the active layer to the
cathode.

In this research, we change the conduction band level by modified the O/Ti ratio
but not doping. However, the similar result we can observe. The conduction band level
of high O/Ti ratio is 4.37 eV and the low O/Ti ratio is 3.92eV, these different may cause
the similar effect, that the electron charge from active layer to electrode is unfavorable
for high O/Ti ratio. Due to the fact, we believe the device performance be effected by

the conduction band level, and cause the different device performance.
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Fig. 4-10 Corresponding energy level diagram of a device based on a TiO2:Cs. !

We have also noted that the open current voltage will change by introducing
different titanium oxide. Table 4.3 summaries the open circuit voltage with different
O/Ti ratio. In the literature, there are two explanations of the origin of open current
voltage. If the device is non-ohmic contact, the Voc determined by the HOMO of
electron donor and the LUMO of electron acceptor, the Voc increase with the different
of LUMOa and HOMOD.[g] If the device is ohmic contact, the Voc determined by the
cathode and anode, the Voc increase with the different energy level of cathode and
anode.”) According to the band diagram of our result, the model of non-ohmic is more
suitable to describe this case. The TiOx work as an interfacial layer between the cathode
and active layer, in some degree it will modify the cathode. For low O/Ti ratio, the
cathode be modified to a more negative energy level, that will result in a higher Voc. On
the other hand, the high O/Ti ratio will shift the energy level of cathode to a more

positive position, and reduce the Voc. t.
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Table 4-3 Summaries the Voc of the device with different O/Ti ratio

Voc (V)
Conventional 0.57
Low 0.63
Medium 0.57
High 0.51
P3HT
Ohmic contact PCBM Non-ohmic contact P3HT
PCBM
VOCl = 001 VOC2 " S

LUMO, — HOMO, Voes

(ﬂ Cathode ~ ¢Anode

apoyied

apoyie)

Fig. 4-11 Two explanations of the origin of open current voltage

apouy

(@)  p3HT
PCBM

Fig. 4-12 the energy level of cathode.(a)modified by low O/Ti ratio, (b)modified by

high O/Ti ratio.
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433 The conductivity of different O/Ti ratio

The conductivity also plays an important role in OPVs. If we insert a material with
high resistivity that will cause the decrease of Jsc. Usually, for hole transport layer,
PEDOT is doped with PSS (poly(styrenesulfonate)) for improved conductivity.

Here, for the conductivity measurement, a 100nm-thick layer of Ag electrode was
deposited onto a glass substrate. Then TiOy layer was spin on the top of electrode. Then,
the Ag electrode deposited on the TiOy layer again by thermal evaporation. Fig. 4.12

shows the structure of the device.

|

TiOx

Fig. 4-13 Ag/TiO\/Ag device structure

Fig. 4.13 shows the I-V curve of the Ag- TiOy -Ag device, the slopes of the curves
increase as the lower O/Ti ratio. Form the conductivity measurement, the conductivity
increase when decrease the O/Ti ratio of titanium oxide, table 4-4 shows the
measurement results. The similar results have been proposed in the literature”. Fig.
4.14 shows the result of conductivity vs. O/Ti ratio. For nonstoichiometric thin films of
TiOx obtained by reactive sputtering. It demonstrates the existing correlation between
the electrical resistivity and film composition. When the O/Ti ratio decrease, that is, for
increasing deviation from the oxygen stoichiometry X, TiOx thin films become more

conducting. The close relationship between conductivity and X indicates that oxygen
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nonstoichiometry is the source of electrons in the conduction band of titanium oxide
thin films.
The conductivity measurement of Ag- TiOx -Ag structure demonstrates higher O/Ti

ratio decrease conductivity and increase the series resistivity in device.

03F —1low
[ | —medium
| high

Current(mA)

-1.0 -0.5 0.0 0.5 1.0

Voltage(V)

Fig. 4-14 1-V curve of the Ag- TiO4-Ag device

Table 4-4 Electrical resistivity and conductivity of different titanium oxide

Resistivity({2-cm)  Conductivity({2-cm)1

Low 4974.51 2.11x 10+
Medium 5847.58 1.71x 10
High 7167.72 1.39x 10+
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Fig. 4-15 Atomic ratio O/Ti of oxygen to titanium (left-hand scale) and electrical
conductivity (right-hand scale) as a function of the growth rate of TiOy, films; lines

drawn to guide the eye.”

Based on the above, different conductivity and conduction band level caused by the
O/Ti ratio. The titanium oxide with low O/Ti ratio used in OPVs can get a better device
performance, because of the appropriate conduction band level facilitates electron

transport from the active layer to the cathode, and also has a better conductivity.

43.4 Summary

By controlling the synthesis parameters, titanium oxide with different O/Ti ratio
we get. Different O/Ti atomic ratio will effect the characteristics of titanium oxide. the
band gap, conduction band level and the conductivity. These characteristics is related to
the device performance, therefore different device performance we observed.

The titanium oxide with low O/Ti atomic ratio, it is the best one for electron
transport layer in OPV because of its conduction level close to the LUMO of electron

acceptor(PCBM) and the resistivity is also lower.
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4.4  Air Stability of OPV with TiO,

The diffusion of oxygen and water vapor into the photoactive layers is inevitable.
Moreover, most semiconducting polymer materials degrade when exposed to humidity

and/or oxygen, and photo-oxidation can be a serious problem.**!

OR
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_— 0~"1g" N/ o0
Glass °

Fig. 4-16 The TiOy layer acts as a shielding and scavenging layer which prevents the
intrusion of oxygen and humidity into the electronically active polymers

It has been proposed that inorganic oxides are quite stable to oxygen and moisture. '
By introducing a titanium oxide (TiOy) layer between the active layer and the aluminum
cathode in organic solar cell. The TiOy interlayer promised the devices with excellent air
stability and with enhanced performance.

The TiOy layer acts as a shielding and scavenging layer which prevents the oxygen
and humidity diffuse into the photoactive layer, therefore improving the lifetime of
unpackaged devices exposed to air.

The TiOy layer improves the lifetime of polymer-based solar cells. Fig. 4.16

compares the I-V curve The device without TiOx shows typical photovoltaic response
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with device performance; the short circuit current (Jsc) is Isc = 9.17 mAcm-—2, the open
circuit voltage (Voc) is Voc = 0.58 V, and the fill factor (FF) is FF = 0.55. These values
correspond to a power conversion efficiency of n= 3.36 %. When these devices were
stored in the ambient air for 150hours, a dramatic decrease in short circuit density was
observed as the storage time increased, the PCE dropped from 3.36% to 0.61% and the
Voc also degraded from 0.58 V to 0.51 V. However, for the device with the TiOy layer,
the initial performance was comparable to those of the conventional devices without the
TiOy layer; Jsc = 9.69 mAcm-2, Voc = 0.64 V, FF = 0.63, yielding n= 4.1 % and even
storage in air for 150hours, the device performance still remains a good
performance.( n= 3.3 % ) Note, these two type devices were fabricated by using the
same procedure.

Fig. 4.17 shows the efficiency versus storage time of an OPV with and without the
TiOy layer (no external packaging or encapsulation were used). After storage in are for
150hours, the efficiency of device without TiOx drops to 20% of initial value, whereas

the TiO4 device remains 85% of initial value.
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Fig. 4-17 Device performance as a function of storage time for polymer solar cells. The
current density-voltage (J-V) characteristics of polymer solar cells with(a) and without

the TiOx layer(b)
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Fig. 4-18 Comparison of the power conversion efficiencies as a function of storage time

for polymer solar cells with and without the TiOy layer

In normal case, the device was used under illumination, therefore we also measure
the air stability of device under illumination condition. Fig. 4.18 shows the device
performance as a function of storage time for OPVs with and without the TiOy layer
measured after various storage time in the air under AM1.5 illumination from a solar
simulator with an intensity of 100 mWcem 2. Under illumination for two hours, the
device with TiOx still remain around ~95% of initial value in Voc, Jsc, FF and PCE, but
the device without TiOx decayed quickly in such condition, the Voc, Jsc, FF and PCE

drop to around 80% of initial value.
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Fig. 4-19 the performance of device as a function of storage time for polymer solar cells

with and without the TiOy layer

Air stability of these two type devices (with and without TiOy) exhibit a huge
difference, AC impedance measurements were carried out to investigate the change in
the performance of the device with TiO.

Fig. 4.19 shows the nyquist plots, the frequency range was from 20 Hz to 1 MHz, and
the magnitude of the alternating signal was 5 mV. From the result of EIS, the Rp value
gradually decrease from 1.1 x10* ohm in the dark to 387 ohm after irradiation. This
large decrease in resistance is due to a large increase in the number of photoconductive

carriers in the P3HT : PCBM induced by light irradiation. From this result, this

semicircle recognized as photoactive layer.

67



70300
w0 b (2) ®) | Ligh]
— soaef
2 Joom 5
‘ 4 a0 =
5 g a0
= 30000} o ol
& z
i % o~
10900 \
[ 3
L 'l 'l A 'l Il 0 2 2
D 20000 40000 600D 80000 L0DODE L20000 200 100
Z'(Ohm} Z'(Ohm)

Fig. 4-20 The nyquist plots of device (a)dark ~ (b)light

We observe the resistivity in active layer, measure the data under illumination for 2
hours. Fig. 4.20, the Rp value of the device without TiOy increase with the irradiation
time while TiOx almost remain constant. The insert shows the equivalent circuit, the two
equivalent is not the same, because of by introducing the titanium oxide into the device
a p-n junction form between active layer and TiOy, compare with the device without
TiOy, the CPE2 and R2 added. The Rp value vs. irradiation time is depicted in Fig. 4.21.
At 0 minute, the Rp value is 387, after illumination for 2hrs , the Rp value raise to
620.82. On the other hand, the Rp value of the device with TiOy increase slightly with
irradiation time. At 0 minute, the Rp value for the device with TiOy is 155.87 and
increase to 190 slightly for 2 hours under illumination.

The dramatically raised in Rp of device without TiOx may due to the intrusion of
oxygen and humidity into the photoactive layer and degrade the polymer. However, the
TiOy as a shield layer, effective protection of the polymer. Under illumination for long

time, the devices still keep the high performance.
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Fig. 4-21 The nyquist plots

of device (a) withouty (b) with TiOy

69



650

600 H—— Without TiOx
550 H—e— With TiOx
500
- 450 F
E 400 F
O 350F
~—’ L
= 300 -
& 250F
200
150 F — e e
10[} ] a ] a ] a 1 a ] a ] a ]
0 20 40 60 80 100 120
Time(mins)
20
1.9 [ | —=— Without T10x
5 L8R . With TiOx
| e
; . .
o Lof
~— 15k /
E 14F ‘//./.
é' 13F e
1.2 - /.'/, —
1.1k /_./
1 !} B i 2 [ [ [ 2 2
H 20 41 HE M ey 120
Time(mins)

Fig. 4-22 The Rp value of device as a function of irradiation time.
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4.5 Summary

Different O/Ti atomic ratio will effect the characteristics of titanium oxide, the
conductivity and the conduction band level of TiOy is related to the performance,
therefore different device performance we observed.

By introducing TiOx in OPV, it serves as protective layer for device and avoid the
photoactive to deterioration effectively. In ambient air, the performance of device
without TiOy decay quickly, however the device with TiOy still keep high performance
for long time storage. Under illumination, the value of Rp for device without TiOx
increase almost double than initial value while the device with TiOy increase slightly for

2 hours.
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Chapter 5 Conclusions

In this research, we modify the O/Ti ratio of titanium oxide by an easy method, that is,
controlled the reaction time. The O/Ti atomic ratio increase with reaction time and that
will change the characteristics of the titanium oxide. Different O/Ti ratio cause different
band gap, conduction band level and resistivity. By introducing titanium oxide layer
between the active layer and the aluminum cathode in organic solar cell, the O/Ti ratio
will effect the device performance. The titanium oxide with low O/Ti atomic ratio, it is
the best one for electron transport layer in OPV because of its conduction level close to
the LUMO of electron acceptor(PCBM) and the resistivity is also lower.

Air stability is a serious problems for the development of OPVs. The performance of
conventional device(no external packaging or encapsulation were used) degraded in the
air dramatically. However, by introducing TiOx as a shielding layer, the device will
remain high performance even storage in air for a long time.

In a nutshell, the TiOy is not only a good electron transport layer that enhance
efficiency but also provide a protection for photoactive layer, thereby,

TiOx improve the device performance and protect the photoactive layer effectively. It’s

foreseeable that the disadvantage of OPV can be can be overcome step by step.
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