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Abstract
Polymer based organic solar cells are promising due to advantages including light
weight, mechanical flexibility and low cost roll- to-roll processing. Currently, organic
solar cells have two major limitations, namely lower conversion efficiency and poor
long-term environmental stability compared with inorganic solar cells. One method to
address these limitations involves applying few tens of nanometer thin films of solution
processable TiO x in organic solar cell applications. The TiO x thin film is used for
enhancement of optical absorption and for protective coatings. The work described in this
dissertation studied the properties and applications of this TiO x material for organic
photovoltaic devices.
The optical, structural, and morphological properties are important for optical
applications. Optical constants were calculated by ellipsometry and modeling. X-Ray
Diffraction (XRD) and Atomic Force Microscopy (AFM) were used to study the physical,
structural and morphological properties. The results indicated that the sol- gel TiO x may
be used in optical thin film applications as an antireflection layer.
Electrical properties such as electrical resistivity and photoconductivity were
studied. The resistivity of TiO x was calculated as 1.5 ×107 Ω∙cm for the as-deposited
films using vertical transmission line measurement model. The thermal annealing effect
and temperature dependence of the resistivity of TiO x thin films were also investigated.
The degradation of the PCBM/P3HT organic solar cell was studied under
different UV light intensities and gas environments. Transmission infrared (IR) and
Electron Spin Resonance (ESR) spectroscopies were used to study the chemical changes

of the TiO x thin films under different conditions. The results suggested that the
photochemical removal of O2 by TiO x films passivated the organic solar cells from
oxygen induced degradation. The protection capacity by TiO x films was calculated.
Distribution of the local photocurrent in the cells with and without TiO x protection layers
were obtained by laser beam induced current measurements. The results demonstrated
that the introduction of the TiO x layer could effectively absorb water/oxygen from
ambient air. TiO x thin films protected the cells at the edge of the devices.
Further improvement of the TiO x material properties was achieved by doping. Fe
doped TiO x material improves the organic solar cell efficiency while Cs doping does not
benefit efficiency. The photovoltaic characteristic parameters such as efficiency, open
circuit voltage, short circuit current and fill factor are reported.
The application of the TiO x material on inorganic Si solar cells was also explored.
Silicon solar cells using TiO x thin films for surface passivation and anti-reflection
coatings were successfully fabricated. The obtained efficiency of 15.7 % is comparable
with devices using SiO 2 and Si3 N4 as passivation and anti-reflection layers, respectively.
The passivation effects were evaluated by near surface lifetime measurements.
This work covers the measurements of the fundamental optical and electrical
properties, protection mechanism, modification and application of the TiO x material.
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Chapter 1.

Background

1.1 Photovoltaic
With the rising concerns of fossil fuel depletion and global warming, there is a
growing demand for renewable and clean energy sources. Photovoltaic (PV) cells are one
of the most promising choices. Of all the renewable resources, solar is by far the most
abundant [1]. Photovoltaic solar power has several advantages. For example, photovoltaic
cell modules produce no emissions and can be installed and operated anywhere including
remote locations and areas with poor accessibility.
Photovoltaics are also currently one of the most expensive sources of renewable
energy. Two categories of PV cells are used in most commercial PV modules: crystalline
silicon and thin film. The crystalline silicon PV cells are the most efficient of the
mainstream PV technologies and accounted for about 84% of PV cells produced in the
world in 2008 [2].
Higher-efficiency modules require less installation area per watt of electricity
production than lower-efficiency modules. Photovoltaic modules have undergone
significant cost reductions over the last few decades, which is illustrated in Figure 1-1[2],
and shows the average global PV module selling prices for all PV technologies. Thin- film
PV technologies achieved lower manufacturing costs and selling prices than crystalline
silicon modules.
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Figure 1-1: Global, average PV module prices, all PV technologies, 1984-2010, $/Wp
stands for the prices that are not adjusted for inflation. 2010 $/Wp stands for the prices
that are adjusted for inflation [2].
The price is affected by many factors such as efficiency. The current estimated
effect is a $0.10 increase in price per 1 % increase in efficiency. One way to reduce the
cost is to simplify the processing techniques. Currently, Si solar cell fabrication requires
special processes. For example, the anti-reflection coating and surface passivation are
achieved by depositing silicon nitride using plasma enhanced chemical vapor deposition
(PECVD). However, PECVD deposition is time consuming and relatively expensive.
Alternatively, solution processable techniques can be cost effective for anti-reflection and
surface passivation.

2

Organic solar cells offer the potential for substantial manufacturing cost
reductions. Organic semiconductors have relatively strong absorption coefficient
(usually >105 cm-1 ) [1]. Therefore they offer the possibility for the production of very thin
solar cells with low specific weight. Organic solar cells can be manufactured using highly
efficient ink-jet printing. Organic semiconductors can also be deposited on thin flexible
substrates that enable integration within products while keeping the weight low.
Concisely, low manufacturing costs can be attained by processing photovoltaic modules
with large-area manufacturing technologies such as high-throughput roll-to-roll printing
techniques onto flexible substrates.
One of the most promising device structures for organic solar cells is the bulkheterojunction, which leads to several breakthroughs in efficiency, reaching 10.6 % [3]. It
composes the blend of a hole-conducting and electron-donating conjugated polymer, such
as the low-bandgap conjugated polymer: poly{2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4c]pyrrole-1,4-dione} (PBDTT-DPP), and an electron-conducting and electron-accepting
compound, such as [6,6]-phenyl-C71 -butyric acid methyl ester (PC 71 BM).
The short operational stability and lifetime remain as the key issues of organic
solar devices. The organic devices are vulnerable to the diffusion of ambient oxygen or
humidity into the active layer. The devices degrade quickly when exposed to air.
Improvement of stability that could comply with concepts such as the simple fabrication
by solution processing, flexibility, and thin form factor are desired for further progress.
Recently, Heeger’s group demonstrated that novel sol- gel TiO x thin films could
dramatically increase the efficiency and lifetime of organic solar cells by using it as an

3

optical spacer, hole blocking layer, and oxygen protecting layer

[4, 5, 6]

. In this project, we

explore this novel solution processable semiconducting TiO x thin films for low cost
photovoltaic applications through investigation of fundamental properties, protection
mechanism, and modification of the TiO x materials.

1.2 Titanium dioxide (TiO2 ) material
1.2.1 TiO2 properties
TiO 2 is a relatively abundant material, existing in nature as the minerals in rutile,
anatase, and brookite. TiO 2 thin films are generally amorphous for low deposition
temperatures

350 C). The properties of TiO 2 thin films strongly depend on the phase of

the material and processing techniques. Typically, TiO 2 has high electrical resistance
with resistivity of 1014 Ω cm [ 7]. It shows excellent optical transmittance in the visible
region.
The electrical conductivity, photoconductivity, and structural and optical
properties of TiO 2 made using different processing techniques and conditions have been
extensively studied.

1.2.2 TiO2 thin films applications
TiO 2 thin films have been extensively used in optical device app lications,
including planar waveguides

[ 8]

, diffraction gratings

[9]

, self-cleaning optical coatings

[10]

,

infrared detectors [ 11], and electrochromic displays [12].
The high refractive index and low absorbance at visible wavelengths make TiO 2
well suited for solar cells applications, such as anti-reflection coatings [ 13 ], surface
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passivation [14], transparent conducting oxide layers

[15]

, and transparent electrodes in dye

sensitizer solar cells [16].

1.2.3 TiO2 thin films fabrication
Various methods are available for the fabrication of the TiO 2 films, including the
sol-gel method

[ 17 , 18 ]

, electron-beam evaporation

[ 19 ]

, electrodeposition

[ 20 ]

, plasma

enhanced chemical vapor deposition (PECVD) [ 21,22], sputtering [23], atmospheric pressure
chemical vapor deposition (APCVD)

[ 24]

, laser ablation

[ 25]

, ion assisted deposition [ 26],

and ultrasonic spraying [ 27]. The properties of the TiO 2 films can be modified by different
processing conditions.
The sol- gel method is one of the most promising techniques. It is a simple and
low cost process. TiO 2 can be synthesized numerous ways. For example, Phadke et al.
produced TiO 2 thin films by spin coating a solution made from titanium isopropoxide,
acetic acid and 1-butanol on silicon substrates

[17]

. Sankapal et al. used titanium peroxide

(titanium peroxo-complex) as a titanium source to produce nanocrystalline TiO 2 (anatase)
thin films [18]. Kaewwiset et al. prepared TiO 2 sol- gel from titanium tetra isopropoxide in
isopropanol by adjusting the pH of the solution using nitric acid [ 28].

1.3. TiOx material
1.3.1 TiOx material properties
The TiO x produced by Heeger’s group contains Ti : O = 42.1:56.4 as determined
by X-ray photoelectron spectroscopy (XPS) measurement
···Ti-O-Ti··· interpenetrating

structures.

The

[6]

. TiOx material contains

uniform dense

TiO x

films

are
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semiconducting. In TiO x , the electron mobility is higher as compared to the amorphous
oxide films prepared by the typical sol–gel processes. The sol- gel precursor is stable, can
be used for coatings after synthesis, and does not require any acid catalyst unlike the
previously mentioned work.

1.3.2 TiOx thin films for protection of organic solar cells degradation
Degradation of organic solar cells in general has been investigated by several
groups. Kwano et al. showed that water absorption by the PEDOT: PSS layer accounted
for some of the observed degradation

[29]

. Reese et al. concluded that the metal/organic

interface can be a major source of degradation

[30]

. Gevorgyan et al. reported that the

degradation mechanism in ambient atmosphere was related to chemical reactions of the
active layer and metal electrodes with O 2 and H2 O [ 31]. The decay of organic solar cells is
complex and may involve several mechanisms.
Different approaches of achieving higher stability have been considered, such as
using improved active materials and encapsulation schemes. Lee et al. demonstrated the
enhanced stability of polymer light emitting diodes and polymer solar cells by
incorporating a solution processable TiO x layer between the active layer and the metal
electrode [5]. TiOx has been used to block the passage of oxygen and humidity into active
layer. The TiO x layer provided the protection from O 2 and H2 O.

1.3.3 TiOx thin films for Si solar cells
Various groups have studied titanium dioxide (TiO 2 ) films deposited by CVD,
sputtering and sol- gel methods for anti- reflection and surface passivation

[32,33, 34]

. The

surface passivation of silicon is usually accomplished by annealing the TiO 2 layer in an
6

oxygen rich atmosphere which leads to the formation of an interfacial silicon dioxide
layer. The other mechanism of surface passivation can be due to the accumulation of
interfacial charges, either positive or negative, depending on the stoichiometry

[35]

of the

films or light- induced effects. The most notable one being in 1987 where the authors
evaporated Ti in an oxygen ambient

[ 36 ]

.

There are few reports, however, which

demonstrate the incorporation of solution processable TiO x films for surface passivation
and an anti-reflection coating, and its application for silicon solar cells.

1.4 Objective of the research
The objective of the research is to study TiO x materials for photovoltaic
applications. Optical and electrical properties are critical in photonic devices for the light
absorption and carrier transport. Therefore, we studied the optical and electrical
properties of TiO x . The optical properties of TiO x thin films were investigated as a
function of wavelength using ellipsometric and optical reflection technique. The XRD
and AFM were used to study the TiO x phase, density and morphology changes under
thermal annealing. The electrical resistivity of solution processable semiconducting TiO x
thin films was investigated. TiO x bulk resistance and contact resistance were extracted
from the vertical transmission line measurement model. Temperature dependence of the
electrical resistivity and the variation of electrical resistivity with different annealing
temperature will be studied.
To verify the postulation that photo-oxidation of the bound organic moieties
causes oxygen gas scavenging, we examined the individual effect of oxygen and UV
radiation as well as their combined effect on the degradation behavior of P3HT/PCBM
organic solar cell devices and the improvements provided by placing the TiO x layer
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between the active layer and a metal electrode. IR and ESR spectroscopy measurements
were used to examine the chemical composition of the films.
Laser beam induced current mapping was used to obtain the local current
distribution of the device with/without TiO x protection.

This data improves the

understanding of the protection mechanism.
The modification of the TiO x material was explored since the TiO x layer changes
the series resistance of the organic solar cells. Doping the metal oxide can improve the
electrical properties of the material. We examined the doping effects of Cs and Fe doping
on TiO x material as well as the effects on the organic solar cell performance.
The application of solution processable TiO x thin films for silicon solar cells was
studied. TiO x thin films were used as anti-reflection and passivation layers. The surface
passivation quality of these films was evaluated by surface lifetime measurement.

1.5 Organi zation of the dissertation
This dissertation is organized in 10 chapters as follows:
Chapter 1 gives a brief introduction of the photovoltaic market and the basic
properties of TiO 2 and TiO x material.
Chapter 2 describes the TiO x precursor synthesis and thin films fabrication. The
TiO x thin films were formed through hydrolysis and condensation. The humidity effects
on the hydrolysis process were studied by infrared (IR) spectroscopy.
Chapter 3 details the optical properties of TiO x thin films. The optical constants of
the TiO x films were studied by ellipsometric technique and 3- layer modeling. Crystalline
structure and surface morphology were examined to explore the origin of the changes of
optical constants of TiO x thin films.
8

Chapter 4 provides the electrical resistivity of TiO x thin films, including
electrical resistivity of as-deposited films, temperature dependence of electrical resistance
of Al/TiO x /ITO structure, thermal annealing effect on TiO x thin films and
photoconductivity under UV illumination.
Chapter 5 gives the introduction of organic solar cells, such as the development of
polymer solar cells, operating principle, donor/acceptor materials and characterization
parameters for organic solar cells. The device structure and fabrication of polymer solar
cells used in this dissertation are introduced.
Chapter 6 presents a study of stabilization of P3HT/PCBM organic solar cells by
a photochemically active TiO x layer. Degradation and improvements by TiO x of organic
solar cells under different condition is shown. The photovoltaic characterization
parameters are analyzed. The protection mechanism is investigated using IR and ESR
spectroscopy techniques. Protection capacity is calculated.
Chapter 7 presents further study on the TiO x protection using a laser beam
induced current mapping technique. The efficie ncy patterns, island formation and
comparison of devices with/without TiO x protection are analyzed.
Chapter 8 shows the results on doping TiO x material with Fe and Cs for further
improvement, such as the doping effects on TiO x resistivity and organic solar cell
performance.
Chapter 9 describes the application of TiO x thin films in Si solar cells. The
photovoltaic device characterization results for Si solar cells with TiO x thin films as a
surface passivation and anti-reflection coating are shown. Surface passivation is
evaluated using results from the near-surface lifetime measurement technique.
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Chapter 10 summarizes the work in this project and shows some possible
directions for future work.
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Chapter 2.

TiOx precursor synthesis and thin films fabrication

2.1 TiOx precursor synthesis
The TiO x material is synthesized using sol-gel chemistry according to reference
[4]

. The experimental set up is shown in Figure 2-1. All the glassware was left in a heating

oven overnight to remove moisture.
The sol–gel procedure started with the injection of titanium isopropoxide [Ti
(OCH (CH3 )2 )4 ] (Aldrich, 99.999 %, 2 ml), 2- methoxyethanol [CH3 OCH2 CH2OH]
(Aldrich, 99.9+ %, 8 ml) and ethanolamine [H2 NCH2 CH2 OH] (Aldrich, 99.5+ %, 0.8 ml)
one by one into a three-necked flask connected with water condensers and a nitrogen gas
inlet at room-temperature. The mixed solution was stirred for 1 hour at roomtemperature. Then it was heated at 80 °C for 1 hour, followed by heating to 120 °C for 1
hour until the solution was transformed to a low-density viscous gel with a dark wine
color. The inside of the flask was supplied with continuous dry N 2 , and the mixed
solution was stirred continuously during the experiment. After cooling to room
temperature, 4 ml methanol was injected to extract the final TiO x sol–gel product.
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Figure 2-1: Experimental set up for TiO x precursor synthesis

2.2 TiOx thin films fabrication
2.2.1 Hydrolysis and condensation
Hydrolysis and condensation occurs when the TiO x sol–gel is taken out into air,
which contains water molecules, resulting in the formation of Ti–O–Ti linkages. These
reactions occur slowly in the solution form, because the methanol solution inhibits the
interaction of the TiO x with moisture in the ambient environment. The reactions are
significantly accelerated, however, after spin casting to form thin solid films.
At present, the hydrolysis reaction scheme proposed by Livage

[37]

is generally

accepted. The first step comprises substitution of one alkoxy group with a hydroxy group
by a nucleophilic mechanism:

12

In the second step, - Ti-O-Ti- bridges form during the course of condensation
reactions:

The thickness of the films can be controlled by adjusting sol- gel concentration
and the spinning speed.
The water molecules act as a catalyst in the hydrolysis process. Therefore
humidity affects the reaction speed of the hydrolysis process. The C-H components in the
–OR group should evaporate after hydrolysis. Therefore we can monitor the C-H
component to characterize the hydrolysis process.
Fourier transform infrared spectroscopy (FTIR) is a useful tool for identifying
types of chemical bonds (functional groups). FTIR can be used to identify chemical
groups in spills, paints, polymers and coatings. The wavelength of light absorbed is
characteristic of the chemical bond. By interpreting the infrared absorption spectrum, the
chemical bonds in a molecule can be determined.
The experiment setup for the humidity effect measurement is described as
follows:
The TiO x material was dissolved to 10 % by volume in methanol, and used at
room temperature to spin coat ~ 200 nm films onto a CaF 2 single crystal disk, which is
transparent in the visible- infrared wavelength. The CaF 2 disk was 25 mm in diameter and
5 mm in thickness. Transmission IR measurements were made with a Nicolet Avatar 330
FT-IR spectrometer.
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Two samples were made to compare the hydrolysis process in high and low
humidity environments. One sample stayed in normal condition. The humidity was
measured as 40 % by humidity meter. Another sample was put on the top of a humidifier,
which generates water vapors at room temperature. The humidity was measured as 70 %.
The FTIR spectrum of spinning coated TiO x film is shown in Figure 2-2. C-H
bonds peak appears around 3000-2750 wave number (cm-1 ), as shown in the black circle
region in the Figure. This C-H bond peak region is the characteristic of the alkoxide
functional groups remaining in the TiO x films. The absorbance indicates the quantity of

0.1

0.075

0.05

0.025

0
3500

3000

2500

2000

1500

Absorbance( arbitrary unit)

the C-H bonds in the films.

1000

wavenumber (cm-1)
Figure 2-2: The FTIR spectrum of spin coated TiO x film
The FTIR spectrum after hydrolysis process is shown in Figure 2-3. The C-H
bond position is basically identical for the two fresh samples right after spin coating, as
shown in Figure 2-3 (a). There are obviously differences after 30 minutes in different
humid environment, as shown in Figure 2-3 (b). The absorbance of the C-H bonds region
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is lower for the sample in the high humidity environment. This indicates the hydrolysis
process is faster in the high humidity environment. There are still differences for the
samples after 4 hours in different humid environments, as shown in Figure 2-3 (c).
However, the spectrums of the two samples become similar after 20 hours, as shown in
Figure 2-3 (d), which indicates that the hydrolysis is complete. The time frame is
consistent with the hydrophobic/hydrophilic measurement reported by Heeger’s group

[4]
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Figure 2-3: The FTIR spectrum of TiO x films on CaF2 during hydrolysis process. Blue
line represents the sample in the high humidity environment; red line represents the
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sample in the high humidity environment. (a) Fresh sample (b) Hydrolysis process for 30
minutes (b) Hydrolysis process for 4 hours (d) Hydrolysis process for 20 hours

2.2.3 Coating morphology
The TiO x sol gel can be spin-coated on flat substrates such as silicon, quartz, glass
and so on. It forms uniform thin films as shown in Figure 2-4 (a).
The spin-coating process on the P3HT: fullerene active layer surface is not
straightforward. Because of hydrophobicity of P3HT (particularly alkyl chain of P3HT),
wetting is not good. To obtain good TiO x films on the surface of P3HT: fullerene active
layer, waiting for approximately 1 min is required after dropping the TiO x solution, then
the spinning starts.
The TiO x thin films also conform well to the chemically textured silicon surface
as shown in the SEM image in Figure 2-4 (b). Placing a spin-coated sample directly on an
80 o C hot plate led to cracked films with poorer quality. Coating thicker films in a single
step leads to solution accumulation between texture cones and severe cracking of the
films was observed. Therefore ramp heating and thin layer coating were used to achieve
uniform coating. A 20 nm TiO x film was spin-coated followed by ramp soft-baking from
25 o C to 80 o C in 20 minutes. Next, an additional 20 nm of TiO x film was spin-coated
followed by soft-baking.
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Figure 2-4: (a) Optical image of a polished silicon surface spin coated with TiO x film
and (b) SEM image of a chemically textured silicon surface coated with 40 nm of TiO x
film

2.3 Summary
In this chapter, we described the synthesis and thin film fabrication of the TiO x
material. The effect of humid on the hydrolysis process in thin film formation was
studied. The hydrolysis process was accelerated in the high humidity environment. The
coating properties on different substrates were also characterized.
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Chapter 3.

Optical properties of TiOx thin films

3. 1. Introduction
As stated in chapter 1, titanium dioxide (TiO 2 ) thin films have been extensively
used in optical device applications. Various methods are available for the fabrication of
the TiO 2 films, including sol- gel method, electron-beam evaporation, electro-deposition
and PECVD. The properties of the TiO 2 films can be modified by different processing
conditions, as a consequence, the optical properties of thin films change. Sol- gel method
is one of the most promising techniques. It is simple and low cost process.
This chapter presents the measurement results of the optical properties of TiO x
thin films. The variation of refractive index of thin films was measured through
ellipsometry and modeling. The AFM was used for measuring the surface morphology
and thicknesses of the films. Further study of X-ray diffraction was conducted to explore
the crystalline nature of the films.

3. 2. Experime nt

3.2.1. Thin films preparation
The TiO x material is synthesized using sol- gel chemistry as described in chapter
2. P-type (1 0 0), 1 ohm-cm silicon wafers were used as substrate. The Si wafer was
dipped in buffered oxide etchant (BOE) for 10 minutes to remove the native silicon oxide
layer. The TiO x precursor solution was then spin-coated on the Si substrate in air. The
sample was baked in air at 90 °C for 10 minutes. The precursor was converted to TiO x by
hydrolysis.
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Annealing was carried out in a rapid thermal annealing (RTA) chamber to study
the variation of optical properties under different annealing temperatures and
environment. The samples were annealed under O 2 or forming gas (mixture of N 2 and
5.05% H2 ) for 10 minutes at 400 °C, 500 °C , 700 °C and 900 °C.

3.2.2. Sample characterization
The measurement of a multi- wavelength refractive index was carried out using an
ellipsometer at an angle of incidence of 70 °. Ellipsometer is an optical technique for the
investigation of the dielectric properties of thin films. The reflection at a dielectric
interface depends on the polarization of the light. The transmission of light through a
transparent layer changes the phase of the incoming wave depending on the refractive
index of the material. An ellipsometer measures the changes in the polarization state of
light when it is reflected from a sample. Then the optical constants can be extracted. The
ellipsometer used in this work is a Jobin Yvon UVISEL NIR Spectroscopic Phase
Modulated Ellipsometer. The data was obtained from 350 nm to 800 nm.
The thickness of the spin coated films was also measured using AFM. AFM
measures the height between substrate and the top of the TiO x films.
The surface morphology of the films was investigated by Dimension Nanoscope
3100 AFM. AFM was set to non-contact scanning probe microscopy mode. Scanning of
the sample surface was taken before and after annealing, and root mean square (RMS)
surface roughness was calculated.
The structure and crystallinity of the films were determined by a Scintag
automated XDS 2000 XRD system. The measurement was conducted at room
temperature.
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The reflectance of various TiO x thin films on Si substrate was measured by
Filmetrics Filmeasure tool Version 2.1.2.

3.3. Results and discussion
3.3.1. Optical constant
The optical constants of the TiO x thin films layer are simulated with Bruggemann
effective medium approximation

[ 38 , 39 , 40 ]

. A three layer films structure model was

established in order to determine the optical constants of the films by ellipsometric
method. The model consists of a Si substrate, a dense TiO x layer and a 50 % TiO x : 50 %
void surface layer, as shown in Figure 3-1. The mixture of TiO x and void layer simulates
the surface roughness. This model has been widely used and it agrees well with the
experimental data [38].

50% TiOx

50% Void

TiOx
Si substrate
Figure 3-1: Three layers model of TiO x films

[41]

The dispersion model used to describe the TiO x material is based on the original
Forouhi- Bloomer formula

[ 42 ]

. This formula is consistent with the Kramers–Kronig

analysis, which works well for a broad wavelength range. In this work, we calculated the
optical constants in the visible range (from 350 nm to 800 nm) using equation (3-1).
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n∞ is a constant greater than 1. The value depends on particular material

[ 43]

.ω is

the photon energy. ω g is the optical gap energy. ω 0 is the bonding–antibonding states
energy difference, the absorption is assumed to be maximum for this photon energy. The
quantity f is related to the position matrix element and lifetime of the electrons involved
in the optical transitions. Γ is related to the life time of the electrons involved in the
optical transitions. B and C are not mere fitting parameters, but are related to electronic
structure of the material. Detailed explanation of these parameters can be found in
reference [42].
All modeling of optical constants was performed using the Jobin Yvon DeltaPsi2
(DP2) software package. The calculated parameters from the model fitting of
experimental data are shown in Table 3-1.

Table 3-1: Modeling parameters for refractive index simulation

Annealing

900 °C

700 °C

400 °C

As

400 °C in

700 °C in

900 °C in

condition

in O2

in O2

in O2

deposited

forming

forming

forming

gas

gas

gas

/parameters

n∞

2.3

2.30

2.21

1.65

2.16

2.10

2.03

ω g (eV)

3.08

3.22

3.24

3.30

3.26

3.25

3.20
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f

0.24

0.20

0.03

0.07

0.02

0.28

0.34

ω eV)

3.98

3.91

3.55

4.55

3.63

4.28

4.20

Γ eV)

0.39

0.36

0.13

0.41

0.16

0.65

0.54

Figure 3-2 (a) and 3-2 (b) show the measured refractive index changes when the
sample is annealed in forming gas and O2, respectively. The data show that the refractive
index increases with the annealing temperature.
The annealing process increases the refractive index. The increase of the
refractive index is due to complex changes of organic component removal, film density
changes and changes due to crystalline phase and surface morphology.
The refractive index increases from 1.77 to 2.57 at a wavelength of 600 nm after
annealing at 900 °C. This is close to what was reported in publications for the TiO 2 films.
After annealing at 700 °C and 900 °C, the refractive index of samples annealed in O 2 is
higher than the one annealed in forming gas.
The variation of extinction coefficient k with wavelength is shown in Figure 3-2
(c) and 3-2 (d) when TiO x films are annealed at various temperatures in forming gas and
O 2 , respectively.
The annealing process increases the extinction coefficient. The as deposited TiO x
films prepared at room temperature contains short -Ti-O-Ti- structures within the film,
leading to electron confinement and an electronic gap which is broader than for the
infinite -Ti-O-Ti- entities within bulk TiO 2 . TiO 2 in bulk anatase or rutile crystal phases
exhibits a band gap of ~3.1 eV. The -Ti-O-Ti- structure develops into longer more
organized structures as organic matter and water are removed from the film by thermal
23

annealing. In these annealed structures, electron confinement effects are reduced.
Therefore the TiO x shows a high extinction coefficient around 400 nm after annealing.
The extinction coefficient is close to zero in most of the wavelength range from 350 nm
to 800 nm.
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Figure 3-2: The variation of refractive index with wavelength when TiO x films are
annealed at various temperatures in (a) forming gas, (b) O 2 atmosphere, The variation of
extinction coefficient (k) with wavelength when TiO x films are annealed at various
temperatures in (c) forming gas, (d) O 2 atmosphere[41]
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3.3.2 Film thickness
It has been reported that there is a direct relationship between the refractive index
and the density of the films [ 44]. Removal of the organic residue material and densification
of the films occurs during the annealing process. The TiO x films thickness is reduced
after high temperature annealing. The layer thicknesses under different annealing
conditions are listed in Table 3-2.
Table 3-2: Layer thickness at different thermal annealing conditions
Layer
thickness
(nm)

TiO x

900 °C in

700 °C in

400 °C in

As

400 °C in

700 °C in

900 °C in

O2

O2

O2

deposited

forming

forming

forming

gas

gas

gas

60

TiO x /Void 2

68

91

159

77

72

65

1

1

1

1

1

5

3.3.3 Surface morphology
Surface morphology will affect optical constants due to the light reflection,
absorption and scattering. Therefore changes of the surface morphology contribute to the
variations in the effective refractive index. The surface morphology is studied by AFM.
Figure 3-3 (a) shows the surface morphology of as-deposited films obtained using
AFM. The surface roughness of the bare silicon substrate is 0.24 nm. As deposited
sample shows smooth surface with surface roughness of 1.5 nm which is evaluated from
10 μm × 10 μm surface areas. The surface becomes rougher after annealing, as indicated
in Figures 3-3 (b) and 3-3 (c) , which show the surface morphology of samples annealed
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in O 2 and forming gas at 900 °C for 10 minutes, respectively. The surface roughness
increases to 2.5 nm.
It is noted that the surface roughness increases with the appearance of the crystalline
phase by comparing with the crystalline phase change shown in Figure 3-4. Small grains
can be observed on the surface by AFM. The morphology changes are due to the
crystallization of TiO x and densification of the films.

(a)

(b)
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(c)
Figure 3-3: (a) AFM image of as deposited film (b) AFM image of film annealed in O 2 at
900 °C for 10 minutes (c) AFM image of film annealed in forming gas at 900 °C for 10
minutes[41]

3.3.4. Crystalline structure
Crystalline phase changes affect the refractive index. Crystallization occurs
during the high temperature rapid thermal annealing process. Crystalline structure
changes the refractive index. Rutile phase has different refractive index than anatase
phase of TiO 2

[45]

. The annealed films could be composed of amorphous, anatase and

rutile structures. The results on phase changes after annealing process are discussed in
this section.
Depositing TiO x thin films onto substrates at low temperature leads to an
amorphous structure. High temperature induces crystallization for the amorphous
material. The titanium to oxygen ratio (Ti: O = 42.1: 56.4) indicates the sub-oxide
characteristics of the as deposited TiO x. Thermal annealing treatment promotes
conversion of sub-oxide to dense crystalline structure.

The effects of the thermal

annealing on crystalline phase changes were examined.
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The XRD results shown in Figure 3-4 indicate different phases of the films. The
increase in annealing temperature could result in more observable crystalline phases.
Figure 3-4 (a) and 3-4 (b) show the crystalline structure changes with temperature when
annealed in forming gas and O 2 , respectively. The as-deposited films show amorphous
structure without any crystalline peak. The peaks at 2θ = 33 ° and 2θ = 70 ° are from Si
substrate. They are the Si (1 0 0 ) and Si (4 0 0) peaks, respectively. The anatase (1 0 1)
peak at 2θ = 25.6 ° was observed at 500 °C when annealed in O 2 . It indicates that
crystalline structure appears in the film after annealing. No anatase peak was observed for
the sample annealed at 500 °C in forming gas. The rutile (1 1 0) peak of TiO 2 material at
2θ = 27.5 ° was observed after annealing in O 2 at 700 °C. This peak corresponds to the
rutile phase. The anatase phase peak disappears. It indicates that the films are
transformed to a crystalline form with a rutile-dominant phase at high temperature.
Anatase phase is a metastable phase at low temperatures. Therefore it is reasonable that
the films were crystallized in a rutile-type structure at high temperature instead of the
anatase-type structure. Similar rutile crystal structure was also clearly observed for the
films annealed in forming gas at 900 °C. It suggests that annealing in O 2 and forming gas
will induce different Ti: O composition during the high temperature process. It is easier
to form crystalline TiO 2 structure in rich oxygen environment.
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(a)

(b)
Figure 3-4: The XRD spectra for TiO x films annealed in (a) forming gas and (b) O 2 at
various temperatures of 400 °C, 500 °C, 700 °C and 900 °C, respectively. R (1 1 0)
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stands for the Rutile peak at 2θ = 27.5 °, A (1 0 1) stands for the Anatase peak at 2θ =
25.6 °[41]
The crystalline structure will affect the refractive index. At a wavelength of 600
nm, the mean refractive index is 2.70 and 2.53 for pure rutile and anatase crystalline
structure, respectively. The TiO x films after 700 °C and 900 °C contain anatase and rutile
structures. The samples after annealing at 700 °C in O 2 and at 900 °C in forming gas
show similar crystal structure and different refractive index.

3.3.5. Optical reflectance
The reflection of TiO x film on silicon substrate can be tuned by changing the TiO x
overlay films thickness, annealing temperature and annealing gas. The variation of
optical reflectance of TiO x coated silicon with wavelength for different annealing
conditions is shown in Figure 3-5, including as deposited TiO x films, TiO x films annealed
in forming gas and in oxygen at 400 °C.
Figure 3-5 shows that TiO x material reduces the reflectance effectively compared
with bare Si. Figure 3-5 also shows the reflectance comparison between TiO x film and
commonly used vacuum deposited Si3 N4 film as an anti-reflection layer on Si. The optical
reflection after annealing TiO x films on Si at 400 °C in forming gas is very close to the
Si3 N4. This is considered as most optimized condition of thermal annealing for
antireflection layer for silicon based devices. It indicates that such solution processable
TiO x material could be used as effective anti-reflection layer for Si based solar cells and
other applications.
TiO x forms uniform dense films though simple sol- gel hydrolysis process. The
annealing process is also fully compatible with our Si solar cell fabrication process [ 46]. It
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is a low cost substitution for the conventional thermal oxidation and vacuum process for
TiO 2 deposition. Compared with other sol- gel TiO 2 material, TiO x material could also
effectively passivate the Si solar cell surface, as shown in chapter 10. Therefore TiO x
could be used for both as anti-reflection and passivation layer for Si solar cells instead of
conventional high temperature thermally grown oxide and vacuum deposited Si3 N4
layers.

Figure 3-5: The measured optical reflectance from TiO x thin films coated Si substrate for
different thickness and annealing conditions, including as deposited TiO x films before
annealing, TiO x films annealed in forming gas and in oxygen at 400 °C. The reflectance
from bare silicon and commonly used Si3 N 4 antireflection coating layer on Si are also
shown. Si3 N4 film thickness is 70 nm [41]

3. 4. Conclusions
In this chapter we presented optical constant measurement results obtained by
ellipsometrical method for TiO x thin films. Three layer modeling technique was used to
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determine the refractive index and extinction coefficient of the thin films. At the
wavelength of 600 nm, the obtained refractive index of the as-deposited films was 1.77.
This value increased to 2.57 after annealing at higher temperature, which can be
explained by the development of the crystalline structure, the difference of surface
morphology and the increase of the packing density of the films as indicated by AFM and
XRD results. The sol- gel TiO x thin films may be used in optical thin film applications as
antireflection layer.
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Chapter 4.

Electrical resistivity of TiOx thin films

4.1. Introduction
Various groups have studied properties of TiO 2 thin films. For example, Asahi et
al. calculated the electronic and optical properties of anatase TiO 2 thin films

[ 47]

. Pomoni

et al. reported the electrical conductivity and photoconductivity of N-doped and undoped
sol–gel TiO 2 thin films

[ 48]

. Sarah et al. reported electrical conductivity characteristics of

TiO 2 thin films annealed at various temperatures

[49]

. Hassan et al. studied the structural

and electrical properties of sol–gel derived spun TiO 2 thin films

[50]

.

The uniform dense TiO x thin films are semiconducting. The electron mobility is
higher than that of amorphous oxide films prepared by typical sol–gel processes

[6]

. It is

of interest to explore the electrical properties and other application of TiO x thin films
further.
In this chapter, we studied the electrical resistivity of TiO x thin films material.
Vertical transmission line measurement method was used to extract the TiO x bulk
resistance and contact resistance. The variation of electrical resistivity at ambient and
different annealing temperature was also explored. Stable electrical resistance was
observed at the temperature range from 20 °C to 140 °C. The electrical resistivity
decreased after high temperature annealing. The photoconductivity of TiO x thin films was
also studied.
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4.2. Experiment
4.2.1. Device fabrication
The electrical resistivity measurement device structure used is shown in Figure 41(a). The Indium Tin Oxide (ITO) coated glass (Delta technology) was used as a
substrate. The substrate was cleaned with acetone and isopropyl alcohol, and
subsequently dried with nitrogen.
The TiO x sol- gel solution in methanol was spin coated at various spin speeds
onto an ITO coated glass substrate to achieve different film thicknesses. The coated
sample was baked for 10 minutes at 80 °C in air, where the precursor converted to TiO x
through hydrolysis. Then a top aluminum electrode was deposited by electron beam
evaporation in vacuum. The electrode was patterned through a shadow mask.
The thickness of the spin coated films was measured using a Veeco Dektak 8
stylus profilometer. Thickness was determined by the height between the top of the TiO x
film and the substrate.
To study the variation of electrical resistivity under different annealing
temperatures, the heating was carried out in a rapid thermal annealing (RTA) chamber
under O 2 for 2 minutes at various temperatures. The gas flow for O 2 was set to 100
standard cubic centimeters per minute (sccm). The TiO x thin films, which had no heat
treatment, are called as-deposited films.
When TiO x thin films on ITO structure were annealed at temperature higher than
400 °C, the films started peeling off due to thermal expansion difference between ITO
and TiO x . Therefore, a new device structure was designed for high-temperature annealing.
The TiO x thin films were spin coated on pre-cleaned quartz substrate. The sample was
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annealed in RTA chamber at different temperatures. Then two Al pads with 20 μm
separation distance were deposited above the TiO x films, as shown in Figure 4-1 (b).
Al

Al

Al

TiOx

TiOx

ITO

Quartz

Glass

(a)

(b)

Figure 4-1: (a) ITO-TiO x -Al device structure for vertical transmission line resistance
measurement (b) Device structure to process sample at high- temperature annealing
studies.

4.2.2 Electrical characte rization
The electrical resistivity properties were measured through voltage-current
measurements using a Keithley 2611 source meter.
Temperature-dependent measurements were made in a stainless steel vacuum
chamber. The chamber was kept under nitrogen flow during the measurement. Samples
inside the chamber were mounted onto a copper plate. The copper plate was in contact
with a thermo-electric cooler that was used to heat and cool the samples. Temperature
was controlled by varying the current supplied to the thermo-electric cooler. Temperature
was monitored using a thermocouple inside the copper plate.
Data were taken through sequential temperature heating and cooling cycles:
heating from 20 °C to 140 °C, cooling from 140 °C to 20 °C. Temperature was changed
in 10 °C intervals, and data was recorded for each temperature. Temperature was held
within ±1 °C for 5 minutes during each measurement.

36

The TiO 2 material is well-known for its photoconductivity properties. The
measurements were made under room light conditions.
For the photoconductivity measurement, a 400W Dymax 5000-EC UV curing
flood lamp system was use to illuminate the sample with structures shown in Figure 4-1
(b). UV light (power density = 200 mW/cm2 ) illuminated the TiO x thin films between the
Al pads. The resistance was measured with Fluke mulitimeter.

4.3. Results and discussion
4.3.1 Electrical resistance measurement
The ITO-TiO x -Al structure is expected to behave like a diode, which generally
has series resistance (R S) and shunt resistance (R SH) associated with them. This is
indicated in the equivalent circuit diagram shown in Figure 4-2.

Figure 4-2: Schematic showing equivalent circuit for diode
A typical characteristic I-V curve of devices is shown in Figure 4-3 (a). It can be
described by
I  I 0 [eq (V  IRs )/ nkT  1]

(1)

37

where I0 is the saturation current and n is the diode ideality factor. In the high
current region, it can be written as [ 51]
I

dV
nkT
 Rs I 
dI
q

(2)

Therefore, I(dV/dI) is linearly dependent on I with a slope equal to Rs in the highcurrent region. The series resistance can be extracted from the slope by a linear fit in the
high-current region. I(dV/dI)-I characteristic curve of a diode is shown in Figure 4-3 (b).
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(b)
Figure 4-3: (a) Typical I-V curve for ITO-TiOx -Al structure, (b) I(dV/dI)-I characteristic
curve of the ITO-TiO x -Al structure
Major contributors to the total series resistance are contact resistance between the
ITO electrode and the TiO x thin films, the bulk resistance of the TiO x , contact resistance
between the TiO x thin films and Al electrode, and the bulk resistance of the Al contact.
Al resistance is negligible because of the much lower resistivity of Al with respect to that
of the TiO x material. To extract the TiO x films bulk resistance and contact resistance
from total series resistance, we used vertical transmission line measurement model.
The transmission line measurement (TLM) method was originally proposed by
Shockley [52] and offers a convenient method for determining contact resistance for planar
contacts. The sheet resistance of the metallization is assumed to be zero. The total
resistance Rtotal between any two contacts separated by a distance L could be measured
and plotted as a function of L. The resulting equation between Rtotal and L provided an
estimate of bulk resistance and contact resistance through the so-called transmission line
equation
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where ρbulk is the specific resistivity of TiO x thin films.
By fabricating devices with different TiO x films thicknesses, the bulk resistance
and contact resistance can be extracted.
Samples with different TiO x thin films thicknesses were fabricated. Each sample
had 8 individual devices. Each set of result is derived from the average of good devices
on a single substrate. The Rtotal vs film thickness relation is shown in Figure 4-4.
From Figure 4-4, the total specific contact resistance of ITO-TiO x , and TiO x -Al
interface was 30 Ω cm2 . For thin TiO x films, the result indicates that the contact
resistance is a major contributor to the total series resistance. The bulk resistivity of TiO x
was calculated as 1.5 ×107 Ω cm for the as-deposited films.
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Figure 4-4: The variation of total resistance with TiO x film thickness
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4.3.2 Temperature ependence of electrical resistance
For TiO 2 , band conduction is considered as the main charge transport mechanism
at temperature higher than 220 K

[48]

. The free carriers in TiO 2 are due to stoichiometric

deviations. The oxygen vacancies generates energy levels below the conduction band
edge. The electrical resitivity of TiO x films may change with temperature, because the
energy supplied due to the heat will affect the carriers excitation in conduction band. We
studied the resistivity of ITO-TiO x -Al device structure from 20 °C to 140 °C. Figure 4-5
shows the resistance measurement results for a device with 40 nm TiO x film thickness.
There is no obvious changes for the electrical resistance of the ITO-TiO x -Al
structure from 20 °C to 140 °C. It indicates that the heating has little effect for such ITOTiO x -Al structure.
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Figure 4-5: Electrical resistance of an ITO-TiO x -Al device with 40 nm TiO x thin films
at the temperature ranging from 20 °C to 140 °C
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4.3.3 Electrical resistivity after thermal annealing
Thermal annealing has been shown to be a critical method for tuning organic
material properties. The electrical resistivity is expected to change mainly due to the
nonstoichiometric films composition and oxygen deficiency. As the annealing
temperature increases, more oxygen vacancies are generated resulting in a sharp decrease
in resistivity. Departures from stoichiometric TiO 2 will also change the resistivity
dramatically，ranging from < 10 10 Ω cm for TiO 2.00 to 10-2 Ω cm for TiO 1.75 [53].
During the thermal annealing process, the residual organic materials were
removed through oxidation and evaporation; therefore the films thickness reduced. The
thickness reduced to 70 % after annealing at 300 °C for 20 minutes. The as-deposited
TiO x films are amorphous. There is a phase transition from amorphous to polycrystalline
at high temperature. The anatase or rutile crystalline structure was observed after
annealing at temperature higher than 500 °C. The surface morphology, which will affect
the contact resistance with electrode also changed after annealing [54].
The electrical resistivity changes after different thermal annealing temperature
are shown in Figure 4-6. There are variations from sample to sample after annealing. The
difference is due to the different composition, crystallinity, and oxygen vacancies
concentration level in the samples. The lowest resistivity of 30 Ω cm is obtained after 700
°C annealing. The changes of chemical composition and oxygen vacancies level could be
the main contributor for such large resistivity change.
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Figure 4-6: Electrical resistivity of TiO x after different annealing temperatures. Different
values at same temperature stands for different samples

4.3.4 Photoconductivty under UV illumination
There are photo-generated hole-electron pairs during UV illumination for typical
crystalline TiO 2 . Therefore the conductivity of TiO 2 films changes. We studied the
photoconductivity response of TiO x sample, as shown in Figure 4-7.
The resistance of the sample reduced from 3×10 6 Ω to 2×103 Ω under UV
illumination after 40 seconds. It is due to the additional photo-generated carriers. When
the UV light is off, the resistance recovers to the original value due to the recombination
of the photo- generated carriers after 100 seconds. This recovery process is reproducible.
The sample is on a sample holder which is heated by UV exposure in the
measurement. There is no such conductivity change when the UV light is b locked from
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the sample. While the sample is still being heated. It indicates the change is not
dominated by heating effects.

Figure 4-7: The photoconductivity response of TiO x sample (annealed at 500 °C) at room
temperature in air

4.4. Conclusion
In this chapter, results about the electrical resistivity of TiO x thin films are
presented. ITO-TiO x -Al device structure was fabricated to extract TiO x bulk and contact
resistance through vertical transmission line measurement model. The bulk resistivity of
TiO x film was found to be 4.7 × 107 Ω cm for the as-deposited sample. Current–voltage
studies show that ITO-TiO x -Al resistance is stable within the temperature range from
20 °C to 140 °C. Thermal annealing increased the conductivity of the TiO x thin films.
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The resistivity of the TiO x films reduces under UV illumination due to photo generated
carriers.
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Chapter 5.

Organic solar cells: device physics, fabrication and
characterization

5.1 Introduction
Organic solar cells have the potential to develop economical technology for largescale power generation. Organic materials could produce very thin solar cells with low
specific weight. They are also mechanically flexible. Much work on designing new
materials, device structures and processing techniques has been carried out to improve
the power conversion efficiency of such devices. Research on organic solar cells
generally

focuses

either

on

solution

processable

organic

semiconducting

molecules/polymers or on vacuum-deposited small- molecular materials. Our research
focuses on the solution processable fullerene/polymer devices.
In this chapter, we will first briefly review the development history of the polymer
solar cells. The operation principles and characterization of the polymer solar cells will
be introduced as well as the material system. Then we will describe the device structure
and fabrication process of the polymer solar cells.

5.2 Development of polymer solar cells
In the 1980s the polymers (including poly (sulphur nitride) and polyacetylene) were
investigated in solar cells. In 1982 Weinberger et al.

[55]

investigated polyacetylene as the

active material in an Al/polyacetylene/graphite cell. The cell had a low open-circuit
voltage of only 0.3 V and a low QE of only 0.3%. A major breakthrough came in 1986
when Tang discovered that bringing a donor and an acceptor together in one cell could
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dramatically increase the power conversion efficiency to 1 %

[56, 57]

. Tang proposed the

heterojunction structure.
The first report of a conducting polymer/fullerene cell, which is one of the most used
donor/acceptors in heterojunction cells, came in 1993 by Sariciftci et al.

[ 58]

The cell had

a relatively high fill factor of 0.48 and a PCE of 0.04 % under monochromatic
illumination. The photocurrent increased more than 20 fold when C 60 was added as a
second layer. In 1994 Yu

[59]

made the first dispersed polymer heterojunction organic

solar cell by spin-coating a solution of MEH-PPV and C60 in a 10:1 wt-ratio on ITO
coated glass. Polymer/fullerene blends have been of particular interest since then. So far,
polymer solar cells based on conjugated polymers as electron-donor materials blended
with [6,6]-phenyl-C71 -butyric acid methyl ester (PC 71 BM) as an electron-acceptor
material have achieved ~10.6 % efficiency using tandem structure[ 60].

5.3 Ope rating principles
The process of conversion of light into electricity by an organic solar cell can be
described by the following steps: (1) Light absorption, (2) Exciton diffusion, (3) Exciton
dissociation, (4) Charge transport, (5) Charge collection.
(1) Light absorption
The photoexcitations in organic materials do not directly lead to free charge carriers
but to coulombically bound electron- hole pairs, called excitons. The creation of an
exciton after the absorption of a photon is the first step.
(2) Exciton diffusion
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For efficient dissociation of excitons, strong electric fields are necessary. Such local
fields can be supplied via donor/acceptor interfaces. At an interface, where abrupt
changes of the potential energy occur, strong local electrical fields are possible. Excitons
have to reach such an interface within its lifetime. Otherwise, excitons decay via radiative
or nonradiative pathways. The exciton has a diffusion length related to the exciton
lifetime and diffusion coefficient. Exciton diffusion lengths in polymers and in organic
semiconductors are usually around 10-20 nm.
(3) Exciton dissociation
The exciton diffuses inside the material to reach the donor-acceptor interface. At the
donor/acceptor interface, due to the different electron affinity of two materials, the
electron will be acquired by the one with higher electron affinity, which is the acceptor.
Blending conjugated polymers with fullerenes is a very efficient way to break apart
photo-excited excitons into free charge carriers. The photo induced charge transfer in
such blends happens on a time scale much faster than other competing relaxation
processes.
(4) Charge transportation
A gradient in the chemical potentials of electrons and holes is built up in a donoracceptor junction. It contributes to a field-induced drift of charge carriers. Asymmetrical
contacts (one low work- function metal for the collection of electrons and one high workfunction metal for the collection of the holes) also lead to an external field. This field will
drive charge carriers to reach the electrodes.
(5) Charge collection
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As a last step, charge carriers are extracted from the device through two selective
contacts. A transparent indium tin oxide (ITO) matches the highest occupied molecular
orbital (HOMO) levels of most of the conjugated polymers. Al contact with a work
function of around 4.3 eV matches the lowest unoccupied molecular orbital (LUMO) of
acceptor PCBM (electron contact) on the other side. There is carrier recombination at the
active layer/ electrode interface. Therefore, additional layer that could block certain
carriers would enhance the efficiency. PEDOT: PSS layer was usually put on top of ITO
layer as electron blocking layer. TiO x layer also works as hole blocking layer.
The operation mechanism is shown in the Figure 5-1.

Figure 5-1: Operation mechanism of polymer organic solar cells.

5.4 Materials
Acceptors
C60 has a high electron affinity. It is fairly transparent and also has fair electron
conductance (10−4 Scm−1 ). This makes fullerenes a good component in organic solar cells.
The solubility of simple C 60 is limited. Wudl et al.synthesized a soluble derivative of C 60 ,
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PC61 BM (1-(3-methoxycarbonyl) propyl-1-phenyl [6, 6] C 61 ) [61], which has been widely
used in polymer/fullerene solar cells due to its solubility. [6,6]-phenyl-C71-butyric acid
methyl ester (PC 71 BM) has also been used recently for its higher absorption than PC 61 BM.
In our experiment, we use PC 61 BM as the acceptor. The molecular structure of PC 61 BM
is shown in Figure 5-2. The PC61 BM material was purchased from NanoC Inc. It was
used as purchased.

Figure 5-2: Chemical structure of PCBM
Donors
Conjugated polymer materials have a delocalized π electron system. They have a high
extinction coefficient (> 105 cm-1 ), which makes it possible for sufficient light absorption
with thin films (<100 nm). They can be modified to have a small optical band gap, which
allows them to absorb most of the solar spectrum. Some important representatives of hole
conducting donor-type polymers includes (1) derivatives of phenylene vinylene
backbones such as poly[2- methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene)
(MDMOPPV), (2) derivatives of thiophene chains such as poly(3-hexylthiophene)
(P3HT),

and

poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-
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benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT). In our experiment, we use
P3HT as the donor. The molecular structure of P3HT is shown in Figure 5-3. The P3HT
material was purchased from Sigma Aldrich Corp. It was used as purchased.

Figure 5-3: Chemical structure of P3HT
Hole transporting layer
Poly (3,4-ethylenedioxylenethiophene):polystyrene sulfonic acid (PEDOT:PSS) is a
polymer mixture of two ionomers. It is used as a transparent, conductive polymer with
high ductility in different applications. Highly conducting PEDOT: PSS was purchased
from H .C. Stark with a conductivity of 1×10 -3 S/cm. PEDOT: PSS with a work function
of around 5.0 eV can effectively block the transportation of electrons to the ITO electrode.

Figure 5-4: Chemical structure of PEDOT: PSS
Electrodes
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A transparent ITO, with a work function of 4.8 eV, matches the highest occupied
molecular orbital (HOMO) levels of most of the conjugated polymers. Therefore it is
usually used as hole collecting electrodes.
Al with a work function of around 4.3 eV matches the lowest unoccupied molecular
orbital (LUMO) of acceptor PCBM on the electron collection side. Ag electrode could
also be used for electron extraction contacts. The device with Ag electrode is more stable
than the one with Al electrode but it is expensive.

5.5 Device structure
The organic solar cells in this dissertation are based on the P3HT and PCBM material
system. The organic solar cell device structure and band diagram used in this study are
shown in Figure 5-5.
The absorbing and charge-separating bulk-heterojunction layer is sandwiched between
the ITO electrode for collecting the holes and Al electrode for collecting the electrons.
The work-function difference between electrodes and different electron affinity of P3HT
and PCBM provide driving force for the photogenerated carriers toward their respective
electrodes. The PEDOT: PSS layer is the electron blocking layer.
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Figure 5-5: Organic solar cell device structure and band diagram
Compared with normal organic solar cell device, the organic solar cell studied in this
dissertation uses additional optical spacer layer. There are optical interference between
the incident and back-reflected light from the metallic electrode. The intensity of the light
is zero at the metallic electrode and active layer. Thus, a large fraction of the act ive layer
is in a dead-zone at the metallic electrode side. The photo generation of carriers is
significantly reduced due to lack of light absorption for thin active layer.
Introducing an optical spacer between the active layer and the Al electrode
changes the spatially redistributing the light intensity inside the device, as shown in
Figure 5-6.
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Figure 5-6: Schematic representation of the spatial distribution of the squared optical
electricfield strength |E|2 inside the devices with a structure of ITO/PEDOT/active
layer/Al (left) and ITO/PEDOT/active layer/optical spacer/Al (right). From J. Y. Kim [6]
The optical spacer material should satisfy optical and electrical requirements to
function as a good optical spacer. The material must be non-absorbing within the solar
spectrum. The material must be an electron-transport material. The conduction band edge
of the material must match the C 60 and metallic electrode. TiO x material and zinc oxide
nanoparticles have also been shown to fulfill these requirements.
TiO x layer is multi- functional layer in the organic solar cells. It is optical spacer,
protection layer, hole blocking and electron transporting layer.

5.7 Fabrication of organic solar cells
The ITO coated glass was used as a substrate and cleaned with acetone and isopropyl
alcohol and subsequently dried in nitrogen.
PEDOT: PSS was spin coated at 4000 rpm onto an ITO coated glass substrate to
achieve a thickness of 40 nm. The substrate was baked for 15 minutes at 110 °C in air.
The P3HT material was purchased from Sigma Aldrich Corp and PCBM from NanoC
Inc. They were dissolved in dichlorobenzene solution of 0.45 and 0.55 wt % respectively.
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The solution was spin coated on an ITO coated glass substrate to produce a film of 120
nm thickness. The films were prebaked at 60 °C for 30 minutes in vacuum.
The TiO x sol-gel precursor, dissolved to 2 % by volume in methanol, was spin-coated
on the top of the active layer. Subsequently, the precursor converted to TiO x by
hydrolysis after 10 minutes baking in air at 90 °C. The resulting ~25 nm TiO x film was
transparent and smooth. Since the TiO x layer was deposited at room temperature and
treated at 90 °C, the film was amorphous.
Subsequently the device was put in vacuum chamber (< 10–6 torr), and 80 nm Al
electrode was deposited by e-beam evaporation. The Al electrode area defined the active
area of the devices.
The samples were post baked at 130 °C in air for 2 minutes before measurements of
solar cell efficiency. Thermal annealing increased the crystallinty of the P3HT. The
mobility of holes increased. Thermal annealing also impro ved the Al/active layer
interaction, which helped to reduce the contact resistance.
The entire fabrication process is shown in Figure 5-7.
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Figure 5-7: Fabrication process of organic solar cells in our experiment

5.6 Organic solar cell characte rizations
Figure 5-8 (a) shows the experiment set up for characterization of the organic
solar cells in this dissertation. The typical current-voltage characteristic of a solar cell
under illumination is shown in Figure 5-8 (b). The parameters are described as follow.

(a)
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(b)
Figure 5-8: (a) the experiment set up for characterization of the organic solar cells in this
dissertation. (b) Current-voltage (I-V) curves of an organic solar cell. the maximum current

density and voltage defined as IMP and VMP . Voc is open circuit voltage, Isc is short circuit
current. FF is fill factor
Open circuit voltage (Voc)
When the output contacts are isolated, the potential difference has its maximum
value, the open circuit voltage Voc. The operating regime of the solar cell is the range of
bias, from 0 to Voc, in which the cell delivers power. The open circuit voltage of this type
of donor/acceptor bulk-heterojunction cell is related directly to the energy difference
between the HOMO level of the donor and the LUMO level of the acceptor components.
The variation of the negative electrode work function also influences the open circuit
voltage. [ 62]
Short circuit current (Isc)
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The short circuit current corresponds to the short circuit condition when the
voltage across the device equals 0. Isc occurs at the beginning of the forward-bias sweep
and is the maximum current value in the power quadrant. In an ideal solar cell, which has
loss free contacts, this maximum current value is the total current produced in the solar
cell by photon excitation. It is determined by the product of the photo generated charge
carrier density and the charge carrier mobility within the active layer. The bottlenecks of
Isc are the absorption of the material for active layer and the mobility of charge carriers.
Fill factor (FF)
The Fill factor is essentially a measure of quality of the solar cell. It is calculated
by comparing the maximum power to the theoretical power that would be output at both
the open circuit voltage and short circuit current together. A larger fill factor is desirable,
and corresponds to an I-V curve that is more square-like. Physically, fill factor is
determined by charge carriers reaching the electrodes. The series resistances influence the
filling factor considerably and should be minimized. Fill factor is calculated as

FF 

I MP  VMP
I sc  Voc

where the maximum power output point is defined as P MAX, and the maximum current
density and voltage defined as IMP and VMP , as shown in Figure 5-5.
Power conversion efficiency η)
Power conversion efficiency represents the ability of the cell to convert light into
electricity. Efficiency is defined as the ratio of the electrical power output, compared to
the incident solar power.
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Voc  I sc  FF
Pin

These four quantities: Isc, Voc, FF and η are the key performance characteristics of
a solar cell. All of them should be defined for particular illumination condition. The
standard test condition for solar cells is the air mass 1.5 spectrum, an incident power
density of 100 mW cm-2 , and a temperature of 25 °C.

5.7 Conclusion
In this chapter, we reviewed the development of polymer based organic solar cells.
The operation principles from light absorption to free charge collection in the
donor/acceptor organic solar cells were introduced. The device structure and fabrication
technique used in this dissertation were described in detail.
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Chapter 6.

Stabilization of P3HT/PCBM organic solar cells by
photoche mical active TiOx layer

6.1. Introduction
This chapter discusses the long-term stability of regioregular P3HT/ PC 61 BM
based organic solar cells under ultraviolet (UV) and environmental degradation
conditions.
Degradation of organic solar cells has been investigated by several groups and is
considered a complex phenomenon. The degradation process involves several
mechanisms, such as water absorption by a PEDOT: PSS layer, reaction of the
metal/organic interface and oxidation of the organic layer

[63,64, 65,66]

. Lira-cantu et al. [67]

studied the incorporation and transport of oxygen using combination of isotopic labeling
and time of flight secondary ion mass spectrometry. Norrman et al.

[ 68]

found that water

effect was found to be similar the effect of molecular oxygen by studying water- induced
degradation of polymer solar cells using H2

18

O labeling. The results on the stability for

roll-to-roll process for flexible polymer solar cells have also been reported

[69]

. However,

further studies are needed to address the issue of long-term stability of organic solar cells.
Different approaches to achieve higher stability have been considered including
use of improved active materials and encapsulation schemes. Hauch et al. [ 70] showed that
flexible P3HT: PCBM bulk heterojunction solar cell modules with more than 1 year
outdoor lifetime by packaging with transparent barrier films. Lee et al. reported enhanced
environmental stability for P3HT/PCBM-based organic solar cells using a TiO x layer on
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top of the organic active layer

[4]

. Cho et al. demonstrated improvements in field effect

transistor device lifetime by TiO x layer

[5]

. TiO x is postulated to block the passage of

oxygen and humidity into the organic active layer. The mechanism proposed is based on
oxygen deficiencies in the TiO x films providing adsorption sites for O 2 [71].
The TiO x layer contains both Ti-OR (OR=alkoxide) functionalities and Ti-OH
groups. Under UV irradiation, the Ti-OR functionalities are photo oxidized, consuming
O 2 and generating CO 2 , H2 O gas products and [HCOO-] and Ti-OH moieties. The role of
the photoexcitation of TiO x layers was not postulated in previous works. This is another
possible protection mechanism that forms the basis for TiO x films to remove oxygen
when exposed to ultraviolet light.
In this chapter we studied the individual effect of oxygen and UV radiation as
well as the combined effect on the degradation behavior of P3HT/PCBM organic solar
cell devices. The improvements provided by placing TiO x layer between the active layer
and Al electrode were examined. IR and ESR spectroscopy measurements showed that
the improvements were due to photo-oxidation of the bound organic moieties causing
oxygen gas scavenging.

6.2. Experime ntal
The organic solar cell device structure was based on the P3HT and PCBM
material system. The organic solar cell device structure used in this study is shown in
Figure 6-1.
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Figure 6-1: Organic solar cell device structure

[72]

The TiO x material was described previously and was provided by Heeger’s group
at UC Santa Barbara. The device fabrication method and process parameters used are
shown in Figure 6-2.

Chemi cal Etching of ITO Coa ted

Ba king (60 oC) in va cuum

Glass
Glass Subs tra te Cleaning

Spin Coa ting Ti Ox in Methanol

Spin Coa ting PEDOT:PSS

Ba king in Ai r (90 oC)

Soft Baking (110 o C) in air

Al Deposi tion (80 nm) in va cuum

Spin Coa ting P3HT/PCBM

Thermal Annealing (130 C) in ai r

o

Figure 6-2: Organic solar cell fabrication process: Color coded for process in air (purple)
and process in vacuum (orange) [72]
The photovoltaic cell performance was measured under AM 1.5 illumination
using a calibrated solar simulator with irradiation intensity of 100 mW cm–2 . The solar
cell size was around 0.12 cm2 . Efficiencies were 2.8% and 2% for the device with TiO x
and without TiO x , respectively in air. The initial photovoltaic characterization parameters
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are listed in Table 6-1. Three types of ambient conditions were used for this study that
included air, oxygen and dry N 2 atmospheres. All experiments were carried out at room
temperature.
Table 6-1: Initial photovoltaic characterization parameters

Device without TiO x
Device with TiO x

Efficiency (%)
2
2.8

Voc (V)

Jsc (mA/cm2 )

Fill Factor

0.67
0.64

5.1
7.2

54
57

All the devices without TiO x protection have been found to degrade to lower than
80% of initial efficiency during 12 hours. Therefore 12 hours time is long enough to
study the degradation according to the recommended procedures for reporting organic
solar cell stability

[73]

. Each set of data is derived from the average of 8 devices on a

single substrate. We can clearly see the degradation trend and improvement that could be
achieved by TiO x .
A 500 W Oriel 66033 Hg arc lamp was used in the UV light exposure studies.
The radiation from the lamp was filtered with a Thorlab FGUV11S square colored glass
UV filter to remove IR radiation. The lamp spectrum, compared well with solar spectrum
and the transmission property of the filter is shown in Figure 6-3.
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Figure 6-3 500 W Hg UV lamp spectrum, AM 1.5 solar spectrum and transmission of
FGUV11S band pass filter [72]
Experiment set up for UV irradiation was shown in Figure 6-4. The lamp was
held at 50 cm from the sample mounted inside the chamber and an aperture was used to
limit the beam size. The solar cell samples were irradiated continuously except during
few minutes of the measurement time. No heating of the samples was observed. The
intensity of light incident on the sample was varied through changing the distance from
light source to sample. The UV power density was measured using a Thorlab D3MM
bolometer and was kept at 10 mW cm-2 .
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Figure 6-4: Experiment set up for UV irradiation
For mechanistic studies of the behavior of TiO x films, a CaF2 single crystal disk,
25 mm in diameter and 2 mm thick, is used as substrate. CaF2 is transparent in the
visible-infrared region. The TiO x material was dissolved to 10 % by volume in methanol,
and used at room temperature to spin coat ~ 200 nm films onto CaF2 disk. The disk was
coated and stored in the dark in air prior to use in the experiment. The thickness of the
spin coated films was measured by a Veeco Dektak 8 stylus profilometer.
Transmission IR measurements were carried out with a Bruker Tensor 27 - FTIR
spectrometer with a liquid nitrogen-cooled MCT detector. The spectrometer optical path
was continuously purged with dry air, scrubbed of CO 2 . The instrumental resolution was
2 cm-1 and typical spectra involved acquisition of 128 scans. The spin-coated disk was
transferred to a stainless steel ultrahigh vacuum IR cell

[ 74 , 75 ]

.

The cell contained

windows for both the IR measurements as well as for irradiation of the films. Oriel
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66033 Hg arc lamp was used to irradiate the sample. The radiation from the lamp was
filtered with a 10 cm column of water to remove IR radiation. UV light irradiate the
sample in the cell at a 45˚ incidence angle.
Simultaneous UV irradiation and observation of changes in the transmission IR
spectrum were carried out in vacuum with ~ 510-8 Torr base pressure and under an O 2
atmosphere at a pressure of 20 Torr. Separate IR spectra of the thin films and of the gas
phase could be measured during irradiation by periodically translating the TiO x films out
of the IR beam. The spectral developments in the films alone were extracted by
subtracting the gas phase spectra from the spectra of the films plus gas phase .
During some measurements, a small amount of ice condensed internally on the
MCT detector giving a broad ice absorption band centered near 3300 cm-1 , and this band
is to be disregarded. Most measurements did not involve this effect.
ESR measurements were made in a 4 mm diameter quartz ESR tube containing
flakes of the fresh TiO x films. The flakes are scraped from a glass slide, where TiO x
solution was spread and dried overnight in dark at room temperature in a N 2 environment.
Exposure of the TiO x to the UV lamp was carried out in the ESR tube. A Bruker ESP
3000 spectrometer, which was automatically calibrated internally, was employed. The
ESR measurements were made under N 2 (g) or O 2 (g) at 1 atm pressure.
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6.3. Results and Discussion

6.3.1. Study of solar cell degradation and improvements by TiOx

Performance degradation was measured using the fabricated organic solar cell
devices. Some of the degradation occurs during our fabrication process because most of
the fabrication has been done in air. But the major degradation is governed by the UV
and gas exposures.
At first we examined the effect of the gas environment on the degradation process.
Figure 6-5 shows the change in normalized efficiency with time in dark. Significant
degradation in solar cell efficiency was observed under air exposure. No degradation was
noted when the experiment was repeated under nitrogen. The data also shows that
significant protection is provided from air degradation by the presence of a TiO x layer on
top of the active layer.
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Figure 6-5: Variation of normalized organic solar cell efficiency in air and nitrogen in
dark with time [72]
Then we examined the effect of UV irradiation on the degradation process. Figure
6-6 compares the protected and unprotected solar cells performance when exposed to UV
radiation in a N 2 atmosphere. The presence of the TiO x layer maintained the performance
of the solar cells over time.

Figure 6-6: Variation of normalized organic solar cell efficiency under combined effect
of UV and air exposure (UV power density = 10 mW/cm2 )[72]
The combined effect of gas environment and UV light was investigated as shown
in Figure 6-7. The changes in normalized solar cell efficiency as a function of ultraviolet
light/air exposure time for the P3HT/PCBM organic solar cell and for a cell with the TiO x
protection layer were presented. These data clearly indicate enhanced solar cell efficiency
stabilization under UV irradiation in air caused by the presence of the TiO x layer. The
TiO x protection is more effective in the presence of both UV and O 2 . The TiO x layer
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when exposed to UV irradiation scavenges oxygen and consumes UV photons providing
protection from UV and air exposure to organic solar cell devices.
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Figure 6-7: Variation of normalized organic solar cell efficiency with UV exposure time
while the sample was in a nitrogen atmosphere. (UV power density = 10 mW/cm2 )[72]
The effect of UV light intensity was also examined. Figure 6-8 compares solar
cell degradation under weak (10 mW/cm2 ) and strong (300 mW/cm2 ) UV irradiation in
oxygen. Solar cells degrade faster when the UV flux increased 30 times. For both cases
the presence of the TiO x layer enhances the stabilization over time.
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Figure 6-8: Variation of normalized organic solar cell efficiency with UV exposure time
while the sample was surrounded by the 1 atmosphere oxygen environment. (weak UV
power density = 10 mW/cm2 and strong UV power density = 300 mW/cm2 )[72]
The degradation of P3HT/PCBM organic solar cells can be represented by two
exponential terms that describes the fast initial decay and the long-term degradation.
η = η0 [a e-γt +b e-δt ]

(6-1)

where η0 is the initial solar cell efficiency and a, b, γ and δ are curve fitting
parameters [ 76].
The existence of the double exponential expression for the degradation of solar
cells suggests that two major degradation processes act in parallel with time constant γ
(hr-1 ) and δ hr-1 ). The time constant γ indicates the fast decay process and δ is related to
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slow decay. The decay process may be empirically expressed as the sum of two
exponential degradation processes. But the degradation process is a complex process
involving many factors. The two processes cannot be simply attributed to tow separable
factors such as UV degradation of the polymer and oxygen-derived degradation of the
active layer in this study.
It is noted that UV degradation obtained high values of γ than air exposure. It
suggests that faster decay maybe due to UV exposure other than oxygen exposure.
We also examined the effect of the surrounding environment and UV irradiation
on the various photovoltaic performance parameters such as open circuit voltage (V oc),
short circuit current (Isc), fill factor FF) and efficiency η). Figure 6-8 shows the
variation of Voc, Isc, and FF under UV irradiation in nitrogen. Similar results were
obtained under air exposure conditions. The open circuit voltage remains essentially
constant in the degradation process. It suggested that the energy level of the
donor/acceptor did not change after degradation. The major loss of efficiency is due to
lowering of the short circuit current and the fill factor. It suggested that the degradation
affects the carrier transport of the devices.
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Figure 6-9: Variation of (a) open circuit voltage(Voc), (b) short circuit current (Isc) and
(c) fill factor with UV exposure time when sample was surrounded by nitrogen
atmosphere (UV power density = 10 mW/cm2 ) [72]
A significant change in current vs. voltage curve shape was observed for the solar
cell under air degradation. There is a kink in fourth quadrant. No change was noted when
the TiO x layer was used as a protection layer as indicated in Figure 6-10. Several authors
[77,78,79]

have reported the observation of kink in the fourth quadrant of Figure 6-10 and

have provided some explanation

[80,81]

. Jørgensen

[66]

interpreted this effect as a counter

diode behavior. This is considered to be due to the formation of an interfac ial layer
between active organic layer and metal electrode. TiO x layer scavenges oxygen and it
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works as barrier layer to prevent the formation of the interfacial layer. Therefore there is
no such kink in the device with TiO x .

0.005

As prepared device with TiOx
As prepared device without TiO x
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Degraded device with TiO x
Degraded device without TiO x
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Figure 6-10: Current voltage characteristics data indicating the significant change in I-V
curve shape due to air degradation[72]
Because the TiO x absorbs UV light, this may help to protect the active layer.
Therefore we studied the UV absorption effects of the protection layer. 20 nm TiO x films
were spun on quartz substrate to calculate the absorption of the TiO x thin films. The
optical path is shown in Figure 6-11.
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Figure 6-11: Optical path for absorption measurement of quartz substrate and TiO x film
on quartz.
The transmission from quartz is
I1=I[(1-R4)- ABS quartz -(1-R4-ABSquartz) × (1-R5)]
The transmission from TiO x on quartz is
I2=I {(1-R1)- ABST iOx -(1-R1- ABST iOx )×(1-R2)- ABSquartz –[(1-R1)- ABST iOx (1-R1- ABST iOx ) × (1-R2)- ABSquartz] × (1-R3)}
where

R1=

R2=

R3=

1  nTiOx

2

is the reflection at the Air/TiO x interface

1  nTiOx

nTiOx  nquartz
nTiOx  nquartz

1  nquartz
1  nquartz

2

is the reflection at the TiO x /Quartz interface

2

is the reflection at the Quartz/Air interface
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R4=

R5=

1  nquartz

2

is the reflection at the Air/Quartz interface

1  nquartz

1  nquartz
1  nquartz

2

is the reflection at the Quartz/Air interface

ABSquartz is the absorption of the 1 mm thick quartz. ABS quartz is the absorption
of the 20 nm TiO x films.
The measured absorption spectrums of quartz substrate and TiO x film on quartz
are shown in Figure 6-12.
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Figure 6-12: Absorption spectrum of quartz substrate and TiO x film on quartz
The calculated absorption of 20 nm TiO x films is shown in Figure 6-13 (a). The
corresponding absorption coefficient of TiO x is shown in Figure 6-13 (b). The 20 nm
films would absorb less than 15 % of the photons in the UV region. It may affect the UV
induced degradation. But it is not the major factors.
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Figure 6-13: The calculated absorption of 20 nm TiO x films (a) absorption spectrum (b)
corresponding absorption coefficient
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6.3.2. TiOx improvement mechanis m study

TiO x films contains both Ti-OR functionalities and Ti-OH groups throughout. The
residual Ti-OR functionalities bound into the sol- gel films are photooxidized under UV
irradiation. The process consumes O2 (gas) and produces CO 2 (gas) and H2 O (gas), as
well as bound formate [HCOO-], H2O and Ti-OH moieties. The photo activation of TiO x
films leads to O 2 scavenging which removes absorbed oxygen that would degrade the
solar cell devices. Thus, TiO x film protects the underlying surface from oxygen gas.
Figure 6-14 shows the infrared spectral measurements of the production of CO 2
(gas) and H2 O (gas) during UV photoactivation of the TiO x film at room temperature
during which the

16

O2 pressure was 20 Torr. Broadened CO 2 vibration-rotation bands,

centered at 2349 cm-1 , is observed (asymmetric stretching mode) over the 32 hour
irradiation period. It indicates that CO 2 is monotonically generated. Two spectral regions
for H2 O (gas) are also observed. One is centered near 3700 cm-1 (stretching mode) and
another is near 1600 cm-1 (bending mode). It indicates the monotonically develop
absorbance of H2 O (gas). The infrared peaks positions were identified in accordance with
the reported results as described in reference [ 82].
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Figure 6-14: Gas phase photooxidation products from TiO x films containing alkoxide
functionalities. CO 2 (gas) and H2 O (gas) are observed. The slow formation of ice on the
IR detector is an artifact to be disregarded. The spectrum through the gas phase at each
time was ratioed by the spectrum taken before UV irradiation [72]
Figure 6-15 shows the infrared spectral developments when the TiO x films are
irradiated during an 8 hours at room temperature under

16

O 2 (gas) at 20 Torr pressure.

Characteristic of the alkoxide functional groups remaining in the TiO x films is observed
in the (C-H) stretching region. It may be seen that considerable loss of absorbance occurs
at 2926 cm-1 and 2853 cm-1 when photooxidation of the alkoxide takes place. The modes
at the frequencies above the (C-H) stretching region are due to surface hydroxyl (Ti-OH)
groups and adsorbed water in the TiO x films and their absorbances are observed to grow
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during the photooxidation process. A very weak C≡N stretching mode [ν C≡N)] at 2201
cm-1 is observed. It is due to the photo-oxidation of residual ethanolamine from the TiO x
precursor preparation.
Shifting to a congested spectral region below 1750 cm-1 , where asymmetric and
symmetric OCO stretching modes develop for HCOO species, subtle increases occur in
absorbance at 1567 cm-1 and 1359 cm-1 , as marked. The vibrational frequencies observed
are close to those found for formate species [HCOO] on TiO 2 in published reports
[83,84,85,86]

.

Figure 6-15: Surface species consumption and formation during photooxidation of TiO x
films containing alkoxide functionalities. The consumption of the alkoxide functionality
is accompanied by the formation of carboxylate and hydroxyl surface-bound species, as
well as nitrile moieties from the oxidation of ethanolamine [72]
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Figure 6-16 shows ESR spectra of TiO x material recorded after exposure to UV
irradiation for 15 minutes in 1 atm of O 2 (g) at 295 room temperature. Three strong ESR
features are observed at g = 2.030, g= 2.006 and g = 2.001. The three ESR transitions are
assigned to adsorbed O 2 - [87,88 ]. The trapping of the electron by O 2 stabilizes the hole
produced in the TiO x films.

Figure 6-16: ESR spectrum showing the effect of UV light on TiO x under O 2 at 1 atm. (a)
after UV irradiation, 15 minutes; (b) before irradiation[72].
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There is no production of O 2 - by UV irradiation for 60 minutes with the TiO x
sample under 1 atm of N 2, as shown in Figure 6-17. Compared to the results found for UV
irradiation in O 2 in Figure 6-16, the results clearly indicate that the photo-formation of
trapped electrons is directly associated with the formation of adsorbed O 2 -. O2 (g) is
required for photochemical formation of O2 - species in TiO x .

Figure 6-17: ESR spectrum of the effect of UV light on TiO x under N 2 at 1 atm. (a)
after UV irradiation, 60 minutes; (b) before irradiation. The results, compared to Figure
6-16, show that O 2 - species require O 2 (g) for photochemical formation on TiO x [72]
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The ability of TiO x films, containing internally chemically-bound alkoxide groups,
to photochemically consume oxygen is not surprising based on the wide utility of TiO 2
for the photooxidation of ex situ organic and inorganic matter

[ 89,90,91]

. The TiO x films

carries its own sacrificial organic reactant while also containing ultraviolet light
absorbing ···Ti-O-Ti···structures throughout the films, capable of making electron- hole
pairs which then promote redox processes. It is also observed that the presence of
adsorbed O 2 facilitates electron- hole pair separation by acting as an electron acceptor.

6.3.3 Protection capacity calculation
Estimation of the capacity of the bound –OR a group within the TiO x films for
reaction with oxygen gas is calculated here:
A 20 nm film of TiO x contains about 3×1016 TiOx units per cm2 . There is about 10
- 50 mole % of –OCH3 groups exist in the films. The capacity for photo-oxidative
reaction with O 2 is of order of 3 x 1015 – 1.5 x 1016 O2 molecules cm-2 . There is a volume
of about 1 x 10-5 cm3 for the 120 nm active layer with 1 cm2 surface area. It is reported
that the critical doping level for electron traps generated by O 2 for P3HT is between 1016
cm-3

[ 92]

and 1017 cm-3

[ 93]

.

It is about 1011 – 1012 per cm2 of active area. Thus, the TiOx

protective films have a capacity of the order of 104 to 105 times than the quantity of O 2
which is needed to seriously influence the active layer performance.
As stated in the introduction chapter, oxygen deficiencies in the TiO x films also
provide adsorption sites for O 2 . The TiO x layer also acts as a diffusion barrier for oxygen
which slows down the oxygen travel. The combination of these three mechanisms
provides of the TiO x protection for organic solar cells. Table 6-2 shows comparison of
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efficiency degradation with time for the device with TiO x protection and device without
TiO x . The efficiency of device without TiO x protection degraded from 1.92% to 0.09%
after 1 week while the efficiency of device with TiO x protection degraded from 2.39% to
1.91%. The comparison indicates that the protection of TiOx lasts more than one hundred
hours.
Table 6-2: Comparison of efficiency degradation with time for the device with

TiO x protection and device without TiO x
As prepared

1 week

Device without TiO x

1.92%

0.09%

Device with TiO x

2.39%

1.91%

6.4. Conclusions
From this study on stabilization of P3HT/PCBM based organic solar cells with a
TiO x layer, we can draw following conclusions:
(1) The P3HT/PCBM organic solar cell efficiency decreases with increase in air
exposure time. No change was noted under nitrogen. Thin films of TiO x on top of the
active layer provided significant protection from air degradation.
(2) The cell performance decreases with increasing UV exposure under nitrogen.
Thin films of TiO x layer on top of the active layer provided significant protection from
UV exposure.
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(3) A higher decrease rate in cell efficiency was noted when exposed to the
combined effect of UV and oxygen, as compared to the individual effects. The TiO x
protection is more effective in the presence of both UV and O 2 . The TiO x layer scavenges
oxygen and consumes UV photons providing protection from UV and air exposure to
organic solar cell devices.
From the TiO x mechanism study, we have discovered the following properties of
TiO x sol-gel films which act as photochemically-activated oxygen scavengers:
(1) UV irradiation of TiO x films containing alkoxide groups remaining from the
sol-gel synthesis leads to the photochemical oxidation of these organic groups. This
process removes O2 (gas) and forms H2 O (gas), CO2 (gas), chemically-bound formate
[HCOO-], H2O(ad) and Ti-OH oxidation products. It is the photochemical removal of O2
by TiO x films that is postulated to lead to passivation of organic photocells from oxygen
induced degradation.
(2). O 2 - species are observed to form where TiO x films are irradiated in O 2 (g) at
room temperature. In the absence of O 2 (g), these species are not detected by ESR upon
UV irradiation.
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Chapter 7.

Laser beam induced current mapping study on

organic solar cell with TiOx protection layer

7.1 Introduction
Traditional electrical characterization of solar cells, which involves extracting the
photovoltaic parameters such as open circuit voltage (Voc), short circuit current (Isc), fill
factor and efficiency η) by performing I-V scan, is useful for determining the overall
parameters of solar cells. But it does not show the local information of the cells. The
inhomogeneity of the local photocurrent has been reported in organic solar cells upon
degradation for P3HT/PCBM cells

[ 94 ]

. T. Jeranko et al. conclude that degradation

mechanisms appear to have a morphological component in MDMO-PPV/PCBM
composite polymer solar cells

[95]

. This type of measurement is complemented with laser

beam induced current (LBIC) mapping of the devices to gain further insight into the local
degradation of the cells.
LBIC imaging is a non-destructive characterization technique suitable for the
investigation of large two-dimensional arrays of semiconductor devices. It is a very
useful tool in determining the spatial variability of properties such as power conversion
efficiency and has been used to study defects

[ 96]

and crystalline effect

[97]

for organic

solar cells.
In this chapter, we will use LBIC measurements to explore local photocurrent
distribution in the cells with and without TiO x protection layer and analyze the obtained
degradation patterns.
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7.2 Experiment
7.2.1 Organic solar cell fabrication
The organic solar cells were fabricated according to previous chapters with an
effective active area of 0.1 cm2 . The photovoltaic parameters of the device with and
without TiO x layer are shown in Table 7-1.
Table 7-1: The photovoltaic parameters of the device for LBIC study
Device

Efficiency

Voc (V)

Jsc (mA/cm2 )

Fill Factor (%)

No TiO x

1.96

0.696

6.1

46.1

With TiO x

2.36

0.708

7.17

46.5

7.2.3 LBIC set up
A schematic of LBIC set up is shown in Figure 7-1.
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Figure 7-1: A schematic of LBIC set up
The the P3HT/PCBM blend (45%: 55%) absorption peak is around at 500~550
nm [98], a green diode laser (532 nm) following Gaussian power distribution was chosen
as light source. The laser beam was focused on the cell in a small spot and the resulting
photocurrent was measured point by point. The intensity, adjustable by polarizer, of the
focused laser beam was 50 mW/cm2 as measured by power detector.
The solar cells were mounted on a scan stage which allows movement of the
sample in the x and y directions. The spatially resolved photocurrent images were
obtained.
The image resolution depends on the size of the laser spot and scanning process.
The limiting factor is the microscope lenses through which laser beam was focused. The
laser beam was focused to 25 µm, which was measured by laser beam profiler (BP109VIS, Thorlab).
A custom written computer program by Labview

[ 99]

was used to scan the solar

cell devices in a pattern of 25 μm increment in the X and the Y directions, logging the
increment coordinates and measured current. The current induced by the laser beam from
the device was measured using a computer- interfaced source measure unit (Keithley 2600
instrument). The results were then converted into 2-D maps by Origin lab V7.5.
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7.3 Results and discussion
7.3.1 Efficiency patterns
The current mapping for as prepared device with TiO x layer is shown in Figure 72(a). Bright red represents the highest absolute current extracted while black represents
the lowest current.
Devices with high initial efficiency usually show good uniformity. Less
uniformity is indicated by larger LBIC variations in poor performing cells, as shown in
Figure 7-2 (b).

(a)
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(b)
Figure 7-2: LBIC mapping of as prepared devices (a) with TiO x (device efficiency η=2.4)
(b) without TiO x (device efficiency η=1.6)

7.3.2 Island formation
Upon degradation, islands of lower photocurrent occur. Figure 7-3 (a) shows
defects regions. The islands in rectangular area are due to the bubbles in the Al contact,
which form during the 130 °C annealing process as the remaining solvent, such as
chlorobenzene, evaporates. The circular regions are most likely due to the non- uniformity
in coating.
Figure 7-3 (b) shows defect regions appearing after degradation. It is probably
due to the oxidation due to the microscopic pinholes in the Al electrode surface from
ambient air. It has been reported that oxygen diffuses through pinholes in the aluminum
electrode

[100]

. The sizes of the pin holes are up to a few micrometers in diameter and
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their depth may be up to tens of nanometers. The aluminum electrode experiences
oxidation/degradation in both the lateral and vertical plane.

(a)

(b)

as prepared device

Degraded device
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Figure 7-3: Degradation pattern of OSC device with TiO x layer (a) as prepared device (b)
device degraded in dark for 1 week.

7.3.3 Comparison of devices with/without TiOx protection
Figure 7-4 shows the degradation of the devices without TiO x protection for 10
days. The LBIC mapping of as prepared cells without the TiO x layer is shown in Figure
7-4(a). Figure 7-4(b), 7-4(c) and 7-4(d) show the device at various stages of degradation.
As degradation occurred, the active area had apparently shrunk and more and more spots
of low-photocurrent appeared.

(a) as prepared device
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(b) 1 day
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(c) 3 days

(d) 10 days
Figure 7-4: The mapping of degradation process for device without TiO x protection (a) as
prepared device (b) degradation after 1 day (c) degradation after 3 days (d) degradation
after 10 days
For the cells with TiO x protection layer, low photocurrent points were also
observed (see Figure 7-5). But the shrinkage of the active area was not observed, and
degradation spots were much smaller in comparison with the cell without the TiO x layer.
It is also confirmed by full devices scanning. Figure 7-6 shows the current
mapping of degradation of full device without TiO x protection layer. Compared with
device with TiO x layer, as shown in Figure 7-3, the device without TiO x layer degraded
less in the device central region.
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It has been reported that the shrinkage of the active region could be due to water
in ambient air and oxidation of the contact [94]. PEDOT: PSS absorbs water from ambient
air and accelerates the oxidation of Al, resulting a reduction in the efficiency. The TiO x
layer absorbs water and oxygen, therefore it prevents degradation from the edge area.

(a) as prepared device
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(b) 1 day

(c) 5 days
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(d) 10 days
Figure 7-5: The current mapping of degradation process for device with TiO x protection
(a) as prepared device (b) degradation after 1 day (c) degradation after 5 days (d)
degradation after 10 days

(a)
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(b)

Figure 7-6: The current mapping of degradation without TiO x protection (a) as prepared
device (b) device after 1 week.

7.4 Conclusion
2D images of the local photocurrent in cells with and without TiO x protection
layers were obtained by LBIC measurements. Degradation spots were observed in
devices. The enhancement of the degradation spots were observed with time in all the
cells. However, the shrinkage of the active area from the edge was observed only in the
OSC without TiO x . The results show that the introduction of the TiO x layer could
effectively absorb water/oxygen from ambient air and protect the cells at the edge and top.
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Chapter 8.

A study on doping of TiOx thin films

8.1 Introduction
Curre nt proble m
The enhancement of efficiency and long term stability of organic solar cells by TiO x has
been demonstrated in our previous study. However, the electrical resistance of such films is

still high and may affect the conversion efficiency. The series resistance of the organic
solar cell changes due to insertion of this additional TiO x layer. [ 101] In our experiment, we
explored method to reduce the series resistance of OSC after adding TiO x layer. It has
been demonstrated that the properties of metal oxides can be enhanced and tuned through
the addition of various dopants and processing methods

[ 103 ]

. We have investigated the

doping of TiO x to improve performance of OSC.
Choice of dopant
The dopant must be compatible with sol- gel process employed in synthesis of the
TiOx precursor. The doped TiO x should be prepared by wet chemical synthesis and should

be highly soluble in methanol, which is used to dilute TiOx precursor.
Cesium and Fe dopant
Cesium carbonate (Cs2 CO3 ) has been widely incorporated for electron injection and
transport enhancement in organic devices

[ 102,103]

, usually as an n-type dopant in organic

electron-transport films. Doped nanocrystalline TiO 2 prepared by adding a Cs2 CO3 has
been reported

[ 104]

. The interfacial TiO 2 : Cs layer facilitates electron transport from the

active layer to the cathode. Therefore the series resistance can be expected to decrease.

98

Another way to modify the electrical properties of is to introduce defects into the
TiO 2 lattice by doping with transition metals, e.g. Fe(III). It is generally accepted that
Fe(III) centers form shallow charge trapping sites with the TiO 2 matrix as well as on the
particle surface through the replacement of Ti(IV) by Fe(III) [ 105], as shown in Figure 8-1.
The trapping site will reduce the e - h recombination rate as electron transfers from the
trapping site to molecular oxygen more rapidly than the undoped TiO 2 .

Figure 8-1: Energy level of TiO 2 changes after Fe doping, From C.-Y. Wang et. al 2003
The sol-gel method has been widely used for preparation of Fe-doped TiO 2 from
TiCl4 or titania alkoxide (TiO x ) and an iron precursor like FeCl3 , Fe(NO 3 )3 ·9H2 O or
[106]

Fe(III)-acetyloacetonate

. Since Fe (III)-acetyloacetonate is soluble in methanol, it

was chosen as Fe dopant.
We have explored the application of novel TiO x thin films doped with Cs2 CO3 for
OSC applications. We also noted the effect of doped TiO x films on OSC device
parameters like efficiency, open circuit voltage, short circuit current and fill factor.
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8.2 Experime nt
8.2.1 TiOx precursor doping
The TiO x precursor was synthesized according to previous chapter.
Because, as previously noted, Cs2 CO 3 has a high solubility in methanol. Thus, the

doping of Cs2 CO3 is compatible with the solution processing of TiO x sol gel. Cs2 CO3 was
dissolved in methanol for the purpose of this experiment. TiO x precursor was diluted to 1 %
before mixing. Then the solutions of Cs2 CO3 of different concentration were mixed with
TiO x sol-gel and mixing ratio was 1:1 by volume to dope TiO x precursor.
Fe (III)-acetyloacetonate also has a high solubility in methanol. In this experiment,
Fe (III)-acetyloacetonate was dissolved in methanol. Then the solutions of Fe (III)acetyloacetonate of different concentration were mixed with TiO x sol-gel at the ratio of
1:1 by volume to dope TiO x precursor.
The solution of Fe (III)-acetyloacetonate is yellowish at low concentration (less than
1 %) and becomes reddish with the increasing Fe concentration. The Cs2 CO 3 solution is
transparent.

8.2.2 Resistivity measurement
The resistivity of the TiO x and doped TiO x was measured by the structure shown
in Figure 8-2. Two Al electrodes, 1 cm in length, were deposited on the top of insulating
glass material by e-beam evaporation. The distance between two electrodes was 150 µm.
The thickness of the electrode was 100 nm. TiO x precursor was spin coated on the glass
with Al electrode to a thickness of more than 100 nm, measured using a Veeco Dektak 8
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stylus profilometer. Electrical measurements were made using HP 4145B semiconductor
parameter analyzer.

Al

TiOx

Al

Glass
Figure 8-2: TiO x between to electrodes to measure the resistivity

8.2.3 Organic solar cell fabrication
The fabrication of organic solar cell follows the recipe of previous chapters.
Doped TiO x precursor is made by mixing TiO x precursor and the doped methanol solution.
After coating of the active PCBM/P3HT layer, the doped precursor was spin-coated on
the top of active layer. Doping did not change the wetting property of the TiO x precursor.
The coated device was soft baked on the 80 °C hot plate in air. Then Al electrodes were
deposited using e-beam and the device was thermally annealed in vacuum for 2 minutes
at 130 °C.

8.3 Results and discussion
8.3.1 Fe doped TiOx

The photovoltaic parameters of devices of different doping levels are listed in Table
8-1.The TiO x thin film thickness was optimized to obtain the highest efficiency. The data
in the table is the average of optimized devices on one substrate.
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The short circuit current is higher for the device with doped and undoped TiO x due
to enhancement of light absorption generated by the space r layer. The device with doped
TiO x shows 5 % improvement than the devices with undoped TiO x . Fill factor increases
to around 8 % while the series resistance reduces by 9 %. Because Fe doping reduces the
resistivity of TiO x , which facilities the carrier transportation, therefore the current and fill
factor improved upon doping. Fe doping also affects the energy level alignment because
the open circuit voltage reduces compared with undoped TiO x . The overall efficiency is
11 % higher for doped TiO x .
Table 8-1 The photovoltaic parameters of devices with Fe doped TiO x

Samples

Voc (V)

Reference
with TiO x
TiO x with 1 % Fe

0.696
0.708
0.687

Jsc
(mA/cm2 )
5.24
7.17
7.54

Efficiency
(%)
1.82
2.36
2.62

FF (%)
49.8
46.5
50.6

Rs
(ohm*cm2 )
29
24
22

Figure 8-3 shows the I-V curve of device with TiO x of 1 % Fe doping. It is clear that
Fe doping changes the short circuit current and open circuit voltage of the devices.

102

Figure 8-3 : I-V curve of device with 1 % Fe doped TiO x under 1 sun light illumination.
Ref stands for devices without TiO x , TiO x and doped TiO x stand for devices with original
TiO x and doped TiO x material, respectively
The resistivity of Fe doped TiO x material is shown in Figure 8-4. The resistivity
value is the average of 3 samples. It is observed that the resistivity of TiO x material starts
to reduce with increase of Fe doping. The resistivity decreases about 30 % with 1 % Fe
doping. But the resistivity increases with more Fe doping. Therefore we can conclude
that Fe doping slightly reduces the resistivity of TiO x material.
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.

Figure 8-4: The resistivity of TiO x material upon doping with Fe of different
concentration
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8.3.2 Cs doped TiOx
Figure 8-5 shows the I-V curve of device with TiO x of different Cs doping level in
dark. It shows that doping with Cs reduces the resistance in the 0~1 V region. But the
reverse current also increased for highly doped TiO x .

Figure 8-5 : I-V curve of device with 1% TiO x of different Cs doping level.
The photovoltaic parameters of devices of different doping levels are listed in Table
8-2. The short circuit current is higher due to enhancement of light absorption generated
by the space layer. The open circuit voltage is lower due to the possibility of energy level
alignment modified by Cs doping. The overall performance for doped TiO x material does
not show significant improvement compared with undoped TiO x . Therefore Cs doping
does not improve the TiO x for organic solar cells.
Table 8-2: Photovoltaic parameters of devices of different doping levels at various TiO x
concentration levels
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Samples

Voc (V)

Jsc (mA/cm2 ) Efficiency (%)

FF (%)

References sample

0.7

2.15

0.51

34

TiO x only

0.48

3.34

0.61

38

TiO x : 0.2 % Cs2 CO3

0.51

3.04

0.6

39

TiO x : 0.05 % Cs2 CO3

0.51

1.53

0.26

33

TiO x : 1 % Cs2 CO3

0.14

0.73

0.03

26

8.4 Conclusion
In this chapter, we investigated the effect of Cs and Fe doping on the TiO x
properties. Device with Cs doped TiO x does not show improvement on the photovoltaic
performance whereas Fe does demonstrated doping improved series resistance, fill factor
and short circuit current; therefore the power conversation efficiency improved by 11 %.
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Chapter 9.
TiOx thin films as surface passivation and antireflection coating for silicon solar cells
9.1 Introduction
In this chapter, we first study the optical properties of TiO x thin films on polished
and chemically textured silicon surfaces. We then evaluate the properties of silicon solar
cells with TiO x thin films using the conventional solar cell fabrication process. We then
study the surface passivation effect of these films by near-surface lifetime measurement
technique [ 107].

9.2 Experime nt
The TiO x solution was spin-coated on p- and n-type Cz Si 100) with ρ = 1 Ω cm
and the bulk minority carrier lifetime > 500 μs. Chemically textured silicon surfaces were
prepared using tetramethylammonium hydroxide (TMAH) solution

[ 108 ]

. Optical

reflection measurements were carried out using a Filmetrics thickness measurement tool.
Integrated reflection measurements were made by a spectrophotometer attached with an
integrating sphere with incident angle of 35

o

. The 80 o C annealing process was

performed on hot plate in air. The 400 o C annealing process was performed in the RTA
system using forming gas for 20 minutes.
Silicon solar cells were prepared on polished and chemically textured surfaces as
shown in Figure 9-1[46].
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Wafer clean & surface texturing

n-type doping at 900 oC for 15 mins

Al back surface firing at 800 oC for 5 mins

S pin-coat TiO x 80 oC bake for 10 mins

Photolithography for front electrode grid

E-beam evaporation of Ti/Pd/Ag

Figure 9-1: Process flow for fabricating silicon solar cells [46]
I–V measurements are carried out using solar simulator. Quantum efficiency is
measured using an IV setup and a tungsten halogen lamp. A 270M Jobin Yvon
monochromator was used to get individual wavelengths.
Near-surface lifetime was measured by a technique based on photoconductive decay
(PCD) method. Figure 9-2 shows the experimental set-up for measuring the surface
lifetime of TiO x thin films spin-coated on Si substrate. The TiO x thin films were then
patterned using photo lithography. Two windows were opened up in the TiO x thin films
in order to make electrical contact with the wafer. The focused laser beam is illuminated
between the contacts. The decay across the resistor is monitored on an oscilloscope.
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(a)

(b)

Figure 9-2: (a) Pattern and (b) experimental set-up for surface lifetime measurement [46]

9.3 Results and discussion

9.3.1 Optical measure ment

In chapter 3, we demonstrated that the Si reflection values from TiO x coating are
comparable to the values of conventional silicon nitride. Figure 9-3 shows that TiO x
films are able to reduce the reflection to about 5 % for chemically textured silicon
surfaces.

Total reflection (%)
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with 70 nm of TiOx

0
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800
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1000

Wavelength (nm)
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Figure 9-3: Total integrated reflection for a chemically textured surface with and without
TiO x films [46]

9.3.2 Photovoltaic device characterization

Si solar cell devices were fabricated on a polished p-type substrate with a phosphorus
emitter. The device structures for Si solar cells with TiO x layer only and for solar cells
with SiO 2 and Si3 N 4 layers are shown in Figure 9-4. The obtained photovoltaic
performance parameters are listed in Table 9-1. It can be seen that the performance of
device with TiO x as anti-reflection and passivation layer are comparable to the one using
SiO2 and Si3 N4 layers.

Figure 9-4: Device structures for Si solar cells with (a) SiO 2 and Si3 N4 layer and (b) TiO x
layer
Table 9-1: Device performance for the Si solar cells with TiO x layer and SiO 2 and Si3 N 4
layers
Efficiency (%)

Voc (mV)

Jsc (mA/cm2 )

Fill Factor

with TiO x

15.74

606.8

33.72

76.92%

SiO 2 +Si3 N 4

14.9

605

34.8

70%

109

The I-V characteristic curve and external quantum efficiency of the solar cells with
TiO x coatings are shown in Figure 9-5.
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Figure 9-5: (a) Dark and light I-V curves and (b) external quantum efficiency and
reflection curves for Si solar cells with TiO x thin films as the surface passivation and
anti-reflection coating[46]
The results of the devices with chemically textured surfaces, which also has TiO x
thin films as the surface passivation and anti-reflection coating, is shown in Figure 9-6.
Compared with polished device, the textured device shows a 4 % reduction in the open
circuit voltage and a 7 % drop in fill factor. The reduction in open circuit voltage may be
attributed to the coating for textured structure is not as well as the coatings on polished
surface. The quantum efficiency of the textured device is more flat than that of the
polished one. It can be attributed to the reflection curves also shown on the right axis.
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Figure 9-6: (a) Dark and light I-V curves and (b) external quantum efficiency and
reflection curves for Si solar cells with TiO x thin films as the surface passivation and
anti-reflection coating on chemically textured surface [46]

9.3.3 Surface passivation
PCD method

is useful for characterizing the near-surface regions of

semiconductors. PCD measures an effective minority carrier lifetime given by
1

 effective



1

 surface



1

 bulk

Where τbulk is the bulk lifetime, τsurface is the surface lifetime, τeffective is the effective
lifetime. The surface treatment will not change τbulk, so any observed change in τeffective is
correlated to a change in the surface electrical properties. τeffective is predominantly
determined by τsurface for a thin sample region, and the bulk contribution does not need to
be known.
The optical absorption coefficient for Si is 2.5 × 103 cm−1 at a wavelength of
658 nm, and the light penetration depth (α−1 ) is approximately 4 μm. Hence, using λ= 658
nm, the minority carrier lifetime is measured in a substrate region within 4 μm from the
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surface of the wafer. The measured properties should be heavily influenced by the
characteristics of the surface.
The principle of PCD technique is based on excess carriers injected by the
illumination pulse, which increase the conductivity of the Si by
  q(n n   p p)

where Δσ is the increase in conductivity (photoconductivity), q is the electron
charge, μn is the electron mobility, μp is the hole mobility, and Δn and Δp are excess
electron and hole concentrations respectively.
Assuming Δn = Δp, then Δσ is proportional to a change in Δn or Δp). If we also
assume that the carrier decay time, governed by the carrier lifetime τ, is given by

n(t )  n(0)e

(

t

 eff

)

Then the slope of the semi- log curve of n(t ) / n(0)  t plots would be

Slope 

d ln(n(t )) ln(10)d log(n(t ))
1


dt
dt
 eff

Taking the linear portion of the plot gives  eff . The voltage decay is proportional
to the excess carrier density [109]. The initial decay of the PCD signal is linear on a semilog plot and is representative of the surface component.
We studied the passivation effect of TiO x layer by comparing with samples
without any passivation layer and samples with SiO 2 as passivation layer. The results are
shown in Figure 9-7. Figure 9-7 (a) shows the passivation on n-type wafer, Figure 9-7 (b)
shows the passivation on p-type wafer. The near surface life time is 60 µs for n-type
wafer without any passivation. The TiO x layer increases the near-surface carrier lifetime
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to 80 µs for both n-type and p-type wafers. Therefore, TiO x layer effectively passivated
the Si surface. It is not as effective as SiO 2 passivation layer for n-type wafer. The
passivation could be due to the charge accumulation at the Si/TiO x interface [110].

(a) N-type wafer
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(b) P-type wafer
Figure 9-7: (a) The passivation on n-type wafer, (b) The passivation on p-type wafer,

9.4 Summary
In summary, we have successfully demonstrated TiO x thin films as surface
passivation and anti- reflection coatings for silicon solar cells. We report the results of
TiO x thin films as anti-reflection coating and surface passivation layers for polished as
well as textured silicon solar cells. Silicon solar cells fabricated with TiO x thin films for
ARC and surface passivation showed an efficiency of 15.7 %. Surface passivat ion quality
is evaluated by near-surface lifetime technique .The TiO x layer increases the near-surface
carrier lifetime to 80 µs.
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Chapter 10.

Summary and future work

10.1 Summary
In this dissertation, we explored a novel TiO x material for low cost photovoltaic
applications. The fundamental properties, including optical, electrical, structural, and
morphological were studied. The TiO x photochemically activated protection mechanisms
for organic solar cells were investigated using electrical and chemical methods. Laser
beam induced mapping technique was used to explore the local degradation of the
devices. Cs and Fe doping of the TiO x thin films were examined for improving the
material properties. TiO x material has also been demonstrated to be an effective antireflection and passivation layer for Si solar cells. The passivation effects were evaluated
by near surface carrier life time measurements.
Refractive index of the TiO x thin films was calculated using a three- layer model
incorporating the ellipsometrical method. At the wavelength of 600 nm, the obtained
refractive index ranges from 1.77 to 2.57 depending on the annealing temperature. The
range can be explained by the changes in the crystalline structure, the difference of
surface morphology and the increase of the packing density of the films as indicated by
SEM, AFM and XRD results. The high refractive index and high transmission in the
visible spectrum indicate sol-gel TiO x films may be useful in optical thin films
applications as antireflection layer.
The bulk resistivity of as-deposited TiO x thin films was found to be 1.5 × 107 Ω∙cm.
Thermal annealing decreases the resistivity. The resistance of Al/TiO x /ITO structure is
stable for temperature from 20 °C to 140 °C.
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We studied the stabilization behavior of P3HT/PCBM organic solar cells under air
and UV irradiation using TiO x protection layer. Significant improvements were observed
with TiO x layer protection from the data on the degradation of solar cell performance
under air and UV exposure. The protection mechanism was also investigated by
transmission IR and ESR spectroscopy. The results of this study suggest a
photochemically activated protection mechanism.

The photooxidation of the bound

organic moieties causes oxygen gas scavenging when excited by UV photons. Around 10%
UV energy in the standard solar irradiation was absorbed by the TiO x layer.
2D images of the local photocurrent in the cells with and without TiO x protection
layers were obtained by LBIC measurements. Degradation spots were observed in
various organic solar cells. Enhancement of the degradation spots was observed from all
the cells, but the shrinkage of the active area from the edge was observed only in the
organic solar cells without TiO x . The results show that the introduction of the TiO x layer
could effectively absorb water/oxygen from ambient air and protect the cells at the edge
of the devices.
We explored the applications of these TiO x thin films doped with Cs2 CO3 and Fe for
organic solar cells applications. Initial results show that Fe doping could reduce the series
resistance of the organic solar cells. Thus, the power conversion efficiency increases
around 10% compared to devices with undoped TiO x . The results of the effect of doped
TiO x films on organic solar cells parameters like efficiency, open circuit voltage, short
circuit current and fill factor were presented. The variation of resistances for the organic
solar cells with TiO x material of different Cs2 CO3 doping concentrations was reported.
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We have successfully fabricated silicon solar cells using TiO x thin films for surface
passivation and anti- reflection coatings. We made silicon solar cells with TiO x on
polished as well as textured surfaces. The devices showed an efficiency of 15.7 %, which
is comparable with Si solar cells using SiO 2 and Si3 N4 as passivation and anti reflection
layers, respectively.

Surface passivation quality was evaluated by the near-surface

lifetime technique and we obtained a maximum value of 80 μs for n-type Cz-Si wafers.

10.2 Future work
TiO x material has been demonstrated as an effective optical spacer and protection
layer, and the material properties have been studied and modified. However, TiO x
material may have further applications with new structures or dopants. For example, it
could be used in organic solar cells on new textured structures to alleviate the nonconformal problem. The stability of organic solar cells may be improved further using a
combination of TiO x and a stable hole transport layer other than PEDOT: PSS. The
carrier transport and passivation effects may be improved through other dopants. We will
discuss future work in the following sections:

10.2.1 Optical absorption enhance ment by textured structure
As discussed in the previous chapter, in P3HT: PCBM material system, there is a
mismatch between optical absorption length (>100 nm) and average distance for charge
transport (∼10 nm). It is highly desired to develop new methodologies that can enable
efficient optical absorption in films thinner than the currently used (100 nm) and to
reduce series resistance.
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Textured substrates for improved light trapping are common in traditional
inorganic solar cells. They utilize the effect of multi-reﬂection by roughening the
entrance interface and randomizing the light propagation direction, which results in a
much longer optical path length at the surface and hence a substantial absorption
enhancement. Realizing organic solar cells on such topographies provides an efficient
way to achieve light-trapping without compromising the electrical characteristics.
However, textured substrates have not been successfully applied to polymer-based
organic solar cells. Enhancement in optical absorption was demonstrated in different
patterning schemes, for example, grating-type organic solar cells
solar cells built by mounting two cells together,
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, V-shape organic

microprism substrates, 113 and

azopolymer-based sub- micrometer topography substrate 114 have been reported. Efficient
OSC cells could not be realized due to the processing bottlenecks of solution-processing
nano-scale thick and conformal active layers on topographical surfaces. Attempts to spincoat active-layer on textured substrates led to over filling of the valleys and shunts at the
crests, which severely affected the device performance, as shown in Figure 10-1:

Figure 10-1: Non-conformal coating on top of textured substrate
It has been demonstrated

[115]

that a TiO x spacer layer benefits a thin active layer,

but it is less effective with an optimized thick active layer. If a TiO x spacer layer were
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used in organic solar cells coated on the textured surface, as shown in Figure 10-2, it is
possible to get high efficiency in both the thin and thick area. In the thick coating area,
the device keeps high efficiency. In the thin coating area, the spacer layer will enhance
the optical absorption; therefore the efficiency will increase the efficiency. The overall
efficiency of the cell may not decrease.

Figure 10-2: TiO x on the top of the non-conformal coating on textured substrate

10.2.2 Further improvement from degradation
In typical OSC devices, PEDOT: PSS is commonly used as the hole transport
layer. But the use of PEDOT: PSS induces numerous problems; among them is its
tendency to absorb atmospheric water, which contributes to significant degradation or
performance reduction of the device. Therefore, alternatives to PEDOT: PSS have been
intensively studied, such as graphene oxide [ 116], nickel (II) oxide (NiO) and so on. [117]
Soo Young Kim et. al demonstrated that OSC with ~3 nm graphene oxide hole
extraction layers exhibits increased power conversion efficiency[116]. J. R. Manders et.al
fabricated high efficiency OSCs with efficiency comparable to PEDOT: PSS-based
devices using nickel oxide hole transport layers

[117]

. The unencapsulated NiO-based
119

devices show a 300% improvement over PEDOT: PSS-based devices in the
maintaining >50% of the original efficiency with time.
We demonstrated that TiO x extends the lifetime of the OSC with a PEDOT: PSS
layer. It could effectively prevent degradation from the edge of the OSC, which is
probably due to water absorption of the PEDOT: PSS layer.
The stability of the device with TiO x and nickel oxide instead of PEDOT: PSS
may be improved further because of the double protection from both sides of the active
layer, as shown in Figure 10-3. It would be of interest to test this new device. The
protection of combining TiO x and graphene oxide could also be explored.

Figure 10-3: Proposed structure of device with TiO x and nickel oxide protection layer

10.2.3 TiOx material property tuning
We explored the effects of Cs and Fe doping on the performances of the organic
solar cells. It has been demonstrated Error! Bookmark not defined. that the properties of
metal oxides can be tuned through the addition of various dopants and processing
methods other than Cs and Fe doping.

120

Several approaches for TiO 2 modification have been proposed: metal- ion doped
TiO 2 (using transition metals: Cu, Co, Ni, Cr, Mn, Mo, Nb, V, Fe, Ru, Au, Ag, Pt)
[118,119,120]

, non- metal doped-TiO 2 (N, S, C, B, P, I, F) [121, 122, 123], and TiO 2 doped with an

upconversion luminescence agent

[ 124]

. The introduction of dopants offers a convenient

method for producing functional materials.
Therefore, it is of interest to explore the effects of other dopants that may
facilitate the carrier transport and the lifetime of the organic solar cell devices. Also, the
passivation for the Si solar cell by TiO x material may be affected by the doping. Doping
induces different energy levels and charge compositions, which will affect the passivation.
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Appendix
Publications:
1. J. Li, A. M. DeBerardinis, L. Pu and M. C. Gupta, Optical properties of solution
processable semiconducting TiO x thin films for solar cell and other applications,
Applied Optics,51,1131-1136,2012
2. J. Li, L. Pu and M. C. Gupta, Optical and electrical properties of solution
processable TiO x thin films for solar cell and sensor applications, MRS
Proceedings, 1352, 75-79, 2012
3. J. Li, S. Kim, S. Edington, J. Nedy, S. Cho, K. Lee, A. J Heeger, M. C. Gupta,
and J. T. Yates Jr, A study of stabilization of P3HT/PCBM organic solar cells by
photochemical active TiO x layer, Solar Energy Materials and Solar Cells, 95,
1123-1130, 2011
4. J. Li, V. V. Iyengar, and M. C. Gupta, Solution processable semiconducting TiO x
thin films for low cost solar cell applications (submitted to MRS Proceedings)
5. V. V. Iyengar, J. Li and M. C. Gupta, Solution processable TiOx thin films as
surface passivation and anti-reflection coating for silicon solar cells (to be
submitted)
6. J. Li, A. M. DeBerardinis, L. Pu and M. C. Gupta, A study on electrical resistivity
of solution processable TiOx thin films (to be submitted)
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Francisco, CA, 2012
2. J. Li, L. Pu and M. C. Gupta; "Optical and Electrical Properties of Solution
Processable TiOx Thin Films for Solar Cell and Sensor Applications, MRS spring
meeting 2011, San Francisco, CA, 2011
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